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Highlights

- Graphene-supported Ni and Ni-CeO, catalysts have been studied.

- Metal dispersion depends on the presence of ceria and on the precipitating agent,
NaOH or urea.

- The graphene support strongly interacts with the ceria promoter.

- The presence of sodium increases the catalytic activity, mainly in the presence of

ceria.



Abstract

The low temperature water-gas shift (WGS) reaction has been studied over Ni-
CeO,/Graphene and Ni/Graphene. The catalysts were prepared with 5 wt% Ni and 20
wt% CeO, loadings, by deposition-precipitation employing sodium hydroxide and urea
as precipitating agents. The materials were characterized by TEM, powder X-ray
diffraction, Raman spectroscopy, H,-temperature-programmed reduction and X-ray
photoelectron spectroscopy (XPS). The characterization and the reaction results
indicated that the interaction between the active species and the support is higher than
with activated carbon, and this hinders the reducibility of ceria and thus the catalytic
performance. On the other hand, the presence of residual sodium in samples prepared by
precipitation with NaOH facilitated the reduction of ceria. The catalytic activity was
highly improved in the presence of sodium, what can be explained on the basis of an

associative reaction mechanism which is favored over Ni-O-Na entities.
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1. Introduction

The water-gas shift reaction (WGS, CO + H,O - CO; + H;) has gained
increased attention in the last years due to its importance in the production and
purification of hydrogen from fossil and renewable resources. It can be coupled at
the exit of a reforming unit to obtain a high purity hydrogen stream which can be
used to feed fuel cells [1]. Metal/ceria systems have been proved to offer
excellent performance for the low temperature stage of WGS [2], Pt/ceria being
the most promising catalyst in terms of activity and selectivity [3,4]. The ability
of CeO, for the Ce™ + e«<> Ce™ redox process and the formation of oxygen
vacancies favour the mobility of surface oxygen species [5], which are active in
the reaction. Furthermore, a synergistic effect is obtained between metal and
ceria. On one hand, ceria reducibility is favoured when the metal is in close
contact with its surface and, on the other hand, ceria can stabilize the metal
nanoparticles avoiding their agglomeration [6]. However, given the low
availability of ceria, it is interesting to optimize its use, for example by spreading
it onto a high surface area support. In this sense, we have reported in previous
papers the promoter effect of ceria in activated carbon-supported Pt catalysts,
where the interaction between the metal and the oxide is enhanced [7]. Another
challenge in the developing of a WGS catalyst is the replacement of platinum by
a more economical metal.In this sense, nickel has been the metal of choice for
certain reforming reactions due to its competitive price, high availability and
activity [8,9], and it has proved to be active and selective in the WGS reaction
when it is highly dispersed [10,11].

An excellent metal dispersion and an optimal metal-ceria interaction are

therefore mandatory to achieve an optimal catalytic performance. In this scenario,



graphite oxide (GO) emerges as an excellent candidate to act both as substrate for
the synthesis of supported nanoparticles and as precursor of the support. GO
displays a rich oxygen chemistry, which allows its dispersion in aqueous
solutions and the interaction with the metal and/or oxide precursors that would
improve their dispersion. Several studies can be found concerning the use of GO
as support [12], catalyst by its own [13,14]and as precursor of graphene (G) or
reduced graphene oxide (rGO) [15]. For this latter approach, both metal/G or
metal/rGO [16,17] and metal/oxide/G or metal/oxide/rGO systems [18,19,20]
have also been developed. The synthesis of the metal and oxide nanoparticles can
be performed before its deposition on the support, for example by colloidal
methods [19], or simultaneously to the synthesis of graphene [18]. The resulting
material provides good nanoparticle dispersion with homogeneous distribution
[21]. In some cases, it has been suggested that additional improvement on the
catalytic performances, due to a synergism between GO and the active phase, was
achieved [22]. Depending on the metal, the synthesis of the nanoparticles can be
performed under mild conditions, as is the case for Ag [19], or may require the
use of stronger reducing agents [17,20].

In this work we have performed the synthesis of the binary Ni/Graphene and the
ternary Ni-CeO,/Graphene systemsemploying urea and sodium hydroxide as
precipitating agents for depositing the active phases on the graphene support. The
catalysts have been thoroughly characterized and their catalytic performance has been

tested in the low temperature stage of the WGS reaction.

2. Experimental section



2.1. Synthesis of graphite oxide

Graphite oxide (GO) was prepared from natural flake graphite according to a
modified Hummers method [23]. Briefly, 3 g of natural graphite powder was
added to a reaction flask containing concentrated H,SO,4 (25 mL-g ™ of support)
and 1.5 g of sodium nitrate, which was previously cooled to 273 K in an ice bath.
Then, potassium permanganate (9 g) was slowly added and kept under stirring at
298 K for 30 min. Then, 138 mL of deionized (DI) water was slowly added and
the suspension was maintained at 373 K for 15 min. Finally, 420 mL of deionized
water was added, followed by the slow addition of 30 mL of hydrogen peroxide.
The suspension was filtered off and washed extensively with deionized H,O, HCI
(30%) and ethanol, and finally dried in vacuum at 333 K for 24 h to obtain the

graphite oxide (GO) powder, which was kept in a desiccator until use.

2.2. Catalyst synthesis

For the synthesis of the catalysts, GO was dispersed in deionized water (1
mg-mL™) and sonicated for 30 min. The required amount of Ce(NO3)3-6H,0
(99.99%, Sigma—Aldrich) to obtain a 20 wt.% CeO, was dissolved in 10 mL of
DI water and added dropwise to the GO dispersion with stirring. The resulting
slurry was stirred for 2.5 h. Then, the necessary amount of Ni(NO3),-6H,0
(99.9%, Sigma—Aldrich) to obtain a 5 wt.% Ni loading was dissolved in 10 mL of
DI water, added dropwise to the mixture and stirred for 2 h. Aqueous 0.5 M
solutions of NaOH or urea were used as precipitating agents. The addition of the
NaOH solution was carried out dropwise, with stirring. When urea was used, the
solution was mixed with the GO suspension containing the nickel and the ceria
precursors, and the resulting slurry was heated at 363 K, with stirring, to reach a

pH of around 11. In both cases, the formed slurries were stirred for 2 h and, after



cooling to room temperature, the solid was filtered off, washed extensively with
water and ethanol, and finally dried at 313 K under vacuum for 24 h. The same
procedure was applied for the catalyst with no ceria, using only a solution with
the nickel precursor. Finally, the solids were heat-treated during 5 h at 623 K
under flowing He (50 mL-min-1), with a heating rate of 1 K-min™. The resulting
materials were labelled as Ni-CeO,/G-Na and Ni/G-Na for the catalysts prepared
with NaOH, and Ni-CeO,/G and Ni/G when the precipitating agent used was
urea. For the sake of comparison, a Ni/CeO, catalyst was also prepared with 5
wt%. Ni loading. The ceria support was prepared by homogeneous precipitation
from an aqueous solution of Ce(NO3)3-6H,O (99.99%, Sigma—Aldrich)
containing an excess of urea. The solution was heated at 353 K and kept at this
temperature, with slow stirring, during 12 h. The solid formed was filtered and
calcined at 623 K for 4h. The CeO;support prepared in this way was
impregnated with a solution of the nickel precursor in acetone. The excess of

solvent was removed by vacuum treatment in a rotary evaporator.

2.3 Characterization

Conventional TEM analysis was carried out with a JOEL model JEM-210
electron microscope working at 200 kV and equipped with an INCA Energy
TEM 100 analytical system and a SIS MegaView Il camera. Samples for analysis
were suspended in methanol and placed on copper grids with a holey-carbon film
support.

X-ray powder diffraction patterns were recorded on a JSO Debye-flex 2002
system, from Seifert, fitted with a Cu cathode and a Ni filter, using a 2"-min*

scanning rate.



Raman spectra were carried out at room temperature using a DXR Raman
microscope with 532 nm excitation source from an Ar" laser.

Temperature-programmed reduction (TPR) with H; measurements were
carried out with the heat-treated catalysts in a U-shaped quartz cell using a 5%
H/He gas flow of 50 mL-min™, with a heating rate of 10 K-min™. Samples were
treated with flowing He at 423 K for 1 h before the TPR run. Hydrogen
consumption was followed by on-line mass spectrometry (Pfeiffer, OmniStar
GSD 301).

Infrared spectra were collected by using a Nicolet Nexus spectrometer and
recorded by a DTGS detector from 128 scans and with a resolution of 4 cm™. The
samples were mixed with pre-dried potassium bromide to a final concentration of
approximately 1 wt%.

X-Ray photoelectron spectroscopy (XPS) analyses were performed with a VG-
MicrotechMultilab 3000 spectrometer equipped with a hemispherical electron
analyser and a Mg-Ka (h = 1253.6 e¢V; 1 eV = 1.6302-10-19 J) 300-W X-ray
source. The powder samples were pressed into small Inox cylinders. The catalysts
were reduced ex-situ (Hz, 623 K, 1 h) and then introduced in octane under inert
atmosphere. Suspensions were evaporated in the XPS system under vacuum
conditions.Before recording the spectra, the samples were maintained in the
analysis chamber until a residual pressure of ca. 5-10—7 N-m™? was reached. The
spectra were collected at pass energy of 50 eV. The intensities were estimated by
calculating the integral of each peak, after subtracting the S-shaped background,
and by fitting the experimental curve to a combination of Lorentzian (30%) and

Gaussian (70%) lines. The binding energy (BE) of the C | s peak of the support at



284.6 eV was taken as an internal standard. The accuracy of the BE values is £

0.2 eV.

2.4 Water-gas shift reaction

The catalytic behaviour of the prepared samples in the low temperature water—
gas shift reaction was evaluated in a fixed bed flow reactor under atmospheric
pressure in a range of temperatures from 413 K to 563 K. The feed gas stream
contained a volume composition of 1.87% CO, 35.92% H,0, and He balance,
with a total flow of 100 mL-min-1. Activity tests were performed using 0.150 g
of catalyst diluted with SiC, at a volume ratio of 1:2, to avoid thermal effects.
Prior to the reaction, catalysts were reduced during 1 h at 623 K with flowing H;
(50 mL-min™"). Reaction at each temperature was stabilized for 2 h, and the
composition of the gas stream exiting the reactor was determined by on-line mass
spectrometry (Pfeiffer, OmniStar GSD 301). The catalytic activity will be

expressed by the degree of CO conversion.

3. Results and discussion

3.1 Characterization

Representative TEM images of the reduced catalysts (H,, 623 K, 1h) are
shown in Fig. 1. In general, samples presented wrinkled layers as well as some
transparent areas corresponding to exfoliated graphene sheets. Some amorphous
carbon was also present on the samples, though the Ni/G-Na material seemed to
display a higher proportion. The images showed that Ni and/or NiO nanoparticles
decorated the surface of the catalysts; however, the particle size distribution

differed among the samples. Thus, for the Ni/G-Na catalyst a heterogeneous



distribution and nancparticles as small as 3 nm could be observed, along with
some large particles of around 20 nm, the estimated mean particle size being 10
nm. On the contrary, the Ni/G catalyst displayed a more homogeneous particle
size distribution, as the representative image in Fig 1.b shows, with an estimated
mean particle size of 5 nm. On the other hand, the images of Ni-CeO,/G-Na
showed well-dispersed nanoparticles throughout the sheets, and extended surface
areas were covered. The size of these nanoparticles is in the range 2-3 nm, similar
to values found in literature for the Ag/GO/CeO; system in which the synthesis
was performed in the presence of a stabilizing agent[18]. On the other hand, the
micrographs of the Ni-CeO,/G catalyst showed agglomerated nanoparticles, and
ceria crystallites could be clearly distinguished in some areas (Fig. S1).

The X-ray diffraction patterns of the parent supports and the calcined catalysts
are shown in Fig. 2. The diffractogram obtained with GO presented a well-
defined peak at 10.6° corresponding to the (001) reflection of graphite oxide, and
it can be observed that the peak at 26 = 26° corresponding to the (002) reflection
of graphite decreased significantly, this proving a high yield in the synthesis. The
interlayer distance given by the Bragg’s equation, 0.83 nm, is in the range of the
values normally obtained with this method of synthesis [23,24]. For the Ni/G-Na
and Ni/G catalysts the diffraction peak at 10.6° disappeared, this indicating the
reduction of the parent GO, and the XRD patterns displayed the diffraction peak
at 26° that corresponds to the (002) reflection of graphite, although their wideness
suggest that the structure is different to that of the parent graphite. Additionally, a
shoulder at 22° is insinuated in the XRD pattern of both samples, which can be
ascribed to turbostratic graphite [25]. For catalyst Ni/G-Na, a diffraction peak at

around 44° can be observed, which might include the (400) reflection of NiO



[16]along with the (100) reflection of graphite. This would be in agreement with
the larger particles shown in TEM analysis (Fig. 1). When ceria was present in
the catalysts the peak ascribed to GO also disappeared, but the XRD patterns
were different from those obtained for Ni/G-Na and Ni/G. The XRD pattern of
Ni-CeO,/G showed four well defined peaks at 28.6°, 33.7°, 47.6° and 56.5°, which
correspond to the reflections in the (111), (200), (220) and (331) crystalline
planes of the cubic fluorite-type phase of ceria, along with the reflection of the
(002) plane of graphite at 26°. On the other hand, the XRD pattern of Ni-CeO,/G-
Na showed the same reflections, although they appeared as broad peaks, and the
reflections corresponding to the (111) and (200) planes seem to overlap with that
of graphite at 26°. Its wideness indicates that better ceria dispersion was achieved
on this sample. Finally it can be observed that the diffraction peak of graphite at
26° is sharper for samples Ni/G and Ni-CeO,/G which indicates that these
materials recovered the graphitic structure to a higher extent, this being in
agreement with TEM images showing thicker layers on these samples.

The Raman spectra of graphite, GO, and the calcined catalysts are shown in
Fig. 3. The spectrum of graphite is characterized by two main bands, D (1325 cm’
1Y and G (1576 cm™), which are ascribed to the vibration of carbon atoms in
disordered or defect sites and in-phase vibration of sp?-bonded carbon atoms,
respectively[26]. Therefore, the intensity ratio of the two bands (Ip/lg) may be
taken as an indication of the average size of sp? domains; it is reported as insert in
Fig. 3. For GO it can be observed that the D and G bands are much more intense
and wider compared to those in graphite, and the maxima were shifted to 1333
cm™ and 1602 cm™ respectively, indicating a higher level of disorder and defects.

Moreover, the Ip/lg ratio increased as a consequence of the reduction in the size



of the in-plane sp? domains. The catalysts displayed the D band at around the
same frequency as GO; however, the G band was shifted to lower values (1576-
1588 cm™), which can indicate that these materials have recovered the aromatic
character to some extent. In addition, the spectra of the catalysts showed a new
contribution as a shoulder at 1610 cm™, which corresponds to the D"-band. This
band is due to modifications in the hexagonal ring tension caused by the
arrangement of the electronic cloud; it increases with decreasing the order degree
[27]. The Ip/ls intensity ratio followed the order: graphite < Ni/G-Na < Ni/G <
Ni-CeO,/G-Na < Ni-CeO,/G < GO. During the catalysts synthesis, the material
partially recovered the aromatic structure but, the size of the layers decreased and
the new materials contained more defects than graphite. The ceria-containing
catalysts displayed a higher Ip/lg ratio compared to Ni/G and Ni/G-Na, probably
as a consequence of the incorporation of ceria, which creates more flaws, as
previously suggested [19]. Furthermore, the typical peaks of the F2g vibration
mode of ceria and the oxygen vacancies in the ceria lattice in the range 450-550
cm*were observed on sample Ni-CeO2/G-Na (Fig. S2) [19,28].

Fig. 4 shows the evolution of H, consumption as a function of temperature for
the calcined catalysts (He, 623 K, 5h) in H,-TPR experiments. In addition to the
m/z =2 signal (Hy), the m/z = 18, 28, 44, and 16 signals, which correspond to the
main fragmentation patterns of H,O, CO, CO, and CH,, were also followed by on
line mass spectrometry. It was observed that m/z = 18 was the major contribution
to the profile, this confirming that the reduction of nickel oxide and cerium oxide
were the main processes during the experiments. The H,-TPR profile (H:
consumption) of Ni/G-Na and Ni/G (Fig. 4a) showed broad bands with maxima

at 692 K and 640 K respectively, assigned to the reduction of NiO nanoparticles.



The wideness of these bands points to the presence of NiO nanoparticles with
different reducibility, especially for Ni/G, which could be due to the existence of
particles with different interaction with the carbon support. The profiles changed
after addition of ceria and, now, three distinguishable peaks could be seen for Ni-
Ce0O,/G-Na with maxima at 578, 626 and 801 K. On the other hand, the reduction
profile for Ni-CeO,/G showed two broad bands with maxima at 573 and 873 K.
Reduction of bulk NiO and CeO; has been reported at 637 K [29] and 1123 K
[30] respectively. When these oxides are supported their reducibility varies and a
shift to lower reduction temperatures is expected. While for the ceria-free
catalysts the H; consumption is mainly due to the reduction of NiO, no
unambiguous assignation can be done for samples Ni-CeO,/G-Na and Ni-
CeO,/G, where the reduction of NiO and CeO; might be overlapped especially in
catalyst Ni-CeO,/G. The H, consumption due to the reduction of the remaining
oxygen groups on the support cannot be excluded, but this would represent a low
percentage of the overall profile. Considering the H,-TPR profile for Ni/CeO;
and previous results [31], the low temperature peak can be ascribed to the
reduction of NiO nanoparticles, and the peak at higher temperature could be due
to the reduction of surface ceria. In general, the reduction temperatures are
relatively high compared to other systems in which Ni and CeO;, were supported
over activated carbon [32]. This can be likely due to the stronger nanoparticles-
support interaction achieved as a consequence of the presence of oxygen groups
on the surface of the GO. In addition, as the TEM images showed, the
incorporation of ceria in the sample Ni-CeO,/G-Na afforded smaller NiO
nanoparticles than those observed in the ceria-free catalyst, this leading to a lower

reduction temperature. The effect of ceria addition has been reported for other



nickel catalysts, as Ni/SBA-15, where a decrease of the reduction temperature
was also observed [33]. Furthermore, the presence of sodium in Ni-CeO,/G-Na,
which is confirmed by XPS (see below), could promote the formation of oxygen
vacancies on the ceria surface, and this would be responsible for the lower
temperature at which NiO reduction takes place in this catalyst [34].

The infrared spectrum of GO, (Fig. S3), showed the characteristic bands at
3387, 1719, 1224 and 1052 cm-1 ascribed to the stretching vibration of O-H,
C=0, C-OH and C-O, respectively [12,35]. Although a peak at 1579 cm™
corresponding to the skeletal vibrations of non-oxidized graphitic domains was
observed, the spectrum confirms the successful oxidation of graphite. The spectra
of the reduced catalysts showed a marked decrease of the band at 1719 cm™ as
well as some differences in the low frequency region, this confirming the partial
reduction of GO.

Analyses of the XPS spectra of GO and the reduced catalysts were performed.
The relative amounts of the different species were calculated from the
corresponding peak areas taking into account the sensitivity factors, and the most
relevant data are shown in Table 1. It can be observed that the Ni/C and Ce/C
ratios for the Na-containing catalysts are higher, which is indicative of a higher
dispersion of these species on the catalyst surface, in agreement with TEM
results.

The position of the maximum for the C 1s spectrum of GO (Fig. S4) at 286.0
eV and the absence of the 1 — m* peak characteristic of large poly-aromatic
structures, indicated that the main contribution is assigned to sp® carbon, as
expected [12]. The C 1s bands of the reduced catalysts were shifted to lower BE

(284.6 eV), which indicates the partial recovery of the aromatic character, as the



Raman spectra suggested. The O 1s region of GO in Fig. 5 showed the
contribution of three components: carbonyl oxygen (peak A, 531.4 eV), oxygen
atoms in C-O bonds like hydroxyl and ether groups (peak B, 532.6 eV) and
oxygen atoms in acidic carboxyl groups (peak C, 534.6 eV). This region is
somewhat different for the catalysts, and the bands can now be deconvoluted into
three main components: peak A, at 529.4-529.8 eV, peak B at 531.1-531.6 eV
and peak C at 533.0-533.4 eV. Considering the infrared spectra and the absence
of any peak on the N 1s region, a tentative assignation of the peaks according to
literature can be as follows. Peak A would be ascribed to oxygen in CeO, and/or
NiO[36,37]; peak B, to defective oxygen as oxygen atoms in the vicinity of Ni
and Ce vacancies [38], although it might also include the contribution of the ceria
hydroxyls and remaining oxygen groups [39], and peak C to oxygen in bridge-
type Ce-O-Na or Ni-O-Na [35], although it could also include the contribution of
adsorbed water [40].

The Ni 2ps, region of the different catalysts showed two main contributions at
854.2-856.0 and 856.0-857.6 eV, in contrast to the lower values at which these
components are observed for Ni/CeO,, as shown in Table 2. The contributions
observed for the reduced catalysts at low and high binding energies have been
ascribed to Ni® and NiO or Ni(OH); respectively [30,41], which would be in quite
good agreement with the H,-TPR results. The reduction profile showed that under
the reduction conditions employed only a small fraction of nickel could be
reduced, although this fraction has not been detected by XPS. The binding
energies of nickel species in the ceria-containing catalysts are shifted to higher
values than the values reported for the pure compounds, this being an indication

of their interaction with ceria. Furthermore, these values are higher for the



sodium-containing samples, this indicating that there is also an interaction
between Ni species and the sodium promoter. All these interactions can modify
the structure and electronic properties of Ni, which could improve the catalytic
behaviour of this system[36].

The XPS analysis of the Ce 3d region indicated that both Ce** and Ce®" were
present in the catalysts surface, as the characteristic multiplets of 3ds, and 3ds
core holes were observed. The spectra were therefore deconvoluted into 10 peaks
corresponding to Ce** and Ce*® species [33]and the binding energies are shown in
the supporting information (Table S1). The surface relative amount of Ce** was
estimated, and the values are reported in Table 1. It can be observed that the
contribution of Ce** to the overall spectra followed the trend Ni-CeO,/G-Na >
Ni/CeO; > Ni-CeO,/G. Finally, the Na 1s region for samples Ni-CeO,/G-Na and
Ni/G-Na displayed one contribution at 1071.5-1071.6 eV, which is between the
values reported for metallic Na and Na,O or NaOH [42] and, considering the
results obtained for the O 1s and Ce 3d regions, it might be ascribed to sodium
interacting with Ce and Ni forming Na-O-Ce and Na-O-Ni species.

In conclusion, the binding energies of Ni and Ce species are shifted to higher
values than those reported for Ni/CeO,/activated carbon systems, and this seems
to indicate a higher interaction between the Ni nanoparticles and the support, as

also the H,-TPR results suggested [32].

3.2 Reaction

Fig. 6 reports the catalytic activity results of the different samples in the low
temperature WGS reaction, in terms of CO conversion as a function of

temperature. Activity at each temperature has been determined after 2 h



stabilization, and no deactivation was detected during this period. It can be
observed that Ni/G-Na, Ni-CeO,/G-Na and Ni-CeO,/G were active to different
extents under the reaction conditions used, and the selectivity to CO, was 100%
in the whole range of temperatures. The activity obtained with Ni-CeO,/G-Na
was only slightly lower than that achieved with the catalyst prepared over
massive ceria (Ni/CeQ,), and the maximum CO conversions at 553 K was 94%,
84%, 34% and 7% for Ni/CeO,, Ni-CeO2/G-Na, Ni/G-Na and Ni-CeO,/G
respectively. The reaction results showed the fundamental role of ceria and also
the importance of the presence of Na, which is able to improve the catalyst
activity in agreement with recent results obtained for Ni/Na/CeQO,, Pt/Na/Carbon
nanotubes and Ru/alkali/carbon materials [38,43,44] based on experimental and
theoretical calculations for Pt/SiO; and Pt/Al,O3 catalysts doped with alkali ions
[45].

In the literature, two reaction mechanisms have been mainly proposed for this
reaction over ceria-containing catalysts. The redox mechanism suggests that the
ceria redox process assists the oxidation of CO to CO; and the reduction of H,O
to Hy[5]. The associative mechanism proposes that water is dissociated to
hydroxyls on the oxygen vacancies on the ceria surface, and the formed
hydroxyls react with CO adsorbed on the metal particles to yield formates, which
decompose to CO, and hydrogen [46]. Furthermore, it has been also proposed,
although mainly for Cu-based catalysts and higher reaction temperatures, that the
reaction intermediate is a carboxyl which would further decompose into CO, and

H,[47].



Therefore, independently of the reaction mechanism, small CeO, particles are
beneficial, as they will hold a higher proportion of defects and, thus, a higher
number of oxygen vacancies, which is directly related to the catalytic activity.

The incorporation of cations with a valence state lower than +4 in the ceria
support may improve the activity in several ways. On one hand, the new cations
can displace Ce* in the lattice generating more oxygen vacancies and improving
the reducibility of the catalysts, but they can also stabilize supported active
nanoparticles avoiding their sintering [48,49,50]. The XPS results seem to
indicate that for Ni-CeO,/G-Na, sodium was incorporated in the lattice and not
merely on the surface, which would be detrimental for the reaction [5]. The
incorporation of Na* in the lattice also led to an easier reducibility of CeO,, as
observed by H,-TPR, compared to Ni-CeO,-G/. Moreover, the oxygen vacancies
can be accounted for by the Ce™®/(Ce**+Ce™) ratio estimated by XPS and
reported in Table 2. The values clearly show that this ratio is higher for Ni-
Ce0O,/G-Na compared to Ni-CeO,/G. On the other hand, it has been suggested
that Pt-O-Na clusters might favour the dissociation of H,O molecules and,
according to the associative mechanism, improve the reaction rate [41,46].
Nonetheless, the activity obtained with Ni-CeO,/G was lower than expected.
According to its H,-TPR profile, it displayed the maximum of H, consumption at
much higher temperature than Ni-CeO,/G-Na, which would be due to the
stronger interaction of ceria with the carbon support. The higher temperature
needed for the reduction of ceria would hinder the WGS reaction. Other reasons
for the lower activity of Ni-CeO,/G, as the presence of residual oxygen groups or
the encapsulation of a certain proportion of the nanoparticles during the synthesis,

cannot be excluded. In fact, the encapsulation of the nanoparticles would explain



the lower Ni and Ce surface content obtained by XPS that this sample displayed,
and the different reducibility behaviour as the reduction of the nanoparticles
would be hindered. As long as the ceria-free catalysts are concerned, it is
interesting to note that Ni/G-Na was active even in the absence of CeO,. It has
been proposed that the reaction mechanism over Ni is similar to that for copper,
and follows an associative mechanism analogous to that proposed for ceria
[14,51,52,53] in which water is dissociated on the oxidized Ni surface to produce
adsorbed hydroxyl groups and atomic hydrogen. The hydroxyl groups would then
react with adsorbed carbon monoxide to form an intermediate and eventually
decomposes into carbon dioxide and hydrogen. As it has been stated before, the
presence of Ni-O-Na entities may favour the dissociation of water and thus, this
reaction mechanism.

Therefore, according to the characterization and the reaction results, it has
been corroborated the important role of sodium in improving the activity for
WGS reaction. Considering the results it seems plausible to assume that an
associative mechanism dictates the reaction on the studied systems. Moreover, it
is important to highlight that, despite the low amount of ceria on the Ni-CeO,/G-
Na catalyst, the obtained conversion was close to that observed for Ni supported
over massive ceria, and taking into account the different percentage of ceria, it is

clear that the overall activity has been greatly enhanced.

4. Conclusions

We have developed Ni- and Ni-CeO; supported catalysts employing graphite
oxide as starting support material and urea or sodium hydroxide as precipitating
agents, and we have determined their catalytic activity in the WGS reaction.

Interestingly, different dispersions of the active phases on the support were



obtained depending on the precipitating agent and the presence or absence of
ceria. Thus, a highly homogeneous dispersion of nanoparticles was obtained for
Ni/G and Ni-CeO,/G-Na, whereas large nanoparticles and even agglomerations
were observed for Ni/G-Na and Ni-CeO,/G. This is reflected in the TPR results,
as samples with smaller particles showed the reduction processes at lower
temperatures. In any case, the TPR profiles of these samples were very different
to that of a Ni/CeO, catalyst, for which the reduction peaks were much more
defined, and this could indicate that an interaction exists between ceria and the
graphene support which hinders the reducibility of the former. XPS
characterization showed that nickel was in an oxidized state in the reduced
catalysts, and that the binding energies of the samples prepared by precipitation
with NaOH where higher than those prepared by precipitationwith urea. XPS
analysis allowed to detect the presence of sodium in the catalysts when NaOH
was used, and that this residual sodium was interacting with both nickel species
and the ceria promoter.

Concerning the catalytic performance, we observed that the presence of
sodium largely improved the catalytic activity in WGS when ceria was present.
The positive effect of sodium can be explained considering its incorporation into
the ceria lattice, this creating more oxygen vacancies, and improving the
reducibility of the catalysts Moreover, the sodium-containing ceria-free Ni/G-Na
catalyst was active, this offering the possibility of developing an active catalysts
for WGS without CeO,. It seems that the presence of Ni-O-Na entities can favor
the dissociation of adsorbed water, which is also a factor the can enhance the

catalytic activity.



Finally, the high concentration of oxygen on the parent support (GO) seems to
create strong metal-support interactions, which may be detrimental for the
reaction following a redox mechanism. This could explain the low activity
obtained with the Ni/G/CeO; catalyst. However, further work would be required
to understand the effect of the remaining oxygen groups on the support and of the
synthesis conditions, with the aim of optimizing the preparation of these complex

catalytic systems.
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Table 1. XPS surface atomic ratiosin the reduced catalysts.

Sample O/C Ce/lC NilC Ni/Ce Na/C  Ce"™/(Ce™+Ce™)
Ni/G 0.12 - 0.01 - - -
Ni-CeO,/G 0.69 0.03 0.01 0.33 - 23
Ni/G-Na 0.19 - 0.02 - 0.10 -
Ni-CeO,/G-Na 0.59 0.07 0.04 0.49 0.04 44
Ni/CeO, - - - 0.13 - 33

Table 2. Ni 2ps2 and Na 1s binding energies of the reduced catalysts.

Catalysts Ni 2pa2 (V) Na 1s (eV)
Ni° NiO /Ni(OH),

Ni/G - 854.2/856.0 -

Ni-CeO,/G - 854.4/856.4 -

Ni/G-Na - 855.6/857.5 1071.6

Ni-CeO,/G-Na - 856.0/857.6 10715

Ni/CeO, 852.3 854.3/856.5 -

Fig. 1. TEM micrographs of a) Ni/G-Na, b) Ni/G, c) Ni/G/CeO,-Na,d) Ni/G/CeOy, €)
Ni/CeO,, and particle size distributions of f) Ni/G-Na and g) Ni/G.




Fig. 2. X-ray diffraction patterns of graphite, graphite oxide and the calcined catalysts.
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Fig. 3.Raman spectra of graphite, graphite oxide and the calcined catalysts.
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Fig. 4. H,-TPR profiles of calcined catalysts: a) Ni/G (—), Ni/G-Na(---); b) Ni-
Ce0,/G(—), Ni-CeO,/G-Na (---) and, c) Ni/CeO,,
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Fig. 5. Core level XP-spectra of the O 1s region for graphite oxide and the
reduced catalysts.
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Fig. 6. CO conversion vs. reaction temperature in idealized feed (1.75% CO, 35.92%
H.0, and He balance), for  catalysts reduced at 673 K.
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