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Abstract
Ni–Mo2C and Ni–WC were evaluated in dry reforming of methane employing different CH4/CO2 ratios. Ni–Mo2C remained 
active under an excess of CH4, but deactivation occurred under an excess of CO2. Ni–WC was resistant to excess of CO2 but 
showed carbon deposition under excess of CH4.

Graphic Abstract
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1  Introduction

Natural gas (NG) consists mainly of methane (70–98% CH4) 
and other hydrocarbons (C2–C4) and stands out among the 
fossil sources of energy due to its abundance [1–5]. It is 
worth mentioning that, in some regions, extracted NG could 
contain contaminants, such as CO2 and H2S. For example, 
Brazil’s reserves located in ultra–deep waters (pre–salt layer) 
have typically high concentrations CO2, up to 45% [6–8], 
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or, in the case of Natuna D–Alpha Indonesia gas field, CO2 
concentration may reach 71% [9].

Besides, when NG is associated with oil or in remote 
locations, the costs of purification, compression, storage, and 
transportation can make its exploration economically unat-
tractive [3, 6]. For these reasons, NG is sometimes reinjected 
into the wells, stimulating the recovery of oil or even flared 
without use [6]. The volume flared of NG was estimated, 
in 2017, to be 140.6 billion m3 [4]. Although this volume 
is decreasing around the world, it represents, for example, 
3.7 times the Brazilian consumption of NG in the same year 
(38.3 billion m3) [4].

The conversion of methane into value-added chemicals 
has been a matter of great interest to the industry and acad-
emy [2, 3, 10]. However, it often becomes desirable to trans-
form NG into liquid products at the production site, in order 
to facilitate transport and storage. In this context, steam 
reforming of methane (SRM, CH4 + H2O 3H2 + CO), dry 
reforming of methane (DRM, CH4 + CO2 2H2 + 2CO) and 
partial oxidation of methane (POM, CH4 + 1/2O2 2H2 + CO) 
are all suitable methods for the production of synthesis gas 
(H2 + CO). Syngas, also produced by gasification and pyrol-
ysis of carbonaceous materials (coal and biomass), is the 
most significant intermediate for the production of hydrogen, 
ammonia, and methanol, as well as of liquid hydrocarbons 
by Fischer–Tropsch synthesis [3, 5, 8, 11–18]. SRM process 
has been the preferred commercial technology for this pur-
pose over decades [3, 11, 16]. However, combinations of the 
mentioned processes, such as the autothermal reforming of 
methane (SRM + POM or DRM + POM) [19] and the com-
bined methane reforming (DRM + SRM + POM) [20] were 
also developed to increase energy efficiency. Additionally, 
reverse water–gas shift (RWGS, CO2 + H2 CO + H2O), Bou-
douard reaction (BR, 2CO C + CO2) and methane decompo-
sition (MD, CH4 C + 2H2) are side reactions that can influ-
ence the composition of products in methane reforming, 
depending on catalytic system and reaction conditions used 
[21].

Although DRM produces syngas with low H2/CO ratio 
(H2/CO ≅ 1), when compared to SRM (H2/CO ≅ 3) and POM 
(H2/CO ≅ 2), it is a suitable ratio for direct use in processes 
such as synthesis of hydrocarbons by Fischer–Tropsch reac-
tion, synthesis of methanol, ammonia [10, 13] and dimethyl 
ether. The latter is a promising alternative to replacement 
diesel [16]. Among DRM advantages over SRM and POM 
is the possibility of using NG, or biogas, without additional 
processing to remove CO2 [8, 10, 13, 17]. Biogas (or landfill 
gas) is another important source of methane associated with 
carbon dioxide, generated by anaerobic decomposition of 
organic matter in the presence of methanogenic bacteria, and 
is composed mainly of CH4 (40–70%) and CO2 (30–60%) 
[10, 16]. DRM also allows the use of the recycle stream 
of Fischer–Tropsch processes, which may contain CH4 and 

CO2 [5]. Finally, the operational costs of this process are 
estimated to be reduced by up to 20% compared to the other 
reforming processes [17]. Thus, the DRM process presents 
a potential for industrial application and is attractive for the 
conversion of the two gases with high impact in the green-
house effect, CH4 and CO2, into syngas [11, 13, 15–17].

Despite many advantages in DRM, its potential for car-
bon formation over catalysts is much higher than in SRM 
[22], and its industrial application on a large-scale is still 
limited to a few process such as CALCOR and SPARG [14, 
23]. Both process are conducted into catalyst fired–tubes 
(similar to a standard SRM device), at high temperatures 
(up to 1000 ºC) and pressures in the range of 1–20 bar [22]. 
CALCOR process, from Caloric Anlagenbau GmbH, can 
be operated under low pressure to produce syngas with low 
H2/CO ratio (as low as 0.4 to obtain pure CO), using, for 
example, CO2 recovered from reformer flue gas by an amine 
acid gas removal system [24]. SPARG process (Sulfur PAs-
sivated ReforminG), from Haldor–Topsoe, produce syngas 
with H2/CO ratio from 0.6 to 1.0, and, the carbon deposi-
tion over Ni catalyst is minimized by partially poisoning 
them with sulfur, by H2S addition to the feed (CH4/CO2) 
[25]. Often, DRM is combined with SRM, avoiding carbon 
deposition and allowing to control syngas composition with 
H2/CO ratios of 2 or lower [25, 26].

Great efforts have been moved during the last few dec-
ades to develop suitable DRM catalysts, with high activ-
ity, low cost, and stability for long periods [27]. Traditional 
catalysts used in industrial methane reforming, in general, 
are composed of nickel supported on alumina or calcium/
magnesium aluminates. Despite having high catalytic activ-
ity (fast turnover rates), these catalysts tend to deactivate 
by sintering at high operating temperatures and, mainly, by 
carbon deposition. This loss in catalyst activity is due to 
both the blocking of active nickel sites and the catalytic bed 
clogging [1, 2, 10, 11, 13, 17, 18]. According to the literature 
[1, 28], there is a trend to use an excess of oxidant in the 
reaction feed to minimize deactivation, promoting carbon 
gasification. Other strategies to overcome the problem of 
carbon deposition propose the combination of different sup-
ports (CeO2, ZrO2, MgO, MgAl2O4), the addition of small 
amounts of promoters (noble metals and alkaline metals) or 
partial passivation with sulfur [1, 10, 11, 13, 18, 28]. Noble 
metals (Ru, Rh, Ir, Pd, and Pt) supported catalysts have high 
activities (fast turnover rates) in DRM and, although more 
resistant to carbon deposition, they are economically imprac-
ticable for large–scale application [1, 8, 10, 13, 16, 29].

Finally, another point to be emphasized is traditional cata-
lysts are not stable when the CH4/CO2 molar ratio greater 
than 1. In general, CH4 and CO2 are not in the equimolar 
ratio in sources such as biogas and NG, so a catalysts active 
and stable under an excess of CH4 or CO2 would be attrac-
tive to industrial apply [30]. Besides, both nickel and noble 
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metal catalysts are also irreversibly deactivated in the pres-
ence of sulfur compounds [31, 32], frequently found as H2S 
in both NG and biogas [8, 33]. On the other hand, transition 
metal carbides, whose precursors are relatively inexpensive 
and abundant [5, 11], present catalytic activities comparable 
to noble metals in DRM [1, 3], as well as being resistant to 
sulfur poisoning [32, 34]. Recent theoretical and experimen-
tal studies have shown beneficial interactions of a transition 
metal with a transition metal carbide, that result in beneficial 
effects such as: promotion of CO2 reduction, by reducing 
C-O bond scission barrier, over monolayer Cu promoted WC 
[35]; and promotion of CH4 activation, by reducing C-H 
bond scission barrier, even at room temperature, over layered 
TiC promoted by Ni clusters [36].

According to the literature [1, 3], molybdenum and 
tungsten carbides are stable with high catalytic activity 
(Ru > Rh > β–Mo2C ≅ Ir > α–WC ˃  Pd ˃  Pt) when applied 
to DRM (CH4/CO2 = 1) at elevated pressures (P = 8 atm). 
However, they may suffer rapid deactivation due to carbide 
oxidation by CO2 at atmospheric pressure [1–3]. In fact, at 
DRM standard operation temperature range, carbides could 
be obtained by exposing oxides to CH4, and oxides could be 
obtained by exposing carbides to CO2, indicating that metal 
carbides could function as redox catalysts for DRM [3, 15]. 
The addition of Ni or Co to these Mo and W carbides can 
be a way to increase the activity and stability in DRM at 
atmospheric pressure [5, 12, 13, 15, 17, 18].

Despite presenting carbon deposition [5, 17], the mixed 
carbide Co6W6C becomes active after segregation of Co 
and WC phases. Although Co–W‐C and Ni–W‐C catalysts 
present a tendency to graphitic carbon formation over the 
surface during DRM, this carbon does not deactivate the 
catalysts, and it could also be pointed as reason of its final 
activity and stability [12]. On the other hand, when molyb-
denum carbide was promoted by nickel or cobalt, in a spe-
cific proportion (Ni0.2Mo0.8Cx or Co0.4Mo0.6Cx), it became 
an active and stable system in DRM at atmospheric pressure, 
without carbon deposition [13]. However, when a similar 
Ni–Mo2C (Ni0.2Mo0.8Cx) was employed in DRM with a 
non–stoichiometric feed (CH4/CO2 molar ratio of 0.67 or 
1.5), there was deactivation by Mo2C oxidation to MoO2 
and MoO3 [18].A series of catalysts composed of Ni–Mo2C 
and Ni–WC (Ni/M = 1/2, 1/9 and 1/21, where M are Mo or 
W) were evaluated in DRM and results shown them as active 
and stable, with exception of Ni/Mo = 1/21 that deactivated 
by oxidation of Mo2C. Ni-WC showed better control of crys-
tal structure, resisting to sintering (hypothesized as the rea-
son of deactivation), when compared to Ni-Mo2C (despite 
Mo2C oxidation) [15].

No previous studies were found applying Ni–WC in 
DRM, under high or atmospheric pressure, employing a 
non–equimolar reactional feed (CH4/CO2 ≠ 1). The ability 

to operate with different feed compositions is primordial, 
because, besides the fact that carbon dioxide composition 
varies in natural sources of methane, in industrial applica-
tions the reactant composition may vary along the catalytic 
bed.

In this context, we report here the effects of variation of 
the CH4/CO2 molar ratio, from 0.67 to 1.5, on the catalytic 
performance of nickel promoted molybdenum or tungsten 
carbides (Ni–Mo2C and Ni–WC) in dry reforming of meth-
ane (DRM) at atmospheric pressure.

2 � Experimental Methodology

2.1 � Catalyst Precursor Preparation

NiMo and NiW catalysts precursors were obtained by 
co-precipitation from aqueous solutions of nickel nitrate 
[Ni(NO3)2.6H2O] and ammonium heptamolybdate 
[(NH4)6(Mo7O24)0.4H2O] or ammonium paratungstate 
[(NH4)10(H2W12O42)0.4H2O], in amounts such as to obtain 
unitary metal molar ratio (Ni/Mo = 1 or Ni/W = 1). The 
initial pH of these solutions was adjusted (pH = 10) by the 
addition of ammonium hydroxide (NH4OH), resulting in a 
solution of intense blue color. This solution was heated up 
to 100 °C under magnetic stirring and boiled under reflux 
(20 ºC). Over time, a green precipitate was formed. When 
the pH of the suspension reached values close to 7, about 
4 h later, the heater was switched off. Then, the system was 
kept under stirring for 15 h at room temperature (25 °C). 
The resulting precipitate, after filtration under vacuum, 
was dried at 120 ºC for 24 h. Finally, a pale green fine 
powder was obtained after calcination under N2 atmos-
phere at 300 ºC for 1 h.

2.2 � Catalysts Activation–Synthesis of Carbides

The carbides were obtained from NiMo and NiW catalysts 
precursors using temperature programmed carburization 
(TPC) technique, under a flow of carburization mixture 
(150 mL min−1, 20% v/v CH4/H2, W/F = 0.0556 g h L−1). 
The samples (0.5 g) of catalysts precursors, conditioned 
in a “U” shaped quartz reactors (1 cm diameter), were 
heated at a rate of 2.5 ºC min−1, from room temperature 
(25 ºC) to the final temperature (650, 750 and 850 ºC), 
remaining isothermally for 2 h at this temperature. Due to 
the pyrophoric character of the carbides, the samples were 
passivated for 15 h under a 10 mL min−1 flow of 0.5% O2/
N2 just after the synthesis to allow the characterization in 
atmospheric conditions.
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2.3 � Catalytic Activity Tests

The experimental unit was composed of a gas controller sys-
tem, connected in series to a U-shaped quartz reactor (1 cm 
diameter) and a gas chromatograph (GC). A Bronkhorst mass 
flow regulator model E‐75000‐RDD controlled the flow of 
reactant (CH4, CO2) and of internal standard (N2). The quartz 
reactor inside a tubular electric oven operated at atmos-
pheric pressure and controlled temperature (THERMA TH 
90DP‐201‐000 controller).

An inline gas chromatograph (Shimadzu, GC‐2014) 
equipped with a thermal conductivity detector (TCD) was 
used to determine the composition of products and reactants 
(in dry base) employing two systems for separation: (1) a 
Supelco capillary separation column, Carboxen–1010 plot 
(30 m × 0.32 mm # 35,789–02A), having H2 as a carrier gas; 
(2) a Varian molecular sieve capillary column, CP–Molsieve 
5A (25 m × 0.53 mm # CP7538), using argon as a carrier gas. 
Before the GC inlet, the gas flow was dried using a cold trap.

Before catalytic evaluation, the samples were carburized 
in–situ at 850 °C (as described in Sect. 2.2) and cooled to 800 
ºC under a N2 flow of 50 mL min−1. Reaction feeds with differ-
ent CH4 and CO2 concentrations [% v/v] were used according 
to Table 1, keeping 20% of N2 as the internal standard, in a 
total flow of 50 mL min−1. The effluent from the reactor, dried 
in a cold trap, was periodically analyzed: the first GC analysis 
was carried out 5 min after starting the reaction and regularly 
at every 1.5 h on stream, until 20 h.

The catalytic performance was evaluated in terms of reac-
tant conversion (X %), products selectivity ratio (H2/CO ratio) 
and H2 yield (%), at the outlet of the reactor, as following 
equations.

(1)XCH
4
% =

�CH
4inlet

− �CH
4outlet

�CH
4inlet

× 100

(2)XCO
2
% =

�CO
2inlet

− �CO
2outlet

�CO
2inlet

× 100

(3)H
2∕CO Ratio =

�H
2outlet

�COoutlet

2.4 � Characterization

The catalyst precursors and the carbide activated catalysts 
were characterized by different techniques, before and after 
the catalytic runs (fresh and expended catalysts).

2.4.1 � X‐ray Fluorescence (XRF)

The metal contents of the catalyst precursors (Ni, Mo or 
W) were determined using a Rigaku X‐Ray fluorescence 
spectrometer, model RIX3100, operating with a rhodium 
anode X‐ray tube, 4 kW (150 mA).

2.4.2 � X‐ray Diffraction (XRD)

XRD analysis were performed in a Rigaku X‐ray diffrac-
tometer, model Miniflex, using CuKα X‐ray radiation 
(λ = 1,54 Å), varying the diffraction angle (2θ) continuously, 
at a speed of 2º min−1, a step of 0.05º, in the 10º < 2θ < 90º 
range. Phase identification was performed using the Jade‐5 
software, by comparing the X‐ray diffraction patterns with 
standard crystallographic datasheets from ICDD (The Inter-
national Center for Diffraction Data).

2.4.3 � Nitrogen Physisorption

Specific surface area (Sg), pore volume and diameter (Vp, 
Dp), were estimated from nitrogen isotherms obtained 
using BET and BJH methods, respectively, in a Micromer-
itcs ASAP 2020 device. Before analysis, the samples were 
pre–treated (dried) under vacuum at 110 °C.

2.4.4 � Fourier Transform Infrared Spectrometry (FTIR)

FTIR analyses were carried out in a Perkin Elmer Spec-
trum–100 spectrometer, operated in the medium infrared 
region (4000–400 cm−1), using a DTGS detector. A total of 
32 scans were performed in each sample, with a resolution 
of 4 cm−1.

2.4.5 � Raman Spectroscopy (Raman)

The nature of carbon species present in activated carbide 
samples, before and after the catalytic evaluation, was iden-
tified employing a Horiba Jobin Yvon Raman spectrometer 
(HR800UV) equipped with a red laser He–Ne (632 nm), 
CCD detector (cooled to − 70  °C). An Olympus BX41 

(4)
H

2
Yield % =

�H
2outlet

2.

(

�CH4inlet
−�CH4outlet

�CH4inlet

) × 100

Table 1   Feed composition used in catalytic runs [% v/v]

Test [CH4] [CO2] [N2] CH4/CO2

1 48 32 20 1.50
2 40 40 20 1.00
3 32 48 20 0.67
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optical microscope was responsible for the laser focus over 
the samples, performed using a magnification lens of 100 
times with optical density filter D1. The spectroscopic data 
were detected on a region of 1000–1800 cm−1, with a slit 
of 100 μm and recorded with a 50 s exposure time over 32 
scans.

2.4.6 � Temperature Programmed Studies (TPS)

TPS experiments were carried out in a multipurpose unit, 
including a gas control system, a quartz reactor and a 
quadrupole mass spectrometer (MS). The feed was set up 
by 4‐channel mass flow meter, MKS‐247, allowing the 
use of pure gases or mixtures. A U‐shaped quartz reactor 
(1 cm diameter) operated at atmospheric pressure inside 
in a tubular oven with controlled temperature (THERMA 
TH90DP–201–000 controller). Before the experiments, the 
samples were dried in–situ under the flow of 50 mL min−1 at 
110 °C for 1 h with a heating rate of 10 °C min−1. The reac-
tor effluent was continuously analyzed by a Pfeiffer Vacuum, 
QME 200 mass spectrometer. The ion signals (m/z) repre-
sentative of various molecular species monitored were: H2: 
2 (100%); He: 4(100%); CH4: 16 (100%); 15 (85.8%); NH3: 
17 (100%), 16 (80%); H2O: 18 (100%); 17 (23%); N2: 28 
(100%); and, CO: 28 (100%).

2.4.6.1  Temperature Programmed Decomposition 
(TPDec)  Thermal decomposition of the catalysts precursors 
was studied by analyzing the desorbed gases during calcina-
tion. Samples (500 mg) of fresh (uncalcined) catalysts pre-
cursors were heated from room temperature (25 °C) up to 
300 °C under the flow of 75 mL.min−1, remaining isother-
mally for 1 h at the final temperature.

2.4.6.2  Temperature Programmed Carburization 
(TPC)  TPC was employed to study the carburizing phenom-
ena and temperatures of the catalyst precursors (calcined at 
300 °C) in a flow of 20% CH4/H2 (TPC with CH4/H2) or 
a flow of 50% CH4/He (TPC with CH4/He). In both cases, 
100 mg samples were heated from 25 ºC to 900 °C at a rate 
of 2.5 °C min−1 under a flow of 100 ml min−1 of the chosen 
gas mixture.

2.4.6.3  Temperature Programmed Oxidation (TPO)  TPO 
with CO2 was used to study the profile of carbides oxida-
tion. Under 100 ml min−1 flow of 50% CO2/He, 100 mg car-
bide samples (carburized at 850  °C and passivated) were 
heated (rate of 2.5 °C min−1), from 25 ºC to 900 °C.

2.4.7 � Chemisorption of CO

After the activation at 850 °C (under previously described 
conditions), the carbide sample was cooled to room 

temperature under a 50 mL min−1 flow rate of He, and then 
subjected to pulses of 2.39 mL of 5% CO/He mixture until 
surface saturation.

3 � Results and Discussion

3.1 � Characterization of Catalyst Precursor

According to XRF results, the NiMo catalyst precursor 
(dried at 120 °C) was composed of 55.1 wt% NiO and 44.8 
wt% MoO3, corresponding to a Ni:Mo molar ratio of 2.4; 
NiW (dried at 120 °C) presented a composition of 36.6 wt% 
NiO and 63.4 wt% WO3, corresponding to a Ni:W molar 
ratio equal to 1.8. These ratio values are much higher than 
the desired (Ni:Mo = Ni:W = 1), indicating that part of the 
molybdenum (or tungsten) was not incorporated into the 
formed solid during the precipitation stage, remaining in 
solution.

XRD results of catalyst precursors (Fig. 1) did not show 
characteristic diffraction of segregated oxides (NiO, MoO3 
or WO3) with long range order crystalline structures. NiW 
diffractogram (dried at 120 °C, Fig. 1b) showed low–inten-
sity peaks, attributed to thermally unstable phases (such 
as ammonium nickel tungsten hydrogen oxide hydrate), 
that were decomposed after calcination at 300 °C (Fig. 1a) 
resulting in a low crystallinity structure. NiMo diffracto-
gram (dried at 120 °C, Fig. 1d), on the other hand, exhib-
ited the presence of a better–organized structure that could 
be attributed to a turbostratic layered nickel hydroxide 
α–Ni(OH)2xH2O, with broad and low intense diffraction 
peaks, at 34.5 and 60.5º, related to the planes (111) and 
(301), respectively [37]. In this case, the calcination step at 
300 °C did not result in visible changes in the diffractogram 
(Fig. 1c).

Fig. 1   XRD of catalysts precursors: (a) NiW calcined at 300 °C; (b) 
NiW dried at 120 °C; (c) NiMo calcined at 300 °C; (d) NiMo dried at 
120 °C
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The obtained N2 isotherms for the NiMo catalyst precur-
sor (not shown), before and after calcination, can be classi-
fied as type IV (second IUPAC classification), characteris-
tic of mesoporous materials (20 < DP < 500 Å) with strong 
adsorbent/adsorbate interaction. These isotherms showed 
hysteresis type H3, characteristic of materials formed by 
aggregated particles in the form of plates, with narrow 
pores of the slit type [38]. The calcination of the NiMo 
sample at 300 °C increased BET specific area (Sg), from 11 
to 22 m2 g−1, and BJH pore volume (Vp), from 0.04 to 0.05 
cm3 g−1. The isotherms obtained for NiW catalyst precursor 
(dried and calcined) were classified as type III, characteristic 
of nonporous or macroporous materials (DP > 500 Å), with 
low adsorbent/adsorbate interaction [38]. In the case of NiW 
sample, the calcination at 300 °C did not cause significant 
changes in specific area, which can be considered negligible 
in both cases (Sg < 10 m2 g−1).

FTIR analysis of NiMo and NiW catalysts precur-
sors (Fig. 2) showed vibrational modes associated with 
H2O, OH−, NO3

− and NH4
+ groups. The wavenumber 

region between 3700–2700 cm−1 encompasses vibrations 
associated with axial deformation (stretching) of hydro-
gen bonded to oxygen (O–H) and nitrogen (N–H) atoms. 
The weak and wide bands in this region may be related 
to: harmonic vibrations or overtones, with wavenumbers 
two times higher than that of strong bands in the region 

between 1800–1300  cm−1; weak hydrogen bonds (near 
3440–3460 cm−1) [39]; and stretching of OH groups without 
hydrogen bonding (3650 cm−1) [40]. Vibrations in the region 
between 3300–3050 cm−1 may be related to the asymmetric 
N–H stretching [41].

The FTIR band near 1615 cm−1, more pronounced in 
the NiMo sample, corresponds to the symmetrical angu-
lar deformation in the plane of H2O molecules [40]. The 
presence of ammonium ions (NH4

+) was more pronounced 
in the NiW sample, as evidenced by the observations of 
asymmetric N–H stretching in the region between 3300 and 
3050 cm−1 and angular deformation H–N–H near 1400 cm−1 
[41]. The presence of nitrate ions (NO3

−) can be identified 
by a pronounced peak, related to asymmetric stretch N–O, 
near 1385 cm−1 [39], more evident in the case of NiMo 
sample.

The results obtained by FTIR after the calcination at 
300ºC indicated a strong reduction in the vibration intensi-
ties related to hydroxyl (OH−), ammonium (NH4

+), nitrate 
(NO3

−) and H2O species initially present in the samples.
TPDec profiles (Fig. 3), simulating the calcination pro-

cess at 300 °C, showed releases of H2O (w/z = 18 and 17), 
NH3 (w/z = 17 and 16) and N2 (m/z 28). The profile obtained 
for the NiMo catalyst precursor showed a more intense for-
mation of w/z = 28, which may be associated to N2 species 
originated from the decomposition of NO3

−. The NiW pro-
file, in turn, showed a more intense release of w/z = 17 and 
16, which may be related to NH3 formation. Both profiles 
displayed intense H2O release (w/z = 18 and 17). TPDec 
results (Fig. 3) corroborate those of FTIR (Fig. 2), showing 
that the NiMo and NiW samples differed in relation to the 
amount of H2O and NH4

+ and NO3
−.

Nickel hydroxides may exhibits polymorphism in varied 
crystallographic structures [37, 40]. The so‐called nickel(II) 
beta–hydroxide [β–Ni(OH)2], consists of parallel layer of 
Ni(OH)2 separated by interlamellar ions, which remain 
bound to the hydroxides by hydrogen bonds. Other nickel(II) 
hydroxides, such as alpha–hydroxide [α–Ni(OH)2], present 
excess interlamellar ions and result in less crystalline mate-
rials. This lower crystallinity observed in some hydroxides 
can be attributed to the formation of a turbostratic structure, 
in which the basal planes are randomly displaced between 
each other, increasing the spacing between these planes. In 
such hydroxides, the presence of water molecules is essential 
for the structural formation, positioned in an intercalated 
manner with OH− groups of the Ni(OH)2 hydroxide layer, 
remaining bonded to these OH− groups by hydrogen bonds 
[40].

There are reports in the literature about the occupation 
of the interlamellar spaces of lamellar double hydroxides, 
being observed the occurrence of molybdenum oxometalates 
(MoO4

2− at pH > 7) and tungsten oxometalates (WO4
2− at 

pH > 8, W12O42
12− at pH 7,8, W12O29

6− at pH 5,7) [42].

Fig. 2   FTIR–of catalysts precursors: (a) NiW calcined at 300 °C; (b) 
NiW dried at 120 °C; ( c) NiMo calcined at 300 °C; (d) NiMo dried 
at 120 °C
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The random displacement of the basal planes in tur-
bostratic hydroxide can generate anionic and/or cationic 
vacancies in the galleries between the lamellae that can be 
compensated by a variety of ions (H2O, NH4+, NO3−, OH−, 
MoO4

2−, WO4
2−, W12O42

12−and W12O29
6−) present in the 

mother liquor. Based on the characterization results (XRF, 
XRD, and FTIR), together with literature results [40–42], it 
was assumed that the catalysts precursors NiMo and NiW 
were composed of nickel hydroxide and ammonium molyb-
date (or tungstate). These precursors possibly presented a 
nickel turbostratic–structured oxy–hydroxide [α–Ni (OH)2] 
intercalated by oxometalates of molybdenum or tungsten.

TPC profiles (Fig. 4) indicated changes in the reduction/
carburization temperatures of NiMo and NiW catalysts pre-
cursors as compared to isolated oxides (NiO, MoO3, and 
WO3). According to the literature the carburization process 
of MoO3 and WO3 oxides occurs in two steps, being initi-
ated by the reduction of MeO3 to MeO2 (where Me = Mo or 
W) with H2O release; then, in a second step, the reduction/
carburization of MeO2 to MexCy occurs, with CH4 consump-
tion [34].

During the carburization of NiMo and NiW catalysts pre-
cursors, the reduction process of Mo and W oxides was facil-
itated by the contact with Ni, which in turn had its reduction 
affected, when compared to the pure oxides. The observed 
release of w/z = 28 can be attributed to the production of 
CO, which proves the consumption of CH4 in two regions, 
unlike that observed for pure oxides (MoO3 and WO3). The 
known carbon deposition process on metallic nickel may 
have facilitated the reduction of Mo and W oxides during 
TPC, which is in accordance with previously reported results 
in the literature [43]. Such changes in the temperatures of 
carburization and reduction could be attributed to the inti-
mate contact of the oxides generated by the good dispersion 
of the cations and to the existence of strong metal–metal 
interaction in NiMo and NiW samples.

3.2 � Characterization of the Fresh Catalysts

XRD analysis reveals the structures of NiW and NiMo 
catalysts become more crystalline after activation (Fig. 5), 
resulting in a combination of heterogeneous phases. When 
NiW carburized at 650 °C, there was the formation of Ni0 
(PDF # 04‐0850) and β–W2C (PDF # 35‐0776) phases. 
When the carburizing temperature increased to 750° C and 
850 °C, there was a tendency towards formation of α–WC 
(PDF # 25‐1047), β–W2C and Ni0, besides pyrolytic carbon 
as graphite (PDF # 41‐1487).

NiMo, on the other hand, formed Ni0 and β–Mo2C phases 
(PDF # 35‐0787) at any tested carburizing temperatures 
(650, 750 and 850 °C). Thus, the higher the final carburi-
zation temperature, the diffraction peaks become sharper 
(smaller FWHM—Full Width at Half Maximum) and 
increased the intensities, indicating crystallite grow. These 
characterize a sintering process. As reported in the litera-
ture [2], the α–WC/β–W2C and β–Mo2C phases occurred 
from TPC of CH4/H2 on tungsten and molybdenum oxides. 
Besides, Ni–W–C or Ni–Mo–C solid solutions may also 
have been formed [34]. Thus, for the catalytic evaluation, 
the carburization was conducted at 850 ºC to minimize struc-
tural alterations by sintering.

The results of N2 adsorption for the carbides samples 
(passivated after carburization at 850 ºC) indicate that 
Ni–Mo2C presented low BET specific area (Sg < 10 m2 g−1) 
and its isotherm (not shown) can be classified as type III, 
are characteristic of nonporous or macroporous materi-
als. Ni–WC samples exhibited a specific surface area of 
25 m2 g−1 and BJH pore volume of 0.09 cm3 g−1 with iso-
therm type IV and H3 hysteresis, characteristic of micro and 
mesoporous materials (similar as discussed above).

NiMo and NiW samples freshly carburized at 850° C (not 
passivated) presented negligible values of CO chemisorp-
tion, which can be attributed to the presence of pyrolytic/

Fig. 3   TPDec– (a) NiW and (b) 
NiMo (catalyst precursors dried 
at 120 °C)
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polymeric carbon coating the surface of the samples, as pre-
viously reported in the literature [44].

3.3 � Expended Catalysts Characterization

Post–reaction XRD analysis of Ni–WC (Fig. 6), in the case 
of equimolar proportions of the reactant (CH4/CO2 = 1) or 
excess of CH4 (CH4/CO2 = 1.5), revealed the presence of 
metallic nickel (Ni0), carbides (α–WC and β–W2C), and 
graphite carbon. However, when an excess of CO2 (CH4/
CO2 = 0.67) was employed, while Ni0 and α–WC phases 
remained the same, there was a decrease in peak diffrac-
tion intensity of the β–W2C and pyrolytic carbon (graphite) 
phases.

XRD patterns of Ni–Mo2C after reaction (Fig. 6) dis-
played metallic nickel (Ni0) and molybdenum carbide 
(β–Mo2C) for feed reactants mixtures with stoichiometric 
ratio (CH4/CO2 = 1.0) or excess of CH4 (CH4/CO2 = 1.5). 
For excess of CO2 (CH4/CO2 = 0.67), there was the presence 
of MoO2, due to the oxidation of β–Mo2C, while Ni0 phase 
was not affected. Besides, no pyrolytic carbon (graphite) was 

detected by XRD of Ni–Mo2C after reaction, for all reactants 
mixtures used as feed.

Figure 7 presents the Raman spectra for Ni–WC and 
Ni–Mo2C samples before (fresh) and post–reaction 
(expended). Resonance G (≅ 1580 cm−1), D (≅ 1330 cm−1) 
and D’ (≅ 1620 cm−1) bands, characteristic of the presence 
of non–diamond carbon (graphite or amorphous), are iden-
tified in the spectra. The ratio between the intensities of D 
and G bands (ID / IG) is used as an indicator of the degree 
of structural disorder. Broad D and G bands are charac-
teristic of graphitic carbon, the wider these bands in the 
spectrum, the more amorphous the material [45]. The ID / 
IG ratio increase for both catalysts Ni–WC and Ni–Mo2C 
after the reaction runs. This increase may be related to a 
larger organization of the pyrolytic carbon structures pre-
sent as graphite or amorphous form. However, the catalytic 
performance was not strongly dependent on these results. 
This region of Raman spectra (1200 to 1800 cm−1) was not 
adequate to evaluate carbidic carbon formation.

Fig. 4   TPC (20% CH4/H2) 
profiles for isolated oxides: (a) 
NiO; (b) MoO3; (c) WO3; and 
catalysts precursors (d) NiMo; 
(e) NiW
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Raman results (Fig. 7) corroborate with those observed 
by XRD (Fig. 6), confirming significant carbon formation 
on Ni–WC after reaction with CH4 /CO2 ≥ 1 and, also, the 
removal of carbon from Ni–Mo2C when used in excess of 
CO2, culminating with carbide oxidation.

3.4 � Complementary Characterization

TPR with CH4/He (Fig. 8) results revealed NiMo catalyst 
precursor exhibit the formation of H2O (w/z = 18) and CO 
(w/z = 28), indicative of reduction/carburation, at tem-
peratures lower than NiW catalyst precursor. The XRD 
analysis performed on these samples after TPC with CH4/
He (results not presented) revealed they were effectively 
carburized.

CO2/He–TPO results (Fig. 9) for Ni–Mo2C and Ni–WC 
carburized at 850 ºC showed the release of CO as indica-
tive of carbon oxidation. Ni–Mo2C was oxidized at a tem-
perature slightly lower than Ni–WC (617 ºC and 673 ºC, 
respectively). However, the results did not possible allow to 
distinguish the oxidation peak of the different carbon spe-
cies present (pyrolytic and carbidic), as Shi et al. (2012) 
have described in the literature [46]. The oxidation tem-
peratures observed in the present work are slightly lower 
than those registered by Shi et al. (2012) for pyrolytic car-
bon (675–689 °C) and carbidic carbon (856–854 °C) [46]. 
Such differences can be attributed to the different values 

Fig. 5   XRD patterns– (a) NiW, (b) NiMo–carburized at 650, 750 and 
850 °C, and (c) standard reference lines

Fig. 6   Post‐reaction XRD patterns of Ni–WC (a) e Ni–Mo2C (b) – 
expended samples
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employed in CO2 concentration, heating rates, and sample 
composition.

3.5 � Catalytic Evaluations

A blank experiment, conducted under previously described 
reactional conditions (Sect. 2.3., CH4/CO2 = 1), ensured 
the absence of non–catalytic gas phase reaction (negligi-
ble conversion). The experimental error was estimated to 
be about ± 2.2% (maximum), by analysis of variance (stu-
dent t–test), conducted in triplicated evaluation (DRM at 
800 ºC, CH4/CO2 = 1−sample Ni–WC carburized at 850 
ºC). The results (Fig. 10) showed that Ni–WC carburized 
at 850 °C was active and relatively stable, during 20 h 
(time–on–stream), for any of the CH4/CO2 molar ratios 
employed (Tests 1, 2 and 3). On the other hand, Ni–Mo2C 
carburized at 850 °C only showed activity and stability when 
CH4/CO2 molar ratio was higher or equal to 1 (Tests 1 and 
2). Moreover, if employed a CH4/CO2 molar ratio less than 1 

(Test 3) a rapid and intense deactivation occurred by oxida-
tion of Mo2C to MoO2, as verified by XRD (Fig. 6).

During the catalytic tests using Ni–WC, when employed 
CH4/CO2 ≥ 1 (Tests 1 and 2), there was a slight and pro-
gressive increase in gauge pressure tending to stabilizes 
near 1.5 bar at the end of analyzed period. This behavior 
corroborates the observed tendency of carbon deposition, 
also evidenced by XRD results of the catalysts after reaction 
(Fig. 6), which could lead to their deactivation when utilized 
for long periods. The NiMo sample, in turn, did not present 
a significant increase in pressure for any of the performed 
tests. Furthermore, no graphite carbon was detected by XRD 
of this sample after the reaction.

Thermodynamic calculations of DRM showed, for CH4/
CO2 = 1 at atmospheric pressure and 800 °C, the CH4 equi-
librium conversion ( Xeq

CH
4
= 96.3% ) is higher than CO2 

equilibrium conversion ( Xeq
CO

2
= 88.6% ) and H2/CO ratio 

is equal to 1.1 [16]. However, analyzing results in Fig. 10 
for CH4/CO2 = 1, we could observe that Ni–Mo2C cata-
lyst yielded a CO2 conversion (XCO2 ≅ 80%) higher than 
CH4 conversion (XCH4 ≅ 65%) and an H2/CO ratio close to 
0.75. Ni–WC presented a similar trend, CO2 conversion 
(XCO2 ≅ 85%) higher than CH4 conversion (XCH4 ≅ 75%) 
and an H2/CO ratio nearly 0.77, also in this case lower 

Fig. 7   Raman spectra of Ni–WC (a) and Ni–Mo2C (b) before and 
post‐reaction

Fig. 8   CH4/He–TPC profiles: (a) NiW and (b) NiMo (calcined at 300 
ºC, oxide form)
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than the calculated. The observed higher conversion of 
CO2 can be explained by the occurrence of the following 
reactions: Reverse Boudouard reaction (CO2 + C(S) → 2 
CO), where CO2 from the feed can gasify the carbon 
present on the catalyst; CO2 activation on the carbides 
(CO2 → CO + O*) that could lead to the carbide oxida-
tion (M2C + 5O* → 2 MO2 + CO, MC + 3O* → MO2 + CO, 
where M = Mo or W); Reverse water–gas–shift (RWGS) 
(CO2 + H2 → CO + H2O) where, part of the produced H2 
is consumed (decreasing the H2/CO ratio and H2 yield) by 
reaction with CO2, increasing its conversion. Furthermore, 
under the employed conditions, the RWGS reaction occurs 
in the gas phase, regardless of the presence or nature of 
the catalyst, and should be considered at thermodynamic 
equilibrium [30].

Darujati et al. (2003), employing bulk Mo2C in DRM, 
proposed that the catalyst only was stable if the so–called 
stability ratio ( RS =

PH2
+PCO

PCO2+PH2O

 ) exhibit value greater than 
0.8 [47]. Thus, the fast deactivation of Ni–Mo2C when 
CH4/CO2 was around 0.67 can be explained by considering 
that the increase in the CO2 partial pressure in reaction 
mixture leads to a decrease in stability ratio (RS) to values 
below 0.8. This effect also explains the decrease of W2C 

phase diffraction intensity in the NiW catalyst (Fig. 6.a) 
with CH4/CO2 ratio around 0.67.

According to results in present work and similar stud-
ies published in the literature, Ni–Mo2C and Ni–WC 
may be considered bifunctional catalysts. The stability of 
these catalysts may be associated to a continuous cycle 
of oxidation/(re)carburization where Mo2C, W2C, and 
WC carbides are more favorable to promote the activa-
tion of CO2 (CO2 → CO + O*) leading to their oxidation 
(M2C + 5O* → 2MO2 + CO, MC + 3O* → MO2 + CO, 
where M = Mo or W), whereas metallic nickel (Ni0) is more 
suitable to promote CH4 decomposition (CH4 → C* + 2H2) 
and (re)carburization of the oxides by pyrolytic carbon 
(2MO2 + 5C* → M2C + 4CO, MO2 + 3C* → MC + 2CO, 
where M = Mo or W). The ability of molybdenum and tung-
sten carbides to act as redox catalysts in DRM is previously 
reported in the literature [3, 15, 46, 48, 49].

The results of CH4/He–TPC for the catalysts precursors 
(Fig. 8) together with the results of CO2/He–TPO for the 
carburized catalysts (Fig. 9) corroborate with the hypothesis 
initially pointed out of oxidation/(re)carburization cycles 
during the DRM reaction.

Based on the results shown in Figs.  6–10, it can be 
pointed out that oxidation rates should be equal to (re)car-
burization rates to keep the catalyst stability over a continu-
ous cycle of oxidation/(re)carburization. Furthermore, the 
Ni–Mo2C catalyst is stable with CH4/CO2 ≥ 1, assuming the 
carbide oxidation rate equal to the MoO2 re‐loading rate in 
the catalyst.

Similarly, the carbon formation in the Ni–WC catalyst is 
more intense because WC is more stable and less suscepti-
ble to the oxidation/(re)carburization cycle. In summary, the 
Ni–WC catalyst proved to be stable only with an excess of 
CO2, which contributes to the effective removal of carbon 
formed at nickel sites; This carbon formation was detectable 
by XRD and Raman analysis (Figs. 6 and 7).

4 � Conclusion

Ni–WC and Ni–Mo2C were active catalysts in dry reform-
ing of methane at atmospheric pressure and temperature of 
800 ºC. However, their stability proved to be sensitive to 
the variation of CH4/CO2 molar ratio. Ni–Mo2C was sta-
ble under CH4/CO2 ≥ 1, whereas Ni–WC was stable when 
CH4/CO2 < 1. Thus, the cause of deactivation of these 
catalysts was due to the oxidation of the carbidic phase 
(Mo2C–MoxOy), when CH4/CO2 < 1; or by carbon deposi-
tion on Ni–WC for CH4/CO2 ≥ 1. The activity of these cata-
lysts, admitted bifunctional, was related to the oxidation/(re)
carburization cycles. Mo2C may be oxidized by CO2 at lower 
temperatrures than WC. In the same way, molybdenum oxide 

Fig. 9   CO2/He–TPO profiles: (a) Ni–WC and (b) Ni–Mo2C (carbur-
ized at 850 ºC)
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Fig. 10   DRM performance at variated ratio of CH4/CO2 (1.50, 1.00, 0.67) (T = 800 ºC, P = 1 atm): (a) Ni–WC; (b) Ni–Mo2C
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(MoxOy) is more easily carburized than tungsten oxide 
(WxOy).

Pyrolytic carbon deposited over nickel metal sites played 
a fundamental role in maintaining the Ni–Mo2C and Ni–WC 
catalyst activity, despite being the main cause of deactivation 
of conventional catalysts. In this case, carbon, as graphite, 
was responsible for the carbothermic (re)carburization of 
the molybdenum or tungsten oxy–carbides that had been 
partially oxidized by CO2.
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