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ABSTRACT: The effect of Na loading on the water—gas shift
(WGS) activity of Ni/xNa/CeO, (with x = 0, 0.5, 1, 2, 5, and 10
wt %) catalysts has been investigated. Ni/2Na/CeO, exhibited
the highest performance in terms of WGS activity and methane
suppression. Through H,-TPR and XRD, the solubility limit of
Na* in CeO, was found to be 2 wt %. At low loadings of Na (0.5
to 2 wt %), Na" was incorporated into the CeO, lattice,
generating a lattice strain and activating the lattice O,, thereby
increasing the reducibility of the catalyst. However, beyond the
solubility limit of 2 wt %, Na deposited on the CeO, surface,
retarding the reducibility of the catalyst. XPS spectra reveal
greater surface concentration of adsorbed oxygen species with the
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introduction of Na. This can be attributed to the generation of more oxide vacancies for oxygen adsorption due to Na
substitution into the ceria lattice. By in situ DRIFTS, methanation was found to be inhibited by the interaction between Na and
Nj, leading to the absence of subcarbonyl species which are responsible for this undesirable side reaction.
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1. INTRODUCTION

The Water—Gas Shift (WGS) reaction is one of the major
processes involved in all carbon-based fuel processes. Its
primary purpose is to convert most of the CO to CO, while
producing and upgrading H, from synthetic gas produced from
upstream processes such as reforming and gasification:

CO + H,0 &+ H, + CO,, AH=-412KkJ/mol (1)

Being a reversible and exothermic reaction, WGS is
thermodynamically favored at high temperatures and kinetically
favored at low temperatures. This balance between thermody-
namics and kinetics results in the reaction being executed in a
series of stages industrially, with inter-reactors cooling, so as to
achieve a high extent of CO conversion. Industrially, CO
concentrations can be decreased from 10 to 50 wt % to 0.3 wt
% in a two stage WGS system with interstage cooling.' In such
a system, Fe,O;—Cr,0O; based catalysts are employed in the
high temperature shift (350—450 °C) and Cu-ZnO based
catalysts are used in the low temperature shift (190—250 °C).

Nickel-based catalysts have been widely used for reactions
such as steam reforming of methane™’ and CO methanation*~’
owing to its cheap cost and high catalytic performance.
However, its application in the WGS reaction has been
prohibitive due to its high activity toward an undesirable side
reaction—methanation—that would consequently reduce the
selectivity toward the WGS reaction and thereby decrease H,
yield. Therefore, much effort has been devoted into developing
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nickel-based catalysts that suppress the methanation reaction
during the WGS reaction. For instance, Gan and Zhao®
reported an inverse NiO;_,/Cu catalyst that was able to
suppress methanation. They attributed the suppression to the
presence of oxidized Ni®* species which had weak interaction
with CO and low activity toward CO dissociation. Next, Lee et
al.” investigated the effect of zinc addition into the NiFe,O,
catalyst, and methane suppression was found to be related to
the enhanced redox property of the inverse-spinel species.
Recently, a lack of CO methanation activity was also observed
by Shinde and Madras for the Pd-modified Ni/CeO, catalyst."°
They attributed it to the creation of oxide vacancies—due to
ionic substitution of Pd and Ni into CeO,—that induces H,O
dissociation, leading to higher activity and selectivity toward the
WGS reaction. From the above-mentioned works, it can be
seen that oxygen plays an important role in enhancing WGS
activity for nickel-based catalysts. Thus, in order to utilize
nickel-based catalysts for the WGS reaction, it is necessary to
couple it with an oxygen-providing or partially reducible oxide
support. This therefore leads us to ceria-based catalysts—a
metal oxide that is well-known for its high oxygen storage

capacity.
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Ceria has been highly effective and widely applied in catalysis
applications due to its high oxygen storage capacity (OSC),
enabling it to release oxygen in reducing conditions and to
store oxygen in oxidizing conditions.'’ Ceria has been used in
formulations of automobile three-way catalysts,'>'* water gas
shift catalysts,"*™'® steam reforming catalysts,"” catalysts for
hydrogenation and oxidation reactions,”*~** and electrodes of
solid oxide fuel cells.”*** Upon reduction, removal of an oxygen
atom creates an oxygen vacancy site and results in the reduction
of Ce*" to Ce*, with the two remaining electrons localized into
the 4f states of two adjacent Ce ions.”> The reduction of ceria
can be expressed in the Kroger-Vink notation as®®

Og + 2Cec, — %Oz(gas) + V5 + 2Ceg, 2
where Oy and Ce, denote neutral O and Ce in the ceria
lattice, V{ is a oxygen vacancy site with an effective charge of
+2, and Ceg, refers to Ce with an effective charge of —1.

Alkali promotion for the WGS reaction has been studied
extensively, and significant enhancements have been observed
when doping alkali such as Na, Li, and K to a Pt-based catalgrst
supported on oxide supports such as CeO,>”** ZrO,*"*°
TiO,*"** AL O,>" and activated carbon.*® Flytzani-Stephano-
poulos and co-workers have proposed the promoting effect of
alkali, in particular, sodium (or potassium) atoms, to be that of
providing oxygen to the active Pt metal site in the form of
hydroxyls that are bound to Pt with oxygen links in Pt-Na(K)-
0,(OH), clusters.>* > Water dissociation occurs on these
clusters, forming an —OH group which reacts with CO at low
temperatures. Alternative postulation proposed by Davis and
co-workers suggests that alkali promotes the WGS reaction by
weakening the formate C—H bond, thereby increasing the rate
of formate decomposition. This formate decomposition step
has been proposed as a rate-determining step for the low-
temperature WGS reaction.>’ "> Sodium, in particular, has
been widely acclaimed to promote the WGS reaction.
Incorporation of Na' into t-ZrO, supports was found to
promote WGS by stabilizing ZrO, in the tetragonal phase.*
The promotional role of Na was also attributed to the strong
interaction between Pt and NaO, and the consequent
formation of highly active Pt-NaO,, sites at the interface with
the support that enhances WGS.*® The objective of this work is
therefore to study the role of Na in Ni/CeO, catalysts in
enhancing WGS activity and increasing selectivity toward the
WGS reaction, thereby suppressing the unwanted side reaction
of methanation. To the best of our knowledge, there is yet to be
any studies focusing on Na promotion on Ni-based catalysts for
the WGS reaction.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. 2.1.1. Preparation of Na-
Doped Ceria Support. Nanosized ceria support was prepared
by the reverse microemulsion method according to a procedure
described elsewhere®” but with slight modifications. The typical
procedure for preparing pure CeO, support is as follows.
Cetyltrimethylammonium bromide (CTAB) (12.132 g) was
added to 450 mL of dry toluene and was stirred vigorously for 2
h. Dry toluene was obtained by storing toluene over molecular
sieves for 24 h to remove moisture. Subsequently, 5.9814 mL of
tetramethylammonium hydroxide (TMAH) was added drop-
wise to the mixture. After 2 h of stirring, the cerium precursor
solution prepared by dissolving 1.8180 g of Ce(NO;);-6H,0
(Sigma-Aldrich) dissolved in 13.394 mL of deionized water was
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added dropwise to the mixture. The microemulsion was then
aged for 6 days to allow complete hydrolysis and condensation
of Ce* hydroxyl species to form ceria. To obtain the final
product, the resultant mixture was centrifuged for 20 min at 10
000 rpm. The supernatant was decanted, and the residue was
washed with ethanol to remove the excess sodium ions and
CTAB. This washing and centrifuging process was repeated
thrice. Finally, the solid product was dried in a vacuum oven
overnight and calcined at a heating rate of 2 °C/min in static air
for 2 h.

The calcined pure CeO, support was then doped with Na via
the wet-impregnation method. Na loading in xNa/CeO,
supports was varied with x = 0, 0.5, 1, 2, 5, and 10 wt %.
The weight percentages of Na refer to the final weight
percentages of Na in the respective Ni/xNa/CeO, catalysts.
The typical procedure for preparing SNa/CeO, support is as
follows. NaNO; (0.076080 g) (Sigma-Aldrich) was dissolved in
10.000 mL of deionized water, and the aqueous solution was
then mixed with 0.35000 g of calcined pure CeO, support to
obtain the required Na loading. The mixture was dried under
constant stirring at 80 °C and further dried at 100 °C for
another 24 h before it was calcined at 650 °C with a heating
rate of 2 °C/min in static air for 2 h.

2.1.2. Nickel Impregnation on Na-Doped Support. Upon
yielding the Na-doped CeO, supports, an aqueous solution
containing the required Ni(NO;),-6H,0 (Sigma-Aldrich) was
mixed with the requisite amount of Na-doped CeO, support to
obtain the 10 wt % Ni/xNa/CeO, catalysts. The mixtures were
then dried under constant stirring at 80 °C and further dried at
100 °C for another 24 h before they were calcined at 650 °C
with a heating rate of 2 °C/min in static air for 2 h.

2.2. Catalyst Characterization. 2.2.1. BET Surface Area.
Surface areas of the catalysts were determined via nitrogen
adsorption with the Brunauer—Emmett—Teller (BET) method
using a Micromeritics ASAP-2020 adsorption apparatus. Prior
to analysis, the samples were degassed in vacuum at 350 °C for
4 h, and the N, adsorption isotherms were subsequently
measured at 77 K.

2.2.2. N,O Chemisorption. In order to calculate the amount
of active sites and metal dispersion, pulse titration was
performed on the Quantachrome ChemBET-3000 according
to the method reported in recent literature.*® The H,-TPR was
initially performed using 0.05 g of sample up to 650 °C,
followed by cooling down to room temperature. Purified N,O
gas was then introduced to the system by pulse injection until
saturation. The H,-TPR was repeated up to 650 °C. The
amount of active sites can be calculated from the amount of
adsorbed N,O, while the dispersion can be calculated by
comparing the second TPR to the first TPR results.

2.2.3. X-ray Diffraction (XRD). The X-ray diffraction pattern
of each catalyst was measured on a Shimadzu XRD-6000
diffractometer using Cu Ko radiation. The catalyst was placed
on a plastic slide and scanned from 26 of 20° to 80° with a step
degree of 0.02°. The beam voltage and current used were 40 kV
and 30 mA, respectively. The lattice parameter was determined
from Bragg’s Law with the intensity of the most prominent
peak (200) and (111) for Ni and Ce, respectively. The mean
crystallite size of cerium and nickel oxide was estimated
through the Scherrer equation by line broadening of (200) and
(111) peaks, respectively.

2.2.4. H,-Temperature-Programmed Reduction (H,-TPR).
Temperature-programmed reduction (TPR) measurement for
the fresh catalyst was performed on Quantachrome ChemBET-
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Table 1. Physicochemical Parameters for Ni/xNa/CeO, Catalysts

crystallite size® (nm)

lattice parameter?
{om)

metal
BET surface area  dispersion® metal particle” Ni

catalyst (m*/g) (%) size (nm) [111]

O0Na/CeO,

0.5Na/
CeO,

1Na/CeO,

2Na/CeO,

SNa/CeO,

10Na/CeO,

Ni/ONa/ 25.70 20.50 4.93 14.67
CeO,

Ni/0.5Na/ 8.75 15.18 6.66 15.32
CeO,

Ni/1Na/ 4.79 21.03 4.80 13.70
CeO,

Ni/2Na/ 7.99 9.72 10.39 15.02
CeO,

Ni/SNa/ 2.50 3.36 30.04 24.73
CeO,

Ni/10Na/ 0.42 3.81 26.54 2742
CeO,

NiO CeO, NiO CeO, H, consumption® reduction degree of
[200] [111] [200]  [111] (mmol/g) NiO/ (%)

14.51 5.400 0.40

14.73 5.402 0.40

18.46 5.414 0.46

21.67 5.420 0.63

20.80 5.420 228

17.30 5.436 8.82
20.68 12.32 4.173 5.394 2.89 100
26.71 16.87 4.176 5411 3.16 111
25.74 20.25 4.181 5.418 2.79 93.6
27.12 22.78 4.179 5.418 2.83 88.2
25.51 22.08 4.181 5.420 8.25 2402
27.06 19.15 4.180 5.419 12.9 166%

“Metal dispersion was calculated by N,O chemisorption. “Metal particle size was determined by the expression, d = 101/metal dispersion (%).
“Crystallite size was determined by XRD with the Scherrer equation. 9Lattice parameter was determined by the formula, @ = (K + k> + P)V2((1)/
(2sin 0)). °H, consumption below 900 °C in TPR profiles shown in Figure 2./Reduction degree of NiO (%) = 100 X (H, consumed by Ni metal)/
((H, consumed by Ni metal)y;/ong/ceo,)- SReason for anomalous percentage of reduction degree of NiO can be found in the main text.

3000, equipped with a thermal conductivity detector (TCD).
Prior to TPR measurement, 0.05 g of catalyst was outgassed in
He for 1 h at 300 °C to remove any impurities and then cooled
down to room temperature. 5% H,/N, gas was then introduced
at 80 mL/min to the catalyst, while the temperature of the
furnace was increased from 50 to 900 °C at a heating rate of 10
°C/min. Quantitative measurement of H, consumption over
the xNa/CeQO, supports and Ni/xNa/CeO, catalysts were
calculated for the derivation of percentage of NiO reduction
degree. Assuming the degree of reduction of support in Ni/
xNa/CeO, catalysts to be completely the same as that of xNa/
CeO, supports, the amounts of H, consumption by the Ni
metal on the different Ni/xNa/CeO, catalysts were obtained by
subtracting H, consumption of support from the total H,
consumption by the Ni/xNa/CeO, catalyst.® The degree of
reduction of NiO on the Ni/ONa/CeO, catalyst was assumed
to be 100% and used a basis for calculation of reduction degree
for other Ni/xNa/CeO, catalysts.

2.2.5. X-ray Photoelectron Spectroscopy (XPS). The catalyst
surface analysis was performed using X-ray photoelectron
spectroscopy (XPS) with a KRATOS AXIS Ultra spectrometer
equipped with a monochromatic Al-Ka (hv = 1486.71 eV)
radiation source operated at S mA and 15 kV. The binding
energy (BE) was calibrated based on the line position of C 1s
(284.50 eV). Prior to XPS analysis, the catalysts were reduced
under pure H, at 650 °C for 1 h and cooled down to room
temperature of about 30 °C before transferring to the sample
stub promptly.

2.2.6. Transmission Electron Spectroscopy (TEM). The
metal particle size was measured visually using HRTEM system
JEOL JEM-2100F. The average metal size was then calculated
over 100 particles. Prior to the observation, the catalyst was
reduced at 650 °C under H, for 1 h. The sample was then
ultrasonically dispersed in ethanol and spread over perforated
copper grids.
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2.2.7. Diffuse Reflectance Fourier Transform Infrared
Spectroscopy (DRIFTS). In situ DRIFTS data were collected
using a Bruker FTIR spectrometer equipped with a Harrick
Praying Mantis DRIFTS cell connected to a gas flow system.
The catalyst was reduced at 650 °C for 1 h and cooled down to
a room temperature of about 30 °C. Upon H, reduction,
surface hydroxyl (—OH) groups are formed on the ceria surface
by reduction of surface oxygen. Prior to introducing CO and
H,, the reduced catalyst was flushed with He for 10 min to
remove residual H,. Stepwise heating and cooling with an
increment of 50 °C up to 600 °C were applied. The
temperature was held for 15 min at each step.

2.3. Catalytic Activity Measurements. The catalytic
reaction was carried out in a fixed bed quartz reactor with an
inner diameter of 4 mm and a length of 400 mm. The catalyst
(0.05 g) was used in each test and was sandwiched between two
quartz wool plugs in the middle of the reactor. Prior to the
catalytic reaction, the catalyst was reduced in 10 mL/min H, at
650 °C for 1 h. After H,-reduction, the reactor temperature
ramped down to the desired reaction temperature (300—600
°C) under hydrogen. Water delivered by a HPLC pump, was
vaporized at 150 °C in a preheater, and the resultant steam was
mixed with reactant gases before entering the reactor. The
reactant feed composition was as follows: S mol % CO, 25 mol
% H,O, He balance, and the total flow rate was of 50 mL/min
with GHSV of about 68000 h™". The effluent gases were passed
through a cold trap which was set at a temperature of 5 °C to
condense the unreacted water from the WGS reaction, and the
noncondensable product gases were subsequently analyzed by
an HP-GC equipped with a Hayesep D column. The data was
collected when the reaction had reached steady-state. The
stability test was conducted for 100 h using the above-
mentioned reactant feed composition. To measure the amount
of adsorbed carbon (CH, precursor) on the spent catalysts,
thermogravimetric analysis (TGA) was conducted using the
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Shimadzu DTG-60 gravimetric analyzer. Around 10 mg of
spent catalyst was used in each TGA analysis and heated in air
to 800 °C with a heating rate of 10 °C/min.

The total conversion of CO was calculated according to the
following equation:

[CO, L. + [CH,]
+ [CO,]

out

+ [CH,]

XCO,total = [CO]

out out

©)

Correspondingly, CO conversion to CO, was calculated
according to the following equation:

(CO,]
+ [CO,]

out

out

Xco =

[CO] + [CH,]

)

In the absence of methanation (i.e., production of CH,), the
above equation reduces to the following equation:

[C02:|out
+ [CO,]

out out out

Xco,wcs = [

CO] (5)

The CH, and H, yields are calculated according to the
following equation:

out out

[CH4]out ( [H2]out )

9%CH, (H,) Yield =
6CH, (H,) Yie + [H,],, + [CH,]

[C 02 ]out out

(6)

For turnover frequency (TOF) calculations and derivation of

reaction rates, the catalytic activity testing was performed with

diluted catalysts (diluted with powder quartz SiO,) with a total

flow rate of 100 mL/min in order to maintain a total CO

conversion of below 10%. The TOF was calculated according
to the following equation:

out

mol of CO converted

mol of Ni metal X time (s)

TOF =

?)

The rate of reaction was calculated using the following
equation:

mol of H, produced
Rate =

mass of catalyst (g) X time (s)

(8)

3. RESULTS AND DISCUSSION

3.1. BET — Surface Area Analysis. Table 1 shows the BET
surface area of Ni/xNa/CeO, catalysts. It was observed that the
surface areas of the catalysts decreased greatly with increasing
loading of Na. This is primarily due to the penetration of Na
into the pores of ceria support during impregnation, resulting in
the blockage of pores and a subsequent decrease in the surface
area. Besides, different loadings of Na can also affect the texture
of ceria to variable extents.

3.2. N,O Chemisorption—Metal Dispersion. The metal
dispersion in reduced Ni/xNa/CeO, catalysts was measured
using N,O chemisorption. As shown in Table 1, metal
dispersion decreased upon increasing Na loading. This is
largely due to the reduction in surface area with higher Na
loadings. However, as evident from the catalytic results, lower
metal dispersion in higher Na loading Ni/CeO, catalysts did
not decrease the activity greatly.

3.3. X-ray Diffraction (XRD) — Structural Analysis. The
catalysts were analyzed using XRD to identify the crystalline
phases, and the XRD patterns for the fresh, calcined catalysts
are shown in Figure 1(a). The cubic fluorite structure of CeO,
(JCPDS No. 00-043-1002) and the face-centered cubic
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Figure 1. XRD patterns of freshly calcined (a) Ni/ONa/CeO,, (b) Ni/
0.5Na/Ce0O,, (c) Ni/INa/CeO,, (d) Ni/2Na/CeO,, (e) Ni/5Na/
CeO,, and (f) Ni/10Na/CeO, catalysts. Circles denote CeO, phase
and squares denote NiO phase.

structure of NiO (JCPDS No. 04-0835) are apparent in all
samples. Table 1 displays the lattice parameters and crystallite
sizes of NiO and CeO, derived using Bragg’s law and Scherrer’s
equation, respectively. The average crystallite sizes of NiO were
determined by line broadening of (200) line of NiO at about 20
= 43.3° Ni crystallite sizes were estimated to be 20.7, 26.7,
25.7, 27.1, 25.5, and 27.1 nm for Ni/ONa/CeO,, Ni/0.5Na/
Ce0,, Ni/1Na/CeO,, Ni/2Na/CeO,, Ni/5Na/CeO,, and Ni/
10Na/CeO, catalysts, respectively. Similarly, average crystallite
sizes for CeO, were determined by line broadening of (111) at
about 20 = 28.6° and were approximated to be 12.3, 16.9, 20.3,
22.8, 22.1, and 19.2 nm for Ni/ONa/CeO,, Ni/0.5Na/CeO,,
Ni/1Na/CeO,, Ni/2Na/CeO,, Ni/5Na/CeO,, and Ni/10Na/
CeO, catalysts, respectively. Upon introduction of Na, the NiO
crystallite size increases abruptly from 20.7 to 26.7 nm and
remains approximately constant when Na loading was increased
from 0.5 wt % to 10 wt %. However, in the case of CeO,
crystallite size, a monotonic increase in CeO, crystallite size was
observed with increasing Na loading from 0 wt % to 2 wt %.
Beyond 2 wt %, CeO, crystallite size gradually decreases as Na
loading was increased from S wt % to 10 wt %. This volcanic
trend can be explained by the change in grain boundary
mobility brought about by different Na loadings. At low Na
loading of 0.5 wt % to 2 wt %, Na" cations diffuse and
incorporate into the CeO, lattice, thereby generating oxygen
vacancies which enhance the grain boundary mobility.*>*"
However, beyond the solubility limit of 2 wt %, increasing Na
loading results in the suppression of grain boundary mobility
due to solute drag effect.””*> A steep Na concentration gradient
between the bulk and intergrain interfaces is formed when
excess Na is deposited on the CeO, surface boundaries. This
Na solute gradient then generates a strong drag to the grain
boundary mobility, suppressing grain growth and reducing the
CeO, size.*” A similar trend was also observed by Lee et al,*' in
which the grain size of gadolinia-doped ceria was found to
increase with increasing Ga,0; content up to S mol % and then
decreased with further introduction of Ga,O;. In order to show
the presence of reduced metal on the reduced Ni/xNa/CeO,
catalysts, a narrow scan was performed, and the result is shown

dx.doi.org/10.1021/cs500915p | ACS Catal. 2014, 4, 3237—3248
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in Figure S1 (see the Supporting Information). The average
crystallite sizes of Ni were determined by line broadening of
(111) line of Ni at about 26 = 44.4°. Ni crystallite sizes were
estimated to be 14.7, 15.3, 13.7, 15.0, 24.7, and 27.4 nm for Ni/
O0Na/Ce0O,, Ni/0.5Na/Ce0O,, Ni/INa/CeO,, Ni/2Na/CeO,,
Ni/5Na/Ce0O,, and Ni/10Na/CeO, catalysts, respectively.
Likewise, a similar upward trend in the metallic Ni crystallite
size is observed as Na loading was increased.

From Table 1, it is evident that the lattice parameter of Ce
increased linearly from 5.394 A (in Ni/ONa/CeO,) to 5418 A
(in Ni/1Na/CeO,) and remains approximately constant. This
observation is consistent with Vegard’s law. This increase can
be attributed to the substitution of bigger Na* ions (1.18 A) for
Ce** ions (0.97 A)**** which generates a lattice expansion and
forms oxygen vacancies because of charge compensation. At Na
loadings close to the solubility limit of 2 wt %, lattice expansion
reaches a maximum of about 5.418 A. Therefore, increasing Na
loading beyond 2 wt % does not increase the lattice parameter
further.

3.4. H,-Temperature-Programmed Reduction (H,-
TPR) — Reducibility Analysis. H,-TPR profiles for Ni/
xNa/CeO, catalysts are reported in Figure 2. In general, two

(f) Ni/1ONa/CeO2
@) Ni/5Na/CeO,
z _
= | ) N|/2Na/CeE)72
(g — — - — S
k=2 .
8 © Ni/1Na/CeO,
o

Ni/0.5Na/CeO,

Ni/ONa/CeO,

T T T T T T T
100 200 300 400 500 600 700 800

Temperature (°C)
Figure 2. H,-TPR profiles of (a) Ni/ONa/CeO,, (b) Ni/0.5Na/CeO,,

(c) Ni/1Na/CeO,, (d) Ni/2Na/CeO,, (e) Ni/SNa/CeO,, and (f)
Ni/10Na/CeO, catalysts.

main reduction peaks can be discerned. The first reduction
peak centered at about 400 °C can be attributed to the
reduction of Ni** to Ni’ and probably to the reduction of
surface capping oxygen of ceria,*> while the broad reduction
peak started at around 850 °C can be attributed to the
reduction of bulk oxygen in CeO,. As compared to other Na-
doped catalysts, Ni/ONa/CeO, has an additional subtle low
temperature peak at 320 °C which can be ascribed to free NiO
particles.** An interesting phenomenon was observed as Na
loading was varied from 0 to 10 wt %. Initially, as Na loading
was increased from 0 wt % to 0.5 wt %, the main reduction
peak shifted to higher temperature from 367 °C (in Ni/ONa/
Ce0,) to 430 °C (in Ni/0.5Na/CeO,). However, further
increment in Na loading from 0.5 wt % to 2 wt % shifted the
main reduction peak from 430 °C (in Ni/0.5Na/CeO,) to 413
°C (in Ni/INa/CeO,) and subsequently to 403 °C (in Ni/
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2Na/CeO,). Interestingly, upon further increment in Na
loading to S and 10 wt %, this reduction peak shifted in the
opposite direction to even higher temperatures of 458 and 525
°C, respectively. At the onset, the addition of 0.5 wt % Na
increased the reduction temperature due to the stronger
interaction between Ni and the Na-doped CeO, support.
However, further introduction of Na from 0.5 wt % to 2 wt %
increases the reducibility of the catalyst due to the
incorporation of Na* into the CeO, lattice, resulting in lattice
distortion and creation of oxygen vacancies. It has been
reported that Na* (ionic radius of 1.18 A), due to its similar
ionic radius to that of Ce*" (0.97 A), has a high possibility of
incorporating into the ceria lattice.*® Factoring in the high
calcination temperature of 650 °C, there is a great likelihood
that a solid solution, Na,Ce,_,0,, was formed between Ce and
Na. Thus, it is expected that at low Na loadings of 0.5 wt % to 2
wt %, Na was incorporated into the CeO, lattice, leading to a
lattice expansion as observed from the XRD results stated
above. This lattice distortion and generation of oxygen
vacancies increase the oxygen mobility and in turn enhance
the reducibility of the catalyst.*” Song and Ozkan have reported
enhanced oxygen mobility in the Co/CeO, catalyst by
incorporation of Ca, which in turn increased the H, yield and
TOF over the Ca-doped Co/CeO, catalyst in the ethanol
steam reforming reaction.”® Shinde and Madras*’ have made a
similar observation, whereby ionic substitution of bimetallic
Cu—Ni and Cu—Fe was found to activate lattice oxygen in
CeO,, increasing the reducibility and oxygen storage capacity of
bimetallic substituted CeO,. With the inclusion of more
sodium, the ceria lattice could no longer accommodate more
sodium due to its solubility limit and the excess sodium
deposited on the surface of ceria support. Despite the increased
reducibility conferred by the doping of Na into CeO, lattice,
the excess Na that formed an overlayer resulted in an overall
decrease in reducibility of the catalyst at higher Na loadings of 5
and 10 wt % due to stronger interactions between Ni and Na
possibly through the formation of Ni—O,—Na complexes.>***
The phenomenon of shifting to higher reduction temperatures
had also been observed in the case of the alkali-doped Pt/CeO,
catalyst,”” the K-doped Co/SiO, catalyst,® and alkali-doped
Pd/Fe,0; catalysts.”’ The deposition of excess Na can also be
inferred from the H, uptake values tabulated in Table 1. From
Table 1, it is evident that H, uptake remains relatively constant
for 0 wt % to 2 wt % Na loading. However, as Na loading
increased from 2 wt % to 10 wt %, H, uptake increased from
2.83 mmol H,/g (in Ni/2Na/CeO,) to 8.25 mmol H,/g (in
Ni/5SNa/Ce0,) and then further increased to 12.9 mmol H,/g
(in Ni/10Na/CeO,). Since the Ni nominal loading is
consistent at 10 wt % for all catalysts, the H, uptake required
for reduction of Ni** to Ni’ should be similar among all
catalysts. Thus, this sharp increase in H, uptake observed in 5
and 10 wt % Na-doped catalysts can be attributed to the
reduction of excess Na,O deposited on the surface of CeO,
supports. As shown in Table 1, the reduction degree of NiO is
approximately 100% for Ni/xNa/CeQ, catalysts except for Ni/
5Na/CeO, and Ni/10Na/CeO, catalysts. A possible reason for
obtaining reduction degree of >150% for Ni/5Na/CeO, and
Ni/10Na/CeO, catalysts is an underestimation of the H,
consumption of 5Na/CeO, and 10Na/CeO, supports due to
the partial reduction of the supports in the presence of excess
Na. Therefore, the H, uptake values also further affirm that the
solubility limit of Na* within the CeO, lattice is 2 wt %. Beyond
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Figure 3. XPS spectra of Ni/xNa/CeO, catalysts for (a) Ni 2p, (b) Ce 3d, and (c) O 1s.

Table 2. Surface Composition Derived from XPS

oxygen concn (%)

cerium concn (%)

nickel ratio surface composition (at %)

catalyst lattice oxygen  adsorbed oxygen  adsorbed water
Ni/ONa/CeO, 43.1 22.1 34.8
Ni/0.5Na/CeO, 40.9 26.2 32.8
Ni/1Na/CeO, 56.0 25.1 189
Ni/2Na/CeO, 30.1 32.6 37.3
Ni/S5Na/CeO, 29.5 36.7 33.8
Ni/10Na/CeO, 14.3 46.8 389

[Ce*]  [Ce™]  [Ni%]/[Ni*] 0 Ni Na Ce
13.7 86.3 0.649 76.84 2.77 0 20.39
12.6 87.4 0.677 7245 2.13 3.89 21.53
10.4 89.6 0.888 68.47 3.48 6.83 21.21
10.1 89.7 0.950 70.47 1.86 9.68 18.00
9.30 90.7 0.419 72.98 2.19 13.28 11.55
9.87 90.1 0.712 67.65 1.90 20.63 9.82

the solubility limit of 2 wt %, excess Na deposits on the surface
of CeO, support as Na,O.

3.5. X-ray Photoelectron Spectroscopy (XPS). An XPS
study was conducted on the reduced Ni/xNa/CeO, catalysts in
order to understand the oxidation states of the various surface
species present during reaction. Figure 3(a) displays the Ni
(2ps/,) spectra of the reduced Ni/xNa/CeO, catalysts. The
binding energies (BEs) of Ni metal and its satellite peak are
852.6 and 856.3 eV, respectively. Similarly, the BEs of Ni** in
NiO and its two satellite peaks are 855.4 eV, 853.7, and 860.9
eV, respectively.>> As evident from Figure 3(a), as Na loading is
increased from 0 wt % to S wt %, there is a clear shift in BE of
Ni® from 852.3 to 852.1 eV. The downward shift of the Ni 2p
BEs observed in Na-doped Ni/xNa/CeO, catalysts is indicative
of interaction between Na and Ni and that the presence of Na*
ions increases the electron density on the Ni metal.>* The Ni
2p spectra was deconvoluted corresponding to the Ni” and Ni**
states, and the relative concentrations of the two states were
calculated from the deconvoluted peaks. The relative
concentration, Ni°/Ni**, was found to be 0.649, 0.677, 0.888,
0.950, 0.419, and 0.712 for Ni/ONa/CeO,, Ni/0.5Na/CeO,,
Ni/1Na/CeO,, Ni/2Na/CeO,, Ni/5Na/CeO,, and Ni/10Na/
CeO, catalysts, respectively. XPS results of Ni/xNa/CeO,
catalysts reveal that addition of Na facilitates the reduction of
Ni in the Na-doped catalysts as shown by the higher relative
concentration of Ni’/Ni** for Na-doped catalysts. As shown
later in DRIFTS study, nickel metal serves as the active metal
sites for catalyzing the WGS reaction, thus greater ease in
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reduction of Ni** to Ni’ is essential in achieving excellent WGS
activity.

Figure 3(b) shows the core level spectrum for Ce 3d which is
relatively complex due the presence of both Ce®" and Ce*"
states. A total of 10 peaks were fitted: 3 doublets for CeO, and
2 doublets for Ce,O;. The 6 characteristic peaks for CeO, are
labeled as v (882.4 eV), v" (888.7 eV), v (898.2 eV), u (900.9
eV), u” (907.3 eV), and u” (916.5 €V). On the other hand, the
4 characteristic peaks for Ce,O; are labeled as v, (880.4 eV), v/
(886.5 eV), uy (898.7 €V), and u’ (902.9 €V).'>** As compared
to the Ni/ONa/CeO, catalyst, there is a significant shift in
binding energy toward higher region. This indicates the
possibility of Na" into CeO, lattice, leading to charge imbalance
and lattice distortion of CeO,. This distortion in turn generates
oxygen vacancies, enabling oxygen adsorption on these
vacancies.'”** This finding correlates well with the H,-TPR
results, which showed the shift toward lower reduction
temperatures with the incorporation of up to 2 wt % Na.

Figure 3(c) shows the core level spectrum of O 1s. Three
peaks are observed in the O 1s region. The first peak (O;) at
around 529 eV can be attributed to lattice oxygen (O*7) in the
ceria lattice, the second peak (Oy) at around 530 eV
corresponds to adsorbed oxygen species, while the third peak
(Oyy) at around 532 eV corresponds to adsorbed water.>
Similar to the Ce 3d spectra, with the introduction of Na, the
binding energies generally shift toward higher binding energies.
Table 2 presents the surface composition of the reduced Ni/
xNa/CeO, catalysts. Evidently, as Na loading increases,
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Figure 4. HRTEM images of reduced (a,b) Ni/ONa/CeO,, (c,d) Ni/2Na/CeO,, and (e,f) Ni/SNa/CeO, catalysts.

concentration of lattice oxygen decreases, while concentration
of adsorbed oxygen increases. This result is in agreement with
the inference made from Ce 3d spectra as well as the H)-TPR
results that the inclusion of Na* into CeO, lattice generates
oxygen vacancies which lead to a higher amount of oxygen
adsorption. The surface compositions of the reduced catalysts
are also shown in Table 2. The surface Na concentration
increases as Na loading increases, even at low Na loadings of 0
to 2 wt %. This trend may seemingly suggest that Na is
deposited on the surface. However, bearing in mind that the
sampling depth is generally approximately 3—10 nm depending
on the mean free path of the photoelectrons in the material,*®
the surface Na content detected could possibly include the a
contained in the ceria lattice. Moreover, it can be seen that the
surface concentration of Ce remains approximately constant at
about 18—20 at % with Na loading of 0 to 2 wt %. At higher Na
loadings of 5 and 10 wt %, surface concentration of Ce
drastically decreases to about 10 at%. This result further affirms
the postulation that beyond 2 wt % Na loading, excess Na

3243

forms an overlayer on ceria particles, thereby reducing the
surface Ce concentration.

3.6. Metal Particle Size of Reduced Catalysts. Figure 4
shows the HRTEM images of the reduced catalysts. From
Figures 4(a), 4(c), and 4(d), the particle size of CeO, are
measured to be approximately 15.3 nm, 23.1 nm, and 23.6 nm
for Ni/ONa/CeO,, Ni/2Na/CeO,, and Ni/5Na/CeO, cata-
lysts, respectively. The order of the ceria size is in agreement
with quantitative analysis of crystal size obtained using XRD. In
addition, as shown in Figures 4(b), 4(d), and 4(f), the lattice
fringes are well-defined, thus confirming the crystalline nature
of the sample. The width of lattice fringe of 0.32 nm
corresponds to (111) CeO,. The metal particle size of Ni
was unable to be clearly distinguished as they could possibly be
buried underneath the ceria particles that have agglomerated
partially after calcination at 650 °C. From the elemental
mapping of the Ni/2Na/CeO, catalyst as shown in Figure 5, Ni
particle size can be estimated to be about 13.53 nm, which is
similar to the particle size obtained via N,O chemisorption
(10.39 nm). In addition, Figure S(b) which shows the
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Figure S. (a) HRTEM image of Ni/2Na/CeO, catalyst and (b-d) corresponding EDS mapping images of (a) for Na, Ce, and Ni elements,

respectively.

elemental mapping of Na on the Ni/2Na/CeO, catalyst reveals
that Na is well dispersed on the CeO, supports and do not
agglomerate, further affirming the formation of Na—Ce—O
solid solution.

3.7. Catalytic Activity and Selectivity. Catalytic testing
was conducted from 300 to 600 °C, and Figure 6(a) displays
the percentage of CO conversion to CO, against the reaction
temperature for the Ni/xNa/CeO, catalysts. In general, Na-
doped catalysts achieved better catalytic performance as
compared to the Ni/ONa/CeO, catalyst over the entire
temperature range, with the Ni/2Na/CeO, catalyst exhibiting
the most superior performance. At 400 °C, the Ni/2Na/CeO,
catalyst achieved a CO conversion of 97.5%, which is very close
to that of the theoretical equilbrium level of CO conversion of
98.1%. As Na doping increases beyond 2 wt % to 5 and 10 wt
%, CO conversion decreases slightly to 97.1% and 94.4%,
respectively. It has been shown that for Pt/CeO, catalysts,
increasing the alkali amount to levels that are too high will
reduce the BET surface area of the catalyst, block the Pt surface
sites, and in turn reduce WGS activity. In contrast, at low levels
of alkali, alkali promotes the WGS activity by weakening the
formate C—H bond significantly.”” Indeed, from BET analysis,
the same trend of drastic reduction in surface area at high levels
of Na doping was also observed. This could be the main
attribute for the slight deterioration in catalytic activity
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observed in Ni/SNa/CeO, and Ni/10Na/CeO, -catalysts.
Besides displaying excellent WGS activity in terms of CO
conversion to CO,, the activity enhancement by the Ni/2Na/
CeO, catalyst was accompanied by an increase in selectivity
toward the WGS reaction. Figure 6(b) shows the percentages
of CH, and H, yields at 400 °C for all catalysts. As evident
from Figure 6(b), CH, yield is the highest at 1.93% for the Na-
free Ni/ONa/CeQ, catalyst and abruptly decreases to a low
value of 0.52% with the addition of 0.5 wt % Na before
gradually decreasing to a gradual plateau as Na was increased
from 0.5 to 10 wt %. Consequently, the Ni/ONa/CeO, catalyst
has the lowest H, yield of 43.5% while Na-doped catalysts
generally achieved high H, yield of at least 46.0%. Therefore,
incorporation of 2 wt % Na into the Ni/CeO, catalyst was able
to enhance the WGS activity, increase the selectivity toward the
WGS reaction, and effectively suppress the side reaction,
methanation.

Besides, the stability test conducted for 100 h as shown in
Figure 7 reveals that Ni/2Na/CeO, is catalytically stable and
remains selective toward the WGS reaction throughout the 100
h runtime. Postreaction characterization of the spent catalyst
shows that the Ni metal crystallite size increased slightly from
15.0 to 204 nm (shown in Figure S2) and TGA analysis
(shown in Figure S3(b) of the Supporting Information) reveals
no deposition of carbon (CH, precursor) on the spent catalyst.
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Figure 7. Percentages of CO conversion to CO, (left axis) and CH,
yield (right axis) of the Ni/2Na/CeO, catalyst for 100 h reaction.

In addition, XPS analysis of the spent Ni/2Na/CeO, catalyst
indicates no noticeable changes in the surface concentration of
Na from the catalyst. The surface atomic concentrations of Na
on the Ni/2Na/CeO, catalyst are 9.7 at % and 7.7 at% before
and after the reaction, respectively. The stability test for 100 h
was also conducted for the the Ni/ONa/CeQO, catalyst. As
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compared to the Ni/2Na/CeO, catalyst, it has a lower CO
conversion and a higher CH, yield. Contrary to that of the Ni/
2Na/CeO, catalyst, TGA analysis of the spent Ni/ONa/CeO,
catalyst (shown in Figure S3(a) of the Supporting Information)
shows deposition of adsorbed carbon (CH, precursor) after
100 h runtime, affirming the presence of adsorbed carbon as an
intermediate for CH, formation.

In addition, the activity of the Ni/2Na/CeQ, catalyst was
also compared with other catalysts found in the literature. The
calculated TOF values and rate of hydrogen formation as well
as the various operating conditions used in testing of different
catalyst systems have been tabulated in Table 3. As evident
from Table 3, the current Ni/2Na/CeO, catalyst has a lower
TOF value than the Pt-based catalyst as reported by Zhu et al.*®
that was tested at 300 °C. However, it showed more superior
performance (in terms of TOF and hydrogen formation rate)
as compared to a conventional catalyst’” and other Ni-based
catalysts®®* at higher temperature regions of >350 °C. A TOF
value of 0.46 s™! and a hydrogen formation rate of 75.4 ymol/
gcat-s was achieved with the Ni/2Na/CeO, catalyst. Hence, the
Ni/2Na/CeO, catalyst is a promising and highly active catalyst
which can be utilized for the WGS reactions conducted at
higher temperatures of approximately 400 °C

3.8. In Situ Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS). 3.8.1. Interaction with
CO-H, from 30 to 400 °C. To investigate the role of Na on the
suppression of methane during the WGS reaction, DRIFTS
study was conducted by subjecting the reduced catalyst with
continuous flow of CO and H, to simulate CO hydrogenation
conditions. Figure 8(a) shows the FTIR spectra of the Ni/ONa/
CeO, catalyst reduced at 650 °C and subjected to continuous
flow of CO and H,. At the carbonylic region, two bands at 2014
and 2035 cm™' can be observed at 30 °C. The band at 2014
cm™, assigned to CO linearly adsorbed on metallic Ni (Ni-
CO), increases in intensity as the temperature was raised from
30 to 200 °C. The increment in intensity of linear carbonyl
suggests that CO is strongly chemisorbed on metallic nickel,
and there is a buildup of surface linear monocarbonyl which
eventually decomposed completely at 250 °C. Below 250 °C,
the rate of linear CO decomposition is much slower than its
adsorption, thus explaining the increase in intensity of the linear
monocarbonyl band. In addition, a weak band observed at 2035
cm™' can be assigned to CO on Ni modified by hydrogen
atoms introduced during the reduction process. The assign-
ment of this band is similar to that of Tabakova et al. where
they have assigned 2040 cm™ to be CO on Au’ modified by
hydrogen atoms.®® At 150 °C, a broad shoulder band at 2086
cm™!, assigned to subcarbonyl nickel species Ni(CO), (n =2 or
3), appears and is red-shifted down to 2064 cm™' as
temperature was increased to 250 °C.°" This subcarbonyl
band eventually disappears at 300 °C. Concurrently, a
significant increase of the bands at 1370, 1565, 2843, and
2928 cm™! due to the formate species adsorbed on reduced
Ce* is also observed. The formation of formates is also
accompanied by a gradual increase in intensity of negative band
centered at 3662 cm ™" related to doubly bridging OH (Type II)
species on Ce**.>”** Subsequently, from 300 to 400 °C, a small
band at 3016 cm™}, assigned to gaseous CH,, can also be
observed."®* The disappearance of the subcarbonyl band at
300 °C followed by the subsequent appearance of the gaseous
CH, band suggests that subcarbonyl species are precursors for
methane formation.
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Table 3. Comparison of Water—Gas Shift Rates of the Ni/2Na/CeO, Catalyst with Other Literature Findings and the

Conventional Catalyst

catalyst conditions
Ni/2Na/CeO, 7% CO, 22% H,0, 10% CO,, 20% H,, balance He
SNi5Cu/CeO, 7% CO, 22% H,0, 10% CO,, 20% H,, balance He

3.9Pt/t-ZrO,
1Pt-3Na-SiO,

6.8% CO, 21.9% H,0, 8.5% CO,, 37% H,, balance Ar
11% CO, 26% H,0, 7% CO,, 26% H,, balance He

Pt/TiO, 2.83% CO, 5.66% H,0, 37.7% H,, balance He
Pt-4Na/TiO, 2.83% CO, 5.66% H,0, 37.7% H,, balance He
0.5Pt/0.06Na-TiO, 3% CO, 10% H,O, balance He

Ceg7sCtig 1 Nig 15055 1.3% CO, 35% H,0, balance N,

Ni,,/CeLaO, 10% CO, 20% H,O, balance He

CuO/Zn/AlL 0, 7% CO, 22% H,0, 8.5% CO,, 37% H,, balance Ar

1Re-10Ni/CeO, 5% CO, 10% H,O, balance He

T (°C) TOF (s7) rate (umol H,/gcat-s) ref
400 0.46 754 this work
350 0.013 18.5 54
250 0.4 40.0 30
270 0.1-0.8 26.0 34
300 0.36 6.98 36
300 3.82 58.6 36
250 1.58 384 32
240 2.20 49
400 35.6 58
200 7.60 57
300 30.0 59
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Figure 8. FTIR spectra of (a) Ni/ONa/CeO, and (b) Ni/2Na/CeO,
catalysts under continuous flow of CO and H, at temperature
increments of 50 °C.
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The FTIR spectra of the Ni/2Na/CeO, catalyst that is
subjected to the same treatment is displayed in Figure 8(b).
Similar to the Ni/ONa/CeO, catalyst, two carbonyl bands at
2013 and 2035 cm™' assigned to linear monocarbonyl and
carbonyl adsorbed on H-modified nickel can be observed at 30
°C, respectively. Unlike the Ni/ONa/CeO, catalyst, there was
no increase in intensity observed for the band at 2013 cm™.
Instead, the band red-shifted down from 2013 to 2003 cm™ as
the temperature was raised from 30 to 200 °C, indicating a
weaker C—O bond and a consequently stronger adsorption of
linear monocarbonyl on nickel. Another stark contrast between
the two catalysts is the absence of subcarbonyl nickel species at
2064 cm™. In the literature, it was observed in metals such as
nickel and ruthenium that subcarbonyl metal species form
preferentially on low coordinated nickel species at kink, corner,
or step positions.’”**> The absence of this species in the Ni/
2Na/CeO, catalyst suggests that Ni does not exist as in a low
coordinated state due to its interaction with Na.

It has also been reported that alkali additives can migrate
from the surface to the nickel surface. Additionally, the DFT
calculation study conducted by Bengaard et al.’® has
demonstrated that a stepped nickel surface is more active
than close-packed terraces for reforming reaction and its reverse
methanation process. This study has also concluded that alkali
additives such as sodium preferentially adsorb to highly
uncoordinated nickel atoms at step defect sites, thus blocking
the active step sites that are responsible for catalyzing the
methanation process. Likewise, Nakano et al.%” investigated the
carbon deposition from CO on a Ni (977) surface and found
that CO dissociates at step edges. Building on these simulation
works, we hypothesize that Na* may exist at the step/kink sites
of Ni particles, blocking CO dissociation. Hence, DRIFTS
studies were further conducted to study the interaction of Ni
and Na, and it was found that subcarbonyl species do not form
in the presence of Na.

Formate formation was also observed in the case of the Ni/
2Na/CeO, catalyst, as shown by the gradual increase in the
intensity of weak bands at 1359, 1566, 2804, and 2929 cm™
from 250 to 300 °C. In the main formate v(C—H) stretching
band region, Binet et al. have ascribed the band at ca. 2950
cm™ to a coupling of the 1(OCO) mode with 5(CH) and the
lower wavenumber of ca. 2845 cm™ to v(C—H) to bridge-
bonded formate.%® As compared to the Ni/0ONa/CeO, catalyst,
there is a clear decrease in the band position of #(C—H) of the
Ni/2Na/CeO, catalyst, where there was insignificant change in
the band assigned to r,(OCO) mode with 6(CH). This
observation is consistent with Evin et al. where an obvious
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decrease in the band position for ¥(C—H) was observed for
alkali-doped Pt/ceria catalysts.”” The shift to a lower wave-
number from 2843 cm ™" in the Ni/ONa/CeO, catalyst to 2803
cm™' in the Ni/2Na/CeO, catalyst suggests that doping
sodium had an impact on the strength of the C—H bond. As
summarized by Evin et al,,”” the effect of doping alkali can be
due to three main reasons. The first possibility is alkali metal
can exert an electronic effect on the molecule, inducing the
weakening of the formate C—H bond, resulting in the shift to a
lower band position. The second postulation is the charge
transfer from alkali to ceria, indirectly affecting the strength of
the formate C—H bond. The third reason proposed is alkali
induces geometric or electronic changes such that the bonding
of formate can transform from a bidentate mode to another
mode such as monodentate. The delayed onset of formate
formation on the Ni/2Na/CeO, catalyst suggests that the
reactivity of CO with OH groups on Ce’* is lower in the Ni/
2Na/CeOQ, catalyst than that of the Ni/ONa/CeQO, catalyst.
This can be attributed to the presence of more strongly held
CO in Ni/2Na/CeO, than in Ni/ONa/CeO,, inhibiting the
formation of formates at lower temperatures. In addition, unlike
the Ni/ONa/CeQ, catalyst, no gaseous CH, was observed at
300 °C and beyond, indicating that the Ni/2Na/CeO, catalyst
is not selective toward CO hydrogenation to CH,. The
presence of formates in both Ni/ONa/CeO, and Ni/2Na/CeO,
catalysts suggests that formate species serve as intermediates of
the WGS reaction or as spectators. From the above
observations, it is unlikely that these formate species are the
precursors for methane formation since they are also present in
the Ni/2Na/CeO, catalyst that has been shown to suppress
methane formation during the WGS reaction.

Deposition of carbon by CO dissociation and the subsequent
formation of adsorbed hydrocarbon species have been reported
to occur more readily on sites for weakly held CO than on sites
for strongly held CO.%%7° Since subcarbonyl nickel species
are more weakly held than linearly adsorbed CO, the
subcarbonyl sites are more prone to carbon deposition than
their linear counterparts. Hence, in the presence of nickel
subcarbonyl species, the Ni/ONa/CeO, catalyst has a higher
tendency to form surface carbonaceous species which are
precursors for methane formation as compared to the Ni/2Na/
CeO, catalyst which does not possess the subcarbonyl species.

3.9. The Role of Na Doping in Ni/xNa/CeO, Catalysts.
As proposed by Flytzani-Stephanopoulos and co-workers, alkali
promotion (such as Na and K) serves to provide oxygen-
containing (OH) species to the Pt atoms supported on silica
that is otherwise not present, unlike on reducible ceria.*>>* In
the current system of Ni/2Na/CeO,, similar phenomenon of
oxygen-containing species was also observed. In addition to
that, new insights with regards to the synergistic effect between
Na and CeO, were also found to exist in the Ni/xNa/CeQO,
catalysts. Through H,-TPR and XPS, it was shown that the
inclusion of 2 wt % Na was able to increase the reducibility of
the catalyst by generating oxygen vacancies which allows for
greater adsorption of oxygen species. Hence, the use of
reducible ceria as a support was able to generate more sites for
oxygen adsorption as compared to nonreducible supports, such
as SiO,. Shinde and Madras have also attributed enhanced
WGS rates to higher H,O dissociation induced by the creation
of oxide vacancies due to ionic substitution of Pd and Ni ions
into the ceria lattice.'® However, in the current system, the use
of Na as a dopant was not only able to generate oxide vacancies,
Na itself was also capable of providing oxygen species.
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Therefore, the synergism between Na and CeO, led to
enhanced WGS rates observed with the Ni/2Na/CeO, catalyst.
Moreover, through DRIFTS studies, it was found that the
interaction between Ni and Na resulted in less low-coordinated
Ni particles which consequently hindered the formation of
subcarbonyl species that are the precursors for CH, formation.
The suppression of methane also played an important role in
the enhancement of WGS rates.

4. CONCLUSION

The role of sodium in suppressing methanation during WGS
activity can be summarized into two main attributes. First,
within the solubility limit of 2 wt %, Na* displaces Ce*" in the
CeO, lattice, generating oxygen vacancies and thereby
increasing oxygen mobility. The enhanced oxygen mobility as
evident from H,-TPR is reflected in the highest catalytic activity
achieved by the Ni/2Na/CeO, catalyst. Second, methane
production, which is generally agreed to undergo CO
disproportionation and subsequent hydrogenation to CH,, is
largely inhibited in the presence of Na through the interaction
of Na and Ni, possibly at step sites. Further DFT calculations
and EXAFS studies have to be conducted to prove the
hypothesis that Na* is located at the step sites of Ni particles.
Through this work, it was found that the interaction of Na and
Ni leads to the absence of low coordinated Ni species, thereby
preventing the formation of subcarbonyl nickel species which
are the precursors for the CO methanation reaction.
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