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Abstract

ABSTRACT

The pressure to reshape our energy future by developing or finding environmentally
benign energy alternatives is mounting. This has created a great interest in hydrogen
as the next energy carrier to fuel the proposed transition to the ‘Hydrogen Economy’.
The advancement towards this new energy era is not without its milestones both
technological and social. The efficient storage o f hydrogen is a key step that needs to
be taken for the efficient and safe storage o f hydrogen in vehicular (mobile) and
stationary applications. Investigation o f the potential o f nanoporous carbon materials
to store H 2 has been carried out to bridge this technological gap. Gravimetric and
volumetric sorption measurements along with the structural characterisation o f these
materials have been carried out to this effect. These reveal that gas purity affects the
hydrogen storage capacity o f nanoporous carbons to varying extents depending on the
temperature used. Nanoporous carbons with high surface area and pore volume such
as the Norit CNR 115 activated carbons do have the potential to be suitable stores for
hydrogen at liquid nitrogen temperatures. At room temperature, storage o f large
amounts o f hydrogen appears unlikely for the activated carbons. The calculated
average isosteric heats o f adsorption for the activated carbons are 4.04, 5.49, 2.70 kJ
mol*1 for BPL, Norit CNR 115 and SRD/667/1 respectively. These values although
similar to values obtained in the literature are relatively low for hydrogen-carbon
interactions, which is detrimental to hydrogen storage capacity o f these materials.

Acknowledgments

ACKNOWLEDGMENTS

Firstly, I would like to acknowledge Dr. Tim Mays for his supervision, enthusiasm
and guidance throughout this PhD. I also acknowledge the funding support provided
by the Engineering and Physical Sciences Research Council (EPSRC). The United
Kingdom -

Sustainable Hydrogen Energy Consortium (UK-SHEC) and the

University o f Bath are also acknowledged. I would also like to thank the technical and
administrative staff in the Department o f Chemical Engineering for their assistance.
Thanks are also due to Dr. Yufeng He for his scholarly chats and advice, all the
friends I have made while at Bath, especially to Julien for his numerous words o f
encouragement, support and for being there throughout. To my family, thank you so
much for your prayers, your love and constant reminder o f how proud you are o f me.

Contents

CONTENTS

A bstract......................................................................................................................................i
Acknowledgements...................................................................................................................ii
C ontents....................................................................................................................................iii
Index of F igures......................................................................................................................vii
Index of T ables.......................................................................................................................xii
Nomenclature.........................................................................................................................xiv

CHAPTER 1:

INTRODUCTION

1.1

Thesis C ontext.............................................................................................................. 1

1.2

Research Scope............................................................................................................. 3

1.3

Thesis S tru ctu re........................................................................................................... 4

1.4

Dissemination............................................................................................................... 5

CHAPTER 2:

BACKGROUND TO THESIS

2.1

Introduction.................................................................................................................. 6

2.2

The Hydrogen Economy.............................................................................................. 6

2.2.1
2.2.2
2.2.3
2.2.4
2.2.5
2.2.6
2.2.7

Why Hydrogen? ...........................................................................................................10
The Current and Future Hydrogen Industry................................................................. 14
Hydrogen Storage.........................................................................................................24
Hydrogen Distribution and Delivery............................................................................31
Hydrogen Conversion...................................................................................................32
End Use Energy M arkets..............................................................................................37
Other Factors Affecting the Development of a Hydrogen Economy.......................... 39

2.3

Adsorption .................................................................................................................. 42

Contents
2.3.1
2.3.2
2.3.3
2.3.4

Adsorption Theory ...................................................................................................... 42
Physisorption of Gases ...............................................................................................46
Types of Adsorption Isotherms ..................................................................................46
Methods for Measuring Gas Uptake ...........................................................................47

2.4

Nanoporous Carbon Materials ................................................................................... 50

2.4.1

Material Preparation and Treatment ..........................................................................51

2.5

Hydrogen Storage on Nanoporous Carbons ............................................................ 56

2.5.1
2.5.2
2.5.3

Past ..............................................................................................................................56
Present ........................................................................................................................ 57
Future .......................................................................................................................... 61

2.6

Thesis Aims ....................................................................................................................62

CHAPTER 3: EXPERIMENTAL DETAILS

3.1

Introduction ...................................................................................................................63

3.2

Material Selection ......................................................................................................... 64

3.2.1
3.2.2

Activated Carbons ...................................................................................................... 64
Carbon Nanotubes ...................................................................................................... 64

3.3

Equipment ......................................................................................................................66

3.3.1
3.3.2
3.3.3

Design ......................................................................................................................... 68
Operation .................................................................................................................... 70
Experimental Variables .............................................................................................. 78

3.4

Determination of Skeletal Density .............................................................................79

3.4.1

Helium Pycnometry .................................................................................................... 80

3.5

Material Structure Characterisation .........................................................................82

3.5.1
3.5.2
3.5.3
3.5.4

Determination of the Ash Content ..............................................................................82
Surface Area and Pore Size Distribution (PSD) .........................................................82
Transmission Electron Microscopy ............................................................................85
X-Ray Diffraction (XRD) ...........................................................................................85

CHAPTER 4:

SAMPLE CHARACTERISATION: RESULTS AND ANALYSIS

4.1

Introduction ..................................................................................................................87

4.2

Thermogravimetry, Skeletal Density and MoistureContent Results .................88

4.3

Structural Characterisation Results using Gas Adsorption ............................... 90

4.3.1

Nitrogen and Carbon dioxide Adsorption Measurements........................................ 92

4.4

Determination of Surface Area and Pore Volume ................................................ 97

4.4.1
4.4.2
4.4.3

The Brunauer-Emmett-Teller (BET) Method ......................................................... 97
The Dubinin-Radushkevich (DR) Method...............................................................100
The a s Method ......................................................................................................... 108

Contents
4.5

Sample Pore Size Distribution .................................................................................. I l l

4.5.1 N2 and C 02 Pore Size Distribution (PSD) Results for the Activated Carbons using
Density Functional Theory (DFT) .......................................................................... I l l
4.5.2 N2 Pore Size Distribution (PSD) Results for the Carbon Nanotubes using the
Horvath-Kawazoe (HK) and the Barrett, Joyner and Halenda (BJH) Method.........116
4.6

Transmission Electron Microscopy (TEM) Images of the Carbon Nanotubes
........................................................................................................................................ 119

4.7

X-Ray Powder Diffraction (XRD) Results ............................................................. 121

CHAPTER 5:

GRAVIMETRIC SORPTION RESULTS

5.1

Introduction .................................................................................................................126

5.2

Buoyancy Correction .................................................................................................127

5.3

Gravimetric Hydrogen Isotherms on the Activated Carbon Materials..............132

5.3.1 Effect of Temperature on Hydrogen Uptake in the Activated Carbons......................137
5.3.2 Effect of Hydrogen Gas Purity on the Amount Adsorbed on the Activated Carbons
................................................................................................................................... 142
5.3.3 Gravimetric Hydrogen Isotherms on the Carbon Nanotubes ................................... 147
5.3.4 Effect of Gas Purity on Adsorption in Nanotubes ....................................................150
5.4

Gravimetric Material Cycling Results .....................................................................153

CHAPTER 6: GRAVIMETRIC DATA ANALYSIS AND DISCUSSION

6.1

Introduction....................................................................................................................156

6.2

Hydrogen Sorption Data Analysis.............................................................................. 157

6.2.1 Semi-Empirical Adsorption Models............................................................................ 157
6.2.2 Goodness of Fit and Error Analysis............................................................................168
6.2.3 The Isosteric Heat of Adsorption................................................................................. 191
6.3

Sample Variation, Cyclability and Adsorption Hysteresis.....................................199

6.3.1 Variation in the Amount Adsorbed on BPL................................................................199
6.3.2 Sample Cycling........................................................................................................... 205
6.3.3 Adsorption Hysteresis of Hydrogen in the Nanoporous Carbon Materials...............209
6.4

Assessment of Hydrogen Storage Mechanism.........................................................211

6.4.1

Kinetics of Adsorption................................................................................................211

6.5

Relationship between Material Structure and Hydrogen Storage Capacity...223

6.5.1

Surface Area, Pore Volume and Hydrogen Uptake................................................... 223

v

Contents
CHAPTER 7: CONCLUDING REMARKS

7.1

Introduction...............................................................................................................227

7.2

Background and Thesis Summary......................................................................... 227

7.3

Overall Conclusions..................................................................................................230

7.4

Suggestions for Further W ork.................................................................................231

REFERENCES......................................................................................................................234

A PPE N D IC E S......................................................................................................................... 251

Appendix A: Excel Macro for Buoyancy C orrection......................................................251
Appendix B: X-Ray Diffraction Results for the Nanoporous Carbons ........................256
Appendix C: Modified Linear Driving Force Parameters at Different
T emperatures...........................................................................................................258
Appendix D: Variation of the Hydrogen Diffusion Coefficient with Pressure............. 261
Appendix E: Dissemination................................................................................................ 262

Index o f Figures

INDEX OF FIGURES

Figure 2.2-1: Technological pathway for hydrogen economy development............................. 9
Figure 2.2-2: Factors affecting the development of the hydrogen economy............................ 11
Figure 2.2-3: Energy per unit mass (Higher Heating Value) generated for various fuels (at 25
°C and 1 atm)................................................................................................................12
Figure 2.2-4: Energy per unit volume (Higher Heating Value) generated for various fuels (at
25 °C and 1 atm)...........................................................................................................12
Figure 2.2-5: Pathways from biomass to hydrogen..................................................................22
Figure2.2-6: Summary of different hydrogen production techniques......................................23
Figure 2.3-1: (a) Pore structure of granular activated carbon; (b) Adsorption process in
activated carbon: transfer of adsorbate to adsorbent...................................................45
Figure 2.3-2: The six main types of gas physisorption isotherms, according to the IUPAC
classification................................................................................................................ 47
Figure 3.3-1: Layout of the gravimetric hydrogen storage equipment: (a) Intelligent
Gravimetric Analyser (IGA) main unit; (b) Thermostat; (c) Standard 500 °C furnace;
(d) Computer; (e) N4.5 and N6.0 H2 Gas Cylinders; (f) Liquid N2 Dewar and
Flask.............................................................................................................................68
Figure 3.3-2: Picture showing (A) The Intelligent Gravimetric Analyser counterweight and
sample sections; (B) The sample holder and hangdown for the Intelligent Gravimetric
Analyser system.......................................................................................................... 68
Figure 3.3-3: Schematic of the Intelligent Gravimetric Analyser (IGA) set-up; (i) IGA Unit;
(ii) Sample Reactor; (iii) Two-Stage Rotary Pump (10‘2 mbar); (iv) High Vacuum
Turbomolecular Pump (10'6 mbar); (v) Hydrogen Gas Cylinder................................69
Figure 3.3-4: Graph showing the thermogravimetric profile of Norit CNR 115 with a ramp of
2 °C m in1 from 25 °C to 150 °C................................................................................. 71
Figure 3.3-5: Graph showing the thermogravimetric profile of Norit CNR 115 with a ramp of
2 °C m in1 from 25 °C to 250 °C................................................................................. 72
Figure 3.3-6: Snapshot of buoyancy table set up for hydrogen sorption analysis................... 72
Figure 3.3-7: Snapshot of IGA electronic balance and sample loading screen....................... 73

Index o f Figures
Figure 3.3-8: Sample snapshot of IGA system in sample preparation mode...........................73
Figure 3.3-9: Process of generating adsorption isotherm data.................................................77
Figure 3.3-10: Example of kinetic data obtained from the IGA System.................................77
Figure 3.4-1: Schematic showing the operation of a pre-calibrated pycnometer.................... 80
Figure 3.5-1: Schematic of the ASAP 2010 System. (1) Unrestricted vacuum valve; (2)
Restricted vacuum valve; (3) Helium inlet valve; (4) Restricted analysis gas inlet
valve; (5) Unrestricted analysis gas inlet valve; (6) Psat gas; (7) Lower manifold
isolation valve; (8) Calibration chamber valve; (9) Sample port inlet valve; (10)
Restricted Psat tube port; (11) Unresticted Psat tube port valve.....................................84
Figure 3.5-2: Simplified diagram of an x-ray diffractometer...................................................86
Figure 4.3-1: Pore formation model of (a) Conventional porous carbon (top) and (b) Single
walled carbon nanotubes (bottom)............................................................................... 91
Figure 4.3-2: N2 sorption isotherms for the activated carbons at 77K......................................94
Figure 4.3-3: N2 sorption isotherms for the single walled carbon nanotubes (SWNT). Part 1:
Micropore region; Part 2: Multilayer adsorption in larger pores (meso/macropores)
and Part 3: Hysteresis loop region............................................................................... 95
Figure 4.3-4: N2 sorption isotherms for the multi-walled carbon nanotube (MWNT). Part 1:
Micropore region; Part 2: Formation of a complete monolayer; Part 3 and 4:
Hysteresis loop and Capillary condensation region.....................................................95
Figure 4.3-5: C 02 adsorption isotherms for the activated carbons at subatmospheric pressures
and 273 K ......................................................................................................................96
Figure 4.3-6: C 02 adsorption isotherms for the carbon nanotubes at subatmospheric pressure
and 273 K .....................................................................................................................96
Figure 4.4-1: Brunauer, Emmett, Teller (BET) N2 plots for the nanoporous carbon
materials......................................................................................................................99
Figure 4.4-2: DR (N2) plots for the activated carbons.......................................................... 105
Figure 4.4-3: DR (N2) plots for SWNT-1 and SWNT-2....................................................... 105
Figure 4.4-4: DR (N2) plots for MWNT-1 and MWNT-2.................................................... 106
Figure 4.4-5: DR (C02) plots for activated carbons............................................................. 106
Figure 4.4-6: DR (C02) plots for SWNT-1 and SWNT-2.................................................... 107
Figure 4.4-7: DR (C02) plots for the MWNTs.................................................................... 107
Figure 4.4-8: Standard adsorption a s (N2) plots for the activated carbons...........................110
Figure 4.4-9: Standard adsorption a s (N2) plots for the carbon nanotubes...........................110
Figure 4.5-1: Nitrogen pore size distribution for the activated carbons using Density
functional theory.......................................................................................................113
Figure 4.5-2: Carbon dioxide pore size distribution for BPL activated carbon using density
functional theory.......................................................................................................114
Figure 4.5-3: Carbon dioxide pore size distribution for Norit CNR 115 activated carbon using
density functional theory..........................................................................................114
Figure 4.5-4: Carbon dioxide pore size distribution for SRD/667/1 using density functional
theory........................................................................................................................ 115
Figure 4.5-5: Barett Joyner and Halenda pore size distribution for the carbon
nanotubes...................................................................................................................118

Index o f Figures
Figure 4.5-6: Horvath Kawazoe pore size distribution for the carbon nanotubes.................118
Figure 4.6-1: TEM images of the carbon nanotubes; (A) SWNT-1; (B) SWNT-2; (C) MWNT1; (D) MWNT-2........................................................................................................120
Figure 4.7-1: XRD patterns for the activated carbons........................................................... 123
Figure 4.7-2: XRD patterns for SWNT-1 and SWNT-2........................................................ 124
Figure 4.7-3: XRD patterns for MWNT-1 and MWNT-2..................................................... 124
Figure 5.2-1: Graph comparing raw, excess and total experimental adsorption isotherms on
Norit CNR 115 activated carbon using ultra high purity hydrogen at 77 K .............131
Figure 5.2-2: Graph comparing raw, excess and total experimental adsorption isotherms on
SWNT-1 using ultra high purity hydrogen at 77 K .................................................. 131
Figure 5.3-1: Graphs comparing the sorption isotherms of BPL, Norit CNR 115 and
SRD/667/1 activated carbons at 77 K using (a) Low Grade H2; (b) High Grade H2; (c)
Ultra High Purity H2..................................................................................................134
Figure 5.3-2: Graphs comparing the sorption isotherms of BPL, Norit CNR 115 and
SRD/667/1 activated carbons at 195 K using (d) Low Grade H2; (e) High Grade H2;
(f) Ultra High Purity H2.............................................................................................135
Figure 5.3-3: Graphs comparing the sorption isotherms of BPL, Norit CNR 115 and
SRD/667/1 activated carbons at 303 K using (j) Low Grade H2; (k) High Grade H2; (1)
Ultra High Purity H2.................................................................................................136
Figure 5.3-4: Graph showing the effect of temperature on the amount adsorbed on BPL using
(a) Low-Grade H2; (b) High Grade H2; (c) Ultra High Purity H2............................139
Figure 5.3-5: Graph showing the effect of temperature on the amount adsorbed on Norit CNR
115 using (d) Low-Grade H2; (e) High Grade H2; (f) Ultra High Purity H2
140
Figure 5.3-6: Graph showing the effect of temperature on the amount adsorbed on SRD/667/1
using (g) Low-Grade H2; (h) High Grade H2; (i) Ultra High Purity H2....................141
Figure 5.3-7: Graph showing the effect of hydrogen purity on the adsorption capacity of BPL
different temperatures (a) 77 K; (b) 195 K; (c) 303 K............................................. 144
Figure 5.3-8: Graph showing the effect of hydrogen purity on the adsorption capacity of Norit
CNR 115 at different temperatures (e) 77 K; (f) 195 K; (g) 303 K ................145
Figure 5.3-9: Graph showing the effect of hydrogen purity on the adsorption capacity of
SRD/667/1 at different temperatures (i) 77 K; (j) 195 K; (k) 303 K .......................146
Figure 5.3-10: Overlay of hydrogen sorption isotherms on the carbon nanotubes using LG-H2
at 77 K ....................................................................................................................... 149
Figure 5.3-11: Overlay of hydrogen sorption isotherms on carbon nanotubes using UHP-H2 at
77 K ........................................................................................................................... 149
Figure 5.3-12: Graph showing the effect of gas purity on the amount adsorbed at 77 K on (a)
SWNT-1; (b) SWNT-2; (c) MWNT-1..................................................................... 151
Figure 5.3-12: Graph showing the effect of gas purity on the amount adsorbed at 77 K on (d)
MWNT-2................................................................................................................. 152
Figure 5.4-1: Graph showing the adsorption and desorption cyclic isotherms for the carbon
materials using UHP-H2 at 77 K on (a) BPL; (b) Norit CNR 115; (c) SRD/667/1 and
(d) SWNT-2............................................................................................................... 154
Figure 5.4-1: Graph showing the re-plots (using dry sample mass) of the adsorption and
desorption cyclic isotherms on the carbon materials using UHP-H2 at 77 K on (e)
BPL; (f) Norit CNR 115; (g) SRD/667/1 and (h) SWNT-2..................................... 155

Index o f Figures
Figure 6.2-1: Fits of the different adsorption models to gravimetric hydrogen uptake data
obtained at 77 K on Norit CNR 115 using LG-H2..................................................166
Figure 6.2-1: Continued from previous page (Fits of the different adsorption models to
gravimetric hydrogen uptake data obtained at 77 K on Norit CNR 115 using LGH2)............................................................................................................................167
Figure 6.2-2: Residual plots for the fitted isotherm to different adsorption
models......................................................................................................................170
Figure 6.2-3: Toth model fits of gravimetric equilibrium data for the activated carbons; (A)
BPL at 77 K; (B) Norit CNR 115 at 77 K; (C) SRD/667/1 at 77 K .........................175
Figure 6.2-3: (D) BPL at 195 K; (E) Norit CNR 115 at 195 K; (F) SRD/667/1 at 195 K...176
Figure 6.2-3: (G) BPL at 303 K; (H) Norit CNR 115 at 303 K; (I) SRD/667/1 at 303 K ... 177
Figure 6.2-4: Toth model fits of gravimetric equilibrium data for the carbon nanotubes; (J)
SWNT-1 at 77K; (K) SWNT-2 at 77 K; (L) MWNT-1 at 77 K .............................178
Figure 6.2-4: (M) MWNT-2 at 77 K.................................................................................... 179
Figure 6.2-5: Residual plots for the activated carbons; (i) BPL at 77 K; (ii) BPL at 195 K; (iii)
BPL at 303 K; (iv) Norit CNR 115 at 77 K; (v) Norit CNR 115 at 195 K; (vi) Norit
CNR 115 at 303 K. Residuals all in wt-%............................................................... 188
Figure 6.2-6: Residual plots for the activated carbons; (vii) SRD/667/1 at 77 K; (viii)
SRD/667/1 at 195 K; (ix) SRD/667/1 at 303 K. Residuals all in wt-%................... 189
Figure 6.2-7: Residual plots for the carbon nanotubes; (x) SWNT-1 and SWNT-2 at 77 K; (xi)
MWNT-1 and MWNT-2 at 77 K. Residuals all in wt-%......................................... 189
Figure 6.2-8: A plot showing the temperature dependence of the affinity parameter, b for
BPL, Norit CNR 115 and SRD/667/1....................................................................... 194
Figure 6.2-9: Variation of the Toth parameter t with temperature........................................ 194
Figure 6.2-10: Graphs showing the adsorption isosteres for BPL activated carbon. Pressure
(P)in kPa...................................................................................................................197
Figure 6.2-11: Graphs showing the adsorption isosteres for Norit CNR 115 activated carbon.
Pressure (P) in kPa....................................................................................................197
Figure 6.2-12: Graphs showing the adsorption isosteres for SRD/667/1 activated carbon.
Pressure (P) in kPa....................................................................................................198
Figure 6.2-13: Graph showing the variation of the isosteric heat with the amount adsorbed for
the activated carbons.................................................................................................198
Figure 6.3-1: Variation in % mass adsorbed on BPL at 77 K using (a) Low grade H2; (b) High
Grade H2; (c) Ultra high purity H2........................................................................... 202
Figure 6.3-2: Variation in % mass adsorbed on Norit CNR 115 at 77 K using (d) Low grade
H2; (e) High Grade H2; (f) Ultra high purity H2.......................................................203
Figure 6.3-3: Figure showing the cyclic adsorption isotherms of (i) BPL; (ii) Norit CNR 115;
(iii) SRD/667/1 .measured at 77 K using ultra high purity H2............................... 207
Figure 6.3-3: Continued for (iv) SWNT-2............................................................................. 208
Figure 6.4-1: Plots of the ultra high purity hydrogen adsorption kinetic data showing the
Linear Driving Force and Modified Linear Driving Force fits for (la, b) BPL; (2a, b)
Norit CNR 115; (3a, b) SRD/667/1.......................................................................... 216

x

Index o f Figures
Figure 6.4-1: Plots of the ultra high purity hydrogen adsorption kinetic data showing the
Linear Driving Force and Modified Linear Driving Force fits for (4a, b) SWNT-1;
(5a, b) SWNT-2;(6a, b) MWNT-1......................................................................... 217
Figure 6.4-1: Plots of the ultra high purity hydrogen adsorption kinetic data at 77 K showing
the Linear Driving Force and Modified Linear Driving Force fits for (7a, b) MWNT2................................................................................................................................. 218
Figure 6.4-2: Residual plots of the linear driving force and modified linear driving force
model fits to the adsorption kinetic data for the nanoporous carbons, (a) BPL; (b)
Norit CNR 115; (c) SRD/667/1; (d) SWNT-1; (e) SWNT-2; (f) MWNT-1
219
Figure 6.4-2: Residual plots of the linear driving force and modified linear driving force
model fits to the adsorption kinetic data for the nanoporous carbons, (g) MWNT2................................................................................................................................. 220
Figure 6.4-3: Graphs showing the variation of the adsorption rate constants with pressure for
the nanoporous carbons, (a) Variation of k] for BPL, Norit CNR 115 and
SRD/667/1; (b) Variation of k2 for BPL, Norit CNR 115 and SRD/667/1; (c)
Variation of k, for SWNT-1, SWNT-2, MWNT-1 and MWNT-2; (d) Variation o ik2
for SWNT-1, SWNT-2, MWNT-1 and MWNT-2....................................................221
Figure 6.4-4: Graphs showing the variation of the adsorption rate constants with the
experimental % mass uptake for the nanoporous carbons, (a) Variation of kj for
BPL, Norit CNR 115 and SRD/667/1; (b) Variation of k2 for BPL, Norit CNR 115
and SRD/667/1; (c) Variation of kj for SWNT-1, SWNT-2; (d) Variation of k2 for
SWNT-1, SWNT-2; (e) Variation of k\ for MWNT-1 and MWNT-2; (f) Variation of
k2 for MWNT-1 and MWNT-2................................................................................. 222
Figure 6.5-1: Graph showing the relationship between the equivalent BET surface area and
hydrogen gas uptake obtained for the nanoporous carbons...................................... 226
Figure 6.5-2: Graph showing the variation of the pore volume with the % mass adsorbed on
the nanoporous carbons............................................................................................. 226
Figure 7.4-1: Schematic of a H2 storage system based on the use of nanoporous carbon. 1) H2
gas dehumidifier and cleaner; 2) Gas compressor; 3) FeedH2 pressure controller; 4)
Liquid N2 level meter; 5) H2 storage vessel; 6) Liquid N2 pump; 7) Manual Valve; 8)
Liquid N2 supply dewar; 9) Flow controller; 10) Discharge H2 pressure controller; 11)
H2 fuel cell and 12) Light bulb................................................................................. 232

Index o f Tables

INDEX OF TABLES

Table 2.2-1: Comparison of the key properties of hydrogen and other fuels........................... 13
Table 2.2-2: US DOE Hydrogen Storage Targets (US DOE, 2006).........................................30
Table 2.2-3: Hydrogen Energy Conversion Technologies and Applications...........................33
Table 2.2-4: Summary of Fuel Cell Types................................................................................ 36
Table 2.2-5: Comparison of the Physical Properties of Hydrogen and other Fuels..................41
Table 2.3-1: Distinguishing Features between Physisorption and Chemisorption.................. 44
Table 2.3-2: Classification of Pores according to their width...................................................45
Table 3.2-1: Manufacturer Properties for the Selected Commercial Activated Carbons....... 65
Table 3.2-2: Manufacturer Properties for the Selected Carbon Nanotubes..............................65
Table 3.3-1: IGA Operating Limits and Description................................................................ 67
Table 3.3-2: Hydrogen Gas Purity Specification...................................................................... 78
Table 3.3-3: Matrix of Experimental Design for Assessing the Effect of Temperature and
Hydrogen Gas Purity on Uptake Results..................................................................... 78
Table 3.5-1: Matrix of Sample Characterisation Experiments on ASAP 2010........................83
Table 4.2-1: Summary of sample structural data...................................................................... 89
Table 4.4-1: Summary of BET parameters from N2 adsorption at 77 K on the nanoporous
carbons.......................................................................................................................... 99
Table 4.4-2: Summary of DR parameters obtained from N2 (77 K) and C 02 (273 K)
isotherms..................................................................................................................... 104
Table 4.4-3: Summary of a s results for the nanoporous carbons........................................... 109
Table 4.7-1: hkl indices and diffraction angles for carbon..................................................... 122
Table 4.7-2: X-Ray diffraction results at the 002 peaks of the nanoporous carbons.............125
Table 6.2-1: Table showing the different semi-empirical equations...................................... 163
Table 6.2-2: R2 for the Langmuir, Freundlich, Langmuir-Freundlich, Toth, Unilan and Keller
et al. fits to the adsorption isotherm of Norit CNR 115............................................ 170

Index o f Tables
Table 6.2-3: Table showing the root mean square error on the fits to Norit CNR 115
adsorption data at 77 K ..............................................................................................172
Table 6.2-4: Table showing the ‘unconstrained’ Toth model parameters (± absolute error) for
BPL at different temperatures on the three grades of hydrogen (pb. Va assumed to be
approximately 0)........................................................................................................180
Table 6.2-5: Table showing the ‘constrained’ Toth model parameters (± absolute error) for
BPL at different temperatures on the three grades of hydrogen (pb. Va assumed to be
approximately 0)........................................................................................................181
Table 6.2-6: Table showing the ‘unconstrained’ Toth model parameters (± absolute error) for
Norit CNR 115 at different temperatures on the three grades of hydrogen (pb. Va
assumed to be approximately 0)................................................................................182
Table 6.2-7: Table showing the ‘constrained’ Toth model parameters (± absolute error) for
Norit CNR 115 at different temperatures on the three grades of hydrogen (pb •Va
assumed to be approximately 0)................................................................................183
Table 6.2-8: Table showing the ‘unconstrained’ Toth model parameters (± absolute error) for
SRD/667/1 at different temperatures on the three grades of hydrogen {pb. Va assumed
to be approximately 0)...............................................................................................184
Table 6.2-9: Table showing the ‘constrained’ Toth model parameters for (± absolute error)
SRD/667/1 at different temperatures on the three grades of hydrogen (p, . Va assumed
to be approximately 0)...............................................................................................185
Table 6.2-10: Table showing the ‘unconstrained’ Toth and Modified Toth model parameters
(± absolute error) for the carbon nanotubes at 77 K ................................................. 186
Table 6.2-11: Table showing the % root mean square error based on the Toth Fits of the BPL
adsorption isotherms..................................................................................................190
Table 6.2-12: Table showing the % root mean square error based on the Toth Fits of the
adsorption isotherms for the carbon nanotubes........................................................ 190
Table 6.2-13 : Table showing the adsorption energies of the activated carbons....................194
Table 6.3-1: Summary of the results on the extent of variation in the amount adsorbed on the
activated carbons at 77 K ......................................................................................... 204
Table 6.3-2: Summary of the cyclic hydrogen sorption amounts for the nanoporous carbons at
77 K...........................................................................................................................208
Table 6.3-3: Summary of gravimetric H2 sorption results at 77 K for the nanoporous
carbons.......................................................................................................................210
Table 6.4-1: Table showing the % Root Mean Square Error based on the LDF and MLDF Fits
of the Adsorption Kinetic Data................................................................................. 220

Nomenclature

NOMENCLATURE

w

Pore Width

Tc

Critical Temperature

n

Amount o f Gas Adsorbed at p/p°

ms

Mass o f Solid Material

P

Equilibrium Pressure

T

Temperature

p°

Saturation Pressure o f the Gas at T

p/p °

Relative Pressure

n(t)

Uptake o f Gas at time, t

k

Adsorption Rate Constant

An

Total Change in Gas Uptake

t

Time

Vs

Chamber o f Unknown Volume

Vx

Sample o f Unknown Volume

Vr

Reference Chamber o f known Volume

Ps

Sample Chamber Pressure

Pr

Reference Chamber Pressure

1Psys

System Pressure

We

Excess Adsorbed Weight

W

Detected Weight o f the Adsorbent

Ws

Sample Weight

Wt

Total Adsorption

Va

Adsorbate Pore Volume
xiv

Nomenclature
Wa

Weight o f the Adsorbed Phase

V

Volume

z

Gas Compressibility Factor

R

Gas Molar Constant

a, b

Peng-Robinson Equation o f State Constants

C

Brunauer Emmett Teller Energy Constant

nam

Monolayer Capacity

As

Brunauer Emmett Teller Surface Area

L

Avogadro’s Constant
Adsorptive Molecular Cross Sectional Area

V

Volume o f gas adsorbed at p/p°

Vo

Volume needed to fill micropores

A

Adsorption Affinity/Differential Free Energy o f Adsorption

E0

Dubinin Radushkevich Characteristic Energy

D

Dubinin Radushkevich Empirical Constant

Vos

Micropore Volume (as Method)

sext

External Surface Area

V(P)

Experimentally determined Excess Volume o f Gas

F(H)

Pore Size Distribution

Umax

Maximum Pore Size

Hmin

Minimum Pore Size

IP

Horvath Kawazoe Interaction Parameter

do

Average Molecular Diameter

u

Order o f Diffraction

d

Sample Characteristic Interplanar Spacing

Co

Lattice Constant

n0

Maximum Adsorption Capacity o f Adsorbent

b

Adsorption Affinity Constant

K

Freundlich Model Constant

c

Freundlich Model Heterogeneity Parameter

t

Toth Model Heterogeneity Parameter

s

Unilan Model Heterogeneity Parameter

r

Molecular Radius

xv

Nomenclature
D

Fractal Dimension o f the Adsorbent Surface

y

Experimental Observation

y-i

Model Prediction

Nd

Number o f Data Points

NP

Number o f Parameters

AH

Heat o f Adsorption

b0

Affinity Constant at Reference Temperature

E

Adsorption Energy

AG

Change in Free Energy

AS

Change in Entropy

ki

Fast Adsorption Rate Constant

k2

Slow Adsorption Rate Constant

RP

Adsorbent Particle Radius

Greek Symbols

Pb

Gas Bulk Density

Ps

Sample Density

Pa

Adsorbed Phase Density

a, k

Peng-Robinson Constants

CO

Accentric Factor

p

Dubinin Radushkevich Scaling Factor

v(H ,P)

Excess Volume o f Gas at P

<J

Gas Solid Nuclear Separation

A

X-Ray Wavelength for Copper K a Radiation

e

Diffraction Angle

xvi

Nomenclature

Abbreviations

WEO

World Energy Outlook

IEA

International Energy Agency

US DOE

United States Department o f Energy

UK-SHEC

United Kingdom - Sustainable Hydrogen Energy Consortium

ICE

Internal Combustion Engine

PSA

Pressure Swing Adsorption

SMR

Steam Methane Reforming

IGCC

Integrated Gasification Combined-Cycle

PV

Photovoltaic

CHP

Combined Heat and Power

PEM

Polymer Electrolyte Membrane

AFC

Alkaline Fuel Cell

PAFC

Phosphoric Acid Fuel Cell

MCFC

M olten Carbonate Fuel Cell

SOFC

Solid Oxide Fuel Cell

NASA

National Aeronautics and Space Administration

H2 - I C E

Hydrogen Internal Combustion Engine

UTC

United Technologies Company

NHA

National Hydrogen Association

LEL

Lower Explosion Limit

UEL

Upper Explosion Limit

ISO

International Standards Organisation

IUPAC

International Union o f Pure and Applied Chemistry

TGA

Thermogravimetric Analyser

IGA

Intelligent Gravimetric Analyser

TEM

Transmission Electron Microscopy

STM

Scanning Tunnelling Microscopy

SWNT

Single-Walled Nanotube

GNF

Graphitic Nanofibres

MWNT

Multi-Walled Nanotube

TPD

Temperature Programmed Desorption

xvii

Nomenclature
CVD

Catalytic Vapour Deposition

LDF

Linear Driving Force

ASAP

Accelerated Surface Area and Porosimetry

XRD

X-Ray Diffraction

l g -h 2

Low Grade Hydrogen

h g -h 2

High Grade Hydrogen

u h p -h 2

Ultra High Purity Hydrogen

BDDT

Brunauer Deming Deming and Teller

GCMC

Grand Canonical Monte Carlo

db

Dry Basis

BET

Brunauer Emmett Teller

DR

Dubinin Radushkevich

PSD

Pore Size Distribution

DFT

Density Functional Theory

HK

Horvath-Kawazoe

BJH

Barrett, Joyner and Halenda

HRTEM

High Resolution Transmission Electron Microscopy

RMSE

Root Mean Square Error

MLDF

Modified Linear Driving Force

xviii

Chapter One

Introduction and Scope

1.1

Thesis Context

There is an increased awareness today that the worldwide dependence on fossil fuels
is faced with a number o f issues including the forecasted depletion o f these resources,
climate change, and energy security as the major suppliers o f these resources are
either economically or politically unstable. According to estimates, the production o f
fossil fuels (i.e. oil, coal and natural gas) will peak around the year 2010 and then will
start to decline. If we produce synthetic fossil fuels (i.e. synthetic gasoline and
synthetic natural gas) from coal, then their production will continue to rise until the
year 2025, and will start to decline thereafter. (Veziroglu and Babir, 1992). Energy
demand is another factor that is driving research on alternative sources o f energy.
According to the World Energy Outlook (WEO) 2005, supplied by the International
Energy Agency (IEA) world energy demand is expected to expand by more than 50%
between now and 2030, to 16.3 billion tonnes o f oil equivalent. Global carbon dioxide
emissions are expected to increase by 1.6% per year over 2003-2030. By 2010, energy
related CO 2 emissions will be 38% higher than at 1990.

This knowledge has

led to the

search

for more

sustainable,

secure and

environmentally friendly energy alternatives to the current fossil fuel economy.
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Hydrogen is at present one o f the prime candidates as a future energy vector to
provide an alternative to the current fossil fuel era. It has a variety o f social, economic
and environmental benefits, such as its capability to reduce pollution and greenhouse
gas emissions, when produced from sustainable sources or coupled with CO 2
sequestration techniques.

Until recently, the use o f hydrogen has been centred on other technologies such as in
the production o f methanol, hydrocracking and desulphurisation o f oil. In spite o f the
many advantages o f adopting an energy economy with hydrogen as an energy carrier,
there still remain a number o f technological milestones to be overcome. These include
the sustainable production o f hydrogen, its delivery, storage and end applications.

Being the lightest element, with the lowest density (0.09 kg m '3) under normal
conditions (20 °C, 101.325 kPa) (Tzimas et ah, 2003) hydrogen gas is difficult to
store in small volumes making mobile applications difficult. The development o f
suitable technologies for hydrogen storage is at present the subject o f a great deal o f
research worldwide. According to several authors, hydrogen can currently be stored as
a compressed gas to increase its density in compact gas tanks where hydrogen is
stored at high pressures o f up to 800 bar. Although the most mature technology,
hydrogen storage by compression has the drawback o f size, weight cost and safety
especially on board vehicles. Hydrogen can also be stored as a liquid at 20 K (its most
energy dense form), which requires the use o f cryogenic vessels but requires less
volume than gas storage. The major setback o f this technology is the liquefaction o f
hydrogen, which is an energy intensive process that consumes a large amount o f
energy equivalent to about a third o f the energy content o f hydrogen (Zhou et ah,
2003, de la Casa-Lillo et ah, 2002, Cheng et ah, 2000, Levesque et ah, 2002; Zhao et
ah, 2005, Hirscher and Becher, 2003). Hydrogen can be stored in chemical
compounds, such as methanol and ammonia using a variety o f technologies, and also
on solid-state materials by physisorption or chemisorption (Texier-Mandoki et ah,
2004, Poirier et ah, 2004) but these technologies are still in the research stages.

To meet the energy storage requirements o f a future hydrogen economy requires that
the problem o f storage be solved. This store would be essential for the provision o f
hydrogen in periods o f low energy supply. For example, where hydrogen is produced
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from wind energy, part o f the energy produced will be diverted for hydrogen
production, which can then be subsequently stored for periods o f low wind supply.
Presently, a compact, lightweight hydrogen storage system for transportation is not
available. Hydrogen storage is therefore the key enabling technology that must be
significantly advanced in terms o f performance and effectiveness if hydrogen is to
become an important part o f the world’s energy economy (Dillon and Heben, 2001,
Cheng et al., 2000, Kajiura et al., 2003, de la Casa-Lillo et al., 2002).

A storage medium is required that can hold a useful amount o f hydrogen in a small
volume without compromising cost and safety. It is required that the store be easily
charged and discharged. The target set by the US Department o f Energy (DOE) is 9
wt % by 2015 for systems (US DOE, 2006), which is adopted internationally.

1.2

Research Scope

This research is concerned with the assessment o f the potential o f nanoporous carbon
materials as hydrogen storage media. Carbon materials for hydrogen storage have
been the subject o f much research in the past and reported by several authors. In an
early publication by Dillon et al., (1997) it was stated that single-walled carbon
nanotubes can store 5-10 wt % hydrogen at ambient temperature. Values as large as
60 wt % for graphitic nanofibres have been also quoted by Chambers et al., (1998).
These values have not been verified or reproduced via experiments and theoretical
calculations, leading to a great deal o f controversy in this field o f study.

In this work, a number o f commercially available nanoporous carbon materials have
been acquired and analysed for their ability to store hydrogen at temperatures ranging
from cryogenic (77 K) to high temperature (303 K). The structural properties o f these
materials have also been assessed to correlate the results and make reasonable
judgements on the suitability o f these materials for hydrogen storage.
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A detailed analysis o f the experimental results is carried out by applying
thermodynamic calculations and fitting semi-empirical adsorption models to the data.

1.3

Thesis Structure

This thesis consists o f seven chapters. Chapter one is an introduction to the thesis, it
briefly brings the research into context and highlights the surrounding issues. It also
describes the scope o f the research as well as the structure o f this thesis. Chapter two
gives a detailed insight to, and attempts to provide a critical review of, the vast
literature available on the hydrogen economy, the current state o f the art on hydrogen
production, storage, delivery and its end use. It also assesses the issues that may affect
the acceptance o f hydrogen as a future energy vector. The chapter continues with a
description o f adsorption theory; it gives an overview o f the preparation, treatment,
nature and a literature review o f existing data available on hydrogen storage in
nanoporous carbon materials, which is within the scope o f this research. This chapter
concludes with a statement o f the overall aim o f this research. In Chapter three, a
detailed description o f the experimental methods adopted for the characterisation o f
the nanoporous materials studied is reported. It provides information on the materials
selected and the experimental methods used in their analysis. Chapters four and five
present the characterisation and hydrogen storage results for the nanoporous carbons
obtained by methods described in chapter three. In Chapter six, analysis o f the
gravimetric hydrogen storage results are presented along with a discussion o f the
results. The thesis summary, conclusions and suggestions for future work are finally
detailed in Chapter seven.
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1.4

Dissemination

The work detailed in this thesis has been presented on a number o f occasions to a
varying audience with different research interests. These include six monthly United
Kingdom - Sustainable Hydrogen Energy (UK-SHEC) Consortium meetings, where
the details o f this work were challenged and scrutinised. It also includes a number o f
poster presentations at the 7th World Chemical Engineering Conference in Glasgow,
2005 (Odunsi et al., 2005); 7th International Conference on the Characterisation of
Porous Solids in Aix-en-Provence, France, 2005 (Odunsi et al., 2006) and at the
Britain’s Young Engineers competition held at the House o f Commons, London,
2005. A paper is also being prepared for publication in the Journal o f Materials
Chemistry.
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Background to Thesis

2.1

Introduction

This chapter summarises the vast literature surrounding the hydrogen economy, its
potential adoption and hence the importance o f finding a suitable storage medium to
support its implementation. The current and future situation and issues affecting the
adoption o f the proposed hydrogen economy are discussed. This chapter also presents
nanoporous carbon materials as a means o f solving the storage problem. Finally, the
chapter concludes with a statement on the aims o f the thesis.

2.2

The Hydrogen Economy

Carbon dioxide emissions, the main greenhouse gas from human activities, the
continuing rise in energy demand, the depletion o f fossil fuel reserves, poor air quality
and the security o f energy supply are the subject o f a worldwide debate about energy
sustainability and the stability o f the global climate (Goltsov and Veziroglu, 2001;
Conte et a l., 2001; Cherry, 2004; Gosselink, 2002; Uhrig, 2004). To this effect
driving the global energy system into a sustainable path is progressively becoming a
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major concern. The emergence o f a sustainable global energy system, however, is a
gradual long-term process that will require a profound transformation o f its current
structure (Barreto et al., 2003). Alternative solutions are the subject o f current
research interest. The hydrogen economy has received particular attention. A
hydrogen-based energy system is regarded as an advantageous option for delivering
high-quality energy solutions (Ogden, 1999). Hydrogen (when produced from
renewable energy sources), used as an energy vector in the stationary power,
transportation, industrial, residential and commercial sectors has been proposed as a
suitable path to solving the world’s energy issues.

The transition to a hydrogen-based energy economy, where the main chemical energy
carrier is hydrogen and the main non-chemical energy form is electricity, is being
made gradually, and is likely to continue to the middle or end o f the 21st century.
Current world hydrogen production is approximately 45 M t year'1, which is
equivalent to 2 % o f world energy demand (Raman, 2003). However, current total
annual worldwide hydrogen consumption is in the range o f 36 - 45 Mt year'1. O f this
quantity, approximately 97 % is captive, that is, the hydrogen is produced at the site
o f consumption or internal production and only about 3 % is provided from merchant
sources (Manitoba Energy Development Initiative, 2003).

To expand the role o f hydrogen in the near term (present - 2010), several approaches
are being proposed. One is to use hydrogen for transportation by mixing it with
natural gas (hythane) as a fuel for internal combustion engines (ICE); this would
increase engine performance and decrease pollution. Another approach involves
producing hydrogen at central locations and distributing it to refuelling stations. The
hydrogen will then be pumped into vehicles for use in fuel cells and power plants
(Midilli et al., 2005). Hydrogen-powered fuel cell vehicles produce no emissions
other than water vapour.

According to Midilli et al., (2005), a hydrogen economy will likely be introduced
over a long time period and involve near, intermediate and long term phases:

In the near term (present - 2010) it is proposed that hydrogen will be produced
primarily by advanced steam reforming o f natural gas, either at central or distributed
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facilities. This process presents an opportunity to decrease the amount o f carbon
dioxide released to the atmosphere, since a by product o f steam reforming is a high
purity carbon dioxide that can be collected and used, or sequestered in many ways,
such as in coal seams, depleted oil and natural gas fields, or saline aquifers.

In the intermediate term (2010 - 2025), restructuring o f the electric utility industry
will present opportunities for distributed generation, where hydrogen-powered fuel
cells will provide on-site generation o f electricity. In addition to electricity, these fuel
cells will also produce thermal energy for hot water, space heating and industrial
processes. During this phase, hydrogen will be increasingly produced from coal and
from the pyrolysis or gasification o f biomass. Biomass for hydrogen production will
come from dedicated crops, agricultural residues, or municipal solid wastes.
Dedicated crops will be particularly valuable for offsetting carbon dioxide emissions
because biomass crops re-grown specifically for energy will recycle carbon dioxide
from the atmosphere, resulting in no net carbon dioxide emissions. In the intermediate
term, an increasing number o f hydrogen-fuelled zero-emission vehicles will also be
on the road, due to improvements in onboard storage and other technologies. This
occurrence will provide a need for building a hydrogen infrastructure.

In the long term (post 2025), strong hydrogen markets and a growing hydrogen
infrastructure will create opportunities for renewable hydrogen systems. Intermittent
energy technologies such as wind turbines or photovolatiacs, for example, will power
electrolysers to produce hydrogen for fuel cells. The fuel cells will use the hydrogen
to provide electricity during higher demand periods or to supplement the intermittent
energy sources. This era will likely also witness the emergence and growth o f
advanced technologies that produce hydrogen from water and sunlight and that store
hydrogen in high energy density systems. Market penetration o f advanced
technologies to produce, store and use hydrogen will mark the establishment o f the
hydrogen energy economy.

M idilli et al., (2005) presents the work o f Jones, which cites the uncertainties o f a
hydrogen economy:
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The hydrogen economy is an end state based on hydrogen produced from
renewable energy such as solar or wind. But it is not yet economical to
produce hydrogen in this way.
Hydrogen-powered fuel cells promise to provide clean and efficient energy
for future vehicles and stationary power generation, but that is only
achievable if the hydrogen is produced cleanly.
A long transition to hydrogen from hydrocarbons is likely.
Cost and technical hurdles must be overcome to allow mass adoption of
fuel cells and other hydrogen technologies.

Despite these issues, there is an increased momentum for a hydrogen economy due to
global environmental problems, energy security and supply issues, and technological
innovations. Figure 2.2-1 is a diagrammatic representation o f the technological
pathway for hydrogen economy development.

H> PRODUCTION

R e n e w a b le s o u r c e s

h 2 u t il iz a t io n

B io m a ss
P V plan t
F o s s il fu els

Wind turbine
Thermal solar

Tran^nnrt

Hy d r o g e n
Hj p r o d u c tio n p la n t
T h e rm a l c y c le s

F uel cell plant

R esidential

E lectric p o w e r g e n e ra tio n

D epleted g a s w ells
D eep salin e acquifers

C 0 2 SEQUESTRATION

Figure 2.2-1: Technological Pathway for Hydrogen Economy Development (Conte et al.,

(2001))
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2.2.1

Why Hydrogen?

Hydrogen is the lightest, simplest and one o f the most abundant elements in nature
(Momirlan and Veziroglu, 2005; Uhrig, 2004). It is a non-toxic clean energy carrier
with a high specific energy density on a mass basis in comparison to other fuels, as
shown in Figure 2.2-3 and Table 2.2-1. As an example, the energy content o f 9.5 kg
o f hydrogen is equivalent to that o f 25 kg o f gasoline (Midilli et al., 2005). On a
volumetric basis the energy density is reduced (Figure 2.2-4). The specific energy is
reported in terms o f higher heating values (HHV). These values refer to the amount o f
heat released by these materials on combustion with any water produced present in
liquid form. This differs from the lower heating value (LHV) where the water
produced is present as vapour.

Many production processes for hydrogen exist (Rosen and Scott, 1998) from fossil
fuel and renewable based technologies. When combusted, hydrogen produces non
toxic exhaust emissions and its use can play a significant role in all parts o f the global
energy economy. Hydrogen can be produced from and converted into electricity at a
relatively high efficiency. System efficiencies o f commercial water electrolysers
range from 60-73 % (Turner, 2004). The raw material for hydrogen production is
water. According to Turner (2004), the amount o f water needed for hydrogen
production required for transportation is not great. Conversion o f the U.S. light duty
fleet (some 230 million vehicles) to fuel cell vehicles would require about 100 billion
gallons (U. S.) o f water per year to supply the needed hydrogen. Hydrogen is a
completely renewable fuel, since the product o f hydrogen utilisation (either through
combustion or through electrochemical conversion) is pure water in liquid or vapour
form. It can be stored as a liquid or gas and can be transported over large distances
using pipelines, tankers or rail trucks (Johnston et al., 2004). It can be converted into
other forms o f energy in more ways and more efficiently than any other fuel, that is,
in addition to flame combustion hydrogen may be converted through catalytic
combustion, electrochemical conversion, and hydriding. Hydrogen as an energy
carrier is environmentally compatible but results in the production o f small amounts
o f NOx if it is burned with air at high temperatures (Sherif et al., 2005).
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Despite these compelling benefits, the realisation o f a hydrogen economy faces
multiple challenges. Unlike gasoline and natural gas, hydrogen has no existing largescale infrastructure - and building one will require major investment. Although
hydrogen is currently playing a back role in our energy industry (chemical and
refining), the cost o f exploiting hydrogen as a big player in supplying the w orld’s
energy demands is still too great. In attaining a hydrogen economy, there are several
technological factors, which need to be considered such as hydrogen production, its
delivery, storage and conversion. These factors are also affected by cost and safety.
They are the key milestones that will be encountered on the path to a hydrogen
economy as illustrated in Figure 2.2-2.

Delivery

Production

Conversion

Applications

Storage

Figure 2.2-2: Factors affecting the development of the hydrogen economy (Adapted from US

DOE National Hydrogen Energy Roadmap, 2002).
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Table 2.2-1: Comparison of the key properties of hydrogen and other fuels (Adapted from
Veziroglu and Babir, 1992; Midilli e t a l 2005; Conte e t a l 2001).

Energy per unit

E n erg y per unit

Specific carbon

mass

volume

emission

(MJ kg'1)

(MJ i n 3)

(kgc k g 1 fuel)

Liquid Hydrogen

141.90

1 0 .1 0

0 .0 0

Gaseous Hydrogen

141.90

0.013

0 .0 0

Fuel Oil

45.50

38.65

0.84

Gasoline

47.40

34.85

0 .8 6

Jet Fuel

46.50

35.30

-

LPG

48.80

24.40

-

LNG

50.00

23.00

-

Methanol

22.30

18.10

0.50

Ethanol

29.90

23.60

0.50

Bio diesel

37.00

33.00

0.50

Natural gas

50.00

0.04

0.46

Charcoal

30.00

Fuel Type

0.50

V alues relevant at ambient temperature (25 °C) and atmospheric pressure (1 atm)
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2.2.2

The Current and Future Hydrogen Industry

2.2.2.1

Hydrogen Production

Hydrogen, like electricity is an energy carrier or vector, not an energy resource. It
does not occur naturally in nature and must be extracted from other sources (Uhrig,
2004; Stiegel and Ramezan, 2006). According to Sherif et al., (2005) most o f the
technologies required for hydrogen production, storage and utilisation have already
being developed, while only a few o f them are at a level where they can compete with
the existing energy technologies.

Hydrogen is already being produced from fossil fuels (natural gas, oil and coal) in
huge volumes, about 45 Mt year' 1 and is used in a variety o f industries (Conte et al.,
2001). These include its use in refineries to upgrade crude oil by hydrotreating or
hydrocracking, in the chemical industry to synthesise various chemical compounds
such as ammonia and methanol, and in metallurgical processes as a reduction or
protection gas. Technologies for the production o f hydrogen from fossil fuels have
been developed and are used to produce industrial hydrogen. On the other hand, there
is a great deal o f research into environmentally benign methods for producing
hydrogen, this is necessary if the ultimate goals o f cleaner and better air quality and
climate change is to be addressed. Some o f the methods for producing hydrogen are
described below and summarised in Figure 2.2-6.

2.2.2.2

Hydrogen Production from Fossil Fuels

Two methods for producing hydrogen that are proven technology today are steam
methane reforming (SMR) using natural gas (typically more than 95 % methane) and
water as the sources o f hydrogen (Turner, 2004), and partial oxidation o f fossil fuels
(Conte et al., 2001; Uhrig, 2004; Stiegel and Ramezan, 2006; Simbeck, 2004; Utgikar
and Thiesen, 2005).
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Steam methane reforming of natural gas
This involves a catalytic, endothermic reaction where natural gas is reacted with
steam over a nickel catalyst bed at about 850 °C and high pressure to produce a
mixture o f carbon monoxide and hydrogen (syngas). The gas mixture is cooled to
about 400 °C and reacted further with more steam over a water gas shift catalyst
where additional hydrogen is produced, and carbon monoxide is converted into
carbon dioxide. The carbon dioxide and other impurities are removed by pressure
swing adsorption (PSA) leaving pure hydrogen (Moore and Raman, 1998). One factor
noted by the US National Renewable Energy Laboratory is that hydrogen production
plants using the SMR technology contribute significantly to the emission o f
greenhouse gases into the atmosphere, since carbon dioxide is the dominant gas
released (NREL, 2006). The current industrial production methods using SMR
technology are very expensive (Johnston et a l, 2004). The typical overall efficiency
o f steam methane reforming is about 80 %, that is, the energy content o f the hydrogen
produced is about 80 % o f the energy o f the methane used to produce it, while about
20

% o f its energy is consumed in supplying energy for the endothermic reaction

(Uhrig, 2004).

Partial oxidation of heavy oil
This method o f producing hydrogen is occasionally practised on a large scale using
low value refinery by-products such as heavy residual oils. Heavy oil is reacted with
pure oxygen in less than stoichiometric ratio to yield a mixture o f carbon monoxide
and hydrogen at 1200-1350 °C. The gas mixture is cooled and subjected to the shift
reaction followed by separation via pressure swing adsorption (PSA) to obtain pure
hydrogen. The process also produces a low pressure waste hydrogen stream and
excess steam. Without a location which can utilise these by-products the economics
are unattractive (Moore and Raman, 1998).

Partial oxidation of coal
This is one o f the methods proposed by the US DOE to produce electricity and
hydrogen via the integrated gasification combined-cycle technology (IGCC). Partial
oxidation or gasification combines coal, oxygen and steam to produce synthesis gas

15

Chapter 2
(hydrogen and carbon monoxide) that is cleaned o f impurities such as sulphur and
mercury. To produce hydrogen, this synthesis gas is further processed using mature
water-gas shift reactor technology to increase hydrogen and convert carbon monoxide
to carbon dioxide. Hydrogen is then separated using PSA technology. This process is
about 60 % efficient (DeLuchi, 1989). To reduce costs, novel and advanced
technologies must still be developed in all phases o f the gasification process through
to hydrogen separation phases. This process also has a by-product, carbon dioxide
which is detrimental to the overall purpose o f a hydrogen economy.

Methanol reformation
Methanol can easily be reformed with water over a catalyst at low temperatures (250
- 350 °C) to produce a mixture o f hydrogen and carbon dioxide. This is separated via
PSA to yield pure hydrogen. Since methanol is easy to ship and store, this is a
convenient way o f producing hydrogen in areas where natural gas is not readily
available. The major cost component o f hydrogen produced by this method is the cost
o f the methanol feedstock. Inexpensive methanol is necessary to make this process
attractive. In recent years, however, the world price o f methanol has shown wide
fluctuations (Moore and Raman, 1998).

The production o f hydrogen via these methods cannot be viewed as a long term
solution as a result o f the consequent release o f carbon dioxide. To enhance the
environmental prospects o f hydrogen generated from fossil fuel sources, the idea o f
carbon sequestration is being developed. Carbon sequestration is an integrated process
that includes the capture o f CO 2 from emission sources and the atmosphere, the
transportation o f CO 2 and the permanent storage and possible reuse o f CO 2 . It is most
applicable to large combustion plants and specifically to thermal power stations where
it could contribute to preventing the release into the atmosphere o f about 90 % o f the
CO 2 generated. It is plausible that carbon sequestration technologies may play a
catalytic role in the deployment o f a hydrogen economy by enabling sustainable
hydrogen production from fossil fuels (Tzimas and Peteves, 2005; Simbeck, 2004).
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2.2.2.3

Hydrogen Production from Sustainable Sources and
Nuclear Energy

To achieve the key goals o f climate change and poor air quality, the main feature of
an alternative energy carrier such as hydrogen is that it should ultimately be produced
from renewable and sustainable energy sources that minimise environmental impact.
Hydrogen can be produced renewably from wind, solar, geothermal, hydropower
power sources (Yalcin, 1989). The energy obtained from these sources can be used to
electrolyse water to produce hydrogen. The production o f hydrogen from biomass
offers another option for its sustainable production. Sustainable hydrogen production
processes include: water electrolysis; thermochemical cycles; photochemical and
photoelectrochemical processes; photobiological processes.

Electrochemical Processes
Water electrolysis is one o f the most important industrial processes for hydrogen
production today, and is expected to become more important in the future. This
technology uses an electrolyser powered by electricity. The required electricity may
come from conventional power plants, such as coal or nuclear, but can also use
renewable energy sources such as wind, solar thermal, PV and hydropower
(Adamson, 2004). The three major technologies currently under consideration for
electrolytic hydrogen production are classified as alkaline, polymer membrane and
ceramic oxide electrolyte (Momirlan and Veziroglu, 1999). A principal focus o f
modem research in hydrogen production by electrolysis is to discover electrode
materials that exhibit good electrochemical reactions. It is desirable that these
materials are inexpensive, abundantly available, easy to manipulate and non-polluting.

Thermochemical Processes
W ater can be decomposed in a series o f cyclical chemical reactions in which H 2 and
O 2 are produced (DeLuchi, 1989). Thermochemical cycles will require a primary
energy source capable o f supplying thermal energy. Thermal sources, both o f fossil
and non-fossil origin and including solar and nuclear energy have been proposed in
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the work o f Dang and Steinberg (1980) reported in the subsequent paper by Steinberg
and Cheng (1989), and also by Utgikar and Thiesen, 2005. Several different
thermochemical processes are under investigation; the more promising ones utilise
iodine, bromine and sulphur. Unfortunately, these and some o f the other chemicals
involved are toxic and/or corrosive (DeLuchi, 1989).

The thermochemical cycles are Carnot cycle limited, which means that higher
temperatures can improve efficiencies o f conversion. Higher temperatures cause
severe damage o f construction materials, especially when corrosive chemical reagents
are usually involved. Any loss o f these costly reagents becomes a severe economic
burden on the process. Hydrogen is a very low cost commodity compared to the
chemicals used in thermochemical water splitting (Steinberg and Cheng, 1989;
Utgikar and Thiesen, 2005). Several thermochemical cycles have been reported, but
the technical status o f many o f them is at the experimental or bench-scale stage. The
main

reasons

for

this

are

the

technical

problems

to

be

solved

before

commercialisation, such as the separation o f products and the development o f
infrastructure for industrialisation. In addition to this, thermochemical reactions may
cause pollution problems if the process is not completely closed (Mormirlan and
Veziroglu, 1999). As a result, many researchers do not think thermochemical
production is very promising.

Plasma, solar and radiation processes
Several high temperature and high-energy processes have been suggested in the past
and are as follows (Steinberg et a l., 1974):

(a)

Plasma-arc process:

The plasma-arc essentially heats water to high

temperature by means o f an electric field to an extreme temperature reading up to
5000 °C. The process is equilibrium limited in that the water is cracked to seven
radical and molecular components H, H 2 , O, O 2 , OH, HO 2 and H 2 O. Up to about 50 %
concentration by volume o f H and H 2 components is possible. In order to stabilise the
hydrogen components, so that no recombination with the oxygen constituents takes
place a very rapid quench o f the plasma gases must take place. This can be
accomplished with direct water injection. Because o f this highly irreversible quench
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process, the process is very wasteful o f energy. The requirement o f electrical energy
for the arc taken together with a wasteful energy system makes the process extremely
expensive.

(b)

Photolytic laser process: The photolytic process which uses light absorption in

a mercury catalysed water vapour system at a wavelength o f 306 nm is a low
efficiency system in that energy must be converted from thermal to electrical to
photolytic radiant energy which is then transmitted to mercury which then transmits it
to water. The overall efficiency is usually less than 10 %. Lasers in recent years which
can emit more intense photon radiation in specific wavelengths, improves efficiencies
somewhat but even these devices cannot yield an overall efficiency greater than

(c)

10

%.

High-energy radiation process: With the advent o f nuclear energy there was

much effort over several decades in developing high-energy radiation processes for
the synthesis and production o f chemicals. One system investigated was the radiation
decomposition o f waste. Gamma, beta and fission fragment radiation were used. The
highest yield obtained was with fission fragment radiation directly in a nuclear
reactor. However, the energy efficiency obtained for the process never exceeded about
18 %. Furthermore, the separation o f highly radioactive particulates and gases as well
as the separation o f hydrogen from oxygen are severe process problems.

Solar photovoltaic water electrolysis process
There appears to be a growing interest in directly generating electrical energy using
solar energy by means o f photovoltaic (PV) devices. New solar cell materials such as
amorphous silicon have reached solar to electrical energy conversion efficiencies o f
12 % for large area laboratory modules. Manufacturing plants are presently expected
to produce cells for a cost o f $1 per peak watt. By directing this PV cell output to
water electrolysis at 84 % efficiency, it is projected according to the work o f Ogden
and Williams (reported by Steinberg and Cheng, 1989) that, in the time frame o f the
next 15 or 20 years, it will be possible to produce PV cells for as low as $0.20 to
$0.40 per peak watt and to generate hydrogen in solar intensive areas such as in the
Southwest U.S. for $3-5 (10 3 ft 3) ' 1 at capacities o f 0.5 million cubic feet per day.
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Biological Methods of Hydrogen Production
Currently, the two fundamental ways o f biologically producing hydrogen are
biophotolysis and bacteria fermentation (Goswami et al., 2003). The fermentation o f
bacteria is an anaerobic process that converts organic substances to hydrogen and
oxygen without the need o f sunlight and oxygen. M ost biologically produced
hydrogen in the biosphere is evolved in microbial fermentation processes
(Vijayaraghavan and Amin Mohd Soom, 2004). Fermentation materials such as
starch, cellulose, sucrose and xylose can produce hydrogen and other metabolites.
Biophotolysis on the other hand is a process that uses micro-algae-cyanobacteria and
green algae to produce hydrogen in the presence o f sunlight and water. The
microorganisms contain enzymes, known as hydrogenases that either oxidise
hydrogen to protons and electrons or reduce protons and thus release molecular
hydrogen (Vijayaraghavan and Amin Mohd Soom, 2004).

Biological systems have the potential for low capital costs due to the extended periods
o f viable cells. The biological species involved in hydrogen production, include green
algae, cyanobacteria heterocystous, cyanobacteria non- heterocystous, photosynthetic
bacteria and fermentative bacteria, with green algae being one o f the most promising
groups for hydrogen production through photosynthesis (Vijayaraghavan and Amin
Mohd Soom, 2004).

Hydrogen Production from Biomass
Goswami et al., (2003) reports that biomass resources are the most versatile non-fossil
energy resources and have been used around the world for a long time. It has
relatively low sulphur content in comparison to fossil fuels. Biomass resources
include agricultural residues such as com stover, wheat straw and rice straw; forest
residues such as tree stumps and leaves; industrial wastes such as sugarcane, bagasse,
citrus peel and milling residues; and energy crops such as tall grasses and fast
growing trees (Goswami et al., 2003). There are a number o f ways to convert biomass
to hydrogen, including all the methods o f conversion o f fossil fuels as shown in
Figure 2.2-5 adapted from the work o f Milne et al., (2001). Biomass may also be
converted to hydrogen through the electrolysis path by using electricity from biomass
power plants. Adamson (2004), reports that two important factors in assessing the
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future potential o f biomass for hydrogen production are the yield per hectare and the
energy content o f the crop under consideration. These are said to vary widely from
com which has an energy content o f 18.5 M J kg ' 1 and yield per hectare o f 7 .1 1 h a'1, to
Sorghum, which has a similar energy content o f 18.3 MJ kg ' 1 but a per hectare yield
o f 80 t h a'1, some factor o f 11 greater. From the work o f Katofsky (1993), Adamson
(2004) reported that an average o f 19 European crops, gives a yield o f 8 t ha ' 1 with an
energy yield o f 18 MJ kg'1. Before the gasification process, the biomass needs to be
processed, this mainly involves drying. The average moisture content o f biomass is 45
%, and typically processing and drying leads to a 10 % loss o f the energy content. The
average observed efficiency o f the biomass gasifiers is 63 % in the work o f DeLuchi
et al., (1991) also reported by Adamson (2004).

Majority o f these renewable based processes for hydrogen production have not been
developed to commercial status presently (Kreith and West, 2004). The available
information is not sufficient to reach conclusions about their costs and efficiencies. A
review o f the U.S. department o f Energy’s Renewable Energy Programs published in
2 000

, recognised that these renewable energy pathways are challenges for longer term

Research (U.S. DOE, 2000).
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2.2.3

Hydrogen Storage

The storage o f hydrogen is one o f the technological challenges that need to be
overcome in the progression towards a hydrogen economy. As mentioned previously,
to store useful amounts o f hydrogen requires a large space as a result o f its low
volumetric energy density (see Table 2.2-1). For example, for a hydrogen vehicle to
achieve a practical driving distance, 4 kg o f hydrogen is needed, which occupies a
volume o f about 49 m 3 at ambient temperature and atmospheric pressure. This
corresponds to a balloon o f about 5m in diameter (Zhou, 2005; Schlapbach and Zuttel,
2001). The storage o f hydrogen basically implies the reduction o f the enormous
volume o f the hydrogen gas. In order to increase the hydrogen density in a storage
system work must either be applied to compress hydrogen, or the temperature has to
be decreased below the critical temperature (33 K) or finally, by the interaction o f
hydrogen with another material. One other important criterion o f a hydrogen storage
system is the reversibility o f the hydrogen uptake. This criterion excludes all covalent
hydrogen-carbon compounds as hydrogen storage materials because the hydrogen is
only released from these materials if they are heated to temperatures above 800 °C or
if the carbon is oxidised.

In the current state o f the art in hydrogen storage, no single technology satisfies all o f
the criteria required. These include high hydrogen content per unit mass and unit
volume, reversible storage and release o f hydrogen on demand, high cycling stability,
safety and minimal costs (Conte et a l, 2004), for which the U. S. Department o f
Energy (DOE) has set targets as shown in Table 2.2-2. Current hydrogen storage
technologies include compression, liquefaction, storage on carbon based materials and
porous structures, metallic hydrides and complex hydrides. The following section
focuses on these methods and illustrates their advantages and disadvantages (Zuttel,
2003; Momirlan and Veziroglu, 2005; DeLuchi, 1989; Tzimas et a l , 2003; TexierMandoki et al., 2004).
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Compression
W hen hydrogen is used in its gaseous form, it may be compressed to an elevated
pressure, a process which requires that work be done on the gas. The compressed
hydrogen is stored in high-pressure gas cylinders with a maximum pressure o f

20

M Pa (Zhou, 2005). New lightweight composite cylinders have been developed which
are able to withstand pressures o f up to 80 MPa and so the hydrogen can reach a
volumetric density o f 36 kg m ‘3 approximately h alf as much as in its liquid form at the
normal boiling point (Zuttel, 2003). The storage o f hydrogen under high pressure is a
well-established technology. The current technology for natural gas storage can also
be used for hydrogen with the exception o f materials subject to embrittlement such as
alloy or high strength steels (ferritic, martensitic and bainitic), titanium and its alloys
and some nickel based alloys. M ost pressure cylinders today have used austenitic
stainless steel, copper, or aluminium alloys, which are largely unaffected by hydrogen
at ambient temperatures (Tzimas et al., 2003).

In spite o f the satisfactory and widespread use o f compressed gas storage systems in
the industrial sectors and laboratories, they are not suitable for vehicular applications.
The main reasons for such a limitation centre on the difficulties o f high volume,
pressure and weight, potential safety hazards and the overall costs associated with the
method o f hydrogen storage (Das, 1996; US DOE, 2006). The possibility o f a sudden
release o f compressed gas on-board vehicles is a particular problem associated with
high pressure hydrogen storage.

Liquefaction
Hydrogen can be stored as a liquid at -253 °C (20 K) in super insulated vacuum tanks
at ambient pressure (Zuttel, 2001; Tzimas et al., 2003). In its liquid form, hydrogen
has a considerably higher volumetric density than in its gaseous form (see Table
2.2-1). The mass density o f liquid hydrogen is 0.070 kg L"1, compared to 0.030 kg L

1

for 10,000 psi (690 bar) (US DOE, 2006) gas tanks making it an attractive storage
medium. It takes up less storage volume than gas but requires cryogenic containers.
The use o f liquid hydrogen for long distance transportation and in airplanes is
attractive, and the use, handling and knowledge o f liquid hydrogen is very advanced
(US DOE, 2002). Liquid hydrogen and the enabling technology have already been
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used in space (Space shuttle, Ariane) but also in military aircrafts (Tzimas et al.,
2003; Momirlan and Veziroglu, 2005). This hydrogen storage technology is rather
effective but has disadvantages, mainly the liquefaction o f hydrogen, which is an
energy intensive process and results in large evaporative losses, about a third o f the
energy content o f hydrogen is lost in the process. Also the strict control needed on the
container temperature stability to avoid the risk o f overpressure. It also requires
cryogenic vessels and suffers from hydrogen losses through evaporation from the
containers, particularly the smaller ones (they have a larger surface to volume ratio
than larger containers, hence larger losses o f hydrogen) (DeLuchi, 1989; Das, 1996).
The hydrogen molecule consists o f two atoms and is present in two forms; ortho
hydrogen and para-hydrogen; with their differences being in the orientation o f their
nuclear spins. In ortho-hydrogen, both atoms have the same spin (parallel), while in
para-hydrogen the atoms have opposite spins (anti-parallel). Normal hydrogen
molecules at room temperature conditions contain 25 % o f the para form and 75 % o f
the ortho form (Tzmias et al., 2003). However the proportion o f these forms is
dependent on temperature. When hydrogen is cooled, ortho-hydrogen transforms into
para-hydrogen. This is accompanied by a release o f heat reported to be 703 J g*1.
According to Tzmias et al., (2003) this state conversion has significant consequences
on the liquefaction and storage o f hydrogen, since it leads to a release o f energy that is
greater than the heat o f evaporation (445.6 J g '1), leading to hydrogen losses due to
boil-off (Tzmias et al., 2003).

Cryogenic storage because o f its low working pressure compared to high pressure
storage systems has a great potential to reduce weight by using new composite
materials with enhanced performance. W ith such systems, specific energy storage
mass similar to conventional fuel tanks can be achieved. In spite o f the caution taken
on the design part o f these storage tanks to ensure protection from unwanted heat
entry, cryogenic liquids and therefore liquid hydrogen do evaporate (boil-off) due to
the impact o f heat in the tank system (Kreith and West, 2004). This phenomenon
cannot be avoided, but only minimised. If a vehicle equipped with such a system is
left unused for a rather short time (about 3 days), the tank pressure rises as a result o f
the heat ingress. A critical pressure value is finally reached that triggers unacceptable
hydrogen evaporation losses. Linde AG claim to have developed a re-cooling system

26

Chapter 2
that can minimise these evaporative losses leading to an extension o f the critical time
before boil-off occurs to more than 12 days (Tzimas et al., 2003).

2.2.3.1

Materials Based Hydrogen Storage

Storage in Porous Systems
According to several authors, the storage o f hydrogen in porous systems when
compared to gaseous and liquid media offers the advantage o f lower pressure
hydrogen storage, increased safety, design flexibility and reasonable volumetric
storage efficiency (Dakrim and Levesque, 2000; Texier-Mandoki et a l , 2004; Tzimas
et al., 2004). However this technology is still at the research stages. Solutions are yet
to be found for issues surrounding weight and space constraints on board vehicles,
cost and thermal management issues associated with this option. The materials
included in this category are:
Carbon

based materials,

nanotubes, nanofibres,

activated

carbons,

templated carbons, powders, doped carbon and cubic boron nitride alloys
Organics, polymers, zeolites, silicas (aerogels), porous silicon, metal
hydrides, metal organic frameworks (MOFs).

Storage in carbon-based materials
Materials with large specific area like nanostructured carbon and carbon nanotubes
are possible substrates for physisorption. These materials are very attractive because
o f their porous structure. Finding the highest hydrogen storage capacity is as
important as achieving a high reversibility o f the sorption/desorption process and
chemical stability. From a practical point o f view, a process that occurs under ambient
conditions o f temperature and pressure is desired. It has been known that different
carbons have the ability to adsorb hydrogen. Research on adsorbing materials with
high surface area is still emerging, but the design o f practical systems awaits better
understanding o f the fundamental adsorption/desorption processes and development
o f high-volume manufacturing processes for the materials. The storage o f hydrogen in
these materials is reviewed in more detail in Section 2.5 and is the main subject o f this
thesis.
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Storage in non-carbon materials
(a)

Metal Hydrides. Certain metals and alloys have the ability to absorb hydrogen

at moderate temperature and pressure to create hydrides. A hydride is a compound
that contains hydrogen and one or more other elements. The elements most used in
hydrides are iron (Fe), magnesium (Mg), nickel (Ni), manganese (Mn) and titanium
(Ti) (DeLuchi, 1989). At the metal surface, hydrogen molecules separate into
hydrogen atoms, which get absorbed into the metal crystals at interstitials. Such an
absorption reaction produces heat, which needs to be removed during the charging
operation.

Similarly, the desorption reaction consumes heat, which must be supplied during
discharging (Das, 1996). The main criteria used to evaluate hydrides are low cost,
high energy density, low desorption or hydrogen release temperature, high rate of
hydrogen absorption, low susceptibility to fouling by impurities in the gas and low
volumetric expansion. Researchers have not yet identified a hydride that meets all
these requirements (DeLuchi, 1989). According to Conte et a l., (2004), the principal
disadvantages o f metal hydrides, apart from cost, are the low hydrogen content (<

2

%) at low temperature (La or Ti based alloys) and the difficulty o f reducing the
desorption temperature and pressure o f hydrides with high hydrogen storage capacity.

(b)

Liquid Chemical Hydrides. The use o f these materials as potential hydrogen

stores is the subject o f current research by several authors (Kojima et al., 2004; Aiello
et al., 1999; Amendola et al., 2000a; Amendola et al., 2000b; Kong et al., 1999).
Classical chemical hydrides such as NaBHL* and LiBH 4 are considered a safe and
practical means o f storing hydrogen for applications were a small amount o f hydrogen
is required, but these materials are also unstable and sensitive to moisture in the air.
This makes them difficult to handle and the solid by-products o f their hydrolysis
reactions pose problems by inhibiting heat transfer from the reaction medium and
suppressing further reaction. Hydrogen can be generated from these materials as the
product o f hydrolysis with water or via a thermally initiated reaction with NH 4 CI
(Aiello et al., 1998). Both these reaction mechanisms are irreversible. In the work o f
Libowitz (1965), he reported that the hydrolysis and thermally initiated reactions o f
these classical hydrides are often violent and release large amounts o f heat, which
makes them impractical for use in portable applications.
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Glass Microspheres
Hydrogen can be stored at high pressures in hollow glass spheres. They are called
microspheres since they are less than 100 pm in diameter (Sherif et al., 2005).
According to some authors, storage in these materials is a promising technology for
small-scale storage o f hydrogen for vehicular applications. Microspheres, among
several other advantages, offer the potential for low material cost, as far as automotive
application is concerned (DeLuchi, 1989). However, there are some problems, which
must be addressed before any large-scale implementation is carried out. The
microspheres require extremely high levels o f pressure compressors and charging
vessels. Being essentially a high-pressure gaseous storage system, it also suffers from
the intrinsic problem o f poor volumetric storage density o f gaseous hydrogen. On a
comparative scale, it has been found that the glass microspheres could at best store
only a fraction o f the hydrogen in a given volume that can be stored either in liquid
hydrogen storage system or in hydrides. It has been observed that sometimes the glass
microspheres leak slowly even at room temperature. It has also been found that most
advanced microspheres can exhibit a burst pressure o f about 1000 MPa (Das, 1996).

Zeolites
These are crystalline aluminosilicates with molecular-scale channels and cavities o f
definite size and geometry. Traditionally these materials are used for the sieving o f
gases. Broadly speaking, zeolites are conceptually equivalent to a molecular-sized
version o f the glass microsphere storage system. Therefore, this method does not offer
any specific well-pronounced advantage over the microsphere option (Das, 1996).
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Table 2.2-2: US DOE Hydrogen Storage Targets (US DOE, 2006)

Storage Parameter

Units

2007

2010

2015

Usable, specific energy from H2
(Net useful energy/max system
mass) (Gravimetric capacity)
Usable energy density from H 2
(Net useful energy/max system
volume) (volumetric capacity)
Storage system cost

kWh kg ' 1
(wt% H2)

1.5
(4.5 %)

2

(6 %)

3
(9%)

kW h L' 1
(kg Hj L'1)

(0.036)

1.5
(0.045)

2.7
(0.081)

(2 0 0 )

4
(133)

(67)

3

1.5

1.5

-20/50
500
N.A.

-30/50
90/90

-40/60
1500
99/90

-20/85

-30/85

-40/85

Fuel cost

Operating ambient temperature
Cycle life (1/4 tank to fiill)
Cycle life variation
Minimum and maximum
delivery temperature o f H 2 from
tank
Minimum full flow rate
Minimum delivery pressure o f
H 2 from tank; FC = Fuel Cell,
ICE = Internal Combustion
Engine
Maximum delivery pressure o f
H 2 from tank
Start time to full flow at 20 °C
Start time to full flow at
minimum ambient
System fill time for 5 kg o f H 2
Loss o f useable H 2
Permeation and Leakage
Toxicity
Safety
Purity (H 2 from storage system)

$ kW 1 h’ 1 net
($ kg' 1 H2)
$ per gallon
gasoline
equivalent at
pump
°C
Cycles
% of mean (min)
@ % confidence
°C

(g s-')k W '
Atm (abs)

1 .2

6

1000

2

0 .0 2

0 .0 2

0 .0 2

FC
10 ICE

4 FC
35 ICE

3 FC
35 ICE

100

100

100

s
s

4

4

0.5

8

8

2

min
(g h -^ k g 1 h 2
stored
see h' 1

10

3

1

0 .1

2.5
0.05

Atm (abs)

8

Federal enclosed area safety
standards
Meets or exceeds applicable standards
Meets or exceeds applicable standards
98 % (dry basis)
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2.2.4

Hydrogen Distribution and Delivery

An important element o f the overall hydrogen energy infrastructure is the delivery
system that moves the hydrogen from its point o f production to an end-use device.
Delivery system requirements vary with the production method and end-use
application. If there is a widespread use o f hydrogen as an energy carrier, then
adequate infrastructure will be required to transport and distribute the hydrogen. The
hydrogen could be produced on-site at the fuelling station (Johnston et al., 2004). The
transport o f hydrogen also presents difficulties in terms o f infrastructure. It is
important to note that pure hydrogen reacts at the surface o f certain pipeline steels,
embrittling them and accelerating the growth o f fatigue cracks. Materials that can
withstand these properties will have to be developed (Conte et al., 2001).

Typically hydrogen would be transported from the site o f production to end-users as a
gas, via pipeline or in containers by road and rail transportation. There is an argument
that gaseous hydrogen could be distributed in pipelines currently used for natural gas
(Kreith and West, 2004). DeLuchi, 1989 states that this would be ideal for the initial
stages o f a transition to hydrogen (DeLuchi, 1989). Sherif et al., 2005 reports that the
transmission o f hydrogen through pipelines requires larger diameter piping and more
compression power than natural gas for the same energy throughput. The author adds
that in economic terms, most studies found that the cost o f large-scale transmission o f
hydrogen is about 1.5-1.8 times larger than that o f natural gas transmission (Sherif et
al., 2005). However, according to Oney et al., 1994, the transportation o f hydrogen
over distances greater than

1000

km is more economical than transmission o f

electricity (Oney et al., 1994). Hydrogen could also be shipped in liquid form, for
short distances in vacuum-jacketed pipelines. Transporting liquid hydrogen would
incur large amounts o f heat losses and require insulating the pipelines to hold a
cryogenic temperature. Furthermore, a nationwide cryogenically insulated piping
system would have to be constructed at enormous financial costs (Kreith and West,
2004).
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2.2.5

Hydrogen Conversion

Currently, the main use o f hydrogen is in the chemical and oil industry. As the
hydrogen economy advances, hydrogen will be used as fuel both for power generation
and or combined heat and power (CHP) production. A range o f technologies for the
conversion and use o f hydrogen have already been developed and demonstrated as
shown in Table 2.2-3. In almost all cases hydrogen is converted more efficiently than
any other fuel (Sherif et a l., 2005).

Hydrogen can be used in both heat engines and fuel cells. Engines can combust
hydrogen in the same manner as gasoline or natural gas, while fuel cells use the
chemical energy o f hydrogen to produce electricity and thermal energy. Since
electrochemical reactions are more efficient than combustion at generating energy,
fuel cells are more efficient than internal combustion engines (U. S. DOE, 2002).

Hydrogen can be combusted in the same manner as gasoline or natural gas. The
benefit o f using hydrogen combustion over fossil fuel combustion is that it releases
fewer emissions, with water being the only major by-product. No carbon dioxide is
released, and nitrogen oxides, produced by a reaction with the nitrogen in the air, can
be significantly lower than with the combustion o f fossil fuels. The use o f hydrogen in
engines is a fairly well developed technology - The National Aeronautics and Space
Administration (NASA) use it for applications such as the space shuttle’s main
engines and unmanned rocket engines. Other combustion applications such as new
designs o f combustion equipment specifically for hydrogen in turbines and engines
are still being researched. Hydrogen internal combustion engines are being
demonstrated. Ford and BMW have made significant progress in the advanced
Hydrogen Internal Combustion Engine (H2-ICE) vehicles in 2001. Also, the
combustion o f hydrogen blends (methane/hydrogen, heptane/hydrogen) is being
tested.
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Table 2.2-3: Hydrogen Energy Conversion Technologies and Applications (Adapted from U. S.
DOE, 2002)

Technology

Application
Combustion

Gas Turbines

Reciprocating Engines

-Distributed Power
-Combined Heat and Power
-Central Station Power
-Vehicles
-Distributed Power
-Combined Heat and Power

Fuel Cells
Polymer Electrolyte Membrane
(PEM)

Alkaline (AFC)
Phosphoric Acid (PAFC)
Molten Carbonate (MCFC)
Solid Oxide (SOFC)

-Vehicles
-Distributed Power
-Combined Heat and Power
Portable Power
-Vehicles
-Distributed Power
-Distributed Power
-Combined Heat and Power
-Distributed Power
-Combined Heat and Power
-Truck APVs
-Distributed Power
-Combined Heat and Power
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2.2.5.1

Fuel Cells

Fuel cells are one o f the most attractive and most promising hydrogen technologies
and have been the subject o f much interest. Fuel cells utilise the chemical energy of
hydrogen and oxygen to produce electricity and thermal energy. A fuel cell is a quiet,
clean source o f energy. These systems are zero emission when fuelled with pure
hydrogen, giving just water vapour as the exhaust gas (Conte et al., 2001).

Fuel cells can achieve higher efficiencies than internal combustion engines because
they convert fuel directly into energy through an electrochemical reaction, while
combustion requires the conversion o f the fuel into heat and then into mechanical
energy (Fuel Cell Store™, 2006). Current fuel cell efficiencies are in the 40 - 50 %
range, with up to 80 % efficiency reported (Conte et a l., 2001; Ahmed and Krumpelt,
2001) when used in combined heat and power applications. Fuel cells are similar to
batteries in that they are composed o f positive and negative electrodes with an
electrolyte or membrane. The difference between them lies in the fact that energy is
not recharged and stored in fuel cells. Fuel cells receive their energy from the
hydrogen or similar fuels applied to them, hence recharging is not necessary. Fuel
cells are characterised by their electrolyte, operating temperature and level o f
hydrogen purity required. Phosphoric acid fuel cells are the most developed fuel cells
for commercial use. Many stationary units have been installed to provide grid support
and reliable back-up power, and mobile units are powering buses and other large
vehicles.

Polymer electrolyte membrane (PEM) fuel cells are being developed and tested for
use in transportation, stationary, and portable applications. Interest in polymerelectrolyte membrane fuel cells has experienced a tremendous upsurge over the past
few years, and most major automotive manufacturers are developing fuel cell concept
cars. Alkaline fuel cells have been used in military applications and space missions (to
provide drinking water and electricity for astronauts). Currently these fuel cells are
being tested for transport applications. Solid oxide and molten carbonate fuel cells are
best for use in generating electricity in stationary combined cycle applications and
cogeneration applications in which waste heat is used for cogeneration. They also fit
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well for portable power and transportation applications, especially large trucks (U. S.
DOE, 2002; Conte et al., 2001; Divisek et al., 1998).

Fuel cells have operating advantages for both stationary and mobile applications in
that they are quiet and typically have high efficiencies at partial loads. They also have
environmental advantages when hydrogen is used as the fuel as there are no emissions
o f sulphur or nitrogen oxides, or particulates. If the hydrogen comes from a netcarbon-free renewable or nuclear energy source, the system will also be free o f carbon
dioxide emissions. Fuel cells are classified based on the type o f electrolyte used. A
summary o f the characteristics o f the different fuel cell types is shown in Table 2.2-4.
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Table 2.2-4: Summary of Fuel Cell Types (U. S. DOE, 2002)

Fuel Cell

Electrolyte

Proton Exchange
Membrane

Solid organic
polyperfluorosulphonic
acid

Alkaline

Aqueous solution o f
potassium hydroxide
soaked in a matrix
Liquid phosphoric acid
soaked in a matrix
Liquid solution o f
lithium, sodium and/or
potassium carbonates,
soaked in a matrix

Phosphoric Acid
Molten Carbonate

Solid Oxide

Solid zirconium oxide
to which a small
amount o f ytrria is
added

O p eratin g
T em p eratu re (°C)
60-100

90-100

Sensitivity to H 2
P u rity
High sensitivity
to impurities,
must have less
than 10 ppm CO
High sensitivity
to carbon dioxide

175-200

Sensitive to CO

600-1000

Low sensitivity
to CO,
Hydrogen/carbon
monoxide
mixtures can be
used. CO 2 is
required.
Low sensitivity
to CO,
Hydrogen/carbon
dioxide/ methane
mixtures can be
used

600-1000
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2.2,6

End Use Energy Markets

The end-use applications o f hydrogen energy include stationary, transportation, and
portable devices. Currently, the most common use for hydrogen is in industrial
processes such as those for oil refineries. It is also used as a fuel at NASA, where the
combustion o f hydrogen has fuelled its space shuttle main engines and propulsion
systems for years. Other hydrogen energy uses are generally limited to research and
demonstrations.

One application o f hydrogen fuel cells is for distributed generation. A number o f
United Technologies Company (UTC) Fuel C ell’s phosphoric acid fuel cells are
operating in locations around the world, providing heat and power for buildings and
industrial applications. These units include a reformer component to generate a
hydrogen-rich gas from natural gas.

In the transportation sector, a number o f fuel cell vehicles are being tested and
developed. Vehicular use o f hydrogen energy requires a compact power system and
refuelling stations. Given the current state o f hydrogen technologies, city-owned
buses are a promising application because they are capable o f carrying large tanks o f
hydrogen and typically refuel at a single location. In November 2003, for example
London became the first city in the United Kingdom to use hydrogen fuel cells to
power buses for use in its public transit system. Several car manufacturers, including
Hyundai, Ford, General Motors, Toyota, Honda, and Daimler Chrysler are developing
fuel cell vehicles for personal use.

Portable fuel cells can also be used to power small devices such as mobile telephones
or personal computers. Large power generators for recreation and other off-grid
applications are under development. For example, Ballard Power Systems has
developed the Nexa™ power module, a PEM fuel cell system that generates up to
12000 watts o f unregulated direct current electrical power that can be used for
industrial and consumer end-product applications. This portable power application is
still under development.
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Today’s emerging hydrogen energy industry is eager to develop hydrogen fuel
infrastructure technology that can be used to generate power for stationary,
transportation and portable power applications. Much work still needs to be done to
reach this goal.

2.2.6.1

Hydrogen in aircrafts

Hydrogen can also be used in combustion engines and turbines. In air travel,
hydrogen has many advantages over conventional jet fuel. In addition to a cleaner
environment, hydrogen as an energy vector offers greater performance, increased
safety, and lower noise levels.

Liquid hydrogen's high specific energy reduces fuel mass by a factor o f 2.8, which
means it is possible to use smaller engines with less noise. Even better utilization is
achieved by using liquid hydrogen to cool the engines instead o f conventional air
cooling. It has been determined that the life o f jet turbines will be increased by 25 %,
and the need for maintenance and repairs will be reduced respectively. This is in part
due to the purity o f the fuel (Brewer 1991).

The only disadvantage compared with kerosene je t fuel is that hydrogen has a lower
density and therefore requires larger fuel tanks. Building a hydrogen infrastructure for
airplanes is not difficult, and NASA's many years o f experience with LH 2 for space
travel can be drawn upon.
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2.2.7

Other Factors Affecting the Development of a H2
Economy

As mentioned earlier the adoption o f hydrogen as a future energy carrier is somewhat
slow in spite o f its numerous advantages. Some o f the technical factors responsible for
this, such as, the production, storage and distribution o f hydrogen have been discussed
earlier. Important factors such as public perception and safety need to be given due
consideration as they are significant in the drive towards the hydrogen economy.

2.2.7.1

Perception of the Hydrogen Economy

The negative history surrounding hydrogen and its use centres on the Hindenburg
disaster in 1937. According to Johnston et a l., (2004), there is a cause-effect
relationship for many people between hydrogen and the Hindenburg disaster. Popular
belief led to the conclusion that the explosion was caused by the ignition o f the
hydrogen gas, which was used to lift the airship. In 1997, Bain Addison a retired
NASA scientist published results o f a study indicating that the explosion was the
result o f the ignition o f iron oxides and aluminium that had been painted on the ship’s
outer skin. The airship did not explode as most believed; it caught on fire (Dunn,
2002). Memories o f the hydrogen bomb, first detonated in the pacific in 1952 (BBC,
2006) also add to the negative history surrounding hydrogen.

As hydrogen usage starts to spill over into the public arena, inaccurate perceptions
need to be addressed. The government, hydrogen producers and the auto industry will
all have a key role to play in communication and education. In the US, the California
Fuel Cell Partnership has as one o f their key objectives, to increase public awareness.
The auto industry has also taken a lead role in educating the public as well as
targeting the education system. General Motors, Toyota and Ford have educational
kits to assist teachers in explaining the technology. Appropriate field tests and
demonstrations will be needed to increase public confidence and acceptance o f
hydrogen technologies (U.S. DOE, 2002, Dunn, 2002).
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2 .2 .7.2

Safety Issues

Hydrogen, like all fuels has combustible properties, which when handled properly is
as safe as the others (Johnston et al., 2005). Hydrogen’s high buoyancy and
diffusivity and small molecular size make it difficult to contain and can create
combustible situations (National Hydrogen Association, NHA, 2003). The risk o f
hydrogen must be considered relative to common fuels such as gasoline or natural gas
(Sherif et al., 2004). In a paper by Abdel-Aal et al., (2005), the fuel characteristics o f
gasoline, methane and hydrogen are compared. Hydrogen is ranked as the safest fuel
(Adel-Aal et al., 2005). Shinnar, 2003 disputes this in a paper, where it is stated that
hydrogen is the least safe. A 1997 Ford study sponsored by the U. S. Department o f
Energy (DOE), concluded that hydrogen is not more dangerous than fuels like
gasoline, propane and natural gas. It was stated that hydrogen may be safer than the
hydrocarbon fuels used for nearly a century (Hydrogen 2000 and Plug Power Inc,
2006).

Hydrogen also has some unique characteristics. It is non-toxic, unlike gasoline at
higher concentrations. Compared to gasoline or natural gas, hydrogen is flammable
over a wide range o f concentrations, between 4% lower explosion limit (LEL) and 75
% upper explosion limit (UEL) but due to its buoyancy, it dissipates much quicker
than either in a spill (Johnston et al., 2004). For a hydrogen fire to occur, an adequate
concentration o f hydrogen, the presence o f ignition source and the right amount o f
oxidiser (e.g. oxygen) must be present at the same time. Hydrogen does not puddle
like gasoline, thereby eliminating the potential o f fire. Hydrogen flames have low
radiant heat with pure hydrogen/oxygen flames being nearly invisible to the naked eye
making it difficult to visually detect if a hydrogen leak is burning. Since it escapes
from leaks rapidly, storage areas should be well ventilated and monitored
continuously to detect and manage leaks. A comparison o f the physical properties o f
hydrogen with natural gas and petrol is shown in Table 2.2-5.

Hydrogen is simply different from other fuels and so will require new safety standards
and handling procedures. There are standards for the safe storage o f hydrogen on

40

Chapter 2
board vehicles currently being developed internationally within the International
standards Organisation (ISO).
Industrial production o f hydrogen has been in existence for over four decades and the
safety record is a good one. As with any type o f fuel, understanding the chemical
properties and following safe handling and storage procedures is the key to an
accident free environment. Many organisations such as the Compressed Gas
Association and the American Society for Mechanical Engineers publish safety
standards. Guidelines for distribution are issued by the Department o f Transportation
and the National Fire Association publishes storage requirements (Johnston et al.,
2004).

Table 2.2-5: Comparison of the Physical Properties of Hydrogen and other Fuels

Physical P ro p erty
Auto-ignition temperature, °C
Flame Temperature, °C
Limits o f flammability in the air, vol %
Minimum ignition energy, mJ
Theoretical explosive energy, TNT m ' 3 gas

2 .2 .1 3

H ydrogen
Gas
585
2045
4 -7 5
0 .0 2
2 .0 2

N atu ral
Gas
540
1875
5 .3 -1 5
0.29
7.03

P etrol
228-501
2200

1 .0 -7 .6
0.24
44.22

Cost

The use o f hydrogen as a future energy carrier to supply the energy needs o f the
economy requires that consideration be given to what the cost o f building such an
infrastructure would pose to the government. It is necessary that along with research,
cost analysis o f proposed ‘hydrogen economy’ technology be analysed. The cost o f
hydrogen will depend on how it is produced, stored and delivered.

The production costs for gaseous hydrogen made from natural gas is about $1 k g '1,
with the natural gas priced at $0.18 m '3, about 45 % o f the cost is due to natural gas.
Hydrogen produced by electrolysis costs about three times this much, around $3 k g '1,
with electricity at $0.05 kW *1 h '1, and about 85 % o f the price is due to the electricity
(Kreith and West, 2004).
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2.3

Adsorption

The focus o f this thesis is the storage o f hydrogen on nanoporous carbons, hence the
theory o f adsorption is presented here. Adsorption is the principle means by which
hydrogen is stored in nanoporous carbon and other materials. This section, therefore,
is a discussion on the theoretical aspects. It consists o f a description o f the types o f
adsorption forces, the methods by which adsorption isotherms are measured along
with a description o f the types o f isotherms observed in gas adsorption.

2.3.1

Adsorption Theory

Adsorption occurs whenever a solid surface is exposed to a gas or liquid: it is defined
as the enrichment o f a material or increase in the density o f the fluid in the vicinity o f
an interface (Rouquerol and Sing, 1999). Adsorption is brought about by the
interactions between the solid and the molecules in the fluid phase. There are two
kinds o f forces involved, which give rise to either physical adsorption (physisorption)
or chemisorption.

The nature o f the physisorption forces are the same as van der

Waals forces responsible for the condensation o f vapours to the liquid state and
deviations from the ideal gas behaviour (Gregg and Sing, 1982). In addition to the
attractive dispersion forces and the short-range repulsive forces, specific molecular
interactions (e.g. polarisation, field-dipole, field gradient-quadrupole) usually occur as
a result o f particular geometric and electronic properties o f the adsorbent and
adsorptive. In chemisorption interactions are essentially those responsible for the
formation o f chemical compounds (Sing et al., 1985). The important distinguishing
features between physisorption and chemisorption are summarised in Table 2.3-1.

The interfacial layer between the adsorbent and the adsorptive can be regarded as
comprising two regions: the surface layer o f the adsorbent and the adsorption space in
which enrichment can occur. The material in the adsorbed state is known as the
adsorbate and is separate from the adsorptive, which is the substance in the bulk fluid
phase capable o f being adsorbed. When the molecules o f the adsorptive penetrate the
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surface layer and enter the structure o f the bulk solid, the term absorption is used.
Desorption refers to the opposite o f adsorption, this occurs when the amount adsorbed
decreases. The relation at constant temperature, between the amount adsorbed and the
equilibrium pressure o f the gas is known as the adsorption isotherm (Gregg and Sing,
1982).

Many adsorbents o f high surface area are porous and with such materials it is often
useful to distinguish between the external and internal surface. The external surface is
usually regarded as the envelope surrounding the discrete particles or agglomerates,
while the internal surface comprises o f the walls, all cracks, pores and cavities which
are deeper than they are wide and which are accessible to the adsorptive (Sing et al.,
1985). In the context o f physisorption, it is necessary to classify pores according to
their width. The classification o f pores according to their width was originally
proposed by Dubinin (1947) and is now adopted by the International Union o f Pure
and Applied Chemistry (IUPAC) as shown in Table 2.3-2.

These limits are to some extent arbitrary since the pore filling mechanisms are
dependent on the pore shape and are influenced by the properties o f the adsorptive
and by the adsorbent-adsorbate interactions. The whole o f the accessible volume
present in micropores may be regarded as adsorption space and the process, which
then occurs, is micropore filling. Micropore filling may be regarded as a primary
physisorption process, whereas physisorption in mesopores takes place in two more or
less distinct stages (monolayer-multilayer adsorption and capillary condensation).

In monolayer adsorption all the adsorbed molecules are in contact with the surface
layer o f the adsorbent. In multilayer adsorption the adsorption space accommodates
more than one layer o f molecules so that not all adsorbed molecules are in direct
contact with the surface layer o f the adsorbent (Sing et al., 1985). W hen the
adsorption conditions are sub-critical, that is, the temperature o f adsorption is less
than the critical temperature (Tc), o f the gas capillary condensation may occur, which
implies that the residual pore space remaining after multilayer adsorption becomes
filled with condensate separated from the gas phase by menisci. For super-critical
adsorption conditions where the temperature o f adsorption is greater or equal to the
critical temperature o f the gas, such as is the case in this investigation, capillary
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condensation does not occur. For the case o f hydrogen with a critical temperature (Tc)
o f 33 K, condensation will not occur when adsorption is carried out at temperatures
higher than this value, as pressure is increased, the density o f hydrogen in the pores
will also increase.

Table 2.3-1: Distinguishing Features between Physisorption and Chemisorption (Rouquerol and
Sing, 1999)

Physisorption

Chemisorption

It is a general phenomenon with a

It is dependent on the reactivity o f the adsorbent

relatively low degree o f specificity.

and adsorptive.

At high pressures, physisorption generally

Chemisorbed molecules are linked to reactive parts

occurs as a multilayer.

o f the surface and the adsorption in necessarily
confined to a monolayer.

A physisorbed molecule keeps its identity

If a chemisorbed molecule undergoes reaction or

and on desorption returns to the fluid phase

dissociation, it loses its identity and cannot be

in its original form.

recovered by desorption.

Physisorption is always exothermic, but the

The energy o f chemisorption is the same order o f

energy involved is generally not much

magnitude as the energy change in a comparable

larger than the energy o f condensation o f

chemical reaction.

the adsorptive. However it is enhanced
when physisorption takes place in narrow
pores.
Physisorption systems generally attain

Activation energy is often involved in

equilibrium fairly rapidly, but equilibration

chemisorption and at low temperature the system

may be slow if the transport process is rate

may not have sufficient thermal energy to attain

- determining.

thermodynamic equilibrium.
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Table 2.3-2: Classification of Pores according to their width

(Adapted from Gregg and Sing, 1982)
Classification
Micropores
Mesopores
Macropores

2-50nm
mesopore
v
< 2 nm
microporel

te'

macropore

Pore W idth (w)
Less than 2 nm
Between 2 and 50 nm
More than 50 nm

Adaorbad Layer
On Surface*

Carbon Solid

o L,

Adaorbata Molecule*
in Bulk Gaa Phaaa

/V .

*

Figure 2.3-1: (a) Pore structure of granular activated carbon; (b) Adsorption process in activated
carbon: transfer of adsorbate to adsorbent, (Manocha, 2003).
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2.3.2

Physisorption of Gases

The amount o f gas adsorbed, na, by the mass, ms, o f solid is dependent on the
equilibrium pressure, p , the temperature, T, and the nature o f the gas-solid system.
na
Thus — = f ( p , T , system)
ms

Equation 2.3-1

For a given gas adsorbed on a solid at constant temperature we have
na
ms

= j \p)T

Equation 2.3-2

If the gas is below its critical temperature, it is possible to write
na
ms

= f(plp°)T

Equation 2.3-3

Where here, the standard pressure p ° is equal to the saturation pressure o f the
adsorptive at T. Equations 2.3-2 and 2.3-3 represent the relationship between the
amount adsorbed by unit mass o f solid and the equilibrium pressure (or relative
pressure), at a known temperature. The experimental adsorption isotherm is usually
represented in graphical form (Rouquerol and Sing, 1999).

2.3.3

Types of Adsorption Isotherms

Experimental adsorption isotherms measured on a wide variety o f gas-solid systems
have a variety o f forms. The majority o f these isotherms, which result from physical
adsorption, can be grouped into six types in the IUPAC classification as shown in the
diagram below. The reversible Type I isotherm is concave to the p/p° axis and the
amount o f gas adsorbed by a unit mass o f solid, (na/ms) approaches a limiting value as
p/p°

1. Type I isotherms are generally observed in microporous solids having

relatively small external surfaces such as activated carbons, molecular sieve zeolites
and certain porous oxides. The limiting uptake is governed by the accessible pore
volume rather than by the internal surface area (Sing et al., 1985). These are the types
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of isotherms of significance in this report. It is important to note that Type I isotherm
shapes occur for both sub-critical and super-critical adsorption, but for different
reasons. Type I behaviour in sub-critical systems is due to physisorption in either
purely microporous solids, or sub-monolayer chemisorption on non-porous solids. In
contrast, Type I behaviour in super-critical systems simply reflects the gradual
densification of fluids near solid surfaces as pressure is increased.
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Figure 2.3-2: The six main types of gas physisorption isotherms, according to the IUPAC
classification (BS 4359-1: 1996; ISO 9277:1995(E); Rouquerol and Sing, 1999).

2.3.4

M eth o d s for m e asu rin g gas u p ta k e

The many different procedures, which have been, devised for measuring the amount
o f gas adsorbed can be divided into two groups:
(a) Those that depend on the amount of gas removed from the gas phase that is
volumetric methods.
(b) Those, which involve the measurement o f the uptake of the gas by the
adsorbent for example, the direct determination o f increase in mass by
gravimetric methods.
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In practice, static or dynamic techniques may be used to determine the amount o f gas
adsorbed. In the static volumetric technique a known quantity o f pure gas is usually
admitted to a confined volume containing the adsorbent, maintained at constant
temperature. As adsorption takes place, the pressure in the confined volume falls until
equilibrium is established.

The amount o f gas adsorbed at the equilibrium pressure is given as the difference
between the amount o f gas admitted and the amount o f gas required to fill the space
around the adsorbent, that is, the dead space at the equilibrium pressure. The
adsorption isotherm is usually constructed point-by-point by the admission to the
adsorbent o f successive charges o f gas with the aid o f a volumetric dosing technique
and application o f the gas laws. The volume o f dead space must be known accurately:
it is obtained either by pre-calibration o f the confined volume and subtracting the
volume o f the adsorbent (calculating from its density), or by the admission o f a gas
which is adsorbed to a negligible extent (Sing et al., 1985).

Nitrogen adsorption isotherms at cryogenic conditions and ambient pressure are
generally determined by the volumetric method; they provide a basis for the various
standard procedures, which have been proposed for the determination o f surface area.

Recent developments in vacuum microbalance techniques have revived the interest in
gravimetric methods for the determination o f adsorption isotherms. With the aid o f an
adsorption balance the change in weight o f the adsorbent can be followed directly
during the outgassing and adsorption stages. A gravimetric procedure is especially
convenient for measurements with vapours at temperatures not too far removed from
ambient. At both high and low temperatures, however it becomes difficult to control
and measure the exact temperature o f the adsorbent, which is particularly important in
the determination o f mesopore size distribution.

In principle, a continuous procedure can be used to construct the isotherm under
quasi-equilibrium conditions: the pure adsorptive is admitted or removed at a slow or
constant rate and a volumetric or gravimetric technique is used to follow the variation
in the amount adsorbed with an increase or decrease in pressure.
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A carrier gas technique, making use o f conventional gas chromatographic equipment,
may be employed to measure the amount adsorbed provided that the adsorption o f the
carrier gas is negligible. In all types o f measurement involving gas flow it is essential
to confirm that the results are not affected by change in flow rate and to check the
agreement with representative isotherms determined by a static method (Sing et al.,
1985).
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2.4

Nanoporous Carbon Materials

Carbon is widely known as a good adsorbent for gases. This is because some carbon
materials can have very large internal surface areas (Darkrim et al., 2002).

The discovery at the beginning o f the last decade o f new forms o f carbon aggregation
with the basic particle size in the nanoscale range has created a variety o f scientific
and technological speculations and investigations about their potential applications.
Fullerenes, carbon nanotubes and nanofibres along with activated carbon, have been
developed and proposed for the storage o f hydrogen, through the low-pressure
adsorption o f compressed hydrogen (Conte et al., 2001).

M ost porous carbons are manufactured by the controlled pyrolysis o f carbonaceous
materials, naturally occurring woods or synthetic polymeric materials. They are
unique and versatile because o f their extended surface area, microporous structure and
high adsorption capacity (Manocha, 2003). In 1991 Iijima discovered graphitic
tubules, these nanotubes can be conceptualised as rolled graphene sheets with an inner
diameter o f about one to several nanometers and a length o f

10

to

100

micrometers

(Iijima, 1991).

There are a variety o f tubes that consist o f one layer called single-walled nanotubes
(SWNT) or o f more than one layer, called multi-walled nanotubes (MWNTs) or
sometimes called tubular formed graphitic nanofibres (Hirscher and Becher 2003).
Despite the large interest in nanotubes, the advantages may be as many as the
disadvantages and carbon nanotubes could not be confirmed to be a promising carrier
o f hydrogen. On the other hand, hydrogen adsorption on activated carbons still seems
interesting because activated carbons are cheap, readily available and are capable o f
storing higher quantities o f hydrogen compared to nanotubes (Zhou et al., 2003). The
works carried out by several authors on these adsorbents are reviewed below.
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2.4.1

Material Preparation and Treatment

With the varying number o f nanoporous carbons available and the relative importance
o f their use as adsorbents in many applications such as water treatment, air pollution
control, solvent recovery, catalyst support (Arriagada et al., 1997), a number o f
techniques have been developed for their synthesis. These techniques vary according
to the intended application o f the materials.

2.4.1.1

Activated Carbons

Activated carbons can be prepared from a variety o f precursors, but the ones most
commonly used ones are peat, coal, wood and coconut shells (Wigmans, 1989).
Among these raw materials, coal is the most commonly used due to its low cost and
large supply. It is considered that activated carbon materials produced using coal are
superior to those derived from lignocellulosic materials in terms o f mechanical
properties (Ahmadpour and Do, 1996).

According to Cagnon et al., (2003) and

Rodriuez-Reinoso et al., (1995) the microporous properties o f resulting activated
carbons depend on the precursor and the conditions o f carbonisation and activation
(Cagnon et al., 2003; Rodriuez-Reinoso et al., (1995)).

There are two different processes for the preparation o f active carbon: physical and
chemical activation. In physical activation the carbonaceous precursor is carbonised
followed by the activation o f the resulting char in the presence o f some activating
agents such as carbon dioxide or steam (Ahmadpour and Do, 1996; Hu and
Srinivasan, 1999; Rodriuez-Reinoso et al., 1995; Tam and Antal, 1999). On the other
hand, chemical activation is a single step method. It involves the carbonisation o f the
precursor in the prescence o f chemical agents (Ahmadpour and Do, 1996; Lua and
Guo; 2001; Lillo-Rodenas et al., 2003). According to the work o f Kandiyoti et al.,
(1984) reported by Ahmadpour and Do (1996), in physical activation, elimination o f a
large amount o f internal carbon mass is necessary to obtain a well developed carbon
structure, whereas in the chemical activation process all the chemical agents used are
dehydrating agents that influence the pyrolytic decomposition and inhibit formation o f
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tar, thus enhancing the yield o f carbon. The chemical agents used in the chemical
process are normally alkali and alkaline earth metals containing substances and acids
such as KOH, NaOH, ZnC h, M gC^, and H 3 PO 4 (Ahmadpour and Do, 1996; Hu and
Srinivasan; 1999; Lillo-Rodenas et al., 2003). In the work o f Arriagada et al., (1997)
where a comparative analysis o f the carbons produced by physical activation using
CO 2 and H 2 O was carried out. The results obtained showed important differences
between the two activating agents: while water vapour was said to develop both
micro- and mesoporosity from the beginning o f the reaction, carbon dioxide mainly
developed the microporosity (Arriagada et al., 1997).

2.4.1.2

Carbon Nanotubes

The discovery o f nanotubes is linked to the discovery o f fullerenes by Kroto and
Smalley (1985). However, the real breakthrough on carbon nanotube research came
with Iijima’s report on the experimental observation o f carbon nanotubes using
transmission electron microscopy (Iijima, 1991).

A single wall carbon nanotube can be described as a graphene sheet rolled into a
cylindrical shape so that the structure is one dimensional with axial symmetry. If the
two ends o f a carbon nanotube are neglected, these nanotubes can be considered as
one-dimensional nanostructures (Saito et al., 1998). The existence o f single-wall
carbon nanotube has been confirmed experimentally through high resolution
transmission electron microscopy (TEM) and scanning tunnelling microscopy (STM).
These techniques are especially useful for the characterisation o f carbon nanotubes
(Saito et al., 1998; Harris, 1999; Reich et al., 2004).

Single-wall Nanotube (SWNT) and Multiwalled Nanotubes (MWNT) Synthesis
Methods
(a)

Laser Vaporisation Synthesis M ethod. This is an efficient route for the

synthesis o f bundles o f single wall carbon nanotubes with a narrow diameter
distribution that employs the laser vaporisation o f graphite (Saito et al., 1998). In the
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earlier reports o f this technology, high yields o f > 70 % o f SWNT were observed
(Thess et al., 1996). The single-wall nanotubes are held together by weak van der
Waals inter-nanotube bonds to form a two-dimensional triangular lattice with a lattice
constant o f 1.7 nm, and an intertube separation o f 0.315 nm. By varying the growth
temperature, the catalyst composition and other growth parameters, the average
nanotube diameter distribution can be varied (Saito et al., 1998; Thess et al., 1996).

(b)

Arc M ethod o f Synthesising Carbon Nanotubes. The carbon arc provides a

simple and traditional tool for generating the high temperatures needed for the
vaporisation o f carbon atoms into a plasma (> 3000 °C) (Ebbesen and Ajayan, 1992;
Ebbesen et al., 1993; Seraphin et al., 1993). This technique has been used for the
synthesis o f single and multi-walled nanotubes. (Saito et al., 1998; Joumet et al.,
1997). Catalysts used to prepare isolated single-wall carbon nanotubes include
transition metals such as Co, Ni, Fe and rare earth metals such as Y and Gd. During
arc synthesis fullerenes are predominantly found in the soot produced by the arc and
removed by the helium gas flow, while the nanotube are contained in a deposit on the
cathode (Saito et al., 1998). According to Harris (1999), nanotube production is
sensitive to the helium pressure used in synthesis. It is believed that there is a striking
increase in the number o f tubes evident as the pressure is increased. At pressures
above 500 Torr (0.7 bar) there is no obvious change in sample quality, but a fall in
total yield. Thus 500 Torr appears to be the optimum helium pressure for nanotubes
production (Harris, 1999).

(c)

Vapour Growth Method. The synthesis o f carbon nanotubes using this method

requires equipment similar to that used for the preparation o f vapour-grown carbon
fibres. In this method, the furnace temperature is held at 1100 °C with Fe catalyst
particles but low benzene gas pressure (Endo et al., 1993; Endo et al., 1995). A range
o f other hydrocarbons, catalyst and catalyst supports have been used successfully by
various groups worldwide to synthesise carbon nanotubes. A big advantage o f the
vapour growth approach is that carbon nanotubes can be made continuously. Thus, if
the optimum growing conditions are found, this method will be useful for large scale
production o f nanotubes under controlled conditions (Saito et al., 1998).
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(d)

Other production routes: The condensation o f carbon vapour in the absence o f

an electric field has also been described by a group at the Russian Academy o f
Sciences led by Leonid Chemozatonskii, in 1992 and also described by Maohui Ge
and Klaus Sattler o f the University o f Hawaii, pyrolytic methods (Studies by
Morinobu Endo and colleagues form Shinshu university together with workers from
Sussex, have shown that multiwalled nanotubes can be produced by the pyrolysis o f
benzene in the presence o f hydrogen); electrochemical synthesis o f nanotubes
(described by the Sussex group, it involved the electrolysis o f molten lithium chloride
using a graphite cell in which the anode was a graphite crucible and the cathode a
graphite rod immersed in a melt (Endo et a l, 1993; Sarkar et al., 1995; Endo et al.,
1995).

Purification of Synthesised Carbon Nanotubes
In many o f the synthesis methods that have been reported, carbon nanotubes are found
along with other materials, such as amorphous carbon and carbon nanoparticles (Saito
et al., 1998). Purification generally refers to the isolation o f carbon nanotubes from
other entities. Three basic methods have been used with limited success for the
purification o f the nanotubes: gas phase, liquid phase, and intercalation methods
(Ebbesen,

1997).

The classical methods

for purification

such

as

filtering,

chromatography, and centrifugation have been tried and found not to be effective in
removing the carbon nanoparticles, amorphous carbon and other unwanted species.
(Saito et al., 1998). Heating preferentially decreases the amount o f disordered carbon
relative to carbon nanotubes. Heating could thus be useful for purification, except that
it results in an increase in nanotube diameter due to the accretion o f epitaxial carbon
layers from the carbon in the vapour phase resulting from heating (Saito et al., 1998).

The gas phase method removes nanoparticles and amorphous carbon in the presence
o f nanotubes by oxidation or oxygen burning process (Ebbesen, 1994; Tsang et al.,
1993; Ajayan et al., 1993). Much slower layer by layer removal o f the cylindrical
layers o f multi-wall nanotubes occurs because o f the greater stability o f a perfect
graphene layer to oxygen than disordered or amorphous carbon or material with
pentagonal defects (Tsang et al., 1993; Ajayan et al., 1993). The oxidation reaction
for carbon nanotubes is thermally activated with an energy barrier o f 225 kJ mol ' 1 in
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air (Ajayan et al., 1993). The gas phase purification process also tends to bum off
many o f the nanotubes, so to remove all the nanoparticles, it is necessary to oxidise
more than 99 % o f the raw sample. When 95 % o f the original material is oxidised,
about

1 0 -2 0

% o f the remaining sample consists o f nanoparticles, while an oxidation

o f 85 % results in no enrichment at all. According to Harris (1999) and Saito et al.,
(1998), these results suggest that the reactivity o f nanotubes and nanoparticles
towards oxidation are very similar, so that only a narrow window exists between the
selective removal o f nanoparticles and complete oxidation o f the sample (Harris,
1999; Saito et al., 1998). The carbon nanotubes obtained by gas phase purification are
generally multi-walled nanotubes with diameters in the range o f
nm -

1

0 .2

-

20

nm and

10

pm in length, since the smaller diameter tubes tend to be oxidised with the

nanoparticles.

Liquid phase removal o f nanoparticles and other unwanted carbons has been carried
out with some success using potassium permanganate KMn 0 4 treatment method
which tends to give higher yields than the gas phase method, but results in nanotubes
o f shorter length (Ebbesen, 1997; Hiura et al., 1995).

55

Chapter 2

2.5

Hydrogen Storage on Nanoporous
Carbons

As mentioned earlier, the interest in hydrogen as an energy vector is growing
dramatically and there has been advances made in hydrogen production and utilisation
technologies. However, hydrogen storage technologies must be significantly advanced
if a hydrogen based energy system is to be established.

Possible current approaches to vehicular hydrogen storage include physical storage
via compression or liquefaction, chemical storage in irreversible hydrogen carriers
(e.g. methanol, ammonia), reversible metal and chemical hydrides and gas-on-solid
adsorption. Although each method has its desirable attributes, no approach presently
satisfies all o f the efficiency, size, weight, cost and safety requirements for personal
transportation vehicles.

2.5.1

Past

Lightweight carbon adsorbent materials have become interesting for possible use in a
hydrogen storage system. W ork in this area has been ongoing since the 1960s; one of
the first investigations o f the adsorption o f hydrogen on high-surface area carbon was
reported by Kidnay and Hiza, (1967). That work was focused on the behaviour o f
adsorbents from a cryogenic engineering perspective. Adsorption isotherms for
hydrogen on coconut-shell charcoal were reported at 76 K and pressures up to 90 atm.

Carpetis and Peschka, (1980) were among the first to suggest that hydrogen could be
inexpensively stored on activated carbon materials by adsorption at cryogenic
temperatures. Adsorption isotherms were reported for a variety o f different types o f
high surface area carbon materials at 78 and 65 K at pressures up to 41.5 atm.
Unfortunately, the total mass o f the adsorbent used in each experiment was not
reported so it is impossible to determine from the paper if the cryogenically cooled
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container could have stored more hydrogen if the carbon was not present. A
maximum amount o f ~ 5.2 wt-% for a ‘F I2/350’ carbon material exposed to 41.5 atm
o f hydrogen at 65 K was achieved. The more open, porous carbon materials that were
tested adsorbed more hydrogen than the denser carbons studied. A detailed analysis
concluded that a cryo-adsorption storage system would have ~ V* the volumetric
energy density o f a liquid hydrogen storage system.

Dillon and Heben, (2001) reported the work o f the J. A. Schwarz research group at
Syracuse University. The group was active in studying the storage o f hydrogen on
activated carbons in the late 1980s and early 1990s. Their efforts were focused on
developing a detailed understanding o f the fundamental aspects o f hydrogen
adsorption on activated carbon materials. They investigated how the operating
temperature o f the adsorbent could be increased, the effect o f surface acidity and
metal modification. Despite their efforts, the best activated carbon identified adsorbed
~ 4.8 wt-% H 2 at a temperature o f 87 K and a pressure o f 59 atm. As with previous
investigations, this storage system did not significantly benefit from the incorporation
o f carbon under the chosen operating conditions. It is important to note that the
inclusion o f activated carbon material in a storage tank can enhance the overall
hydrogen energy storage density under certain pressure and temperature conditions.

2.5.2

2.5.2.1

Present

Hydrogen storage in carbon nanofibres

Graphite nanofibres are an example o f engineering material that has recently been
investigated for hydrogen storage applications. These materials are produced by
decomposition o f mixtures o f ethylene, hydrogen and carbon monoxide on selected
metal and alloy catalysts (Rodriguez et a l., 1995). Three distinct structures may be
produced: ‘tubular’ (90°), ‘platelet’ (~ 0°) and ‘herringbone’ (45°), the angle in
parentheses indicates the direction o f the nanofibres axis relative to the vector normal
to the graphene sheets (Atkinson and Roth, 2003). The nanofibres typically range in
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diameter from 5 to 500 nm (Rodriguez et al., 1995) and have lengths o f between 10
and 100 pm (Chambers et al., 1998). Very high hydrogen storage densities exceeding
50 and 60 wt-% have been reported for the platelet and herringbone structures
respectively, while the tubular structure exhibited storage densities exceeding

10

wt-

% (Chambers et al. 1998). The hydrogen uptake was recorded as a drop in pressure
from an initial value o f 112 atm over a period o f ~ 24 h at a temperature o f 298 K.

Ahn et al., (1998) carried out hydrogen adsorption studies on similarly fabricated
carbon fibres for temperatures between 77 and 300 K. Hydrogen gas was admitted
into an evacuated chamber to achieve a typical pressure o f 4.5 or 80 atm for the 77 K
runs or 180 atm for the 300 K runs. The absolute level o f hydrogen desorption
measured for the graphitic nanofibres (GNFs) was typically less than 0.01 H/C or ~
0.08 wt-%, (Ahn et al., 1998). Fan et al., (1999) also reported hydrogen storage
capacities o f 10-13 wt-% on vapour grown fibres, which were not graphitic. Based on
their initial studies the group projects that higher storage values will be obtained upon
graphitisation, (Fan et al., 1999).

2.5.2.2

Hydrogen Storage in Multi-wall Carbon Nanotubes

Multi-wall carbon nanotubes consist o f layers o f nested concentric cylinders o f
graphite with a hollow centre. The spacing between each cylinder is similar to the
inter-planar spacing in graphite (3.4 A) (Rzepka et al., 1998), and the number o f
shells varies from 2 to about 50 (Iijima, 1991). Chen et al., (1999) reported
remarkable hydrogen storage capacities for alkali-metal doped MWNTs formed by
the catalytic decomposition o f CFL*. The walls o f the nanotubes formed via this
process are conical in shape and for this reason these nanotubes are sometimes
classified as graphitic nanofibres. Lithium and potassium were incorporated into the
carbon the carbon nanotubes through solid-state reactions with the metal carbonates or
nitrates. Hydrogen adsorption and desorption were measured by the thermo
gravimetric analysis (TGA) and temperature-programmed desorption (TPD). The
hydrogen uptake was shown to be 20 wt-% for Li-doped nanotubes at 653 K and 14
wt-% for K-doped nanotubes at room temperature. The K-doped nanotubes were
reported to combust upon exposure to air. The hydrogen adsorption was believed to
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proceed by a dissociative mechanism, and an infrared spectrum o f the hydrogen
charged Li-doped material was interpreted to indicate the presence o f both Li-H and
C-H species, (Chen e ta l., 1999).

In a subsequent TGA study, Li-doped MWNTs formed under identical conditions
were shown to exhibit a weight increase o f

12

wt-% when exposed to ‘wet

and

only 2.5 wt-% in the presence o f ‘dry f h ’ (Yang 2000). In another report on the
hydrogen storage properties o f Li-doped MWNTs, large cycling mass changes similar
to those observed by Chen et a l., (1999) were again attributed to the presence o f water
impurities in the TGA atmosphere. No evidence o f hydrogen adsorption by the
sample was detected (Pinkerton et al., 2000).

A report on the hydrogen adsorption properties o f multiwalled nanotubes synthesised
by the catalytic decomposition o f CO and CH 4 on powdered La 2 0 3 catalysts was
shown by Wu et al., (2000). The nanotubes were purified and annealed in vacuum to
increase their crystallinity. TGA analysis in hydrogen revealed that the nanotubes
were capable o f adsorbing a small quantity o f hydrogen (0.25 wt-%) when the sample
was cooled between 200 °C and room temperature (Wu et al., 2000). Hou et al.,
(2 0 0 1 ) compared the gravimetric hydrogen storage capacities o f as-prepared and
purified MWNTs. The purified nanotubes showed higher hydrogen storage capacity
(6.3 wt-%) than the as-prepared MWNT. They concluded that pore structure and
surface modifications were important for the improvement o f hydrogen storage
capacity (Hou et al., 2001).

2.5.2.3

Hydrogen Storage in Single-wall Carbon Nanotubes

In physisorption, the gas adsorption performance o f a porous solid is maximised when
the pores are not larger than a few molecular diameters (Gregg and Sing 1982). Under
these conditions the potential fields o f the so-called micropores overlap to produce a
stronger interaction than would be possible for adsorption on a semi-finite plane. If
the escaping tendency o f a gas is much less than the adsorption potential, the entire
micropore may be filled with a condensed adsorbate phase. For the case o f hydrogen
with a kinetic diameter o f ~ 2.9 A, pores would have to be significantly smaller than

59

Chapter 2
40 A to begin to condense hydrogen by a nanocapillary filling mechanism (Dillon and
Heben 2001).

The ideal hydrogen adsorbent should have uniform and small micropores in as high a
density as possible, minimal macroporosity and high thermal conductivity. The first
characteristic is required for an enhanced heat o f adsorption, which may aid ambient
temperature adsorption, while the first two characteristics together ensure the internal
volume o f the adsorbent is not wasted. The third characteristic provides for managing
heat fluxes that will hopefully be relatively large by virtue o f an enhanced heat o f
adsorption. A model, which provides all o f these features, is an array o f bundled
carbon single-wall nanotubes. An individual SWNT is essentially a sheet o f graphite
that is wrapped to meet itself forming a single elongated and seamless tube (Dillon
and Heben 2001).

Dillon et al., (1997) investigated the hydrogen adsorption properties o f the early
SWNT materials. Although these materials contained only ~ 0.1-0.2 wt-% SWNTs,
hydrogen adsorption on the carbon nanotubes fraction was estimated for ambient
conditions to be between ~ 5-10 wt-% and a heat o f adsorption o f 19.6 kJ m ol'1 was
measured. This demonstrated enhanced interaction between hydrogen and SWNTs
relative to planar graphite, where the heat o f adsorption is only ~ 4 kJ m ol'1 (Pace and
Sieberts 1959).

Y e et al., (1999) were the first to report hydrogen adsorption investigations on
purified SWNTs. Hydrogen adsorption on purified crystalline ropes o f SWNTs was 8
wt-% at 40 atm and 80 K. High hydrogen storage capacities on a total sample weight
basis were subsequently demonstrated on SWNTs with a large mean diameter o f
about 1.85 nm produced at high yield by a semi-continuous arc discharge method.
The purity o f the nanotubes was estimated to be ~ 50-60 %. A sample first soaked in
HC1 and then heat treated in vacuum was shown to adsorb 4.2 wt-% hydrogen at room
temperature and 10 MPa. Approximately 80 % o f the adsorbed hydrogen could be
released at room temperature (Liu et al., 1999).

Electrochemical hydrogen storage has also been demonstrated for carbon single-wall
nanotubes. Arc-generated SWNT soot containing 0.7-1.2 nm diameter SWNTs was
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mixed with either copper or gold as a compacting powder in a ratio o f 1:4 to form
electrodes. The kinetics o f the electrode were relatively poor, however, the capacity at
low discharge currents was high corresponding to an uptake o f ~ 0.39 wt-%
(Nutzenadel et a l., 1999). Assuming that all o f the stored hydrogen was contained in
the SWNT fraction o f the sample, the results indicate that electrochemical hydrogen
storage should be further investigated.

2.5.3
2.5.3.1

Future
Optimising and Understanding the Interaction between
Hydrogen and Carbon Materials

From the analysis made above it is evident that if carbon adsorbents are to be
eventually applied in a hydrogen storage system, several advances remain to be made.
It is obviously important to maximise the hydrogen adsorption capacity for a given
carbon system at room temperature and moderate pressures and that the system
charges and discharges rapidly and completely at near ambient conditions. In order to
optimise a carbon based hydrogen storage system it will be necessary to obtain a
better understanding o f the adsorption mechanism and to determine the precise
adsorption sites in the carbon network that are responsible for the more promising
adsorption properties. When optimisation is complete, it will be necessary to scale up
the techniques that generate the ideal adsorption materials. The development o f
industrial scale, cost-effective procedures will be necessary (Dillon and Heben, 2001).

To date the hydrogen adsorption process that has been most thoroughly analysed is
that which occurs on nanotubes. In a recent report by Zhou et al., (2003) comparing
hydrogen adsorption on super activated carbon and carbon nanotubes, it was
discovered that although the adsorption isotherms on both activated carbon and
MWNT show the same type o f adsorption mechanism, the amount adsorbed on
MWNT is 3.6-5.1 times less than that on activated carbon. The conclusion drawn was
that carbon nanotubes are not promising carriers o f hydrogen for practical applications
based on the less quantity adsorbed, the much less heat o f adsorption and the much

61

Chapter 2
smaller surface area in comparison to activated carbon. The results o f this finding are
yet to be confirmed by other authors.

2.6

Thesis Aims

The need for a sustainable energy system in the long term has been discussed with a
Hydrogen Economy being recognised as one o f the ways this can be achieved. This is
coupled with a requirement to develop infrastructure to cope with the foreseeable
demand o f hydrogen use in the future.

The challenge o f hydrogen storage, the focus o f this project has also been discussed
along with a review o f the current available technology. This review has shown that
there is the lack o f a suitable hydrogen storage method that can meet transportation
and stationary application requirements without comprising factors such as safety,
cost, and space requirements. It is the aim o f this investigation to study the potential
o f storing hydrogen in nanoporous carbon materials. To achieve this aim, a number o f
objectives have been highlighted:

i.

Measure hydrogen sorption isotherms at different temperatures (77, 195 and
303 K) with a maximum pressure o f 20 bar. Focus on the effects o f adsorption
temperature, gas purity, and sample cycling on the amount o f hydrogen
adsorbed.

ii.

The use o f semi-empirical adsorption models to analyse isotherms and to
assess the mechanism o f adsorption taking place in these materials using
kinetic data obtained experimentally.

iii.

Correlation o f structural characterisation data o f the nanoporous carbons with
their hydrogen adsorption properties.
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Experimental Details

3.1

Introduction

This chapter describes the different experimental techniques and equipment used to
investigate the hydrogen storage properties/potential and to characterise a selection o f
nanoporous carbon materials. It refers to the instrumentation, methodology and the
assumptions made for each characterisation method.

The chapter opens, in Section 3.2 with a description o f the carbon materials selected
for study. This is followed by a description o f the gravimetric apparatus used for the
hydrogen sorption measurements, the major source o f the experimental data in this
investigation with methodology applied in carrying out the measurements in Section
3.3. The chapter then continues with a description o f the equipment and methods used
to obtain other characterisation data in Sections 3.4 and 3.5. These include the sample
skeletal density for buoyancy correction, the ash content o f each carbon material,
surface area, pore size distribution, pore structure data and microscopic information
obtained using transmission electron microscopy (TEM). The X-ray diffraction
equipment and methodology is also described.

63

Chapter 3

3.2

Material Selection

A series o f commercially available activated carbons, single and multi-walled
nanotubes have been selected for analysis. These materials have been selected
because they represent a wide range o f precursors, particle sizes, preparation and
activation methods in the case o f the activated carbons. The nanotubes have been
selected because they cover a broad range o f preparation routes, purity, diameters,
lengths and structure (end-capped or open-ended). Each material is described in more
detail in Section 3.2.1 and 3.2.2 and also summarised in Table 3.2-1 and Table 3.2-2.

3.2.1

Activated Carbons

The activated carbons include BPL, a bituminous coal based granular material
activated at high temperature in steam supplied by Calgon Carbon Corporation UK.
Norit CNR 115, a pelletised chemically activated carbon, produced from a renewable
raw material source via a version o f the phosphoric acid process. It is a high activity,
medium density grade carbon supplied by Norit Activated Carbon UK. SRD/667/1, a
coconut shell based steam activated granular active carbon supplied by Sutcliffe
Speakman (now acquired by Calgon Carbon Corporation) UK. Table 3.2-1 shows the
manufacturers properties for these materials.

3.2.2

Carbon Nanotubes

Two single-walled and multi-walled carbon nanotubes samples were selected for
analysis. SWNT-1 is an 85 % pure single-walled carbon nanotube supplied by Carbon
Nanotechnologies Incorporated (CNI), Houston, Texas, USA. SWNT-2 is also a
single-walled carbon nanotube with about 70-90 % purity supplied by Thomas Swan
and Co. Ltd. County Durham, U.K. MWNT-1 is a high purity (95 %) multi-walled
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carbon nanotube supplied by Nanoledge, France, while MWNT-2 is an end opened
multi-walled carbon nanotube with a purity > 90 %, supplied by BuckyUSA,
Houston, Texas, USA. Table 3.2-2 show the material properties supplied by the
respective manufacturers.

Table 3.2-1: Manufacturer Properties for the Selected Commercial Activated Carbons

Material

Carbon

Activation

Precursor

Method

Bituminous

Steam / physical

Coal

activation

Norit CNR

Renewable

Phosphoric acid /

115

material

chemical

BPL

Particle Size Range
Mesh Size

mm

6 by 16

2.8 by 1.0

-

2 mm extrudate

14 by 25

1.40 by 0.71

activation
SRD/667/1

Coconut

Steam / physical

shells

activation

Table 3.2-2: Manufacturer Properties for the Selected Carbon Nanotubes

Material

Preparation

Purity

Method
SWNT-1

High Pressure

Diameter,

Length

nm
8 5%

0.8-1.3

Carbon

End-capped
/ Open ended

100-1000

End-capped

nm

monoxide
SWNT-2

Catalytic

70-90 %

<2

microns

End-capped

95%

I.D.:8;

120-180

End-capped

O.D.:17

nm

1.2

Several

CVD
MWNT-1

MWNT-2

CVD

Arc produced
Cathode

>90 %

Open ended

microns

Deposit
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3.3

Equipment

The hydrogen gas adsorption isotherms and kinetic measurements were carried out
using an Intelligent Gravimetric Analyser (IGA) supplied by Hiden Analytical Ltd.,
Warrington, U.K. This instrument combines computer-control and measurement o f
weight change, pressure and temperature to enable the determination o f adsorption
and desorption isotherms including the kinetics o f each pressure increment in diverse
operating conditions. The mass uptake is measured as a function o f time and the
approach to equilibrium monitored by a computer-controlled algorithm. When
equilibrium is established at the set pressure point, the pressure is increased to the
next set pressure value and the subsequent uptake measured until equilibrium is again
established. Table 3.3-1 shows the operating limits o f the IGA. All the gravimetric
sorption results reported in Chapter 5 have been carried out within these limits. Figure
3.3-1 and Figure 3.3-2 are snapshots o f the equipment setup in the laboratory while
Figure 3.3-3 is a schematic representation o f the IGA.
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Table 3.3-1: IGA Operating Limits and Description

P aram e ter

Lim its
P ressure

10 mbar
Ultimate Vacuum
Leak Rate
<10‘9 mbar s'1
Operating Pressure Range
0 - 2 0 bar
Pressure Transducer Ranges
0 -1 bar, 0 - 1 0 bar and 0 - 2 0 bar
Pressure Resolution
1/16000 o f range
Pressure Controller
Set-point regulation/ramp control
Accuracy (set-point regulation)
+/-0.02 % o f range
Maximum rate o f Change o f Pressure
~1 % o f range/s
(admittance)
T em p eratu re
Temperature Sensors
Type K thermocouple (with Cold
Junction compensation)
Maximum Measurement Range
-270 to 1000 °C
Typical Resolution/Accuracy
+/-1 °C
Response Time
0.05 s
Linearisation
Software Algorithm
Temperature Controller
Set-point regulation/ramp control o f
resistive load
W eight
Balance Capacity
5g
Sample Capacity
Balance capacity less the weight o f
hang-down and container (typically <
0.25 g)
Weight Range
0 - 200 mg
Tare
Mechanical
Hang-down
Tungsten wire (0.15 mm dia.)
Settling Time
User adjustable 1 - 30 s
Weighing Resolution
0.2 pg
Stability in an inert atmosphere at room
Long term: +/-1 pg
Temperature*
Shortterm: +/-0.1 pg
*Depends on sample environment at alternative temperatures and pressures.
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3.3.1

D esign

Figure 3.3-1: Layout of the Gravimetric Hydrogen Storage Equipment: (a) Intelligent
Gravimetric Analyser (IGA) main unit; (b) Thermostat; (c) Standard 500 °C furnace; (d)
Computer; (e) N4.5 and N6.0 H2 Gas Cylinders; (f) Liquid N2 Dewar and Flask.

Stainless steel
Counterweight
Holder

Lower Sample
Hangdown
Tungsten wire
(0.15 mm dia.)

Stainless steel
(SS316LN)
500 °C Sample
Reactor

Stainless steel
sample holder
B

Figure 3.3-2: Picture showing (A) The Intelligent Gravimetric Analyser Counterweight and
Sample sections; (B) The Sample Holder and Hangdown for the Intelligent Gravimetric Analyser
System.
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Figure 3.3-3: Schematic of the Intelligent Gravimetric Analyser (IGA) Set-up; (i) IGA Unit; (ii) Sample Reactor; (iii) Two-Stage Rotary Pump (10'2 mbar);
(iv) High Vacuum Turbom olecular Pump (10‘6 mbar); (v) Hydrogen Gas Cylinder.
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3,3.2

Operation

The main operation o f the gravimetric analyser for measuring sorption isotherms can
be categorised into three main parts namely: sample loading, sample preparation and
isotherm

determination.

The

operation procedure

is

standardised

to

ensure

reproducibility in the data and avoid uncertainties and is described below.

3.3.2.1

Sample Loading

Prior to sample loading, the system is decontaminated by evacuating the system under
high vacuum (10‘6 mbar) to remove traces o f other gases/vapour that may be present.
The sample pan is then cleaned by blowing it with air, weighed and loaded onto the
balance hangdown shown in Figure 3.3-2. At this stage, the balance is tared and
approximately 150 mg o f the carbon sample is loaded onto the balance hangdown.
When the balance is stable, as observed on the stability meter (Figure 3.3-7), the
sample reactor shown in Figure 3.3-2 is then sealed tightly and the thermostat
replaced. Figure 3.3-6 shows a snapshot o f the buoyancy table set-up for sorption
analysis. Here, the empty sample pan (container) weight is entered along with its
density. The weights and density o f the balance hangdown for the sample and
counterweight sides are also entered during the sample loading stage. Figure 3.3-7
shows a snapshot o f the IGA electronic balance. This informs the user o f the stability
o f the balance and also the weight o f the loaded sample.

3.3.2.2

Sample Preparation and Isotherm Determination

At this stage, the sample is set to degas at a ramp rate o f 100 mbar m in'1 to high
vacuum (10'6 mbar) and elevated temperature, which was chosen to be 250 °C for a
dwell time o f 4 hours. This temperature and duration was found to be reasonable
based on thermogravimetic analysis (TGA) carried out on the activated carbons as
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described. Approximately 40 mg of the sample is loaded into the thermogravimetric
analyser and ramped from room temperature to the set temperature (150 or 250 °C) at
a rate of 2 °C min ’ 1 in a nitrogen atmosphere. The change in weight of the sample is
monitored until it reaches a stable value. The thermogravimetric profile obtained for
Norit CNR 115 at 150 °C and 250 °C is shown in Figure 3.3-4 and Figure 3.3-5. It is
evident that at 250 °C, the sample weight reaches stability much quicker than at 150
°C. It is worth noting that since this analysis is carried out in a nitrogen atmosphere,
under vacuum, the approach to stability will be much quicker. Figure 3.3-8 shows a
snapshot of the IGA system in sample preparation mode.

After sample preparation, the ‘dry/clean’ sample mass is recorded and the reactor is
allowed to cool to room temperature. The application temperature and analysis gas is
then selected. Then the isotherm pressure points and the equilibration parameters are
entered. Isothermal analysis is started once the system has reached the required
temperature.
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Figure 3.3-4: G raph showing the thermogravimetric profile of Norit CNR 115 with a ramp of 2
°C min 1 from 25 °C to 150 °C.
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Figure 3.3-5: G raph showing the thermogravimetric profile of Norit CNR 115 with a ramp of 2
°C min 1 from 25 °C to 250 °C.
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3.3.2.3

Computer-Controlled Algorithm

In the determination o f adsorption isotherms, the main aim is to measure the
equilibrium uptake o f the adsorptive (hydrogen) on the adsorbent (carbon) following
changes in chemical potential (such as gas pressure). The time-scale o f equilibration is
quite variable and it varies depending on the pressure, temperature and nature o f the
sample.

The IGA is incorporated with a real-time processor to continuously analyse the actual
time-scale o f equilibration during isotherm determination from the measured sorption
time curve. The real-time processor records data for sufficient time following each
change in chemical potential so that equilibrium uptake is measured accurately for
each isotherm point. The equilibrium uptake cannot be directly measured but can be
extrapolated so that the best approximation for its value can be determined (IGA
Systems manual, 2003).

The IGA real-time processor uses least-square regression o f a diffusion model to
extrapolate a value o f the asymptote. This method is not only used to actively adjust
the total time for which data is collected for each isotherm point, but can also provide
kinetic parameters which describe how interaction kinetics vary on different parts o f
the isotherm. The method requires the software to wait at a set pressure until the
change o f uptake has reduced below some threshold. The threshold is set based on
uptake rather than the rate o f uptake. A sensible threshold is to measure the value o f
uptake until it has settled by a fixed percentage o f the asymptotic change. This follows
from the simplest mathematical model for equilibration, which is the linear driving
force (LDF) model. This equation is discussed in further detail in Section 6.4. The
LDF model is applied in the IGA in the form shown in Equation 3.3-1 (IGA Systems
manual, 2003) to determine the point at which equilibration is achieved.
~Z
n(t) = A«(l —e /k )

Equation 3.3-1

Where n ( t) is the uptake at time t with a time-scale governed by time constant k and
An is the total change in uptake. The rate at time t is then given by Equation 3.3-2.
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Equation 3.3-2

Which is a function o f both An and k. Trend analysis using least square fitting is used
by the IGA software to extrapolate An and find the kinetic parameters, k. The uptake
is measured until it is stable or has reduced by a fixed percentage o f the asymptotic
change. The LDF model as used by the IGA software is,
Equation 3.3-3

Where no is the uptake at the time origin to, k is the exponential time constant and An
is the change in uptake and no + An is the asymptotic uptake.

3.3.2.4

The Minimum and Maximum Data Collection Time

These are timing parameters that set a minimum and maximum for the total data
collection time during measurements. They determine the length o f time in which the
software continues to collect data at a particular pressure point. Therefore, no
isothermal point can be completed until the minimum time (‘Min Tim e’) has at least
elapsed, which has been set to 5 minutes during hydrogen sorption measurements. In
the case o f the maximum data collection time (‘Timeout’), this value has to be
determined practically to ensure good use o f machine time. The problem if timeout
expires is that the isotherm point may not be in equilibrium. This can be pinpointed by
looking at the kinetic data for the particular point. This has normally been set to 60
minutes for the isotherms presented in Chapter 5.

3.3.2.5

The Equilibration Criterion

In real-time analysis, a criterion for equilibration is required, which decides when to
advance from one isotherm point to another when sufficient data is acquired.
Sufficient data are acquired when the uptake has changed by a defined fraction o f the
difference between the initial reading noo and the predicted asymptote no + An. This
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fraction is expressed as a percentage and is set by the IGA parameter labelled ‘Wait
U ntil’. This means that any given isotherm point will have a variable total time
between the ‘Min tim e’ and ‘Timeout’. As the value o f ‘Wait U ntil’ is increased so
does the data collection time. The actual data collection time At(W) for an isotherm
point is measured with respect to the original time origin to, and is given by Equation
3.3-4.
A t(W ) = t0 - t 0 - ( k log[(«0 + An -

) (1 - W f100)/ A w ])^

Equation 3.3-4

where x = 1 for the LDF model. The total collection time during data acquisition is
then be set by the criterion;

‘Min Time’ < At(W) < A t> ‘Timeout’

3.3.2.6

Kinetic Data

As mentioned in Section 3.3, the IGA system software obtains the kinetic data from
one equilibrium point on the sorption isotherm to another. This data give a picture o f
what might be happening during the measurement o f isotherms as a result o f changes
in chemical potential from one pressure increment to another. It invariably shows the
transition through which an equilibrium isotherm is generated. A step increase in
pressure at constant temperature is accompanied by an uptake o f gas and at
equilibrium the corresponding mass uptake is recorded, this process continues until all
the pressure steps within the specified range are completed as shown in Figure 3.3-9.

Figure 3.3-10 represents actual kinetic data obtained on Norit CNR 115 at 77 K. It is
evident that the change in pressure is more o f a ramp to the set point rather than a step
rise. The temperature curve shows the exotherm associated with adsorption and the
equivalent increase in weight due to adsorption is shown by the weight curve. The
slight drop in weight noticeable on the initial part o f the weight curve can be
attributed to the disturbance o f the sample pan as a result o f the input o f gas at a new
pressure.
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Figure 3.3-9: Process of generating adsorption isotherm data
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3.3.3

Experimental Variables

Work has been done to study hydrogen uptake on nanoporous carbon materials. The
effect o f temperature and hydrogen gas purity on the amount adsorbed by the samples
has been investigated. The sample behaviour on cycling has been explored and the
degree o f sample-to-sample variability also measured. Table 3.3-2 shows the purity
specification for the gases used for the hydrogen adsorption isotherms and Table 3.3-3
shows the range o f experiments carried out and the results are presented in Chapter 5.

Table 3.3-2: Hydrogen Gas Purity Specification (Supplied by BOC Special Gases, U.K. and Air
Products, U.K.)

Grade

Purity

o2

n2

‘t h c

co2

H20

CO

(% min)

ppm

ppm

ppm

ppm

ppm

ppm

N 4.5

99.995

N 5.5

99.9995

1

2

0.5

0.5

1

-

N 6.0

99.9999

0.1

0.2

0.05

0.025

0.5

0.025

Total impurities 50 ppm maximum

‘Total Hydrocarbon Content

Table 3.3-3: Matrix of Experimental Design for Assessing the Effect of Temperature and
Hydrogen Gas Purity on Uptake Results

Sample

Temperature

‘LG -h 2

2h g - h 2

3u h p -h 2

(K)
BPL

77 - 303

✓

s

✓

Norit CNR 115

77 - 303

s

s

✓

SRD/667/1

77 - 303

s

s

✓

SWNT-1

77

V

-

✓

SWNT-2

77

s

-

✓

MWNT-1

77

V

-

✓

MWNT-2

77

s

-

BLANK RUNS

-

77, 303

~ rr ? 7 T 7 z rz z 7 rr ‘N4.5 (99.995% pure H2); 2N5.5 (99.9995% pure H2); JN6.0 (99.9999 % pure H2).
______ T T

x

2 x y r

,x rv

T

x .

f\

/r x r x
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3.3.3.1

Sample Cycling Effects

The effect o f reusing the nanoporous carbon materials for storing hydrogen without
intermediate regeneration o f the materials by heating to high temperatures (250 °C)
and exposure to high vacuum was investigated. These were carried out at 77 K within
the pressure range o f 0 - 20 bar on samples with the highest hydrogen uptake
measured prior to this stage.

3.3.3.2

Sample Variability and Repeatability

The extent o f sample variability and reproducibility has been explored by carrying out
repeat isotherms on ‘fresh’ samples at different temperatures. A minimum o f two
experiments were carried out for all samples for the different grades o f hydrogen as
shown in Table 3.3-3. The results o f this analysis are reported in Section 6.3.

3.4

Determination of Skeletal Density

The skeletal density (also known as the true, real, apparent or absolute density) has
been obtained for the nanoporous carbons studied. This type o f density is obtained
when the volume measured excludes the pores as well as the void spaces between
particles within the bulk sample, hence removing their volume from the measurement.
The density data obtained is essential in buoyancy correction calculations for the
original weight data obtained from the IGA. This is discussed further in Section 4.2.
The values were obtained using helium pycnometry via an AccuPyc 1330 supplied by
Micromeritics, U.S. The technique is described below along with equipment
specifications.

79

Chapter 3

3.4.1

H elium P y cn o m etry

The Micromeritics AccuPyc 1330 is a gas displacement pycnometer. It operates by
detecting the pressure change resulting from gas displacement by a solid object.
Helium is the displacement gas o f choice because it will penetrate readily into very
fine pores at room temperature and near ambient pressure. It is assumed that the
helium will not adsorb under these conditions, though there is dispute among
researchers whether this is a reasonable assumption. The nanoporous carbons are pre
dried in an oven at 120 °C overnight and then left to cool in a dessicator. The sample
to be analysed (with an unknown volume) is then weighed on a balance and placed
immediately in the sample chamber o f the pycnometer for analysis.

Pr

A

g

Sample Chamber
of Volume Vs

Sample of unknown
volume, Vx

Reference Chamber
of Volume Vr

Figure 3.4-1: Schematic showing the operation of a pre-calibrated pycnometer (Adapted from
Webb, 2001).

An object of unknown volume, Vx is placed into a sealed sample chamber of known
volume, Vs. After sealing, the pressure in the sample chamber is measured, Ps. Then,
an isolated reference chamber of known volume Vr is charged to a pressure, Pr, which
is greater than that of the sample chamber. A valve isolating the two chambers is
opened and the pressure Psys of the system is allowed to equilibrate. The ideal gas law,
PV = nRT is applied to determine the unknown volume as follows:
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Assume the system is maintained at a constant temperature T and there is no net loss
or gain o f gas, the number o f gas molecules n is constant throughout the experiment.
W hen the valve linking the reference and sample chamber is opened, the pressure in
the reference volume falls and the pressure in the sample chamber rises. The larger the
volume o f the unknown, the higher the final system pressure. This is expressed
mathematically as shown in Equation 3.4-4, which is the working equation o f the
pycnometer. Helium is assumed to behave as ideal gas under the conditions o f the
experiment (298 K and 1.31 bar) (Micromeritics Accupyc 1330 systems manual,

2000).

Initially,
P s ( V s ~ V x) + PrVr = n R T

Equation 3.4-1

where R is the molar gas constant.
After the valve is opened, the condition changes to
P„(V, + Vr - V x) = nRT

Equation 3.4-2

Leading to the expression
Equation 3.4-3

Solving in terms o f the unknown quantity Vx, we have

Equation 3.4-4

(A ys-P s)
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3.5

Material Structure Characterisation

3.5.1

Determination of the Ash Content

The measurement o f the ash content in the nanoporous carbon materials studied was
carried out using a SETARAM TG 92 thermogravimetric analyser. This comprises o f
a balance, furnace, gas circuit and computer for data output. It measures sample
weight change as a function o f time and temperature in a flowing gas stream. The
system is initially purged for about 1 hour to remove traces o f other residual gases. A
170 pi alumina crucible is then cleaned and loaded onto the balance. The balance
meter is tared at this point and approximately 50 mg o f sample is loaded into the
crucible for analysis. At this stage, the temperature programme is then set up with a
furnace heating rate o f 10 °C m in'1 from 25 °C to 1000 °C. When the analysis is
started, air (20 v % O 2 and 80 v % N 2 ) is injected into the system at a flow rate o f
about 25 ml (STP) min*1 and the sample weight change is measured till the maximum
temperature is reached. The ash content measurements on these nanoporous carbon
materials give a quantitative value o f the amount o f sample that is not made up o f
carbon, therefore providing an indication o f the impurity content o f the material. The
results o f these measurements are shown in Section 4.2.

3.5.2

Surface Area and Pore Size Distribution (PSD)

The surface areas and pore size distributions o f the nanoporous carbon materials have
been studied using N 2 and CO 2 adsorption isotherms at 77 K and 273 K measured on
a Micromeritics Accelerated Surface Area and Porosimetry (ASAP) 2010 analyser
(Figure 3.5-1). Such structural information is useful in interpreting hydrogen
adsorption data. Although a N 2 adsorption isotherm at 77 K allows the collection o f
information on the whole range o f porosity o f the carbon materials, it can be
influenced by diffusional limitations in the narrowest micropores (Cazorla-Amoros et
al., 1996). CO 2 can be used as an adsorptive to complement N 2 adsorption due to its
smaller molecular size o f 0.33 nm in comparison to N 2 at 0.36 nm, CO 2 is able to
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diffuse into the smaller micropores in these materials. Results published by CazorlaAmoros et al., 1996, showed that (i) CO 2 adsorption at subatmospheric pressures can
be used to determine the volume o f narrow microporosity, (ii) it is an adequate
technique to complement the characterisation o f porosity by N 2 adsorption at 77 K,
which is o f special relevance for the characterisation o f activated carbons with narrow
porosity not accessible to N 2 at 77 K, (iii) It is more convenient to use CO 2 adsorption
at 273 K than at 298 K because o f the higher uncertainty o f the density o f the
adsorbed CO 2 at higher temperature (Cazorla-Amoros et al., 1996; Cazorla-Amoros et
a l, 1998).

A minimum o f 100 mg o f sample is weighed and loaded into the glass sample holder
sealed with a TranSeal™ stopper o f known weight and connected to the sample
preparation port o f the analyser for preliminary preparation. The sample is degassed at
250 °C for 4 hours till vacuum o f 0.04 mbar is reached. The gases evolved from the
sample surface are directed to a liquid N 2 cold trap. At this point, the sample is then
allowed to cool, unloaded and then reweighed to obtain its dry mass needed for
subsequent data analysis. The sample is then transferred to the analysis port where it
is dosed with volumes o f gas (N 2 or CO 2 ), the pressure is allowed to stabilise and the
uptake o f gas is recorded when equilibrium is established. The TranSeal™ for sample
tubes allows for the preparation o f the sample on the ASAP analyser degas rack
followed by sealing under vacuum or pure nitrogen without breaking the seal prior to
the beginning o f sample analysis. Helium is used to measure the cold and warm
freespace in the sample tubes needed for data correction. The matrix showing the
nitrogen and carbon dioxide gas adsorption experiments carried out on the ASAP
2010 are summarised in Table 3.5-1, the results o f which are presented in Section
4.3.1.

Table 3.5-1: Matrix of Sample Characterisation Experiments on ASAP 2010

Sam ple
BPL
Norit CNR 115
SRD/667/1
SWNT-1
SWNT-2
MWNT-1
MWNT-2

N2 a t 77 K
✓
✓
✓
✓
✓
✓
✓

C 0 2 a t 273 K
✓
✓
✓
✓
✓
✓
✓
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Vac

He

sat

1

A

Figure 3.5-1: Schematic of the ASAP 2010 System. (1) Unrestricted vacuum valve; (2) Restricted
vacuum valve; (3) Helium inlet valve; (4) Restricted analysis gas inlet valve; (5) Unrestricted
analysis gas inlet valve; (6) Psat gas; (7) Lower manifold isolation valve; (8) Calibration chamber
valve; (9) Sample port inlet valve; (10) Restricted Psat tube port; (11) Unresticted P,at tube port
valve.
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3.5.3

Transmission Electron Microscopy (TEM)

A JEOL JEM 1200 transmission electron microscope with an operating voltage o f 40
to 120 keV was used to study the structure o f the carbon nanotubes. It has been
applied in this work to reveal the alignment o f the carbon nanotubes, surface defects
and impurities, which may be present in the materials. The activated carbons were not
studied using this technique because there was insufficient time to collect the high
number o f images required for statistical significance in these disordered materials.
This technique was applied because o f its higher resolution in comparison with other
microscopic techniques. The nanotubes were prepared for analysis by dispersing them
in isopropyl alcohol. SWNT-1 was placed in a sonicator for 5 minutes to improve its
dispersion in isopropanol. A small quantity o f the dispersed mixture was then pipetted
and a droplet placed onto a support grid for TEM studies. The TEM images can be
observed on a computer screen via a Gatan Dualvision digital camera. The images
obtained using this technique are shown in Section 4.6.

3.5.4

X-ray Diffraction (XRD)

X-ray diffraction is an effective technique to study the average structural properties o f
carbon nanotube or nanoporous carbon samples (Reznik et al., 1995). It provides an
indication o f the extent o f crystallinity o f the materials and the extent o f their
disordering from that o f perfect graphite. X-ray diffraction patterns for each
nanoporous carbon material have been obtained using a Philips PW 1730/00 4 kW xray powder diffractometer with a long fine focus copper target x-ray tube operated at
40 kV and 25 mA with a wavelength (A,) o f 1.5418 A. Samples were scanned in a
step-scan mode (0.01° / step) over the angular range (20) o f 5° to 90°. See Figure 3.5-2
for a simplified diagram o f an X-ray diffractometer. The analysis yields important
information about the structural properties o f these materials and the results are
presented in Section 4.7.
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Sample
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Computer
Analysis

Goniometer

Figure 3.5-2: Simplified Diagram of an X-ray Diffractometer, (Adapted from Bucky Balls,
Diamond and Graphite, 2006).
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Sample Characterisation: Results and
Analysis

4.1

Introduction

This chapter presents the results o f the sample characterisation experiments carried
out using methods discussed in Chapter 3. The results are organised into four main
sections and illustrated using graphs and tables along with discussions on the
assumptions and equations used. In the first section, the results obtained from
thermogravimetry and helium pycnometry are outlined to show their relative
importance in interpreting hydrogen sorption data for nanoporous carbon materials.
Secondly, the results o f sample characterisation using gas adsorption techniques and
analysis methods are presented with a view to resolving the porosity o f the carbon
materials. Finally, in the third and fourth sections, transmission electron microscopy
(TEM) images o f the carbon nanotubes and x-ray diffraction results are presented. An
additional discussion o f these results is presented in Chapter 5 and 6 to highlight the
main findings.
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4.2

Thermogravimetry, Skeletal Density and
Moisture Content Results

Thermogravimetry, helium pycnometry and the IGA have been used to measure basic
properties o f the nanoporous carbon materials. The methods are described in Chapter
3. The values o f the ash content o f these materials obtained from thermogravimetry
provide a quantitative description o f the amount o f non-carbon material present in
each sample. The skeletal density provides useful information needed for the
buoyancy correction o f the gravimetric isotherm data. The values measured here
include the ash present in a particular material, which may be denser than the actual
carbon. The moisture content on the other hand provides an initial direction for the
necessary pre-treatment o f the materials prior to isotherm analysis.

A summary o f the obtained results is presented in Table 4.2-1 below. It is observed
from the data that Norit CNR 115 has the highest ash content (10.02 % db) o f the
nanoporous carbons, with MWNT-1 having none. A detailed study o f the ash
composition o f all the nanoporous carbon materials in relation to their chemical
heterogeneity has not been considered in this work. Lueking and Yang (2002) and
(2003) reported that residual metal in nanoporous carbons can play a role in the
hydrogen adsorption properties o f these materials. This is reported to take place via
hydrogen spillover from the metal to the carbon surface thus enhancing hydrogen
uptake in some carbons (Lueking and Yang, 2004). According to Argawal et al.,
(1987), the presence o f oxygen functional groups is also important in the
physisorption o f hydrogen onto activated carbons since it increases the oxidation o f an
activated carbon leading to increased physisorption. X-ray microanalysis was carried
out on only on BPL and Norit CNR 115. This revealed the presence o f aluminium
(Al), sodium (Na), oxygen (O) in both carbons in addition to the phosphorus (P)
present in Norit CNR 115. This provides an insight into understanding the adsorption
properties o f these materials as subsequently discussed in Chapter 5 and 6.
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In terms o f the skeletal density o f each material, the activated carbons having
disordered structures all have values lower than the density o f pure crystalline
graphite (2.26 g cm '3) as expected, even accounting for the presence o f metallic ash.
This is also observed with the carbon nanotubes.

Table 4.2-1: Summary of sample structural data

Sample

Ash Content1,

Ash*

Skeletal

Moisture Content

% mass, db

Composition

Density2,

o f as received

g e m '3

samples3, % mass

BPL

7.40

Al, Na, O

1.69

6.20

Norit CNR 115

10.02

Al, Na, O, P

1.93

10.10

SRD/667/1

1.69

-

2.08

13.70

SWNT-1

9.78

-

2.22

8.70

SWNT-2

4.23

-

1.96

4.90

MWNT-1

0.00

-

2.01

0.77

MWNT-2

2.43

-

1.99

1.60

Obtained using thermogravimetry and values shown are calculated on dry sample basis (db).
2Obtained from Helium pycnometry at room temperature (293 K). 3Obtained by weighing dried
samples under vacuum, *Obtained from sample x-ray microanalysis.

89

Chapter 4

4.3

Structural Characterisation using Gas
Adsorption

Characterising the porous texture o f carbonaceous materials is relevant in their study
since many o f their properties are strongly influenced by porosity (Cazorla-Amoros et
al., 1998). According to Sing et al., (1985), gas adsorption appears to be the most
suitable characterisation method, as it provides information both about the pore size
distribution and the surface characteristics o f the materials. The adsorption o f nitrogen
at 77 K is therefore routinely applied for this purpose. It provides information about
the whole range o f porosity o f the materials, although it can be influenced by the
diffusional limitations in the narrowest micropores. Hence, carbon dioxide adsorption
at 273 K has also been applied, since it has been shown to be a good alternative to
complement nitrogen adsorption data. This is because it can be used to determine the
volume o f narrow microporosity not accessible to nitrogen at 77 K (Cazorla-Amoros
et al., 1996, Stoeckli et al., 2001, Guillot and Stoeckli, 2001) although their molecular
diameters are quite similar, 0.36 nm and 0.33 nm for nitrogen and carbon dioxide
respectively. N 2 and CO 2 gas adsorption experiments have therefore being carried out
on the nanoporous carbon materials at 77 K and 273 K respectively.

When gas adsorption isotherms have been measured, suitable calculation methods
from the wide range available must be selected for interpreting the data. Each method
is subject to limitations as reviewed by several authors (Kruk et al., 1998; Jaroneic et
al., 1995). The methods chosen and results o f data analysis for this work are discussed
in Sections 4.4 and 4.5 below.
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Figure 4.3-1: Pore formation model of (a) Conventional porous carbon (top) and (b) Single
walled carbon nanotubes (bottom). Adapted from Liu and Cheng (2005).
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4.3.1

Nitrogen and Carbon dioxide Adsorption
Measurements

Figure 4.3-2 to Figure 4.3-4 show the sorption curves for nitrogen on the nanoporous
carbon materials. The activated carbons BPL, Norit CNR 115 and SRD/667/1 exhibit
Type 1 behaviour according to the Brunauer, Deming, Deming and Teller (BDDT)
classification o f isotherm types (Sing et al., 1985), implying that the materials are
microporous. The isotherms o f these materials are characterised by a plateau in the
amount adsorbed, which is nearly (BPL and Norit) or quite (SRD/667/1) horizontal
showing a tail as the saturation pressure is approached. This is said to exist as a result
o f the complete filling o f micropores such that the nitrogen molecules are adsorbed in
the adsorption space within the micropores (Gregg and Sing, 1982). The BPL
activated carbon isotherm shows a slight upward turn at relative pressures close to 1,
representing the filling o f larger micropores or the presence o f a small amount o f
mesoporosity in the material.

The N 2 sorption isotherms o f SWNTs can be divided into three parts as studied by
Yang et al., (2002). This indicates a multistage adsorption process as shown in Figure
4.3-3. In Part 1, the ultra low pressure range, the isotherm exhibits a Type 1
characteristic, which occurs in pores o f molecular size indicating the presence o f
micropores (less than 2 nm in diameter). Part 2 o f the isotherm, corresponds to the
mid pressure region indicating the onset o f multilayer adsorption occurring in the
larger pores analogous with the condensation o f the gas phase adsorptive (N 2 ). At
higher values o f relative pressure (Part 3), there is a hysteresis loop (Type H4) caused
by the changed state o f the adsorbate where the desorption curve follows a different
path to the adsorption curve until the condensate becomes unstable at a critical
relative pressure. The Type H4 hysteresis is often associated with narrow slit like
pores, as opposed to cylindrical pore structure in carbon nanotubes. The interstitial
pores between the in-bundle SWNTs are not detected. This might be due
inaccessibility o f nitrogen.

In contrast, the nitrogen adsorption isotherms o f MWNTs have been divided into four
parts (Liu and Chang, 2005) as shown in Figure 4.3-4. In Part 1, the isotherm is o f
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Type 1 behaviour indicated by the sharp rise in the amount adsorbed at very low
relative pressures. This corresponds to the initial filling o f the micropores suggesting
that there may be micropores present in the open inner cavities o f the MWNT with
very small diameters. Part 2 o f the isotherm shows a slower rise in the amount
adsorbed related to the formation o f a monolayer. Parts 3 and 4 are characterised by
the presence o f a hysteresis loop (H4) associated with capillary condensation in the
mesopores. All the single and multiwalled nanotubes show Type 4 isotherm behaviour
with capillary condensation occurring within relative pressures o f 0.5 - 0.9. The
instability (following a parallel path to the adsorption branch) o f the desorption
branch o f the isotherms for the SWNTs is observed to continue well into the very low
regions o f relative pressure. For the MWNTs, the instability subsides at high relative
pressures o f -0.85.

It is observed that the single walled nanotubes (SWNT-1 and SWNT-2) have a higher
uptake o f nitrogen than the multiwalled nanotubes (MWNT-1 and MWNT-2), this
might be as a result o f better porous structure related to their production route, and
purification method. At this stage it is important to assess more closely the structural
parameters o f these materials that may influence their adsorbent characteristics by
using the nitrogen and carbon dioxide adsorption isotherm results. The empirical
methods used and the results are presented in Section 4.4 and 4.5.

Figure 4.3-5 shows the CO 2 adsorption isotherms at 273 K for the activated carbons,
CO 2 employed as a probe molecule in the activated carbons provides the advantage o f
access to the microporous pore size range in these materials. The experiments are
carried out at subatmospheric pressures with a maximum relative pressure o f - 0.03. It
is observed that SRD/667/1 has the highest uptake o f carbon dioxide followed by
Norit CNR 115 and then BPL. This is an indication that SRD/667/1 contains a higher
amount o f very small pores (ultramicropores; pores less than 0.7 nm) compared to
BPL and Norit CNR 115. A diagram showing the pore formation model o f
conventional porous carbon and single walled nanotubes is shown in Figure 4.3-1.
According to Liu and Cheng (2005), it shows that in porous carbons, the
ultramicropores

are

constituted

by

interlayer

spacing

followed

by

the

supermicropores, which are formed in ultra-microparticles and then mesopores
formed among ultra-microparticles. In the case o f the single-walled nanotubes, the
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micropores or mesopores can be found in the hollow cavities of open nanotubes, the
ultramicropores are said to be found in the interstices of the nanotube bundles, while
other mesopore can be formed among isolated carbon nanotube bundles (Liu and
Cheng, 2005).

In Figure 4.3-6, the subatmospheric CO 2 adsorption isotherms for the carbon
nanotubes are shown. It is observed that SWNT-1 and SWNT-2 show higher uptakes
of CO 2 than MWNT-1 and MWNT-2. This is not surprising based on their low uptake
o f N2 also. Preliminary interpretation of these graphs suggests that SWNT-1 and
SWNT-2 have a higher volume of narrow micropores in comparison to the multi
walled nanotubes. The C 0 2 adsorption isotherms are further analysed to yield
micropore volumes and pore size distributions in Section 4.4 and 4.5.
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4.4

Determination of the Surface Area and
Pore Volume

4.4.1

The Brunauer-Emmett-Teller (BET) Method

It is now standard practise to apply the Brunauer-Emmett-Teller (BET) method to
determine the surface area o f porous materials from physisorption isotherm data. This
is in spite o f the oversimplification o f the model on which the theory is based (Sing et
al., 1985). Nitrogen at 77 K is the recommended adsorptive for determining the
surface area and pores size distribution, but it is necessary to employ a range o f probe
molecules to obtain a reliable assessment o f the micropore size distribution
(Rouquerol et al., 1994). The BET equation is applied in the form shown in Equation
4.4-1 below.
P
»‘ (P °~ P )

—

1

( C —1)/7

H------------—

<C

Equation 4.4-1

n°mCp0

Where n is the amount adsorbed at the relative pressure p/p°, n amis the monolayer
capacity and C is a constant dependent on the shape o f the isotherm. The BET
equation requires a linear relationship between p/rf(p°-p) and p/p° in the BET plot.
The range o f linearity is restricted to a limited part o f the isotherm within the p/p°
range o f 0.05 - 0.30. The second stage in the application o f the BET method is the
determination o f the surface area AS(BET) from the monolayer capacity. This is
calculated using Equation 4.4-2.
A (B E T ) = w® .L.am

Equation 4.4-2

Here, L is the Avogadro constant, am is the average area (i.e. molecular cross-sectional
area) occupied by each adsorbate molecule in the complete monolayer. It is usually
assumed that the BET nitrogen monolayer is close-packed giving tfm(N 2 ) = 0.162 nm2
at 77 K bearing in mind that it is unlikely that this value is constant over a wide range
o f adsorbents (Rouquerol et al., 1994; Sing et al., 1985).
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Although the BET method provides a means for determining the surface area o f a
porous solid/adsorbent; it is worth noting that adsorption systems such as with
ultramicroporous solids are not amenable to a simple BET analysis. According to
Rouquerol et al., (1994), the BET theory has been recognised as being unsound since
it is an oversimplified extension o f the Langmuir mechanism for multilayer
adsorption. To obtain reliable values o f namit is necessary that the BET constant, C is
not less than 100, values lower than 20 create doubt on the validity o f the BET
method (Rouquerol et al., 1994; Sing et al., 1985).

From the results o f the BET analysis shown in Table 4.4-1, it is observed that the
value o f the BET constant, C is negative in all cases implying that the application o f
the BET equation does not correlate with the geometrical surface area o f these
nanoporous carbons and can only be considered as the equivalent BET surface area.
This is to be expected for samples with an extended range o f microporosity as are the
materials studied in this work. The BET equation in this case serves only as a means
o f quantifying the surface areas and comparing these materials. It has been shown by
several authors that the BET surface area o f many porous adsorbents can be linked to
their hydrogen storage capacity (Texier-Mandoki et al., 2004; Nijkamp et al., 2001).
Therefore, within this context the surface area results obtained are applied with an
understanding o f the limitations in its meaning. The activated carbon Norit CNR 115
9 1
has been observed to have the highest BET surface area (1624.3 m g ' ) with MWNT1
2 appearing to have the least (16.3 m g' ). The surface area o f BPL has been
measured by several authors (Ehrhurger-Dolle et al., 1999; Sima-Ella et al., 2005)
quoting values similar to those reported in this work.

The BET surface area o f the carbon materials can be compared to their respective
hydrogen uptakes (Zuttel et al., 2004), Norit CNR 115 has an experimentally
observed ultra high purity hydrogen storage capacity o f 13.74 % while MWNT-2 can
only store 0.85 % at 77 K. It is thus meaningful to say that the higher the surface area
o f a porous adsorbent, the higher its hydrogen storage capacity. This relationship is
discussed further in Section 6.5. Figure 4.4-1 shows the BET linear plots for the
carbon materials applied within the valid range o f linearity o f the BET equation.
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Table 4.4-1: Summary of BET param eters from N2 adsorption at 77 K on the nanoporous
carbons

Sample

Relative

AS(BET) N2,

C

Pressure

m2 g 1

mmol g'1

0.08-0.19

1069.6

10.97

-135.7

. 1 1 -0 . 2 2

1624.3

16.65

-134.0

SRD/667/1

0.08-0.19

468.1

4.80

-93.0

SWNT-1

0.11-0.26

543.5

5.57

-89.0

SWNT-2

0.16-0.30

807.6

8.28

-539.0

MWNT-1

0.11-0.28

133.9

1.37

-81.3

MWNT-2

0.19-0.24

16.3

0.17

-14.6

Range
BPL
Norit CNR 115
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Figure 4.4-1: Brunauer, Emmett, Teller (BET) N2 plots for the nanoporous carbon materials.
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4.4.2

The Dubinin-Radushkevich (DR) Method

In the work o f Dubinin, the potential theory o f Polanyi was adapted to express the
physisorption data for a given microporous adsorbent in the form o f a ‘characteristic
curve’ (Schuth et al., (ed.), 2002; Rouquerol et al., 1999). The corresponding DR
equation for the characteristic curve, which was proposed in 1947 by Dubinin and
Radushkevich (1947), can be expressed as follows

Equation 4.4-3

Where V is the volume o f gas adsorbed at p/p°; Vo is the volume needed to fill the
micropores, A is the adsorption affinity or differential free energy o f adsorption, f5 is a
scaling factor and E q is the characteristic free energy o f adsorption

Equation 4.4-4

By combining Equation 4.4-3 and 4.4-4, the (DR) equation can be obtained.

Equation 4.4-5

Where B is the ‘structural constant’.

In its simplest form, the DR equation becomes

logio V = logF0 -D lo g ? 0(/?° I p )

Equation 4.4-6

Where D is an empirical constant directly related to the structural constant and
characteristic energy. That is,

Chapter 4

D = B (T / /? ) 2

Equation 4.4-7

P is chosen to be 0.33 for N 2 and 0.35 for CO 2 (Carzola-Amoros et al., 1996). The DR
method has been applied for the assessment o f the microporosity o f the nanoporous
carbons, bearing in m ind that it is purely empirical.

According to Equation 4.4-6, a DR plot o f log V against log ^ (p°/p) should be linear
with a slope D and intercept log Vo, where Vo is the micropore capacity. Generally, the
DR plot derived from a reversible isotherm on an ultramicroporous (<0.7 nm) carbon
has a long linear range o f low slope, which corresponds to a high Eo. If the adsorbent
is supermicroporous (between 0.7 and 2.0 nm), the linear range o f the DR plot is
shortened and confined to the initial part o f the isotherm (Schuth et al., (ed.), 2002).

Figure 4.4-2 to Figure 4.4-7 show the respective DR plots for the nanoporous carbons
for nitrogen and carbon dioxide. The range o f linearity o f the DR (N 2 ) plots for the
activated carbons extends over a wide range o f relative pressure with the DR (CO 2 )
linearity extending over the entire range o f relative pressures as shown in Table 4.4-2.
The persistence o f linearity at relative pressure 0.99 for SRD/667/1 is observed. This
might be due to a highly microporous structure present in this sample in comparison
to BPL and Norit CNR 115. There are slight deviations from linearity observed in
BPL and Norit CNR 115 at high relative pressures (Figure 4.4-2), which are concave
to the x-axis. This corresponds to the filling o f the few larger pores (mesopores)
present.

Figure 4.4-3 and Figure 4.4-4 show the DR (N 2 ) plots for the single and multiwalled
carbon nanotubes respectively. These materials exhibit a much shorter range o f
linearity than the activated carbons and deviate quicker from linearity characterised by
the concave plots to the x-axis. This is as expected because the range o f microporosity
o f these materials is smaller than the activated carbons and this deviation is analogous
to the filling o f the larger mesopores present in the sample.

In Figure 4.4-5 to Figure 4.4-7, the DR (CO 2 ) plots o f the carbon materials are
presented. As expected, the linear range o f these plots for the activated carbons is over
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the entire measured range (Table 4.4-2) because the CO 2 measurements are carried
out at low relative pressures to help reveal the narrow microporosity o f the materials
otherwise not accessible to N 2 (Cazorla-Amoros et al., 1996, Stoeckli et a l, 2001,
Guillot and Stoeckli, 2001). The carbon nanotubes on the other hand deviate from
linearity but to a lesser extent than obtained with N 2 .

A summary o f the DR parameters, microporous pore volume (Vp) and characteristic
energy E q, calculated for each material is shown in Table 4.4-2. The linear regression
o f the linear region o f the plots were converted into the micropore volume by
assuming the pores are filled with liquid adsorptive 0.808 g cm'3 for N 2 , while the
characteristic energy was calculated using the slope. The multi-walled nanotubes
appear to have the lowest pore volumes while the high BET surface area activated
carbons have the highest values. The observed DR (CO 2 ) values are smaller than the
DR(N 2 ), for all the samples with the exception o f SRD/667/1 showing similar values
for both adsorptives. The difference in pore volumes observed for the different probe
molecules is not surprising as both molecules at the temperature applied define
different portions o f the characteristic curve. Similar results have been observed by
Rodriguez-Reinoso (1989) and reported by Gregg and Sing, (1982).

Also noticeable from Table 4.4-2 is the different values obtained for the respective
characteristic energies (Eo) o f the samples. The values for N 2 appear to be within the
same order o f magnitude with the exception o f SRD/667/1, which has a characteristic
energy o f 23.73 kJ m ol'1 as a result o f its range o f microporosity observed from the N 2
sorption isotherms. In the case o f the characteristic energies obtained for CO 2 , the
values are also within the same order o f magnitude but comparatively larger than the
values observed for N 2 . Bearing in mind that the characteristic energy is dependent on
the adsorbate used (Do and Do, 1995), the disparity in the magnitude o f these values
can be linked to the enhanced interaction o f CO 2 with itself and the walls o f the each
adsorbent since it is applied here in the subcritical pressure range to probe the narrow
microporosity o f the nanoporous carbons. N 2 on the other hand probes the entire
porosity o f the materials with limitations in the microporous range hence it implies
that there is a lower interaction between N 2 molecules and the walls o f the adsorbent
in the pores o f wider dimensions (mesopores).
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To further verify the results observed using the DR equation, the application o f
another approach to characterise the nitrogen adsorption isotherms may be required
using the a s method described in Section 4.4.3.
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Table 4.4-2: Summary of DR parameters obtained from N2 (77 K) and C 0 2 (273 K) isotherms

Sample

N2 77 K

C 0 2 273 K

Range o f Linearity,

D R , Vp

E0, kJ

Range o f Linearity,

DR, Vp

E 0, kJ

p/p°

cm3 g'1

m o l1

p/p°

cm3 g '1

m ol'1

BPL

1.4 xlO*6 - 0.09

0.46

15.65

2.26 x 10"4 -0 .0 3

0.22

22.15

Norit CNR

3.7 x lO '6 - 0.03

0.62

14.30

1.90 x 10'4 -0 .0 3

0.25

22.32

SRD/667/1

7.2 xlO ’6 - 0.99

0.22

23.73

8.40 x 10'5 - 0.03

0.23

26.80

SWNT-1

5.4 x 10‘8- 2 .4 xlO*4

0.17

17.42

1.44 xlO*4 - 0.0039

0.10

27.26

SWNT-2

8.8 x 10’7 - 6.9x 10‘5

0.22

14.92

5.32 xlO -4- 0.0124

0.12

21.92

MWNT-1

3.10 x 10'2 - 0.134

0.06

13.98

2.30 x 10'2 - 0.027

0.05

14.67

MWNT-2

1.10 x 10'3 - 0.010

0.01

15.28

9.38 x 10*3- 0.019

0.61

11.84
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4.4.3

T h e ots M e th o d

The a s method is another empirical procedure for the determination o f useful
information about the internal and external surface areas and micropore volumes
(Rodriguez-Reinoso et al., 1986; Schuth et al., (ed.), 2002; Rodriguez-Reinoso, 1989;
Sing and Williams, 2005) o f nanoporous carbon materials. The application o f this
method requires the comparison o f the shape o f a given isotherm on a porous solid
with that o f a standard isotherm on a nonporous solid, with preferably similar surface
structure to the material under investigation. This allows the micropore volume and
the non-microporous surface area to be estimated (Rodriguez-Reinoso et al., 1986).

In the past, it has been suggested that the reference isotherm chosen should have a
similar BET constant, C to the material to be tested. IUPAC since recommended that
the standard isotherm should be obtained for the particular adsorption system. Hence,
for the purpose o f this study, the reference material chosen was an activated carbon
prepared by the carbonisation o f olive stones at 1123 K in N 2 and activated using CO 2
at 1073 K. To make this material nonporous it was heat treated to 2073 K to close the
open micropores (Rodriguez-Reinoso et al., 1986). The reported reduced isotherms
and a values (Rodriguez-Reinoso et al., 1986) were used to construct a s plots for the
nanoporous carbons.

The comparative a s method has been used to calculate the external surface area (Sext)
from the slope o f the linear segment o f the comparative plot in the high relative
pressure regions and the micropore volume (Vas) from the Y-intercept o f the
comparative plot linear regression line as shown in Figure 4.4-8 and Figure 4.4-9.
Comparing the results obtained from the DR method (Table 4.4-2) with the a s method
(Table 4.4-3), there is a good agreement in the micropore volumes Vas obtained, with
the exception o f SWNT-2 where a value o f the micropore volume could not be
deduced (zero intercept) due to the linearity o f the comparison plot. This is a result o f
the very similar shape o f the nitrogen adsorption isotherms from the reference
material and SWNT-2 isotherm.
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Figure 4.4-8 and Figure 4.4-9 show the standard adsorption, Og (N 2 ) plots for the
activated carbons and carbon nanotubes. The initial linear part o f the plots observed
for the activated carbons, which can be back extrapolated to the origin reveals that
undistorted monolayer adsorption is the first stage o f physisorption. The pronounced
downward deviation observed at relatively low p/p° for these materials indicates the
filling o f some wide micropores (supermicropores). It should be noted that for the
activated carbon SRD/667/1, the initial portion o f its a s (N 2 ) plot could be back
extrapolated to origin if more values o f volume adsorbed at lower p/p° are available.
The shortened linear region o f the plots for SRD/667/1 and the carbon nanotubes
could also be as a result o f the distortion o f the isotherm due to ultramicopore filling
at very low p/p°. On inspection o f the a s (N 2 ) plots for the nanotubes, there is a
distortion o f the plots from linearity at very high relative pressures that is concave to
the x-axis. It has been reported by Schuth et al., (ed.), (2002) and Sing and Williams
(2005) that this is analogous to adsorbents exhibiting Type 4 isotherms. This
coincides with the findings in this study.

For all materials, the upper long linear part o f the plots correspond to multilayer
adsorption on the external surface. It would be expected that the ultramicroporous
adsorbents, SRD/667/1, SWNT-1, SWNT-2, MWNT-1 and MWNT-2 would have
low external surface areas (Schuth et al., (ed.), 2002), whereas the supermicroporous
materials would have appreciable external areas. From the results obtained (Table
4.4-3) low external surface areas are obtained for BPL, SRD/667/1 and MWNT-2
with much higher values obtained for the other materials. An interesting analysis at
this point would have been to carry out standard ctg plots using the carbon dioxide
isotherms. This is not possible due to the lack o f standard data for this probe molecule
on a suitable nonporous adsorbent.
Table 4.4-3: Summary of a , results for the nanoporous carbons

Sample
BPL
Norit CNR 115
SRD/667/1
SWNT-1
SWNT-2
MWNT-1
MWNT-2

N2 (77 K)
Vas, cm3 g '1
Sext, m2 g '1
0.46
39.55
0.63
110.62
0.20
13.75
0.10
127.58
311.16
0.02
39.74
0.01
1.73
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Figure 4.4-8: Standard adsorption a, (N2) plots for the activated carbons.
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Figure 4.4-9: Standard adsorption a* (N2) plots for the carbon nanotubes.
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4.5

Sample Pore Size Distribution

4.5.1

N2 and C 0 2 Pores Size Distribution (PSD) Results
for the activated carbons using Density Functional
Theory (DFT)

In order to correlate and therefore understand the mechanism o f gas adsorption and
the properties o f the nanoporous carbon materials, it is important to establish their
pore size distribution. The IUPAC classification o f pore sizes is shown in Table 2.3-2.
Performing calculations based on computational, statistical and empirical models,
such as the Dubinin-Astakhov (Dubinin, 1989), Horvath-Kawazoe (Horvath and
Kawazoe, 1983), Kelvin equation (reviewed by Schuth et al., (ed.), 2002, Choma et
al., 2001), and more recently Grand Canonical Monte Carlo (GCMC) simulations (Do
and Do, 2003) and DFT (Olivier, 1995) can be used to obtain the PSD. Methods based
on empirical models are subject to limitations as reviewed by several authors (Kruk et
al., 1998; Gregg and Sing, 1985; Valladares et al., 1998) while the GCMC requires a
great deal o f computation time.

Density functional theory (DFT), a method developed by Olivier (1995) has been
chosen as the method o f use because it is quite effective in the study o f micropore
filling in regular micropores (Tanaka et al., 2001) and it has an improved capability o f
predicting the range o f pore sizes present in nanoporous materials. This method has
become popular and is incorporated into the computational software (DFT Plus)
supplied with the ASAP 2010. It is based on the idea that the free energy o f an
inhomogeneous fluid can be expressed as a functional o f its average density making it
suited to the study o f physical adsorption, where the density o f the adsorptive species
is said to be capable o f changing by orders o f magnitude over small distances near the
surface o f the adsorbent (Olivier, 1995). Obtaining PSD via this method requires
solving the integral

111

Chapter 4

V(P) = j‘F ( H ) v ( H , P )dH

Equation 4.5-1

tfmin

where V(P) is the experimentally determined excess volume o f gas adsorbed at STP/g
o f material, F(H) is the required PSD and v (H, P) is the excess volume o f gas at
pressure in a pore o f size H. The integral is solved over all pore sizes, H. Solutions
are then required for the ‘kernel’ functions v (H, P). In order to find a solution, a
model o f the pore structure geometry is required. The microstructure o f the activated
carbon materials studied were assumed to be a polydisperse assembly o f infinite slit
pores with walls formed by seminfinite graphite layers (Scaife et al., 2000; Do and
Do, 2003).

It is a desired property o f a carbon material to have a large volume o f pores in the
microporous range for the enhancement o f its hydrogen adsorption capacity. This is
because McEnaney et al., (1987) state that the adsorption energy decreases rapidly
with increases in the pore size o f a microporous carbon (McEnaney et al., 1987).
Figure 4.5-1 to Figure 4.5-4 show the PSD obtained for the activated carbon materials
using N 2 and CO 2 as probe molecules. The PSD (N 2 ) for Norit CNR 115 appears to
peak at 1.18 nm in the supermicroporous range while the PSD (N 2 ) for BPL and
SRD/667/1 peak at 0.54 and 0.59 nm respectively in the ultramicroporous range. This
value supports earlier statements on the ultramicroporosity o f SRD/667/1 from the a s
results. It is observed from Figure 4.5-1 that the PSD (N 2 ) for these materials lie
mostly

in

the

supermicroporous

region

for Norit

CNR

115

and

in

the

ultramicroporous region for BPL and SRD/667/1.

Figure 4.5-2 to Figure 4.5-4 show the PSD (CO 2 ) for the activated carbon materials. It
is evident from the plots that carbon dioxide is able to reveal or probe the
microporosity o f the carbon materials to a greater extent than nitrogen. The
distribution o f pores in the ultramicroporous range o f each material can therefore be
determined. The ultramicroporosity o f BPL peaks at 0.58 nm, while for Norit CNR
115 and SRD/667/1 peaks at 0.84 and 0.87 nm respectively in the supermicroporous
range are observed. The distribution o f pores obtained with carbon dioxide are in the
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range of values less than 1 nm compared to that observed for nitrogen providing
supporting evidence that the use of carbon dioxide as an alternative probe molecule to
nitrogen is beneficial in the assessment of the entire range of the PSD of carbon
materials.

According to Bhatia and Myers (2006), the optimum pore size for a carbon adsorbent
wide enough to accommodate exactly two layers of hydrogen (one layer near each
wall o f the graphene sheets) is 0.92 nm (Bhatia and Myers, 2006). This value is close
to that obtained for the Norit CNR 115 and SRD/667/1 as previously mentioned.
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Figure 4.5-1: Nitrogen pore size distribution for the activated carbons using Density functional
theory.
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4.5.2

N2 Pores Size Distribution (PSD) Results for the
Carbon Nanotubes using the Horvath- Kawazoe
(HK) and the Barrett, Joyner and Halenda (BJH)
Method

The PSD for the carbon nanotubes have been obtained using a combination o f the
semi-empirical Horvath-Kawazoe (HK) method (Horvath and Kawazoe, 1983) and
the Barrett, Joyner and Halenda (BJH) computational method (Barrett et al., 1951)
based on the Kelvin equation (reviewed by Schuth et al., (ed.), 2002). The HK
method is used for the assessment o f the microporous (< 2 nm) region o f the PSD,
while the BJH method is used to assess the mesoporous (2 - 50 nm) region. Li et al.,
(2004) and Chen et al., (2006) have applied these two methods in a similar way.

The method proposed by Horvath and Kawazoe is to calculate an average potential
function inside the micropore, relating the average fluid-fluid and solid-fluid
interaction energy o f an adsorbed molecule to its free energy change on adsorption
(Horvath and Kawazoe, 1983; Lastoskie et al., 1994). The resulting relationship
between the filling pressure and the slit width is Equation 4.5-2.

Equation 4.5-2

where L is the Avogadro’s number (6.023 x 1023 m ol'1), R is the molar gas constant, T
is the analysis bath temperature (K), cr is the gas solid nuclear separation at zero
interaction energy, w is the pore width (nucleus to nucleus), p is the equilibrium
pressure, p° is the saturation pressure, IP is the interaction parameter and do is the
average molecular diameter.

Although the HK method acknowledges the strong solid-fluid attractive forces in
micropores, it gives poor results for mesopore PSD and must be combined with a
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Kelvin type equation such as the BJH method for the assessment o f the entire PSD o f
the carbon nanotubes.

In the application o f this method, the nanotubes are treated as a single graphene sheet
(SWNT) or coaxial carbon layers (MWNT) that are cylindrical, hence the Saito-Foley
(Saito and Foley, 1995) corrections o f the original HK equations (Equation 4.5-2)
accounting for the effects o f curvature on the forces o f adsorption have been used.
The BJH method is applied for the analysis o f the mesoporous PSD o f the carbon
nanotubes. This method is based on a model o f the adsorbent as a collection o f
cylindrical pores. It accounts for capillary condensation in the pores using the
classical Kelvin equation, which in turn assumes a hemispherical liquid-vapour
meniscus and a well-defined surface tension (Barrett et al., 1951).

The results obtained by applying the above mentioned methods are shown in Figure
4.5-5 and Figure 4.5-6. As expected the results obtained from the BJH method shows
the distribution o f pores for the carbon nanotubes in the mesoporous range with
SWNT-2 exhibiting the highest peak at 9.2 nm. It also exhibits a series o f other peaks
ranging from 2 - 7.7 nm. SWNT-1 and MWNT-1 show their highest peak at 27 nm
while the volume o f mesopores for MWNT-2 is distinctively smaller exhibiting a
broad peak at 37.2 nm. The results o f the PSD defined by the HK method show two
peaks

for SWNT-2

at 0.7 (secondary) and

1.3 (primary) nm

within the

supermicroporous range, SWNT-1 also shows 2 peaks at 0.9 (primary) and 1.4 nm
(secondary) exhibiting a degree o f supermicroporosity, it is worth noting that these
peaks coincide with the manufacturer specified nanotube diameter range o f (0.8 - 1.3
nm). MWNT-1 and 2 show very low peaks in comparison to SWNT-1 and 2
exhibiting supermicroporous peaks at 1.6 and 1.4 nm respectively.

It is clear from the results that all the carbon nanotubes exhibit micro and
mesoporosity but to varying extents as described above. A comparison o f the BJH and
HK pore size distributions emphasises the limitations o f both methods. The HK is
limited to defining the microporous region o f the pore size, the BJH method is limited
to the mesoporous range.
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4.6

Transmission Electron Microscopy
(TEM) Images of the Carbon Nanotubes

Transmission electron microscopy has been used as a qualitative characterisation tool
for the carbon nanotubes studied. Figure 4.6-1 (A) and (B) show the images obtained
for the SWNTs. The underlying structure of these materials is made apparent. Narrow,
intertwined and long tubules are observed, which are characteristic of these materials.
The black spots present on Figure 4.6-1 (A) are representative of the residual catalyst
particles present as impurities in SWNT-1. SWNT-1 and SWNT-2 were observed to
consist of SWNT bundles.

In Figure 4.6-1 (C) and (D), images of the multiwalled nanotubes are shown. These
materials are also long and narrow tubules with a hollow centre. The image of
MWNT-1 shows how entangled the nanotubes can become forming an entangled
fleece. In Figure 4.6-1 (D), it is observed that MWNT-2 has surface defects that can
be attributed to the purification methods applied to open its ends.
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A higher resolution TEM (HRTEM) would have produced images at higher
magnification for closer observation of the material structure.
C

D

Figure 4.6-1: TEM images of the carbon nanotubes; (A) SWNT-1; (B) SWNT-2; (C) MWNT-1;
(D) MWNT-2.
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4.7

X-ray Powder Diffraction (XRD) Results

X-ray diffraction is an effective technique to study the average structural properties o f
nanoporous carbon samples (Reznik et al., 1994). It enables the probing o f the crystal
structure o f materials at the atomic level. The patterns obtained from powder
diffraction are used here to identify the nanoporous carbons, and changes in peak
width or position can be used to determine their purity and texture. In this section, the
results o f analysis carried out using the XRD method described in Section 3.5.4 are
presented.

For diffraction to occur, Braggs Law must be satisfied (Equation 4.7-1) below. The
diffracted beam from a crystal is built up o f rays scattered by all the atoms o f the
crystal which lie in the path o f the incident beam with the diffraction o f
monochromatic x-rays taking place only at the particular angles o f incidence that
satisfy Braggs Law (Cullity and Stock, 2001).

uX = 2d sin 6

Equation 4.7-1

where u is the order o f diffraction (u = 1, 2, 3, ...); X is the x-ray wavelength =
1.51418 A for copper K a radiation; d is the characteristic interplanar spacing o f the
sample and 6 is the diffraction angle. The angle between the diffracted and
transmitted beam is always 20, which is measured experimentally.

Figure 4.7-1 to Figure 4.7-3 show the x-ray powder diffraction patterns o f the
nanoporous carbons. The patterns can be indexed on the basis o f hexagonal closepacked graphite (Zhou et al., 1994). In all patterns, most noticeably the patterns for
MWNT-1 and MWNT-2 in Figure 4.7-3, there is a significant peak observed at the 20
value close to that o f ordered graphite (26°), which corresponds to an interlayer
spacing (dooz) o f 3.354 A (Zhou et al., 1994). The intensity o f the peak indicates the
high purity o f the materials (> 95 % for MWNT-1 and >90 % for MWNT-2) and the
resolving o f the multilayer structure o f these materials by x-ray radiation. For SWNT-
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1 and SWNT-2 broad low intensity peaks are observed in the 002 peak region. This is
most likely due to the presence o f impurities such as soot in these materials or the
close packing or bundling o f the nanotubes such that the spaces (interstices) between
tubes behave like carbon layers as a result o f the van der Waals interactions between
them. An important feature o f the diffraction pattern for the SWNTs shown in Figure
4.7-2 is a peak at 20 = 6 ° corresponding to an interlayer spacing o f about 14

A

(1.4

nm). According to Schuth (Ed.) et al., (2002) this peak is assigned to cylindrical
lattice o f nanotubes that are well ordered in the bundle and the intensity an indication
o f the sample quality (Schuth (Ed.) et al., 2002).

The M iller Bravais (hkl) (Cullity and Stock, 2001) indices for these patterns are
evident and are labelled on Figures 4.7-1 to 4.7-3. The interplanar spacing for the
relevant graphite peaks have been calculated using the Bragg’s equation (Equation
4.7-1) i.e. doo2, d 004 and duo. According to Iwashita et al., (2004), the hkl indices o f
carbon and their corresponding diffraction angles can be found in the 20 ranges
shown in Table 4.7-1 below.

Table 4.7-1: hkl indices and diffraction angles for carbon (Adapted from Iwashita et al., 2004)

hkl

20 (°)

002
004

2 5 .9 -2 6 .6
53.2 - 54.7
Near 77.6
83.6 and near 87

110
112 and 006

Table 4.7-2 shows the diffraction peak angles and interlayer spacing calculated for the
nanoporous carbons in the 002 graphite diffraction range. The diffracted angles at the
respective peaks have been calculated by separating the peaks and fitting them to a
Pearson VII function while the lattice constants, Co have been calculated using the
simple relationship c0 = 2d001 (Iwashita et al., 2004). Results o f the other diffraction
peaks (004, and 110), 20 angles and lattice constants obtained are available in
Appendix B.

From the results o f Table 4.7-2, it can be seen that the interlayer spacing for BPL
(3.82

A),

Norit CNR 115(3.78

A)

and SRD/667/1 (3.77

A)

are larger than that o f a

122

Chapter 4

perfect graphite crystal and is also the case for the carbon nanotubes. Zhou et al.,
(1994) and Saito et a l., (1993) have obtained similar results. While Zhou et al., (1994)
attribute this to the lack of positional correlation between carbon atoms in different
shells of the same nanostructure (Zhou et al., 1994), Saito et al., (1993) believe it to
be due to the turbostratic stacking of graphitic sheets (neighbouring graphitic sheets
are parallel to each other, but translational and rotational correlations within a sheet
plane are random) (Saito et al., 1993). The effects described can be attributed to the
materials under investigation in this work.

Although the basic configuration of the graphitic layer in activated carbons is similar
to that of pure graphite, there are some deviations, for example, the interlayer
spacings range from 0.317 to 0.382 nm different from that of pure graphite (0.335
nm). The orientation of the layers in activated carbons is such that a turbostratic
structure is resulted. Furthermore, there are crystal lattice defects and the presence of
built in heteroatoms (Do, 1998).
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Figure 4.7-1: XRD patterns for the activated carbons
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Table 4.7-2: X-Ray diffraction results at the 002 peaks of the nanoporous carbons

Diffracted Angle, 20 (002)
Interlayer Spacing, doo2
Lattice Constant, co
Diffracted Angle, 20 (002)
Interlayer Spacing, doo2
Lattice Constant, co
Diffracted Angle, 20 (002)
Interlayer Spacing, doo2
Lattice Constant, co
Diffracted Angle, 20 (002)
Interlayer Spacing, doo2
Lattice Constant, co
Diffracted Angle, 20 (002)
Interlayer Spacing, d 002
Lattice Constant, co
Diffracted Angle, 20 (002)
Interlayer Spacing, d 002
Lattice Constant, co
Diffracted Angle, 20 (002)
Interlayer Spacing, doo2
Lattice Constant, cq

BPL
23.22
3.82
7.66
N orit C N R 115
23.52
3.78
7.56
SRD/667/1
23.62
3.77
7.06
SWNT-1
22.21

A
A

-

-

-

-

SWNT-2
23.46

o

-

-

-

-

MW NT-1
25.57
3.48
6.92
MW NT-2
25.54
3.49
6.89

o

A
A
o

o

A
A
o

o

A
A
o

A
A
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Gravimetric Sorption Results

5.1

Introduction

This chapter is a report on a selection o f hydrogen isotherms from the large volume o f
data obtained using the Intelligent Gravimetric Analyser (IGA) described in Chapter
3. The main findings are discussed and linked to the characterisation results obtained
in Chapter 4. Detailed analysis o f these gravimetric results are presented in Chapter 6.

Section 5.2 discusses how the experimental data are corrected for buoyancy, a major
source o f error in gravimetric experiments and shows the importance o f the equation
o f state chosen to quantify the hydrogen gas properties. Excess hydrogen adsorption
and desorption isotherms are presented in Section 5.3 with the effect o f temperature
and hydrogen gas purity on the amount adsorbed presented in Section 5.3.land 5.3.2
respectively. This is followed in Section 5.4 by the results o f cycling the materials at
77 K using ultrahigh purity (UHP) H 2 .
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5.2

Buoyancy Correction

The data obtained from the IGA equipment are raw mass data uncorrected for
buoyancy. Gravimetric isotherm measurements are seriously affected by buoyancy,
which can be defined as an upward force on an object immersed in a fluid (liquid or
gas), enabling it to float or appear lighter. The effect o f buoyancy is not constant
along the sorption isotherm and may become significant at high pressures. Buoyancy
correction is therefore paramount in the reporting o f gravimetric adsorption data. The
two main contributions to buoyancy are the contribution due to the volume o f the
adsorbent, sample holder and components subject to displacement by the fluid; i.e. its
variation due to the change in gas density and the contribution due to the volume o f
the adsorbed phase (Frere and De Weireld, 2002).

The first buoyancy correction can be calculated by:

We = W —Ws + p ^ s

Equation 5.2-1

Where We is the excess adsorbed weight, W is the detected weight o f the adsorbent
with increasing pressure, P , Ws is the ‘dry’ weight o f the adsorbent when P = 0, that is
at vacuum, f>b is the bulk density o f the gas which is a function o f pressure, P and
temperature, T calculated using the Peng-Robinson equation o f state (Peng and
Robinson, 1976) and Vs is the volume o f the sample, which can be calculated from its
density ps obtained from helium pycnometry; Vs =

. It is generally assumed that

helium penetrates all pores o f the solid and it is not adsorbed at the experimental
conditions (room temperature and pressure) (Sircar, 2001; Maggs et al., 1960; Myers
et al., 1996; Springer et at., 1969) for all the nanoporous carbon materials. For
volumetric adsorption measurements, helium has also been applied for the
measurement o f the dead space for isotherm data correction.

The experimental measurement o f adsorption either by gravimetric or volumetric
methods gives the surface excess (Sircar, 1999; Myers et a l, 1996) that can be

127

Chapter 5
calculated using equation 5.2-1. This is known as the Gibbs surface excess, which can
be defined as the actual or absolute amount o f gas contained in the adsorbent pores
less the amount o f gas that would be present in the pores in the absence o f gas-solid
intermolecular interactions (Myers et al., 1996).

The second contribution can then be calculated by:

Wt — We + p bVa

Equation 5.2-2

Where Wt is the total adsorption (the total amount o f fluid in pores) and Va is the
which is the weight o f the adsorbed phase,
volume o f the adsorbate with Va = V
/p .'
Wa is divided by the adsorbed phase density, p a. Equation 5.2-2 represents the total or
absolute hydrogen adsorption in this case and is calculated using the experimental
excess derived from equation 5.2-1. For the calculation o f the total adsorption, the
volume o f the Gibbs interface (Sircar, 1999) is assumed to be equal to the micropore
volume obtained from N 2 adsorption measurements at 77 K or can be evaluated during
curve fitting o f the experimental excess isotherm to an adsorption model such as the
Langmuir-Freundlich or the Toth equation as shown in Chapter 6. At high gas
pressures and/or low gas temperatures, the buoyancy correction is increasingly
sensitive to the calculated gas density and therefore to the gas compressibility factor,
Z (P, T, V).

Equation 5.2-3

Where V is the molar volume o f the gas; R is the molar gas constant = 8.3145 J mol

The change in the adsorptive density in the bulk phase as a function o f pressure and
temperature is calculated using the Peng-Robinson equation o f state (Peng and
Robinson, 1975) shown in equation 5.2-4.
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RT
a (T )
Pn = -----------------------------------V -b
V(F + b) + b ( V - b )

Equation 5.2-4

Where b is a constant related to the size o f the hard spheres assumed for molecules, a
is a parameter which is a measure o f the intermolecular attraction force, P, T and V
are as defined above. Equation 5.2-4 can be rewritten as Equation 5.2-5.

Z 3 - (1 - B ) Z 2 + ( A - 3B 2 - 2B ) Z - { A B - B 2 - B 2) = 0

Equation 5.2-5

Where A = C
R 2T 2

Equation 5.2-6

and

Bn = b p

Equation 5.2-7

RT

At temperatures excluding the critical;
a(T) = a(Tc)a(Tr <B)

and

Equation 5.2-8

b(T) = b(Tc)

Equation 5.2-9

Where a(Tr,w) is a dimensionless function o f reduced temperature, Tr and acentric
factor, co and equals unity at the critical temperature. The relationship between a and
7Vcan be linearised to give Equation 5.2-10.

a V2 = 1 +

k {\

Where

is a constant and can be correlated against the acentric factor, to give

k

- T'12)

=> a = [1 + K(\ - Tr'n ) f

Equation 5.2-10

Equation 5.2-11.
k

= 0.37464 + 1 ,54226ty —0.26992c?2

Equation 5.2-11
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The Peng-Robinson equation o f state was chosen for the calculation o f the
thermodynamic properties o f the adsorptive because being a 3-parameter equation of
state it provides a more accurate prediction o f the volumetric behaviour o f single
component systems (Peng and Robinson, 1975). The equation provides simplicity and
accuracy and performs as well or better than the Redlich-Kwong-Soave (RKS)
equation (Peng and Robinson, 1975). This equation o f state is valid for hydrogen gas
within the experimental conditions being applied in this study. The Peng-Robinson
equation o f state has been incorporated into an EXCEL macro containing a series of
calculations for the buoyancy correction o f the hydrogen adsorption-desorption
experimental results and is shown in Appendix A. The excess % mass uptake is
calculated using Equation 5.2-12.

W
%Wt = —- x 100

Equation 5.2-12

Figure 5.2-1 and Figure 5.2-2 below are illustrations o f the observed significance o f
correcting the ‘raw ’ experimental gravimetric data for effects due to buoyancy. It is
observed that the buoyancy correction leading to the excess isotherm becomes
relevant at pressures greater than about 500 kPa, showing that this correction starts to
become quantitatively significant above this pressure region for the adsorption
isotherms shown in Figure 5.2-1 and Figure 5.2-2.

The total isotherm is largely influenced by the magnitude o f the adsorbed phase, Va
considered to be equivalent to the pore volumes obtained from nitrogen adsorption
experiments at 77 K. For materials with high pore volume the deviation o f the total
isotherm from the excess isotherm has been observed to be greater. The pore volumes
obtained for each o f the nanoporous carbons have been reported in Table 4.4-2 and
4.4-3.
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5.3

Gravimetric Hydrogen Isotherms on the
Activated Carbon Materials

The gravimetric hydrogen adsorption-desorption isotherms obtained for the activated
carbon samples are presented in this section. The isotherms reported are excess data,
which have been corrected for buoyancy effects as described in Section 5.2. Figure
5.3-1 to Figure 5.3-3 are graphs comparing the % mass adsorbed on each activated
carbon for the different grades o f hydrogen at different temperatures, 77 K, 195 K and
303 K.

The isotherms obtained for the activated carbons show Type I behaviour according to
the BDDT classification (Sing et al., 1985). In all materials, the amount adsorbed
increased with increasing pressure, and no excess behaviour, which is characterised
by the reduction in the amount adsorbed in regions o f high pressure, has been
observed for these materials in the pressure range (0 - 2000 kPa) used. The uptake at
low pressures (Henry’s law region) is linear with a steep rise and then approaches
saturation when the pressure is high. In these materials, hydrogen uptake is believed
to take place via physisorption, such that all o f the adsorbed hydrogen is released
when the temperature is increased and/or pressure is decreased. Evidence o f this is
based on the reported values o f adsorption energy (isosteric heat) measured on
nanoporous carbons in the literature and also as a part o f this work. This is further
described in Section 6.2.3.

The adsorption isotherms at 77 K are accompanied by the appearance o f hysteresis in
the low pressure region o f the desorption cycle. This implies that the sorption
isotherms obtained under these conditions are not fully reversible. When the system
temperature is raised above 77 K, all o f the hydrogen originally left behind has been
observed to fully desorb. In an ideal storage system, it is a requirement that a large
proportion, if not all o f the stored hydrogen should be dischargeable. This is an
interesting observation and is discussed in more detail in Section 6.3.3.
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In Figure 5.3-1, the isotherms obtained at 77 K are shown. It is observed that when
low grade (LG) hydrogen is used, the amount o f hydrogen adsorbed is 5.15, 5.50 and
6.98 wt-% on BPL, SRD/667/1 and Norit CNR 115 respectively. For high grade (HG)
hydrogen, the amount adsorbed is 7.45 wt-% on BPL, 5.67 wt-% on SRD/667/1 and
12.1 wt-% on Norit CNR 115. In the case o f ultra high purity (UHP) hydrogen, values
o f 10.04, 9.47 and 13.7 wt-% have been obtained on BPL, SRD/667/1 and Norit CNR
115 respectively. Norit CNR 115 appears to have the highest uptake o f the three
activated carbons at 77 K. This may be linked to its high DR (N 2 ) micropore volume
(0.62 cm3 g '1) and BET surface area o f 1624 m2 g '1 in comparison to the other
carbons. This is fully discussed in Section 6.5. Similarly, high adsorption capacities (8
wt-%) at 77 K have been observed by Schwarz on a Norit sample (Schwarz, 1994)
although no specification on the purity o f the hydrogen gas used is stated in the
publication. This indicates that the high uptake observed here is not unheard of. It is
worth noting that the Norit activated carbon is the only chemically activated sample
(phosphoric acid), while BPL and SRD have both been activated by steam. The
adsorption isotherms measured at temperatures higher than 77 K, that is, at 195 and
303 K as shown in Figure 5.3-2 and Figure 5.3-3 reveal much lower values o f
hydrogen uptake, with values in the range o f 0.2 wt-% - 1.0 wt-% observed. The use
o f higher purity hydrogen does not provide an improvement in the amount adsorbed
by the activated carbons as observed at 77 K.

The process o f adsorption in these nanoporous carbon materials is by van der Waals
forces at the adsorbent surface. These binding forces are weak, implying that the
process o f physisorption at room temperature is almost impeded by thermal motion
(Rzepka et a l., 1998). It has been observed that in order to store significant amounts
o f hydrogen, the carbon materials need to be cooled to liquid nitrogen temperatures.
This is in agreement with the work o f other authors (Zhou et a l., 2003; Benard and
Chahine, 2001). The amount o f hydrogen stored at much higher temperatures is
significantly reduced.
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5.3.1

Effect of Temperature on Hydrogen Uptake in the
Activated Carbons

The amount o f hydrogen adsorbed on the nanoporous carbon materials studied has
been observed to be dependent on the adsorption temperature, as expected. Figure
5.3-4 to Figure 5.3-6 are plots o f the adsorption isotherms for the respective samples
at varying temperatures. It is observed that BPL has an uptake o f 10.04 wt-% at 77 K
and 0.22 wt-% at 303 K, Norit CNR 115 has an uptake o f 13.74 wt-% at 77 K
compared to 0.71 wt-% at 303 K, while SRD/667/1 has an uptake o f 9.47 wt-% at 77
K and 0.40 wt-% at 303 K using UHP-H 2 . The shapes o f the observed isotherms are
analogous to that o f the standard Langmuir isotherm. As mentioned previously, the
highest uptakes have been measured at 77 K with a significant reduction in the uptake
observed at higher temperatures. It is clear that low temperature favours the
adsorption process.

The semblance o f the shape o f the isotherms obtained here to that o f the Langmuir
(1918) model appear to be coincidental since the Langmuir model describes
adsorption onto a flat surface as a continuous process o f bombardment o f adsorbate
molecules onto the surface o f the adsorbent and a corresponding desorption o f
molecules from the surface. It is important to note that the surfaces o f the nanoporous
carbon materials studied are not flat, but the Langmuir model provides a preliminary
qualitative analysis o f their isotherms. This is further developed in Chapter 6.
According to Do (1998), when the affinity parameter or Langmuir constant (based on
its dependency on temperature) is larger, the surface o f the adsorbent is covered with
more adsorbate molecules as a result o f the stronger affinity o f these molecules
towards the surface. Similarly, when the heat o f adsorption increases, the amount
adsorbed increases as a result o f the higher energy barrier in which the gas molecules
have to overcome to desorb back into the gas phase (Do, 1998).

Increasing the adsorption temperature will decrease the amount adsorbed at a given
pressure. This is due to the greater energy acquired by the adsorbate molecules to
desorb from the adsorbed phase. The affinity parameter decreases with temperature
because the heat o f adsorption is positive, that is, adsorption is an exothermic process.
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Hence it is commonly observed that lower temperatures favour adsorption. Semiempirical models for describing the hydrogen sorption isotherms are considered in
more detail in Chapter 6 as well as the heat o f adsorption and its significance.
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5.3.2

Effect of Hydrogen Gas Purity on the Amount
Adsorbed on the Activated Carbons

There appears to be a relationship between the amount o f hydrogen adsorbed and the
purity o f the adsorptive. Therefore, adsorption isotherms have been carried out on the
activated carbons using hydrogen gas with varying purity levels as shown in Table
3.3-2. The low grade hydrogen contains approximately 50 ppm impurities, the high
grade hydrogen contains 5 ppm impurities, while the ultra high purity hydrogen
contains 1 ppm impurities as specified by the respective manufacturers.

The results showing the purity effects are presented in Figure 5.3-7 to Figure 5.3-9.
For the activated carbons at 77 K the amount o f hydrogen adsorbed is observed to
increase as the purity o f the hydrogen gas is increased. At the other temperatures, the
use o f higher purity hydrogen appears to have a greatly reduced significance on the
amount adsorbed. For example, from the isotherms measured on BPL at 195 K, 0.58
wt-% is observed for LG-H 2 , 0.59 wt-% for HG-H2, and 0.55 wt-% for UHP-H2. The
adsorption capacity o f the material is not improved. In the case o f Norit CNR 115 at
303 K it is observed that the high grade hydrogen results gives higher uptake than the
isotherms obtained with ultra high purity hydrogen. This is also observed to be the
case for BPL at 303 K. These observations can be possibly attributed to the adsorption
o f the impurities in the gas stream. The adsorption isotherms for SRD/667/1 at 77 K
show interesting behaviour. There appears to be only a small difference in the amount
adsorbed using low grade hydrogen and high grade hydrogen (5.50 to 5.67 wt-%)
when compared to the differences observed with the other activated carbons (5.15 to
7.45 wt-% for BPL and 6.98 to 12.10 wt-% for Norit CNR 115).

These observations highlight the importance o f specifying the purity concentration o f
the hydrogen gas used when reporting this kind o f data. It is evident that the gas phase
impurities play an important role in hydrogen storage in activated carbons. The
observations are in agreement with the observations o f Amankwah and Schwarz
(1991) who studied the impurity effect in hydrogen storage and calculated that for a
superactivated carbon, the reduction in the adsorbed amount o f hydrogen due to the
prescence o f impurities mainly nitrogen will not exceed 30 %. Findings from
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experiment and Grand Canonical Monte Carlo (GCMC) simulation on this subject
have been published by Odunsi et al., (2005).The findings suggest the presence o f a
pore blocking phenomenon in the activated carbons, such that the impurities in the gas
stream with higher molecular weights and higher adsorption affinity in comparison to
hydrogen compete for adsorption sites on these materials. It is suggested that on
exposure o f the clean adsorbent sample to lower grade hydrogen gases, the impurities
(N 2 , O 2 , H 2 O, CO, CO 2 ), as reported by the manufacturers adsorb preferentially onto
the activated carbons blocking access to the interconnected/complex pore structure of
the material. In the case o f the ultra high purity hydrogen, the concentration of
impurities in the gas stream is much less than that in the lower grade gas. This implies
that more o f the accessible adsorption sites are available for occupation by hydrogen
molecules.

In the work by Odunsi et al., (2005), simulation results based on a slit-pore model
suggest that the differences between the molecular sizes and interaction energies o f
hydrogen and the impurites are influenced by the range o f pore sizes in the material
invariably affecting hydrogen uptake. For small pores (0.74 nm), the uptake o f
nitrogen is found to reduce the amount o f hydrogen adsorbed even at sufficiently high
pressures, while for large pores (2.664 nm), the presence o f N 2 is said not to influence
the amount adsorbed. Pore sizes for the activated carbons in Section 4.5-1 using DFT
reveal that there is a varied distribution o f pores. The pore sizes range from 0.45 - 10
nm for Norit CNR 115 with a significant peak observed at 1.18 nm, 0.50 - 10 nm for
BPL with a significant peak at 0.54 nm and 0.42 - 2 nm for SRD/667/1 showing a
significant peak at 0.59 nm. These pores size distributions suggest that when low
grade hydrogen is used the available adsorption sites will be competed for by H 2 and
the balance impurities in comparison to when higher purity gas is used.
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5.3.3

Gravimetric Hydrogen Isotherms on the Carbon
Nanotubes

The carbon nanotubes labelled SWNT-1, SWNT-2, MWNT-1 and MWNT-2 have
been investigated for their hydrogen storage potential to complement the work on
activated carbons. The isotherms on these materials were measured solely at 77 K due
to high demand on machine time and a realisation that the amount adsorbed at this
temperature represents a good approximation o f the optimum amount o f hydrogen
storable on these materials.

All isotherms exhibit Type 1 behaviour as observed with the activated carbon
materials but the surface excess o f hydrogen in MWNT-1 increases with increasing
pressure. At low pressures, it goes through a maximum value and then it decreases
with increasing pressure. This follows the definition o f the surface excess o f a pure
gas as described by Sircar (1999). The extent o f reversibility and hysteresis observed
on these materials is discussed in detail in Section 6.3.3.

Figure 5.3-10 and Figure 5.3-11 show the sorption curves obtained. It is observed that
SWNT-2 has the highest uptake o f carbon nanotubes with 11.98 wt-% obtained from
the LG-H 2 experiments and 7.63 wt-% obtained from the UHP-H 2 experiment.
SWNT-1 has a measured uptake o f 7.24 and 6.68 wt-% for LG and UHP H 2
respectively. MWNT-1 exhibits uptake values o f 4.24 wt-% for LG-H 2 and 2.95 wt-%
for UHP-H2. MWNT-2, on the other hand, shows the lowest uptake adsorbing only
0.83 wt-% for LG-H 2 and 0.85 wt-% on the UHP-H 2 . This is an interesting
observation because SWNT-2 has the highest BET surface area (807.6 m2 g '1) o f the
carbon nanotubes with MWNT-2 having the lowest (16.3 m2 g '1). Also interesting is
that MWNT-2 is the only carbon nanotube studied here that has been opened on the
ends (manufacturer communication) and as observed by TEM. The observed low
values o f uptake observed for MWNT-2 is contrary to the work o f Darkrim and
Levesque (2000) and Hou et al., 2002. They report that carbon nanotubes with open
ends have a higher capacity for hydrogen storage. A comparison between the storage
amounts observed for SWNT-2 and the results o f Ye et al., (1999) quoting a storage
capacity o f 8.25 wt-% at 77 K for single walled nanotubes suggests that the value
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obtained in this work is in agreement with literature data. The GCMC simulation
results o f Darkrim and Levesque (2000) o f hydrogen storage at 77 K in carbon
nanotubes quote a hydrogen storage capacity o f 11.24 wt-%, which is also in
agreement with the amounts reported here. Lueking and Yang (2002), also report that
the residual metal content o f the single walled nanotube samples from their
preparation may enhance their uptake o f hydrogen through the spillover from the
metal to the carbon surface (Lueking and Yang, 2002). This is interesting because
SWNT-2 with the highest uptake has been produced via catalytic chemical vapour
deposition (CVD) with a residual metal content o f 4.2 wt-% (comprising 4 wt-% Fe
and 0.2 wt-% Mg). The high uptake values observed at 77 K may be linked partially
to the metal content o f this material.

Both single and multi-walled carbon nanotubes assemble to form bundles as a result
o f the van der Waals forces between tubes. In a bundled sample, there are several sites
where hydrogen can be adsorbed, such as in the tubes (if the tubes are open), in the
interstitial sites between the tubes and or on the outer surface o f the bundle (Atkinson
and Roth, 2003; Liu and Cheng, 2005, Levesque et al., 2002). Cheng et al., 2001
discussed the work o f Dresselhaus (1999), stating that a hydrogen molecule adsorbed
in the interstitial space undergoes much stronger surface attraction than on a single
planar graphene surface, since it is in close proximity to three graphene surfaces. This
implies that the hydrogen adsorbed in that space would be expected to be denser that
on the single graphene sheet (Cheng et al., 2001).

According to Levesque et al., (2002) due to the limited range o f the attractive van der
Waals interactions between hydrogen molecules and the carbon atoms, the adsorption
is not very much increased if the nanotubes are multi-walled. This is in agreement
with the observation in this work that the capacity to store hydrogen is clearly not
improved by the use o f multi-walled nanotubes. This can be supported with the fact
that the interlayer separation distance between the tube layers is 0.34 nm (distance
between two graphitic layers). If the tubes are open, most o f the hydrogen will be
stored in the hollow centre o f the tubes as opposed to between the layers, but if the
tube ends are capped, the multilayer structure provides an insignificant improvement
to the hydrogen storage capacity o f the nanotube. The surface and pore structure o f
carbon nanotubes determine their storage performance in gas adsorption.
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5.3.4

Effect of Gas Purity on Adsorption in Nanotubes

In this section, the effect o f hydrogen purity on the amount o f gas adsorbed onto the
nanotubes at 77 K is reported. The results are shown in Figure 5.3-12 (a - d). It is
observed that the amount o f gas adsorbed using LG-H 2 is higher than the amount
adsorbed with UHP-H2 and is evident for SWNT-1, SWNT-2 and MWNT-1. This
observation is contrary to the findings o f the measurements with the activated
carbons. On MWNT-2, the amounts adsorbed are marginally different, 0.83 and 0.85
wt-% is adsorbed for the LG and UHP H2 respectively. It can be deduced that for
MWNT-2, H2 purity has a minimal effect on the quantity adsorbed.

Hysteresis is observed on the isotherms o f SWNT-1 and SWNT-2, shown in Figure
5.3-12 (a, b) whereas for the multi-walled nanotubes it is negligible and considered
fully reversible (Figure 5.3-12 (c) and (d)). The inclination towards chemisorption can
be eliminated because the heat o f adsorption for a carbon nanotube hydrogen gas
system, although not measured in this work is reported to be ~ 6.3 kJ m ol'1 (Cheng et
al., 2001). This value is not high enough for chemisorption to be considered feasible.
The presence o f residual metal in SWNT-1 and 2 can also be linked to the observed
hysteresis following the suggestions o f Lueking and Yang (2002). The difference in
the observed maximum uptake for SWNT-1 for both grades o f hydrogen is 0.56 wt%, for SWNT-2, this difference is 4.35 wt-%, while for MWNT-1 and MWNT-2 this
difference is 1.29 and 0.02 wt-% respectively.

The observed difference in the behaviour o f the activated carbons and the carbon
nanotubes to sorption using different grades o f hydrogen such that in the case o f the
activated carbons, the uptake increases with enhanced hydrogen purity and for the
nanotubes the uptake decreases with enhanced hydrogen purity at 77 K is not
surprising since the mechanisms o f adsorption in both materials are different. Studies
have been done on the molecular selectivity o f carbon nanotubes by Arab et al.,
(2004) to suggest that there are adsorption sites in single walled nanotubes that
selectively adsorb molecules such as nitrogen and carbon dioxide based on the
potential energy. This mechanism o f adsorption in these nanoporous carbons using
kinetic hydrogen sorption data is further developed in Section 6.4.
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5.4

Gravimetric Material Cycling Results

Cyclic isotherms at 77 K have been measured for the three activated carbons and the
carbon nanotube observed to have the highest uptake (SWNT-2) using UHP-H 2 . The
results obtained form an essential part o f determining the practical application o f these
materials for storage purposes. In practise, the viability o f these materials will depend
on the ability to charge and discharge hydrogen readily at predefined temperature and
pressure conditions. Hence measuring their cyclability is one way o f achieving this
along with an understanding o f their stability on recycling.

At first glance, the measured cyclic uptakes appear to increase with increasing number
o f cycles for the carbon materials as shown in Figure 5.4-1 (a), (b), (c) and (d). On
closer inspection, this appears not to be the case. The cyclic isotherms have been
recalculated using the weight at the end o f each desorption run to get the values o f the
actual uptake for the subsequent cycles and are shown in Figure 5.4-1 (e), (f), (g) and
(h). Hence they are replots o f the same data. This reveals that the amount that can be
stored on these materials reduces significantly after the first cycle. On the second and
subsequent adsorption-desorption cycles, the amount adsorbed appears to be more
stable.

These results indicate that the amounts observed on the subsequent cycles are likely to
be a representation o f the real adsorption capacity o f each o f these materials. In
practical terms, the use o f any o f these nanoporous carbons as hydrogen storage media
will require a system whereby a fresh batch o f the material is loaded for each charge
o f hydrogen. High uptake o f hydrogen will only be achievable if the storage system is
maintained at 77 K hence maximising the adsorbent capacity. In a case where the
nanoporous carbon is to be recycled, regeneration o f the material will be required as
an intermediate stage. These results are further analysed in Section 6.3.2.
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Chapter Six

Gravimetric Data Analysis and Discussion

6.1

Introduction

In this chapter, the analysis o f the gravimetric experimental data reported in Chapter 5
will be presented. Empirical adsorption models are used to fit the experimental data to
obtain parameters useful for the study o f the hydrogen-carbon adsorption system. This
chapter is divided into four main sections as described below.

In Section 6.2, the equilibrium hydrogen adsorption isotherms are fitted to empirical
adsorption models such as the Toth equation. The resulting model parameters are
presented and discussed. A detailed analysis o f the errors associated with the fits is
also carried out. Section 6.3 deals with the analysis o f the sample gravimetric cycling
results and the sorption hysteresis observed. The assessment o f the hydrogen storage
mechanism in the nanoporous carbons is then evaluated in Section 6.4 by analysing
the kinetic data using diffusion approximating equations. Section 6.5 is an analysis o f
the relation between the structural characterisation results presented in Chapter 4 to
the hydrogen storage capacity observed in the respective nanoporous carbons as
discussed in Chapter 5.
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6.2

Hydrogen Sorption Data Analysis

In this section, the gravimetric adsorption data obtained and presented in Chapter 5
have been analysed using empirical adsorption models such as the LangmuirFreundlich and Toth equations. The results obtained are representative o f the
characteristics o f the hydrogen-carbon adsorption system. The model parameters are
then used to calculate quantities such as the heat o f adsorption.

6.2.1

Semi-Empirical Adsorption Models

In chapter five, gravimetric hydrogen sorption results were presented for the
respective nanoporous carbons. According to the BDDT classification (Sing et al.,
1985), the isotherms o f these materials are observed to exhibit Type 1 isotherm
behaviour at lower temperatures (77 K). It is evident that at higher adsorption
temperatures (195 - 303 K), the results exhibit a somewhat ‘early Type 1’ behaviour
such that at higher pressures (approaching 2000 kPa) the graphs still appear to be
linear, i.e. within the Henry’s law region. The Type 1 behaviour was originally
attributed to subcritical systems, i.e. systems where the adsorption temperature (7) is
lower than the critical temperature (Tc) o f the adsorptive gas so that condensation
occurs at saturation. In the case o f the hydrogen-carbon adsorption system o f interest
here, the adsorption conditions are supercritical implying that the temperature o f
adsorption is above the critical temperature o f the adsorptive gas (hydrogen; 33.3 K).
Hence there is no condensation taking place, rather the process o f adsorption is likely
due to gradual densification o f the adsorptive near the adsorbent surface.

Several semi-empirical models have been developed following the Langmuir model,
which is unsuitable for describing the experimental data o f practical solids (Do, 1998)
as a result o f their complex pore and surface structure. These empirical equations have
been applied to a wide range o f equilibrium adsorption data with success and hence
will be applied in this work. Some o f these equations include the Freundlich,
Langmuir-Freundlich or Sips equations, the Toth, Unilan and Keller, et al. equations.
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These equations are not without their respective limitations and are described in
Sections 6.2.1.1 to 6.2.1.7 and summarised in Table 6.2-1.

6.2.1.1

Langm uir Model

The basic theory o f the Langmuir model (Langmuir, 1916) considers adsorption onto
a flat surface such that the adsorptive molecules continuously bombard the surface o f
the adsorbent and there is subsequent desorption such that there is a zero rate o f
accumulation at the surface at equilibrium (Do, 1998). This model assumes that the
surface o f the adsorbent is energetically homogeneous, that is constant over all
adsorption sites, it also assumes that adsorption occurs at definite localised sites on
the surface o f the adsorbent and finally that each site can accommodate only one
molecule (Langmuir, 1916, Jaroneic and Madey, 1988; Do, 1998, Yang, 2003).

The Langmuir equation written in terms o f the amount adsorbed is shown in Equation
6.2-1 below.

b(T)P
n = n„----------------------------------------------° l + b(T)P

Equation6.2-1

W here n is the total amount adsorbed (% mass); no is the maximum amount that can
be adsorbed on the adsorbent, corresponding to complete monolayer coverage; b is the
affinity constant (a measure o f how strongly the adsorbate is attracted to the adsorbent
surface) and P is the pressure. This equation reduces to the Henry’s law when the
pressure is very low implying that the amount adsorbed increases linearly with
pressure, a constraint demanded by statistical thermodynamics (Do, 1998). The
oversimplified nature o f this model as a result o f the governing assumptions limits its
application for certain adsorption systems.
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6.2.1.2

The Freundlich Model

The Freundlich equation being one o f the earliest empirical equations used to describe
equilibrium adsorption data is very popular and applicable to gas phase systems, its
range o f validity relies on the pressure range used in measurement and is described by
Equation 6.2-2. It assumes that the surface o f the adsorbent is heterogeneous in the
sense that the adsorption energy is distributed, with sites having the same energy
grouped into one patch (Do, 1998) and there is no interaction between patches. It also
assumes that on each patch the adsorbate molecule only adsorbs onto one adsorption
site making the Langmuir equation applicable on each patch.

n = K P l/c

Equation 6.2-2

This equation is applicable to gas phase systems having energetically heterogeneous
surfaces, when the pressure range is not too wide since it does not have a proper
Henry’s law behaviour at low pressures and also does not have a finite limit at high
pressures. It is thus only valid in the narrow range o f the adsorption data. Its
parameters K and c are generally temperature dependent with c being a constant that
characterises the heterogeneity o f the system.

6.2.1.3

The Langmuir-Freundlich Model

The Langmuir-Freundlich (LF) equation was formulated in an attempt to solve the
problem o f infinite uptake as pressure (P) is increased as observed with the Freundlich
equation. This equation is based on the assumption that the energy distribution along
the surface o f the adsorbent exhibits a Gaussian shape such that when the energy is
either larger or smaller than the maximum energy, the distribution exhibits an
exponential decay (Do, 1998). The LF equation is similar to the Langmuir equation
with the exception o f the additional parameter c and is shown in Equation 6.2-3.
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(b P /c
n = n0-----------rr
1+ ( b p y c

Equation 6.2-3

When c equals 1, the LF equation reduces to the Langmuir equation, as P tends to 0
with c equals 1, it reduces to Henry’s law and when c is not equal to 1 but P tends to
0, the Freundlich equation is obtained. The other LF parameters, no and b represent
the maximum capacity o f the adsorbent and the adsorption affinity respectively. The
LF equation though having a finite limit at high values o f pressure still does not give
the correct Henry’s law limit (Do, 1998).

6.2.1.4

The Toth Model

In contrast to the aforementioned models, the Toth equation assumes that there is an
energy distribution on the surface o f the adsorbent, such that its surface is
energetically heterogeneous. This equation satisfies both limits at either end o f the
pressure range, that is, Henry’s law and saturation, and is popularly used as shown in
Equation 6.2-4.

(bP)
n = nQ-------------- ~r
[i+ (b p y y t

Equation 6.2-4

In this equation, the parameter, t is usually less than 1 and is specific for adsorbateadsorbent pairs along with the affinity parameter, b. The parameters b and t in Toth
equation are temperature dependent. W hen t equals 1, the Toth isotherm reduces to
the Langmuir equation; hence like the LF equation, this parameter is said to
characterise the heterogeneity o f the system. The further it deviates from 1, the more
energetically heterogeneous the system is. The Toth equation has correct limits when
P approaches 0 or infinity. Being a three-parameter model, the Toth equation can
describe well a range o f adsorption data (Do, 1998). This model is recommended as
the ideal choice o f isotherm equations for fitting experimental data on hydrogen
adsorption on activated carbon (Do, 1998; Valenzuela and Myers, 1989).
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6.2.1.5

The Unilan Model

The Unilan equation is obtained by assuming a patchwise distribution on the
adsorbent surface with each patch being ideal such that the Langmuir model is
applicable on each o f them, similar to the Freundlich. The energy distribution here is
assumed to be uniform and the equation is expressed as shown Equation 6.2-5.

f

\

no In
i l + b e sP
n=—
2s
y l + b e -sP j

Equation 6.2-5

The parameter s characterises the heterogeneity o f the system, the larger it is the more
heterogeneous is the system. When 5 = 0, the Unilan equation reduces to the classical
Langmuir equation because in this limit the range o f energy distribution is 0. The
Unilan equation has the correct behaviour at low and high pressures but its
assumption o f uniform energy distribution is probably too constraining.

6.2.1.6

The Keller, Staudt and Toth Model

The Keller et al. model (1996) is similar to the Toth model with the exception that the
exponent a is a function o f pressure rather than a constant as in the Toth equation.
Also the saturation capacities o f different species are different. The form o f the
equation is shown in Equation 6.2-6.
bP

n = nna
0 m

W ’

[\ + (bP)a y a
L

v

} J

Equation 6.2-6

1 + a mBP
a = ------ r^ —
1 + fiP

Where the parameter am is expressed as

= \ ^ / * j ; r is the molecular radius

and D is the fractal dimension o f the adsorbent surface. This equation contains more
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parameters than the aforementioned models (Keller et al., 1996) and has a Henry’s
law limit and a finite saturation limit.

Other empirical models such as the Dubinin-Radushkevich (DR), Jovanovich and
Temkin equations are also available, but the models described above have been
considered for further data analysis. The DR model has been discussed and applied to
the nitrogen and carbon dioxide subcritical adsorption data obtained for the carbon
materials in Chapter 4. It is necessary to bear in mind that the DR equation applies
mainly to subcritical systems and does not satisfy the requirements o f the data
obtained here, it does not have a Henry’s law limit but reaches a finite limit when P
approaches

The Temkin equation was originally proposed for chemisorption

systems while the Jovanovich equation is an unpopular yet useful empirical equation
having a Henry’s law limit and a finite saturation limit (Do, 1998). Table 6.2-1 below
is a summary o f the different empirical model equations and their respective
parameters as described in the above sections.

6.2.1.7

The Modified Toth Model

The adsorption isotherms o f SWNT-2, MWNT-1 and MWNT-2 show ‘excess’
effects, characterised by a downturn in the amount adsorbed at higher pressures. This
can be explained using the Gibbs Surface Excess (GSE) theory described in Chapter
5. These isotherms cannot be easily described with a standard Toth model as it
predicts the total amount adsorbed as opposed to the excess and require the inclusion
o f an additional term shown in Equation 6.2-7 below. This equation is being called the
‘Modified Toth’ equation for purposes o f distinguishing it from the original Toth
equation.

(bP)
n = n0-------------- r r
[i+ (b p y y t

—p bVa

Equation 6.2-7

The parameters have the same meaning as specified above, pb is the bulk density o f
hydrogen (mol cm'3) at the measurement conditions (the ideal gas equation o f state
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may be assumed to be valid for the range o f measurement) and Va is the volume (cm3
g '1) o f the adsorbed phase comparable with the pore volumes o f the adsorbents
obtained from nitrogen and carbon dioxide in Chapter 4. During fitting, this parameter
can be set as a variable or defined as a constant. In this work, it was chosen to be a
variable to see how the values obtained compare with the pore volumes obtained from
nitrogen. The fitted isotherms are shown in Figure 6.2-3.

Table 6.2-1: Table showing the different semi-empirical equations (Equations sourced from Do,
1998)_______________________________________ ___________________________________________

Model
Langmuir

Freundlich

n0, b

b(T )P

n =n

1 + b(T )P
K ,c

n = K P^C

Langmuir-Freundlich
n -n o
Toth

Parameters

Equation

n -n

(b p y

n0, b, c
y

i +(bpyc
n0, b, t

(bP)
V

0

[i H b P V r
Unilan

no, b , s

\ + b e sP
no In
1
n=—
2s
V1 + b e sP j
Keller, Staudt and Toth

bP

n = nna
0 m

n0, b, p, a
1/

[1 + (bP)a ]/a
a =

1+ J3P
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6.2.1.8

G eneral Discussion

Each o f the adsorption m odels described above has been used to fit a set o f
gravim etric hydrogen adsorption data for N orit CNR 115 at 77 K, as an exam ple, to
determ ine w hich model is m ost suitable for the description o f the experim ental data.
A decision on the m ost suitable adsorption m odel will be based on the following.

i.
ii.

The governing assum ptions o f the model;
The quality (or goodness) o f the f i t determ ined by visual examination, residual
and error analysis.

The determ ination o f the goodness o f fit and error analysis has been carried out using
the m ethods described in Section 6.2.2. The com m ercial graphing and data fitting
software, ORIGIN has been used for fitting the em pirical equations to the
experim ental data. A nonlinear least square fitting (NLSF) tool incorporated into
ORIGIN is used. The selected adsorption model equation is entered into the tool and
the model param eters to be calculated are defined. The nonlinear regression m ethod
used is based on the Levenberg-M arquadt (LM ) algorithm , which is the m ost w idely
used algorithm in nonlinear least square fitting. Given a set o f experim ental data
points, it optim ises the param eters o f the adsorption model so that the sum o f the
squares o f the deviation becom es minimal. Since it is a numeric m inim isation
algorithm , the LM algorithm is an iterative procedure. Initially, best starting values o f
the required param eters are entered and then iterations (typically 100) are perform ed
to give optim al values o f the required param eters with minimal error.

Figure 6.2-1 shows the respective plots and fits to the same experim ental data set. It is
evident by an initial visual assessm ent o f the plots that the Langm uir and Freundlich
m odels give poor fits o f the experim ental data. The Langm uir m odel tends to
underestim ate the adsorption capacity close to saturation while the Freundlich m odel
overestim ates these values. The oversim plified assum ptions o f the 2-param eter
m odels also add to their inadequacy in representing the experim ental data. W hile the
Langm uir m odel assum es that the surface of the adsorbent is energetically
hom ogeneous, such that the distribution o f energy is the same on every site on the
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surface, the Freundlich model assumes surface heterogeneity applicable to activated
carbon adsorption systems. As previously mentioned, the Freundlich model is only
valid within a limited pressure range and as it does not have the appropriate Henry’s
law behaviour at low pressures and also a finite saturation limit at higher pressures,
hence the inadequacy o f these models in fitting the experimental data. Therefore, the
system parameters obtained from using these two models can be considered as
inaccurate.

The quality o f the fit obtained, on the other hand, using the Langmuir-Freundlich,
Toth, Unilan and Keller et al., equations is an improvement on the other two models.
This might be as a result o f the additional parameters in their equations. The LF
model provides an improvement compared to the 2-parameter models but still slightly
underestimates the values o f adsorption close to saturation. Although this model is
applicable to heterogeneous systems, it is worth noting that it does not reduce to the
Henry’s law at low pressures. The Toth model provides an even better fit o f the
experimental data; it reduces to the Henry’s law at low pressures and has a finite limit
at higher pressures. The Unilan and Keller et al. method also give good fits o f the
data, they both have the correct Henry’s law limit and a finite limit at high pressures.
The choice on which o f these three models best fits the data requires a closer
examination o f the data by plotting the residuals o f each fit and calculating the root
mean square error. The results are presented in Section 6.2.2.1.
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Figure 6.2-1: Fits of the different adsorption models to gravim etric hydrogen uptake data
obtained a t 77 K on N orit CNR 115 using LG -H 2.
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Figure 6.2-1: C ontinued from previous page (Fits of the different adsorption models to
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6.2.2

Goodness of Fit and Error Analysis

In this section, the evaluation o f the ‘goodness o f fit’ and analysis o f the error
associated with the fits carried out with the different adsorption models to ascertain
their suitability for fitting the experimental data is reported.

When experimental data has been fitted to a model, it is important to assess the
quality or ‘goodness’ o f the fit. This assessment allows for the determination o f the
model parameters with minimal uncertainty and provides a good description o f the
experimental observation. There are a number o f ways in which this can be
accomplished. Initially, a visual examination o f the fit to the experimental data
provides preliminary information on the quality o f the fit, following on from this, the
residual and the root mean square error (RMSE) can be calculated.

6.2.2.1

Residual

The residual, r, from a fitted model is defined as the difference between the
experimental observation and the predicted observation obtained from the model.
Mathematically,
r = y —y t

Equation 6.2-8

where y is the experimental observation (% mass uptake) and y\ is the model
prediction (% mass uptake). If the model used is a good representation o f the
experimental data, the residual will be an approximation o f the random errors
associated with the fit. That is, if the residuals appear random, then the model is a
good fit o f the experimental data. However, the appearance o f a systematic pattern in
the observed residual indicates a bias in the fit. Figure 6.2-2 shows the residual plots
for the different adsorption models fitted to a sample set o f data on Norit CNR 115 at
77 K using low-grade hydrogen. The residual appears randomly distributed around
zero for the fits carried out using the Toth, Langmuir-Freundlich, Unilan and Keller et
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a l, models. The residuals o f the Langmuir and Freundlich fits are not randomly
distributed around zero indicating that these models are a poor fit for the data.
At this point, it is obvious that a choice o f either one o f the Toth, Unilan or the Keller
et a l method will be suitable for describing the experimental adsorption data. This
fact is further highlighted by the comparison o f the R2 values obtained from each fit
shown in Table 6.2-2.
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Figure 6.2-2: Residual plots for the fitted isotherm to different adsorption models.

Table 6.2-2: R2 for the Langm uir, Freundlich, L angm uir-Freundlich, Toth, Unilan and K eller et
al. fits to the adsorption isotherm of N orit CNR 115 using LG -H 2_____________________________

Rz

Langmuir

Freundlich

LF

Toth

Unilan

Keller et al.

0.98370

0.96173

0.99282

0.99388

0.99408

0.99648
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6.2.2.2

The Root Mean Square E rro r (RMSE)

The RMSE is being employed here as a statistic for assessing the quality o f a fit o f the
empirical isotherm models to the experimental data. The RMSE is also known as the
fit standard error or the standard error o f regression. It is calculated using the
mathematical relationship below.

RM SE =

Nd ~N p

Equation 6.2-9

The denominator in the above equation refers to the degrees o f freedom, where N j is
the number o f data points to be fitted and Np is the number o f parameters in the model
equation used. The parameters o f each o f the adsorption models are listed in Table
6.2-1. The respective RMSE have been calculated in relation to how the different
models fit the experimental data and are shown in Table 6.2-3.

The Langmuir model has an average error o f 5.3 %, the Freundlich, 7.5 %, the LF, 3.0
%, the Toth, 2.7 % with the Unilan and Keller et al., models having an average error
o f 2.5 and 2.1 % respectively. The RMSE associated with the Toth, Unilan and Keller
et al. methods are generally o f the same order o f magnitude. Therefore, a choice o f
using the Toth model to represent the experimental data is reasonable. This is based
on the evidence that it has the correct limits at high and low pressure as previously
mentioned, it is the simplest model with the minimal number o f parameters providing
an adequate fit o f the experimental data with minimal error and does not give a biased
fit based on the assessments o f the residual plots.

171

Table 6.2-3: Table showing the root mean square error on the fits to Norit CNR 115 adsorption data at 77 K

Pressure,
kPa

Experimental
% Mass

1.17
9.84
29.96
49.84
70.12
101.46
201.82
301.32
401.00
501.32
601.24
700.93
801.04
901.17
1001.19
1201.22
1401.19
1601.58
1801.07
1999.80

0.29
0.65
1.24
2.25
2.93
3.48
4.23
4.66
4.98
5.23
5.44
5.62
5.88
6.07
6.22
6.42
6.59
6.74
6.87
6.98

RMSE
Langmuir
0.05
0.03
0.02
0.06
0.09
0.08
0.02
0.06
0.08
0.08
0.08
0.07
0.04
0.02
5.77e-04
0.02
0.04
0.06
0.07
0.09

RMSE
Freundlich
0.12
0.20
0.20
0.05
0.04
0.09
0.10
0.09
0.08
0.06
0.05
0.04
0.04
0.04
0.03
3.39e-05
0.03
0.05
0.08
0.11

RMSE
LF
0.02
0.05
0.10
0.008
0.07
0.08
0.03
0.001
0.02
0.03
0.04
0.04
0.02
0.006
0.001
0.003
0.008
0.02
0.02
0.03

RMSE
Toth
0.04
0.04
0.10
0.004
0.06
0.08
0.03
0.001
0.02
0.03
0.03
0.04
0.01
0.002
0.004
0.004
0.007
0.01
0.01
0.02

RMSE
Unilan
0.04
0.03
0.11
0.004
0.06
0.08
0.04
0.01
0.01
0.02
0.03
0.03
0.01
0.0004
0.004
0.0005
0.0008
0.004
0.006
0.009

RMSE
Keller et al.
0.05
0.002
0.09
0.001
0.04
0.05
0.003
0.01
0.02
0.02
0.02
0.02
0.01
0.02
0.02
0.01
0.01
0.002
0.006
0.01
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6.2.2.3

Fitting of Equilibrium Hydrogen Adsorption Isotherms
to the Toth Model

The respective Toth fits o f the gravimetric equilibrium data on the nanoporous
carbons are presented in Figure 6.2-3 and 6.2-4. The model predicts the data well and
provides parameters with minimal errors. The parameter no corresponds to the
maximum uptake on the adsorbent (% mass), b is the affinity constant with a
temperature dependency (kPa'1), while t is the dimensionless parameter that
characterises the heterogeneity (energetic) o f the adsorption system. Table 6.2-4,
Table 6.2-6, Table 6.2-8 and Table 6.2-10 show the parameter results obtained from
the ‘unconstrained’ fit o f the Toth model to the equilibrium data. They are called
‘unconstrained’ because the parameter no has been allowed to vary during the fit.
Strictly speaking, this parameter might be expected to be constant for a specific
adsorbent such that it is independent o f the adsorption temperature. Allowing this
parameter to vary leads to inconclusive values o f the t parameter and hence an
inability to assess the extent o f heterogeneity o f the adsorption system.

In Table 6.2-5, Table 6.2-7 and Table 6.2-9, the parameter values obtained from the
constrained Toth fits o f the adsorption isotherms o f the activated carbons are shown.
The parameter no is kept constant at the values obtained experimentally at 77 K using
ultra high purity (UHP) H 2 . This amount is assumed to be representative o f the
maximum amount o f hydrogen that can be adsorbed onto each o f the carbon materials
studied. The other Toth parameters b and t are allowed to vary.

In both fits (constrained and unconstrained), it is observed that the value o f the
parameter b decreases as the temperature o f adsorption increases for all the activated
carbons, which is intuitively correct. This is because the larger the affinity constant, b,
the more the surface o f the adsorbent is covered with adsorbate molecules as a result
o f the stronger affinity o f the adsorbate molecules to the surface o f the adsorbent. This
is verified by the decrease in the amount o f hydrogen adsorbed as the adsorption
temperature increased as observed from the equilibrium data shown in Figure 6.2-3
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and 6.2-4. The values o f the heterogeneity parameter t, on the other hand show no
certain trend at different temperatures for the unconstrained fits but a definite upward
trend is observed with temperature with its value approaching 1 at high temperatures
for the constrained fits as shown in Figure 6.2-9. Recalling that the Toth equation
reduces to the Langmuir model when t = 1, it could be said that the more t deviates
from unity the more heterogeneous the system is. It is important to note that the
system has the same heterogeneity at all temperatures but the effects o f this are less
noticeable at high temperature since the thermal energy o f the molecules dominate
over the surface energy. This surface heterogeneity is an important factor in
adsorption systems as stated by Do (1998), that adsorbate molecules prefer to adsorb
onto sites o f high energy at the initial stages and as adsorption progresses they then
adsorb onto sites o f decreasing energy, resulting in the slower rise in the amount
adsorbed (Do, 1998).

In the case o f the carbon nanotubes insufficient machine time prevented
measurements to be carried out at higher temperatures therefore, a direct comparison
o f the Toth parameters based on the effect o f temperature cannot be made. The
modified Toth fits o f the equilibrium data for the carbon nanotubes, SWNT-2,
MWNT-1 and MWNT-2 are shown in Figure 6.2-4. It is observed that this equation is
a good fit o f the equilibrium data. The average errors o f the fits are in the range o f 0.4
to 9.0 %. The values o f the parameters obtained are presented in Table 6.2-10, the
value o f the heterogeneity parameter t is observed in all cases to be greater than 1
indicating that the adsorption system is heterogeneous for all the nanotubes. The
affinity parameter b is observed to be small and within the same order o f magnitude as
observed with the activated carbons.

It is important to note that for all the nanoporous carbons, the magnitude o f the
parameter t does not reveal the source o f the heterogeneity, that is, whether it is
structural or surface related. The values o f the additional parameter, the adsorbate
volume Va are observed to be consistent with the pore volumes obtained from the
nitrogen experiments for MWNT-2, in the case o f SWNT-2 and MWNT-1, these
values appear much larger. It could be suggested that the use o f the modified Toth
equation could be an alternative method for predicting the adsorbate volume (Va)
provided that an excess isotherm is available.
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Table 6.2-4: Table showing the ‘unconstrained* Toth model parameters (± absolute error) for
BPL at different temperatures on the three grades of hydrogen (/%. Va assumed to be
approximately 0)

Temperature,

no,

b,

K

% Mass

kPa -1

t

BPL LG-H2
77

6.570 ± 0.223

0.074 ± 1.8E-03

0.427 ±0.031

195

3.514 ±5.591

0.001 ± 4.00E-04

0.311 ±0.223

303

1.024 ± 1.129

0.0001 ± 1.00E-04

0.654 ± 0.299

BPL HG-H2
77

7.743 ± 0.247

0.019 ±3.00E-03

0.802 ± 0.094

195

1.088 ±0.338

0.002 ±3.00E-04

0.607 ± 0 .1 7 9

303

1.382 ±0.215

0.0006 ±5.00E-05

0.904 ± 0 .1 3 6

BPL UHP-H2
77

10.223 ±0.139

0.018 ±2.00E-03

1.027 ± 0 .077

195

0.823 ± 0.099

0.019 ±2.00E-04

0.741 ± 0 .1 1 0

303

0.670 ± 4.037

0.0002 ± 1.00E-03

1.854 ± 8 .079
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Table 6.2-5: Table showing the ‘constrained’ Toth model parameters (± absolute error) for BPL
at different temperatures on the three grades of hydrogen {fo. Va assumed to be approximately 0)

Temperature,

no,

b,

K

% Mass

kPa -1

t

BPL LG-H2
77

6.570 ± 0.223

0.074 ± 1.8E-03

0.427 ±0.031

195

6.570 ± 0

0.0001 ±6.38E-06

0.429 ± 0.027

303

6.570 ± 0

0.00002 ± 4.80E-06

0.501 ± 0 .169

BPL HG-H2
77

7.743 ± 0.247

0.019 ±3.00E-03

0.329 ± 0.220

195

7.743 ± 0

0.0003 ± 1.00E-04

0.396 ± 0.087

303

7.743 ± 0

0.0002 ± 6.44E-06

0.790 ± 0.094

BPL UHP-H2
77

10.223 ±0.13943

0.018 ±0.002

0.397 ±0.162

195

10.223 ± 0

0.0002 ± 1.00E-05

0.540 ±0.105

303

10.223 ± 0

0.00002 ± 4.00E-05

0.728 ± 1 .240
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Table 6.2-6: Table showing the ‘unconstrained’ Toth model parameters (± absolute error) for
Norit CNR 115 at different temperatures on the three grades of hydrogen
assumed to be
approximately 0)

Temperature,

no,

b,

K

% Mass

kPa -1

t

Norit CNR 115 LG-H2
77

8.975 ± 0.708

0.016 ±3.94E-03

0.540 ± 0.073

195

6.902 ±5.128

0.0003 ± 1.00E-04

0.276 ± 0.064

303

2.645 ± 3.035

0.003 ± 8.00E-04

0.224 ± 0.087

Norit CNR 115 HG-H2
77

12.185 ±0.365

0.026 ±4.67E-03

0.821 ± 0 .099

195

5.517 ±3.568

0.004 ± 1.00E-03

0.241 ± 0 .067

303

1.677 ±0.045

0.0005 ± 1.00E-05

4.681 ±0.455

Norit CNR 115 UHP-H2
77

13.483 ±0.189

0.019 ±2.00E-03

1.186 ± 0 .009

195

2.141 ±0.821

0.007 ± 2.00E-03

0.311 ± 0 .0 7 0

303

1.200 ±0.222

0.036 ± 1.60E-02

0.354 ± 0.067
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Table 6.2-7: Table showing the ‘constrained’ Toth model parameters (± absolute error) for Norit
CNR 115 at different temperatures on the three grades of hydrogen (/%. Va assumed to be
approximately 0)

Temperature,

n0,

b,

K

% Mass

k P a '1

t

Norit CNR 115 LG-H2
77

8.975 ± 0.708

0.016 ±3.94E-03

0.525 ± 0 .034

195

8.975 ± 0

0.0001 ± 3.98E-06

0.578 ± 0 .114

303

8.975 ± 0

0.0001 ±2.00E-05

0.616 ±0.363

Norit CNR 115 HG-H2
77

12.185 ±0.365

0.026 ±4.67E-03

0.379 ±0.201

195

12.185 ± 0

0.0003 ± 7.00E-05

0.396 ±0.791

303

12.185 ± 0

0.00007 ± 8.30E-04

0.322 ± 0 .106

Norit CNR 115 UHP-H2
77

13.483 ±0.189

0.019 ±0.002

0.674 ± 0 .109

195

13.483 ± 0

0.002 ± 3.30E-04

0.395 ±0.015

303

13.483 ± 0

0.0003 ± 4.00E-05

0.589 ± 0.054
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Table 6.2-8: Table showing the ‘unconstrained* Toth model parameters (± absolute error) for
SRD/667/1 at different temperatures on the three grades of hydrogen (pt.V a assumed to be
approximately 0)

Temperature,

n0,

b,

K

% Mass

k P a '1

t

SRD/667/1 LG-H2
77

6.646 ± 0.537

0.038 ± 1.50E-02

0.511 ±0.085

195

0.966 ± 0.056

0.004 ± 6.00E-04

1.133 ±0.219

303

0.645 ±0.051

0.007 ± 2.03E-03

1.747 ±1.142

SRD/667/1 HG-H2
77

6.445 ± 0.485

0.019 ±7.03E-03

0.647 ±0.132

195

0.837 ± 0.045

0.004 ± 5.00E-04

1.339 ±0.294

303

2.014 ±0.581

0.001 ± 1.00E-04

0.365 ± 0.053

SRD/667/1 UHP-H2
77

9.161 ±0.308

0.007 ± 1.00E-03

1.822 ±0.626

195

0.823 ± 0.045

0.008 ± 2.00E-03

0.975 ±0.188

303

8.552 ±13.261

0.0005 ± 4.00E-04

0.369 ± 0.237
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Table 6.2-9: Table showing the ‘constrained’ Toth model parameters for (± absolute error)
SRD/667/1 at different temperatures on the three grades of hydrogen (/%. Va assumed to be
approximately 0)

Temperature,

n0,

b,

K

% Mass

kPa -1

t

SRD/667/1 LG-H2
77

6.646 ± 0.537

0.038 ± 7.97E-03

0.511 ± 0.023

195

6.646 ± 0

0.002 ± 8.70E-04

0.345 ± 0.051

303

6.646 ± 0

0.0001 ±8.21E-06

1.089 ± 0.412

SRD/667/1 HG-H2
77

6.445 ± 0.485

0.019 ±7.03E-03

0.329 ± 0.220

195

6.445 ± 0

0.042 ± 1.80E-02

0.475 ± 0.082

303

6.445 ± 0

0.0002 ± 1.00E-05

0.790 ± 0.094

SRD/667/1 UHP-H2
77

9.161 ±0.308

0.007 ± 0.001

0.397 ± 0.208

195

9.161 ± 0

0.001 ± 1.80E-04

0.416 ± 0.025

303

9.161 ± 0

0.0003 ± 5.00E-05

0.553 ± 0.051
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Table 6.2-10: Table showing the ‘unconstrained’ Toth and Modified Toth model parameters (± absolute error) for the carbon nanotubes at 77 K

Sample

SWNT-1

H 2 Grade

l g -h 2

l g -h 2

b,

K

% Mass

kPa A

77

7.126 ± 0.254

0.008 ± 0.001

1.543 ±0.408

-

0.98784

6.569 ± 0.233

0,006 ±0.001

2.011 ±0.734

-

0.97986

14.239 ±3.484

0.009 ±0.003

1.271 ±0.902

0.733 ± 1.024

0.96283

7.546 ± 0.245

0.006 ±0.001

2.057 ± 0.708

-

0.98268

4.969 ±0.319

0.012 ±0.002

9.143 ±26.868

0.227 ± 0.166

0.96923

4.497 ± 0.500

0.009 ± 0.002

4.000 ±6.107

0.521 ± 0.232

0.90511

0.854 ±0.019

0.016 ±0.001

5.949 ± 2.320

0.006 ± 0.009

0.99326

0.856 ± 0.034

0.013 ±0.001

9.677 ±10.681

0.002 ± 0.017

0.97993

77

UHP-H2
MWNT-1

l g -h 2

77

UHP-H2
MWNT-2

l g -h 2

UHP-H2

R2

n0,

UHP-H2
SWNT-2

t

Temperature,

77

Va,
cm3 g 1
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6.2.2.4

Residual and RMSE Analysis of the Toth and Modified
Toth Fits

In this section, the residual plots for the Toth and modified Toth fits o f the
equilibrium hydrogen adsorption data on the nanoporous carbons are presented. The
plots are shown in Figure 6.2-5 to Figure 6.2-7. It is evident that both models provide
good fits to the data without a bias in the fit such that the residuals are distributed
evenly around zero.

Percentage root mean square error values have also been obtained for the fits o f the
adsorption isotherms o f the respective nanoporous carbons as shown in Table 6.2-11
for the activated carbons and Table 6.2-12 for the carbon nanotubes. These values are
generally within acceptable limits with percentage errors ranging from 0.04 - 4.41 %
for Toth fits to the adsorption isotherms for BPL. The range o f values for Norit CNR
115 and SRD/667/1 are 0.09 - 8.3 % and 0.36 - 12.1 % respectively. In the case o f
the carbon nanotubes, there is an error o f ~ 9 % associated with the Toth fit to the
SWNT-1 and SWNT-2 adsorption isotherms. For MWNT-1 and MWNT-2 adsorption
isotherms, which have been fitted with a modified Toth model, percentage root mean
square errors o f ~ 8 % and 0.8 % are obtained respectively.
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Table 6.2-11: Table showing the % root mean square error based on the Toth Fits of the BPL
adsorption isotherms

H 2 Grade

% RMSE BPL

% RMSE Norit

% RMSE SRD

l g -h 2

0.724

2.841

2.741

195

0.038

0.085

0.696

303

0.036

0.126

0.842

4.411

8.329

3.305

195

0.379

0.118

0.740

303

0.091

1.874

0.106

3.748

7.301

12.062

195

0.209

0.234

0.644

303

0.196

0.394

1.093

Temperature,
K
77

77

77

h g -h 2

u h p -h 2

Table 6.2-12: Table showing the % root mean square error based on the Toth Fits of the
adsorption isotherms for the carbon nanotubes

Sample

Temperature,

% RMSE

% RMSE

Toth

Modified Toth

l g -h 2

8.141

-

u h p -h 2

9.224

-

l g -h 2

-

20.351

u h p -h 2

9.936

-

l g -h 2

-

7.022

u h p -h 2

-

8.999

l g -h 2

-

0.410

u h p -h 2

-

0.780

H2 Grade

K
SWNT-1

SWNT-2

MWNT-1

MWNT-2

77

77

77

77
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6.2.3

The Isosteric Heat of Adsorption

The knowledge o f the isosteric heat o f adsorption is important in the study o f
adsorption kinetics and the temperature dependence o f equilibrium adsorption.
According to Do (1998), during adsorption some o f the heat released is absorbed by
the solid adsorbent while some is dissipated to the surroundings. The amount
absorbed by the solid causes a rise in its temperature leading to a reduction in the rate
at which adsorption takes place (Do, 1998). This phenomenon has been observed
during the adsorption carried out in this work. The time taken to reach equilibrium has
been observed to be faster at 77 K in comparison to measurements taken at much
warmer temperatures o f 303 K.

The heat o f adsorption provides a measure o f the change in enthalpy before and after
adsorption (Zhou et al., 2004), and is therefore a quantitative description o f the
interaction strength between the surface o f the adsorbent (carbon) and the adsorbate
(hydrogen) molecules (Zhou et al., 2006; Zhou et al., 2004; Benard and Chahine,
2001) . The measurement o f the heat o f adsorption can provide information about the
surface heterogeneity o f the nanoporous carbons. Since these materials have a
complex texture, they exhibit sites having a distribution o f adsorption energies. The
magnitude o f this energy (heat o f adsorption) is indicative o f adsorption process
taking place (physical or chemical). The isosteric heat o f adsorption can be calculated
from the van’t H off equation (Do, 1998, Zhou et al., 2004 and Choi et al., 2003).

AH

d \n P

RT2

dT

Equation 6.2-10
J

n

Where AH is the heat o f adsorption in J m o f , R is the molar gas constant (J m ol' K"
l) , T is the temperature o f adsorption (K) and P is the pressure (kPa). The value o f the
heat o f adsorption may vary with the amount adsorbed and it is this relationship that
explains the surface structure (Choi et al., 2003) o f the adsorbent. The heat o f
adsorption has been calculated for the ultra high purity hydrogen equilibrium data
obtained for the three activated carbons as shown in Table 6.2-13. This has not been
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carried out for the carbon nanotubes because their adsorption isotherms have been
obtained only at 77 K due to time constraints.

6.2.3.1

Heat of Adsorption from the Affinity Constant

As stated in Section 6.2.1.4, the adsorbate-adsorbent affinity parameter, b, in the Toth
equation is dependent on temperature. This relationship can be exploited to give an
initial indication o f the energy o f adsorption as shown in Equation 6.2-11.

b - b0 exp

RT

Equation 6.2-11

where bo is a pre-exponential constant and £ is a measure o f the heat o f adsorption.
By plotting In b against 1/RT, a linear plot is obtained as shown in Figure 6.2-8 with a
slope E and a y-intercept In bo. A linear regression o f the data has been obtained to
give values o f the adsorption energy and the affinity constant for the three activated
carbons.

The adsorption energies obtained for the activated carbons are shown in Table 6.2-13.
These values range from 2.61 kJ m ol'1 to 5.26 kJ m ol'1 for the activated carbons.
These figures are within the range expected for physical adsorption o f hydrogen on
activated carbons and are consistent with values reported in the literature (Benard and
Chahine, 2001; Zhou et al., 2006). According to Do (1998), the measured values o f
the adsorption energy using the temperature dependence o f the Toth parameter, b
gives the value o f the isosteric heat when the amount adsorbed (or loading) is zero.
These values therefore do not provide a full picture o f the change in the heat o f
adsorption with changes in the amount adsorbed, that is, the surface energetic
heterogeneity o f the carbons. Values o f the heat o f adsorption as the amount adsorbed
changes are thus required. This is obtained by plotting adsorption isosteres as
described in the Section 6.2.3.2.
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From Figure 6.2-8, it is observed that the affinity constant, b decreases with
temperature for the activated carbons. This is because the heat o f adsorption is
positive, that is, adsorption is an exothermic process. Since the free energy must
decrease for adsorption to occur and the change in entropy is negative. Therefore,
AG —AH —TAS < 0

Equation 6.2-12

The negative nature o f the enthalpy change means that heat is released from the
adsorption process.

The temperature dependence o f the heterogeneity parameter t is also shown in Figure
6.2-9. This parameter is found to depend on temperature such that as temperature
increases, its value also increases.
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Figure 6.2-8: A plot showing the tem perature dependence of the affinity param eter, b for BPL,
N orit CNR 115 and SRD/667/1.

T able 6.2-13: Table showing the adsorption energies of the activated carbons

bo (k P a 1)

Sample

E (kJ m ol'1)

BPL

3.39E-06

5.26

Norit CNR 115

9.00E-06

4.74

SRD/667/1

1.32E-04

2.61

♦ BPL
a SRD/667/1
— Linear (SRD/667/1)

0.8 -|

■ Norit CNR 115
Linear (BPL)
Linear (Norit CNR 115)
y = 0.0015x + 0.2705
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_ _■ - y=0.0004X + 0.4983
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Figure 6.2-9: Variation of the Toth param eter t with tem perature
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6.2.3.2

Adsorption Isosteres

In this section, the results o f the adsorption isosteres for the nanoporous carbons are
reported. Adsorption isosteres are obtained when curves o f pressure as a function o f
temperature at a constant value o f the amount adsorbed are plotted. The slope o f each
curve corresponds to the isosteric heat (-AH). As mentioned above, the values o f the
isosteric heat when plotted against the amount adsorbed gives a measure o f the
surface energetic heterogeneity.

The adsorption isosteres for the activated carbons, BPL, Norit CNR 115 and
SRD/667/1 are shown in Figure 6.2-10 to Figure 6.2-12. The amount adsorbed is
varied at the values o f 0.05, 0.15, 0.3, 0.35, 0.38, 0.1 and 0.5 %. The plots are
observed to be linear in each case with a change in the slope as the amount adsorbed
is varied. The slope o f each curve is calculated by linear regression and the observed
change in the isosteric heat with the amount adsorbed is shown in Figure 6.2-13. The
values o f the isosteric heat is observed to decrease as the amount adsorbed increases
with values in the range o f 6.7 to 1.38 kJ m ol'1 for BPL, 8.73 to 2.24 kJ m ol'1 for
Norit CNR 115 and 3.49 to 1.92 kJ m ol'1 for SRD/667/1. These values lie within the
range observed by several authors for activated carbons (see Zhou et al., 2004;
Bernard and Chahine, 2001; Zhou et al., 2006). According to Bhatia and Myers,
values within this range imply that the energy o f interaction between hydrogen and
the activated carbons is too weak for storing hydrogen at ambient temperature (Bhatia
and Myers, 2006), analogous with the low values of uptake measured in this work at
ambient temperature (303 K).

The observed decrease in the isosteric heat with the increase in the amount adsorbed
further points to the heterogeneity o f the surface o f the activated carbon materials
such that the adsorption energy is different on varying sites on the adsorbent surface.
This has also been suggested by Choi et al., (2003) and Do, (1998). Constant values
o f the isosteric heat on the other hand would point to a homogeneous system
analogous with the Langmuir model. Bhatia and Myers also point out that the ideal
adsorbent is energetically homogeneous, that is, the isothermal heat o f adsorption
should be constant with loading for optimal delivery. Energetic heterogeneity in any
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form is believed to be detrimental to the adsorptive storage o f gas (Bhatia and Myers,

2006).
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6.3

Sample Variation, Cyclability and
Adsorption Hysteresis

This section o f the thesis is a description o f the experimental findings based on the
observed variation in the amount o f hydrogen adsorbed by a nanoporous carbon
sample at a particular temperature. The effect o f cycling a loaded quantity o f carbon
on the amount adsorbed and desorbed and the extent o f the sorption hysteresis in these
materials is also presented. These effects are found to be mainly significant at low
temperatures, that is, at 77 K. The results are presented here along with a discussion
on their implications in this work.

6.3.1

Variation in the Amount Adsorbed on BPL

BPL activated carbon has proven to be very variable in terms o f determining its
hydrogen storage capacity. The value o f the amount o f hydrogen adsorbed has been
observed to change during reproducibility checks making it difficult to ascertain its
true capacity as a hydrogen storage material. The results presented in the preceding
sections for this material are based on an average taken on the range o f data measured
under exactly similar experimental conditions. Experiments were carried out as
described in Chapter 3 involving weighing and loading a fresh sample o f BPL into the
gravimetric apparatus on each occasion to assess the range and extent o f its
variability.

The results obtained are shown in Figure 6.3-1. A comparison between the data
obtained for BPL has been made with another activated carbon material, Norit CNR
115, which appears to be more stable based on results shown in Figure 6.3-2. The
main factors found to be responsible for the variation in this material are discussed in
Section 6.3.1.1 to 6.3.1.3.
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6.3.1.1

Effect of Sample Degassing Conditions

One o f the factors discovered to have an effect on the magnitude o f the amount
adsorbed on BPL is the degassing conditions used. When the sample was degassed at
250 °C for 4 hours, the amount adsorbed is higher in comparison to the values
obtained when degassing is done at 150 °C for 16 hours. This is evident from the data
shown in Figure 6.3-1 for experiments carried out using LG H 2 . It is important to note
that even when the degassing conditions for BPL are kept the same, the amount
adsorbed still varies. The reason for the change in the degassing conditions was to
speed up the degassing process since at higher temperatures the rate o f removal o f the
surface contaminants is improved. It is believed that the degassing temperature has an
effect on the accessible porosity o f the material influencing the materials’ gas
adsorption properties.

A comparison between the plots obtained for Norit CNR 115 and BPL show that the
extent o f variation in the adsorption isotherms o f Norit CNR 115 is reduced when the
degassing conditions are kept the same such that it is possible to get reproducible
isotherms using this material (See Table 6.3-1).

6.3.1.2

Effect of Sample Cycling

Sample cycling is another factor that has been observed to have an effect on the
amount o f hydrogen adsorbed by BPL. This factor is discussed in detail for the other
materials in Section 6.3.2. Cycling is achieved by loading a quantity o f material for
testing and after preparation, running a sequence o f isotherms without intermediate
regeneration following the desorption run. The results obtained at 77 K using UHP H 2
are shown in Figure 6.3-3. For BPL, it is observed that, the amount adsorbed on the
first scan (10.03 %) is the highest o f all the adsorption cycles as compared to 3.77 %
on the second scan, 2.98 % on the third scan and 2.74 % on the fourth scan. The
amount adsorbed decreases as the number o f cycles increases. This finding is
interesting because it enables the assessment o f the true storage capacity o f this
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material. In the case o f the amount o f desorbed (or discharged) hydrogen, it is
observed that on the first desorption scan only 1.71 % o f the amount adsorbed is
released. This can be attributed to the small hydrogen molecules burrowing deeply
into the porosity o f the carbon and getting stuck in pores o f molecular dimensions
such that they cannot be released easily. On the second desorption scan, 2.46 % o f
hydrogen is released while on the third and fourth desorption scans 2,00 % and 2.36
% are desorbed respectively. It is evident that as the number o f cycles increase, the %
mass o f hydrogen desorbed is improved. These amounts represent the real or useable
amount o f hydrogen in BPL. The desorption scan also has interesting implications
such that coupled with the adsorption scan they are representative o f the desired
characteristics o f a potentially good hydrogen storage material.

6.3.1.3

O ther Factors

Some other factors that may be responsible for the variation in the amount adsorbed
on BPL when the conditions o f measurement are kept the same include its porous
structure, its raw material source and preparation and activation method. While BPL
is a physically activated (steam) bituminous coal based activated carbon, Norit CNR
115 is a chemically activated (phosphoric acid) activated carbon. The preparation and
activation methods supplied by the manufacturer have been reported in Chapter 3. The
extent o f the preparation and precursor effects are not studied in this work.

Table 6.3-1 is a summary o f the calculated % mass adsorbed for the activated carbons
based on the observed variation in their measurements. The variation o f each value o f
the % mass uptake from the mean, that is, the standard deviation has been calculated
and is also presented in the table. The number o f repeats carried out for BPL is larger
than the other two activated carbons because o f the variability observed in the data.
Norit CNR 115 and SRD/667/1 appear to have a smaller deviation from the mean in
comparison to BPL, implying that the adsorption isotherms have an improved
reproducibility when compared to BPL. This is very important when considering the
practical application o f these materials.
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Table 6.3-1: Summary of the results showing the extent of variation in the amount adsorbed on
the activated carbons at 77 K

Standard
Deviation (±)

11
9
3
3

Average %
Mass Uptake at
2000 kPa
5.33
7.70
8.80
6.46

4
5
4
2
2

10.40
12.56
5.23
5.27
10.43

± 1.27
±0 .8 2
±0 .3 8
± 0 .5 7
± 1 .3 6

Sample

H 2 Grade

No. o f
Experiments

BPL

LG
HG
UHP
LG
HG
UHP
LG
HG
UHP

Norit CNR
115

SRD/667/1

± 1 .3 9
± 1.94
± 1.08
±0.81
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6.3.2

Sample Cycling

The activated carbons and the carbon nanotube with the highest observed % mass
uptake (SWNT-2) o f hydrogen have been cycled using ultra high purity hydrogen.
Eight scans comprising o f four adsorption and four desorption isotherms have been
obtained for each material. The excess adsorption and desorption isotherms for each
material have been presented in Chapter 5. Here, the adsorption isotherms obtained
for each cycle are shown in Figure 6.3-3 along with their respective fits to the Toth
model equation. Each scan o f the equilibrium isotherms will be discussed in relation
to the carbon material and the implications for its use as a hydrogen storage material.

The results for BPL have been discussed in Section 6.3.1.2. For the Norit CNR 115,
SRD/667/1 and SWNT-2 cyclic adsorption isotherms, it is observed that the amount
adsorbed on the first scan showed the highest values o f the entire adsorption scans. %
mass uptakes o f 11.75, 9.47 and 7.79 wt-% have been obtained for each carbon
respectively. The subsequent adsorption scans show a significantly reduced uptake,
less than half o f the original value in all cases as summarised in Table 6.3-2.

In the first adsorption scan, hydrogen is introduced to a carbon sample that has been
degassed at vacuum and high temperature and is therefore assumed to be void o f any
pre-adsorbed species. The introduction o f hydrogen into the system leads to the
adsorption on the higher energy sites followed by sites with weaker energy, resulting
in the filling o f the easily accessible sites or pores. This is followed by adsorption in
the pores buried deeper in the structure o f the carbon leading to the higher uptake
values observed in the case o f the activated carbon materials. On the desorption scan,
all o f the adsorbed hydrogen is not released such that on the next adsorption cycle,
some o f the adsorption sites are still occupied by the originally adsorbed hydrogen
leading to much lower uptake as observed. If all the hydrogen adsorbed on the second
scan is reversibly stored (all the adsorbed hydrogen is desorbed), it is possible to find
the real or useable amount o f hydrogen for a particular carbon. In the case o f Norit
activated carbon, only 2.57 % mass hydrogen was released on the first desorption
scan, compared to the 11.75 % adsorbed. It would be expected that the amount
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adsorbed on the next (second) scan would be equal to this value assuming all the
accessible pores were filled on the first adsorption scan. This is observed not to be the
case implying that there were still some pores left unfilled with a value o f 3.60 %
mass uptake observed on the second adsorption scan. 2.66 % mass o f hydrogen was
desorbed on the next (second) desorption scan indicating irreversible storage. On the
third adsorption scan, 3.55 % hydrogen was adsorbed but 4.87 % was desorbed. This
on initial inspection proved to be impossible but a closer look suggests that some o f
the originally adsorbed hydrogen was desorbed in addition to the additional amounts
adsorbed in the subsequent scans. On the final (fourth) adsorption scan, 3.84 %
hydrogen was adsorbed and 3.05 % desorbed. These results point to the presence o f
adsorption hysteresis, which will be discussed in the Section 6.3.3. The amounts
adsorbed and desorbed on the different scans for SRD/667/1 and SWNT-2 follow
similar trends as described above and the results are also presented in Figure 6.3-3 and
Table 6.3-2.

In the case o f SWNT-2, similar trends associated with the observations for the
activated carbons are evident. That is, the amount adsorbed on the first scan is high
while the subsequent scans show a much reduced hydrogen storage capacity. From
TEM, it is observed that this material consists o f single walled nanotubes arranged
into bundles. The hydrogen adsorption taking place in this material is believed to be
on the outer surface o f the bundles, in the interstices between tubes and possibly in the
hollow centre o f the tubes that are accessible as a result o f surface defects associated
with purification methods. It is likely that the loss o f capacity on cycling may be due
to the chemisorption o f hydrogen with the residual metal impurities present.

In summary, from the results o f the cyclic adsorption isotherms, it can be concluded
that the useable amount o f hydrogen from the carbon materials at 77 K is ~ 2 % for
BPL; ~ 3 % for Norit CNR 115, ~ 0.9 % for SRD/667/1 and ~ 3 % for SWNT-2.
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Table 6.3-2: Sum m ary of the cyclic hydrogen sorption am ounts for the nanoporous carbons at 77
K

Sample
BPL

Scan
1,2
3 ,4
5 ,6
7 ,8

% Mass Adsorbed
10.03
3.77
2.98
2.74

% Mass Desorbed
1.71
2.46
2.00
2.36

Norit CNR 115

1,2
3 ,4
5 ,6
7 ,8

11.75
3.60
3.55
3.84

2.57
2.66
4.87
3.05

SRD/667/1

1,2
3 ,4
5 ,6
7 ,8

9.47
2.39
2.27
1.96

0.71
0.83
0.90
0.77

SWNT-2

1,2
3 ,4
5 ,6
7 ,8

7.79
3.19
2.93
3.06

3.70
2.69
2.40
4.14
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6,3.3

Adsorption Hysteresis of Hydrogen in the
Nanoporous Carbon Materials

This section is a discussion on the adsorption hysteresis observed in the sorption
isotherms o f the nanoporous carbons, mainly evident at low temperature (77 K).
Hysteresis occurs when the adsorbed amount is not fully recovered on desorption such
that the amount adsorbed is not equal to the desorbed amount. According to Thommes
et al., (2006), the factors that determine hysteretic behaviour are: hysteresis on the
level o f a single pore o f a given shape and cooperative effects reflecting aspects o f
connectivity o f the pore network (Thommes et al., 2006).

Throughout this work, significant hysteresis is only observed at cryogenic
temperatures. At temperatures closer to ambient this effect is insignificant. At 77 K,
the adsorbed hydrogen is difficult to recover even when the pressure is dropped very
low to varying extents in the different nanoporous carbons. It has been observed that
when the cryogenic system is removed, all o f the hydrogen held onto the material is
released as the temperature returns to room temperature, such that the inclination
towards the presence o f chemisorption that may be associated with the presence o f
impurities in the gas supply or a change in the material surface can be negated to an
extent in the case o f the activated carbons. For the carbon nanotubes, suggestions by
Lueking and Yang that some o f the adsorption capacity o f these materials may be
enhanced by the chemisorption o f hydrogen on the metal impurities (Lueking and
Yang, 1999) is likely. This can be linked to the hysteresis observed in these materials
at 77 K.
Table 6.3-3 is a summary o f the gravimetric hydrogen sorption results obtained at 77
K for the nanoporous carbons. The graphs have been shown in Chapter 5. This is
separate from the results presented for the sample cycling. It shows the % amount
adsorbed and desorbed for each material to highlight the extent o f the hysteresis
observed under these conditions. It can be seen that as observed in the cyclic
isotherms, only a proportion o f the amount adsorbed is released on desorption. The
presence o f hysteresis in carbon materials although mainly associated with adsorption
in subcritical systems is present in the supercritical adsorption system studied here at
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cryogenic conditions. The main reasons highlighted for this observation is the
possibility o f the desorption process being very slow such that the time allowed for
equilibration may be insufficient; the molecules o f hydrogen could be trapped in the
porous structure o f the carbon materials; the measurement temperature (77 K) is too
low whereby the process o f adsorption is favoured over the desorption process such
that even the reduction in pressure is incapable o f enhancing desorption.

At this point, it is important to reiterate that when the sample temperature is gradually
increased (on removal o f the cryogenic system), all o f the hydrogen is released. This
is verified by the observation that the sample weight returns to its original value. This
implies that by raising the system temperature from cryogenic to room temperature all
the hydrogen “stuck” in the material is desorbed. Therefore, for system applications, a
suggestion might be to store the hydrogen in these nanoporous carbon materials at 77
K and release it for use at some optimised temperature and pressure close to ambient
conditions.

Table 6.3-3: Summary of gravimetric H2 sorption results at 77 K for the nanoporous carbons

Sample
BPL

Norit CNR 115

SRD/667/1

SWNT-1
SWNT-2
MWNT-1
MWNT-2

H 2 Grade
LG
HG
UHP
LG
HG
UHP
LG
HG
UHP
LG
UHP
LG
UHP
LG
UHP
LG
UHP

% Mass Adsorbed
5.15
7.45
10.04
6.98
12.06
13.74
5.50
5.67
9.47
7.24
6.68
11.98
7.63
4.24
2.95
0.83
0.85

% Mass Desorbed
1.80
2.36
7.54
3.34
7.44
3.98
1.29
1.32
0.31
0.91
0.94
5.72
3.09
3.74
2.57
0.56
0.51
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6.4

Assessment of Hydrogen Storage
Mechanism

In this section, the adsorption kinetic data obtained from the gravimetric isotherms on
the nanoporous carbons is analysed and the subsequent findings discussed. The
kinetic data will be used to assess whether the equilibrium conditions were met for the
adsorption points on the equilibrium adsorption isotherm. The kinetic data has been
fitted to a diffusion approximation model called the linear driving force (LDF) as
applied by the IGA computer algorithm described in Chapter 3. The application o f the
LDF equation will provide values o f rate constants, which can be used to estimate the
mechanism o f adsorption taking place in the nanoporous carbon materials.

6.4.1

Kinetics of Adsorption

In order to fully understand the adsorption process taking place in a particular system,
it is important to carefully consider the kinetics involved. A closer look at the kinetics
involved in a particular system can provide valuable information about the mechanism
o f adsorption. Adsorption kinetics are complex and studies have shown that it may
follow the linear driving force (LDF), combined barrier resistance/diffusion or Fickian
diffusion model (Fletcher et al., 2004), which provide a satisfactory description o f the
adsorption kinetics o f various gases and vapours on activated carbons. This is
dependent on the nature o f the adsorptive and the adsorbent (porous structure,
structural and electronic properties), and the experimental conditions applied (Fletcher
and Thomas, 1999).

According to Buzanowski and Yang, (1989), the design and modelling o f adsorption
processes requires the numerical solution o f a set o f partial differential equations
involving time and spatial variables. These computations can be greatly simplified by
using approximations for the intraparticle diffusion rates. According to several
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authors, the most powerful form o f such approximations is the linear driving force
model (LDF) proposed by Glueckauf and Coates in 1947 (Glueckauf and Coates,
1947). This model is conventionally written as shown in Equation 6.4-1 for isothermal
adsorption o f a pure gas onto a single adsorbent particle (Sircar and Hufton, 2000;
Glueckauf and Coates, 1947).
dn . .
.
— = «(«] —n)
dt

Equation 6.4-1

With boundary conditions: t = to; n = no and where k is the kinetic rate constant or
the mass transfer coefficient, n is the % mass uptake at time t,
uptake at the limit t

is the equilibrium

oo and nQ is the equilibrium uptake at t = to. The solution to

Equation 6.4-1 may be written as
n = n0 +(n 1 - n0)[l - e x p (-k (t - 10)]

Equation 6.4-2

The term ( r ij - n ) in Equation 6.4-1 refers to the “driving force”, since the rate o f mass
transfer o f adsorbate to the adsorbent is expressed as a function o f the overall driving
force for diffusion.

For spherical particles, it can be shown that (Sircar and Hufton, 2000);

7

15D

K —— —
R

Equation 6.4-3

p

Where D is the diffusion coefficient o f the adsorbate gas in the adsorbent and Rp is the
adsorbent particle radius.

The LDF equation as shown in Equation 6.4-2 has thus been applied for analysis o f
the kinetic data obtained from the hydrogen adsorption isotherms on the nanoporous
carbons. An example o f kinetic data obtained on an activated carbon is shown in
Figure 3.3-10. The graphing software ORIGIN was used to compute the variable LDF
model parameters k and n i . l t was observed that the kinetic data deviates from the
LDF model as shown in Figure 6.4-1 ( la to 7a). This deviation occurred for the whole
range o f pressure for the nanoporous carbons. A look at the residual plots in Figure
6.4-2 also indicates that the fit is biased towards the positive.
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It is proposed in this work that there are two mechanisms present in the nanoporous
carbons. For the activated carbons, the mechanisms could be due to diffusion from the
bulk gas phase to the solid surface and diffusion o f the gas molecules through the
interconnecting network o f pores. This observation is analogous to that observed by
Rao et al., (1985) in his work on the kinetics o f adsorption on carbon molecular sieves
and Fletcher et al., (2004) on metal organic frameworks. In the case o f the nanotubes,
the adsorption mechanisms can be potentially described as the diffusion from the bulk
gas phase to the outer surface adsorption sites on the closed nanotubes (SWNT-1, 2
and MWNT-1) and adsorption in the interstitial spaces between bundles o f the
nanotubes. MWNT-2 is opened on the ends with surface defects as observed by TEM
shown in Figure 4.6-1, therefore, the mechanism o f adsorption in this material can
also be attributed to adsorption inside the tube, on the outer surface o f the nanotubes
and interstitial sites.

The mechanisms discussed above can be described by a modified linear driving force
(MLDF) equation:

n = n0 + («j - n0)[l - exp(-/:1( / - tQ))] + {n2 - nQ)[l - exp(-&2( t - tQ))] Equation 6.4-4

Where kj and k 2 are kinetic rate constants and the terms (nj - no) and f a - no) define
the contributions o f the two mechanisms to the overall adsorption process. It is
apparent from Figure 6.4-1 that the adsorption kinetic plots o f all the nanoporous
carbons follow the MLDF model. The residual plots are presented in Figure 6.4-2 as a
comparison with the LDF model. It is evident that the MLDF model provides a much
more improved fit o f the data because the residuals are randomly distributed around
zero as opposed to the LDF model residuals, which are evidently biased as mentioned
previously. The % root mean square errors o f the fits have also been calculated and
are shown in Table 6.4-1. The values range from 0.005 to 0.126 % and 0.0003 to
0.024 % for the LDF and MLDF fits respectively.

Figure 6.4-3 shows the variation o f the respective rate constants with pressure
obtained for the nanoporous carbons at 77 K. Kinetic data obtained at other
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temperatures, 195 and 303 K have also been analysed and the data is presented in
Appendix C. The variation o f the kinetic rate constant with hydrogen uptake is also
shown in Figure 6.4-4. For the activated carbons, the rate constant, kj, appears to have
higher values at low pressures and then decrease with increasing pressure. Its values
are generally higher in magnitude than the values o f the rate constant, fa, which also
starts high and reduces as the pressure increases. Similar trends are observed in the
case o f the carbon nanotubes. The difference in the rate constants obtained for the
nanoporous carbons can also be linked to the difference in geometry o f each o f the
materials, that is, their particle sizes as defined by Equation 6.4-3. Knowledge o f the
material mean particle size and its rate constant can be used to estimate the diffusion
coefficient o f hydrogen in each carbon. The mean diffusion coefficient for the
activated carbons is in the range o f 1.1 x l0 ‘5 to 5.1* 10‘5 m2 s'1 while for the carbon
nanotubes, it is in the range o f 3.6x10-11 to 8.7x10"11 m2 s'1 at 77 K. In the case o f the
activated carbons, the values are within the same range at higher temperatures. This
implies that the rate o f diffusion o f hydrogen in the activated carbons is faster than in
the carbon nanotubes. Graphs showing the variation o f the diffusion coefficient for the
materials with pressure are included in Appendix D.

Furthermore, the parameter k] can be said to refer to the faster o f the two adsorption
mechanisms taking place in the nanoporous carbons. For the activated carbons this
can be linked to the diffusion o f hydrogen gas molecules from the bulk to the pores o f
the carbon material. This leads to faster adsorption kinetics since this process is
accompanied by a rise in the temperature o f the system associated with the adsorption
exotherm. The hydrogen molecules move faster making the process o f adsorption
faster. The parameter fa on the other hand can be related to the slower adsorption
mechanism, which is the movement o f the hydrogen molecules in the porous carbon
network. For the carbon nanotubes, the fast component o f adsorption relates to
adsorption o f hydrogen on the outer surface o f the tubes, while the slow component
can be attributed to the adsorption in the spaces between the tube bundles.

For pores with a wide opening, large enough for hydrogen molecules to diffuse easily,
but narrow endings such that the diameter decreases with length, hydrogen molecules
will diffuse faster from the bulk gas phase into the pore, but as they travel deeper into
the pore, the rate o f diffusion slows down making this process the rate determining
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step. When the reverse is the case, that is, a pore with a narrow opening but with
diameter that widens with length, the transfer o f hydrogen from the bulk to the pore
entry will be much slower than the diffusion inside the length o f the pore making this
the rate determining step.
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Figure 6.4-1: Plots of the u ltra high purity hydrogen adsorption kinetic data showing the L inear
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Figure 6.4-1: Plots of the ultra high purity hydrogen adsorption kinetic data showing the L inear
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fits to the adsorption kinetic d ata for the nanoporous carbons, (g) MWNT-2.

Table 6.4-1: Table showing the % Root M ean Square E rro r based on the LDF and M LDF Fits of
the A dsorption Kinetic D ata

Sam ple
BPL

Norit CNR 115
SRD/667/1
SWNT-1
SWNT-2
MWNT-1
MWNT-2

% R M SE LD F
0.087
0.052
0.005
0.126
0.086
0.055
0.049

% R M SE M LD F
0.014
0.009
0.0003
0.010
0.009
0.024
0.005
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Figure 6.4-3: G raphs showing the variation of the adsorption rate constants with pressure for the
nanoporous carbons, (a) V ariation of k t for BPL, N orit CNR 115 and SRD/667/1; (b) V ariation
of k2 for BPL, N orit CNR 115 and SRD/667/1; (c) V ariation of k, for SWNT-1, SW NT-2, M W NT1 and M W NT-2; (d) V ariation of k2 for SWNT-1, SWNT-2, MWNT-1 and MWNT-2.
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6.5

Relationship between Material
Structure and Hydrogen Storage
Capacity

This section o f the thesis is a presentation and discussion on how the structural
properties o f the nanoporous carbon materials measured in the preceding chapters
affect the hydrogen storage amounts observed. Structural properties such as the BET
equivalent surface area, pore volume as obtained from nitrogen and carbon dioxide
gas adsorption experiments, and pore size distribution results will be considered in
this section. The findings are then compared to results available in the literature.

6.5.1

Surface Area, Pore Volume and Hydrogen Uptake

The experimental structural characterisation results for the nanoporous carbons have
been presented in Chapter 4. The results obtained, such as the BET equivalent surface
area and pore volumes measured from nitrogen and carbon dioxide, have been
suggested by many authors (Gadiou et al., 2005; Texier-Mandoki et al., 2004; Zuttel
et al., 2001; Schlapbach and Zuttel, 2001; Nijkamp et al., 2001; Strobel et a l, 1999;
Takagi et a l., 2004) to correlate to the hydrogen storage capacity o f these materials.
According to Kayiran et al., (2004), the main characteristic o f carbon nanotubes and
activated carbons is their specific surface area, defined as the area o f the pore walls
per gram o f material, where gas molecules can be adsorbed and their pore volume
(Kayiran et al., 2004).

Figure 6.5-1 and Figure 6.5-2 show the plots o f the BET equivalent surface area and
pore volume in relation to the maximum uptake o f hydrogen measured using ultrahigh purity hydrogen at 77 K. It is evident from Figure 6.5-1 that the % mass o f
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hydrogen adsorbed increases with increasing equivalent BET surface area. This is
analogous to the findings o f many authors. Nijkamp et al., (2001) carried out surface
area and pore volume measurements on a wide range o f carbon materials and found a
rough correlation between the equivalent surface area and the hydrogen adsorption
capacities at 77 K and 1 MPa (Nijkamp et al., 2001). It is important to note that this
correlation cannot be used as the sole representation o f the potential capacity o f a
porous adsorbent especially when they are microporous. It can provide an initial idea
or direction on the potential hydrogen storage capacity o f the material but the extent
does not depend completely on the magnitude o f this value. Factors such as the pore
size distribution and pore volume are also important.

According to Gadiou et al.,

(2005), the ability to adsorb hydrogen at 77 K is related to the range o f accessible
micropores present in a particular material (Gadiou et al., 2005). Figure 6.5-2 shows
that the amount o f adsorbed hydrogen by weight at 77 K seems to be linearly related
to the micropore volume o f the sample. It can also be observed that the values o f the
nitrogen micropore volume are much higher than that o f carbon dioxide. This finding
is an indication that the range o f micropore size distribution o f the materials is wide
also including supermicropores. This is consistent with the findings o f the pore size
distribution analysis discussed in Section 4.5. Despite the low pore volumes o f
SRD/667/1, SWNT-1 and SWNT-2, they adsorb high amounts o f hydrogen than
expected at 77 K. This indicates that the pore size may have a large influence on the
amount adsorbed. This is in agreement with the observations o f de la Casa-Lillo et a l.,
(2002) who studied the adsorption o f hydrogen on a wide range o f microporous
materials (de la Casa-Lillo et a l., 2002).

According to de la Casa-Lillo et a l., (2002) there exists an optimum pore size and
optimum pore geometry (slit pore) for hydrogen adsorption. The experiments they
carried out demonstrated that the density o f adsorbed hydrogen is strongly dependent
on the pore size and that there exists an optimum pore size where the hydrogen
adsorption is greater because o f the enhanced adsorbate-adsorbent interactions (de la
Casa-Lillo et al., 2002). The optimum pore size seems to be able to accommodate two
layers o f hydrogen. These results pointed out that the amount o f hydrogen adsorbed at
room temperature is dependent on the volume o f micropores in the adsorbent.
Moreover his experiments show that the adsorption o f hydrogen depends on the

224

Chapter 6
micropore volume and pore size, but is not affected by the preparation method o f the
activated carbon (physical or chemical) or the shape o f the material (powder or fibre).
Rzepka et al., (1998), on the other hand concluded in their study that the optimum
pore size can hold one layer o f adsorbed hydrogen, proposing a pore size close to 0.35
nm (Rzepka et al., 1998). Their results were contrary to Wang and Johnson, who
reported that the optimum pore size can hold two layers o f hydrogen with the
proposed pore size close to 0.56 nm (Wang and Johnson, 1999). Values similar this
have been observed for BPL (0.54 nm) and SRD/667/1 (0.59 nm).

The pore size distribution results obtained for the nanoporous carbons as outlined in
Section 4.5 can be correlated to the hydrogen uptake observed on these materials. It is
found that BPL and Norit CNR 115 have a distribution o f pore sizes in the range o f ~
0.42 - 10 nm, while SRD/667/1 has a distribution in the range o f ~ 0.4 - 1.5 nm. This
clearly shows that SRD/667/1 has the narrowest range o f pore sizes all o f which are in
the microporous range. This is also evident from its nitrogen sorption isotherm shown
in Figure 4.3-2. This provides a supporting explanation for the high uptake observed
for this material at 77 K (9.47 %) using ultra high purity hydrogen inspite o f its low
BET equivalent surface area. The range o f pore sizes observed for BPL and Norit
CNR 115 show that the porosity o f these materials extends into the mesoporous range,
which may limit their hydrogen storage capacity as suggested by M cEnaney et al.,
(1987). In spite o f this, their high BET equivalent surface areas coupled with these
distribution o f pores give them a high enough uptake o f 10.04 and 13.74 % with ultra
high purity hydrogen respectively. For the carbon nanotubes, pore sizes in the range
o f ~ 0.9 - 98 nm, ~ 0.9 - 80 nm, - 2 - 1 1 0 nm and - 25 - 40 nm are observed for
SWNT-1, SWNT-2, MWNT-1 and MWNT-2 respectively. SWNT-1 and SWNT-2,
clearly have a wide distribution o f pores extending from the microporous range into
mesoporous and macroporous range while MWNT-1 and MWNT-2 consist o f pores
mainly in the mesoporous and macroporous range. These observations are consistent
with the hydrogen uptake amounts measured on these materials at 77 K. SWNT-2
with the highest surface area o f the nanotubes and narrower range o f pore sizes has
the highest uptake o f ultra high purity hydrogen (7.63 %) followed by SWNT-1 (6.68
%), MWNT-1 (2.95 %) and then MWNT-2 (0.85 %).
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Figure 6.5-1: Graph showing the relationship between the equivalent BET surface area and
hydrogen gas uptake obtained for the nanoporous carbons.
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Figure 6.5-2: G raph showing the variation of the pore volume with the % mass adsorbed on the
nanoporous carbons.
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Concluding Remarks

7.1

Introduction

In this chapter a brief summary o f the work detailed in this investigation will be
presented. This chapter is divided into three main sections. Section 7.2 is a summary
o f the thesis background and the work carried out in this investigation. In section 7.3,
the overall conclusions o f this work are highlighted followed by suggestions for future
work in section 7.4.

7.2

Background and Thesis Summary

This work has been focussed on bringing into context the issue o f hydrogen storage
with regards to advancing the introduction o f hydrogen as a future energy carrier. It
has been highlighted that a suitable method for storing hydrogen is required to make
this possible. The storage system should be able to hold and discharge 4.5 wt % H 2 by
2007, 6 wt % H 2 by 2010 and 9 wt % H 2 by 2015, according to the targets set by the
United States Department o f Energy (DOE), which is applied worldwide. In this
work, studies on the potential o f a selection o f nanoporous carbon materials to store
hydrogen have been carried out leading to a number o f interesting findings:
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1. High maximum weight uptakes o f hydrogen have been observed on the
activated carbons, BPL (10.04 wt-%), Norit (13.74 wt-%) and SRD (9.47 wt%) and the single-walled carbon nanotubes, SWNT-1 (6.68 wt-%) and SWNT2 (7.63 wt-%) at 77 K using UHP-H 2 . The multi-walled nanotubes, MWNT-1
(2.95 wt-%) and MWNT-2 (0.85 wt-%) are observed to have much lower
uptake.

2. The storage capacity o f the activated carbons has been observed to be
dependent on the sorption temperature, such that when the temperature is low
(77 K), the amount o f hydrogen adsorbed is higher than when the adsorption
temperature is high (195, 303 K). This can be linked to the observed reduction
in the value o f affinity constant, b, obtained from the Toth adsorption model as
the temperature increases.

3. The gas purity has been found to affect the hydrogen storage capacities o f all
the nanoporous carbons studied. The effects are significantly noticeable at 77
K but have been observed to diminish as the temperature is increased.

4. The storage capacity o f these materials has a dependence on their respective
BET equivalent surface areas, therefore the materials with high surface areas
such as Norit CNR 115 (1624.3 m2 g 1), BPL (1069.6 m2 g 1), SRD/667/1
(468.1 m2 g '1), SWNT-1 (543.5 m2 g 1) and SWNT-2 (807.6 m2 g '1)) were
observed to have higher uptakes o f hydrogen at 77 K. The multi-walled carbon
nanotubes, MWNT-1 (133.9 m2 g '1) and MWNT-2 (16.3 m2 g*1) with lower
surface areas had much lower capacities for hydrogen storage at this
temperature.

5. Measurements also reveal that the hydrogen storage capacity is dependent on
the pore volume and distribution o f pore sizes in the materials. The activated
carbons and single-walled nanotubes with higher pore volumes are observed to
have higher capacity for hydrogen.

6. There is the evidence o f hysteresis at 77 K for hydrogen sorption isotherms
obtained for the activated carbons and the single-walled nanotubes. The
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sorption isotherms for the multi-walled nanotubes on the other hand are
reversible. The hysteresis effects are found to diminish as the sorption
temperature is increased from cryogenic to room temperature.

7. Cyclic studies carried out on the activated carbons and SWNT-2 show that the
storage capacity o f the materials is reduced to less than half o f the originally
observed uptake as the number o f cycles increases. The amount o f discharged
(desorbed) hydrogen is also found to increase on subsequent cycles.

8. Transmission electron microscopy reveals the alignment and arrangement o f
the carbon nanotubes. All the carbon nanotubes are observed to be intertwined
long tubules, which are arranged into bundles in the case o f the single-walled
nanotubes. The presence o f residual catalyst particles from the preparation o f
SWNT-1 & 2 is also observed. The presence o f surface defects linked to the
purification o f MWNT-2 is also revealed.

9. X-ray diffraction studies reveal that the structure o f the nanoporous carbon
materials studied differ from that o f perfect graphite resulting in wider
interlayer spacings. This can be linked to the tubostratic stacking o f graphitic
sheets, defects in their crystal lattice and possibly the presence o f heteroatoms
in their structure.

10. The heterogeneity o f the activated carbons, derived from the heterogeneity
parameter, t o f the Toth adsorption model is found to increase with
temperature. This parameter does not indicate the source o f the heterogeneity,
(structural or surface). The affinity constant b, decreases with temperature.

11. The heat o f adsorption obtained at zero surface coverage for the activated
carbons show values o f 5.26, 4.74 and 2.61 kJ m ol'1 for BPL, Norit and SRD
respectively.

12. Calculation o f the Isosteric heat o f adsorption for the activated carbons
revealed that its value reduces with increase in the amount adsorbed (surface
coverage). This implies that the surfaces o f these materials are energetically

229

Chapter 7
heterogeneous such that different sites exhibit varying extents o f adsorption
energy.

13. Two mechanisms o f adsorption for the nanoporous carbons have been
proposed. For the activated carbons, the mechanisms are due to diffusion from
the bulk gas phase to the solid surface and the diffusion o f the gas molecules
through the network o f pores. For the nanotubes, the dominating mechanisms
are based on diffusion from the bulk gas phase to the outer surface if the tubes,
adsorption in the interstitial spaces between the nanotube bundles or inside the
tubes in the case o f the opened nanotube, MWNT-2.

7.3

Overall Conclusions

From the main research findings reported in section 6.2, the following conclusions
have been reached.

1. The nanoporous carbon materials studied in this work can only be useful for
hydrogen storage at 77 K and 20 bar. The uptake values obtained meet and
exceed the US DOE 2010 hydrogen storage target for systems as stated above.
It is important to note that the release o f hydrogen from the system will have
to be at a temperature different from the storage conditions due to the
hysteresis observed at this temperature.

2. Activated carbon materials are not able to store sufficient amounts o f
hydrogen at room temperature based on the weak adsorption affinity between
hydrogen and their respective surfaces at this temperature. It is believed that
high temperature impedes hydrogen storage. The relatively low heat o f
adsorption observed combined with the reduction o f the heat o f adsorption as
surface coverage increases, play contributory roles in the low uptakes
measured.

230

Chapter 7
3. Gravimetric sorption cycling o f the nanoporous carbon materials shows that in
practical applications, a new load o f sample must be used with every
application to meet the storage requirements.

4. Correlation o f the structural characterisation data with the storage capacity o f
the nanoporous carbons shows that several factors dictate their hydrogen
storage capacity. These include; surface area, pore size distribution, pore
volume, purity o f the carbon material and the hydrogen gas.

7.4

Suggestions for Further Work

The work carried out in this investigation has led to a series o f interesting
observations. The following suggestions are proposed as interesting future directions
for this work.

1. Design and construction o f a hydrogen storage prototype based on nanoporous
carbon materials. The system would be supplied with hydrogen either from a
compressed gas cylinder or an in house production system. An activated
carbon such as Norit CNR 115, which has been proposed to have good
capacity for hydrogen storage at 77K will be utilised as the storage media. The
material would be encased in a storage vessel which would be evacuated and
immersed in a cryogenic bath prior to hydrogen loading. This would be
followed by the delivery o f the hydrogen to power a piece(s) o f equipment via
a fuel cell or internal combustion engine (ICE). Critical aspects o f the design
would include thermal management o f system, pressure control, safety and
optimisation o f the system delivery conditions. Figure 7.4-1 shown below
represents a schematic o f the proposed system. Such a system would improve
knowledge on the practical application o f nanoporous carbon systems for
hydrogen storage.
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Figure 7.4-1: Schematic of a H2 storage system based on the use of nanoporous carbon. 1) H2 gas dehumidifier and cleaner; 2) Gas compressor; 3) FeedH2 pressure
controller; 4) Liquid N2 level meter; 5) H2 storage vessel; 6) Liquid N2 pump; 7) Manual Valve; 8) Liquid N2 supply dewar; 9) Flow controller; 10) Discharge H2
pressure controller; 11) H2 fuel cell and 12) Light bulb.
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2. Preparation and characterisation o f nanoporous carbons with very high surface
area, stable cycling properties, high pore volume in the microporous range and
optimum pore sizes in the range suitable for hydrogen storage.

3. Precise measurement o f the hysteresis critical point for each material, that is,
measuring exactly the point (temperature) where hysteresis disappears.
Thereby optimising the hydrogen delivery conditions.

4. Use o f hydrogen storage measurement equipment attached to a mass
spectrometer to determine the composition o f the gas desorbed from a
nanoporous carbon material. Thereby deducing what quantity o f the gas
adsorbed by the material is actually hydrogen.

5. Carry out high pressure hydrogen storage measurements on the materials
studied in this work to investigate their hydrogen storage properties at
pressures in excess o f 2000 kPa (20 bar).

6. A detailed economic analysis o f the cost o f implementing a H 2 storage system
based on the use o f nanoporous carbon materials for mobile and stationary
applications in comparison to currently available technologies using the
United Kingdom initially as a benchmark.

7. Carry out hydrogen storage measurements on the ash contained in the
nanoporous carbons to assess their contribution to uptake.
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Appendix A:

Excel Macro for Buoyancy Correction
Sub H2_Gravimetric()
f

' H2_Gravimetric_Data_Macro
Dim Counter%
M olW t = Cells(2, 4)
PoreVol = Cells(48, 2)
VacVolt = Cells(14, 2)
TransFactor = Cells(7, 8)
InitBal = Cells(14, 3)
SamWtmg = Cells(9, 5)
SamWt = C ells(9,4)
CwtWt = C ells(10,4)
SamT = Cells(3, 8)
CwtT = Cells(4, 8)
SamDens = Cells(7, 4)
CwtDens = C ells(8,4)
PanDens = Cells(8, 4)
LWHDens = Cells(6, 15)
UPHDens = Cells(7, 15)
SPanWt = C ells(5 ,13)
SLWHWt = C ells(6 ,13)
SUPHWt = Cells(7, 13)
CPanWt = Cells(8, 13)
CUPHWt = Cells(9, 13)
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AdDens = Cells(9, 8)
GasC = Cells(5, 8)
CrT = Cells(3, 4)
CrP = Cells(4, 4)
AccFac = C ells(5,4)
PoreVol = Cells(78, 2)
Cells(4, 1). Value = (Date)
Cells(10,4).Value = CPanWt + CUPHWt - SPanWt - SLWHWt - SUPHWt

For Counter% = 0 To 75
’Pressure kPa
Cells((Counter% + 15), 6).Value = (Cells((Counter% + 15), 2)) /1 0
'Mass increase mg
Cells((Counter% + 15), 7).Value = (Cells((Counter% + 15), 3) - SamWtmg)
’Uptake mg/g sample, uncorrected results
Cells((Counter% + 15), 8).Value = (Cells((Counter% + 15), 7) / SamWt)
’for sample side, calculation o f Z
fw = 0.37464 + 1.54226 * AccFac - 0.26992 * (AccFac A 2)
alphaT = ( 1 + fw * (1 - (SamT / CrT) A 0.5)) A 2
Aa = 0.45724 * ((GasC * CrT) A 2) * alphaT / CrP
Bb = 0.0788 * GasC * CrT / CrP
A = Aa * Cells((Counter% + 15), 6).Value * 1000 / ((GasC * SamT) A 2)
B = Bb * Cells((Counter% + 15), 6).Value * 1000 / GasC / SamT
'Now calculate the c l, c2, c3 parameters
cl = B - 1
c2 = A - 3 * B * B - 2 * B
c3 = - A * B + B * B + B * B * B
Z2 = 1
Do
Z1 = Z 2
Z2 = Z1 - (Z1 * Z l * Z l + c l * Z l * Z l + c2 * Z l + c3) / (3 * Z l * Z l + 2 * c l *
Z1 + c2)
Loop While Abs(Z2 - Z l) > 0.000001
Cells((Counter% + 15), 9) = Z l
'Now calculate the c l, c2, c3 parameters
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A = Aa * Cells((Counter% + 15), 6).Value * 1000 / ((GasC * C w tT )A 2)
B = Bb * Cells((Counter% + 15), 6).Value * 1000 / GasC / CwtT
'Now calculate the c l, c2, c3 parameters
cl = B - 1
c2 = A - 3 * B * B - 2 * B
c3 = - A * B + B * B + B * B * B
Z2= 1
Do
Zl =Z2
Z2 = Z l - (Z l * Z l * Z l + c l * Z l * Z l + c2 * Z l + c3) / (3 * Z l * Z l + 2 * c l *
Z l + c2)
Loop While Abs(Z2 - Z l) > 0.000001
Cells((Counter% + 15), 10) = Z l
Next Counter
'for buoyancy effect: volume on each side
VolSam = SamWt / SamDens + SPanWt / PanDens + SLWHWt / LWHDens +
SUPHWt / UPHDens
VolCwt = CPanWt / PanDens + CUPHWt / UPHDens
'n = PV / zrt
For Counter% = 0 To 75
NH2Sam = Cells((Counter% + 15), 6).Value * 1000 * VolSam / 10 A 6 /
Cells((Counter% + 15), 9).Value / GasC / SamT
NH2Cwt = Cells((Counter% + 15), 6).Value * 1000 * VolCwt / 10 A 6 /
Cells((Counter% + 15), 10). Value / GasC / CwtT
If Cells(9, 8) = ("") Then
Cells((Counter% + 15), 11) = (NH2Sam - NH2Cwt) * 1000 * MolWt
Else
Cells((Counter% + 15), 11) = ((NH2Sam - NH2Cwt) + (Cells((Counter% + 15), 7)) /
1000 / AdDens / 10 A 6 * (Cells((Counter% + 15), 6).Value * 1000) /
(Cells((Counter% + 15), 9).Value) / GasC / SamT) * 1000 * MolWt
End If

'Corrected Mass Uptake mg/g
Cells((Counter% + 15), 12).Value = ((Cells((Counter% + 15), 7)) + (Cells((Counter%
+ 15), 11)))/S am W t
'Corrected Mass Uptake mmol/g
Cells((Counter% + 15), 13). Value = (Cells((Counter% + 15), 12)) / M olWt
'Ideal Gas Equation o f State Calculations
'Density (kg/m3)
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Cells((Counter% + 15), 14).Value = MolWt * 0.001 * 1000 * Cells(Counter% + 15,
6) / GasC / SamT
’Number o f moles o f hydrogen in the sample and counterweight side (mol)
NH2Sam = Cells((Counter% + 15), 6).Value * 1000 * VolSam / 10 A 6 / 1 / GasC /
SamT
NH2Cwt = Cells((Counter% + 15), 6).Value * 1000 * VolCwt / 10 A 6 / 1 / GasC /
CwtT
'Amount o f displaced Hydrogen (mg)
Cells((Counter% + 15), 15).Value = (NH2Sam - NH2Cwt) * 1000 * MolWt
’Corrected Excess Weight (mg)
Cells((Counter%
+ 15), 16). Value
(Cells((Counter% + 15), 11))

=

Cells((Counter%

+

15), 7). Value

+

'Excess % Mass Uptake
Cells((Counter% + 15), 17).Value = (Cells((Counter% + 15), 16).Value / SamWtmg)
* 100
'Peng-Robinson % Mass
Cells((Counter%
+ 15), 18).Value = ((Cells((Counter%
Cells((Counter% + 15), ll).V a lu e )/ SamWtmg) * 100

+

15), 7).Value

+

'Uncorrected % Mass
Cells((Counter% + 15), 19).Value = (Cells((Counter% + 15), 7).Value / SamWtmg) *
100
If Cells((Counter% + 15), 2) = ("") Then
Cells((Counter% + 15), 3) = ("")
Cells((Counter% + 15), 5) = (’"')
Cells((Counter% + 15), 6) = ("”)
Cells((Counter% + 15), 7) = (’"')
Cells((Counter% + 15), 8) = (”")
Cells((Counter% + 15), 9) = ('”')
Cells((Counter% + 15), 10) = (”")
Cells((Counter% + 15), 11) = ("")
Cells((Counter% + 15), 12) = ('"')
Cells((Counter% + 15), 13) = ("")
Cells((Counter% + 15), 15) = ("")
Cells((Counter% + 15), 16) = ("")
Cells((Counter% + 15), 17) = ("")
Cells((Counter% + 15), 30) = ("”)
Cells((Counter% + 15), 31) = ("”)
Cells((Counter% + 84), 2) = ('"')
Cells((Counter% + 84), 3) = ("”)
Cells((Counter% + 84), 4) = ("")
Cells((Counter% + 84), 5) = ("")
Cells((Counter% + 84), 6) = ('"')
Cells((Counter% + 84), 7) = ("”)
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Cells((Counter%
Cells((Counter%
Cells((Counter%
Cells((Counter%

+
+
+
+

84),
84),
84),
84),

8) = ("")
9) = ("")
10) = ("")
11) = ("")

End If
Range("A3").Select
Next Counter
End Sub
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Appendix B:

X-Ray Diffraction Results for the Nanoporous Carbons
Figure 1: X-ray diffraction results at the 004 peaks of the nanoporous carbons
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Figure 2: X-ray diffraction results at the 110 peaks of the nanoporous carbons
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APPENDIX C:

M odified L in e a r D riving F o rce P a ra m e te rs a t D ifferen t
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Figure 3: G raph showing the variation of the adsorption rate constants at different
tem peratures with pressure for the nanoporous carbons, (a) Variation of k2for BPL; (b)
Variation of k2 for BPL.
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APPENDIX D:
V ariation o f the hydrogen diffusion coefficient with pressure
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Figure 6: G raph showing the variation of hydrogen diffusion coefficient with pressure at 77 K.
(a) For the activated carbons and (b) For the carbon nanotubes.
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APPENDIX E: Dissemination

Paper Presented at the 7th W orld Congress of Chemical Engineering,
Glasgow, U. K. (10th - 14th July, 2005)

HYDROGEN STORAGE ON NANOPOROUS
CARBONS
OY Odunsi, Y He and TJ Mays*
Department o f Chemical Engineering, University of Bath, Bath BA2 7AY, UK.
* Tel: +44(0)1225 386528, Fax: +44(0)1225 385713, E-mail: t.j.mays@bath.ac.uk

A bstract
Sustainable hydrogen (e.g., produced from biomass) is of much current interest as an energy store
and/or carrier. Attractions are that H2 generates ~143 MJ kg-1 when it reacts with 0 2, with only H20 as
the product. This compares to fossil fiiels, which generate 10-50 MJ kg-1, plus environmentallydamaging C 0 2. However, there are many challenges to be met before energy systems based on H2 are
technically feasible or socially/economically acceptable. One o f the main challenges is to store H2
safely, effectively and at low-cost. This paper presents the results o f a mainly experimental study o f
H2 sorption in nanoporous carbons. This is part of a broad examination of the potential of these
materials as storage media for H2 in low volume and low mass energy systems, in comparison with
other storage media such as light metal hydrides, and with liquid and high-pressure gas storage. Note
that the new term nanoporous refers to pores in the size range 0.1 to 100 nm.
We have measured kinetic and equilibrium H2 sorption isotherms on a wide range o f carbons for
temperatures in the range 77 to 298 K and for pressures in the range 0 to 20 bar using a gravimetric
system. Initial conclusions are that reasonable amounts o f H2 (up to 5 wt.%) are adsorbed at 77 K on
many different carbons, but that amounts adsorbed at 298 K are at least an order o f magnitude lower.
There is some evidence that at 77 K adsorption is not fully equilibrated even over periods o f many
hours at a given pressure, and comprises an irreversible component (i.e., there is some desorption
hysteresis) possibly arising from impurities in the H2 used in experiments.

1. Introduction
Hydrogen storage technologies have drawn a wide research interest to help in tackling the problem
faced in advancing technology for a proposed ‘hydrogen economy’. Hydrogen being the lightest
element has a very low density under normal conditions and is difficult to store at atmospheric pressure
and room temperature. It can currently be stored as a compressed gas or a liquid with advantages and
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disadvantages. Porous carbon materials have been recognised as having the potential to store hydrogen
and have thus been the subject o f research for several years.
This report is focused on the measurement o f adsorption isotherms on two commercially available
activated carbons using industrial grade hydrogen and research grade hydrogen to determine whether
the concentration o f impurities in the gas has an effect on the adsorption capacity of these materials.
Grand Canonical Monte Carlo (GCMC) simulations are also performed to investigate these effects.

2. Experimental Method
The adsorbents used in this work are AC-1 (supplied by Calgon Carbon Corporation) and AC2 (supplied by Norit Activated carbon). AC-1 is a bituminous coal based granular material activated at
high temperature in steam. AC-2 is a pelletised chemically activated carbon, produced from a
renewable raw material source via a version o f the phosphoric acid process. It is a high activity,
medium density grade carbon. These materials have surface areas of about 1000 and 1262 m2/g
respectively obtained from nitrogen adsorption measurements at 77 K using a Micromeritics ASAP
2010, which is a volumetric system. The hydrogen gas used was o f two grades: 99.995 % and 99.9995
% purity supplied by BOC Special Gases Division. The lower grade hydrogen has no more than 50
ppm o f impurities while the higher-grade hydrogen has about 5 ppm, see table 1.
The hydrogen gas adsorption isotherms were obtained gravimetrically using an Intelligent
Gravimetric Analyser (IGA) supplied by Hiden Analytical Ltd., Warrington, U.K. The instrument
combines computer-control and measurement o f weight change, pressure and temperature to enable
determination of gas adsorption-desorption isotherms in a wide range of operating conditions. The
mass uptake is measured as a function o f time and the approach to equilibrium monitored in real time
with a computer algorithm. After equilibrium is established, the pressure is increased to the next set
pressure value and the subsequent uptake is measured until equilibrium is re-established.
The experiments were carried out at 77 K, 195 K, 273 K and 303 K over a pressure range o f 0
- 20 bar. Any temperature fluctuation was kept below 1 K by constant monitoring and setting of the
temperature controls. Prior to the measurement o f each isotherm the adsorbent sample (~ 150 mg) was
outgassed to a constant weight at 423 K and 10-6 mbar for 16 hours. For the isotherms measured with
ultrapure hydrogen on AC-2, the sample was prepared by heating to 523 K for 4 hours. The pressure
was monitored using three pressure transducers with ranges o f 0 - 1 bar, 0 - 1 0 bar and 0 - 2 0 bar and
maintained at the relevant set-point by active computer control of the feed and exhaust valves
throughout the duration o f the experiments to an accuracy of +/- 0.02 % o f the range used. The
isotherms generated are reproducible when the experimental set-up is kept the same as described
above. The hydrogen adsorption amount (% mass uptake) is calculated as shown below.

wt„

% Mass Uptake = ----------- - -------- x 100

( 1)

™*h2 + w tCarb0„
Where

is the weight o f hydrogen, 'WtCarbo„ is the weight o f the dried carbon sample.

Table 1: Hydrogen Gas Specification (supplied by BOC Special Gases)
Grade

Purity (%

o2

n2

thc

C02

H20

CO

min)

ppm

ppm

ppm

ppm

ppm

ppm

1

-

N 4.5

99.995

N 5.5

99.9995

3.

Total impurities 50 ppm maximum
1

2

0.5

0.5

Molecular Models for the Adsorptive and the Adsorbent

The effect o f impurities in the storage of hydrogen on activated carbons has been studied using
Grand Canonical Monte Carlo (GCMC) simulations. In GCMC simulations, the temperature, the
volume o f the simulation cell and the chemical potential o f the adsorbate are kept constant. Details of
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the GCMC simulations can be found in the work o f Frenkel and Smit (1996). Hydrogen molecules are
modelled as two-site Lennard-Jones (LJ) spheres which interact via the 12-6 Lennard-Jones potential.
The impurities are modelled to be nitrogen, as is the dominant content and oxygen and C 0 2 have
similar effects as nitrogen. Nitrogen molecules are modelled also as two-siteLennard-Jones (LJ)
spheres. The Lennard-Jones parameters for theadsorptive species are given in Table 2.
Table 2: Summary of Lennard-Jones parameters for the adsorptive species
o, A

Adsorptive
Hydrogen (Cracknell, 2001)

2.59

Nitrogen (Turner et al., 1998)

3.31

e/kB, K

Bond Length, A

12.5

0.74

37.3

1.098

The pores in the activated carbon adsorbent are modelled as slits, and each pore wall consists of an
infinite number o f structureless graphitic layers composed o f Lennard-Jones sites. The interaction
between a site on an adsorptive molecule and a single semi-infinite slab o f graphite is given by Steele’s
10-4-3 potential (Steele, 1974):
<7

10

V

* v (z i ) = 2 *sv / ,. ° £ A
v

\4

j

3 A (z ,

V
+0.61 A)3

(2)

Where p s is the number o f carbon atoms per unit volume in the graphitic layer (0.114 A*3), A is the
separation distance between layers o f graphitic carbon (3.35 A), and z i is the distance between the site
and the surface. The values o f o and e/kB for the carbon are 3.40 A and 28.0 K, respectively. The solidfluid Lennard-Jones parameters are calculated by applying the Lorentz-Berthelot combining rules:

CFsf = (<TS + <7j ) / 2 and

= yj£s£ / • The overall interaction between an adsorbate site and the

two pore walls is given by Equation (2).
u sf = u lf ( z i ) + W * / 0 - z . )

(3)

All the simulations were carried out in a rectangular simulation cell, which is bounded in the z direction
by the pore walls and replicated in the x and y directions. The cell length in the x and y directions is
44.4 A and periodic boundary conditions are applied in these directions.
Slit-shaped pore junction model (Maddox et al. 1996) was generated and applied to study the poreblocking effects in the ink-bottle-shaped pores. The model consists of partial atomistic graphite layers
on top and bottom (in the z direction) o f the structure-less slit-shaped pores, as shown in Figure 1.
Similar to the structure-less slit model, this pore junction model is also bounded in the z direction by
the pore walls and replicated in the x and y directions. The interaction between an adsorbate site with
the adsorbent is the Steele’s 10-4-3 potential (using Equations 2 and 3), and its interaction with each
carbon atom in the atomistic region o f the pore, which is given by the 12-6 LJ equation. The distance
between the two structure-less walls is called the body pore width, and the distance between the two
innermost atomistic layers is called the neck pore width, which is 20.1 A less the body pore width. The
cut-off distance, beyond which the potential is neglected, in the two models is set to be 15.24 A. The
system is equilibrated with 6 x l0 6 Monte Carlo cycles, then the variables o f interest are averaged over
another lxlO 7 sampling steps.
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Figure 7: Schematic representation of the slit-shaped pore junction model

4. Results and Discussion
Figure 2 and 3 show the adsorption isotherms measured on the two activated carbon samples
studied. It can be observed that for both samples the % mass uptake increases when the high grade
hydrogen is used, irrespective of the temperature of adsorption. It implies that the lower the
concentration of impurities in the gas the higher the mass uptake. This is in agreement with the work of
Amankwah and Schwarz (1991), which predicts that the amount of hydrogen adsorbed by an activated
carbon is reduced due to the presence of nitrogen as an impurity in the gas. The isotherms obtained are
generally type 1 (according to the IUPAC classification) characteristic of the physisorption of
supercritical gases. As the isotherms obtained are supercritical there is no condensation of hydrogen in
the pores of the sample.
Initial speculation suggests that depending on the type of pores present in the carbon samples
the reduction in the adsorption capacity of the adsorbent caused by impurities in the hydrogen gas may
be due to a pore blocking phenomenon, such that hydrogen molecules are in competition with nitrogen
ones for the available adsorption sites. This stems from the fact that nitrogen molecules are bigger in
size than hydrogen ones, resulting in a higher molecular attraction of nitrogen to the internal pore
surfaces in preference to hydrogen, which has an even weaker interaction with the pores of the
adsorbent.
If we look at the impurity specification of the high-grade hydrogen, which can be found in
table 1, N2 is present in the highest concentration (2 ppm) in comparison to the other impurities, for the
purpose of simplification it is reasonable to model all the impurities present as N2, similar to the study
of Amankwah and Schwarz (1991).
GCMC simulations of pure H2 and H2 with different concentrations of N2 were carried out in
slit pores with pore sizes of 7.40 and 26.64 A, respectively, at 77 K and at pressures up to 1 bar. The
results are presented in figure 4 and 5, which show the weight uptake of H2 and total weight uptake in
these two slit models. In a 7.40 A slit pore, H2 uptake decreases drastically even when only 5 ppm of
N2 was included in the gas phase; when the content of N2 was increased to 100 ppm, H2 weight uptake
is nearly negligible at pressures up to 1 bar. In the 26.64 A slit pore, H2 uptake decreases gradually as
the content of N2 increases. The reason is that N2 adsorbs much stronger than H2 in a 7.40 A slit pore, it
fills the pore instantly even when its partial pressure is very low. Figure 4 shows a snapshot of
adsorption of 5 ppm N2 in H2 in 7.40 A slit at 77 K and at 50 pa. This strong adsorption of N2 in 7.40 A
is due to the strong overlap of the interaction of N2 with the two opposite walls. However, this overlap
decreases drastically as the pore size increases, so this pore filling as low pressures cannot happen in
26.64 A slit pores.
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Although H2 weight uptake decreases as the content of impurities increases in both the pores,
the total weight uptake, which includes the weight uptake of H2 and N2 (as we cannot distinguish them
in our gravimetric apparatus), increases as the content of impurities increases. The reason is because N2
adsorbs much stronger than H2. This seems contrary to our experimental observations, therefore, we
proposed the slit pore junction model, as shown in Figure 1, to clarify the difference. GCMC
simulations of H2 with 100 ppm o fN 2 were carried out in a junction model with a neck pore width of
7.40 A at 77 K and at pressures up to 1 bar. Figure 7 shows a snapshot of the adsorption of H2 with 100
ppm N2 in this junction model at 50 pa. Clearly, N2 molecules fill the neck pores quickly, and blocks
the bigger body pore for of H2 with 100 ppm N2 in this junction model at 50 pa. Clearly, N2 fills the
neck pores quickly, and blocks the bigger body pore for hydrogen adsorption.
According to Rezpka et al (1998), for hydrogen storage in porous activated carbons, the
hydrogen weight uptake increases as the micropore volume of the activated carbon increases. If there is
certain amount of ink-bottle pores in our activated carbons, as the content of impurities increases, more
and more neck pores are filled with the impurities, causing the blocking of the pores. Therefore the
available micropore volume for hydrogen storage decreases, so does the total weight uptake. Although
the total amount in the neck pores in these ink-bottle pores increases with the impurities (see Figure 5),
however, the contribution of these neck pores to the total micropore volume is trivial, so the increase of
the total weight uptake in these neck pores will not cancel the decrease of the total weight uptake as the
content of impurities increases. However, this is at the moment just a hypothesis, and more
experimental and theoretical investigations are needed for confirmation.
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Figure 11: Simulated total weight uptake in slit pores at 77 K

Figure 12: A snapshot of simulated adsorption of H2 with 5 ppm N2 in a slit pore at 77 K and 50
pa (Red: H2; Blue: N2)
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Figure 13: A snapshot of the simulated adsorption of H2 with 100 ppm N2 in a slit pore at 77 K
and 50 pa (Red: H2; Blue: N2)

Conclusions
We have observed experimentally an increase in the % mass uptake of gas when high grade
hydrogen is used in comparison to the standard grade within the specifications provided. This % mass
uptake increase is observed on both of the activated carbons tested. Molecular simulations suggest that
the mass uptake is dependent on the type of pores present in the samples, the size of these pores and on
the concentration of impurities present in the gas.
More work still needs to be done in terms of experiments and molecular simulations to further
test our present ideas.
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A BSTRA CT
Hydrogen is o f much current interest as an energy store and/or carrier in sustainable energy conversion
systems. The attractions are that H2 generates ~143 MJ kg-1 when it reacts with 0 2, with only H20 as
the product. This compares to fossil fuels, which have lower specific energy densities (in the range 1050 MJ kg-1), and which generate environmentally-damaging C 0 2. However, there are many
challenges to be met before energy systems based on H2 are technically feasible or
socially/economically acceptable. One o f the main challenges is to store H2 safely, effectively
(principally at low volume) and at low cost.
This paper presents the results o f an experimental study of supercritical H2 adsorption in
nanoporous carbons plus some supporting data from molecular simulations o f adsorption. This is part
o f a broad examination o f the potential o f these materials as storage media for H2 in sustainable energy
systems, in comparison with other proposed storage media such as carbon nanofibres and metal
hydrides, and with other storage systems such cryogenic liquid and high-pressure gas. Note that the
new term nanoporous refers to pores in the size range 0.1 to 100 nm, as proposed in another Mays
paper at COPS-VII.
Recent results o f this work appear to show high H2 uptakes in certain nanoporous carbons, but
that these uptakes only occur for very pure hydrogen. We propose a pore blocking mechanism to
account for this. While at present high uptakes only appear possible at liquid nitrogen temperatures,
the pressures are 'reasonable' (below 2000 kPa).

1. IN TR O D U C TIO N
Sustainable energy supply is crucial in helping to tackle issues related to fossil fuels such depleting
energy resources, decreasing energy security, reducing air quality and global warming. Hydrogen is a
suitable and likely candidate as an energy vector to help in combating these issues because the products
o f its combustion are environmentally benign (water vapour). However, one challenge on the road to a
'hydrogen economy' is that as the lightest element hydrogen is difficult to store in small volumes. This
is unsuitable if hydrogen is to be used for mobile applications where on-board space is a premium. For
example, 5 kg o f H2 could provide enough energy for a standard saloon car to cruise for 500 km.
However, in ambient conditions this would occupy a spherical vessel o f about 5 m internal diameter,
which is impractical. By contrast 5 kg o f liquid H2 would occupy a spherical vessel o f only 0.5 m
internal diameter, which is potentially more manageable.

Corresponding author: Tel: +44 (0)1225 386528, Fax: +44 (0)1225 385713,
E-mail: t.j.mays@bath.ac.uk
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Currently, hydrogen can be stored as a liquid (its most energy dense form) and as a compressed
gas at very high pressures and in solid-state systems such as metal hydrides. There are issues
surrounding these methods such as the energy intensive nature o f the hydrogen liquefaction process and
problems due to boil-off, and the associated high pressures for gas storage, which can pose safety
issues on board a vehicle. Metal hydride storage systems require high desorption temperatures and
may only store hydrogen irreversibly.
Nanoporous carbons have been identified as potentially good hydrogen storage media as they
are widely available, are low cost, they have high surface areas and pore volumes and may be easily
regenerated for recycling purposes. Hydrogen storage in these materials is the main focus of this paper.
We have measured adsorption isotherms on these materials using industrial or low-grade and research
or high-grade grade hydrogen to determine whether the concentration of impurities in the gas has an
impact on the storage capacity o f these materials. We have also carried out grand canonical Monte
Carlo simulations to investigate these effects.

2. EX PER IM EN TA L D ETA ILS
The adsorbents used in this work are AC-1 (supplied by Calgon Carbon Corporation) and AC-2
(supplied by Norit Activated carbon). AC-1 is a bituminous coal based granular material activated at
high temperature in steam. AC-2 is a pelletised chemically activated carbon, produced from a
renewable raw material source via a version o f the phosphoric acid process. It is a high activity,
medium density grade carbon. These materials have surface areas of 1,000 and 1,262 m2 g"1
respectively obtained from BET analysis of nitrogen adsorption measurements at 77 K below relative
pressures o f 0.4 using a Micromeritics ASAP 2010 volumetric system. The hydrogen gas used was of
two grades: 99.995 % (low grade, LG-H2) and 99.9995 % (high grade, HG-H2) purity supplied by BOC
Special Gases Division. The lower grade hydrogen has no more than 50 ppm o f impurities while the
high-grade hydrogen has about 5 ppm impurities, see Table 1.
Table 1:Hydrogen gas specification (supplied by BOC Special Gases)
Purity (%
min)
l g -h 2
99.995
h g -h 2
99.9995
* Total hydrocarbons
Grade

o2
ppm
1

C02
H20
THC*
ppm
ppm
ppm
Total impurities 50 ppm maximum
2
0.5
0.5
1

CO
ppm

n2
ppm

Equilibrium hydrogen gas adsorption isotherms were obtained gravimetrically using an
Intelligent Gravimetric Analyser (IGA) (Hiden Analytical Ltd.). This instrument combines computercontrol and measurement o f weight change, pressure and temperature to enable determination o f gas
adsorption-desorption isotherms in a wide range o f operating conditions. After equilibrium is
established at a particular pressure, the pressure is increased to the next set value and the subsequent
uptake is measured over time until equilibrium is re-established. We have carried out experiments at
77 K, 195 K, 273 K and 303 K over a pressure range of 0 - 2000 kPa.
Prior to the measurement o f each isotherm samples of AC-1 (~150 mg) were degassed to a
constant weight at 423 K and lO-6 bar for 16 hours. For the isotherms measured with high-grade
hydrogen on AC-2, the sample was prepared by heating to 523 K and 10'6 bar for 4 hours; the higher
temperature having being determined to achieve similar degassing weight losses but over a shorter
time. The pressure was monitored using three pressure transducers with ranges of 0 - 1 bar, 0 - 1 0 bar
and 0 - 2 0 bar and maintained at the relevant set-point by active computer control of the feed and
exhaust valves throughout the duration o f the experiments to an accuracy o f +/- 0.02 % of the range
used. The isotherms generated are reproducible when the experimental set-up is kept the same as
described above. The hydrogen adsorption amount (% mass uptake) is calculated as follows
% mass uptake = ( wE / ws ) x 100

(1)

where wE is the excess uptake (weight o f adsorbate less the weight o f adsorptive that would occupy the
same volume as the adsorptive at the same pressure and temperature) and ws is the weight o f the
sample in vacuum after degassing. The excess uptake is calculated as follows

wE= w —ws + pB r s

(2)
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where w is the detected weight o f the sample, pB is the bulk mass density of the adsorptive and Vs is the
inaccessible volume o f the sample (which displaces the bulk gas). The bulk mass density o f the
adsorptive is calculated using the Peng-Robinson equation of state, while Vs is obtained in ambient
conditions using a He pycnometer (AccuPyc 1330, Micromeritics) assuming no He uptake.

3. M O N TE C A R LO SIM U LA TIO N
Grand canonical Monte Carlo (GCMC) simulations, in which the temperature, the volume of the
simulation cell and the chemical potential of the adsorbate-adsorptive system are kept constant, have
been carried out to probe the effect o f impurities on the storage of hydrogen on nanoporous carbons.
Details o f the GCMC simulations can be found in the work of Frenkel and Smit [1]. The impurities are
taken as nitrogen, since it is the dominant balance gas and oxygen and carbon dioxide have similar
effects as nitrogen. Nitrogen molecules are modelled also as two-site Lennard-Jones (LJ) spheres,
which interact via the 12-6 LJ potential. A two-site LJ spheres model is also applied to hydrogen. The
Lennard-Jones parameters (collision diameter, ct, energy parameter, e / kB, where kB is Boltzmann's
constant, and bond length) for the adsorptive species are given in Table 2.
Table 2:Lennard-Jones parameters for the adsorptive species in the molecular simulations
Adsorptive

a / nm

( £/

)/ K

Bond length / nm

Hydrogen

[2]

0.259

12.5

0.074

Nitrogen

[3]

0.331

37.3

0.1098

The pores in the activated carbon adsorbent are modelled as structureless slits, and each pore
wall consists o f an infinite number o f structureless graphitic layers composed o f Lennard-Jones sites.
The interaction between a site on an adsorptive molecule and a single semi-infinite slab of graphite is
given by Steele’s 10-4-3 potential [4]:

V

A10

V

\4
sf
3 A ( z 7. +0.61 a ) 3

(3)

where p s is the number o f carbon atoms per unit volume in the graphitic layer (114 nm"3), A is the
separation distance between layers o f graphitic carbon (0.3354 nm), and z f is the distance between the
site and the surface. All the simulations were carried out in a rectangular simulation cell, which is
bounded in the z direction by the pore walls and replicated in the x and y directions. The cell length in
the x and y directions is 4.44 nm and periodic boundary conditions are applied in these directions. The
cut-off distance, beyond which the potential is neglected, is set to be 1.524 nm. The system is
equilibrated with 6 x l0 6 Monte Carlo cycles, then the variables of interest are averaged over another
lxlO 7 sampling steps. Output o f the simulations is the total number o f molecules o f each gas species in
a pore at a specified pressure and temperature. This can easily be converted to excess uptake as the
pore volume in known. Further details o f the GCMC simulations can be found in the work of Frenkel
and Smit [1].
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4. RESULTS AND DISCUSSION
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F ig.l. Adsorption isotherms at 77 K for the two activated carbons and for the two grades of hydrogen.
Fig. 1. shows the excess adsorption isotherms measured gravimetrically at 77 K on the two activated
carbon samples for the two grades of hydrogen. All isotherms are of Type I in the IUPAC
classification - this is typical of supercritical adsorption (where there is no condensation in pores) at
pressures where the density of the bulk gas is very much lower then the adsorbate. For both samples
the % mass uptake increases when high-grade hydrogen is used, with AC-2 always showing a higher
uptake than AC-1. The latter can be linked to the higher BET surface area of AC-2 (1,262 m2 g '1)
compared to AC-1 (1,000 m2 g'1). Isotherms at higher temperatures were similar, but reached much
lower maximum uptakes (< 2 %).
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Fig. 2 GCMC simulation of the adsorption of H2/N2 mixtures in slit-shaped carbon pores at 77 K. Top:
0.74nm ; bottom: 2.664 nm.
The main observation from Fig. 1 is the very high maximum uptakes for both carbons (-10 %
for AC-2 and -7.5% for AC-1) in the HG-H2 compared with capacities about half these values for the
LG-H2, which are commonly observed for activated carbons. This implies that the storage of hydrogen
in porous carbons may be affected by the purity of the gas used and that these carbons may be sensitive
to ppm amounts of impurities such as nitrogen, which therefore may compromise their storage
capacity. This is in agreement with the work of Amankwah and Schwarz [5], where the amount of
hydrogen adsorbed by an activated carbon appeared to be reduced in the presence of nitrogen
impurities.
The difference between uptakes for the two adsorptive grades may be due to differences
between the molecular sizes and interactions energies of the hydrogen and impurities (see Table 1) and
how these affect uptake in pores of different sizes. Results from the simulations clarify this.
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Fig. 2 shows the GCMC simulation results of the adsorption of binary H2/N2 mixtures
(including HG-H2, 5ppm N2, and LG-H2, 50 ppm N2, see Table 1) in slit-shaped pores of size 0.74 nm
and 2.664 nm. Those simulated isotherms are the total adsorption isotherms in the pore as opposed to
excess isotherms determined experimentally.
However, we have found that in experimental
measurements, the difference between total and excess hydrogen adsorption isotherms in activated
carbon is insignificant on the conditions studied. The simulated pure hydrogen adsorption isotherms
are also shown in Fig. 2 as a comparison. In the 0.74 nm pore, the existence of trace amounts of N2
greatly reduces the amount of H2 adsorbed in the pore, and the amount of H2 adsorbed is less than 10%
in comparison to pure H2 adsorption at 2000 kPa. The adsorbed phase still contains N2 even when
using HG-H2 where the amount of N2 in the gas phase is only 5 ppm, though the amount is less than for
50 ppm. For LG-H2, the amount adsorbed for hydrogen is small even at high pressures. In the 2.664
nm pore, the existence of N2 seems not to influence the adsorption of H2, which decreases only
marginally as the content of N2 increases from 5 ppm to 50 ppm, and is quite similar to pure hydrogen
adsorption. The amount of N2 adsorbed is considerably reduced as the N2 content in the gas phase
decreases from 50 ppm to 5 ppm. The adsorbed phase is mainly H2, especially at high pressures and
with HG-H2.
Fig. 3 shows the adsorbed-phase density for hydrogen adsorption in slit-shaped pores at 77 K by
GCMC simulations. Small pores with pore sizes of less than 1 nm are filled with hydrogen at quite low
pressure while the adsorbed-phase density approaches liquid hydrogen density at high pressure in
bigger pores. The maximum density at 2000 kPa is obtained in a pore with a pore size of about 0.9 nm,
which is sonly just less than the density of liquid hydrogen (0.071 g cm'3). Fig. 4 shows a relationship
between the adsorbed-phase density and the accessible pore volume of an adsorbent sample for fixed
weight uptake. The dotted line parallel to the y-axis represents the liquid hydrogen density. Clearly,
for a 'reasonable' high hydrogen weight uptake, a large accessible pore volume or a high adsorbed
phase density of hydrogen or both is needed. For example, a combination of 1.0 cm3 g'1 accessible
pore volume and 0.063 g cm'3 of adsorbed hydrogen density will lead to 6-wt% of hydrogen in a
carbon sample.
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Fig. 3. Adsorbed-phase density of hydrogen in slit pores at 77 K from GCMC simulations.
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Fig. 4. Relationship between adsorbed-phase density and accessible pore volume. Dotted vertical line
is for liquid hydrogen.
However, the pore volume for the AC-1 carbon in this work is 0.66 cm3 g'1, estimated by N2
adsorption at 77 K. It would therefore seem impossible for this carbon to have an uptake of about 7
wt%, since the adsorbed-phase density is equal or less than the density of liquid hydrogen (Fig. 6).
Therefore, it is reasonable to suspect that there are some pores not accessible to N2 at 77 K in the
carbons. But these pores may still be accessible to pure H2 since the smallest slit pore accessible to N2
is 0.58 nm while H2 can access a slit pore with a pore size of 0.52 nm. Accordingly, we propose a pore
blocking mechanism as follows.
Simulations suggest that in low concentrations (< 50 ppm) nitrogen will be preferentially
adsorbed in certain small pores compared to hydrogen due to higher interaction energies with pore
walls. Nitrogen will not be important in larger pores, where affects due to differences in interaction
energies are reduced (Fig. 2), nor in inaccessible smaller pores. These filled pores may restrict access
to the rest of the pore network accessible to hydrogen, and hence reduce capacity, even though they do
not contribute much to total uptake. Similar pore blocking arguments have been presented before [6].
The extent of pore blocking will be less for lower impurity concentrations (Fig. 2), and here it seems
that reducing impurities from 50 to 5 ppm increases capacity by about a factor of about two. We are
currently testing these ideas with further experimental measurements and simulations of hydrogen
adsorption.

5. CONCLUDING REMARKS
We have observed that low cost, readily available commercial nanoporous activated carbons are
capable of storing large amounts of hydrogen (up to 10 wt.%) at cryogenic temperatures (77 K), at
pressures below 2000 kPa and in very pure gas. Molecular simulations of adsorption suggest that the
reduced capacity of the carbons in lower purity gas is due to restriction of the pore network by the
blocking of some small pores by impurities. While the simple materials, high capacities and low
pressures are certainly attractive for hydrogen storage, the requirements of cryogenic temperatures and
high purity gas would add to the cost.
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sto re d .
High s t o r a g e r e s u lt s
a r e o b t a in e d a t
c ry o g e n ic
te m p e r a t u r e s (7 7 K).
Of t h e 3 m a t e r ia l s
s tu d ie d , AC-1 h a s th e
h ig h e s t s t o r a g e
c a p a c it y fo r h y d ro g e n .

T e c h n o lo g ic a l S e tb a c k
S to rin g h y d ro g e n Is d iffic u lt, b e in g t h e lig h te s t g a s it
o c c u p i e s a l a rg e s p a c e a t a m b ie n t c o n d itio n s ;
H y d ro g e n c u r r e n tly n e e d s t o b e c o m p r e s s e d t o h ig h
p r e s s u r e s (> 3 0 0 b a r) o r liq u e fie d to s t o r e a u s e f u l
a m o u n t (e n e rg y In te n s iv e ).____________________________

AIM: P o te n tia l S o lu tio n
T o s t o r e h y d ro g e n o n n a n o p o r o u s c a r b o n m a te r ia ls .

WHY?
>

S to r a g e s p a c e g r e a tly r e d u c e d fo r s t a t i o n a r y a n d
m o b ile a p p lic a tio n s ;

>

N a n o p o ro u s c a r b o n s h a v e h ig h s u r f a c e a r e a s ;

>

T h e y a r e c h e a p a n d re a d ily a v a ila b le fro m s u s t a i n a b l e
so u rc es.

T h e e x p e r im e n ta l d a t a s h o w n a b o v e fitte d to T o th m o d e ls to
h e lp In u n d e r s ta n d in g t h e a d s o r p tio n p r o c e s s .

bp

n = n,

0

V

(i H b p Y r

>

n (w t-% ) Is t h e e x p e r im e n ta l a m o u n t s t o r e d o n t h e
a d s o r b e n t,

>

n 0 (w t-% ) Is t h e m a x im u m s t o r a g e c a p a c it y o f th e
a d s o r b e n t,

>

b ( k P a 1) Is a m e a s u r e o f h o w s tr o n g a n a d s o r b a t e
m o le c u le Is a t t r a c t e d t o a n a d s o r b e n t s u r f a c e a n d

>

c Is a c o n s t a n t t h a t c h a r a c t e r i s e s t h e s y s t e m ’s
h e te r o g e n e ity .

M aterial P ro p e rtie s a n d S tr u c tu re C h a r a c te ris a tio n
R e s u lts
T h e H y d ro g e n E conom y*

E X P E R IM E N T A L

I
T h e IGA-001 G a s A d s o rp tio n
S y s te m

P r e s s u r e Is c h a n g e d a n d
t h e n h e ld c o n s t a n t d u rin g
s o rp tio n a t th e s e t-p o ln t
P„.

N2 A d s o rp tio n I s o th e r m
o n AC-1 t o 3.

H o rv a th -K a w a z o e P o re s iz e
d is tr ib u tio n s fo r AC-1 t o 3.

^ W e ig h t d a t a Is a c q u ir e d
a n d a n a ly s e d in re a l-tim e
to
d e te r m in e k in e tic
p a r a m e t e r s a n d p r e d ic t t h e
p o in t
o f eq u ilib riu m
u p ta k e .
»• E q u ilib riu m p o in ts a r e
c o l l e c t e d a n d p l o t te d a s
an
is o th e rm .

1 O bta ined usin g th e rm o g ra v im e try a n d v a lu e s q u o te d a re on dry b a s is (db). 1
O b ta in ed by drying s a m p le s u n d e r v a cuum . J O b ta in ed from H elium p y c n o m etry a
room te m p e ra tu re .

■
N a n o p o ro u s c a r b o n s a r e c a p a b l e o f s to rin g h ig h a m o u n t s o f h y d ro g e n . S to r a g e a m o u n ts o f 11 w t-% on AC-1 a n d 9 .5
w t-% o n AC-2 h a v e b e e n o b ta in e d .
T h is Is d e p e n d e n t o n t h e e x p e r im e n ta lly o b s e r v e d s e n s itiv ity t o t h e p u rity o f th e h y d ro g e n g a s u s e d . T h is e f f e c t c a n b e
a t t r i b u t e d to a p o s s ib le p o re b lo c k in g e f fe c t.
T h e s e r e s u lt s w ill h a v e a s ig n if ic a n t Im p a c t o n t h e a p p lic a tio n o f n a n o p o r o u s c a r b o n s a s H2 s t o r a g e m e d ia fo r v e h ic u la r
a n d s t a t i o n a r y a p p lic a tio n s .

W e t h a n k t h e EPSR C fo r fu n d in g a n d t h e m e m b e r s o f t h e U n ite d K in g d o m S u s ta in a b l e H y d ro g e n E n e rg y C o n s o rtiu m (UKSHEC, s e e (h ttp ://w w w .u k -s h e c .o rg /) fo r t h e ir s u p p o r t.
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