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A B S T R A C T

Dry reforming of methane (DRM) offers a promising route to convert biogas into syngas while capturing CO₂. 
However, the harsh reaction conditions (≥700 ◦C) lead to rapid deactivation of conventional Ni-based catalysts 
due to carbon deposition and sintering. In this work, we explore the catalytic behavior of commercial Raney-Ni 
for DRM and introduce electrochemically synthesized CoNi microparticles as co-catalysts to enhance stability 
and performance. Catalyst screening was performed in a fixed-bed reactor using a CH₄:CO₂:N₂ = 3:2:10 feed 
mixture under atmospheric pressure. Raney-Ni showed high activity (CH₄ conversion >92 % at 700 ◦C), but 
suffered from coke accumulation and deactivation after 5 h of continuous operation. CoNi–Raney-Ni composites 
were prepared via physical blending of CoNi and Raney-Ni powders, and tested at various compositions. The 
best-performing among the tested compositions (25 wt% CoNi) maintained high conversion (>90 %) and stable 
syngas production (H₂/CO ≈ 1.0) over extended periods. Post-reaction analysis revealed extensive filamentous 
carbon on pure Raney-Ni, while CoNi-containing catalysts exhibited smoother surfaces and suppressed graphitic 
carbon, as confirmed by FE-SEM and Raman spectroscopy. Notably, CoNi alone showed minimal CH₄ activation 
but enhanced CO₂ dissociation and limited carbon formation. These results demonstrate a synergistic effect, 
where CoNi promotes carbon gasification while Raney-Ni provides high CH₄ reactivity. This composite approach 
enables scalable, low-cost catalysts with improved coke tolerance for biogas reforming applications.

1. Introduction

The global shift toward low-carbon energy systems has intensified 
the search for scalable, sustainable hydrogen production technologies 
[1,2]. Hydrogen is widely recognized as a cornerstone of the energy 
transition due to its high energy density, zero carbon emissions at the 
point of use, and cross-sectoral versatility. However, more than 95 % of 
global hydrogen currently produced from fossil fuels via steam reform
ing of methane (SRM) or coal gasification – processes associated with 
significant CO₂ emissions [3–5]. Although water electrolysis powered by 
renewable energy is carbon-neutral, its development remains con
strained by high energy demands, infrastructure costs, and freshwater 

availability [6–8].
As a decentralized and waste-derived alternative, biogas valorization 

is gaining attention as a pathway to renewable hydrogen [9–11]. Biogas, 
generated through the anaerobic digestion of organic waste matter, 
typically comprises 45–70 vol% CH₄ and 30–55 vol% CO₂, with trace 
contaminants such as H₂S, VOCs, and siloxanes. Its composition depends 
on the feedstock, ranging from agricultural residues to municipal solid 
waste or sewage sludge [12,13]. With European regulations now pro
hibiting the landfilling of biodegradable waste, biological treatment is 
increasingly adopted [14,15]. In Catalonia, 3.77 million tons of 
municipal waste were collected in 2023, with 11.6 % identified as 
organic [16]. Among the region’s treatment facilities, the Vallès Oriental 
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Waste Treatment Centre (CGRVO) has produced biogas since 2009. 
While currently used for electricity and heat generation, this gas rep
resents an untapped hydrogen source. A detailed summary of seasonal 
biogas composition at CGRVO is provided in the Supporting Information 
(Table S1).

Among thermochemical routes for biogas upgrading, dry reforming 
of methane (DRM) stands out as a direct conversion of CH₄ and CO₂ into 
syngas (Eq. 1), offering both carbon capture and utilization (CCU) 
benefits [17–21]. Syngas can serve as a precursor for methanol syn
thesis, Fischer–Tropsch fuels, or hydrogen via water–gas shift reactions 
[22–24]. 

CH4 + CO2⇆2H2 + 2CO ΔH0 = 247 kJ⋅mol− 1 (1) 

Despite its advantages, DRM is strongly endothermic and requires 
temperatures of 600–1000 ◦C to activate CH₄ and CO₂, whose dissocia
tion energies are 435 and 526 kJ⋅mol− 1, respectively [25]. These harsh 
conditions favor secondary reactions such as methane cracking and the 
Boudouard reaction, leading to carbon deposition and catalyst deacti
vation [26].

Catalyst deactivation in DRM is primarily caused by coke formation, 
sintering, and structural degradation. Filamentous carbon species, 
though less stable than graphitic forms, can still accumulate over time 
and impair active site accessibility [27]. Furthermore, at elevated tem
peratures, nickel nanoparticles - a common DRM catalyst - tend to 
agglomerate and lose surface area [28]. Extensive research has thus 
focused on the development of stable, coke-resistant catalysts that can 
maintain activity over extended operation periods [29–33].

Nickel-based catalysts are the most widely studied due to their 
favorable balance between cost and activity [34,35]. However, con
ventional Ni catalysts supported on Al₂O₃, SiO₂, TiO₂, or MgO often 
suffer from deactivation due to carbon accumulation and sintering [36]. 
To address these challenges, numerous strategies have been explored, 
including the use redox-active supports (e.g., La₂O₃, CeO₂), promoter 
elements, or bimetallic systems [37–39]. In such configurations, 
methane activation typically occurs at the metallic sites, while CO₂ 
activation is facilitated by the support or co-catalyst [40,41]. Bimetallic 
catalysts, in particular, offer synergistic effects that improve dispersion, 
alter electronic properties, and enhance oxygen mobility.

Raney-Ni, a high-surface-area nickel alloy widely used in hydroge
nation and biomass conversion [42,43], offers attractive properties for 
DRM, including thermal robustness and scalability. However, its known 
tendency to promote methane decomposition can lead to coke accu
mulation and unbalanced H₂/CO ratios [44,45]. If carbon formation can 
be effectively mitigated, Raney-Ni may offer a cost-effective alternative 
for DRM under biogas-relevant conditions.

One promising strategy is the introduction of a second transition 
metal to form a bimetallic system [46]. Cobalt, in particular, has 
demonstrated strong oxygen affinity, promoting carbon oxidation and 
suppressing the formation of graphitic species [47,48]. Co also enhances 
thermal stability and modifies the electronic environment of nickel. 
While noble metals like Rh or Ru offer high activity, their cost limits 
scalability [49]. Co–Ni systems present a more practical solution 
[50,51], especially when compositional control is achieved through 
electrochemical synthesis. In particular, electrodeposition is a versatile 
method to prepare bimetallic catalysts with tunable metal ratios, surface 
morphology, and particle size [52,53]. These characteristics are critical 
for tailoring catalytic behavior and understanding structure–activity 
relationships.

In this study, we systematically evaluate the performance of com
mercial Raney-Ni as a DRM catalyst, optimizing key parameters 
including reactor configuration, gas flow rate, and catalyst loading. To 
overcome limitations related to carbon accumulation, we introduce 
CoNi bimetallic co-catalysts synthesized via electrochemical deposition 
and blended with Raney-Ni. The resulting composite catalysts are 
benchmarked against Raney-Ni alone, and their activity, selectivity, and 

stability are assessed under biogas-representative conditions. Post- 
reaction characterization provides further insights into catalyst deacti
vation and recovery strategies.

2. Experimental section

2.1. Materials and reagents

All chemical reagents were of analytical grade and used without 
further purification. Commercial Raney-Ni (Type 2800, 50 wt% slurry in 
water) and fluorine tin oxide-coated glass substrates (FTO, sheet resis
tance 10–15 Ω sq.− 1) were purchased from Sigma-Aldrich. Nickel(II) 
chloride hexahydrate (NiCl2⋅6H2O, 99 %) was obtained from Supelco, 
cobalt(II) chloride hexahydrate (CoCl2⋅6H2O, 99 %) from Alfa Aesar, 
and boric acid (H3BO3, 99.5 %) from Merck. Hydrochloric acid (HCl, 37 
%) was purchased from PanReac AppliChem. Quartz wool (average fiber 
diameter ~4 μm) and silicon carbide (SiC, 46 grit) were obtained from 
Thermo Scientific. Ultrapure water (18.2 MΩ cm at 25 ◦C) was produced 
using a Milli-Q system.

2.2. Optimization of reaction parameters of Raney-Ni catalyst

The catalytic performance of commercial Raney-Ni for the DRM was 
systematically evaluated under various reaction conditions to identify 
the optimal operating parameters. Experiments were conducted in a 
Swagelok stainless-steel tubular fixed-bed reactor (i.d. 13 mm; length 
75 mm) housed in a programmable tubular furnace (Carbolite) with PID 
control. A quartz liner was inserted to minimize wall effects and ensure 
thermal homogeneity. All tests were performed at atmospheric pressure.

Before each test, the catalyst was subjected to reduction treatment 
under a 10 % H2 in N2 gas stream (50 mL⋅min− 1) at 600 ◦C for 1 h 
(heating rate: 10 ◦C⋅min− 1). The reactor was then purged with N2 (100 
mL⋅min− 1) for 45 min to remove residual hydrogen. The feed gas 
mixture (N₂:CH₄:CO₂ = 10:3:2) included N₂ as an internal standard for 
chromatographic quantification.

Catalyst testing was first conducted over 600–800 ◦C in 100 ◦C in
crements to capture overall activity and selectivity trends. Each tem
perature step was maintained for 45 min. Although coarse, this interval 
allowed rapid screening of catalyst’s thermal response. Further experi
ments explored: 

- Catalyst bed configuration: Raney-Ni catalyst was (i) layered on four 
quartz wool plugs or (ii) diluted with 3.0 g of SiC (46 grit) to improve 
thermal conductivity and minimize pressure drop.

- Total gas flow rate: Adjusted between 80, 100, and 120 mL⋅min− 1 to 
assess space velocity effects.

- Catalyst mass loading: Varied from 0.25 g to 1.00 g to evaluate the 
influence of catalytic mass on conversion.

- Catalyst stability: performed at 700 ◦C for 5 h under optimized 
conditions.

Reactor effluents were analyzed online using a micro gas chro
matograph (490 Micro GC from Agilent Technologies) equipped with a 
molecular sieve 5 Å and a PoraPlot U column. Gas composition was 
recorded every 4 min. Conversions, selectivities, H₂/CO ratios, and 
product yields were calculated using standard equations (eqs. S1–S7, 
Supporting Information). Each catalyst composition was assessed in a 
single temperature-programmed experiment; hence no replicate statis
tics are provided. After each experiment, the reactor was cooled under 
N₂ flow to room temperature, and the spent catalyst was collected for 
post-reaction characterization.

2.3. Catalytic testing of CoNi–Raney-Ni composite catalysts

The CoNi co-catalyst was synthesized by potentiostatic electrode
position from a CoNi chloride bath, followed by mechanical processing 
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into powders. Composite catalysts were prepared by physically mixing 
Raney-Ni and CoNi in different proportions. Full experimental details 
are provided in the Supporting Information.

Catalytic performance of the composite materials was assessed using 
the same Swagelok stainless-steel tubular fixed-bed reactor and oper
ating conditions as described for Raney-Ni benchmarking. Each catalyst 
composition was tested once in a single temperature-programmed run; 
therefore, replicate statistics are not available. The study’s objective was 
to establish the CoNi-assisted synergy (coke control and sustained ac
tivity) under biogas-relevant DRM, not to exhaustively optimize 
composition or resolve small H₂/CO differences. Each 700 mg catalyst 
sample was supported within four layers of quartz wool to ensure uni
form gas-solid contact. Prior to reaction, all samples were subjected to 
the standard activation procedure: reduction under a 10 vol% H2 in N2 
(50 mL⋅min− 1) at 600 ◦C for 1 h, followed by purging under N2 (100 
mL⋅min− 1) for 45 min.

The dry reforming of methane was conducted using a reactant 
mixture with a molar ratio of N₂:CH₄:CO₂ = 10:3:2 at a total flow rate of 
120 mL⋅min− 1, to reach a gas hourly space velocity (GHSV) of 4800 h− 1. 
Reaction temperature was varied between 600 and 800 ◦C in 50 ◦C in
crements, with each step maintained for 25 min. This refined tempera
ture interval allowed improved resolution in performance comparison 
while reducing total experimental time relative to earlier 100 ◦C 
increments.

Catalyst durability was evaluated by performing long-term stability 
tests on the best-performing composite at 700 ◦C for 7 h under identical 
gas flow and composition.

The gaseous effluent from the reactor was analyzed on-line using a 
micro gas chromatograph (490 Micro GC from Agilent Technologies) 
equipped with a molecular sieve 5 Å and a PoraPlot U column. Product 
distribution, conversion, selectivity, H₂/CO ratio, and product yields 
were calculated using the same procedure and equations described in 
Section 2.2.

2.4. Spent catalyst characterization

The morphology, composition, and carbon deposition characteristics 
of the fresh and spent catalysts were thoroughly investigated using a 
combination of microscopic and spectroscopic techniques.

Field emission scanning electron microscopy (FE-SEM) images were 
acquired using a JEOL JSM-7100F microscope operated at 20 kV and 
equipped with an Oxford Instruments X-MaxN 80 energy-dispersive X- 
ray spectroscopy (EDS) detector. Representative surface regions were 
selected by analyzing at least eight different randomly chosen zones per 
sample to ensure statistical relevance. EDS was used to confirm 
elemental composition and homogeneity of the CoNi particles, with 
particular attention to the Co/Ni atomic ratio and metal dispersion on 
the catalyst surface.

Raman spectra of spent catalysts were collected to assess carbon 
deposition and character of surface carbon species. Measurements were 
carried out using a dispersive spectrometer Jobin-Yvon LabRam HR 800, 
coupled to an optical microscope Olympus BXFM, in the 200–3000 cm− 1 

range employing a green laser (523 nm) and calibrated using a silicon 
reference at 520.7 cm− 1. Each spectrum was obtained by averaging five 
accumulations. Baseline correction and D/G band fitting procedures 
were conducted using the instrument’s integrated software. D/G in
tensity ratios were extracted to estimate the relative amount and 
structure of the carbonaceous deposits. Finally, X-ray powder diffraction 
(XRD) measurements were performed on a Bruker D8 Advance diffrac
tometer in Bragg–Brentano geometry using Ni-filtered Cu Kα radiation 
(λ = 1.5418 Å; 45 kV, 40 mA) and 0.04 rad Soller slits. Diffraction 
patterns were collected over the 2θ range 20–100◦ with a step size of 
0.02◦ and a dwell time of 1 s per step.

3. Results and discussion

3.1. Optimization of reaction parameters of Raney-Ni catalyst

Raney-Ni is a well-known, non-noble metal catalyst widely used in 
hydrogenation and biomass upgrading due to its high surface area, 
porosity, and intrinsic activity [54]. However, its application in methane 
dry reforming has received limited attention, especially under condi
tions relevant to biogas. In this study, a systematic evaluation of com
mercial Raney-Ni was undertaken to assess its viability and optimize the 
operational parameters for DRM.

Given the intended application in biogas reforming, careful consid
eration was given to the selection of the feed gas composition in order to 
emulate realistic operating conditions. Biogas typically consists of 
45–70 % methane and 30–55 % carbon dioxide, along with trace levels 
nitrogen, hydrogen, sulfide, and water vapor [12]. To reflect an average 
composition while maintaining experimental control, a CH4:CO2 molar 
ratio of 60:40 was chosen. This ration provides a representative scenario 
for biogas valorization while allowing meaningful assessment of catalyst 
performance under relevant reactant proportions. In addition, nitrogen 
was incorporated as an inert internal standard and diluent, resulting in a 
final feed gas composition of N2:CH4:CO2 = 10:3:2. This corresponds to 
66.7 % N2, 20.0 % CH4, and 13.3 % CO2 by volume. The inclusion of 
nitrogen serves two purposes: (i) enabling accurate quantification of 
reactant conversions and product yields by acting as a non-reactive 
reference in gas chromatography, and (ii) moderating the overall reac
tivity of the gas stream to prevent catalyst overheating or mass transfer 
limitations during dry reforming.

Initial catalytic tests were performed using 0.25 g of Raney-Ni at 600, 
700, and 800 ◦C. As expected, both methane and carbon dioxide con
version increased with temperature (Fig. 1a), confirming the endo
thermic nature of the DRM reaction (ΔH◦ = +247 kJ⋅mol− 1) [55]. At 
800 ◦C, CO2 conversion exceeded 96 %, while CH4 conversion remained 
slightly lower (~91 %), consistent with thermodynamic limitations and 
side reactions.

Syngas composition, monitored throughout the reaction, showed 
that the H₂/CO ratio remained above 1 at all temperatures, with a 
decreasing trend as temperature increased (Fig. S1). This suggests the 
concurrent contribution of methane decomposition (CH₄ → C + 2H₂), 
especially at higher temperatures. The elevated H₂/CO ratios observed 
are beneficial for hydrogen-enriched syngas applications but may 
exacerbate coke formation.

The effect of bed configuration, flow rate, and catalyst mass was 
systematically studied to identify the work conditions (Figs. 1 and S1, 
and Table S2). A detailed discussion of these optimization studies is 
provided in the Supporting Information (Section SI-3). Quartz wool 
proved superior to SiC, yielding consistently higher conversions and 
more stable operation. This was attributed to better catalyst dispersion, 
uniform temperature distribution, and improved gas–solid contact. In 
contrast, the SiC configuration suffered from local carbon accumulation 
and faster deactivation.

Gas hourly space velocity strongly influenced performance. Lower 
flow rates (80 mL⋅min− 1) provided higher conversions due to longer 
residence times but promoted secondary reactions such as methane 
cracking and reverse water–gas shift, resulting in increased coke depo
sition. At 120 mL⋅min− 1, conversions were slightly lower but hydrogen 
productivity per gram of catalyst was maximized, and coke formation 
was reduced, making this the most favorable condition.

Catalyst mass loading mainly affected stability rather than overall 
productivity. Although total H₂ production (~1750 μmol⋅min− 1 at 
700 ◦C) was nearly constant across 0.25–1.00 g loadings, higher mass 
improved stability by distributing carbon over more active sites, 
delaying deactivation, and producing more uniform coke deposits. 
Consequently, 1.00 g of Raney-Ni provided the best balance between 
activity and durability.

Overall, the optimization study established 700 ◦C, 120 mL⋅min− 1, 
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and 1.00 g Raney-Ni supported on quartz wool as the baseline operating 
conditions. These results highlight not only the catalytic potential of 
Raney-Ni under biogas-relevant DRM but also the key process parame
ters governing stability and coke tolerance, which serve as a critical 
reference point for evaluating the synergistic effects of the CoNi–Raney- 
Ni composite catalysts.

3.2. Catalytic performance of CoNi–Raney-Ni composite catalysts

Electrochemically engineered CoNi microparticles were synthesized 
by potentiostatic electrodeposition on FTO substrates, followed by me
chanical detachment and sonodispersion. The process yielded near- 
equimolar Co/Ni compositions and microparticles with rough, high- 
surface-area morphologies, consistent with the formation of porous 
metallic frameworks. Composite catalysts were then prepared by low- 
temperature physically blending CoNi powders with commercial 
Raney-Ni at fixed total mass (700 mg) and varying CoNi contents 
(25–65 wt%) without calcination, followed by the same in-situ reduc
tion as the baseline catalyst, to preserve the skeletal texture of Raney-Ni 

and the CoNi particle morphology and to minimize pre-reaction sinter
ing. Representative SEM/EDS analyses confirmed the preservation of the 
characteristic porous texture of Raney-Ni and the uniform distribution of 
Co and Ni within the composites, without evidence of macroscopic 
segregation. This preparation strategy ensures intimate mixing between 
Raney-Ni, which primarily promotes CH₄ activation, and CoNi, which 
facilitates CO₂ activation and carbon suppression, thereby enabling 
cooperative effects in DRM. Full experimental details, including elec
trodeposition conditions, voltammetric analysis, particle size distribu
tion, and comprehensive structural characterization, are provided in the 
Supporting Information (Sections SI-5 and SI-6).

Catalytic experiments were conducted to evaluate the performance 
of the CoNi–Raney-Ni composites in the DRM. For all tests, the total 
catalyst mass was fixed at 700 mg, ensuring a consistent gas hourly 
space velocity (GHSV = 4800 h− 1) across all samples. Prior to testing the 
composite formulations, the individual catalytic behavior of the elec
trochemically synthesized CoNi powder was evaluated under identical 
conditions to establish a reference for intrinsic activity.

As shown in Fig. S8a, the CoNi microparticulate catalyst exhibited 

Fig. 1. (a) CH4 and CO2 conversions and catalytic activity evolution for (b) quartz wool and (c) SiC supports during catalyst bed configuration tests. (d) CH4 and CO2 
conversions and catalytic activity evolution for (e) 80 mL⋅min− 1, (f) 100 mL⋅min− 1 and (b) 120 mL⋅min− 1 gas flows during gas flow rate tests. (g) CH4 and CO2 
conversions and catalytic activity evolution for (b) 0.25 g, (h) 0.50 g and (i) 1.00 g of Raney-Ni during catalyst mass loading tests.
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negligible activity at temperatures below 700 ◦C. Upon increasing the 
temperature, moderate conversion of CO₂ and CH₄ was observed, with a 
strong selectivity toward CO over H₂. The H₂/CO ratio remained 
consistently below 1 throughout the entire temperature range, and CO₂ 
conversion was approximately twice that of CH₄. These results suggest 
that the CoNi catalyst predominantly facilitates CO₂ activation pathways 
– likely via dissociative adsorption and reverse water-gas shift – while 
showing limited efficacy in methane activation. The absence of sub
stantial H2 formation further supports the conclusion that methane 
dehydrogenation, which is typically associated with carbon formation, 
is not a favored pathway over this material. In contrast, pure Raney-Ni 
demonstrated significantly higher activity across the entire tempera
ture range (Fig. S8b). High CH₄ and CO₂ conversions were achieved even 
at low temperatures, with H₂/CO ratio exceeding unity at all the tested 
points. This confirms the prominent role of methane decomposition on 
the Raney-Ni surface, which promotes elevated H2 yields but also in
creases the propensity for the coke formation, as previously discussed in 
Section 3.1.

To evaluate the influence of CoNi content on DRM performance, the 
previously prepared composite catalysts (C1–C4) were tested under 
identical conditions (Fig. 2). Each catalyst was evaluated with a fixed 

total mass of 700 mg, ensuring consistent GHSV across all tests, while 
varying only in the relative weight fraction of Raney-Ni to CoNi (35:65 
for C1 to 75:25 for C4). The reaction temperature was increased in 50 ◦C 
intervals, providing a comparative evaluation of catalyst behavior 
across a relevant temperature range.

The most CoNi-rich catalyst, C1 (65 wt% CoNi), exhibited the lowest 
overall activity and stability (Fig. 2a). This lack of stability regarding the 
decrease in hydrogen production, especially during the 650 and 700 ◦C 
reaction temperatures, goes alongside an increase in CH4 concentration, 
meaning that the decomposition of methane suffers deactivation. This 
shows that despite the effect of Raney-Ni regarding catalytic activity, the 
abundant presence of CoNi in the composite has a significant inhibitory 
effect. At higher temperatures a certain stability is regained, overlapping 
with the beginning of catalytic activity attributed to CoNi. Despite its 
limited reactivity toward DRM and methane activation, it contributes to 
the removal of the carbonaceous deposits presumably formed, according 
to the behavior of Raney-Ni previously determined. When lowering the 
CoNi concentration to 50 % in composite C2 (Fig. 2b), the same effect 
regarding stability could be observed. The higher proportion of Raney- 
Ni ensured enhanced CH₄ and CO₂ conversions, particularly at inter
mediate temperatures. The improved reactivity is attributed to the 

Fig. 2. Temperature effect on the catalytic activity during DRM for (a) C1, (b) C2, (c) C3, and (d) C4 catalysts, and evolution of (e) CH4 and (f) CO2 conversion, and of 
(g) the H2 and CO selectivity and H2/CO ratio of the composite catalysts. Evolution of (h) CH4 and CO2 conversion, and of (i) the H2 and CO selectivity and H2/CO 
ratio of composite catalysts C4 during the stability test (gas flow 120 mL min− 1, mcat = 700 mg, quartz wool as catalyst support, GHSV = 4800 h− 1).
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increased density of active Ni sites, compensating for the limited role of 
CoNi. However, C2 still did not match the performance of the lower- 
CoNi composites in terms of H₂ production and stability. Further re
ductions in CoNi content to 35 wt% (C3) and 25 wt% (C4) resulted in 
substantial gains in both activity and durability, with catalytic perfor
mance closely resembling that of pure Raney-Ni (Fig. 2c and d). Both C3 
and C4 catalysts achieved high CH₄ and CO₂ conversions across the full 
temperature range (Fig. 2e and f), likely due to a marginally higher 
amount of Ni surface area available for methane decomposition. Above 
700 ◦C, both C3 and C4 converged in performance, reaching nearly 
identical levels of conversion and syngas selectivity. One of the key 
observations across these tests was the evolution of the H₂/CO ratio, 
which approached 1.0 during the higher temperature stages for both C3 
and C4. This ratio is indicative of a more balanced syngas composition, 
suitable for downstream applications such as Fischer-Tropsch synthesis 
or methanol production. A subtle decline in H₂ production toward the 
end of the reaction sequence suggested that methane decomposition 
remained active and that some carbon accumulation may still occur. 
Quantitative results for conversion, selectivity, and H₂/CO ratios are 
summarized in Fig. 2g and tabulated in Table S4. Nevertheless, no signs 
of rapid deactivation were observed over the timescale of the experi
ments, underscoring the durability advantages of the CoNi–Raney-Ni 
composite catalysts, particularly at CoNi loadings of ≤ 35 wt%.

These findings demonstrate that controlled incorporation of CoNi (≤
35 wt%) into Raney-Ni provides clear benefits in terms of catalyst 
durability and CO₂ utilization, without compromising overall activity. 
The partial suppression of methane decomposition, coupled with 
enhanced CO production, suggests that CoNi serves as an effective co- 
catalyst, promoting CO₂ dissociation and possibly contributing to in- 
situ carbon gasification, thereby delaying catalyst deactivation. Based 

on this performance, composite C4 (25 wt% CoNi), was selected for 
further post-reaction characterization and mechanistic studies aimed at 
understanding carbon mitigation pathways.

The performance enhancement of the CoNi–Raney-Ni composites is 
attributed to a bifunctional, interfacial mechanism: Raney-Ni provides 
efficient CH₄ activation (but generates C*), whereas CoNi preferentially 
activates CO₂ to supply O* that gasifies C* at CoNi|Ni contacts (C* + O* 
→ CO) [56,57]. This cooperation sustains CH₄/CO₂ conversions, shifts 
H₂/CO toward unity, and slows deactivation. The effect is composition- 
dependent, with intermediate CoNi loadings maximizing interfacial O* 
supply without diluting Ni sites. The following section tests this inter
pretation against ex-situ evidence.

3.3. Catalyst characterization

To elucidate the mechanisms underlying catalyst deactivation and to 
clarify the role of CoNi in mitigating carbon accumulation, post-reaction 
characterizations of the spent catalysts were carried out using FE-SEM 
and Raman spectroscopy. Analyses were conducted on spent CoNi, 
Raney-Ni, and CoNi–Raney-Ni composite catalysts (C1–C4) to evaluate 
morphological changes, carbon nature, and the extent of carbon depo
sition after DRM operation.

FE-SEM micrographs of the spent CoNi catalyst (Fig. 3a and b) 
revealed moderate particle agglomeration, attributable to thermal sin
tering under high-temperature DRM conditions. Notably, no filamentous 
carbon structures – such as CNTs – were observed on the catalyst surface 
or on the surrounding quartz wool fibers. In contrast to the carbon-rich 
surfaces typically seen in spent Raney-Ni samples, the CoNi particles 
retained a relatively smooth morphology after reaction, suggesting a low 
degree of carbon deposition.

Fig. 3. Characterization of spent composite catalysts (a) and (b) FE-SEM micrographs of CoNi. Scale bar: 1 μm, and Raman spectra from (c) CoNi and (d) composites 
C1, C2, C3, and C4.
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Raman spectroscopy further confirmed the absence of graphitic or 
disordered carbon on the spent CoNi catalyst (Fig. 3c). The character
istic D-band (~1360 cm− 1) and G-band (~1590 cm− 1), commonly 
associated with amorphous and graphitic carbon species, respectively, 
were not detected. This supports the conclusion that CoNi exhibits 
minimal susceptibility to coking under DRM conditions. These obser
vations are consistent with the poor methane activation performance of 
CoNi and its preferential promotion of CO₂ dissociation pathways, which 
likely facilitate carbon gasification rather than formation.

The spent composite catalysts were also analyzed by FE-SEM to 
assess morphological evolution and carbon deposition behavior (Fig. 4). 
All samples exhibited varying degrees of thermal agglomeration, but 
more importantly, significant surface roughening and carbon filament 
formation were observed, especially in composites with higher Raney-Ni 
content. In particular, composites C3 and C4, which contained 35 wt% 
and 25 wt% CoNi, respectively, displayed abundant CNT-like structures 
(Fig. 4f and h), indicative of active methane decomposition and struc
tured carbon formation. By contrast, composites C1 and C2, with higher 
CoNi content, exhibited fewer and less-developed carbon filaments, 
reinforcing the view that CoNi suppresses carbon nucleation and 
growth.

Complementary Raman analysis (Fig. 3d) confirmed the presence of 
carbonaceous species across all composites, with the D and G bands 
clearly detected. The relative intensity ratio (ID/IG) offers insight into 
the structural order of the deposited carbon. Composite C1, with the 
highest CoNi content, exhibited a D/G > 1, indicative of amorphous, 
disordered carbon, which is generally more reactive and more easily 
removed via gasification [58]. In contrast, C4, which had the highest 
Raney-Ni fraction, showed a D/G < 1, suggesting the presence of more 
ordered, graphitic carbon, such as CNTs. These findings correlate with 
FE-SEM observations and validate the hypothesis that CoNi disrupts 
graphitization, reducing the crystallinity of deposited carbon and 
thereby improving its reactivity toward removal.

To gain deeper insight into long-term structural evolution, the spent 
C4 catalyst was further analyzed after the 7.5-h stability test at 700 ◦C. 
FE-SEM images (Fig. 5a and b) confirmed sustained particle agglomer
ation, and extensive filamentous carbon deposition – predominantly in 
the form of CNTs – was evident on the catalyst surface, particularly on 
Raney-Ni particles.

Elemental mapping (Fig. 5c) demonstrated preferential carbon 
accumulation on Raney-Ni regions relative to CoNi zones, supporting 
the conclusion that Co-rich domains limit carbon deposition by pro
moting CO₂ activation and carbon gasification. Raman spectra of the 
spent C4 catalyst after prolonged operation (Fig. 5d) showed a ID/IG 

ratio close to 1.0, reflecting a more balanced mixture of disordered and 
graphitic carbon than observed after short-term test (ID/IG of 0.91). This 
shift in carbon character suggests a dynamic restructuring process, 
whereby CoNi moderates carbon accumulation even under prolonged 
high-conversion DRM conditions.

XRD patterns of fresh and spent catalysts (Fig. 5e and g) show three 
dominant reflections for Raney-Ni and the CoNi–Raney-Ni composite at 
~31◦, ~47◦, and ~ 53. The CoNi powder displays the same set of re
flections slightly shifted to higher angles (~32◦, ~48◦, ~53–54◦), 
indicating a small decrease in average d-spacing consistent with alloy
ing/strain effects in the Co-containing phase. Within the resolution of 
our measurements, the diffractograms remain unchanged after the five- 
temperature study and after the long-term stability test, with no new 
reflections attributable to bulk oxide or spinel phases. This evidences 
good phase stability under DRM and is consistent with the catalytic data 
showing sustained activity. However, a weak additional peak appears at 
~77◦ in all patterns (including post-test materials). This reflection is 
assigned to the α-quartz packing (quartz wool) used to hold the powder 
bed and does not arise from catalyst evolution. Apart from this quartz 
contribution, no systematic peak growth in the 36–38◦, 43–45◦, or 
59–66◦ regions was detected, i.e., no signatures of NiO/CoO or spinel 
formation within detection limits. Taken together, the XRD results 
support that the catalysts remain predominantly metallic during oper
ation, while the small positive shift observed for CoNi reflects lattice/ 
strain differences relative to Raney-Ni rather than the emergence of new 
crystalline phases. This finding suggests that CO₂ activation proceeded 
efficiently on CoNi sites, preventing extensive oxidation and maintain
ing surfaces available for CO₂ adsorption. Together with Raman evi
dence of reduced carbon deposition, these results support the view that 
CoNi promotes a continuous carbon–oxygen balance through enhanced 
CO₂ dissociation and in-situ gasification.

Taken together, the post-reaction SEM/EDS, Raman and XRD data 
indicate that the superior performance of the CoNi–Raney-Ni composites 
arises from a bifunctional, interfacial mechanism. Raney-Ni’s high-area 
skeletal network efficiently activates CH₄ but tends to accumulate C* via 
methane decomposition (CH₄ → C* + 2H₂). CoNi, in contrast, prefer
entially activates CO₂, generating O* (or COₓ* species) that react with 
carbon on neighboring Ni sites (C* + O* → CO), thereby removing 
surface carbon and regenerating Ni active sites. In the composite, CH₄ 
activation occurs mainly on Raney-Ni, CO₂ activation on CoNi, and O* 
spillover across CoNi|Ni contacts closes a catalytic carbon-gasification 
loop. This interfacial cooperation accounts for the sustained CH₄/CO₂ 
conversions and slower deactivation observed over time, as well as the 
shift of H₂/CO toward unity relative to pure Raney-Ni (enhanced CO 

Fig. 4. FE-SEM micrographs of spent composite catalysts (a-b) C1, (c-d) C2, (e-f) C3, and (g-h) C4. Scale bar: 100 nm.
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formation on CoNi and mitigation of parallel methane cracking).
The synergy is composition-dependent. At intermediate CoNi load

ings (~35–50 wt%), the interfacial density is sufficient to supply O* 
rapidly without unduly diluting the Ni sites required for CH₄ activation, 
yielding the optimal balance of activity, selectivity, and stability. Too 
little CoNi under-supplies O* (insufficient coke removal); too much CoNi 

reduces the effective Ni site density (rate limitation). This volcano-type 
trend aligns with the characterization results—lower Raman D/G ratios, 
fewer filamentous deposits in SEM, and more stable conversions—for 
the optimally loaded composites compared with either component 
alone, supporting a cooperative CoNi↔Ni redox interplay at the com
posite interfaces as the origin of the performance enhancement. This 

Fig. 5. Post-reaction characterization of the spent C4 catalyst: (a–c) FE-SEM micrographs at different magnifications. (c, bottom panel) EDS elemental mapping 
highlighting the distribution of key elements. Scale bar = 1 μm. (d) Raman spectra of the C4 catalyst after the stability test, indicating the carbon structure and degree 
of graphitization. XRD patterns of (e) fresh CoNi, Raney-Ni, and CoNi–Raney Ni composite catalysts; (f) Raney-Ni and CoNi–Raney Ni composite after five 
temperature-programmed DRM cycles; and (g) Raney Ni and CoNi–Raney Ni composite after stability testing.
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synergistic interaction reduces carbon crystallinity and extends catalyst 
life, supporting the viability of CoNi–Raney-Ni composites for stable 
biogas reforming applications.

4. Conclusions

This study sets out to improve the catalytic efficiency and stability of 
Raney-Ni for methane dry reforming (DRM) under biogas-relevant 
conditions by incorporating electrochemically engineered CoNi micro
particles as co-catalysts. Raney-Ni alone exhibited high intrinsic activity, 
achieving CH₄ conversions above 92 % at 700 ◦C and favorable H₂/CO 
ratios, confirming its potential as a non-noble metal catalyst for DRM. 
However, prolonged operation led to catalyst deactivation, primarily 
due to the formation of filamentous and graphitic carbon and particle 
sintering. This behavior limited the long-term viability of Raney-Ni 
under realistic continuous operation, especially in decentralized 
biogas upgrading settings.

To overcome these limitations, CoNi microparticles were synthesized 
via potentiostatic electrodeposition under optimized conditions and 
blended with Raney-Ni to form composite catalysts with varying CoNi 
loadings. Among the compositions tested, the 25 wt% CoNi–Raney-Ni 
catalyst (C4) showed the best balance between activity, syngas selec
tivity, and operational stability. This composite retained high CH₄ and 
CO₂ conversions (>90 %) and exhibited a stable H₂/CO ratio (~1.0) over 
extended periods. Compared to Raney-Ni alone, the CoNi–Raney-Ni 
composite catalysts displayed improved resistance to carbon deposition 
and thermal sintering, attributed to the synergistic roles of Ni and Co: 
while Raney-Ni provided high methane activation, CoNi promoted CO₂ 
dissociation and likely facilitated in-situ gasification of surface carbon 
species.

Post-reaction characterization confirmed the beneficial structural 
effects of CoNi incorporation. FE-SEM analyses of spent catalysts showed 
reduced particle agglomeration and less filamentous carbon growth in 
CoNi-containing systems. Raman spectroscopy supported these findings, 
indicating a lower degree of graphitization and higher D/G intensity 
ratios in the presence of CoNi, particularly in C1–C3 formulations. 
Furthermore, spatial mapping revealed that carbon deposition occurred 
preferentially on Raney-Ni domains, while CoNi regions remained 
relatively clean, suggesting localized carbon oxidation and removal 
facilitated by cobalt’s oxygen affinity.

This work demonstrates that the strategic integration of an electro
chemically tailored CoNi co-catalyst into a Raney-Ni matrix offers a 
scalable and cost-effective pathway toward durable DRM catalysts. The 
approach addresses key deactivation pathways – coking and sintering – 
without compromising catalytic activity, enabling sustained perfor
mance under thermochemically harsh conditions. These findings 
contribute a practical and mechanistically supported design strategy to 
the broader field of CO₂ valorization and biogas reforming.

Future work will focus on in-depth mechanistic studies using oper
ando spectroscopy and isotopic tracing to elucidate the precise roles of 
Co and Ni in carbon oxidation and CoNi interfacial behavior. Addi
tionally, long-term testing with real biogas mixtures, including H₂S and 
moisture, will be critical for assessing catalyst robustness under practical 
conditions. Finally, the electrochemical synthesis route offers flexibility 
for further compositional tuning and could be extended to both other 
compositions or bimetallic systems for broader catalytic applications in 
reforming and hydrogen production.
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