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Abstract 1 

The effect of potassium (K) loading on ceria-supported nickel (Ni/xK/CeO2) catalysts 2 

over water-gas shift reaction has been investigated. An optimum loading of 5 wt% K was found 3 

to enhance the catalytic performance in terms of activity and selectivity. As evidenced by 4 

DRIFTS, the methane suppressing effect of K is attributed to the inhibition of formation of 5 

nickel subcarbonyl species through interaction of Ni and K, coupled with the strong adsorption 6 

of carbon monoxide (CO) on Ni via the formation of bridging carbonyls. Additionally, K was 7 

found to enhance reduction of CeO2 via XANES and promote water dissociation on reduced 8 

CeO2 to form hydroxyl (OH) groups which dissociates further into adsorbed oxygen that react 9 

with adsorbed CO on Ni to form adsorbed carbon dioxide (CO2). A dual-site redox mechanism 10 

was proposed and a good fit of the kinetic data with R
2
 = 0.91 was obtained with the proposed 11 

kinetic model. 12 
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1. Introduction 1 

Water-gas shift reaction (WGSR) (Eq. (1)) is an important industrial process in the 2 

production of pure hydrogen. “Water gas” or syngas, which is a mixture of carbon monoxide 3 

(CO) and hydrogen (H2) in varying ratios, can be produced by reacting steam with a chosen 4 

carbonaceous source (coal, coke, natural gas, naphtha etc). The most popular means of producing 5 

syngas is via steam methane reforming, where the carbonaceous source is methane and the 6 

highest H2/CO molar ratio is produced. Hence, steam reforming followed by WGSR is generally 7 

used when a high yield of pure hydrogen is desired. 8 

 𝐶𝑂 + 𝐻2𝑂 ↔ 𝐻2 + 𝐶𝑂2,    ∆𝐻 = −41.2 𝑘𝐽/𝑚𝑜𝑙 (1) 

Despite its cheap cost and high catalytic activity in reactions such as CO methanation [1-5] 9 

and hydrocarbon reforming [6-13], nickel (Ni)-based catalysts have not been extensively used in 10 

WGSR as nickel catalyzes the undesired side reaction, methanation. The side reaction in WGSR, 11 

methanation (Eq. (2)) is given as follows:  12 

 𝐶𝑂 + 𝐻2 ↔ 𝐶𝐻4 + 𝐻2𝑂,    ∆𝐻 = −206.3 𝑘𝐽/𝑚𝑜𝑙 (2) 

In general, methanation involves two main stages: CO disproportionation/dissociation 13 

and subsequent hydrogenation of deposited carbon (C) by adsorbed hydrogen. The former was 14 

found to be the rate-determining step for nickel-based catalysts in methanation [14]. Thus, it is 15 

postulated that by preventing formation of surface carbonaceous species on active nickel sites, 16 

methanation during WGSR will be suppressed. Alkali metals are well known for suppressing 17 

carbon formation in reforming reactions by either neutralizing the acidity of the support as they 18 

are electron-donating, termed the ‘electronic effect’ [15] or by physically blocking or modifying 19 

the active metal sites that are responsible for catalyzing methanation, termed the ‘geometric 20 
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effect’ and ‘ensemble effect’ respectively [16, 17]. Besides suppressing carbon deposition, the 1 

effect of addition of alkali metals can manifest in one or more aspects, such as increasing the 2 

activity and/or selectivity, acting as modifiers, or even increasing the lifespan of a catalyst. 3 

Depending on the type of metal and reaction, the role of alkali metals may differ. However, a 4 

general consensus is that alkali metal atoms, being electron-donating, enhance the electron 5 

density of the transition metal either directly or via the support (electronic effect). This in turn 6 

affects the interaction path of the metal with reactants and/or products, ultimately affecting the 7 

activity-selectivity pattern of the catalyst [18]. This role of electron-donating or withdrawing 8 

additives in modifying chemisorption properties of transition metals has been termed as the 9 

‘electronic ligand effect’ [19]. 10 

 Extensive research has been conducted to study the promotion effect of alkali metals in 11 

WGSR [20-24] and it can be generally classified into three main attributes: (1) the generation of 12 

weakly basic hydroxyl (–OH) groups, (2) enhanced decomposition rate of formate intermediate, 13 

and (3) modification of the physicochemical properties of support. The first attribute is largely 14 

advocated by Flytzani-Stephanopoulos et al., who proposed the effect of alkali promotion (e.g. 15 

sodium (Na
+
)/ potassium (K

+
)) on platinum (Pt)-based catalysts to be the supply of –OH groups 16 

which generates oxygen links to Pt in the form of Pt-Na(K)-Ox(OH)y clusters. At low 17 

temperatures, water dissociation on these sites creates –OH group which reacts with adsorbed 18 

CO [25-29]. Similar phenomenon was also observed by Lee et al. who studied cesium (Cs) 19 

promotion on nickel/iron (Ni/Fe) catalysts and found that Cs promotion increased the amount of 20 

weakly basic sites which would enhance high-temperature WGSR through formation of formate 21 

intermediates and increase the selectivity of WGSR towards methanation [30]. This is further 22 

substantiated by Park et al. who revealed K-modified Ni metal catalysts suppressed methanation 23 
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in WGSR through increased density of active hydroxyl groups that reacts with CO adsorbed on 1 

the Ni metal to form surface formate intermediate [31]. 2 

The second attribute is proposed by Davis et al., who suggested that alkali metals serve to 3 

weaken the C-H bond of the main reaction intermediate, formate. Cleavage of the formate C-H 4 

bond enhances the rate of formate decomposition and increases the WGS activity [20-22]. The 5 

last attribute differs from the prior two, in which the role of alkali is two-fold; effecting both 6 

structural and chemical changes in the catalyst. For instance, promotion of WGSR was attributed 7 

to the inclusion of Na
+
 into tetragonal zirconia (t-ZrO2) supports, which was found to be 8 

beneficial in stabilizing ZrO2 in the tetragonal phase. In addition, introduction of Na
+
 promoted 9 

strong interaction between Pt and NaOx, forming highly active Pt-NaOx sites for catalyzing the 10 

WGSR [24]. Strong alkali interaction was also found to occur with titanium dioxide (TiO2) 11 

surfaces, leading to the creation of surface defect sites that are catalytically active for WGSR by 12 

participating in the adsorption and activation of CO and H2O [32]. Additionally, alkali promotion 13 

in Pt-based catalysts supported on alumina (Al2O3) and TiO2 were also studied. It was discovered 14 

that alkali promotion modified physicochemical properties of support, leading to a change in 15 

adsorption energy for water and perturbations to adsorbed species on the alkali support and Pt. 16 

With the optimal Na/Pt molar ratio of 30, the turnover frequency of WGSR was greatly enhanced 17 

by 107 times [23].  Since the effect of different alkali metals and their corresponding loadings 18 

are unequivocal, it is of great interest to investigate the effect the alkali metal doping on the 19 

WGS activity. Our group had previously elucidated the promotion effect of Na to be that of 20 

generation of more oxide vacancies for oxygen adsorption due to Na substitution into the CeO2 21 

lattice. In addition, the effect of Na on methane suppression was attributed to the strong 22 

interaction between Na and Ni, leading to the absence of subcarbonyl species which are 23 
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responsible for methanation [33]. Moving forward, it is the objective of this paper is to elucidate 1 

the role of K on the activity and selectivity of Ni/CeO2 catalysts in the WGSR. To the best of our 2 

knowledge, there has not been any study devoted to the investigation of K promotion on Ni/CeO2 3 

catalysts for the WGSR.  4 

2. Experimental 5 

2.1 Catalyst Preparation 6 

2.1.1 Preparation of K-doped ceria support 7 

Nanosized ceria support was prepared by the reverse microemulsion method according to 8 

a procedure described elsewhere [34]. The yellow solid product was dried in a vacuum oven 9 

overnight and calcined at a heating rate of 2°C/min in static air for 2 h. The calcined pure CeO2 10 

support was then doped with K via the wet-impregnation method. K loading in xK/CeO2 11 

supports was varied with x=0, 1, 2, 5 and 10 wt%. The weight percentages of K refer to the final 12 

weight percentages of K in the respective Ni/xK/CeO2 catalysts. The typical procedure for 13 

preparing 5K/CeO2 support is as follows. Potassium nitrate, KNO3 (0.041176 g) (Sigma-Aldrich) 14 

was dissolved in 10.000 ml of de-ionized water, and the aqueous solution was then mixed with 15 

0.70000 g of calcined pure CeO2 support to obtain the required K loading. The mixture was dried 16 

under constant stirring at 80 °C and further dried at 100 C for another 24 h before it was 17 

calcined at 650 °C with a heating rate of 2 °C/min in static air for 2 h. 18 

 19 

2.1.2 Nickel impregnation on K-doped support 20 

Upon yielding the K-doped CeO2 supports, an aqueous solution containing the required 21 

nickel(II) nitrate hexahydrate, Ni(NO3)2.6H2O (Sigma-Aldrich) was mixed with the requisite 22 

amount of K-doped CeO2 support to obtain the 10 wt% Ni/xK/CeO2 catalysts. The mixtures were 23 
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then dried under constant stirring at 80 °C and further dried at 100 C for another 24 h before 1 

they were calcined at 650 °C with a heating rate of 2 °C/min in static air for 2 h. 2 

 3 

2.2 Catalyst Characterization 4 

2.2.1 BET Surface Area 5 

Surface areas of the catalysts were determined via nitrogen (N2) adsorption with the 6 

Brunauer-Emmett-Teller (BET) method using a Micromeritics ASAP-2020 adsorption apparatus. 7 

Prior to analysis, the samples were degassed in vacuum at 350 °C for 4 h and the N2 adsorption 8 

isotherms were subsequently measured at 77 K.  9 

 10 

2.2.2 N2O Pulse Titration 11 

Nitrous oxide (N2O) pulse titration was done using the Thermo Scientific TPDRO-1100 12 

System according the procedure reported in a recent paper to calculate the amount of active sites 13 

and metal dispersion [35]. The first H2-TPR was performed using 0.05 g of catalyst up to 650 °C, 14 

followed by cooling down to room temperature under N2. Purified N2O gas was then introduced 15 

to the system by pulse injection until saturation. A second H2-TPR was carried out for up to 16 

650 °C. The amount of adsorbed N2O was used to calculate the amount of active sites while the 17 

comparison between the first and second H2-TPR results was used to calculate the metal 18 

dispersion. During the first H2-TPR, nickel oxide (NiO) is reduced to Ni while CeO2 is partially 19 

reduced to Ce2O3. The surface atoms of these reduced species are subsequently oxidized by N2O 20 

at 90 °C to form N2 and their respective oxide states of NiO and CeO2. By conducting a second 21 

H2-TPR, the surface atoms of NiO and CeO2 are reduced again. The metal dispersion is obtained 22 

by dividing the hydrogen consumption in the second H2-TPR over that of the first H2-TPR. Since 23 
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CeO2 can decompose N2O, blank experiments were conducted on the doped supports to derive 1 

the hydrogen consumptions of the supports. For example, in the case of Ni/5K/CeO2 catalyst, 2 

N2O pulse titration was conducted on 5K/CeO2 support and the H2 consumptions in both rounds 3 

of H2-TPR for the support were deducted from that of Ni/5K/CeO2 catalyst to derive the true 4 

hydrogen consumptions for NiO species. Ni dispersion was then calculated by dividing the H2 5 

consumption in the second H2-TPR over that of the first H2-TPR. A sample calculation for 6 

deriving Ni dispersion of Ni/5K/CeO2 catalyst can be found in the supplementary information.  7 

  8 

2.2.3 X-ray Diffraction (XRD) 9 

The X-ray diffraction pattern of each catalyst was measured on a Shimadzu XRD-6000 10 

diffractometer using Cu Kα radiation. The catalyst was placed on a plastic slide and scanned 11 

from 2 of 20° to 80° with a step degree of 0.02°. Beam voltage of 40 kV and current of 30 mA 12 

were used. The lattice parameter was determined from Bragg’s Law with the intensity of the 13 

most prominent peak (200) and (111) for Ni and Ce, respectively. The mean crystallite size of 14 

cerium and nickel oxide was estimated through Scherrer equation by line broadening of (200) 15 

and (111) peak, respectively. 16 

 17 

2.2.4 H2-Temperature-Programmed Reduction (H2-TPR) 18 

Temperature-programmed reduction (TPR) measurement for the fresh catalyst was 19 

performed on Thermo Scientific TPDRO-1100 System, equipped with a thermal conductivity 20 

detector (TCD). 0.05 g of catalyst was outgassed in helium (He) for 1 h at 300 °C prior to TPR 21 

analysis to remove any impurities and then cooled down to room temperature. 80 ml/min of 5% 22 
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H2/N2 gas was then fed to the catalyst while the temperature of the furnace was ramped up from 1 

50 to 900 C at a heating rate of 10 °C/min. 2 

 3 

2.2.5 X-ray Absorption Spectroscopy (XAS) 4 

The Ni K-edge and the Ce LIII-edge XAS were measured in fluorescence and 5 

transmission mode at room temperature at the Singapore Synchrotron Light Source (SSLS), 6 

XAFCA Facility. A Si (111) double crystal monochromator was used to monochromatize the X-7 

rays from the 0.7 GeV electron storage ring. Appropriate amounts of samples were diluted with 8 

boron nitride and pelletized into a 10 mm disk-shaped pellet and then reduced at 650 °C under 9 

hydrogen for an hour. The reduced samples were sealed with kapton tape to prevent air exposure 10 

and oxidation. Each sample was scanned thrice to improve the signal-to-noise ratio and to ensure 11 

reliability of the data. XAS data were examined and fitted using the XAS analysis software, 12 

WinXAS. Fourier transform of k
3
-weighted EXAFS data were performed over the range of k = 2 13 

– 12Å
-1

. 14 

 15 

2.2.6 CO-Temperature-Programmed Reduction-Mass Spectroscopy (CO-TPR-MS) 16 

Carbon monoxide temperature-programmed reduction was performed using a fixed bed 17 

reactor system coupled with Shimadzu Gas Chromatograph Mass Spectrometer (GCMS-18 

QP2010). 0.05 g of catalyst was first reduced under pure H2 at 650 ºC for 1 h and cooled down to 19 

room temperature under He. Subsequently, 5% CO in He with a flow rate of 60 ml/min was 20 

flowed through the catalyst while the temperature of the furnace was increased to 900 C at a 21 

heating rate of 10 °C/min. The outlet gas stream from the reactor system was analysed 22 
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continuously using the MS to measure the consumption and production of CO and CO2, 1 

respectively. 2 

 3 

2.2.7 X-ray Photoelectron Spectroscopy (XPS) 4 

The catalyst surface analysis was performed using X-ray photoelectron spectroscopy 5 

(XPS) with a KRATOS AXIS Ultra spectrometer equipped with a monochromatic Al-Kα 6 

(hν=1486.71 eV) radiation source operated at 5 mA and 15 kV.  The binding energy (BE) was 7 

calibrated based on the line position of C 1s (284.50 eV). Prior to XPS analysis, the catalysts 8 

were reduced under pure H2 at 650 °C for 1 hour and cooled down to room temperature of about 9 

30 C before transferring to the sample stub promptly. 10 

 11 

2.2.8 Diffuse Reflectance Fourier Transform Infrared Spectroscopy (DRIFTS) 12 

In-situ DRIFTS data were collected using a Bruker FTIR spectrometer equipped with a 13 

Harrick Praying Mantis DRIFTS cell connected to a gas flow system. The catalyst was reduced 14 

at 650 C for 1 h and cooled down to room temperature of about 30 C. Upon H2 reduction, 15 

surface hydroxyl (-OH) groups are formed on ceria surface by reduction of surface oxygen. Prior 16 

to introducing CO and H2, the reduced catalyst was flushed with He for 10 min to remove 17 

residual H2. Stepwise heating and cooling with an increment of 50 C up to 600 C were applied. 18 

Temperature was held for 15 min at each step. 19 

  20 

2.3 Catalytic Activity Measurements 21 

The catalytic reaction was carried out in a fixed bed quartz reactor with an inner diameter of 22 

4 mm and a length of 400 mm. 0.05 g of catalyst was used in each test and was sandwiched 23 
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between two quartz wool plugs in the middle of the reactor. Prior to the catalytic reaction, the 1 

catalyst was reduced in 10 ml/min H2 at 650 C for 1 h. After H2-reduction, the reactor 2 

temperature ramped down to the desired reaction temperature (300-600 C) under hydrogen. 3 

Water delivered by a HPLC pump, was vaporized at 150 °C in a preheater and the resultant 4 

steam was mixed with reactant gases before entering the reactor.  The reactant feed composition 5 

was as follows: 5 mol. % CO, 25 mol. % H2O, He balance, and the total flow rate was of 50 6 

ml/min with GHSV of about 68000 h
-1

. The effluent gases were passed through a cold trap which 7 

was set at a temperature of 5 °C to condense the unreacted water from the WGS reaction, and the 8 

non-condensable product gases were subsequently analyzed by an HP-GC equipped with a 9 

Hayesep D column. The data was collected when the reaction had reached steady-state. Stability 10 

test was conducted for 100 h using the above-mentioned reactant feed composition.  11 

The total conversion of CO was calculated according to the following equation: 12 

 
𝑋𝐶𝑂,𝑡𝑜𝑡𝑎𝑙 =

[𝐶𝑂2]𝑜𝑢𝑡 + [𝐶𝐻4]𝑜𝑢𝑡

[𝐶𝑂]𝑜𝑢𝑡 + [𝐶𝑂2]𝑜𝑢𝑡 + [𝐶𝐻4]𝑜𝑢𝑡
 

(3) 

Correspondingly, CO conversion to CO2 was calculated according to the following equation: 13 

 
𝑋𝐶𝑂 =

[𝐶𝑂2]𝑜𝑢𝑡

[𝐶𝑂]𝑜𝑢𝑡 + [𝐶𝑂2]𝑜𝑢𝑡 + [𝐶𝐻4]𝑜𝑢𝑡
 

(4) 

In the absence of methanation (i.e. production of methane (CH4)), the above equation reduces to 14 

the following equation: 15 

 
𝑋𝐶𝑂,𝑊𝐺𝑆 =

[𝐶𝑂2]𝑜𝑢𝑡

[𝐶𝑂]𝑜𝑢𝑡 + [𝐶𝑂2]𝑜𝑢𝑡
 

(5) 

The CH4 and H2 yields are calculated according to the following equation: 16 

 
% 𝐶𝐻4 (𝐻2)𝑌𝑖𝑒𝑙𝑑 =

[𝐶𝐻4]𝑜𝑢𝑡 ([𝐻2]𝑜𝑢𝑡)

 [𝐶𝑂2]𝑜𝑢𝑡 + [𝐻2]𝑜𝑢𝑡 + [𝐶𝐻4]𝑜𝑢𝑡
 

(6) 

   17 
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2.4 Kinetic Measurement 1 

The total CO conversion was kept below 15% by varying the catalyst concentration (diluted 2 

with quartz silica powder). Kinetic measurements were taken at 25 °C intervals over a 3 

temperature range of 325 to 400 °C under atmospheric pressure using Ni/5K/CeO2 catalyst. The 4 

gas composition was varied over the range of 2.5% to 10% CO, 10% to 55% H2O, 5% to 25% 5 

CO2, 5% to 20% H2 and balance He. The apparent reaction order measurement was also derived 6 

at these reaction conditions at 400 °C.  All measurements are taken after the reaction had reached 7 

steady-state and the rate of reaction was calculated using the following equation: 8 

 
𝑅𝑎𝑡𝑒 (𝑟) =

𝑚𝑜𝑙 𝑜𝑓 𝐶𝑂 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑

𝑚𝑒𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑚2) 𝑥 𝑡𝑖𝑚𝑒 (𝑠)
 

(7) 

 9 

3. Results and Discussion 10 

3.1 BET – Surface Area Analysis 11 

The BET surface area of Ni/xK/CeO2 catalysts is shown in Table 1. With increased loading 12 

of K, the surface area of the catalysts decreased greatly. This can be attributed to the blockage of 13 

pores brought about by the penetration of K into the pores of ceria support during impregnation 14 

as well as the change in the textural properties of ceria due to the introduction of K. 15 

 16 

3.2 N2O pulse titration – Metal Dispersion 17 

The metal dispersion in reduced Ni/xK/CeO2 catalysts was measured using N2O pulse 18 

titration.  As shown in Table 1, metal dispersion decreases upon increasing K loading. The 19 

reduction in metal dispersion can be attributed to the decrease in surface area. However, as 20 

shown by the catalytic results presented later, the reduction in metal dispersion did not pose a 21 

negative effect on the WGS activity for Ni/xK/CeO2 catalysts with higher loadings. 22 
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 1 

3.3 X-ray diffraction (XRD) – structural analysis 2 

The crystalline phases of the catalysts were analyzed using XRD and identified from the 3 

XRD patterns for the fresh, calcined catalysts are shown in Figure 1. The face-centred cubic 4 

structure of NiO (JCPDS No. 04-0835) and the cubic fluorite structure of CeO2 (JCPDS No. 00-5 

043-1002) are present in all samples. The lattice parameters and crystallite sizes of NiO and Ce 6 

derived using Bragg’s law and Scherrer’s equation respectively have been displayed in Table 1. 7 

The average crystallite sizes of NiO were determined by line broadening of (200) line of NiO at 8 

about 2θ=43.3°. Ni crystallite sizes were approximated to be 15.6, 16.8, 16.3, 20.6, and 18.0 nm 9 

for Ni/0K/CeO2, Ni/1K/CeO2, Ni/2K/CeO2, Ni/5K/CeO2 and Ni/10K/CeO2 catalysts, 10 

respectively. Similarly, average crystallite sizes for CeO2 were determined by line broadening of 11 

(111) at about 2θ=28.6° and were estimated to be 11.5, 11.5, 12.6, 15.3, and 15.7 nm for 12 

Ni/0K/CeO2, Ni/1K/CeO2, Ni/2K/CeO2 Ni/5K/CeO2 and Ni/10K/CeO2 catalysts, respectively. 13 

There is a gradual increase in ceria crystallite size as K loading increases. Since the ionic radii of 14 

K
+
 (0.151 nm) is much larger than that of Ce

4+
 (0.097 nm). K

+
 is likely to be deposited on the 15 

surface of CeO2 and does not undergo ionic substitution in the CeO2 lattice [36].  16 

 17 

3.4 H2-Temperature Programmed Reduction (H2-TPR) – reducibility analysis 18 

H2-TPR profiles for Ni/xK/CeO2 catalysts are reported in Figure 2. In general, three main 19 

reduction peaks can be distinguished. The first low temperature peak at about 283 °C can be 20 

ascribed to Ni species which are weakly interacting with the CeO2 support and this peak is more 21 

easily discerned on the un-promoted Ni/0K/CeO2 catalyst as compared to K-doped catalysts, 22 

indicating that the introduction of K reduces the formation of weakly interacting NiO species 23 
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The second reduction peak is centred at around 360 °C. On a closer observation, these major 1 

reduction peaks of Ni/xK/CeO2 (x=0-2 wt%) catalysts are composed of two signals; a dominant 2 

peak at about 360 °C and a shoulder peak at about 400 °C. The dominant peak can be attributed 3 

to the reduction of Ni
2+

 to Ni
0
 and probably to the reduction of surface capping oxygen of ceria, 4 

while the shoulder peak can be ascribed to the reduction of Ni
2+

 that is interacting with both K 5 

and CeO2 [33, 37]. As K loading increases from 0 to 5 wt%, the dominant reduction peak shifts 6 

from 359 °C (in Ni/0K/CeO2) to 420 °C (in Ni/5K/CeO2), and the contribution by the shoulder 7 

peak increases, indicating stronger metal-support interaction in the presence of K. Lastly, the 8 

third reduction peak which is broad and centered at around 800 °C can be attributed to the 9 

reduction of bulk oxygen in CeO2. Similar shifts to higher reduction temperatures upon loading 10 

of K were also observed in the case of K-doped Co/SiO2 catalysts for the Fischer-Tropsch 11 

reaction and XANES measurements further indicated interaction of K with both Co and SiO2 12 

phases [38]. In addition, Weng et al. also reported that a small amount of potassium nitrate was 13 

found to enhance metal-support contact in K-doped Cu/CeO2 catalyst due to its low melting 14 

point, whereas excess potassium nitrate negated the promotional effect of Cu by decreasing the 15 

interfacial contact between Cu and CeO2 [39]. In the case of Ni/xK/CeO2 catalysts, further 16 

increment in K loading to 10 wt% weakens the metal-support interaction and decreases the 17 

reduction temperature to about 350°C. Furthermore, excessive amount of K at 10 wt% also 18 

resulted in inhomogeneity of Ni dispersion as evident from the sharp peak at 353 °C which can 19 

be assigned to weakly interacting Ni species in the presence of K. The detrimental effect of 20 

excessive K is also further affirmed by N2O pulse titration calculations that are tabulated in 21 

Table 1 which shows that Ni/10K/CeO2 catalyst has the lowest Ni dispersion value of 4.39%.     22 

 23 
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3.5 X-ray Absorption Spectroscopy (XAS) – physico-chemical state 1 

The physico-chemical state of nickel and cerium after reduction has been explored by means 2 

of XAS. Specifically, the x-ray absorption near edge structure (XANES) region of XAS is used 3 

to probe the elemental oxidation states of the reduced samples. The oxidation states of Ni were 4 

studied by comparing the XANES spectra of the reduced Ni/CeO2 and Ni/5K/CeO2 catalysts 5 

with Ni foil as the reference. From Figure 3(a), the XANES spectra of both reduced catalysts 6 

present white lines and pre-edge that is similar to that of the Ni foil, indicating that the NiO 7 

phase in both catalysts have been completely reduced to Ni
0
 at 650 °C, and this result is in 8 

agreement with the H2-TPR results presented above.  9 

The extended x-ray absorption fine structure (EXAFS) oscillations obtained from the Ni K-10 

edge XAS spectra and the Fourier transform (FT) functions derived for the reduced catalysts are 11 

presented in Figure 3(b). The FT functions obtained from the reduced catalysts are similar to that 12 

of Ni foil, further affirming that nickel has been completely reduced to metallic state. Fitting 13 

analysis of the main peak that is ascribed to first Ni-Ni coordination shell at around 2-3 Å for 14 

Ni/CeO2 catalyst yields a coordination number (CN) of 10.2 at a distance of 2.48 Å. On the other 15 

hand, for Ni/5K/CeO2 catalyst, a CN of 10.5 at a distance of 2.48 Å was derived.  16 

The XANES of Ce LIII edge in the reduced Ni/CeO2 and Ni/5K/CeO2 are compared against 17 

the non-reduced, pure CeO2 support in Figure 4. The absorption edges of Ce in Ni/CeO2, 18 

Ni/5K/CeO2 and pure CeO2 support are observed at 5722.0 eV, 5722.0 eV and 5724.0 eV, 19 

respectively. As shown in Figure 4, the non-reduced CeO2 support displays split peaks, B1 and C, 20 

that are fingerprints for Ce
4+

. In contrast, in the reduced samples, B1 and C diminish while a new 21 

peak, B0 develops. As reported by Jacobs et al., the development of B0 peak, which is just below 22 

that of B1, is ascribed to the absorption into the 5d level in the final state from the 4f occupancy 23 
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in the initial state [40]. These key peaks serve as an indication of the degree of reduction of the 1 

CeO2 component in the samples.  Comparing the reduction degree of CeO2 in Ni/0K/CeO2 and 2 

Ni/5K/CeO2 catalysts, it is evident that with the incorporation of 5 wt% K, the reduction degree 3 

of CeO2 is significantly enhanced. A greater percentage of cerium atoms in Ce
3+

 state is present 4 

in Ni/5K/CeO2 catalyst as compared to Ni/0K/CeO2 catalyst. This indicates that even though 5 

Ni/5K/CeO2 is harder to be reduced when compared to Ni/0K/CeO2 as shown by H2-TPR results, 6 

the percentage of Ce
3+

 remains higher in the prior. Consequently, the greater reduction of cerium 7 

atoms in the surface shell from Ce
4+

 to Ce
3+

 allows for more bridging OH groups to be formed 8 

directly on the partially reduced CeO2. The formation of these OH groups is vital in enhancing 9 

the WGS activity since they are important reaction intermediates.   10 

 11 

3.6 CO-Temperature Programmed Reduction-Mass Spectroscopy 12 

CO-temperature-programmed reduction (CO-TPR) is a useful technique for identifying 13 

reducible surface oxygen species, and in particular, the activation of surface hydroxyls which are 14 

required for the onset of the WGS reaction [27].  Depending on the temperature at which the CO 15 

consumption occurs, various oxygen species such as weakly bound adsorbed oxygen, surface-16 

capping oxygen and lattice oxygen, can be identified [26, 41]. CO-TPR results of fully reduced 17 

Ni/xK/CeO2 catalysts are presented in Figure 5. Since the catalysts have been reduced in H2 prior 18 

to CO-TPR, the main CO consumption peak centred at around 400 °C that is present in all 19 

catalysts tested can be assigned to surface oxygen species of ceria and of potassium. During H2 20 

reduction, oxygen adsorbed on metallic Ni would have been reduced and surface hydroxyls 21 

would be generated on reducible ceria and potassium. Adsorbed CO on metallic Ni can react 22 
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with an OH group generated on partially reducible supports such as CeO2 to produce CO2 and H2, 1 

as presented in Equation 9 [42, 43].  2 

 𝐶𝑂 (𝑎𝑑𝑠) +  2𝑂𝐻 → 𝐶𝑂2 (𝑔) +  𝐻2 (𝑔) + 𝑂𝐿 (8) 

As evident in the CO-TPR profiles shown in Figure 5, the CO consumption for the 3 

Ni/5K/CeO2 catalyst occurs at the lowest temperature among all catalysts tested. This suggests 4 

that an optimum loading of 5 wt% K can generate active OH groups that can react with adsorbed 5 

CO at a lower temperature. This result is in agreement with XANES results which have shown 6 

higher degree of CeO2 reduction in Ni/5K/CeO2 catalyst. Besides, this result also correlates well 7 

with the markedly higher WGS activity of the Ni/5K/CeO2 catalyst compared to other 8 

Ni/xK/CeO2 catalysts at the reaction temperature of 350°C as shown in Figure 5. At higher 9 

loading of 10 wt% K, main temperature at which CO2 production occurs shifts to higher 10 

temperature of about 450 °C and significant CO2 production can be observed at higher 11 

temperature of around 610 °C. This suggests that the reducibility of surface oxygen from ceria is 12 

retarded due to an excess layer of potassium covering the surface of ceria.  13 

 14 

3.7 X-ray photoelectron spectroscopy (XPS) 15 

The oxidation states of the various surface species present during the WGSR were 16 

investigated using XPS. Figure 6(a) shows the Ni 2p core level spectra of the reduced 17 

Ni/xK/CeO2 catalysts. The binding energies (BEs) of Ni metal and its satellite peaks are 18 

approximately 852.1 eV and 856.3 eV, respectively. Likewise, the BEs of Ni
2+

 in NiO and its 19 

two satellite peaks are 855.4 eV, 853.7 eV and 860.9 eV, respectively. As observed in Figure 20 

6(a), BE of Ni
0
 shifts to higher BEs as K loading was increased from 0 to 10 wt%. For instance, 21 

deconvolution of Ni 2p spectra of Ni/5K/CeO2 catalyst reveals a positive shift of 0.2 eV. This 22 
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observed shift in binding energy is most likely out of the experimental uncertainty range. As 1 

reported by Biesinger et al. who have conducted XPS analysis with the same Kratos Axis Ultra, 2 

the binding energy values of nickel was allowed to vary ± 0.1 eV to allow for error associated 3 

with charge referencing to C 1s [44]. The shift to higher BEs has been reported by previous 4 

works concerning with K-doped Ni/α-alumina, bulk NiO , NiO/Fe2O3, and NiO/graphite [45]. 5 

According to these works, it has been proposed that K doping inhibits the nickel reduction, 6 

thereby shifting the BE of Ni 2p to higher BE, indicating a parallel increase in NiO phase. 7 

Contrary to this postulation, the upward shift in BE for Ni
0
 in this instance can be attributed to 8 

the presence of K in the form of K
+
 and the formation of Ni-O-K complexes [46]. The generation 9 

of these complexes resulted in an enhanced interaction between Ni metal and the K-doped CeO2 10 

support that eventually led to a positive shift in the BE of Ni 2p. The enhanced interaction 11 

between Ni metal and the support is further affirmed by the H2-TPR results which showed the 12 

shift toward higher reduction temperature for K loading of up to 5 wt%. Furthermore, it can be 13 

observed from Table 3 that with increasing K doping, the relative concentration of Ni
0
 to Ni

2+
 14 

was determined to be 0.71, 0.88, 0.83, 0.93, and 0.73, respectively. Hence, it is evident that K-15 

doping did not exert an inhibitory effect on the reduction of NiO to Ni. Rather, the incorporation 16 

of K of up to 5 wt% can serve to enhance metal-support interaction.  17 

The core level spectrum of Ce 3d is displayed in Figure 6(b) and the complex spectrum 18 

comprising of both Ce
3+

 and Ce
4+

 states can be deconvoluted into 10 peaks: 2 doublets for Ce2O3 19 

(Ce
3+

) and 3 doublets for CeO2 (Ce
4+

). The 6 characteristic peaks for CeO2 are labeled as v 20 

(882.4 eV), v” (888.7 eV), v’’’ (898.2 eV), u (900.9 eV), u” (907.3 eV) and u’’’ (916.5eV).  On 21 

the other hand, the 4 characteristic peaks for Ce2O3 are labeled as v0 (880.4 eV), v’ (886.5 eV), 22 

u0 (898.7 eV) and u’ (902.9 eV) [42, 47]. As K loading increases, there is an upward shift in the 23 
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binding energy, indicating greater charge imbalances and lattice distortions in CeO2 which 1 

generates more oxide vacancies for water dissociation [33, 42, 48]. Areas under the respective 2 

deconvoluted peaks were summed to derive the concentrations of Ce
3+

 and Ce
4+

, which are 3 

tabulated in Table 3. The concentration of Ce
3+

 in the catalysts does not vary significantly with 4 

different loadings of K, and ranges from 13 % to 15%. Ni/0K/CeO2 catalyst has a Ce
3+

 5 

concentration of 13% while the highest Ce
3+

 concentration of 15% was obtained with 6 

Ni/10K/CeO2, indicating that high loading of K can induce greater formation of Ce
3+

. However, 7 

for catalysts with lower K loadings, the increments in Ce
3+

 concentration are not noticeable from 8 

XPS. Hence, XANES was conducted to reveal the differences in the bulk concentrations of Ce
3+

 9 

between Ni/0K/CeO2 and Ni/5K/CeO2 catalysts, and it has been shown earlier that a higher 10 

concentration of Ce
3+

 exists in the latter. 11 

The core level spectrum of O 1s is shown in Figure 6(c) and three peaks can be distinguished 12 

in the O 1s region. The first peak (OI) at around 529 eV can be assigned to lattice oxygen (O
2-

) in 13 

the ceria lattice, the second peak (OII) at around 530 eV can be ascribed to adsorbed oxygen 14 

species, and the third peak (OIII) at around 532 eV can be attributed to adsorbed water. As 15 

compared to other catalysts, the O 1s spectrum of Ni/5K/CeO2 catalyst displayed a significant 16 

positive shift to higher BEs. In particular, deconvolution of the spectra shows that the peak for 17 

lattice oxygen (OI) shifted from 529.2 eV in Ni/0K/CeO2 catalyst to 529.5 eV in Ni/5K/CeO2, 18 

indicating a positive shift of 0.3 eV in the binding energy of the latter. More importantly, it can 19 

be observed from Table 2 that the concentration of lattice oxygen in Ni/5K/CeO2 catalyst is the 20 

highest among all catalysts. Presence of abundant surface lattice oxygen at reaction sites is 21 

governed by oxygen vacancy formation and is a result of the valence change of Ce
4+

 in CeO2 to 22 

Ce
3+

 in CeO2-x [49]. As shown above from the XANES results of Ce, there exists a higher 23 
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percentage of Ce
3+

 in Ni/5K/CeO2 catalyst as compared to that of Ni/0K/CeO2 catalyst, thereby 1 

accounting for the higher amount of surface lattice oxygen observed in Ni/5K/CeO2 catalyst. 2 

Since Ni/0K/CeO2 catalyst possesses a lower percentage of Ce
3+

, it naturally has a lower 3 

concentration of surface lattice oxygen. Li et al. has reported that free K
+
 in potassium-supported 4 

oxides (MgO, CeO2 and ZrO2) are catalytically active sites for soot combustion and these K
+
 5 

species can activate gaseous oxygen which spills over to soot to form the reaction intermediate 6 

[50]. Similar observations were made by Janiak et al., and Lamoen and Persson who proposed 7 

based on theoretical calculations that K can enhance affinity and dissociation of gaseous O2 [51, 8 

52]. Likewise, in this instance, K
+
 species which exist at the interface between the active Ni 9 

metal and the CeO2 support can enhance affinity and dissociation of H2O.  10 

 11 

3.8 Catalytic Activity and Selectivity 12 

The catalytic performances of the Ni/xK/CeO2 catalysts were tested over a temperature range 13 

of 300-600 °C and the percentages of CO conversion to CO2 are plotted against reaction 14 

temperature in Figure 7(a). Evidently, Ni/0K/CeO2 catalyst had the lowest CO conversion and 15 

fell short of the equilibrium CO conversion across all reaction temperatures. In contrast, 16 

equilibrium CO conversion was attained for K-doped catalysts at approximately 400 °C. 17 

Particularly, Ni/5K/CeO2 catalyst achieved the highest CO conversion of 98.2%, which is very 18 

close to the equilibrium CO conversion of 98.9%, at the lowest temperature of 350 °C among all 19 

catalysts tested. This result is consistent with that of CO-TPR results which revealed that 20 

Ni/5K/CeO2 catalyst has the lowest reduction temperature, indicating that surface oxygen which 21 

is essential for WGS reaction is activated at lower temperature as compared to other catalysts. 22 

However, increasing K doping to 10 wt% reduces the CO conversion slightly and equilibrium 23 
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CO conversion can only be attained at 400 °C. This deterioration in catalytic activity can be 1 

attributed to the reduction in metal dispersion as shown in Table 1. With the addition of excess 2 

amount of K, in this case 10 wt%, active Ni metal is gradually covered by the excessive K, 3 

thereby decreasing its metal dispersion. Catalytic activity in terms of moles of CO converted per 4 

unit active Ni surface area was also calculated and tabulated in Table 1. The catalytic rate 5 

increases with increasing K loading despite lower Ni metal surface area at higher K loadings. 6 

However, we do wish to point out that these values may not be a true gauge of the catalyst 7 

activity since CeO2 also acts as a secondary site for catalyzing the dissociation of water. 8 

Moreover, since the CO conversion of Ni/10K/CeO2 catalyst is marginally lower than 9 

Ni/5K/CeO2 catalyst, the calculated catalytic rate is highly sensitive to the Ni surface area, which 10 

is the denominator in the formula. Hence, the overall H2 yield achieved by the catalysts was 11 

eventually used as a gauge for catalytic activity of the catalysts. The positive effect of K on 12 

methane suppression can be clearly seen by the percentage of H2 and CH4 yields as shown in 13 

Figure 7(b). With the incorporation of 1 wt% K, methane yield is greatly suppressed from 2.76% 14 

(in Ni/0K/CeO2 catalyst) to 0.237%. Upon increasing K loading, methane yield progressively 15 

decreases from 0.377% (in Ni/2K/CeO2 catalyst) to 0% (in Ni/5K/CeO2 and Ni/10K/CeO2 16 

catalysts). On a closer scrutiny, Ni/5K/CeO2 catalyst derives a higher H2 yield than Ni/10K/CeO2 17 

catalyst despite achieving the same CH4 yield of 0%. The higher H2 yield achieved by the prior 18 

can be traced back to its higher CO conversion of 97.2% as compared to the CO conversion of 19 

96.8% for Ni/10K/CeO2 catalyst. This result indicates that Ni/5K/CeO2 catalyst is highly 20 

selective towards WGS reaction, consequently achieving the highest H2 yield of 48.6 %.  21 

Long term stability test was also conducted for the Ni/5K/CeO2 catalyst and the catalytic 22 

performance is depicted in Figure 8 in terms of percentage of CO conversion to CO2 and CH4 23 
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yield. It can be observed that high WGS activity of approximately 97.0 % is sustained 1 

throughout the 100 h test duration. Furthermore, the observed zero CH4 yield indicates the high 2 

selectivity of the catalyst towards WGS reaction. In addition, as revealed later by the mechanism, 3 

the interaction between K and Ni proves to be important in enhancing the WGS reaction and in 4 

the suppression of methanation. Hence, Ni-5K/CeO2 catalyst was prepared via co-impregnation 5 

of Ni and K in a bid to further enhance the interaction between K and Ni. As presented in Figure 6 

S1 (shown in Supplementary Information) which shows the percentage of CO conversion versus 7 

temperature, Ni/5K/CeO2 catalyst generally attained higher percentages of CO conversion at 8 

temperatures equal or greater than 350 °C, whereas Ni-5K/CeO2 catalyst was unable to reach 9 

equilibrium CO conversion. As illustrated in Figure S2 (shown in Supplementary Information) 10 

which shows the H2-TPR profiles of these two catalysts, this can probably be attributed to the 11 

stronger interaction between Ni and the K-doped support in the Ni/5K/CeO2 catalyst. Moreover, 12 

sequential impregnation enabled K to be in the vicinity of both Ni and CeO2. This is important 13 

since the presence of K at the interface of Ni and CeO2 helps to increase the affinity of water to 14 

the support, thereby enhancing water dissociation and increasing the density of OH groups on 15 

CeO2. 16 

 17 

3.9 In-situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 18 

In order to better understand the effect of K doping on suppression of methanation, DRIFTS 19 

studies were conducted on Ni/5K/CeO2 catalyst. Prior to measurement of DRIFTS spectra, the 20 

Ni/5K/CeO2 catalyst was reduced under 10 ml/min of 5% H2/He at 650 ºC for 1 h, cooled down 21 

to room temperature and then flushed with He for 5 min to remove physisorbed hydrogen. Figure 22 
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9 (a) and (b)present the FTIR spectra for the reduced Ni/5K/CeO2 catalyst that is subjected to 1 

continuous flow of CO and H2.  2 

3.9.1 DRIFTS Spectra in the 2250-1700 cm
-1

 Region 3 

At the carbonylic region magnified by Figure 9(a), four types of nickel-carbonyl species 4 

can be elucidated and they are mainly classified as follows, in order of decreasing wavenumber. 5 

The first band at 2034 cm
-1

 can be assigned to CO adsorbed on Ni modified by hydrogen atoms 6 

which are adsorbed onto Ni during the reduction process, while the second carbonyl band at 7 

2013 cm
-1

 can be ascribed to linear monocarbonyl. The intensities of these two bands decrease as 8 

temperature was raised from 30ºC to 150 ºC and completely disappeared at 200 ºC. The 9 

disappearance of these carbonyl species is accompanied by a subsequent increase in the 10 

intensities of the third and fourth carbonyl band at 1981 cm
-1

 and 1768 cm
-1

, respectively.  The 11 

third carbonyl band at 1981 cm
-1

 can be assigned to µ2-bridging CO on Ni while the fourth 12 

carbonyl band at 1768 cm
-1

 can be ascribed to u3-bridging CO adsorbed on a Ni-K site. µ2-13 

bridging mode correspond to a two-fold coordinated CO species on Ni sites while µ3-bridging 14 

mode refers to a three-fold coordinated CO species on the Ni sites interacting with K [53]. The 15 

observations made in these conditions are similar to those reported by other authors at room and 16 

higher temperatures. For instance, Derrouiche et al. who studied 2.9%Pt-10%K-Al2O3 catalysts 17 

designated the carbonyl bands at 2050, 1950 and 1763 cm
-1

 to be that of CO adsorbed onto Pt 18 

metal in the linear and bridging modes, and of CO adsorbed on Pt-K site, respectively [53]. 19 

Other works have also assigned bridging carbonyls on Pt to be in the range of 1950-1850 cm
-1

 on 20 

both low index faces [54] and on stepped surfaces [55]. Besides Pt, bridging CO species on Pd 21 

were also observed in the regions of 1980-1880 cm
-1

 and 1960-1905 cm
-1 

[56, 57]. The 22 

intensities of the bands assigned to bridging CO and CO adsorbed on Ni-K site reached their 23 
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maxima at approximately 200 ºC and gradually subsided as temperature was increased to 400ºC.   1 

The presence of carbonyls in the low wavenumber region, namely the bridging CO and CO 2 

adsorbed on Ni-K site, suggests that there is a weaker CO bond and a consequently stronger 3 

adsorption of CO on K-modified Ni metal. In addition, the absence of subcarbonyl nickel species 4 

Ni(CO)n (n=2 or 3), which are usually present at around 2064 cm
-1

, infers that the interaction 5 

between Ni and K prevented the formation of low-coordinated Ni states [58]. Since subcarbonyl 6 

nickel species have been shown to be the precursors for CO methanation reaction, the absence of 7 

these subcarbonyl species is one of the attributes for the low methane yield observed with 8 

Ni/5K/CeO2 catalyst [33]. Moreover, it has been reported that deposition of carbon by CO 9 

disproportionation occurs less readily on the sites with more strongly held adsorbed CO [42, 59, 10 

60]. With less deposition of carbon, less hydrogenation of deposited carbon by adsorbed 11 

hydrogen to form methane. Comparing the FTIR spectra of the Ni/5K/CeO2 catalyst with that of 12 

the Ni/2Na/CeO2 catalyst which our group have previously reported [33], it is evident that while 13 

both K-doped and Na-doped catalysts possessed adsorbed CO in the µ3-bridging mode and did 14 

not have the subcarbonyl nickel species, adsorbed CO in the the µ2-bridging mode was only 15 

present in Ni/5K/CeO2 catalyst. In contrast, no presence of adsorbed CO in the bridging mode 16 

was found in the Ni/CeO2 catalyst, where adsorbed CO was mainly in the terminal mode.  The 17 

unique presence of both µ2-bridging and µ3-bridging carbonyls in the Ni/5K/CeO2 catalyst 18 

suggests that a large proportion of adsorbed CO is present in the bridged form in this catalyst. It 19 

has been reported in literature that the linear to bridging ratio decreases with increasing alkalinity 20 

of the support. In bridging mode, there is a greater overlap between the d-orbitals of the metal 21 

and the CO orbitals, leading to a larger back donation of electrons from the metal towards CO. 22 

Consequently, there will be a larger fraction of CO coordinated in the bridging mode. Due to the 23 
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lower frequency of bridging modes, representing a weaker CO bond, it in turn implies that a 1 

large proportion of CO is strongly held by Ni, resulting in a much lower tendency for CO 2 

disproportionation. Furthermore, the disappearance of these bridging carbonyls at approximately 3 

300 ºC, which is the temperature from which catalyst activity starts to increase, suggesting that 4 

these bridging carbonyls participate in the WGSR. Thus, the presence of large proportion of 5 

bridging CO is the second reason explaining the lower CH4 selectivity observed in Ni/5K/CeO2 6 

catalyst.   7 

 8 

3.9.2 DRIFTS Spectra in the 3000-2650 cm
-1

 and 1700-1000 cm
-1

 Regions 9 

As shown in Figure 9(b), the main bands observed in the 3000-2650 cm
-1

 region can be 10 

assigned to bidentate formate which has bands situated at 2774, 2685, 1592 and 1347 cm
-1

 [61]. 11 

These bidentate formate species are possibly formed as a result of reaction between adsorbed CO 12 

and geminal OH on reduced ceria support [62]. The frequencies for formate C-H stretching of 13 

Ni/5K/CeO2 catalyst have been tabulated in Table 4. In addition, literature values of other Ni [33, 14 

42, 63], Cu [63, 64], Au [63, 65, 66], Ru [67], Co [63], Fe [63] and Pt [20, 63, 68, 69] –based 15 

catalysts have also been included for comparison. The intensities of these bands increase as 16 

temperature increases and reach a maximum at 300 ºC. Beyond 300 ºC, the bidentate formate 17 

species begin to decompose into carbonate and H2 [70].  In-situ transient formate decomposition 18 

experiments were conducted to investigate the role of these formates species in the reaction 19 

mechanism and the analysis will be discussed in the later section. 20 

At the carboxylate/carbonate region, bands situated at 1467, 1370 and 1065 cm
-1

 are 21 

observed at low CO adsorption temperatures and can be attributed to unidentate carbonate 22 

species. These species together with the band observed at 855 cm
-1

, which corresponds to π(CO3) 23 
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mode of carbonates, are naturally available on pure CeO2 support. Likewise, bidentate 1 

carbonates, which have bands situated at 1562, 1289, 1028 and 855 cm
-1

, are present at low 2 

temperatures [71, 72]. The intensities of these carbonate bands increase as temperature rises to 3 

250 °C and decreases beyond that, indicating that these carbonates are not irreversibly adsorbed 4 

onto the ceria surface. In addition, carboxylates, which typically have bands 1560, 1510, and 5 

1310 cm
-1

, are not visible from the spectra, inferring that these carboxylate species do not 6 

participate in the reaction, further supporting our later findings in the kinetic study that the redox 7 

mechanism is responsible for the activity of the Ni/5K/CeO2 catalyst. 8 

 9 

4. Kinetic study of Ni/5K/CeO2 catalyst 10 

In order to postulate the reaction mechanism of Ni/5K/CeO2 catalyst, kinetic measurements 11 

were performed by changing the gas composition ranging from 2.5% to 10% CO, 5% to 25% 12 

CO2, 10% to 55% H2O, 5% to 20% H2 and balance with He. Generally, there are two major 13 

schools of thoughts regarding the WGS mechanism, namely, the associative mechanism and the 14 

redox mechanism. In the associative mechanism proposed by Shido and Iwasawa, the 15 

intermediate for the reaction is a bidentate formate, produced by the reaction of adsorbed CO 16 

with terminal -OH groups from the support. The rate determining step is the decomposition of 17 

the bidentate formate to H2 and a unidentate carbonate [73]. Formate then decomposes into the 18 

WGS products, CO2 and H2. Most view adsorption of CO and OH on Ce
3+

 than on Pt and this is 19 

largely backed by studies which have revealed through FTIR studies that weak formate bands do 20 

form on un-promoted ceria catalyst [40]. This indicates that in the absence of Pt, CO can adsorb 21 

on OH groups that are present on Ce
3+

 to form formates. Promotion with Pt serves to enhance the 22 

surface reduction of ceria, generation of active geminal OH groups, and also to facilitate the 23 

decomposition of surface formates [74]. However, it has also been reported that formate cannot 24 



27 

 

be formed directly from CO and OH in a single elementary step due to their adsorption geometry 1 

on Pt (111). Hence, formate might not act as a reaction intermediate, but rather as a spectator 2 

species during the WGSR. Instead, carboxyl (-COOH) has been postulated as the reaction 3 

intermediate. Other studies have also reported findings of formate as a spectator species over Cu 4 

(111) and Au (111) based catalysts in low temperature WGSR [75].  In contrast, in the redox 5 

mechanism, CO adsorbed on the metal is oxidized by CO2 by surface oxygen from the support. 6 

The support is then re-oxidized by water, generating H2. 7 

Several mechanisms have been postulated for transition metal and noble metal supported on 8 

ceria for the water-gas shift reaction [69, 76]. Formate mechanism has been advocated by Davis 9 

and co-workers who have revealed that adsorbed CO react with geminal OH groups on the 10 

surface of reduced ceria to form formates, and that the decomposition of these surface formates 11 

is the rate limiting step for the mechanism [62, 63]. Another major reaction mechanism that has 12 

been widely proposed for the WGS reaction is the redox mechanism. Flytzani-Stephanopoulos 13 

and co-workers have elucidated a co-operative redox mechanism to be responsible for the WGS 14 

activity of Cu and Ni supported on ceria catalysts [48]. Besides formate and redox mechanisms, 15 

Mavrikakis and co-workers have also proposed that a carboxyl mechanism for WGS reaction on 16 

Cu and Pt metallic sites [75, 77]. Despite the extensive number of studies conducted on studying 17 

the reaction mechanisms for WGS reaction on various metal-supported catalysts, the reaction 18 

mechanism of ceria-supported catalysts remains controversial. Hence, the aim of this kinetic 19 

study is to elucidate the reaction mechanism of Ni/5K/CeO2 catalyst. 20 

The reaction kinetics of Ni/5K/CeO2 catalyst was examined by studying the effect of partial 21 

pressures of reactants and products (CO, H2O, CO2 and H2) on the kinetic rate of WGS reaction 22 

at 400 °C. Based on the kinetic experimental data obtained, the apparent reaction order was 23 
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calculated. Fig. 10(a) shows the WGS reaction rates at different partial pressures of reactants and 1 

products and the reaction orders with respect to CO, H2O, CO2, and H2 were determined to 0.19, 2 

0.58, -0.15 and -0.51 respectively. As evident from Table 5, the apparent reaction orders of CO2 3 

and H2, the inhibitory effects imposed by both products are significantly weaker than 4 

conventional Cu-based [78] catalyst but stronger than Fe-based [79] catalyst. Moreover, the 5 

apparent reaction orders derived for the Ni/5K/CeO2 catalyst shows great similarity with that 6 

obtained for Pt/CeO2-ZrO2 catalyst by Radhakrishnan et al. [80]. This indicates that H2 exhibits 7 

greater inhibition as compared to CO2, and there is a larger positive order dependency for H2O 8 

concentration than CO concentration.  The overall reaction rate over Ni/5K/CeO2 catalyst is 9 

expressed in Eq. (9) in the form of power rate law.  10 

 
𝑟 = 𝐴𝑒𝑥𝑝 (

𝐸𝑎

𝑅𝑇
) [𝑃𝐶𝑂]0.19[𝑃𝐻2𝑂]

0.58
[𝑃𝐶𝑂2

]
−0.15

[𝑃𝐻2
]

−0.51
(1 − 𝛽) 

(9) 

where 11 
 12 

 
(𝛽 =

[𝐶𝑂2][𝐻2]

[𝐶𝑂][𝐻2𝑂]𝐾𝑒𝑞
)  𝑎𝑛𝑑 𝐾𝑒𝑞 = 𝑒𝑥𝑝 (

4577.8

𝑇
− 4.33) 

 

In order to further elucidate the reaction mechanism, the kinetic data was fitted with the three 13 

major mechanisms, namely, redox, formate and carboxyl mechanisms. A bifunctional 14 

mechanism has been inferred in literature, in which reducible supports such as CeO2 possessing 15 

oxygen vacancies can serve to activate water as CO is adsorbed on metallic sites [29]. Hence, a 16 

dual-site mechanism, involving Ni metal as the CO adsorbing site and CeO2 as the water 17 

dissociation site has been proposed.  Of the three kinetic models tested, the dual-site redox 18 

mechanism derived the best fit for the kinetic data, obtaining an R
2
 value of 0.91 as shown in the 19 

parity plot presented in Fig 10(b). The reaction conditions for the kinetic study and the kinetic 20 

parameters estimated from the proposed model are presented in Tables S2 and S4 (shown in the 21 
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Supplementary Information).  In contrast, poorer fits were obtained with the dual-site formate 1 

and carboxyl mechanisms. This implies that the formate species observed during in-situ DRIFTS 2 

are most likely spectator species. In addition, OH groups formed upon reduction of ceria do not 3 

participate in the reaction by directly reacting with CO to form COOH species as in a carboxyl 4 

mechanism. Rather, OH groups undergo further dissociation to form adsorbed O on CeO2 and 5 

reacts with adsorbed CO on Ni to form adsorbed CO2. This result further justifies the importance 6 

of K in enhancing the redox property of CeO2 as shown in XANES. Furthermore, K increases the 7 

affinity of water to CeO2, thereby promoting water dissociation and ensuring adequate oxygen 8 

supply for reaction with adsorbed CO at the Ni-Ce interface. Nonetheless, it is worth noting that 9 

K which provides OH, can exist as KOH and react with CO2 to produce K2CO3. If present, 10 

K2CO3 will contribute to the IR bands for unidentate carbonate species at 1467 and 1370 cm
-1

. 11 

However, as observed from the FTIR spectra presented in Figure 9(b), unidentate carbonate 12 

species that already existed at 30 °C increased in intensity as temperature was increased to 13 

250 °C and decreased beyond that, indicating that these unidentate carbonate species can be 14 

decomposed. This observation may suggest that even if K2CO3 is present, they may be present in 15 

negligible amounts and do not affect the catalytic activity as illustrated by Figure 8 which shows 16 

consistently high catalytic activity during the long term stability test. In summary, the proposed 17 

redox reaction mechanism can be written as follows in Eq. 10(i) - (vii): 18 

 𝐶𝑂 + 𝑠1

𝐾1
↔ 𝐶𝑂 ∙ 𝑠1 

10(i) 

 𝐻2𝑂 + 𝑠2

𝐾2
↔ 𝐻2𝑂 ∙ 𝑠2 

10(ii) 

 𝐻2𝑂 ∙ 𝑠2

𝐾3
↔ 𝐻 ∙ 𝑠1 + 𝑂𝐻 ∙ 𝑠2 

10(iii) 

 𝑠1 + 𝑂𝐻 ∙ 𝑠2

𝐾4
↔ 𝐻 ∙ 𝑠1 + 𝑂 ∙ 𝑠2 

10(iv) 

 𝐶𝑂 ∙ 𝑠1 + 𝑂 ∙ 𝑠2

𝐾5
↔ 𝐶𝑂2 ∙ 𝑠1 + 𝑠2 (RDS) 10(v) 
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 𝐶𝑂2 ∙ 𝑠1

𝐾6
↔ 𝐶𝑂2 + 𝑠1 

10(vi) 

 𝐻 ∙ 𝑠1 + 𝐻 ∙ 𝑠1

𝐾7
↔ 𝐻2 + 2𝑠1 

10(vii) 

 1 
First, CO is adsorbed on Ni metal site (s1) while H2O is adsorbed on the oxide vacancy sites 2 

of reduced K-doped CeO2 (s2). Water dissociation occurs near Ni-Ce interface to produce H that 3 

is preferentially adsorbed on Ni and OH that is adsorbed on reduced CeO2 [81]. The presence of 4 

K at the interface of Ni and CeO2 helps to increase the affinity of water to the support, thereby 5 

enhancing water dissociation and increasing the density of OH groups on CeO2 [27, 31]. 6 

Adsorbed OH then undergoes further dissociation to form adsorbed H on Ni and adsorbed O on 7 

CeO2. Adsorbed CO on Ni then reacts with adsorbed O to form adsorbed CO2 on Ni, leaving a 8 

vacant site on the support for subsequent water dissociation. The adsorbed H can then terminate 9 

each other to form H2 gas. On the other hand, adsorbed CO2 can also react with adsorbed H to 10 

form formate species, HCOO which are postulated to be spectator reaction intermediates 11 

observed during the in-situ DRIFTS study. Finally, adsorbed CO2 is desorbed from the Ni metal 12 

site to produce CO2 gas.  13 

The in-situ transient formate decomposition experiments were conducted in the temperature 14 

range of 250 to 450 °C in the presence of steam for Ni/5K/CeO2 catalyst and the spectra which is 15 

shown in Figures 11(a) and (b) are collected upon attaining steady state condition. From Figure 16 

11(a), upon CO adsorption, there is weak coverage of formates (2774, 2685, 1592, 1347 cm
-1

) on 17 

the catalyst surface at 300 °C. Subsequently, steam was introduced and it was observed that the 18 

formates decompose to unidentate (1467, 1370 cm
-1

), bidentate (1562, 1289 cm
-1

) and tridentate 19 

(1505, 1347 cm
-1

) carbonates [82]. No formates were observed after steam was introduced and 20 

tridentate carbonates were the predominant carbonate species upon ramping the temperature to 21 

400°C.  In order to reaffirm the participation of formate species only as intermediate species, a 22 
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second cycle of in-situ transient formate decomposition experiment was conducted after the first 1 

cycle [42]. The spectra collected are illustrated in Figures 12(a) and (b). Similar to the spectra 2 

collected after first cycle of steam introduction, formates were not observed after the second 3 

cycle of CO adsorption. Upon increasing the temperature, CO was observed to be adsorbed in 4 

the bridging mode, together with the formation of unidentate, bidentate and tridentate carbonates, 5 

and the evolution of gaseous CO2.  Thereafter, a second cycle of steam was introduced and the 6 

intensities of carbonates as well as the bridging carbonyl were decreased, indicating the 7 

decomposition of these species. This possibly infers that formate species which are weakly 8 

observed in the first cycle could be an intermediate species or converted into carbonate species 9 

[83]. As proposed by Behm et al., surface formates can be formed at the interface between the 10 

metal particles and CeO2 and act as a storage for reaction intermediates [84]. Even though the 11 

role of formate as a reaction intermediate cannot be ruled out, it remains unclear that the main 12 

reaction intermediate leading to the formation of CO2 is a formate [66]. Coupled with the kinetic 13 

modeling results obtained earlier, the formation of carbonates in the second cycle of CO 14 

adsorption as observed during in-situ DRIFTS probably suggests that oxygen regeneration by 15 

ceria could have occurred via redox mechanism [85, 86]. 16 

 17 

5. Conclusion 18 

From the present study, the following concluding remarks can be made for Ni/xK/CeO2 19 

catalysts on the water-gas shift reaction: 20 

(a) Effect of varying K loadings on Ni/xK/CeO2 catalysts (x = 0-10 wt%) has been studied in 21 

detail to under the role of K in methane suppression and enhancement of WGS activity. 22 

An optimal K loading of 5 wt% was found to effectively suppress methanation during 23 

WGS reaction by enhancing CO adsorption on Ni via formation of bridging carbonyls as 24 
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evidenced by in-situ DRIFTS studies. Strong adsorption of CO in the bridging modes 1 

inferred that CO disproportionation and subsequent methanation of carbon precursors 2 

were prevented. Besides the formation of bridging carbonyls, subcarbonyl species which 3 

are precursors for methane formation were not observed in the presence of K. 4 

(b)   The role of K in enhancing WGS activity can be attributed to the provision of OH 5 

groups in the vicinity of Ni-Ce interface. As K is hygroscopic, it increases the affinity of 6 

water to the CeO2 support, enhancing water dissociation and the subsequent formation of 7 

OH groups which are vital for forming adsorbed oxygen on the support that subsequently 8 

reacts with adsorbed CO on Ni to form the reaction products. Moreover, doping of K on 9 

CeO2 causes charge imbalance and lattice distortion of CeO2, thereby leading to greater 10 

concentration of surface lattice oxygen as shown by XPS. As evidenced by XANES and 11 

CO-TPR-MS, reduced CeO2 exists predominantly in the Ce
3+

 state in the presence of K, 12 

producing oxygen species that are important for the WGS reaction. 13 

(c) Kinetic study on Ni/5K/CeO2 catalyst revealed that the catalyst has a large positive 14 

dependency on H2O and a great inhibitory effect imposed by H2. Additionally, a dual-site 15 

redox mechanism was proposed and achieved a good fit to the kinetic data obtained. 16 
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Appendix A. Supplementary material 1 

Sample calculation for deriving Ni dispersion via N2O pulse titration, comparison of 2 

catalytic activity and H2-TPR profiles of Ni/5K/CeO2 and Ni-5K/CeO2 catalysts, reaction 3 

conditions of the kinetic study, constraints imposed on the kinetic models, validation of kinetic 4 

model and kinetic parameters estimated from the proposed kinetic model are provided in the 5 

supplementary information. Supplementary data associated with this article can be found, in the 6 

online version, at http://dx.doi.org/10.1016/j.jcat.2015.xx.xxx. 7 
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1. Sample calculation for deriving Ni dispersion via N2O titration 

Table S1. H2 consumptions of samples in each stage of H2-TPR. 

Stage H2 Consumption (mmol) 

Ni/5K/CeO2 5K/CeO2 NiO 

1
st
 H2-TPR 2.89 0.44 2.45 

2
nd

 H2-TPR 0.53 0.42 0.11 

 

𝑁𝑖 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛(%) = 100 ×
𝐻2 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑖𝑛 2𝑛𝑑 𝐻2 − 𝑇𝑃𝑅

𝐻2 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑖𝑛 1𝑠𝑡 𝐻2 − 𝑇𝑃𝑅
 

= 100 ×
0.11

2.45
= 4.54 %  



2. Comparison of catalytic activity and H2-TPR between Ni/5K/CeO2 catalyst and Ni-5K/CeO2 

catalyst 

 

2.1.Preparation of Ni-5K/CeO2 catalyst  

Ni-5K/CeO2 catalyst was prepared via co-impregnation of the solution with required amounts 

of Ni(NO3)2.6H2O and KNO3 onto the calcined CeO2 supports to yield 10 wt% Ni-5 wt% 

K/CeO2 catalyst. The mixture was 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.Catalytic Activity 

 

Figure S1 Percentages of CO conversion to CO2 for Ni/5K/CeO2 and Ni-5K/CeO2 catalysts. 

2.3.H2-Temperature-Programmed Reduction (H2-TPR) 



 

Figure S2 H2-TPR profiles of (a) Ni-5K/CeO2, and (b) Ni/5K/CeO2 catalysts 

 

 

 

  



3. Experimental conditions and results for kinetic study 

Table S2. Experimental conditions and results for kinetic study at 400°C 

Run 
Gas Flow Rate (ml/min) 

Rate (µmol/m
2
.s) 

H2O CO CO2 H2 He 

1 10 5 10 10 65 0.2369 

2 20 5 10 10 55 0.3645 

3 30 5 10 10 45 0.4364 

4 40 5 10 10 35 0.5191 

5 55 5 10 10 20 0.6588 

6 25 2.5 10 10 52.5 0.5996 

7 25 5 10 10 50 0.6202 

8 25 7.5 10 10 47.5 0.6243 

9 25 10 10 10 45 0.7638 

10 25 12.5 10 10 42.5 0.8309 

11 25 5 5 10 55 0.4993 

12 25 5 10 10 50 0.4987 

13 25 5 15 10 45 0.4629 

14 25 5 20 10 40 0.4397 

15 25 5 25 10 35 0.3828 

16 25 5 10 5 55 0.6655 

17 25 5 10 7.5 52.5 0.4431 

18 25 5 10 11 49 0.3534 

19 25 5 10 15 45 0.3470 

20 25 5 10 20 40 0.3185 

 

  



4. Kinetic Modeling 

Three kinetic models, namely, redox, formate and carboxyl models were used to fit the 

kinetic data obtained. Based on the minimization of errors between the experimental data and the 

calculated data from the model, the kinetic parameters were estimated using a combination of 

Gauss-Newton and Levensberg-Marquardt methods. Using fmincon function in MATLAB 

software, the experimental data were fitted to the reaction rate equations by minimizing the 

stated objective function which was initiated using initial estimates of kinetic parameters which 

were randomly generated using the genetic algorithm (GA) method. In order to improve the 

efficiency of the GA method, constraints for the kinetic parameters estimated were imposed and 

are listed in Table S2.  

Table S3. Constraints imposed on kinetic models 

Parameter Type Constraints 

Adsorption Equilibrium Constant -200 < ΔSad <0 

-1e6 < ΔHad <0 

Desorption Equilibrium Constant 1 < ΔSde <1e3 

0 < ΔHde <1e6 

General Equilibrium Constant -1e3 < ΔS < 1e3 

-1e6 < ΔH < 1e6 

Rate Constant A > 0 

Ea > 0 

 

  



5. Validation of Proposed Redox Kinetic Model 

𝐶𝑂 + 𝑠1

𝐾1
↔ 𝐶𝑂. 𝑠1          (1) 

𝐻2𝑂 + 𝑠2

𝐾2
↔ 𝐻2𝑂. 𝑠2          (2) 

𝐻2𝑂. 𝑠2 + 𝑠1

𝐾3
↔ 𝐻. 𝑠1 + 𝑂𝐻. 𝑠2        (3) 

𝑠1 + 𝑂𝐻. 𝑠2

𝐾4
↔ 𝐻. 𝑠1 + 𝑂. 𝑠2         (4) 

𝐶𝑂. 𝑠1 + 𝑂. 𝑠2

𝐾5
↔ 𝐶𝑂2. 𝑠1 + 𝑠2 (rate-determining step)     (5) 

𝐶𝑂2. 𝑠1

𝐾6
↔ 𝐶𝑂2 + 𝑠1          (6) 

𝐻. 𝑠1 + 𝐻. 𝑠1

𝐾7
↔ 𝐻2 + 2𝑠1         (7) 

Derivation 

Assume step (5) is RDS, then 𝑟 = 𝑘[𝐶𝑂. 𝑠1][𝑂. 𝑠2] 

s1 material balance 

1 = 𝑠1 + 𝐶𝑂. 𝑠1 + 𝐻. 𝑠1 + 𝐶𝑂2. 𝑠1 

s2 material balance  

1 = 𝑠2 + 𝐻2𝑂. 𝑠2 + 𝑂𝐻. 𝑠2 + 𝑂. 𝑠2 

 

Expressing the respective intermediates in terms of stable species, 

𝐶𝑂. 𝑠1 = 𝐾1𝑃𝐶𝑂𝑠1 

𝐻. 𝑠1 = √(
𝑃𝐻2

𝐾7
) 𝑠1 

𝐶𝑂2. 𝑠1 =
𝑃𝐶𝑂2𝑠1

𝐾6
 

𝑂. 𝑠2 =
𝐾2𝐾3𝐾4𝐾7𝑃𝐻2𝑂𝑠2

𝑃𝐻2
 

𝐻2𝑂. 𝑠2 = 𝐾2𝑃𝐻2𝑂𝑠2 

𝑂𝐻. 𝑠2 =
𝐾2𝐾3√(𝐾7)𝑃𝐻2𝑂𝑠2

√(𝑃𝐻2)
 



Substituting the expressions of the intermediates into the site balance equations to make s1 

and s2 the subject: 

𝑠1 =
1

1 + 𝐾1𝑃𝐶𝑂 + √(
𝑃𝐻2

𝐾7 ) +
𝑃𝐶𝑂2

𝐾6

 

𝑠2 =
1

1 + 𝐾2𝑃𝐻2𝑂 +
𝐾2𝐾3√(𝐾7)𝑃𝐻2𝑂

√(𝑃𝐻2)
+

𝐾2𝐾3𝐾4𝐾7𝑃𝐻2𝑂

𝑃𝐻2

 

Therefore the overall rate equation can be determined: 

𝑟 = 𝑘[𝐶𝑂. 𝑠1][𝑂. 𝑠2] 

𝑟

=
𝑘𝑓

𝐾1𝐾2𝐾3𝐾4𝐾7𝑃𝐶𝑂𝑃𝐻2𝑂

𝑃𝐻2
− 𝑘𝑏

𝑃𝐶𝑂2

𝐾6

(1 + 𝐾1𝑃𝐶𝑂 + √(
𝑃𝐻2

𝐾7 ) +
𝑃𝐶𝑂2

𝐾6 ) (1 + 𝐾2𝑃𝐻2𝑂 +
𝐾2𝐾3√(𝐾7)𝑃𝐻2𝑂

√(𝑃𝐻2)
+

𝐾2𝐾3𝐾4𝐾7𝑃𝐻2𝑂

𝑃𝐻2
)

 

 

The parameters estimated from the above redox mechanism are presented in Table S3. The 

redox model achieved the best fit with R
2
=0.91, suggesting that within the stated boundaries, this 

model presents the most accurate parameters to fit the experimental data obtained. 

Table S4. Estimated Kinetic Parameters for Proposed Redox Model 

Rate Constant Ai  -Ei (J/mol) 

k5 1.00E+3 -4.85E+2 

k-5 1.18E+2 -1.99E+5 

 ΔSi (J/mol.K) -ΔHi (J/mol) 

K1 -8.06E+1 7.88 

K2 -1.88E+2 2.02E+1 

K3 8.83E+1 1.22E+1 

K4 -6.34E+2 1.13E+1 

K6 9.55E+1 -4.75 

K7 1.38E+2 -1.79E+4 

 

 



Figures 

 

Figure 1 XRD patterns of freshly calcined (a) Ni/0K/CeO2, (b) Ni/1K/CeO2, (c) Ni/2K/CeO2, (d) 

Ni/5K/CeO2, and (e) Ni/10K/CeO2 catalysts. Circles denote CeO2 phase and squares denote NiO 

phase.  



 

 

Figure 2 H2-TPR profiles of (a) Ni/0K/CeO2, (b) Ni/1K/CeO2, (c) Ni/2K/CeO2, (d) Ni/5K/CeO2, 

and (e) Ni/10K/CeO2 catalysts. 

  



 

 



 

 

Figure 3 (a) Ni K-edge XANES spectra, and (b) Fourier transform functions of Ni foil and 

Ni/xK/CeO2 catalysts at room temperature. 

  



 

 

Figure 4 Ce LIII-edge XANES spectra of Ce(NO3)3 (Ce
3+

 reference) and Ni/xK/CeO2 catalysts at 

room temperature. 

  



 

Figure 5 CO-TPR profiles with MS 

  



  

 

  



 

  

  



  

Figure 6 XPS spectra of Ni/xK/CeO2 catalysts for (a) Ni 2p, (b) Ce 3d and (c) O 1s. 



 



 

Figure 7 (a) Percentages of CO conversion to CO2, and (b) H2 and CH4 percentage yields for 

Ni/xK/CeO2 catalysts. 

  



 

Figure 8 Percentages of CO conversion to CO2 (left axis) and CH4 yield (right axis) of 

Ni/5K/CeO2 catalyst for 100 h reaction   



 



   

Figure 9 FTIR spectra of Ni/5K/CeO2 catalyst under continuous flow of CO and H2 at 

temperature increments of 50°C in the: (a) carbonylic region (2250-1700 cm
-1

) and (b) entire 

region (4000-800 cm
-1

) 

  



 

  



 

Figure 10 (a) Derivation of power law by varying partial pressures of H2O, CO, CO2 and H2 over 

Ni/5K/CeO2 catalyst, (b) parity plot of experimental and calculated reaction rate.  

  





 

Figure 11 In-situ transient decomposition: FTIR spectra of Ni/5K/CeO2 catalyst upon (a) 

introduction of 5%CO/He, and (b) switching to saturated steam with helium.  

  



 



 

Figure 12 Second cycle of in-situ transient decomposition: FTIR spectra of Ni/5K/CeO2 catalyst 

upon (a) introduction of 5%CO/He, and (b) switching to saturated steam with helium. 



Tables 

Table 1. Physicochemical parameters for Ni/xK/CeO2 catalysts 

Catalyst BET 

surface 

area 

(m
2
/g) 

Metal 

dispersion
a
 

(%) 

Metal 

particle 

size
 b

 

(nm) 

Crystallite size
c 
(nm)  Lattice 

parameter
d
 

(nm) 

 H2 

consumption
e 

(mmol/g) 

Rate
f
 

(μmol/m
2
.s) 

Ni 

[111] 

NiO 

[200] 

CeO2 

[111] 

NiO 

[200] 

CeO2 

[111] 

0K/CeO2 - - - - - -  - -  15.4 - 

1K/CeO2 - - - - - -  - -  5.41 - 

2K/CeO2 - - - - - -  - -  8.64 - 

5K/CeO2 - - - - - -  - -  8.80 - 

10K/CeO2 - - - - - -  - -  37.3 - 

Ni/0K/CeO2 25.7 11.3 8.95 20.9 15.6 11.5  4.18 5.41  56.1 0.219 

Ni/1K/CeO2 10.5 6.46 15.6 21.5 16.2 11.5  4.17 5.40  55.6 0.273 

Ni/2K/CeO2 7.04 5.72 17.7 20.7 16.3 12.6  4.18 5.42  57.6 0.284 

Ni/5K/CeO2 3.07 4.54 22.2 21.9 20.6 15.3  4.19 5.43  57.9 0.333 

Ni/10K/CeO

2 

4.09 4.39 23.0 22.9 18.0 15.7  4.18 5.43  75.7 0.403 

a
 Metal dispersion was calculated by N2O pulse titration 

b
 Metal particle size was determined by the expression, d= 101/metal dispersion(%) 

c
 Crystallite size was determined by XRD with the Scherrer equation 

d
 Lattice parameter was determined by the formula, 𝛼 = √ℎ2 + 𝑘2 + 𝑙2(

𝜆

2𝑠𝑖𝑛𝜃
) 

e
 H2 consumption below 650 °C in TPR profiles shown in Fig. 2 

f
 Catalytic rate per unit active Ni metal surface area measured at 400 °C 

 

 

 

 



 

 

Table 2. Structural parameters derived from EXAFS analysis for Ni foil and reduced Ni/xK/CeO2 catalysts. 

Sample Condition Shell CN R (Å) σ
2
 (Å

2
) 

Ni foil - Ni-Ni 12.0 2.49 - 

Ni/CeO2 Reduced at 650°C Ni-Ni 10.2 2.48 0.005 

Ni/5K/CeO2 Reduced at 650°C Ni-Ni 10.5 2.48 0.005 

CN – Coordination number, R – Interatomic distance, σ
2
 – Debye-Waller factor 

 

 

  



Table 3. Surface composition derived from XPS. 

Catalyst 

Oxygen concentration (%) Cerium 

concentration (%) 

Nickel 

ratio 
Surface composition (at %) 

Lattice 

oxygen  

Adsorbed 

oxygen 

Adsorbed 

water 

[Ce
3+

]  [Ce
4+

] 
[Ni

0
]/[Ni

2+
] O Ni K Ce 

Ni/0K/CeO2 52 24 24 13 87 0.71 65 7.8 0.0 28 

Ni/1K/CeO2 47 31 22 14 86 0.88 64 7.6 1.0 27 

Ni/2K/CeO2 48 24 28 13 87 0.83 70 3.9 2.9 24 

Ni/5K/CeO2 55 18 27 13 87 0.93 71 4.4 1.6 23 

Ni/10K/CeO2 38 20 43 15 85 0.73 72 4.9 2.7 20 

 

  



Table 4. Formate C-H stretching band positions upon CO adsorption on CeO2 and other metal oxides.  

Catalyst Band position (cm
-1

) Reference 

ν(CH)  δ(CH) + νs(OCO) 

10% Ni/5% K/CeO2 2685 2774 This work 

10% Ni/CeO2 2843 2928 [33] 

0.30% Ni/CeO2 2840 2945 [63] 

10% Ni/2% Na/CeO2 2803 2929 [33] 

5% Ni-5% Cu/CeO2 2850 2979 [42] 

5% CuOx/CeO2 2845 2935 [64] 

Ce0.8Cu0.2O2 2845 2935 [64] 

0.33% Cu/CeO2 2840 2945 [63] 

3% Au/CeO2 2848 2949 [65] 

1% Au/CeO2 2840 2945 [63] 

4.7 at% Au/Ce(La)O2 2830 2946 [66] 

0.5% Ru/CeO2 2840 2950 [67] 

0.5% Ru-0.5% Pt/CeO2 2840 2945 [67] 

0.5% Pt/CeO2 2840 2940 [67] 

0.1% Pt/CeO2 2847 2948 [69] 

1% Pt/CeO2 2840 2945 [63] 

2% Pt/CeO2 2844 2946 [20] 

2% Pt/0.8% Li/CeO2 2837 2947 [20] 

2% Pt/0.5% Na/CeO2 2837 2941 [20] 

2% Pt/2.5% Na/CeO2 2810 2950 [20] 

2% Pt/0.9% K/CeO2 2829 2943 [20] 

2% Pt/4.3% K/CeO2 2802 2952 - 2923 [20] 

2% Pt/9.3% Rb/CeO2 2760 2929 [20] 

2% Pt/14.5% Cs/CeO2 2809 2925 [20] 

4% Pt/ZrO2 2870 2931 [68] 

0.30% Co/CeO2 2840 2945 [63] 

0.29% Fe/CeO2 2840 2945 [63] 

*Percentage (%) in weight loading unless otherwise stated.  



Table 5. Literature values for reaction order measurements of water-gas shift reaction.  

Catalyst Temperature 

(°C)  

Reaction orders Reference 

CO H2O CO2 H2 

Ni/5K/CeO2 400 0.2 0.6 -0.2 -0.5 This work 

5Ni5Cu/CeO2 350 1.0 0.2 -0.3 -0.2 [42] 

CuO/ZnO/Al2O3 190 0.3 0.8 -0.9 -0.9 [78] 

Pt/CeO2-ZrO2 210-240 0.1 0.7 -0.2 -0.6 [80] 

La0.7Ce0.2FeO3 550-600 0.81 -0.01 -0.22 -0.0 [79] 

Fe2O3-Cr2O3 450 0.9 0.31 -0.16 -0.05 [79] 

 

 


