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Abstract

Dry reforming of methane (DRM) into synthesis gas (CO + H2) is one of the most important
chemical reactions for industrial hydrogen production. It also enables the synthesis of
hydrocarbons (liquid fuels) and other valuable products, providing an effective route for
utilizing greenhouse gases. However, a major challenge limiting the implementation and
scale-up of DRM is the high cost of stable and active noble metal-based catalysts, or the
rapid deactivation of nickel- and cobalt-based catalysts due to coking and sintering of the
active metal particles. In this context, the present work demonstrates that combining a
highly active and inexpensive component (Ni) with tungsten carbide produces a composite
material exhibiting high catalytic activity and resistance to oxidation and coking during
DRM. Tungsten carbide was synthesized using a vacuum-free electric arc method, and
nickel was subsequently deposited in varying amounts (1–25 wt.%) using the deposition–
precipitation method with NaOH (DP). The resulting catalysts were characterized by
X-ray diffraction, temperature-programmed reduction and Raman spectroscopy. Their
performance was evaluated under DRM conditions, at atmospheric pressure and 800 ◦C,
using different CH4:CO2 ratios. The most effective oxidation/(re)carbonization cycle,
ensuring catalyst stability during DRM by balancing the rates of carbon formation and
removal from the catalyst surface, was achieved with a nickel content of 20 wt.% and a
CH4 to CO2 ratio of 0.67 in the feed gas mixture.

Keywords: CH4 dry reforming; tungsten carbide; Ni-based catalyst; catalyst stability;
oxidation and coking resistance

1. Introduction
In today’s global society, growing attention is being paid to the challenge of global

warming, with an increasing number of countries recognizing the urgent need to mitigate
the escalating negative impacts of human activity on the environment, particularly the
increasing emissions of greenhouse gases, such as carbon dioxide (CO2) and methane (CH4).
According to the Intergovernmental Panel on Climate Change, continued inaction could
result in a global temperature increase of 1.5 ◦C by 2030 and 2 ◦C by 2050, with further
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rises expected thereafter. Such temperature changes are projected to have catastrophic
consequences, including unprecedented sea level rise, widespread flooding, forest fires,
extreme weather events, famine and the destruction of wildlife habitats [1]. In this context,
research into strategies and technologies for CO2 capture and storage (CCS) has intensified.
At the same time, the scientific community has increasingly begun to view CO2 not merely
as a costly waste product but as a valuable C1 building block for the production of fuels
and high-value chemicals. Among the promising approaches for the utilization of CO2,
alongside CH4 or associated petroleum gas, is their catalytic conversion into desirable
products, such as hydrogen and synthesis gas [2,3].

Dry reforming of methane (DRM) (Equation (1)) is considered a particularly attractive
route for producing synthesis gas or hydrogen, which are key feedstocks for numerous large-
scale chemical processes [4,5]. A major advantage of DRM is its simultaneous utilization
of two potent greenhouse gases (CO2 and CH4), making it environmentally beneficial.
However, the lack of a catalyst that is both highly active and stable under reaction conditions
remains a significant challenge.

CH4 + CO2 → 2CO + 2H2 (1)

Recent research has focused on developing metal-modified heterogeneous catalysts
for DRM. Group VIII noble metals exhibit the highest catalytic activity and are significantly
less susceptible to coking, offering superior stability under reaction conditions [6–8]. Nev-
ertheless, their high cost and limited availability restrict large-scale industrial use. As an
alternative to noble metal-based catalysts, supported Ni and Co catalysts have attracted
considerable attention, as they can provide catalytic performance comparable to noble
metals [9–17]. However, unlike noble metals, Ni- and Co-based catalysts often suffer from
poor stability in DRM due to coke formation and sintering of active metal particles at
high reaction temperatures. Another promising materials for DRM are metal carbides,
particularly tungsten carbide (WC) and molybdenum carbide (Mo2C) [18–27]. These mate-
rials can offer good catalytic performance; however, their stability is generally maintained
only at elevated pressures. Under atmospheric pressure, metal carbides are susceptible to
oxidation during the reaction, forming inactive oxides and thereby losing effectiveness [28].

To address these limitations, recent studies have explored combinations of Ni or
Co with metal carbides to exploit potential synergistic effects that enhance both catalytic
activity and stability. Our previous work [29], along with studies by other authors [30–42],
has demonstrated that coupling a highly active and inexpensive metal component (such as
Ni or Co) with a metal carbide (e.g., WC, Mo2C) can yield catalysts with superior activity
and greater resistance to oxidation and poisoning by carbon deposition during DRM,
outperforming both nickel and cobalt-based catalysts supported on oxide carriers as well as
the individual tungsten and molybdenum carbides. However, a key challenge that remains
is ensuring the long-term stability of such catalysts under DRM conditions, particularly
over extended time-on-stream (TOS) periods (≥80 h TOS). The present study aims to
address this gap by optimizing the catalyst composition, identifying the most effective
nickel loading, and evaluating the influence of the feed gas composition on catalytic activity
and long-term stability during DRM.

The present study builds on these findings by systematically investigating the influ-
ence of Ni loading and CH4:CO2 feed ratio on Ni/WC catalysts, with a focus on activity,
stability and coke resistance under prolonged operations. To the best of our knowledge,
this is the first work to demonstrate effective coke suppression to ~1% over 200 h of contin-
uous DRM by simultaneously optimizing catalyst composition and feed gas ratio. These
results not only advance understanding of Ni–carbide systems but also provide practical
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guidelines for designing durable, high-performance DRM catalysts for sustainable CH4

and CO2 utilization.

2. Materials and Methods
2.1. Synthesis of the Support

Tungsten carbide was synthesized using a specialized laboratory electric arc setup.
The main advantage of this system is its ability to create a self-shielding effect within the
reaction zone during plasma treatment, effectively isolating it from atmospheric air. The
setup consists of an inverter power supply connected to a graphite cathode (cup) and a
graphite anode (rod). The anode is mounted on a linear electric drive with a stepper motor,
enabling precise vertical movement above a stationary cathode. High-purity tungsten (Rare
metals, Novosibirsk, Russia) and carbon (Promsnab, Tomsk, Russia) powders (≥99.9 wt.%)
with an average particle size of 5–7 µm were used as the starting materials. The powder
mixture was evenly spread across the bottom of the cathode and covered with a layer
of graphite felt, which absorbed the arc discharge and stabilized the plasma zone. The
synthesis parameters (operating current of 220 A, open-circuit voltage of 63 V and exposure
time of 60 s) were selected based on previous studies [29,43], which confirmed the feasibility
of tungsten carbide formation under these conditions.

2.2. Synthesis of Catalysts

The catalysts were prepared by a deposition–precipitation (DP) method using NaOH.
An aqueous solution of Ni(NO3)2·6H2O (Sigma-Aldrich, St. Louis, MO, USA) was mixed
with the support material, and the suspension was heated to 80 ◦C. A 0.5 M NaOH
(Bashkir Soda Company JSC, Sterlitamak, Russia) solution was added dropwise until
the pH increased from an initial value of 3 to 9. The mixture was maintained at 80 ◦C
for 2 h under vigorous stirring to promote uniform precipitation and deposition of the
nickel species onto the support. The resulting precipitates were repeatedly washed and
centrifuged to remove residual ions, then dried under vacuum at 100 ◦C for 2 h. The
synthesis procedure is illustrated in Figure 1 [29].

Figure 1. Schematic representation of the catalyst preparation process.

The nominal nickel content in the catalysts ranged from 1 to 25 wt%. After nickel
deposition onto the support, the materials underwent drying, after which they were pre-
treated in a H2 atmosphere at 600 ◦C for 2 h to reduce the metal species. The resulting
as-synthesized catalysts were designated as X%Ni, where X denotes the nickel content
in wt.%. The samples collected after DRM testing were labeled as X%Ni_SP, indicating
spent catalysts.

2.3. Characterization of Support and Catalysts

The crystal phases of the catalysts were identified by X-ray diffraction (XRD) using a
Shimadzu XRD 7000s diffractometer (SHIMADZU CORPORATION, Tokyo, Japan) with
Cu Kα radiation (λ = 1.5406 Å). Measurements were performed at a tube voltage of 40.0 kV
and a current of 30.0 mA, over an angular range of 2θ from 10 to 90 degrees. Qualitative
phase analysis was carried out using the PDF4+ database, while quantitative analysis was
performed using the corundum numbers (Reference Intensity Ratio, RIR) method and
Rietveld method (PowderCell 2.4, 8.03.2000, W. Kraus & G. Nolze, Berlin, Germany).
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The Rexp parameter, reflecting the quality of the XRD fitting ranged from 1.2 to 3.5%
for the studied samples. The average crystallite size was estimated from the XRD peak
broadening using the Debye–Scherrer equation (Origin PRO 2024, OriginLab Corporation,
Northampton, MA, USA), applied to the main diffraction peaks of the identified phases.

Temperature-programmed reduction (TPR) measurements of both as-synthesized
and spent catalysts were conducted using a Chemosorb chemisorption analyzer (NEOSIB,
Novosibirsk, Russia) equipped with a thermal conductivity detector (TCD). Approximately
200 mg of each sample was placed into a U-shaped reactor. A gas mixture of 10% H2 in
Ar was passed through the reactor at a flow rate of 20 mL/min. The temperature was
increased from 30 ◦C to 800 ◦C at a heating rate of 10 ◦C/min. To prevent the influence of
water vapor on the TPR signal, a cold trap containing a liquid nitrogen and isopropanol
mixture was installed in the gas line.

Raman spectroscopy was performed on both as-synthesized and spent catalysts using
a confocal Raman spectrometer (Confotec Uno, SOL instruments, Ltd., Minsk, Belarus)
equipped with a 532 nm laser and a ×40 objective lens. Spectra were recorded in air at room
temperature with spectral a resolution of 6.8–7.5 cm−1, a scanning range of 70–4740 cm−1

and an acquisition time of 5 s.
All measurements (XRD, H2–TPR and Raman spectroscopy) for each sample were

performed at least twice to ensure reproducibility.
Further details of previous characterizations can be found in our previous work [29].

2.4. Catalytic Experiments

The catalytic performance of the synthesized materials was evaluated in DRM in a
quartz flow reactor with a fixed catalyst bed. The reaction was conducted at 800 ◦C under
atmospheric pressure and at a weight hourly space velocity (WHSV) of 12,000 mL·g−1·h−1.
The composition of the feed gas mixture was varied by adjusting the CO2 content (50–70%)
and CH4 content (30–50%).

Analytical monitoring of the catalytic process was carried out using a CHROMOS
GC–1000 gas chromatograph (CHROMOS, Dzerzhinsk, Russia), connected to the reactor
system via an online sampling line. The chromatograph was equipped with two TCDs
and two separate packed columns: one filled with CaA sorbent (for the analysis of O2 and
H2) and the other with AG–3 sorbent (for the analysis of CH4, CO2 and CO). Helium was
used as the carrier gas. Quantification of the concentrations of reagents and reaction was
performed using the absolute calibration method.

Catalyst performance was evaluated based on the conversions of CO2 and CH4 and the
H2:CO product ratio. These parameters were calculated according to the following equations:

XCO2 =
[CO2]in − [CO2]out

[CO 2]in
, (2)

XCH4 =
[CH4]in − [CH4]out

[CH 4]in
, (3)

H2

CO
=

[H2]out
[CO]out

, (4)

where [i]in and [i]out are the concentrations of component i (CO2, CH4, H2 or CO) in the
inlet and outlet gas streams, respectively.

For long-term TOS experiments, the first sample was taken 1 h after the temperature
reached 800 ◦C, followed by additional measurements every 10 h. Regarding reproducibil-
ity, each gas chromatographic (GC) measurement was performed in duplicate, with the
results showing excellent consistency (2%).
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3. Results and Discussion
In our previous study [29], we investigated the nature of the active component(s) and

the influence of catalyst preparation methods on catalytic performance in DRM, varying the
reaction temperature (600–800◦C) and WHSV (3600–12,000 mL·g−1·h−1). A series of nickel,
cobalt and nickel–cobalt catalysts was prepared by incipient wetness impregnation and
deposition–precipitation with NaOH, using tungsten carbide synthesized by a vacuum-free
electric arc method as the support.

Comprehensive characterization revealed that the monometallic nickel catalyst pre-
pared by deposition–precipitation with NaOH (designated as 20%Ni/WC_DP in [29]),
was the most effective for DRM, owing its favorable structural, textural and electronic
properties, as well as its resistance to oxidation and coking. This catalyst exhibited a specific
surface area of 38.4 m2/g and consisted of 15.4 nm nickel nanoparticles supported on mixed
tungsten carbide phases (WC and W2C).

After DRM, the phase composition shifted to predominantly nickel, with nearly
complete conversion of W2C to WC, and the appearance of a graphite phase. During
80 h of TOS, the catalyst showed only modest deactivation, approximately 10% for CH4

conversion and 5% for CO2 conversion. We attributed this deactivation to a higher rate of
carbon deposition compared to its removal by the reverse Boudouard reaction and/or the
oxidation/(re)carbonization cycle. We further hypothesized that this effect could potentially
be mitigated by increasing the CO2 concentration or modifying the catalyst composition.

Characterized by a structure with lattice distortions and stacking faults, the present
study seeks to minimize catalyst deactivation by optimizing both the nickel loading and
the reaction conditions, particularly the feed gas composition. For this purpose, a series of
monometallic nickel catalysts with nickel contents varying from 1 to 25 wt.% was prepared
by deposition–precipitation using NaOH. The textural, morphological, and compositional
features of the Ni/WC catalysts studied here—determined by N2 adsorption–desorption,
TEM, EDX and SAED—were comprehensively reported in our previous work [29], which
employed the same preparation method and support material. Table 1 presents the main
physicochemical parameters of the 20% Ni catalyst from that study, which are directly
relevant to the interpretation of the current results. The catalysts were characterized by
X-ray diffraction, H2–TPR and Raman spectroscopy before and after DRM. Their catalytic
performance was systematically evaluated, with particular attention to the effect of feed
gas composition and long-term stability over reaction times of up to 200 h.

Table 1. Summary of physico-chemical parameters of 20% Ni/WC_DP catalyst. Data adapted from a
previous study [29].

Catalyst
Phase

Detected by
XRD

wi/Σw
(%) by XRD

Phase Observed
by SAED

SSA
(m2/g)

Pore Size
(nm)

Pore
Volume
(cm3/g)

Average Size
of Ni NPs b

20%Ni/WC_DP a

Ni (cubic)
WC

(hexagonal)
W2C

(hexagonal)

27
63
10

Ni (220)
W2C (201), (203),

(300), (102)
WC (100), (101),

(111)

38.4 9.9 0.05 15.4

a designated as 20%Ni in current study. b determined by TEM. wi/Σw—obtained phase weight proportions (%).
SSA—specific surface area (m2/g).

3.1. XRD

As demonstrated in our previous study [29], the support obtained by the vacuum-free
electric arc treatment method comprises predominantly hexagonal phases of WC (79%,
ICDD no. 00-025-1047) and W2C (21%, ICDD no. 00-035-0776). The as-synthesized catalysts
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also exhibit the presence of WC and W2C phases, with their contents varying between 44
and 64 wt.% and 10–48 wt.%, respectively (Figure 2). Additionally, a cubic tungsten phase
(ICDD no. 01-089-2767) was detected in nearly all catalysts, present at approximately 2 wt.%.
For samples containing 10 and 15 wt.% nickel, a monoclinic tungsten oxide (ICDD no. 01-
071-0614) was observed in amounts up to 1 wt.% (Figure 2c,d). Beyond the support-related
phases, diffraction peaks corresponding to cubic metallic Ni phase (ICDD no. 00-210-2284)
were identified in almost all catalysts, with their intensity increasing with nickel loading
(Figure 2). The only exception was the sample containing 1 wt.% Ni, in which the nickel
peaks were below the XRD detection limit (Figure 2a).

Figure 2. XRD patterns of as-synthesized and spent catalysts: (a) 1%Ni and 1%Ni_SP, (b) 5%Ni
and 5%Ni_SP, (c) 10%Ni and 10%Ni_SP, (d) 15%Ni and 15%Ni_SP, (e) 20%Ni, 20%Ni_SP and
20%Ni_SP_200h, (f) 25%Ni and 25%Ni_SP. DRM conditions: T = 800 ◦C, P = 1 atm, CH4:CO2

ratio = 1.00, WHSV = 12,000 mL·g−1·h−1.
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The average nickel crystal size (dc) calculated from XRD for the as-synthesized samples
ranged from 10 to 15 nm (Figure 2a–f). Samples containing 5 and 10 wt.% Ni exhibited
smaller crystallite sizes (10–12 nm) compared to those with 15–25 wt.% Ni (14–15 nm).
Notably, the average crystallite size determined from XRD for the 20 wt.% Ni sample
(15 nm, Figure 2e) is in complete agreement with the TEM results reported in our previous
study [29] (Table 1).

Figure 2 also presents the XRD results of the spent catalysts. Analysis of these pat-
terns reveals phase transformations occurring during the DRM reaction, namely a partial
transition of the W2C phase to WC and the disappearance of the metallic tungsten phase,
likely due to carbonization. In addition, diffraction peaks corresponding to the hexagonal
graphite phase (ICDD no. 00-058-1638) were observed for all spent catalysts, with their
intensity increasing alongside nickel loading. For samples containing 1, 10 and 15 wt.%
(Figure 2a,c,d), small reflections (≤2 wt.%) attributed to monoclinic tungsten oxide were
also detected, indicating partial oxidation of tungsten carbide by CO2 during DRM. Impor-
tantly, no diffraction peaks corresponding to Ni oxides or nickel tungstates were observed
in either the as-synthesized or spent catalysts. This indicates that, under the chosen prepa-
ration and reaction conditions, metallic Ni remains stable, which is consistent with our
previous findings for nickel–cobalt and cobalt catalysts [29].

In addition to observed phase transformations, agglomeration of nickel nanoparticles
was also detected in the spent catalysts (Figure 2a–f). The average Ni crystallite size
increased by approximately 3 nm compared to the as-synthesized samples, ranging from
12 to 18 nm.

3.2. H2–TPR

Figure 3 shows the H2–TPR profiles of the support, as-synthesized and spent catalysts.
For the support (Figure 3a), a single hydrogen consumption peak is observed in the temper-
ature range of 680–800 ◦C, corresponding to the reduction of tungsten oxides through the
reactions WO3 + H2 → WO2 + H2O and WO2 + H2 → W + H2O [44]. For the as-synthesized
catalysts with 1% and 5% Ni, only very weak hydrogen consumption is detected between
100 and 400 ◦C. This low-temperature peak is attributed to the reduction in highly dispersed
oxidized nickel species and/or residual nickel precursor (like Ni(OH)2, which reduces
around 200 ◦C) that was not completely reduced during the pre-treatment at 600 ◦C in H2

(Figure 3a). The reduction in adsorbed “atmospheric” impurities on the catalyst surface
may also contribute to this signal [34–36,45,46]. As the nickel loading increases from 10
to 25%, the intensity of hydrogen consumption in the low-temperature region increases
accordingly, which is likewise ascribed to the reduction in highly dispersed nickel oxide
weakly interacting with the support, residual nickel precursors and/or surface impurities.

In addition, these catalysts exhibit extra reduction maxima at higher temperatures
(550–750 ◦C), distinct from the support peak (680–800 ◦C). These high-temperature peaks
likely correspond to the simultaneous reduction in oxidized nickel species and tungsten ox-
ides, indicating a strong interaction between the active nickel component and the tungsten
carbide support. It should be noted that XRD analysis (Figure 2) did not detect bulk nickel
oxide or nickel tungstate phases in the as-synthesized catalysts, and only minor amounts
of tungsten oxide (WO2) were found (≤1 wt.%). Therefore, the observed reduction peaks
originate from surface oxide states rather than bulk oxide phases.

For the spent catalysts (Figure 3b), hydrogen consumption peaks in the low-
temperature region (up to 400 ◦C) are practically absent, while a pronounced increase
in hydrogen consumption is observed in the of 400–800 ◦C range. With increasing nickel
content, the shape of hydrogen consumption profile changes, exhibiting peak broadening
that likely reflects the overlap of multiple reduction and co-reduction processes involving
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both the active component and the support. For example, the catalyst with 5 wt.% Ni
displays three distinct reduction peaks at 411, 454 and 697 ◦C in its TPR profile, whereas the
25% Ni sample exhibits a broad peak spanning 411–697 ◦C, with a shoulder extending to
800 ◦C, making individual maxima difficult to resolve. As with the as-synthesized catalysts,
XRD results (Figure 2) reveal no bulk oxidized nickel phases after DRM, and the tungsten
oxide content remains low (up to 2 wt.%). Therefore, the observed hydrogen consumption
is attributed to the reduction in surface oxidized nickel and tungsten species formed during
DRM. In addition, previous studies [44] on tungsten carbide samples containing free carbon
have reported hydrogen consumption peaks in the range of 600–800 ◦C, associated with
CH4 formation by hydrogen interaction with carbon. Based on the XRD results of our
spent samples (Figure 2), the hydrogen consumption observed between 650 and 800 ◦C can
likewise be linked to CH4 formation through hydrogen interaction with graphite produced
during DRM. This suggests that the graphitization process is at least partially reversible in
this temperature range under hydrogen treatment.

 

(a) 

 

(b) 

Figure 3. H2–TPR profiles of (a) as-synthesized and (b) spent catalysts. DRM conditions: T = 800 ◦C,
P = 1 atm, CH4:CO2 ratio = 1.00, WHSV = 12,000 mL·g−1·h−1.

3.3. Raman Spectroscopy

Further characterization of the as-synthesized and spent catalysts was carried out
using Raman spectroscopy (Figure 4) to provide insight into carbon formation and its
structural characteristics. In the Raman spectra of the as-synthesized samples (Figure 4a),
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no bands characteristic of carbonaceous species were detected. In particular, neither the
G band (~1580 cm–1), associated with sp2–hybridized carbon bonds typical of graphitic
structures, nor the D band (~1350 cm–1), related to structural disorder and amorphous
carbon [37,47,48], was observed. This absence confirms that the synthesis and pretreatment
steps did not introduce detectable carbon deposits on the catalyst surface.

 

(a)  (b) 

Figure 4. Raman spectra of (a) as-synthesized and (b) spent catalysts. DRM conditions: T = 800 ◦C,
P = 1 atm, CH4:CO2 ratio = 1.00, WHSV = 12,000 mL·g−1·h−1.

In contrast, both the G and D bands are clearly visible in the Raman spectra of the
spent catalysts after DRM (Figure 4b), indicating carbon deposition during the reaction.
The intensity of these bands increases systematically with increasing Ni content, in agree-
ment with the XRD results (Figure 2), suggesting that higher Ni loading promotes carbon
formation under the tested conditions. The IG/ID ratio, which reflects the degree of graphi-
tization of the carbon formed, reveals that the deposited carbon is not well-ordered. The
broadening of both G and D bands, along with the prominent D band, indicates that the
carbon formed has a disordered graphitic structure with lattice distortions, stacking faults
and partial amorphization. This structural disorder can influence catalyst stability, as
less ordered carbon is generally more reactive and can be removed under oxidative or
gasifying conditions.

3.4. Catalytic Studies

Figure 5 shows the catalytic performance in DRM of a series of as-synthesized catalysts
with nickel loadings ranging from 1 to 25 wt.%. The results indicate that the conversions of
CH4 and CO2, as well as the H2:CO ratio, increase with nickel content, reaching maximum
values at 20 wt.% Ni (80% CH4 conversion, 88% CO2 conversion and H2:CO ratio of
0.86), after which all catalytic performance indicators decline. Notably, in all cases, CO2

conversion exceeds CH4 conversion, and the H2:CO ratio remains below 1. This behavior
can be attributed to the occurrence of the following side reactions:
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Figure 5. Catalytic performance in DRM (CH4 conversion, CO2 conversion and H2:CO ratio) as
a function of nickel concentration (1–25 wt.%) in X%Ni catalysts. DRM conditions: T = 800 ◦C,
P = 1 atm, CH4:CO2 ratio = 1.00, WHSV = 12,000 mL·g−1·h−1.

1. Reverse Boudouard reaction:

CO2 + C → 2CO; (5)

2. Activation of CO2 on WC (W2C) leading to oxidation of carbides by activated
oxygen (O*) [33,37,41,42]:

CO2 → CO + O*, (6)

W2C + 5O* → 2WO2 + CO, (7)

WC+ 3O* → WO2 + CO; (8)

3. Reverse water–gas shift (RWGS) reaction:

CO2 + H2 → CO + H2O. (9)

The observed decrease in CH4 and CO2 conversions for the catalyst with 25 wt.% Ni
compared to the 20 wt.% Ni sample is likely due to the following:

1. Boudouard reaction:
2CO → CO2 + C; (10)

2. Formation of CH4:
C + 2H2 ↔ CH4. (11)

Both reactions (10) and (11) lead to an increase in the concentration of the initial
reagents, thereby effectively reducing their observed conversion. The occurrence of
reaction (11) is indirectly supported by the H2–TPR (Figure 3b), since, according to the
XRD results (Figure 2f), no oxidized phases of nickel and tungsten were detected for the
25 wt.% Ni sample. Such substantial hydrogen consumption cannot be explained only by
the reduction in transient surface oxidized species. In addition, the 25 wt.% Ni catalyst
exhibits the highest graphite phase content among all studied materials, as confirmed by
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both XRD (Figure 2f) and Raman spectroscopy (Figure 4b). This suggests that CH4 cracking
is more intensive in this sample, consistent with reaction (Equation (12)):

CH4 ↔ C + 2H2. (12)

It can be assumed that a cyclic process takes place: during CH4 cracking, carbon and
hydrogen are generated, then hydrogen reacts with carbon to regenerate CH4, continuing
the cycle.

Based on the combined physicochemical and catalytic data, it can be concluded that
the optimal nickel content in the catalyst is 20 wt.%. Increasing the nickel concentration to
25 wt.% intensifies CH4 cracking, alongside the Boudouard reaction and CH4 formation,
which together effectively lower the conversion of the initial reactants. Conversely, decreas-
ing the nickel content promotes oxidation of tungsten carbide, as observed for samples
with 1, 10 and 15 wt.% Ni (Figure 2a,c,d). Since tungsten oxides are known to be inactive in
DRM under the studied conditions, their formation during prolonged catalyst operation
can lead to catalyst deactivation. No correlation between catalytic performance and the
average nickel crystallite size was observed.

Since the optimal nickel content in the catalyst was determined to be 20 wt.% and, as
reported in our previous study [29], this sample exhibits a decline in catalytic efficiency
during DRM due to the carbon deposition rate exceeding its removal from the catalyst
surface, a potential solution is to increase the CO2 concentration relative to CH4 in the
feed. To explore this, we evaluated the influence of the feed composition on the catalytic
performance of the 20% Ni sample, with the results shown in Figure 6. The CH4 conversion
reaches a maximum (of 100%) at a CH4:CO2 ratio of 0.43 (Figure 6a). Increasing the
CH4 fraction decreases its conversion to 98% at CH4:CO2 = 0.67 and further to 88% at
CH4:CO2 = 1.00. In contrast, CO2 conversion is highest (90%) at CH4:CO2 = 0.67, while
either increasing or decreasing this ratio lowers CO2 conversion (Figure 6b). The H2:CO
ratio peaks at 0.86 when CH4:CO2 ratio is 1.00 (Figure 6c). Therefore, using a feed of
40 vol.% CH4 and 60 vol.% CO2 (CH4:CO2 = 0.67) enables simultaneous high CH4 (98%)
and CO2 (90%) conversions, albeit with a slightly lower H2:CO ratio of 0.72.

 

(a) 

 

(b) 

 

(c) 

Figure 6. Effect of CH4 and CO2 concentrations in the feed gas on DRM performance over the 20%Ni
catalyst: (a) CH4 conversion, (b) CO2 conversion and (c) H2:CO ratio. DRM conditions: T = 800 ◦C,
P = 1 atm, WHSV = 12,000 mL·g−1·h−1.

To verify the hypothesis that excess CO2 helps balance the rates of carbon formation
and removal on the catalyst surface, the 20% Ni catalyst was tested in DRM for 200 h at
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800 ◦C, atmospheric pressure and a WHSV of 12,000 mL·g−1·h−1, using a feed containing
40 vol.% CH4 and 60 vol.% CO2. As shown in Figure 7, no catalyst deactivation was
observed during the entire 200 h DRM operation test. The CH4 and CO2 conversions
remained stable at approximately 98% and 90%, respectively, with a constant H2:CO ratio
of 0.72 throughout the run.

 

(a)  (b) 

Figure 7. Long-term performance of 20%Ni catalyst in DRM: (a) CH4 and CO2 conversion;
(b) H2:CO ratio vs. time on stream. DRM conditions: T = 800 ◦C, P = 1 atm, CH4:CO2 = 0.67
and WHSV = 12,000 mL·g−1·h−1.

In addition, under these operating conditions, XRD analysis (Figure 2e) shows that af-
ter 200 h of DRM, the W2C phase is completely transformed into the more stable WC phase.
The graphite content is significantly reduced to 1 wt.% compared to 7 wt.% when using a
feed with equal CH4 and CO2 proportions (CH4:CO2 = 1.00). This confirms that using an
excess of CO2 relative to CH4 in the feed effectively balances the rates of carbon formation
and removal from the catalyst surface. Consequently, the oxidation/(re)carbonization cycle
(Equations (13)–(18)) is more efficiently sustained, ensuring long-term catalyst stability
during DRM.

CH4 → C + 2H2 (13)

CO2 → CO + O* (14)

W2C + 5O* → 2WO2 + CO (15)

WC + 3O* → WO2 + CO (16)

2WO2 + 5C* → W2C + 4CO (17)

WO2 + 3C* → WC + 2CO (18)

It should be emphasized that our 20% Ni catalyst is not inferior, and in some cases
even superior, in catalytic efficiency for DRM compared with nickel- and/or cobalt-based
tungsten carbide catalysts reported in the literature (Table 2). Moreover, despite the in-
crease in nickel crystallite size during DRM (15 nm for the as-synthesized catalyst to 20 nm
after 200 h on stream, Figure 2e), the 20% Ni catalyst exhibits no detectable deactiva-
tion under the studied conditions, as measured by catalytic performance, over 200 h of
continuous operation.



Materials 2025, 18, 3990 13 of 17

Table 2. Catalytic performance of catalysts based on Ni and/or Co and tungsten carbide in DRM.

Catalyst Reaction Conditions
Conversion, %

H2:CO Ref.
CH4 CO2

20%Ni a

P = 1 atm
T = 800 ◦C

CH4:CO2 = 0.43–1.00
WHSV = 12,000 mL·h−1·gcat

−1

TOS = 200 h

88–100 76–90 0.57–0.86 This work

20%Ni/WC_DP a

P = 1 atm
T = 800 ◦C

CH4:CO2 = 1
WHSV = 3600–12,000 mL·h−1·gcat

−1

TOS = 80 h

80–96 88–94 0.79–1.00 [29]

Ni–WCx

P = 1 atm
T = 800 ◦C

CH4:CO2 = 1
WHSV = 36,000 mL·h−1·gcat

−1

TOS = 25 h

45 48 0.6 [30]

Co6W6C

P = 5 atm
T = 850 ◦C

CH4:CO2 = 1
WHSV = 11,200 scc·h−1·gcat

−1

TOS = 100 h

82 78 1.00 [31]

Ni–WC

P = 1 atm
T = 800 ◦C

CH4:CO2 = 0.67–1.5
Flow = 50 mL·min−1

TOS = 20 h

60–98 75–85 0.70–0.80 [33]

Co/WC–AC

P = 1 atm
T = 800 ◦C

CH4:CO2 = 1
Flow = 120 mL·min−1

TOS = 24 h

86 86 0.90 [34]

Ni-Co/WC–AC

P = 1 atm
T = 800 ◦C

CH4:CO2 = 1
Flow = 120 mL·min−1

TOS = 24 h

92 91 0.98 [34]

Co/WC–AC

P = 1 atm
T = 800 ◦C

CH4:CO2 = 1
GHSV = 2400 mL·h−1·gcat

−1

Flow = 100 mL·min−1

TOS = 12 h

95 95 0.92 [35]

Ce–Co/WC–AC

P = 1 atm
T = 800 ◦C

CH4:CO2 = 1
Flow =120 mL·min−1

TOS = 10 h

91 93 0.92 [36]
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Table 2. Cont.

Catalyst Reaction Conditions
Conversion, %

H2:CO Ref.
CH4 CO2

Ni–WC

P = 1 atm
T = 800 ◦C

CH4:CO2 = 1
WHSV = 6000 scc·h−1·gcat

−1

Flow = 120 mL·min−1

TOS = 12 h

82 90 n.d. b [37]

Y–Co/WC–AC

P = 1 atm
T = 800 ◦C

CH4:CO2 = 1
GHSV = 4800 mL·h−1·gcat

−1

Flow =120 mL·min−1

TOS = 10 h

92 94 0.85 [38]

Co–WC

P = 3.4 atm
T = 850 ◦C

CH4:CO2 = 1
WHSV = 9000 scc·h−1·gcat

−1

TOS = 100 h

78 70 1.65 [39]

Ni–WC

P = 3.4 atm
T = 850 ◦C

CH4:CO2 = 1
WHSV = 9000 scc·h−1·gcat

−1

TOS = 100 h

85 78 1.62 [39]

Ni–WC

T = 800 ◦C
CH4:CO2 = 1

GHSV = 5000 mL·h−1·gcat
−1

TOS = 16 h

75 50 85 [40]

Ni17W3/SiO2

P = 1 atm
T = 800 ◦C

CH4:CO2 = 1
WHSV = 96,000 mL·h−1·gcat

−1

TOS = 30 h

60 70 n.d. b [41]

Ni–WCx
nanospheres

P = 1 atm
T = 800 ◦C

CH4:CO2 = 1
WHSV = 18,000 mL·h−1·gcat

−1

TOS = 29 h

68 80 n.d. b [42]

a the same catalyst. b no data.

To place these results in context, a comparison with similar catalysts reported in the
literature was conducted. As discussed in our previous work [29], Ni/WC catalysts exhibit
competitive activity and selectivity in DRM relative to other non-noble metal catalysts
under comparable reaction conditions. The optimized 20% Ni catalyst achieves high CH4

conversion and maintains stability over 200 h, surpassing the durability reported for the Ni
and/or Co and tungsten carbide catalysts (Table 2), as said above. The Ni/WC catalysts de-
veloped in this study thus represent a promising balance between cost-effectiveness, activity
and long-term stability, demonstrating their potential for practical DRM applications.
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4. Conclusions
A series of monometallic nickel catalysts supported on tungsten carbide, with Ni load-

ings ranging from 1 to 25 wt%, was successfully prepared using the deposition–precipitation
method with NaOH. Comprehensive characterization by XRD, H2–TPR and Raman spec-
troscopy revealed phase compositions and structural transformations before and after
DRM. Catalytic testing at 800 ◦C and atmospheric pressure demonstrated that a Ni loading
of 20 wt.% provided the optimal balance of activity and stability. Both lower and higher Ni
loadings resulted in diminished performance due to structural changes such as tungsten
carbide oxidation and increased carbon deposition. Adjusting the CH4:CO2 feed ratio iden-
tified a value of 0.67 (40 vol.% CH4 and 60 vol.% CO2), which facilitated high CH4 and CO2

conversions of 98% and 90%, respectively. Under these conditions, the catalyst maintained
stable operation for at least 200 h TOS, attributed to an effective oxidation/(re)carbonization
cycle that balanced carbon formation and removal. This study provided novel insights
into the role of nickel loading and feed composition in tailoring catalyst performance and
durability for sustainable DRM processes. Future work will focus on further optimizing
the 20% Ni catalyst to achieve a syngas H2:CO ratio closer to 1, improving its applicability
for downstream chemical synthesis.
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