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A B S T R A C T   

Nickel phosphide catalysts show a high level of selectivity for the reverse water-gas shift (RWGS) reaction, 
inhibiting the competing methanation reaction. This work investigates the extent to which suppression of 
methanation can be controlled by phosphidation and tests the stability of phosphide phases over 24-hour time on 
stream. Herein the synthesis of different phosphide crystal structures by varying Ni/P atomic ratios (from 0.5 to 
2.4) is shown to affect the selectivity to CO over CH4 in a significant way. We also show that the activity of these 
catalysts can be fine-tuned by the synthesis Ni/P ratio and identify suitable catalysts for low temperature RWGS 
process. Ni12P5-SiO2 showed 80–100% selectivity over the full temperature range (i.e., 300–800 ◦C) tested, 
reaching 73% CO2 conversion at 800 ◦C. Ni2P-SiO2 exhibited CO selectivity of 93–100% over a full temperature 
range, and 70% CO2 conversion at 800 ◦C. The highest CO2 conversions for Ni12P5-SiO2 at all temperatures 
among all catalysts showed its promising nature for CO2 capture and utilisation. The methanation reaction was 
suppressed in addition to RWGS activity improvement through the formation of nickel phosphide phases, and the 
crystal structure was found to determine CO selectivity, with the following order Ni12P5 >Ni2P > Ni3P. Based on 
the activity of the studied catalysts, the catalysts were ranked in order of suitability for the RWGS reaction as 
follows: Ni12P5-SiO2 (Ni/P = 2.4) > Ni2P-SiO2 (Ni/P = 2) > NiP-SiO2 (Ni/P = 1) > NiP2-SiO2 (Ni/P = 0.5). Two 
catalysts with Ni/P atomic ratios; 2.4 and 2, were selected for stability testing. The catalyst with Ni/P ratio = 2.4 
(i.e., Ni12P5-SiO2) was found to be more stable in terms of CO2 conversion and CO yield over the 24-hour 
duration at 550 ◦C. Using the phosphidation strategy to tune both selectivity and activity of Ni catalysts for 
RWGS, methanation as a competing reaction is shown to be no longer a critical issue in the RWGS process for 
catalysts with high Ni/P atomic ratios (2.4 and 2) even at lower temperatures (300–500 ◦C). This opens up 
potential low temperature RWGS opportunities, especially coupled to downstream or tandem lower temperature 
processes to produce liquid fuels.   

1. Introduction 

Increasing level of CO2 in the atmosphere is one of the biggest 
environmental concerns of our day due to its effects on climate change 
and sea level, frequent occurrence of forest fires, and the increase in the 
number of stormy days per year [1,2]. While CO2 emissions from energy 
generation (fossil fuel combustion) can be decreased using renewables, 
carbon is still needed for producing chemicals. The production of syn
thesis gas (i.e., syngas, which is a mixture of CO and H2) from CO2 via 
reverse water-gas shift (RWGS) offers a path to decarbonizing the 
chemical industry, as a first step in obtaining syngas, which can be 

converted to a variety of products through Fischer-Tropsch synthesis 
(FTS) or methanol production reaction in a second step [3–5]. Tem
perature gap between both reactors (based on first and second steps) is 
significant. Based on thermodynamics, the RWGS reaction should run at 
600–750 ◦C upstream, and the downstream unit at 250–400 ◦C for 
mentioned processes [6]. However, there is a growing interest in 
coupling these processes via tandem catalysis, which requires RWGS to 
be operated at intermediate temperatures, where methanation is a 
competing reaction. 

RWGS reaction is a thermochemical hydrogenation of CO2 to CO (Eq. 
(1)) and can be used to produce syngas with a desired H/C ratio, an 
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important parameter for downstream chemical synthesis. RWGS is 
thermodynamically favored at high temperatures (greater than 500 ◦C) 
and competes with the methanation reaction (Eq. (2)) that is thermo
dynamically favorable at low temperatures [7–9]. The low temperatures 
favoring methanation over RWGS present a challenge to commerciali
zation of RWGS-based tandem catalysis technology, where downstream 
processes for utilizing syngas operate at much lower temperatures 
(200–300 ◦C for FTS) [10–12]. If sufficiently high selectivity over 
methanation can be obtained at low temperatures, this would open up 
commercial opportunities for RWGS to be implemented upstream of 
FTS, as well as for tandem catalytic schemes to be designed where RWGS 
is integrated into a reaction utilizing syngas and hence achieving process 
intensification through reaction coupling [9]. 

CO2 +H2 ↔ CO+H2O ΔH
◦

298 = 41kJ
/

mol (1)  

CO2 + 4H2 ↔ CH4 + 2H2O ΔH
◦

298 = − 165kJ
/

mol (2) 

Nickel phosphide catalysts are effective in promoting CO2 conversion 
due to their ability to facilitate the reduction of CO2 to more useful 
chemicals [13,14]. In addition, nickel phosphide has shown successful 
catalytic performance on dry reforming of methane [15,16]. One of the 
main advantages of these catalysts is that they are highly stable under 
reaction conditions, which include high temperatures. Also, nickel 
phosphide catalysts are effective in the RWGS reaction because they 
have a high surface area and many active sites for catalysis. The effects 
of different nickel phosphide ratios and supports on the surface area 
were investigated, where the surface area of the supported Ni2P-SiO2 
catalyst was found to be 4 times more than Ni12P5-CeAl and 3 times 
more than Ni12P5-Al2O3 [7]. 

While Ni metal is a well-established methanation catalyst, phosphi
dation of Ni can suppress methanation activity completely, with the 
choice of support playing a substantial role in catalytic performance as 
well [7]. In the present work, we explore the effects of Ni/P atomic ratio 
during synthesis on the Ni phosphide crystal structure, catalytic RWGS 
performance, and stability. Higher Ni/P ratios (12/5 and 2/1) produce 
high CO2 conversions, high CO selectivities and high CO yields. Lower 
Ni/P ratios result in greater loss of phosphorus during the reduction and 
reaction stage. Moreover, silica-supported nickel phosphide catalysts 
with high Ni/P ratios can catalyze the RWGS reaction at temperatures as 
low as 300 ◦C showing CH4 formation to be no longer a critical problem, 
and their activity increases with increasing temperature. 

2. Materials and methods 

2.1. Catalysts preparation 

All catalysts used in this study were synthesized using the wet 
impregnation method [7]. Required amounts of nickel nitrate hexahy
drate [Ni(NO3)2.6 H2O] and diammonium hydrogen phosphate [(NH4)2. 
HPO4] were weighed and mixed for each catalyst. Deionized water was 
added to these mixtures. All the resulting mixed solutions were first 
stirred at room temperature and then concentrated under vacuum on a 
rotary evaporator. The resulting concentrated materials were then dried 
at 80 ◦C overnight and calcined at 500 ◦C for 2 h. A part of each pre
pared calcined sample was then reduced under an H2 atmosphere 
(60 mL/min for 0.5 g of each catalyst). This protocol was carried out as 
follows; the temperature was raised from room temperature to 650 ◦C at 
a rate of 2 ◦C/min, and it was held constant at 650 ◦C for 2 h. Samples 
were then cooled to room temperature in Ar. Before exposure to air, 
samples were passivated in 3% O2/Ar for at least 2 h at room 
temperature. 

Catalysts were named NiaPb-SiO2, where a/b was the atomic ratio 
used for Ni to P for each catalyst. The Ni/P atomic ratios synthesized 
were 12/5, 2/1, 1/1 and 1/2, therefore, the catalysts were named 
Ni12P5-SiO2, Ni2P-SiO2, NiP-SiO2, and NiP2-SiO2, respectively. 

2.2. Catalysts characterization 

Synthesized catalysts were characterized using X-ray Diffraction 
(XRD), Temperature-Programmed Reduction (TPR), Inductively 
Coupled Plasma Mass Spectroscopy (ICP-MS), Particle Sizer, and X-ray 
Photoelectron Spectroscopy (XPS). 

2.2.1. XRD 
XRD analysis was performed with an X′Pert Pro PANalytical instru

ment at room temperature with Cu-K◦ (30 mA, 40 kV) in the 2-theta 
range of 10◦− 80◦ and a step size of 0.05◦ with a step time of 450 s. 
XRD analysis was performed on freshly reduced catalysts, post- 
temperature scanning and post-stability test samples. Also, the average 
crystallite size (DC) was estimated using the Scherrer formula (Eq. (3)). 

DC =
K × λ

β × cosθ
(3)  

Where K is a constant that depends on the shape of the crystallites (K =
0.9 in this study), λ is the wavelength of the X-rays used, β is the full 
width at half maximum (FWHM) of the diffraction peak in radians and θ 
is the diffraction angle [17]. 

The Scherrer equation uses XRD data and is based on the principle 
that the width of a diffraction peak is related to the size of the crystalline 
grains in the material [18]. The larger the grain size, the narrower the 
peak [19]. 

2.2.2. TPR 
Hydrogen consumption of catalyst precursors was determined by H2 

Temperature-Programmed Reduction (H2-TPR) to characterize the for
mation of Ni phosphide phases. H2-TPR protocol was performed in a 
vertical fixed-bed quartz reactor under a mixture of 5 mL/min H2 and 
20 mL/min Ar. After the preparation of the quartz wool bed in the 
reactor, 50 mg of catalyst precursor was added, and the system was 
heated up to 920 ◦C at 10 ◦C/min. H2 consumption data was recorded 
with an online mass spectrometer (Pfeiffer, OmniStar GSD 301). 

2.2.3. ICP-MS 
The concentrations of Ni, P, and Si were determined by ICP-MS using 

the iCAP 7200 ICP-OES Duo spectrometer from ThermoFisher Scientific 
following microwave digestion in an ETHOS EASY microwave digestion 
platform from Milestone. 10 mg of each sample was dissolved in 50 mL 
of solvent for analysis using the ICP-MS technique. 

2.2.4. XPS 
XPS measurements were carried out on SPECS spectrometer equip

ped with PHOIBOS 150 MCD analyzer working with fixed pass energy of 
40 eV and 0.1 eV resolution for the studied zones. A non- 
monochromatic source of radiation, Al Kα radiation (1486.6 eV) work
ing on 250 W and 12.5 kV voltage was used. The analytical chamber 
operated at ultra-high vacuum at around 10− 10 mbar pressure. Prior to 
use, samples were pressed onto a thin disk. The XPS spectra were 
recorded at room temperature and the spectra were referenced to the Si 
2p at 103.5 eV and fitted using CasaXPS software with a Gaus
sian–Lorentzian peak shapes and Shirley baselines. National Institute of 
Standards and Technology (NIST) XPS database was used to analyze the 
samples [20]. 

2.2.5. Powder particle size analysis 
Powder particle sizes of selected samples were measured using a 

particle sizer (QicPic) and reported in Fig. S1. 

2.3. Catalytic testing 

RWGS reaction was performed in a vertical continuous fixed-bed 
reactor connected to the Advanced Optima Process Gas Analyser (ABB 
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AO2020), and the outlet volumetric percentages of CO2, CO, H2, and 
CH4 were recorded. The reactor was a quartz-glass tube with an outer 
diameter of 12.7 mm and a length of 30 cm. 0.25 g of catalyst was 

placed on a quartz wool bed in the middle of the reactor. The reactor was 
heated with a tube furnace and the temperature inside was measured 
with a K-type thermocouple placed above the catalyst bed. To pre- 
reduce/re-activate the catalyst, hydrogen gas was passed, and the sys
tem was heated up to 650 ℃ from room temperature, and it was kept at 
this temperature for an hour. The system was then cooled to the testing 
temperature of 300 ℃ in N2. Then, N2 was replaced with a feed gas 
mixture of N2:H2:CO2 = 5:4:1 and a total flow rate of 50 mL/min. The 
temperature of the system was increased from 300◦ to 800◦C by the 
increment of 50 ◦C each time, and the amount of products obtained from 
RWGS reaction and the total flow rate of feed gases at each temperature 
were recorded after 25 min of steady-state reaction time. Stability tests 
were conducted at 550 ◦C for 24 h, with an H2:CO2 ratio of 4:1. Both 
stability and activity tests were performed at a constant weight-hourly 
space velocity (WHSV) of 12,000 mL g− 1 h− 1. CO2 conversion, CO 
selectivity, CH4 selectivity, CO yield, and carbon balance were calcu
lated for each catalyst using the Eqs. (4)–(8), respectively, based on the 
data obtained from the temperature screening and stability tests. 

CO2conversion(%) =
nCO2in − nCO2out

nCO2in
× 100 (4)  

CO selectivity(%) =
nCOout

nCOout + nCH4out
× 100 (5)  

CH4selectivity(%) =
nCH4out

nCOout + nCH4out
× 100 (6)  

CO yield(%) =
nCOout

nCO2in
× 100 (7)  

Carbon balance(%) =
nCOout + nCO2out + nCH4out

nCO2in
× 100 (8) 

Here, nCO2in is the initial molar flow rate of CO2 in the reactant 
mixture entering the system (kmol/min), and nCOout , nCO2out and 
nCH4out are the molar amounts (in kmol/min) of CO, CO2 and CH4 in the 
product stream leaving the system, respectively. 

3. Results and discussion 

3.1. The effect of Ni/P ratio on crystal structure 

XRD patterns of reduced (or pre-reaction) catalysts (using the pro
tocol outlined in 2.1) are shown in Fig. 1, and detailed results are 
available in the Mendeley Data Repository [21]. The main phases 
observed across the range of catalysts were Ni2P and Ni12P5 with the 
crystal structure showing a clear dependence on the synthesis Ni/P ratio. 
Amorphous SiO2 was detected for all catalysts at diffraction angles 
15–35◦ [7,22,23]. Ni2P and Ni12P5 were the major phases observed for 
the pre-reaction XRD of the catalysts as per literature data [22]. XRD 
showed all observed species to be nickel-rich. For lower Ni/P atomic 
ratios (less than 1) or high P content, Ni2P was shown to be the dominant 
phase (indicating that catalysts might have lost some of the phosphorous 
content during reduction [24]). Higher Ni/P ratios (greater than 1) or 
low P content showed Ni12P5 as well, in addition to the dominant Ni2P 
phase (as observed in [24]). The results of Ni/P atomic ratios of 1 and 2 
were almost identical to the previous findings [22]. Catalysts with a pure 
Ni2P phase were obtained for the lower Ni/P ratios (0.5 and 1), while 
mixed Ni2P and Ni12P5 structures were obtained for the catalysts with 
higher Ni/P ratios (2 and 2.4). W. Zhou et al. [25] found pure phases for 
Ni/P ratios of 2 and 2.4; Ni2P phase in case of Ni/P atomic ratio of 2 and 
Ni12P5 phase in case of Ni/P atomic ratio of 2.4. Also, D. Lou et al. [26] 
observed the pure Ni12P5 phase for a Ni/P molar ratio of 2.4. M. H. Al 
Rashid [27] performed X-ray Absorption Near Edge Structure Spectra 
Analysis and showed that the Ni/P molar ratio of 1 produced Ni2P, 
which was confirmed by the X-ray Absorption Edge and the Extended 

Fig. 1. XRD patterns for pre-reaction/reduced (a) Ni12P5-SiO2, (b) Ni2P-SiO2, 
(c) NiP-SiO2 and (d) NiP2-SiO2 catalysts. 

Fig. 2. H2-TPR results (H2 consumption) for calcined/pre-reduced samples.  
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X-ray Absorption Fine Structure Analysis using curve fitting. The Ni/P 
ratios of 2 and 3 resulted in Ni12P5 and Ni3P phases, respectively. 

Pre-reaction XRD examination of all the catalysts showed the pres
ence of either the Ni2P phase or the Ni12P5 phase. Diffraction peaks at 
40.8◦, 47.3◦, 54.2◦, 54.9◦ and 74.8◦ were observed, corresponding to the 
(111), (210), (300), (211), and (400) crystal planes of Ni2P (JCPDS No. 
03–0953) [7,28]. The peaks at 44.4◦, 51.7◦ and 76.5◦ correspond to Ni, 
which were observed as well. The broad peak corresponding to 2-theta 
values between 20◦ and 25◦ indicated the presence of amorphous SiO2. 
Diffraction peaks at 2-theta values of 33.2◦, 38.4◦, 46.1◦, 46.7◦, 47.3◦, 
48.1◦ and 48.9◦ were attributed to the crystal planes indicating suc
cessful synthesis of Ni12P5 (JCPDS no. 22–1190) [29,30]. All charac
teristic diffraction peaks of NiP2 (JCPDS 21–0590) were observed, and 
the peaks at 28.34◦, 32.85◦, 36.86◦, 40.52◦, 47.14◦, 55.92◦, 58.64◦, 
61.25◦, 63.87◦, 76.08◦ and 78.43◦ matched well with (111), (200), 
(210), (211), (220), (311), (222), (320), (321), (331), and (420), 
respectively [5,31–33]. 

3.2. H2-TPR analysis 

For a better understanding of the redox properties of the catalysts 
and the interactions between the nickel phosphide phases and the sup
port, the conversion of catalyst precursors (before reduction) to phos
phides was investigated by H2-TPR experiments. The hydrogen 
consumption profiles of the samples from room temperature to 920 ℃ 
are shown in Fig. 2, and experimental results are available online at 
Mendeley Data Repository [21]. H2-TPR showed a typical small H2 
consumption peak between 380 and 420 ℃ for each silica-supported 
nickel phosphide calcined (pre-reduced) catalyst, corresponding to the 
initial reduction of bulk NiO, in accordance with previous studies [7,24]. 
Reductions of the nickel species in phosphate and P-O bonds because of 
the dissociation of H2 on metallic Ni sites were observed with the highest 
peak between 630 and 680 ℃ [34–36]. According to O. Clause et al. 
[37], the reduction of POx/SiO2 starts at about 800 ℃ and the 
completion temperature could reach up to about 1000 ℃ due to the 
thermally highly stable P-O bond. However, unlike previous studies, the 
reduction occurred at a lower temperature because of decomposition of 
H2 on metallic Ni causing the POx/SiO2 phase to be reduced more easily 

Fig. 3. (a) CO2 conversion of each sample (b) CO Selectivity achieved by using each sample (c) CO yield achieved for each sample (d) CH4 selectivity by using each 
sample catalyst (N2:H2:CO2 =5:4:1, T = 300–800 ◦C, WHSV=12,000 mL g− 1 h− 1). 
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[7]. In other words, the reduction temperature decreased due to the 
presence of metallic nickel in our nickel-phosphide catalysts [22]. 

Examining the H2-TPR plots for all samples, two systematic trends 
were seen for samples with different Ni/P atomic ratios. Firstly, samples 
with lower P content showed more peaks and a complex overall 
reduction pattern than higher P samples. Secondly, all reduction peaks 
shifted to higher temperatures in samples with higher P contents [24]. 
Lower P contents contained more nickel compounds such as nickel oxide 
and nickel oxide-phosphates, resulting in different peaks due to their 
individual reduction. Since nickel oxides could be reduced more easily 
than the nickel species in phosphate and P-O bonds, peaks began to 
appear at lower temperatures [24]. 

Moreover, the reducibility was determined by analyzing the peak 
area of H2-TPR profiles, which indicated the quantity of reducing agent 
(H2) utilized (and usually the quantity of species in the solid phase un
dergoing reduction) during the reduction process within a specific 
temperature range [38,39]. H2-TPR profile areas for each catalyst 
(mentioned in Table S1) were shown to be in following order: Ni12P5-
SiO2 > NiP-SiO2 > Ni2P-SiO2 > NiP2-SiO2, indicating Ni12P5-SiO2 pro
file area to be 2 times more than that of NiP2-SiO2. 

3.3. Catalytic performance 

Catalytic behavior for RWGS is reported in Table S2 (available in the 
supplementary information) and Fig. 3. Detailed activity results can be 
obtained from Mendeley Data Repository [21]. It was observed that the 
catalysts with lower Ni/P atomic ratios (1/1 and 1/2) were not active for 
RWGS at lower temperatures, and even at higher temperatures, they 
were less active as compared to the catalysts with higher Ni/P atomic 
ratios (2/1 and 12/5). Ni12P5-SiO2 and Ni2P-SiO2 catalysts showed CO2 
conversion and CO selectivity even at lower temperatures as compared 
to NiP-SiO2 and NiP2-SiO2 catalysts. Catalysts with greater Ni/P ratios 
exhibited a bigger increase in activity with increasing temperature than 
the catalysts with lower Ni/P ratios. However, methanation occurred to 
a very small extent for catalysts with higher Ni/P atomic ratios, which 
decreased with increasing temperatures. Ni12P5-SiO2 had overall less 
CH4 selectivity at a wider temperature range but slightly more as 
compared to that of Ni2P-SiO2 catalyst. Because of highly endothermic 
nature of RWGS and the very high conversions obtained with some of 
our catalysts, it should be noted that there was the possibility of cold 
spots formation [40] which might contribute to the activity data in 
Fig. 3. These spots within the catalytic reactor might create temperature 
gradients resulting from uneven heat distribution, possibly impacting 
mass and heat transfer, affecting reactant and product transport to and 
from the catalyst surface, potentially leading to different reaction 
pathways and selectivity. Controlling catalyst particle size could mini
mize heat and mass transfer limitations [40]. More importantly, it was 
necessary to constrain kinetic analysis to differential conditions of 
operation. 

When comparing the activity data with H2-TPR analysis, catalyst 
with highest reducibility (i.e., Ni12P5-SiO2) showed the highest CO2 
conversion, while the catalyst with lowest reducibility (i.e., NiP2-SiO2) 
showed the lowest CO2 conversion. Based on CO2 conversion, CO 
selectivity, CO yield, and overall CH4 selectivity at a wider temperature 
range, Ni12P5-SiO2, i.e., the catalyst with the highest Ni/P atomic ratio, 
followed by Ni2P-SiO2 were found to be most suitable for RWGS. The 
overall suitability order based on the activity of the studied catalysts for 
the temperatures 300–800 ◦C was Ni12P5-SiO2 > Ni2P-SiO2 > NiP-SiO2 
> NiP2-SiO2. 

Site blocking effect (P on Ni), activity of distinct nickel phosphide 
phases (Ni12P5, Ni3P and Ni2P) and crystal structure might all be 
contributing to the high degree of suppression of methanation observed 
in these tests [7]. The combined presence of nickel phosphide and silica 
support in the catalyst might have also played a key role in suppressing 
methanation and improving CO selectivity [7]. 

U. Guharoy et al. [41] theoretically investigated the formation of 

methane during the RWGS process when nickel phosphide was used as a 
catalyst via the DFT method and proposed that the RWGS reaction over 
nickel phosphide catalysts occurred through a carbonate intermediate, 
which underwent further reactions to form CO or CH4. Q. Zhang et al. 
[7] found that nickel phosphide catalysts were active and selective for 
the RWGS reaction and could produce CO and H2 through the reduction 
of CO2 and water, respectively. However, it was also found that nickel 
phosphide catalysts could also result in the formation of methane as a 
byproduct of the RWGS reaction, and it was suggested [7] that the 
formation of methane could be attributed to the presence of basic sites 
on the nickel phosphide catalysts and the intermediate carbonates, 
which could undergo further reactions to form CH4. The support could 
also impact the dispersion and accessibility of the active sites on the 
nickel phosphide catalyst, affecting its catalytic activity and selectivity 
towards different products. SiO2 support was shown to suppress the 
methanation activity of nickel phosphide catalysts [7,42]. The addition 
of SiO2 led to a decrease in CO2 adsorption, which in turn, lowered the 
availability of adsorbed CO2 for methanation reaction [7]. SiO2 support 
could also provide more acidic sites on the surface, which possibly 
favored the adsorption of CO2 and inhibited methanation [42]. 

Iso-conversion selectivity analysis (Table S3) showed that both CO 
and CH4 selectivities were different at CO2 conversion ≈ 10% for all the 
catalysts indicative of intrinsic differences between the catalysts formed 
using different Ni/P atomic ratios. Therefore, activity was analyzed 
further in terms of activation energy in the next paragraph to give more 
insights about the impact of Ni/P atomic ratio on reaction pathways. 

Apparent activation energy (Ea) of CO2 reduction for each catalyst 
was measured (and shown in Fig. 4) for conditions and temperature 
ranges associated with CO2 conversion < 25% (differential conditions). 
At some point, where CO2 conversion > 25%, transport limitations 
would have been encountered, hence the Arrhenius plots for catalysts 
were limited to CO2 conversions < 25%. Ea based on CO2 conversion for 
Ni12P5-SiO2 (T = 300–450 ◦C) was 55 kJ/mol, higher than that of Ni2P- 
SiO2 (i.e., 39 kJ/mol, T = 300–600 ◦C) as shown in Fig. 4. NiP-SiO2 
catalyst had a very high Ea for CO2 conversion (83.74 kJ/mol), also at 
high temperatures (600–700 ◦C), as shown in Fig. 4. NiP2-SiO2 catalyst 
also showed a high CO2 conversion Ea (78.2 kJ/mol) even at very high 
temperatures (600–800 ◦C) as given in Table S4 and Fig. 4. Also, 
Arrhenius data of NiP2-SiO2 catalyst displayed deviation from linearity 
possibly because of catalyst’s restructuring at lower CO2 conversions 
(450–800 ◦C) as shown in Fig. S2. Lower CO2 conversion activation 
energies for catalysts with higher Ni/P atomic ratios were reflected in 

Fig. 4. Arrhenius plots of Ni12P5-SiO2 (300–450 ◦C), Ni2P-SiO2 (300–600 ◦C), 
NiP-SiO2 (600–700 ◦C) and NiP2-SiO2 (600–800 ◦C) catalysts for RWGS CO2 
conversions < 25%. 
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activity presented in Fig. 3. CO2 conversion activation energies for some 
of the catalysts developed as a part of this study (Ni12P5-SiO2 and Ni2P- 
SiO2) were lower than kinetically controlled activation energies of Re- 
SiO2 (84.5 kJ/mol, 360–440 ◦C), Pt-zeolite (60 kJ/mol, 360–440 ◦C), 
Pt-SiO2 (60.1 kJ/mol, 360–440 ◦C), 5.6–20 wt% of Ni on SiO2 
(83–94 kJ/mol, 325–400 ◦C), Ni0.1Mo (77.7 kJ/mol, 320–400 ◦C) and 
Ni1Mo (74.4 kJ/mol, 320–400 ◦C) under differential conditions [43, 
44]. Moreover, observed activation energies were also comparable to 
those of Fe (50 kJ/mol) and Pt0.5Re (48.6 kJ/mol, 360–440 ◦C) [45, 
46]. Heat and mass transfer limitations were practically excluded 
because the reported apparent activation energies under differential 
conditions in this study were in the range of kinetically controlled re
action activation energies. Nitrogen was added to dilute the (feed gases) 
stream so it kept the temperature stable, and a low catalyst volume was 
used. 

According to Table S2, carbon balance was reduced with increasing 
temperatures (as low as 94.9% and 96% at 550 ℃) for Ni12P5-SiO2 and 
Ni2P-SiO2 catalysts, while for NiP-SiO2 and NiP2-SiO2 catalysts, it was 
close to 100%. Less than 100% carbon balance suggested the presence of 
some unaccounted carbon-containing species (gas phase products other 
than methane or CO) in the product stream and/or deposition of carbon 
species on the catalysts [8]. Slightly negative CO2 conversions at lower 
temperatures for NiP-SiO2 and NiP2-SiO2 catalysts (as shown in Table S2 
and Fig. 3(a)) were attributed to fluctuations in mass flow at zero % 
conversion. 

3.4. Stability Test 

Stability tests were carried out for 24 h with the Ni12P5-SiO2 and 
Ni2P-SiO2 catalysts in RWGS process with N2:H2:CO2 ratio of 5:4:1and a 
WHSV of 12,000 mL g− 1 h− 1 at 550 ◦C. CO2 conversion, CO selectivity, 
CH4 selectivity, and CO yield obtained for these stability tests are shown 
in Fig. 5. Complete stability test results can be found at Mendeley Data 
Repository [21]. Tests aimed to evaluate the performance of these cat
alysts, which were known for their excellent ability to suppress side 
reactions in RWGS, in maintaining their efficiency over a prolonged 
period. 

For the Ni12P5-SiO2 catalyst, the CO2 conversion showed a small 
decline from 19% to 13% over the 24-hour duration, indicating a rela
tively stable conversion and a robust performance of the catalyst. 
Additionally, while the CO yield decreased from 19% to 14%, the CO 
selectivity remained high, fluctuating between 91% and 95% (with more 
than 90% selectivity observed most of the time). CH4 selectivity 
decreased during the test. This suggested that the Ni12P5-SiO2 catalyst 

was effective in selectively producing CO and suppressing the formation 
of other byproducts (such as CH4), even after 24 h of use. 

For the Ni2P-SiO2 catalyst, the CO2 conversion remained relatively 
stable, between 8.5% and 12%, over the 24-hour duration. The CO yield 
decreased from 10% to 7% in the first 6 h but then remained relatively 
stable for the rest of the time. This could mean that the catalyst was 
losing some of its efficiency over time but still maintaining its perfor
mance. This could also be a result of changes in reaction conditions or 
the catalyst deactivating and then partially recovering over the course of 
the test. The CO selectivity ranged between 97% and 99%. The CH4 
selectivity remained very low, between 1.4% and 2.1%, throughout the 
test, which indicated that the Ni2P-SiO2 catalyst was highly selective in 
producing CO and it suppressed the formation of byproducts such as 
CH4, which was noteworthy. 

Stability tests demonstrated that both Ni12P5-SiO2 and Ni2P-SiO2 
catalysts showed promising performance in suppressing side reactions 
and selectively producing CO in the RWGS process. The Ni12P5-SiO2 
catalyst was effective in maintaining high CO selectivity over the 24- 
hour test, while the Ni2P-SiO2 catalyst showed relatively stable CO2 
conversion and CO yield. Also, when activity test results were compared 
with stability test results; less CO2 conversion, decreased CO yield and 
importantly less methanation were obtained for both the catalysts at 
550 ◦C during stability tests, indicating that the results were difficult to 
reproduce, because factors such as Ni/P atomic ratios, support, condi
tions, synthesis method, etc., might have highly affected the perfor
mance of silica supported nickel phosphide catalysts. For instance, 
activity tests involved catalyst activation in an H2 atmosphere at 650 ◦C 
for an hour, then cooling down to 300 ◦C in N2, followed by a gradual 
temperature increase up to 800 ◦C, revealing fluctuations in total flow 
rate. At 550 ◦C, Ni12P5-SiO2 exhibited 7.67% CO2 volume and 
46.91 mL/min total flowrate during activity testing, while Ni2P-SiO2 
showed 9.5% CO2 volume and 49.58 mL/min total flowrate, as shown in 
Fig. S3 (available in the supplementary information of this paper). On 
the other hand, after activation in H2, the system was cooled down to 
550 ◦C (rather than 300 ◦C as in case of activity testing), stability tests 
were then conducted at 550 ◦C, yielding an average CO2 volume of 
9.59% and a 50.19 mL/min average total flowrate for Ni12P5-SiO2, and 
10.30% CO2 volume and 49.14 mL/min average total flowrate for Ni2P- 
SiO2 (as indicated in Fig. S3). The CO2% volume differences between 
activity and stability tests were 25% for Ni12P5-SiO2 and 8% for Ni2P- 
SiO2, with total flow rate differences of 7% and 1%, respectively. Hence 
variations between activity and stability test results were likely attrib
uted to flow rates and the catalysts’ operational history. However, both 
activity and stability tests showed that Ni12P5-SiO2 was a better catalyst 

Fig. 5. 24-h RWGS stability test results for: (a) Ni12P5-SiO2 and (b) Ni2P-SiO2 catalysts (N2:H2:CO2 =5:4:1, T = 550 ◦C, WHSV=12,000 mL g− 1 h− 1).  
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(when compared with the other studied catalysts) for RWGS over the 
300–800 ◦C temperature range. 

3.5. Post-reaction and post-stability XRD analysis 

XRD patterns for post-reaction samples are shown in Fig. 6. XRD 
analysis results for post-reaction and post-stability test samples are 
available at the Mendeley Data Repository [21]. When compared with 
XRD patterns of pre-reaction samples as shown in Fig. 1, catalysts had 
become more crystalline after RWGS (as shown in Fig. 6) due to pro
longed high-temperature exposure. Phase transitions for each catalyst 
because of RWGS were detected using XRD analysis. The results are 
summarized in Table 1. All catalysts showed the presence of amorphous 
silica in their post-reaction XRD patterns [7,22]. The sample with the 
lowest Ni/P atomic ratio showed only the Ni2P phase when analyzed via 

XRD after the reaction. Almost similar XRD patterns were observed for 
the NiP2-SiO2 catalyst. Post-reaction XRD characterisation of NiP-SiO2 
showed some presence of the Ni12P5 phase as well, however, the 
dominant phase was Ni2P. Pre-reaction XRD of the same catalyst 
(NiP-SiO2) with a Ni/P atomic ratio of 1 showed only the Ni2P phase. For 
high Ni/P atomic ratios (2/1 and 12/5), the dominant phase was Ni12P5, 
while only a few small peaks matched with the Ni3P phase (a small Ni3P 
peak was visible in the case of Ni/P atomic ratio of 2, while Ni3P peaks 
were very small and invisible in the case of Ni/P atomic ratio of 12/5, as 
shown in Fig. 6). In conclusion, post-reaction XRD characterization of 
Ni2P-SiO2 and Ni12P5-SiO2 catalysts dominantly showed the Ni12P5 
phase. 

The synthesis Ni/P atomic ratio influenced the formation of different 
nickel phosphide phases and their subsequent properties, such as crystal 
structure, composition, and activity. XRD analysis showed the trans
formation of the Ni2P phase during the reaction to the Ni12P5 phase 
(Fig. 6) for catalysts with Ni/P atomic ratios of 1, 2 and 2.4. A slight 
transformation to Ni3P in the case of higher Ni/P ratios (2 and 2.4) was 
also observed. These transformations could be because the activity 
temperatures (up to 800 ◦C) were higher than the reduction temperature 
(650 ◦C) [7]. The H2-TPR results indicated in Fig. 2 that the reduction of 
nickel phosphate proceeded until it reached a temperature of 750 ◦C. As 
a result, these catalysts underwent further reduction under a constant H2 
input and an elevated temperature of 750 ◦C. Z. Ma et al. [47] also 
concluded that the phase transition from Ni2P to Ni12P5 or another phase 
(such as Ni3P) occurred when there was less phosphorous. Moreover, as 
the temperature increased, there was a greater tendency for the for
mation of Ni12P5 and Ni3P phases. It should be noted that atomic ratio 
was not the only factor affecting the formation of a specific nickel 
phosphide phase. Factors such as synthesis method, temperature, flow 
rates, reaction time, and other operating conditions could have also 
played their role in determining the specific phase that was formed 
during the synthesis of nickel phosphide catalysts. 

Previous studies (on RWGS [7], guaiacol hydrodeoxygenation [22], 
deoxygenation for fatty acid conversion [25], photothermal RWGS [26] 
and non-oxidative coupling of methane reaction [27]) indicated the 
presence of Ni3P, Ni2P, and Ni12P5 phases on silica-supported nickel 
phosphide catalysts. Ni/P = 1, 2, and 3 silica-supported samples showed 
Ni2P, Ni12P5, and Ni3P as the major phases, respectively, for Guaiacol 
hydrodeoxygenation [22], and lifetime tests showed the highest deac
tivation rate (~78%) for Ni/P = 1 (i.e., Ni2P phase). Coking (formation 
of carbonaceous deposits on the catalyst surface) and phosphide leach
ing (dissolution of phosphides into the liquid or gas phase, i.e., loss of P) 
were identified as causes of deactivation. These phenomena might have 
also occurred in nickel phosphide catalysts used for RWGS, leading to 
similar deactivation patterns in the current study. The Ni12P5 phase 
demonstrated superior activity compared to the Ni2P phase in alcohol 
oxidation [48] and fatty acid deoxygenation [25]. 

Among all reported nickel phosphide phases (Ni2P, Ni3P, and Ni12P5) 
in this work, Ni12P5 showed the highest CO2 conversion and CO selec
tivity for RWGS reaction. Higher activity and selectivity of Ni12P5 for the 
RWGS reaction were due to the combination of its crystal structure and 

Fig. 6. XRD patterns for post-reaction (a) Ni12P5-SiO2, (b) Ni2P-SiO2, (c) NiP- 
SiO2 and (d) NiP2-SiO2 catalysts. 

Table 1 
Phase transition and crystallite size detected through XRD for each catalyst.  

Catalysts Pre-reaction Post-reaction 

Amorphous 
SiO2 

Ni3P Ni12P5 Ni2P Crystallite Size 
(nm) 

Amorphous 
SiO2 

Ni3P Ni12P5 Ni2P Crystallite Size 
(nm) 

Ni12P5- 
SiO2 

✓ ⨯ ✓ ✓ 
(Dominant)  

2.2 ✓ ✓ ✓ 
(Dominant) 

⨯  2.8 

Ni2P-SiO2 ✓ ⨯ ✓ ✓ 
(Dominant)  

3.9 ✓ ✓ ✓ 
(Dominant) 

✓  4.1 

NiP-SiO2 ✓ ⨯ ⨯ ✓ 
(Dominant)  

4.2 ✓ ⨯ ✓ ✓ 
(Dominant)  

4.1 

NiP2-SiO2 ✓ ⨯ ⨯ ✓ 
(Dominant)  

4.2 ✓ ⨯ ⨯ ✓ 
(Dominant)  

4.2  
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the presence of Ni-P bonds in its structure, leading to better electronic 
conductivity, and more efficient activation of H2 [49–51]. The presence 
of negatively charged P in Ni12P5 could trap protons similar to hy
drogenase, making it a promising catalyst for hydrogen evolution re
actions as well. Crystalline structure of Ni2P phase made the catalyst 
more conducive to promoting the RWGS reaction, resulting in high 
conversion and high selectivity, while Ni3P phase (which showed its 
presence in post-reaction XRD of Ni2P-SiO2 and Ni12P5-SiO2 catalysts) 
resulting from further reduction of Ni12P5 phase at high temperature and 
long-term run, could promote both methanation and RWGS reactions 
[7]. 

Post-reaction XRD patterns and post-stability XRD patterns for 
Ni12P5-SiO2 and Ni2P-SiO2 are shown in Fig. 7. Post-stability XRD 
pattern of Ni12P5-SiO2 showed the Ni12P5 phase, which was similar to 
what was observed in the post-reaction XRD of this catalyst. Post- 
stability XRD of Ni2P-SiO2 showed most peaks (including the domi
nant one) of the Ni12P5 phase (same as in the case of post-reaction XRD 
of this catalyst), however, a slight Ni2P phase was also observed in post- 
stability XRD pattern of this catalyst. Ni2P phase formation resulted from 
the higher temperatures and longer reaction times, promoting reactive P 
generation and conversion to thermodynamic product [52]. Overall, the 
same dominant phases were observed in post-reaction and post-stability 
XRD analysis for both catalysts. 

The estimated crystal sizes of the catalysts calculated using Scherrer 
equation, before and after the reaction are given in Table 1. The esti
mated particle size increased with decreasing Ni/P ratio. The estimated 
Ni crystallite size of Ni12P5 calculated from the Scherrer equation was 
the smallest compared to the others, and it was calculated to be ~2 nm. 
The smaller particle size signified a higher degree of dispersion in that 
sample, potentially contributing to its better catalytic activity [53–55]. 
No changes were observed in the post-reaction Ni particle sizes 
compared to the pre-reaction ones apart from the Ni12P5 sample, which 

exhibited a minor, almost negligible, increase. 

3.6. Pre- and Post-reaction ICP-MS Analysis 

The ICP-MS analysis results (available at Mendeley Data Repository 
[21]) for the elemental compositions of the catalysts at different stages 
of the RWGS process are presented in Table 2. The calculated Ni loading 
for each catalyst was 15 wt%, but the ICP-MS analysis showed lower 
loadings for calcined samples. For catalysts with Ni/P atomic ratio ≥ 1, 
Ni wt% decreased further after reduction and passivation (pre-reaction 
stage), and this trend continued until the post-reaction stage. However, 
for NiP2-SiO2 catalyst, Ni wt% increased between the pre-reaction and 
post-reaction stages. The calculated P wt% for the studied catalysts 
ranged from 3.3 wt% to 15.83 wt% and the ICP analysis showed a 
decrease in P content from calcined to post-reaction samples. 

Loss of phosphorous was observed for NiP2-SiO2 and NiP-SiO2 cat
alysts with high P content, and this effect was more pronounced during 
the reduction stage. As the Ni/P atomic ratio increased, the phosphorous 
loss effect became more significant [24]. Therefore, the loss of P content 
resulted in the appearance of Ni2P phases for NiP2-SiO2 and NiP-SiO2 
catalysts as shown by XRD characterization. The loss of P was negligible 
for Ni12P5-SiO2 and Ni2P-SiO2 catalysts with low P content. Q. Sheng 
et al. [56] demonstrated that during the TPR of nickel phosphate, the 
formation of PH3 and Pn+ species in the gas flows increased significantly 
above 510 ◦C. PH3 was generated by the reduction of phosphate pre
cursors in H2, and the reaction of PH3 with H2O produced Pn+ species, 
which were involved in the formation of phosphide phases. The gener
ation of PH3 and Pn+ species from continuous H2 reduction in RWGS 
could have possibly contributed to the disproportionation of the phos
phide. However, the extended testing showed stabilized performance, 
suggesting that the loss of P might not have been continuous. 

Overall, the results indicated that the elemental composition of the 

Fig. 7. (a) Post-stability and (b) post-reaction XRD patterns for Ni12P5-SiO2 and Ni2P-SiO2 catalysts.  

Table 2 
Elemental composition of catalysts detected at different stages using ICP-MS analysis.  

Sample Calculated Calcined Pre-reaction (reduced) Post-reaction 

wt% Ni/P atomic ratio wt% Ni/P atomic ratio wt% Ni/P atomic ratio wt% Ni/P atomic ratio 

Ni P Ni P Ni P Ni P 

NiP2-SiO2  15  15.83  0.5001  10.22  11.22  0.4807  9.83  7.27  0.7135  11.48  6.97  0.8692 
NiP-SiO2  15  7.92  0.9995  13.02  7.03  0.9774  10.97  4.16  1.3916  8.42  3.33  1.3344 
Ni2P-SiO2  15  3.96  1.9989  12.85  3.33  2.0364  11.89  3.08  2.0372  11.57  3.09  1.9760 
Ni12P5-SiO2  15  3.30  2.3987  13.89  3.04  2.4112  13.11  2.82  2.4533  10.87  2.38  2.4102  
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catalysts changed due to various factors such as reduction, phosphorous 
loss, and RWGS reaction. The differences between the calculated Ni 
loadings and the ICP analysis results suggested that the catalysts might 
have undergone some changes during synthesis or the reaction. The 
observed phosphorous loss highlighted the importance of carefully 
selecting the Ni/P atomic ratio and the support material to optimize the 
performance and stability of silica-supported nickel phosphide catalysts. 

3.7. Pre- and post-reaction XPS analysis 

In the survey spectra, the elements of the samples, Si, O, Ni and P, 
were detected, as well as small concentrations of carbon, typical of 
environmental contamination (adventitious carbon contamination). Ni/ 
P and Si/O (typically for the silica support) ratios in the pre-reaction and 
post-reaction samples remained almost constant as in Table 3. 

Ni 2p and P 2p regions observed via XPS are shown in Fig. 8 and 
other XPS-based results are demonstrated via Table 3 (surface compo
sition) and Table 4 (P species) [57–60]. The Ni 2p region exhibited 
characteristic peaks for oxidized nickel, Ni 2p3/2 at 854.4 eV and Ni 
2p1/2 at 872.5 eV, along with their respective satellites. Additionally, 
another doublet recorded at lower values, 851.0 and 868.3 eV, indicated 
the presence of reduced nickel Niδ+ . These peaks were related to the 
peak recorded in the P 2p region at 129.6 eV. The value was lower than 

that of elemental phosphorus (130.3 eV), indicating the presence of Pδ-. 
Therefore, it was concluded that there was an electron transfer from 
nickel to phosphorus, resulting in the presence of a NixPy, and peaks at 
these values in P spectra were assigned to the NixPy phases (Ni2P and 
Ni12P5) as shown by XRD analysis [7]. As for the other phosphorus peak 
at 133.5 eV, it was characteristic of oxidized phosphorus as (PO4)3-. Both 
samples showed that the concentration of both nickel and phosphorus 
decreased slightly after the reaction, but the Ni/P ratio remained prac
tically constant. 

Although it was difficult to obtain a relation between oxidized 
phosphorus and the P in the alloy due to the presence of Ni 3s region, 
here these parameters were recorded as given in Table 4. The rest of the 
zones were not of interest; the Si 2p peak was used for charge correction, 
and the O 1s peak was from silicon oxide. 

All three characterizations; XRD, ICP-MS and XPS showed Ni-rich 
phases in catalysts, hence showing remarkable structural consistency 
for Ni12P5-SiO2 and Ni2P-SiO2 catalysts. Elemental composition for bulk 
catalysts measured via ICP-MS showed high Ni/P atomic ratios (com
parable to theoretical values), while XPS determined Ni/P ratios at 
catalysts’ surfaces which were shown to be less than those detected via 
ICP-MS, indicating a relatively phosphorous rich surface and a nickel- 

Table 3 
Pre- and post-reaction surface composition (XPS) for Ni12P5-SiO2 and Ni2P-SiO2.  

Catalysts, %at Ni P Ni/P Si O Si/O C 

Pre-reaction Ni12P5-SiO2  3.0  1.6  1.9  28.0  60.1  0.47  7.3 
Pre-reaction Ni2P-SiO2  2.9  1.9  1.5  27.0  58.9  0.46  9.3 
Post-reaction Ni12P5-SiO2  2.5  1.4  1.8  30.2  62.3  0.48  3.6 
Post-reaction Ni2P-SiO2  2.1  1.5  1.4  30.2  62.5  0.48  3.7  

Fig. 8. XPS Ni2p spectra and P2p spectra.  

Table 4 
P species detected in pre- and post-reaction samples via XPS for Ni12P5-SiO2 and 
Ni2P-SiO2.  

Catalysts, %at (PO4)3- NixPy 

Pre-reaction Ni12P5-SiO2  38.8  61.2 
Pre-reaction Ni2P-SiO2  45.4  54.6 
Post-reaction Ni12P5-SiO2  38.5  61.5 
Post-reaction Ni2P-SiO2  51.1  48.9  
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rich core. 

4. Conclusion and future recommendations 

This research unveils the untapped potential of nickel phosphide 
catalysts for the RWGS reaction, and investigated the four catalysts, 
namely Ni12P5-SiO2, Ni2P-SiO2, NiP-SiO2, and NiP2-SiO2. Nickel phos
phide catalysts prepared herein demonstrated high selectivity to CO and 
showed suppression of the competing methanation reaction, even at 
high H2/CO ratios. CO2 conversion, CO selectivity, and CO yield ach
ieved by Ni12P5-SiO2 and Ni2P-SiO2 were notable. Ni12P5-SiO2 showed 
73% CO2 conversion and 66% CO yield at 800 ◦C, and 80–100% CO 
selectivity, whereas Ni2P-SiO2 showed 70% CO2 conversion and 63% CO 
yield at 800 ◦C, and 93–100% CO selectivity. These two catalysts, 
particularly Ni12P5-SiO2, exhibited superior RWGS activity to other 
catalysts even at lower temperatures ranging from 300 ◦C to 500 ◦C, 
which might be important for coupling to downstream or liquid fuel 
synthesis via Fischer Tropsch Synthesis. The overall catalyst suitability 
order for RWGS reaction based on the activity for the studied catalysts 
for the temperature range of 300–800 ◦C and stability testing of selected 
catalysts at 550 ◦C is Ni12P5-SiO2 > Ni2P-SiO2 > NiP-SiO2 > NiP2-SiO2. 
Support and Ni/P atomic ratio in each catalyst affect site blocking ef
fects, and the formation of nickel phosphide phases (such as Ni2P, Ni12P5 
and Ni3P; where Ni12P5 is proposed to be most active and stable Ni-P 
phase) observed via XRD characterization. Adjusting Ni/P atomic ra
tios allows for fine-tuning the catalytic activity of nickel phosphide 
catalysts in RWGS reactions. Also, higher Ni/P atomic ratios within the 
catalysts effectively suppress the undesired methanation while simul
taneously enhancing the CO selectivity. RWGS activity at low temper
atures and a high degree of suppression of the competing methanation 
reaction capability of nickel phosphide catalysts present a promising 
ground for future research by CO2 valorization community on relatively 
less explored use of nickel phosphide RWGS process in tandem catalysis 
to develop cleaner and more efficient energy conversion processes. 
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