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Abstract Reverse water gas shift reaction (RWGS) was
investigated over cerium oxide catalysts of distinct mor-
phologies: cubes, rods and particles. Catalysts were char-
acterized by X-ray diffraction, Raman spectroscopy and
temperature programmed reduction (TPR) in hydrogen.
Nanoshapes with high concentration of oxygen vacancies
contain less surface oxygen removable in TPR. Cerium
oxide cubes exhibited two times higher activity per surface
area as compared to rods and particles. Catalytic activity of
these nanoshapes in RWGS reaction exhibited a relation
with the lattice microstrain increase, however a causal
relationship remained unclear. Results presented in this
study suggest that superior catalytic activity of ceria cubes
in RWGS originates from the greater inherent reactivity of
(100) crystal planes enclosing cubes, contrary to less
inherently reactive (111) facets exposed at rods and
particles.
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1 Introduction

Catalytic conversion of CO, to CO via reverse water gas
shift (RWGS) reaction is a promising alternative for CO,
utilization [1, 2]. Water gas shift (WGS) and RWGS occur
in all chemical processes when CO, and H,, or CO and
H,O coexist in a reaction mixture [2]. RWGS is reported to
increase the desired product yield at equilibrium when
coupled with dehydrogenation of hydrocarbons [3-5].
WGS is commonly used in combination with steam
reforming of hydrocarbons aiming to maximise hydrogen
yield [6-8]. It plays an vital role in Fisher—Tropsch syn-
thesis, ammonia and methanol production. Two exten-
sively discussed mechanisms in literature for (R)WGS are
redox and associative formate decomposition [9]. Efficient
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catalysts have been designed for low and high temperature
applications. However designing an robust and active cat-
alyst that can operate in a single stage (R)WGS reactor still
remains a challenge [10, 11].

Cerium oxide is widely employed in catalysis because of
its unique oxygen storage capacity (OSC), the ability to
reversibly store and release oxygen while formally
switching between Ce*" to Ce" in stable fluorite lattice
[12]. The degree of the oxygen ion mobility in ceria lattice
is associated with the size, dispersion and abundancy of
oxygen vacancy defects [13—15]. Theoretically, oxygen
vacancy formation and ability of the catalyst to act as
oxygen donor-acceptor is related to the stability of partic-
ular crystal facets of the ceria surface [16, 17]. Although
discrepancy in literature exist regarding exposed crystal
planes at the surfaces of ceria rods, recent studies in our
group demonstrated that stable (111) crystal planes are
mainly exposed at the surface of both ceria rods and
octahedra while ceria cubes are enclosed by mainly (100)
crystal terminations [18]. Therefore, manipulation of cat-
alyst shape is an approach for tuning the fraction of reac-
tive crystal planes at the ceria surface and this is becoming
a novel strategy in obtaining advanced catalytic materials
with superior OSC and catalytic reactivity [19, 20].

Ceria nanocubes of average 10 nm size exhibit consid-
erable OSC at a temperature as low as 150 °C, that is for
250 °C lower than the temperature needed for cerium oxide
particles of irregular shape to exhibit comparable OSC
[21]. Enhanced OSC of cube and rod shaped ceria originate
both from its surface and bulk structure [22].

Ceria nanoshapes have been investigated in e.g. CO
oxidation [23-25], NO reduction [26] and WGS reaction
[27]. Ceria nanorods exhibited superior activity in oxida-
tion of CO, 1,2-dichloroethane, ethyl-acetate and ethanol
[19, 28-30], methanol conversion in presence of CO, [31],
methanol [32] and acetaldehyde decomposition [33] com-
pared to ceria cubes and octahedra. Moreover, shuttle-
shaped particles composed of closely packed ceria nanor-
ods displayed higher activity for CO oxidation compared to
ceria nanorods [34], which has been attributed to enhanced
porosity, surface area and oxygen deficiency of these
nanoshapes compared to ceria rods. Ceria nanocubes on the
other hand displayed greater activity compared to
nanoparticles of irregular morphology in selective oxida-
tion of toluene and benzene oxidation [35]. Pure and sup-
ported ceria nanocubes exhibited twice higher activity in
oxidation of hydrogen and ethanol compared to rods and
particles [36, 37]. Similar trends were reported by our
group in WGS and ethylbenzene dehydrogenation [18, 38].
In this study we report the effect of well-defined mor-
phologies of CeO, on catalytic activity during the RWGS
reaction. To the best of our knowledge this has not been
studied before.

2 Experimental Part
2.1 Materials

Commercially available NaOH pellets (Merck, 99 %),
Ce(NO3)3-6H,0 (99.99 % Aldrich) and Ce(OH), (Merck,
99 %) were used for catalyst synthesis.

2.2 Catalyst Preparation

Cerium oxide rods and cubes were prepared modifying the
synthesis procedure reported elsewhere [25]. In the
preparation of ceria rods 1.75 g of Ce(NO3);-6H,O was
first dissolved in 11 ml of distilled water. The solution was
rapidly added to 73 ml of 10 mass% NaOH aqueous
solution. In the preparation of ceria cubes mixing was
performed vice versa: NaOH aqueous solution was rapidly
added to previously dissolved Ce(NO3)4-6H,0 in distilled
water. The resulting mixtures were stirred for 10 min
(250 rpm), transferred into an autoclave (125 ml) which
was placed in an oven at 130 °C for 18 h and was allowed
to cool to room temperature. Thus obtained precipitates
were centrifuged at room temperature, rinsed with distilled
water until pH 7 was obtained and dried overnight at
110 °C. Finally, the samples were calcined in flowing
synthetic air at 650 °C for 5 h. Irregularly shaped ceria
catalyst was obtained by calcining commercial Ce(OH),
under identical conditions.

2.3 Catalyst Characterization

Catalysts surface area (BET) was determined by Nj-ad-
sorption isotherm obtained at 77 K (Micromeritics Tristar).
The samples were outgassed in vacuum at 200°C for 24 h
prior to analysis.

Catalyst morphology was studied by Scanning Electron
Microscopy, (SEM) LEO 1550 FEG-SEM equipped with
in-lens detector. Transmission electronic microscopy
(TEM) images were obtained on a Philips CM300ST-FEG
electron microscope operated at an acceleration voltage of
300 kV. Samples for TEM measurements were ultrasoni-
cally dispersed in ethanol and subsequently droplets of the
suspension were deposited on a copper grid coated with
carbon.

X-ray diffraction (XRD) was performed a using PAN-
alytical Xpert-APD powder diffractometer equipped with a
position sensitive detector analyses over the 20-range
between 25° and 65° wusing Cu K-o radiation,
A = 0.1544 nm. The average crystallite size was estimated
using the Scherer equation assuming spherical particle
geometry. We further used peak width analysis to estimate
lattice microstrain employing the equation [39, 40]:
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(820)*/tan> 0y = K - 1./ (D - (520/tan 0y - sin Oy + 16¢%)),
(1)

where 0, stands for the position of peak maximum, 626
denotes FWHM in radians, K is a Scherrer constant that
equals 0.9 assuming spherical grains, A is the X-ray
wavelength and D and ¢ represent the average grain size
and the lattice microstrain, respectively. By plotting
(820)*/tan’ 0, versus 526/tan 0-sin 0 for several diffraction
peaks, K-A/D can be calculated from the slope, allowing
determination of the crystallite size, while microstrain
values can be extracted from the ordinate intercept which
equals 162, Scherrer’s equation can be derived from Eq. 1
assuming that physical origin of the XRD peak broadening
is due to the small grain size exclusively, neglecting any
broadening caused by the strain accumulated in the lattice.
Raman spectroscopy measurements were performed with a
Senterra Bruker instrument, equipped with a cooled CCD
detector. The spectra were recorded at A = 532 nm, with 2 s
integration time and 20 co-additions, 10 mW laser power and at
a resolution of 9-15 cm ™. Spectra were measured ex-situ at
room temperature in ambient air on as prepared catalysts (cal-
cined and cooled to room temperature slowly in flowing air).
Temperature programmed reduction was performed in
5 % H, in He with a heating ramp of 5 °C min™~" from 30 to
600 °C. 50 mg of the catalyst was pre-treated at 450 °C in
oxygen for 60 min prior to analysis. Signals were recorder
using TCD detector. Water has been removed using cold trap.

2.4 Catalytic Testing

The catalytic tests were performed at atmospheric pressure and
isothermal conditions (560 °C) in a fixed-bed quartz tubular
reactor (4.0 mm i.d.). The tests were carried out in 3 % H,,
37 % CO, balance N», in a total flow of 30 ml min~". Prior to
reaction, catalysts were pretreated in pure N, at 580 °C
(30 min) and consequently in pure CO, at the reaction tem-
perature (30 min). The amount of catalyst per run was tuned in
such a way that CO, conversion was kept below 5 %, ensuring
differential experiments. Reaction products were analyzed by
on-line GC Varian-450 equipped with TCD and FID detector
and four columns: Hayesep T, Hayesep Q, Molsieve 13X and
CP-Wax. The experiments were reproducible with a typical
overall error in the carbon mass balance smaller than 5 %.

3 Results and Discussion
3.1 Catalysts Synthesis and Characterization

Figure 1 shows the high resolution scanning electron
microscopy (HRSEM) images of ceria catalysts obtained
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by three different routes: ceria rods (a), cubes (b) and
particles (c). TEM images of these ceria nanoshapes clearly
confirm distinct crystallite shape and morphology of these
samples (Supporting information, Figure SI1) [38].

In this study ceria cubes were obtained at lower tem-
perature and lower OH™ conc. (2 mol 17") than commonly
reported in literature (6 mol 1_1) [22, 41]. Several studies
indicated that when both temperature and OH™ concentra-
tion are low (100 °C, Cnaon < 1 mol 1_1) isotropic growth
of Ce(OH); nuclei proceeds resulting in ceria polyhedra
formation [41-43]. However, at OH™ concentration above
1 mol 17" dissolution/ recrystallization is significant and
anisotropic growth of Ce(OH); nuclei is leading formation
of rods, unless Ce(OH); intermediate decomposes at higher
temperatures (180 °C) resulting in formation of cubes [22,
41-43]. Apparently the temperature of the hydrothermal
treatment of 130 °C in this study was sufficient to induce
Ce(OH); decomposition and consequently formation of
ceria cubes. In this way, morphology of ceria can be con-
trolled, even in absence of modifiers such as ethylenedi-
amine inducing anisotropic crystal growth [44].

Table 1 shows the BET surface areas as determined by
nitrogen physisorption, revealing decreasing surface area
from rods to cubes and finally particles (Table 1).

Catalyst structure was further investigated by XRD.
Dominant Bragg diffractions were observed at 28.8°, 47.6°
and 56.7° 20, corresponding to respectively (111), (220)
and (311) crystal planes of the fluorite fcc structure of
CeO, (Fig. 2) [45]. The average crystallite size as deter-
mined by the Scherrer equation and Eq. 1, including micro-
strain, increased in the order: cubes < rods < particles.
These two methods result in identical numbers, considering
the experimental error, indicating that peak broadening is
dominated by the particle size effect over any effect of
micro-strain. Calculated crystallite size of ceria particles is
consistent with the particle diameter deduced based on
SEM images (Table 1, column c). Ceria rods have a width
of about 10 nm and average length of 160 nm (Fig. 1a)
while the size estimated by XRD results in a value in
between (Table 1). Average crystallite size of ceria cubes
deduced from SEM images is 37 nm (Fig. 1b), which is
significantly higher compared to XRD estimate of 18 nm
(Fig. 1b; Table 1). Similar discrepancies in literature in
case of ceria cubes were assigned to the broad crystallite
size distribution, which is also evident in Fig. 1b [46]. The
assumption that crystallites have spherical geometry also
contributes to this discrepancy.

Interestingly, lattice microstrain is significantly higher
in cubes than in rods and particles (Table 1). Lattice
microstrain is known to be associated with lattice expan-
sion caused by increasing content of oxygen vacancies in
the fluorite lattice [47]. Theoretical studies predicted
decreasing energy of oxygen vacancy formation with



Effects of Morphology of Cerium Oxide Catalysts for Reverse Water Gas Shift Reaction 773

J 4 « h PR S
EHT= 120k/ SignalA=InLens  Date :14 Apr 2010
WD= 3mm PhotoNo.=6742  Time :11:5052

WO= Smm PhotoNo.=8146  Time:1107:51

Fig. 1 HRSEM images of ceria rods (a), cubes (b) and particles (c) [38]
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Table 1 Catalysts structural and textural properties according N,-physisorption, XRD and SEM; particle size calculated based on: Scherrer
equation (a), Eq. 1 including lattice microstrain (b) and SEM images (c) and lattice microstrain for ceria rods, cubes and particles

Ceria BET surface  Crystallite size, Crystallite size, Eq 1 Crystallite size, Width particle-size Lattice
morphology area (m%g)  Scherer eq., d including microstrain, d SEM images, d distribution, SEM microstrain,
(nm)* (nm)° (nm)° images &, (%)
(nm)*
Rods 73 +£4 24+ 1 25+2 10* 4 0.08 £ 0.008
Cubes 37+2 18+1 19+£2 37 20 0.15 £ 0.02
Particles 24 + 1 30+ 1 30£3 26 6 0.08 £ 0.008
* Denotes the width of ceria rods corresponding to the average length of 160 nm
3r displacement (258 cm™') and oxygen vacancies
(600 cm™") [46, 49].
25| As presented in Fig. 3b, the intensities of oxygen dis-
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Fig. 2 XRD patterns for rods, cubes and particles

increasing lattice microstrain [48]. Raman spectroscopy
was therefore used to characterize the oxygen vacancy
abundances. Figure 3a shows the Raman spectra of fresh
ceria catalysts, as prepared. The spectra are dominated by a
strong peak at 464 cm™' from the F,g mode of the CeO,
fluorite lattice, in agreement with the XRD patterns (Fig. 2)
[46]. Two weaker bands identified are assigned to oxygen

placement and oxygen vacancy bands are the highest for
ceria rods, followed by ceria cubes and particles. These
trends are further in agreement with the increasing broad-
ening of the 464 cm™' band in the order: parti-
cles < cubes < rods (Fig. 3b). Similar observation has
been reported for ceria nanowires [50] and related to dis-
order in oxygen sub-lattice due to thermal and/ or grain size
induced non-stoichiometry originating from combined
effects of lattice strain and phonon confinement [51-53]. In
this study however we observed no relation between the
lattice microstrain (Table 1) and Raman 464 cm™' band
broadening of these ceria samples (Fig. 3).

Hydrogen temperature programmed reduction (H,-TPR)
was further used to study the reducibility of these ceria
nanoshapes. TPR profiles of ceria particles (Fig. 4) reveal a
minor reduction peak at 210 °C and the main reduction
peak at about 487 °C, while ceria cubes and rods have
broad reduction peaks with maxima at 425 and 560 °C.
Peaks below 600 °C are assigned to consumption of sur-
face oxygen [54], in contrast to reduction peaks above
800 °C would indicate bulk reduction of CeO, to Ce,05
[55].
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Fig. 3 Full Raman spectra of
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Fig. 4 H,-TPR results for ceria rods, cubes and particles

Total amount of oxygen consumed expressed per cata-
lysts surface area, per gram and monolayer capacity (ML)
is presented in Table 2.

When normalized per surface area overall reducibility of
these catalysts decreases from ceria particles to cubes and
finally rods (Table 2). The amount of consumed oxygen
species is below one monolayer for all the investigated
catalysts (Table 2).

3.2 Catalytic Testing Results in RWGS Reaction

Catalytic activity of the ceria catalysts was investigated in
RWGS reaction at 560 °C. Figure 5 compares catalytic
activities of ceria cubes, rods and particles expressed as the
amount of CO produced per gram of ceria (Fig. 5a) and per
m’ (Fig. 5b). Ceria cubes are the most active compared to

@ Springer
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the other two morphologies, both per gram and per mZ.
Catalytic activity of ceria rods is slightly lower per gram
compared to cubes and about two times lower per m?. Ceria
particles show about two times lower activity compared to
cubes both per gram and per m”. Minor deactivation was
observed in all cases.

3.3 Discussion

Oxygen vacancy abundances in these ceria catalysts
decrease in the order: rods > cubes > particles (Fig. 3b),
consistent with results in literature revealing higher
intrinsic oxygen deficiency in ceria rods compared to cubes
and octahedra [46]. It is reasonable to assume that bulk
oxygen deficiency induces oxygen deficiency at the surface
of these nanoshapes. TPR shows that reduction below
600 °C results in removal of oxygen in sub-monolayer
amounts (Table 2), which is well in agreement with the
claim that only surface oxygen is involved [54] when
reducing ceria below 600 °C. Comparison of Raman
spectroscopy and TPR results confirm that catalysts with
higher abundancy of oxygen vacancies according Raman
spectroscopy (rods > cubes > particles) indeed contain
less reducible surface oxygen species (rods < cubes <
particles, Table 2).

Ceria cubes contain more lattice microstrain compared
to rods and particles (Table 1). Increasing lattice micros-
train is reported to enhance oxygen ion diffusivity and OSC
of ceria [56] and Ce,_,Zr,O, nanoparticles, respectively
[57]. Hence, it would be expected that ceria cubes exhibit
higher reducibility compared to rods and particles. We
however observed no relation between the overall catalysts
reducibility in hydrogen (Table 2) and lattice microstrain
in ceria nanoshapes (Table 1). This further supports the
suggestion that the low temperatures (below 600 °C)
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Table 2 The overall amount of oxygen consumed in H,-TPR normalized per m?, gram and expressed as theoretical monolayer capacity (ML) on

ceria rods, cubes and particles

2

Ceria morphology pmol m™ pmol g~ Monolayer capacity (ML)*
Rods 1.1 £0.05 81 +4 0.19
Cubes 1.8 £0.1 63 £3 0.29
Particles 37+0.2 84 £ 4 0.62
% The amount of consumed surface oxygen species versus theoretical monolayer capacity (ML) [pmol/pmol]
Fig. 5 Catalytic activity of (a) (b)
ceria rods, cubes and particles 100 25
expressed as the rate of CO < = Cub
roduction per g (a) and m* (b £ = ubes
P per g (a) ®» £ Cubes E
- N
® £
E 60 TE) 1.5
Rods .
= = Particles
T 40 T 1
3 —_— AR 0000050000000
S Aeeeesssssssereed
o 20 © 05 Rods
o [=X
o (]
O o © o
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Time, min Time, min

reduction in H, causes removal of exclusively surface
oxygen.

Catalysts were characterized under identical conditions
and tested under identical conditions, allowing searching
for correlations between structural properties and corre-
sponding catalytic activity in RWGS. Increasing lattice
microstrain (Table 1) seemingly correlates with the
observed catalytic activity of these nanoshapes in RWGS
(Fig. 5b); cubes are more active per surface area and
contain clearly higher microstrain. Similar correlations
between lattice microstrain and catalytic activity for CO
oxidation and WGS have been reported for doped ceria
nanoparticles of irregular morphology [58, 59] and sup-
ported ceria nanoshapes [27]. Theoretical simulations
predicted increasing catalytic activity of ceria nanorods in
CO oxidation with increasing lattice microstrain [60]. It has
been suggested that increasing microstrain enhances active
metal—ceria support interaction, resulting in improved
dispersion of the active phase, stabilization of the active
metal species in a lower valence state and enhanced overall
reducibility [27, 61]. Supported ceria cubes were moreover
reported to possess lower lattice microstrain and corre-
sponding lower catalytic activity in WGS compared to rods
[27]. This has been attributed to low stability of (100)
crystal planes enclosing cubes compared to relatively more
stable (111) surface terminations of rods. Stable catalytic

performance of ceria cubes in RWGS (Fig. 4) suggests that
the cubic shape and surface termination are stable under
reaction conditions in this study.

For detailed identification of the exposed crystal facets
for the three studied ceria nanoshapes, we refer to work
previously reported by our group [18]. AC-HRTEM studies
providing sub-angstrom resolution [22, 24], clearly
revealed (111) crystal planes exposed at ceria rods and
particles [25, 31, 62, 63], whereas ceria cubes are enclosed
by mainly (100) facets [18]. These ceria nanoshapes
exhibited exactly the same trends in activity per surface
area for WGS reaction (decreasing from ceria cubes to rods
and finally particles) as reported in this study on RWGS
reaction (Fig. 5b) [18]. This result is expected based on the
principle of the microscopic reversibility [18]. WGS has
been suggested in literature to proceed via active hydroxyl
species (-OH) on the ceria surface [64]. The observed
correlation between lattice micro-strain (Table 1) and cat-
alytic activity in (R)WGS (Fig. 5b) hence might originate
from increased reactivity of reactive —OH species and/or
other surface intermediates on the strained ceria surfaces.
However, this is clearly not supported by theoretical cal-
culations, predicting that lattice microstrain has no effect
on the reactivity of hydroxyl species terminating ceria
surface [48]. Ceria cubes, exposing (100) facets, exhibit
distinct —OH bands with discrete interaction with CO,
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compared to rods and octahedra, resulting in enhanced
reactivity in WGS, as reported by our group [18].

The order of the catalytic activity: cubes > rods ~
particles (Fig. 5b) is moreover consistent with the results
reported for oxidation of hydrogen and ethanol over pure
and supported ceria nanoshapes [36, 37]. Fundamental
studies in addition revealed higher inherent reactivity of
(100) crystal planes of ceria for methanol [65], water [66],
acetaldehyde [67] and acetic acid [68] compared to (111)
facets, though under very different conditions compared to
realistic reaction conditions. This has been attributed to the
lower coordination numbers in (100) facets, inducing
higher reactivity of both cerium and oxygen at (100) ceria
surfaces compared to (111) facets [69]. Results presented
in this study suggest that higher reactivity of ceria cubes in
RWGS is due to the superior inherent reactivity of (100)
crystal planes enclosing cubes, contrary to less inherently
reactive (111) facets enclosing rods and particles in
RWGS. Although catalytic activity apparently correlates
with the lattice micro-strain, it remains unclear whether
this relationship is causal. Lattice micro-strain might well
be a consequence of the specific crystal structure including
the surface termination, instead of cause of the observed
prominent activity of ceria cubes compared to rods and
particles in RWGS.

4 Conclusion

Cerium oxide catalysts of distinct morphology, i.e. cubes,
rods and particles of irregular shape, were characterized
and investigated for RWGS. The nano-shapes as prepared
differ in bulk-defect-concentration; high defect concentra-
tions induce high concentrations of oxygen vacancies in the
surface as evidenced by low amount of oxygen that can be
removed from the surface via reduction. Catalytic testing
under differential conversion of CO, revealed superior
catalytic activity of ceria cubes per m* as compared to rods
and particles. Catalytic activity of these catalysts in RWGS
reaction exhibited an apparent correlation with lattice
microstrain, however any causal relationship remains
unclear. Results presented in this study suggest that supe-
rior catalytic activity of ceria cubes in RWGS in caused by
highly inherently reactive (100) facets exposed at cubes
compared to relatively inert (111) crystal planes enclosing
rods and particles.
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