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Abstract
A morphological phase diagram is determined to relate the effect of base
concentration and temperature during the hydrothermal synthesis with the final ceria
nanostructured morphology. Representative samples of nanoparticles, nanorods and
nanocubes have been characterised by XRD, N, adsorption, TEM, XPS and Raman
and catalytically tested for the total oxidation of naphthalene as a model polycyclic
aromatic hydrocarbon. Ceria nanoparticles present the highest surface area and
smallest crystalline size, leading to the most active of these structures. However if the
catalytic activity is normalized by unit of surface area, the observed reactivity trend
(nanorods < nanocubes < nanoparticles) is directly related to the concentration of

surface oxygen vacancies as a result of the exposure of the (110) and (100)

preferential planes.
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Highlights
e Determination of the morphological phase diagram of CeO, nanostructures.
e Shape-dependency of physical properties on nanostructured ceria
e Relationship between surface oxygen vacancies and VOCs full oxidation

activity.

1. Introduction

Ceria is a well-known rare earth material which presents a highly desirable
combination of chemical and physical properties [1]. It has a high oxygen storage
capacity (OSC) and high ion conductivity, a high dielectric constant and it shows high
transparency in the visible and near IR region while being a highly efficient UV
absorber. As a consequence, it is used in a wide range of applications such as
electrochemistry [2], optics [3], fuel cells [4], etc. A major application is in the field
of catalysis, either as a catalyst itself or as a catalyst support, where its main use is as
a component in the three-way catalytic system to reduce automobile exhaust gases
[5]. In many of these catalytic applications, a shape-dependency activity of ceria has
been observed [6] likely due to the selective exposition of surface planes, being the
(100) surface catalytically more active than the (111) and (110) surfaces [7]. Surface
plane exposure can be gained by controlling the morphology at the nanoscale, as a
way of enhancing the catalytic activity and redox properties at the same time as the
surface area is increased [8]. As an example, the dominated surface plane of
morphologies such as nanocubes or nanorods is (100) which make them more active
for CO oxidation than conventional ceria [9].

Consequently, different approaches have been followed to synthesise CeO;

nanostructures including the use of templates [10], complexing agents [6],



electrochemical deposition [11], sol — gel method [12], precipitation followed by
aging [13], hydrothermically using mineralizer agents [14], etc... Among these, the
hydrothermal synthesis is considered the simplest, additive-free and economic
method. However, the establishment of a robust and normalised hydrothermal
manufacturing method remains elusive and a major challenge lies in the controlled
manipulation of the nano-morphology in order to carefully tune its properties. Base
concentration and temperature treatment have been found to be key parameters
determining the final nano-morphology [9, 15] during the hydrothermal synthesis.
Additionally, the variety of set-ups and even conditions used for the hydrothermal
syntheses, often with adventitious temperature inhomogeneities, leads to difficulties
in relating defined conditions to morphological structure.

In recent years, nanocrystalline ceria has been identified as one of the most active
catalysts for the total oxidation of a polycyclic aromatic hydrocarbons (PAH) [16].
PAHSs are known to be carcinogenic and are associated with a number of other serious
health hazards [17-18]. Therefore, it is important that convenient, practical and cost
effective methods are developed for atmospheric PAH abatement. Previous studies
have focused on the influence of the ceria nanoparticles’ preparation variables, with
the aim of determining which catalyst features are required for naphthalene total
oxidation as PAHs model compound. Factors such as crystallite size, surface area and
oxygen defect concentration have been identified as key parameters [19-20].
However, there is no available information in the literature related to the presence of
preferential surface planes which can promote the catalytic activity for naphthalene
removal.

In this paper, we report on the determination of a morphological phase diagram which

relates the effect of base concentration and temperature of the hydrothermal treatment



with the final CeO, nanostructured morphology. Representative shapes (nanoparticles,
nanorods and nanocubes) have been tested for naphthalene total oxidation in order to

correlate the physico-chemical properties of ceria with its catalytic oxidation activity.

2. Experimental

2.1 Synthesis and characterization of materials

The standard hydrothermal method was based on that previously reported [9]. 0.6 g of
Ce(NO3)3-6H,0 were added to a 40 mL NaOH solution in the range of 1 to 20 M and
stirred magnetically during 10 minutes in a PTFE beaker. The solution was placed in
a 45 mL Teflon lined autoclave inside an air-circulating oven which allows
gradientless temperature to be achieved throughout the autoclave. The temperature
range studied is 70 to 180 °C at a set synthesis time of 10 hours. Following
hydrothermal synthesis, the autoclave was allowed to cool to ambient temperature.
The powder obtained was filtered, washed several times with deionised water and
dried at 120 °C overnight. Large particles of agglomerated dry powder were broken in
a mortar prior to further investigation. The phase identification of the samples was
done by X-ray diffraction (XRD) analyses using an X'Pert PRO diffractometer by
PANalytical with a Cu Ka radiation, operated at 40 kV and 40 mA. Low temperature
nitrogen adsorption measurements at 77K were done using a Micromeritics ASAP
2020 apparatus. Specific surface area was calculated by the BET method (associated
error of £0.5 %) and pore size distributions were calculated from the desorption data
using the BJH model. Samples were degassed at 150 °C prior to analysis to calculate

specific surface area. A JEOL 2010 microscope was used for transmission electron



images and a JSM6400 microscope for scanning electron images. X-ray photoelectron
spectroscopy (XPS) measurements were made on an Omicron ESCA+ photoelectron
spectrometrer using a non-monochromatized MgKa X-Ray source (hv = 1253.6 V).
Analyser pass energy of 50 eV was used for survey scans and 20 eV for detailed
scans. Binding energies are referenced to the Cls peak from adventitious
carbonaceous contamination, assumed to have a binding energy of 284.5 eV. XPS
data were analysed using CasaXPS software. Shirley background subtraction was
applied to all the raw data. All the peaks of the corrected spectra were fitted with a
Gaussian-Lorentzian shape function to peak fit the data. Iterations were performed

using the Marquardt method. Standard deviations were always lower than 1.5%.

2.2 VOC catalytic oxidation

Catalytic activity tests for naphthalene oxidation were carried out in a fixed bed
laboratory micro-reactor. Blank tests were conducted by passing naphthalene (450
vppm) through an empty reactor that was heated from 100 °C to 350 °C at a rate of 10
°C-min™* showing no conversion. Catalysts (pelletized to 0.1 - 0.2 mm particle size
without any binder) were tested using a 3/8” o.d quartz tube as the reactor. The
reaction feed consisted in all cases of ca. 450 vppm naphthalene in a mixture of 20
vol.% oxygen and 80 vol.% helium. A total flow rate of 50 ml-min-1 was used and the
catalysts occupied a constant volume, giving a GHSV of ca. 25000 h™ for all the
catalysts. Analyses were performed by an on-line gas chromatograph with thermal
conductivity and flame ionization detectors. The catalytic activity was measured over
the temperature range of 100-275 °C, in incremental steps of 25 °C, and temperatures
were controlled by a thermocouple, placed in the catalyst bed. Data was obtained at

each temperature after the naphthalene adsorption equilibrium was accomplished and



steady state activity attained. Four consistent analyses were made at each temperature
and average values were calculated. The reaction temperature was increased and the
same procedure followed to determine each data point. Oxidation activity was
expressed as a yield of carbon dioxide closing the mass balance within +10%. The

associated error for the conversion values is + 5%.

3. Results and discussion

3.1 Morphological phase diagram

Transmission electron microscopy (TEM) images of samples synthesised at different
temperatures (between 70°C and 180°C) and a range of NaOH concentrations (from 1
to 15 M) during 10 hours of hydrothermal treatment were used to determine the
morphological phase diagram (Figure 1). The phase boundaries were estimated taking
into consideration the relative concentration of different nanostructures at given
conditions but they did not imply a sharp transition to a pure phase. At low
temperatures (<100°C), no formation of nano-structured ceria is observed when the
concentration of base is lower than 10 M. Under these conditions, nanoparticulated
ceria is observed with dimensions > 5 nm (Figure 2). Increasing the base
concentration to > 10M at low temperatures (70°C) results in the formation of 1D
nanostructures with diameters of ~ 7 nm and lengths in the range of 20 — 80 nm with
the simultaneous presence of nanoparticles.

The formation of nanorods (20 — 70 nm length) is observed even at low base
concentrations of 1M when the temperature is increased to 100°C with a high
presence of small particles (< 5 nm). At a constant synthesis temperature of 100°C, an
increase in the base concentration leads to an increase in the concentration of the

nanorods in detriment of the nanoparticles.



At a temperature of 150°C, ceria nanorods are mainly formed over a wide range of
base concentrations. At low NaOH concentrations (1M), the co-presence of
nanoparticulated ceria is observed. On the other hand, at high base concentrations
(15M), the formation of ceria nanocubes is observed. Increasing the hydrothermal
temperature to 180°C favours the formation of mainly nanocubes, although at low
base concentration (<5M), nanocubes co-exist with nanorods and nanoparticulated
structures.

The diameter and length of the nanorods increases as the temperature and base
concentration used during the hydrothermal syntheses increases. In this way, nanorods
synthesised at 70°C and a base concentration of 10M show an average diameter of 7
nm and length in the range of 20 — 80 nm. Nanorods of 40-60 nm diameters and
several micrometres length are formed at 150°C and a NaOH concentration of 15M
(Figure 3b).

In some of the samples synthesised under the studied conditions, a relatively small
concentration of nanocrystals were observed surrounding the nanorods and/or
nanocubes. These observations were in agreement with the established
dissolution/recrystallization mechanism of formation of ceria nanostructures under
hydrothermal methods [21-22]. At low temperature and low base concentration, the
dissolution/recrystallization rate is slow, resulting in the formation of ceria
nanoparticles from the anisotropic Ce(OH); nuclei initially formed in the solution.
When the temperature and/or base concentration are increased, the chemical potential
to drive the anisotropic growth of the Ce(OH)s nuclei is higher, forming ceria
nanorods. At even higher temperatures and/or concentration of base, the Ce(OH)s

nuclei are oxidized into ceria with a nanocube morphology [9].



Representative samples of the three different ceria nanostructures (nanoparticles,
nanorods and nanocubes) obtained under the studied range of hydrothermal conditions
were further characterised. The hydrothermal conditions used for their synthesis are
indicated with red circles in Figure 1. Nanoparticulated ceria with dimensions >5 nm
was synthesised by hydrothermal treatment at 70°C and a base concentration (NaOH)
of 1M. Detailed TEM images of these nanoparticles are shown in Figure 2 where the
crystalline layers can easily be distinguished with enclosing (111) and (100) facets.
Increasing the treatment temperature to 150°C, ceria nanorods are mainly formed,
independent of the base concentration within the studied range. Figure 3 shows TEM
images of nanorods synthesised under different hydrothermal conditions. Nanorods
are formed of several parallel crystalline layers with enclosing (110) and (100) facets
similar to the ones previously reported [15]. No evidence of hollow structures are
observed as previously claimed for nanotubular structures synthesised by other
methods [8]. Under certain conditions, monocrystal cylindrical nanostructures are
surrounded by nanoparticles [15] as clearly shown in Figure 3b. Finally, ceria
nanocubes with enclosing (100) facets are formed at hydrothermal temperatures >
180°C with a variety of size lengths from 20 to 200 nm as shown in Figure 4.

Nanoparticles, nanorods and nanocubes were analysed by XRD (Figure 5) revealing a
crystalline structure with diffraction peaks at 20 angles of 28.5°, 33.0°, 47.4° 56.3°,
69.6° and 76.7° which corresponds to the (111), (200), (220), (311), (400) and (331)
respectively of the crystalline planes of the pure cubic phase (ceria fluorite structure,
JCPDS 34-0394). The mean crystallite size was determined using the Scherrer’s
equation [10]. For a given base concentration, the crystallite size increases as the
temperature increases. The effect of the base concentration at a constant temperature

on the crystallite size is though less crucial (Figure 6). Samples synthesised at 70°C



show a mean crystallite size of ca. 5nm which corresponds to the nanoparticulated
ceria observed by microscopy. By increasing the temperature for a constant base
concentration, both the diameter and length of the nanorods increase. A further
increase of the hydrothermal temperature leads to the formation of nanocubes with
narrower XRD diffraction peaks indicating an increment of the mean crystallite size,
up to 30 — 40 nm at 180°C. This data is entirely consistent with the observations by
microscopy discussed above. Similar tendencies were observed at all temperatures

and base concentrations in the studied range.

3.2 Oxidation of naphthalene

The characterised representative samples of each morphology (particles, rods and
cubes) were used in a catalytic study of the total oxidation of naphthalene. The
conversion of the different ceria nanostructures with respect to temperature is shown
in Figure 7. CeO, nanoparticles showed the highest activity towards full oxidation
followed by CeO, nanorods. Both catalysts were remarkably more active than CeO,
nanocubes. All three catalysts showed 100% selectivity at conversions of about 20%
and above. Below this conversion value, CO, remained the main product but small
amounts of other products such as phenanthrene, naphthalene dione, dimethyl
phthalate, benzene, alkyl benzenes, benzaldehyde, toluene and xylenes were also
identified. The selectivity to CO; increased with the naphthalene conversion; this
trend was similar for all these catalysts independently of the reaction temperature at
which high conversions were reached. Thus, the morphology does not seem to have
an influence on the selectivity to CO,, but it does strongly influence catalyst activity.
A catalytic activity of 90% conversion to carbon dioxide, using a space velocity of

25,000 h™* was achieved at only 190°C with the ceria nanoparticles, which is amongst



the best ceria catalysts reported in the literature to date [16, 19, 23-26]. This high
activity is believed to be related to the high surface area and small crystallite size of
the nanoparticles, as previously reported in the literature [16, 19-20]. Accordingly, a
decrease in activity is observed as the surface area decreases and the crystalline size
increases from ceria nanoparticles to nanorods and nanocubes. On the other hand, if
one considers the catalytic activity of the different ceria nano-morphologies per unit
of surface area (Table 1), a different reactivity trend is drawn, the most active
morphology being nanorods, followed by nanocubes and finally nanoparticles. Low
levels of conversion (<20%) are considered for this comparison to avoid potential

mass transfer limitations in low surface area catalysts.

XPS analyses were used to investigate surface oxidation states of the different ceria
nanostructures. Figure 8 shows the XPS spectra of Ce3d. It can be seen that no
appreciable major differences between catalysts were observed. Two principal peaks
of Ce3ds/, and Ce3dsp,, and four satellite peaks resulting from ionization attributed to
Ce(1V) can be observed at 881.7 , 888.4, 897.8, 900.3, 906.5 and 916.1 eV. A shift
towards higher values occurs in the case of ceria nanocubes, likely to be due to the
presence of more labile Ce**-O bonds on the ceria surface. Thus, it can be concluded
that the main valence of surface cerium was Ce*" [27], albeit the existence of a low
percentage of Ce** cannot be ruled out due to the presence of three small peaks at
878.5, 885 and 903.0 eV [28]. Again a shift to higher values was observed in the case
of ceria nanocubes. Although it is possible in theory to determine the surface ratio of
Ce**and Ce*', in practice it can be difficult to achieve, as effects such as charging and
line broadening make the amounts of both oxidation states difficult to quantify
Nevertheless, the amount of Ce®" was tentatively calculated from the XPS spectra of

Ce3d (Figure 8) according to published methods [29] (see Table 2). All the samples
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analysed contained predominantly surface Ce** with different amounts of Ce®*
depending on their morphology; ceria nanorods contained a higher amount of Ce**
(16.4%) followed by ceria nanocubes (13.9%), being the lowest amount of Ce** for
ceria nanoparticles (13.6%). The presence of higher amounts of surface Ce** could
probably be related to a higher presence of surface oxygen defects as previously

reported in the literature [30].

XPS studies concentrating on oxygen species were also conducted (see Figure 9). In
the case of photoemission from oxygen, the O1s signal clearly shows two different
surface oxygen species. The low binding energy peak (O,: 529.0-530.5 eV) is
ascribed to lattice oxygen whereas the high binding energy peak (Og: 531.0-532.8 eV)
is assigned to oxygen vacancies but also to surface adsorbed oxygen, hydroxyl, and
carbonate groups [31]. Despite this, the XPS Og/O, ratio is a common way to roughly
assess the amount of oxygen vacancies in the different ceria samples. As seen in
Table 2, ceria nanorods present the highest Og/O,, ratio and the lowest is obtained in
the case of the nanoparticles. Summarizing, similar conclusions can be drawn from
Ce3d and O1s XPS analyses; the concentration of surface oxygen vacancies decreases
from ceria nanorods < nanocubes < nanoparticles. The same trend was observed in the
catalytic activity per surface area of these nanostructures for the naphthalene
oxidation, highlighting the importance of the amount of oxygen defects on the
catalytic activity of ceria [32].

Complementary data can be drawn from the Raman analyses of the different CeO,
nanostructured. A similar spectra is obtained for the three different morphologies (see
Figure 10) showing a single dominant band centred at a frequency of 462 cm™,
characteristic of the CeO, vibrations. Table 2 summarises the full width at half

maximum (FWHM) of the main Raman band. Some authors [33] have associated the
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increase of the FWHM with a decrease in the crystallite size and/or a higher
concentration of oxygen vacancies of the CeO,. Nanocubes present the lowest width
but also the highest particle size. Therefore the comparison of the amount of oxygen
vacancies in the nanocubes with that of the other two ceria catalysts (nanorods and
nanoparticles) is not straightforward. However, if nanorods and nanoparticles are
compared some information can be attained. The FWHM in nanorods is marginally
higher than in the nanoparticles in spite of the higher crystallite size of nanorods.
These observations suggest that out of the three morphologies studies, the amount of
oxygen vacancies is higher for the nanorods [34-36]. It must be indicated that the
internal strain can also contribute to a higher width of this band. Raman results are
also in agreement with the results obtained by XPS and with some previous works

[37-38].

The variation on the concentration of surface oxygen defects on the different ceria
nano-morphologies is believed to be related to the crystalline layers selectively
exposed in each structure. Thus, higher catalytic activities per unit of surface area are
observed on the surface of CeO, nanorods and nanocubes with enclosing (110) and
(100) facets and (100) facets, respectively. Additionally it can be seen that the
position of the O, binding energy differs depending on the morphology since O,
binding energies corresponding to ceria nanocubes are shifted to higher values. This
fact could be related to a higher mobility of the lattice oxygen in the case of ceria
nanocubes with enclosing (100) facets as it has been previously reported [39]. On the
other hand, the (111) planes exposed on the nanoparticles presented the lowest
catalytic activity per unit surface area for the full oxidation of naphthalene. This data
is in agreement to molecular simulation results. Computer modelling showed that the

low-index (111) surface has the lowest surface energy and is thus the most stable
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surface [40]. Similarly Conesa et al [41] indicated that less energy is required to form

oxygen vacancies on (110) and (100) than on (111).

The link between exposed planes and the catalytic performance of ceria for the
oxidation polycyclic aromatic hydrocarbons such as naphthalene has not been
experimentally reported yet. However, the influence of the exposed planes on the
catalytic performance for the oxidation of CO has been widely studied being in
agreement with the observations of this study for the oxidation of polycyclic aromatic
hydrocarbons. According to Tana et al [42], the CeO, nanoparticles mainly expose the
stable (111) plane on the surface, whereas the rod-shaped nanostructures
preferentially expose the reactive (110) and (100) planes, giving higher oxygen
storage capacity and catalytic activity for CO oxidation. In another work Zhou et al
[43], showed that CeO, nanorods with well-defined reactive planes ((001) and (110))
show higher CO oxidation activity than CeO, nanoparticles because of their more

reactive planes.

4. Conclusions

A morphology phase diagram showing different ceria nanostructures (particles, rods
and cubes) has been established by studying the effect of temperature and base
concentration under hydrothermal conditions. One representative sample of each of
these three nanostructures have been tested as catalysts in the total oxidation of
naphthalene. Ceria nanoparticles are the most active of these structures due to their
high surface area and low crystalline size with comparative activity to the best
reported in the literature to date. However if the catalytic activity is normalized by the
unit of surface area, nanorods (with (110) and (100) as preferential planes) are the

most active catalyst followed by nanocubes ((100) as the main exposed plane), with
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nanoparticles (with (111) as the preferential plane) presenting the lowest areal rate.
This observed trend is directly related to the Ce®*/Ce** ratio and concentration of
surface oxygen vacancies as shown by the XPS and Raman analyses, respectively.
These results support previous works that propose that (110) and (100) planes are
more reactive than (111) planes, giving higher oxygen storage capacity and

consequently a higher oxidation catalytic activity.
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Table 1: Nanostructured ceria catalysts for total oxidation of naphthalene

Formation rate of product @ 175°C

Ti0%  Tso%
Catalyst
°C oC  9COJkgcath gCOJMEhx10° (g COy/m’hx 109/ (Oy Oo)
CeO, np 155 180 42.3 29.4 21.2
CeO,_nr 165 210 31.9 43.1 34.0
CeO, nc 225 270 2.85 38.5 29.6

Tio and T, are the reaction temperatures required for yields to CO, of 10 and 50%, respectively.
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Table 2: Characterization results Surface atomic values determined by XPS and FWHM

determined by RAMAN.

Catalyst CeO, Sger Surface Ce®™™® 0, O 0y 0,° FWHMC
Size mig  (atomic %)  (at. %) (at. %) (cm™)
CeO,_np 4.5 144 13.6 58.0 42.0 0.72 60
CeO,_nr 9.1 74 16.4 55.8 44.2 0.79 62
CeO,_nc 37.3 13 13.9 56.4 43.6 0.77 12

® Determined by XRD analyses using the Scherrer’s equation; ° by XPS; ¢ by RAMAN.
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Figure 1: Morphological phase diagram of CeO, after 10h of hydrothermal treatment. Phase
boundaries shown do not imply sharp transitions to pure phases. Circles show the conditions of

the representative samples of each morphology taken for the catalytic study.
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Figure 2: TEM images of nanoparticulated ceria synthesised at 70°C and 1M NaOH.
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Figure 3: TEM images of tubular structures synthesised at a. 70°C — 15M and b. 150°C — 15M
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Figure 4: TEM images of ceria nanocubes synthesised at 180°C — 15M NaOH
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Figure 5: XRD pattern of ceria nanoparticles (synthesised at 70°C and 5M NaOH), nanorods
(synthesised at 100°C and 15M NaOH) and nanocubes (synthesised at 180°C and 15M NaOH).
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Mean crystallite size by XRD / nm

Figure 6: Effect of temperature and NaOH concentration used during the preparation of the
ceria catalysts on the mean particle size (calculated from the XRD pattern).
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Figure 7: Np total oxidation activity as a function of temperature of nanostructured ceria

catalysts: m. nanoparticles (5M NaOH, 70°C); e. nanorods (15M NaOH, 100°C) and; A.
nanocubes (15M NaOH, 180°C)
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Figure 8: Ce3d XPS spectra of CeO, nanostructured catalysts.
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Figure 9: O1s XPS spectra of CeO, nanostructured catalysts.
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Figure 10: Raman spectra corresponding to different CeO, nanostructures.
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