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ABSTRACT

Carbon-supported Mo-W carbides were synthesized by two different methods (co-impregnation and sequential impregnation of W
and Mo precursors) to unravel how precursor impregnation controls carburization pathways. In situ W L;-edge HERFD-XAS and
Mo K-edge XAS, quantitatively analyzed by MCR-ALS reveals that all samples follow a 3-component sequence “oxide — reduced
oxide — carbide” upon temperature-programmed carburization. However, the temperature window of the reduced MoO,-WO;_,
coexistence is route-dependent. Co-impregnation and preliminary carburization of W generate extended overlapping domains
(300°C-420°C) in which both reduced oxides are simultaneously formed, promoting cooperative oxide-oxide transformations
and leading to mixed Mo-W carbidic environments, consistent with XRD and TEM. In contrast, in the route where Mo is
carburized first, pre-reduced molybdenum domains trigger early W reduction and shorten the MoO,-WO;, overlap window,
leading to independent transformation paths for the two metal precursors and to the formation of separate Mo-rich and W-rich
carbide phases. These results demonstrate that impregnation and carburization orders are decisive synthetic levers for directing
the speciation of Mo-W carbide towards mixed bicarbides or phase-segregated Mo-rich/W-rich carbides providing actionable
guidelines for designing bifunctional carbide catalysts.

1 | Introduction their economic advantages and large availability but also from

their tolerance to poisoning agents, which frequently deactivate

Since the pioneering discovery by Levy and Boudart, who
demonstrated the similarities in Pt and W carbide electronic
structures, transition metal carbides (TMCs) like molybdenum
(Mo) and tungsten (W) carbides have emerged as promising
alternatives to noble metals in heterogeneous catalysis [1, 2].
Since then, supported Mo and W carbides have been widely
applied in a variety of catalytic reactions including isomerization,
hydrogenation, hydrodesulfurization (HDS), hydrodeoxygena-
tion (HDO), biomass conversion and electrocatalysis [3-9]. The
growing interest in Mo and W carbides comes not only from

noble metal catalysts [10] making supported carbides particularly
attractive for use in harsh catalytic environments.

Beyond their stability, Mo and W carbides exhibit catalytic
activities comparable to noble metals, while offering distinct
selectivity patterns [11, 12]. Importantly, combining both metals
in mixed carbides provides a unique opportunity to couple
the metallic functionality of Mo with the oxophilic nature of
W, leading to bifunctional catalysts [13, 14]. Previous studies
demonstrated that Mo-W interactions can significantly enhance
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hydrogenation and HDO performance, lowering carburization
temperatures and tuning product selectivity through synergistic
effects. The precise Mo:W ratio was also found to strongly influ-
ence activity and mechanistic pathways in both thermocatalytic
and electrocatalytic reactions [15, 16].

The synthesis process of supported MoW bimetallic carbides
directly influences their phase composition, structural properties,
and catalytic performance [2]. Controlled synthesis of MoW
bimetallic carbides coupled to advanced characterizations at
the molecular scale is crucial for understanding the structure-
activity relationship. This allows for the adjustment of the
optimal composition and phase distribution, enhancing catalytic
efficiency, stability, and synergy between Mo and W sites, lead-
ing to improved performance in heterogeneous catalysis. The
synthesis of TMCs typically relies on temperature-programmed
carburization (TPC) or reduction methods, where parameters
such as precursor composition, reactive gas, and heating profile
dictate the resulting phase [17, 18]. A well-established difference
between Mo and W carbides is their distinct carburization
behavior: Mo carbides form at significantly lower temperatures
than W carbides [19-21]. The addition of Mo has been shown to
facilitate the carburization of W, highlighting the importance of
cooperative effects during synthesis [15, 20, 21].

However, the role of the order of the carburization sequence
in shaping the structure and composition of supported Mo-W
carbides has not been systematically investigated. While the influ-
ence of the impregnation sequence of the metal precursor has
been reported in related bimetallic systems, the impact of step-
wise carburization on carbide formation remains poorly explored.
Addressing this knowledge gap is crucial for understanding the
structure-activity relationship and for rational catalyst design.

In this work, we report on carbon-supported Mo-W carbides pre-
pared by co-impregnation and successive carburization strategies.
A combination of x-ray diffraction (XRD), transmission electron
microscopy (TEM), and in situ x-ray absorption spectroscopy
(XAS) coupled with multivariate curve resolution-alternating
least squares (MCR-ALS) analysis is employed to elucidate the
influence of preparation route on phase evolution and metal
speciation during carburization.

2 | Experimental Part
2.1 | Synthesis

Carbon-supported mono- and bimetallic Mo/W carbides were
synthesized by incipient wetness impregnation followed by
temperature-programmed carburization (TPC) and passivation.
Ammonium heptamolybdate (AHM, Sigma Aldrich, >99%) and
ammonium metatungstate (AMT, Sigma Aldrich, >85% WO,
basis) were used as Mo and W precursors, respectively, while
NORIT SX1 activated carbon (Sger = 1024 m? g~!, pore volume =
1.36 mL g~') was used as support. Bimetallic carbides with a Mo:W
molar ratio of 3:1 and a total metal surface loading of 0.6 at nm™>
(1 mmol of metal per gram of catalyst) were prepared using two
different approaches: co-impregnation-carburization and 2-step
impregnation-carburization. Weight loadings are summarized in
Table S1. In the co-impregnation-carburization method, aqueous

solutions of AHM and AMT with the desired molar ratio were
mixed, and the resulting solution was impregnated onto the car-
bon support. In the 2-step sequential impregnation-carburization
method, the support was first impregnated with one precursor,
carburized and passivated. Then, it was impregnated with the
second precursor, followed by a second carburization step and
passivation under identical conditions. After impregnation, the
samples were dried in air at 100°C for 4 h.

Temperature-programmed carburization (TPC) was performed in
a U-shaped quartz reactor using 2 g of precursor material under
20% CH,/H, (total flow = 10 L h™! g!). The temperature was
increased to 600°C at a heating rate of 50°C h~!, maintained for
2 h, and then cooled down to ca. 400°C before quenching to room
temperature in a water bath.

To prevent pyrophoric behavior, the resulting samples were
passivated under 1% O,/He (30 L h™! g™) for 2 h before exposure
to air [22]. The final materials were stored in glass vials until use.

For clarity, the samples are denoted as follows. The monometallic
samples are referred to as Mo-only and W-only. The bimetallic
samples with a nominal Mo:W molar ratio of 3:1 on carbon
(Mo;W,-C) are denoted according to the preparation route: co-
imp. for co-impregnation, W-first when the 2-step sequential
impregnation started with AMT, and Mo-first when the 2-step
sequential impregnation started with AHM. The sequences of
TPC experiments for each sample are schematically summarized
in Figure 1.

2.2 | Characterization

The specific surface area and total pore volume of the samples
were determined by nitrogen physisorption using a BEL156 anal-
yser. The Brunauer-Emmett-Teller (BET) method was applied
to calculate the specific surface area. Prior to the analysis, the
samples were degassed under high vacuum (10~* mbar) at 150°C
for 4 h. The total pore volume was estimated from the amount of
nitrogen adsorbed at relative pressures close to unity. The char-
acteristic pore sizes were derived from Barrett-Joyner-Halenda
(BJH) pore size distributions.

The Mo and W contents were quantified by inductively coupled
plasma optical emission spectroscopy ICP-OES (Agilent 5100).
For the analysis, the samples were mineralized in a 1:1 (v/v)
mixture of HNO; and HF in Savillex tubes and heated at 100°C
for 72 h. After mineralization, the residual carbon support was
removed by filtration. The measured values are in good agree-
ment with the nominal loadings, confirming that the synthesis
procedures yield the intended Mo:W ratio (Table S1).

Powder x-ray diffraction (XRD) was carried out on a Bruker D8
Advance diffractometer equipped with a Cu K« radiation source
(A =1.54184 A). Diffractograms were recorded over a 26 range of
10°-90° with a step size of 0.02°.

High-resolution transmission electron microscopy (HR-TEM)
images were obtained using a JEOL JEM 2100 microscope
operated at 200 keV and equipped with an Oxford Instruments
energy-dispersive x-ray (EDX) detector. Additional EDX mapping
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Schematic overview of the Temperature-Programmed Carburization experiments performed for each sample. In addition, arrows

indicate the starting point of in situ XAS characterizations: W L;-edge HERFD-XAS analysis (blue) or Mo K-edge XAS analysis (red). WO; and MoO;
are indicated to clarify the transition metal species involved, but this notation provides no information on the actual speciation of Mo and W. Moreover,

in situ XAS experiments do not include the last passivation step.

was performed on a JEOL 2100F field emission electron micro-
scope with a probe size of 0.5 nm to determine the Mo:W atomic
ratio. For TEM sample preparation, a small amount of catalyst
was suspended in ethanol, ground, sonicated for 3 min, and drop-
cast onto a carbon-coated Cu grid. Image analysis was performed

using the ImageJ software [23].

X-ray absorption spectroscopy, in particular x-ray absorption
near-edge structure (XANES), was performed to follow in situ

Institute in Grenoble, France [25]. Approximately 100 mg of the
powder sample was loaded into a carbon plug-flow reactor and
carburized under 20 vol.% CH,/H, (10 Lh™! g™!). All samples were
heated to 600°C at 60°C h~! with 2 h isothermal plateaus at 300°C
and 600°C. XANES spectra (2 min per scan) were continuously
collected during heating, while EXAFS scans ranging up to
10700 eV were recorded at the isothermal steps (7 min per scan).
After carburization, the samples were quenched under He flow to
room temperature and additional EXAFS spectra were acquired.

the carburization of carbon-supported mono- and bimetallic

Mo/W samples as well as to characterize their final states.
High energy resolution fluorescence detected x-ray Absorption
Near Edge Structure (HERFD-XANES) spectra at the W L;-edge
and conventional XAS spectra at the Mo K-edge (20 000 eV)
were obtained at the European Synchrotron Radiation Facility
(Grenoble, France) on the CRG-FAME-UHD beamline (BM16).
The synchrotron ring operated in the top mode at 6 GeV
electron energy with a nominal current of 200 mA in 7/8+1
mode. The beamline was equipped with cooled Si (220) double-
crystal monochromator surrounded by two Rh-coated mirrors

Complementary conventional Mo K-edge XAS measurements
in both transmission and fluorescence modes were carried out
under identical carburization conditions. The same monochro-
mator as for the W L;-edge was used. The monochromator was
energy-calibrated by measuring the molybdenum K-edge using
a metallic Mo foil (20000 eV). The fluorescence spectra were
acquired using a MIRON 16 element Ge solid-state detector
positioned at a 90° to the incident beam. XANES spectra were
collected with a typical acquisition time of 4 min per scan, while
EXAFS spectra were acquired up to 20 750 eV (15 min per scan).

for harmonic rejection. The monochromator energy resolution is

0.335 eV [24]. The beam size on the sample was approximately
200 x 120 ym (HxV, FWHM). The monochromator was energy-
calibrated by measuring the tungsten L, absorption edge using a

metallic tungsten foil (10207 V).

The W L;-edge HERFD-XANES spectra were recorded with a
crystal analyzer spectrometer (CAS) using seven spherically bent
Si (551) crystals in a Rowland geometry. The spectra were recorded
at the W Lal emission line using a Silicon Drift Detector. The total

The sequence of TPC experiments and the corresponding W
L;-edge and Mo K-edge measurements for each sample are
schematically summarized in Figure 1.

Ex situ reference spectra were collected for Mo and W oxides, car-
bides, metallic phases, and a bulk hexagonal MoWC synthesized
in-house and confirmed by XRD and STEM-EDX. Additional
information on reference preparation and acquisition parameters
are provided in the Supporting Information.

energy resolution of the HERFD-XANES data was estimated to

be approximately 1 eV. In situ XAS experiments were performed
using a high-temperature dedicated cell developed at the Neel

To perform chemometric analysis, multivariate curve resolution-
alternating least squares (MCR-ALS) was applied to normalized
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TABLE 1 | Textural properties of the carbon support and carbide
samples obtained by Temperature-Programmed carburization (TPC) at
600°C. All values correspond to passivated materials.

Sample Sper, M* 7' Ve, cm® g1 dy g, NM
Carbon support 1073 0.71 2.6
Mo-only 726 0.49 2.7
W-only 762 0.49 2.6
Mo, W,-C co-imp. 723 0.51 2.9
W-first 720 0.52 2.9
Mo-first 742 0.50 2.8

XANES datasets using the Fastosh software package [26]. The
spectral matrix D was decomposed into concentration profiles
(C) and pure spectral signatures (S) according to the bilinear
model D = C x ST + E, where ST denotes the transpose of S
and E is the residual error matrix. The number of components
was estimated by principal component analysis, and constraints
of non-negativity were applied during ALS refinement. Pure
components were identified by comparison with reference spec-
tra. All spectra were included in the analysis, including those
recorded during the 2 h temperature plateaus, so that both
continuous heating and isothermal stages contributed to the
resolved component profiles.

3 | Results

The specific surface areas and pore volumes of both carbon
support and passivated samples are summarized in Table 1. All
materials exhibit a typical type IV isotherm with an H3 hysteresis
loop, characteristic of mesoporous carbons. Metal loading led
to a decrease of the surface area by about 30% compared to
the bare support. Importantly, no significant differences were
observed among the carbides, including the bimetallic Mo;W,—
C samples prepared by the three different routes, which all
retained surface areas of ca. 720-740 m? g~! and pore volumes
of 0.5 cm® g%, This indicates that neither the Mo:W ratio nor
the preparation sequence has a noticeable effect on the textural
properties of the catalysts. The decrease compared to the parent
carbon is greater than the mass addition of carbide alone and can
be attributed to the incorporation of non-porous metal/carbide
nanoparticles into the support and possible partial pore plugging
during carburization.

XRD analysis was performed to gain insight into the evolution
of crystallographic phases in the monometallic and bimetal-
lic samples after carburization. The bare support subjected to
temperature-programmed carburization (TPC) conditions also
exhibits diffraction features, with signals at 26 of 26° correspond-
ing to the (002) reflection of the graphitic hexagonal phase (PDF
01-071-3739), as well as additional reflections arising from silica
impurities (Figure S1) indicated with stars on Figure 2.

The x-ray diffraction patterns of the mono-metal Mo and W
samples, together with the bimetallic Mo;W,-C sample prepared
by co-impregnation, are shown in Figure 2a. First, it has to be
noted that no peaks corresponding to the metal oxide phase were

observed by XRD. Thus, the bulk crystal structure of the carbide
materials was not affected by the passivation step performed to
prevent vigorous oxidation upon exposure to air.

Second, it should be emphasized that due to the similarity of
diffraction patterns of Mo and W carbides, as well as Mo-W
mixed carbides, the attribution of peaks to a specific phase cannot
be entirely unequivocal. Moreover, there is inconsistency in the
terminology used for Mo and W carbides. For example, the
most thermodynamically stable phase of molybdenum carbide,
hexagonal Mo,C, is referred to in the literature either as «-Mo,C
[27] or B-Mo,C [28], while the metastable face-centered cubic
(fcc) MoC,, is sometimes described as a-MoC,, [29] and in other
cases as 6-MoC,, [30]. A similar confusion exists for tungsten
carbides, which is further complicated by the multiplicity of
polymorphs stable at different temperatures [31]. In this work,
we adopt the following notations: a-MoC,,, for the fcc phase
and B-Mo,C for the hexagonal phase, while for W carbides
WC,, and W,C are used for the cubic and hexagonal phases,
respectively.

The monometallic W sample (W-only) exhibits reflections at
260 = 40°, 58°, 73°, and 86°, corresponding to cubic metallic W
(PDF 04-001-2998). Under the standard carburization protocol
(600°C, 2 h), the dominant phase is therefore metallic tungsten,
in line with literature reports indicating that W is more difficult
to carburize than Mo under comparable conditions [20, 32, 33].
However, weak additional shoulders around 36° and 61°-62°
relative to the bare support suggests the incipient formation of
cubic tungsten carbide. Additional experiments in which the
dwell time at 600°C was varied (0, 2, 10 h; Figure S2) indicate
that W carburization is kinetically hindered. In contrast, the
diffraction pattern of the Mo-only sample contains no metallic
reflections. Although the characteristic peaks are broad and
significantly overlap with those of the support, the increase in
intensity around 26 of 62° can be assigned to the cubic a-MoC,,
phase (PDF 04-002-0152). The broad diffraction features of the
supported samples are consistent with nanosized domains [34], as
further confirmed by TEM analysis (Figures 3 and 4). Therefore,
TPC of Mo leads to the metastable fcc a-MoC,, rather than to the
more stable hexagonal 8-Mo,C. This can be explained by the effect
of the support, which stabilizes the metastable phase due to the
very small particle size of the highly dispersed carbide domains
[17,35]. This effect was observed in literature [18, 36]. For example,
Shrestha et al. [36] used DFT and thermodynamic analyses to
establish particle-size-dependent phase diagrams for Mo and W
carbides, showing that fcc phases are stabilized at small sizes,
while hexagonal and orthorhombic polymorphs become favored
as the crystallites grow larger. For comparison, bulk carburization
of AHM salt under identical conditions results in the hexagonal
B-Mo,C phase (Figure S3).

Regarding the bimetallic samples, the diffraction pattern of the
co-imp. sample reveals reflections at 26 of 36°, 42°, and 62°,
characteristic of cubic carbides. Importantly, no metallic tungsten
peaks are observed, in clear contrast with the monometallic W
sample. This indicates that the presence of Mo promotes the
carburization of W under the applied conditions. Nevertheless,
XRD alone cannot determine whether the reflections arise from a
mixture of a-MoC,, and WC,, or from a genuine Mo-W bicarbide
phase of variable stoichiometry.
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FIGURE 2 | Powder XRD patterns of the passivated samples after Temperature-Programmed Carburization (TPC) up to 600°C. (a) Monometallic
Mo-only, W-only, and bimetallic Mo;W;-C (co-imp.) compared with reference reflections of cubic carbide phases (e.g., &-MoCy 4 phase—PDF 04-002-
0152) and bee metallic W (PDF 04-001-2998). (b) Bimetallic Mo; W;—C samples prepared by co-impregnation, W-first, and Mo-first methods. Stars indicate

the XRD peaks of the graphitic hexagonal phase and SiO, impurities in the bare support.

FIGURE 3

High-resolution TEM images of the mono-metallic samples after Temperature-Programmed Carburization up to 600°C.
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FIGURE 4

temperature-programmed carburization (TPC) up to 600°C.

High-resolution TEM images of the bimetallic Mo; W;—C samples prepared by co-impregnation, W-first and Mo-first procedures after
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The influence of the preparation method on the composition
of Mo, W,-C samples after carburization is shown in Figure 2b.
It has to be noted that repeated experiments have confirmed
the observed XRD patterns (Figure S4). Similar to the co-
impregnation method, the W-first sample exhibits only broad
reflections of cubic carbide phases, with no metallic W detected.
Control experiments, where the second impregnation step of
the W-first route was performed using pure water instead of
AHM solution, yielded very weak features of metallic W (Figure
S5), thereby excluding two-step exposure to water as the sole
origin of the absence of metallic W in W-first Mo, W,-C sample.
Remarkably, when the carburization begins with Mo (Mo-first
sample), the diffraction pattern contains both the cubic carbide
reflections (20 = 36°,42°, 62°) and metallic W peaks (26 = 40°, 58°,
73°, 86°). Based on TEM (see below and Figure S6), the carbide
reflections can be attributed to a-MoC,_,, while the additional
peaks correspond to metallic tungsten.

These results suggest that Mo facilitates W carburization only
when both elements are transformed simultaneously (co-imp.
sample). Once Mo is fully carburized (Mo-first), the W carbur-
ization does not seem to happen, W being then only reduced to
its metallic state. Overall, the data indicate that cooperative Mo-
W interaction favors simultaneous carburization and possibly
alloying, thereby promoting the transformation of tungsten into
carbide [37, 38].

The TEM images of the passivated samples (Figures 3-4) reveal
differences in particle size, phase identity, and composition
for the different preparation routes. Particle size distribution
histograms are available in Figure S7. The Mo-only sample dis-
plays uniformly dispersed nanoparticles on the carbon support.
High-resolution TEM shows lattice fringes of d = 0.24 nm,
corresponding to the (111) plane of fcc a-MoC,,, (PDF 04-002-
0152) with an average particle size below 2.0 nm, confirm-
ing that nanoscale dispersion stabilizes the metastable cubic
carbide.

In contrast, the W-only sample exhibits larger, partially agglomer-
ated particles, although they remain relatively well distributed on
the support. The measured lattice spacing of 0.22 nm matches the
(110) plane of cubic metallic W (PDF 04-001-2998). The average
particle size is about 4.5 nm, in good agreement with the crys-
tallite size of 4.2 nm determined from Scherrer analysis of XRD
peaks. It should be noted, however, that Scherrer analysis reflects
coherent diffraction domains and may slightly underestimate full
particle dimensions.

For the bimetallic Mo;W,-C samples, the average particle size lies
between those of the monometallic carbides (2.4-3.6 nm depend-
ing on preparation). In the co-impregnated material (particle size
= 2.6 nm), particles are more homogeneously distributed than
in W-only, and HRTEM reveals only carbide lattice spacings.
STEM-EDX analysis on numerous single particles demonstrates
the simultaneous presence of both Mo and W suggesting the
presence of bimetallic single particles. While the overall Mo:W
ratio determined by ICP-OES corresponds to the targeted 3:1
composition (Table S1), individual particles show variability (e.g.,
40:60, 43:57, 39:61; Table S2). Bimetallic particles seem to be richer
in W. Hence, the presence of (small) monometallic Mo carbide
particles cannot be excluded.

The sequential carburization route yields more contrasted results.
When W is carburized first (W-first), the resulting sample
resembles the co-impregnated one: particle sizes remain in the
intermediate range (= 2.5 nm), and EDX results (Table S2)
confirm a simultaneous presence of Mo and W, consistent with
the formation of mixed carbides at the single particle level.
By contrast, the Mo-first sample exhibits more pronounced
agglomeration. The particle size distribution (Figure S7) suggests
two particle populations characterized by distinct mean sizes
(3.6nm and 2.4 nm). Although TEM analysis alone does not allow
one an unambiguous assignment of particle size to a specific
phase, HRTEM analysis (Figure S6) reveals lattice spacings
consistent with both metallic W and a-MoC,,. Considering these
observations together, the bimodal distribution may reflect the
coexistence of two material populations, with the larger particles
likely related to metallic W domains and the smaller ones to Mo
carbide.

Overall, the size trend follows Mo-only (< 2.0 nm) < Mo;W,-C
(=2.4-3.6 nm) < W-only (= 4.5 nm). The stabilization of smaller
crystallites in the bimetallic samples is likely facilitated by Mo-W
alloying and associated strain effects, which hinder coarsening.
[15, 21] Conversely, residual metallic W in the Mo-first route is
consistent with particle growth and agglomeration.

3.1 | X-ray Absorption Spectroscopy

XANES analysis of the mono- and bimetallic Mo/W samples has
been performed during temperature-programmed carburization
(TPC). XANES is particularly appropriate for monitoring in situ
the evolution of the oxidation state and local coordination of
metal centers, thereby complementing diffraction-based tech-
niques that probe only long-range crystalline order. It provides
thus valuable insights into the dynamic structural evolution
of the catalysts [39-41]. To extract quantitative and kinetically
meaningful information from the evolving spectra, we com-
bined conventional XANES descriptors (edge position, white-line
intensity, pre-edge features) with chemometric analysis by MCR-
ALS. This approach allows one to decompose XANES series into
pure components in order to track their temperature-dependent
evolution [42-44]. For all datasets (mono- and bimetallic sam-
ples), MCR-ALS analysis consistently converged to three pure
components for describing the temperature evolution of the metal
speciation. This choice was guided by (i) the scree plots obtained
from Principal Component Analysis (PCA) (Figures S8 and S9),
(ii) the structural analogy with reference compounds, and (iii)
the internal consistency of the temperature evolution across
datasets. Attempts with four components yielded an additional
factor that was essentially redundant, showing similar spectral
features and temperature evolution as one of the three selected
components. Therefore, the three-component model was retained
throughout, ensuring comparability between the mono- and
bimetallic systems.

The spectra of well-defined W- and Mo-containing reference
compounds, together with their discussion and calibration of
spectral features against oxidation state, are presented in the
Supporting Information (Figures S10 and S11). It should be noted
that the reference spectra used for comparison with the MCR-
ALS pure components correspond to bulk crystalline compounds,
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whereas the samples under study consist of highly dispersed
species supported on carbon. Such dispersion and metal-support
interactions can alter the local coordination and electronic
structure, leading to subtle shifts in edge position and white-line
intensity relative to the bulk references [45].

3.1.1 | WL;-edge Analysis

The W L;-edge HERFD-XANES spectra recorded during TPC
for the W-only sample are shown in Figure 5a and the full
set of spectra for all samples in Figure S12. The MCR-ALS
deconvolution for the W-only sample is presented in Figure 6. At
low-moderate temperature (< 400°C), spectra are dominated by
a first component (C1) with edge energy (E, =10209.4 eV) and an
intense, clearly split white line, closely match the AMT/WO; ref-

erences (Figure S10) and indicate W®* in octahedral coordination
[46]. The use of HERFD is crucial here, as the enhanced energy
resolution allows us to resolve the characteristic doublet structure
of the white line for W, which would be largely smeared out in
conventional XANES and thus provides a sensitive probe of subtle
electronic and coordination changes around W.

Between 300°C-500°C, the oxide fraction declines while a
reduced WO, component (C2) grows, this component exhibits
a slight shift of E, to lower energy with a decrease and partial
collapse of the white-line doublet, consistent with an oxygen-
deficient mixed phase positioned between WO, and WO, refer-
ences. Above 400°C, the reduced WO, fraction is progressively
replaced by a third component (C3) whose spectral features
(lower overall white-line intensity, broadening and merging of the
doublet and a shift of the white line maximum to 10206.9 eV)

ChemCatChem, 2026
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are consistent with the W,C reference and increased W-C
covalency/metallic character [47]. Thus, the HERFD-XANES
MCR-ALS analysis reveals a three-component sequence during
temperature-programmed carburization: oxide — reduced oxide
(WO,.,) — carbide-like, with the evolution of the split white line
providing a particularly sensitive marker of the gradual transition
from W-0 to W-C coordination.

Notably, while the final (C3) MCR-ALS component shows the
closest similarity to the hexagonal W,C reference for the W-only
sample, ex situ XRD (Figure 2) reveals predominantly metallic W,
accompanied by minor reflections corresponding to a cubic, non-
stoichiometric carbide phase. The apparent discrepancy between
XRD and XAS results may arise from the different length scales
probed by the two techniques. While XRD shows that the final
solid retains the becc structure of metallic W, HERFD-XANES
data reveal increasingly pronounced W-C bonding and a char-
acteristic modification of the white-line doublet, consistent with
early-stage carbon uptake at interstitial sites. Hence, it may be
concluded that, up to 600°C for the W-only sample, the local elec-
tronic environment around W becomes carbidic (HERFD-XAS),
while the material still retains its bcc crystallographic structure
(XRD). Such transient, nonstoichiometric WC, phases, in which
local carbidic coordination precedes a full lattice transformation,
are well documented during early stages of tungsten carburiza-
tion [48, 49]. This cubic WC,, phase, frequently reported for
carbon-supported carbides, is not available in bulk crystalline
form, which explains its absence from the reference library; the
same also concerns the MoC,, cubic carbide reference.

The MCR-ALS results of the W L;-edge spectra for the three
bimetallic samples are shown in Figures S13-S15 and the full
set of spectra in Figure S12. As for the monometallic W system,
the main components are obtained and can be assigned to oxide
(C1), reduced-oxide (C2), and carbide-like/carbide (C3) species.
The characteristic of the C3 component raises also an apparent
discrepancy between XRD (Figure 2) and XAS for the Mo-first
sample (Figure S15): C3 appears predominantly carbidic and close
to W,C in HERFD-XANES, whereas XRD still shows reflections
of metallic W. As postulated for the W-only case this contrast
can be rationalized by the different structural sensitivities of
the two techniques: HERFD-XANES detects local W-C bonding
and the associated modification of the white-line doublet before
the long-range lattice rearranges, while XRD continues to probe
a predominantly metallic bcc phase until carbon incorporation
becomes extensive.

To visualize the evolution of the carbidic environment across all
compositions, the C3 spectra of the four W-containing samples
are compared in Figure 7. All spectra display the characteristic
broad white line with attenuated post-edge features that signify
W-C coordination. Yet, two distinct spectral families can be
distinguished. For the co-impregnated (green spectra in Figure 7)
and W-first (yellow spectra in Figure 7) samples, a systematic
shift of the white-line maximum to higher energy (~0.6 eV)
is observed, together with a more structured post-edge region,
indicative of a less metallic, more strongly carbidic environment.
In contrast, the W-only and Mo-first samples show a lower white-
line E, consistent with a carbide-like but more metallic character
consistent with XRD showing reflections of metallic W. These
subtle but systematic differences, resolved by HERFD-XANES,

C3 components
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\ Photon energy / eV
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FIGURE 7 | Comparison of the carbide-like (C3) components
extracted by MCR-ALS from the W L;-edge XANES spectra of the four
samples studied. The main panel shows the normalized C3 spectra of
pure components. The inset presents the first derivatives of the same
spectra.

highlight the strong influence of synthesis sequence on the local
W environment during carburization and underscore the added
value of HERFD for in situ studies of tungsten carbides, which
remain scarcely documented in the literature.

These spectral differences confirm XRD results and show that
two different local electronic environments are formed depending
on the preparation route. For the W-only and Mo-first samples
the metallic W (bcc) environment probed with XRD corresponds
to non-stoichiometric W-C,, domains probed with XAS where
carbon occupies interstitial sites in a structure that retains its
bce metallic lattice. For the co-imp. and W-first samples a Mo-
W carbide environment is detected both with XAS and XRD.
Moreover, in the co-imp. and W-first samples, stronger Mo-
W mixing may facilitate deeper carbon insertion and structural
reorganization, producing a genuine mixed Mo-W carbide that is
detected by both methods.

The temperature-resolved evolution of the three MCR-ALS com-
ponents (oxide — reduced oxide — carbide/carbide-like) for
the bimetallic samples at the W L;-edge is summarized in the
predominance-window diagram (Figure 8). One may refer to
Figure 1 to follow the preparation route and the step at which
XANES analysis is performed.

In the co-impregnated sample, the oxide fraction remains domi-
nant up to 250°C only, a temperature significantly lower that for
W only (420°C). Similarly, for co-imp. the carbide-like fraction
grows gradually, reaching 10% at 366°C (vs. 424°C for W-only) and
becoming dominant 50°C earlier than for W-only. The lower tem-
peratures of transition of the “oxide — reduced oxide — carbide-
like” sequence for the co-imp. sample with respect to W-only
suggest the existence of mixed MoO, -WO;_, domains, consistent
with the intimate oxide mixing promoted by co-impregnation
in the co-imp. sample promoting the reduction/carburization of
tungsten by molybdenum.
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arrows indicate the onset temperatures (T, ) for the appearance of the C2 (reduced-oxide) and C3 (carbide-like) components, respectively, defined as

the temperature at which the corresponding species reaches 10% of its maximum fractional contribution.

In the W-first sample, it should be noted that XANES analysis
starts after Mo impregnation following the first W impregnation-
carburization-passivation sequence (Figure 1). Figure S14 shows
that W was fully reoxidized during the subsequent Mo impreg-
nation step, as component Cl1 is entirely oxidic. The temperature
evolution of the W-first sample (Figure 8a) closely resembles
that of the co-impregnated sample, indicating that intimate
oxide mixing also occurs after Mo impregnation. Hence, both
routes lead to similar outcomes, as already evidenced by XRD
(Figure 2b). The main noticeable difference arises from the higher
stability of the W oxide component, which persists to higher
temperatures (310°C for W-first vs. 250°C for co-imp.). This
delay likely results from the kinetic constraint imposed by the
passivated W phase in W-first, which becomes activated only after
Mo reduction progresses.

For the Mo-first sample, all transitions are shifted to much
lower temperatures. This sample shows the earliest loss of oxide
dominance (145°C) and the lowest temperature for the rise of
the carbide component, which appears at 249°C and becomes
dominant above 360°C. The pre-existence of reduced Mo domains
(as discussed below) formed during the first Mo impregnation-
carburization-passivation sequence (Figure 1) likely promotes W
reduction and carburization, thereby suppressing the induction
period observed in the W-first route.

3.1.2 | Mo K-edge Analysis

The Mo K-edge XAS spectra recorded during TPC for the Mo-
only sample is shown in Figure 5b and the full set of spectra
for all samples is given in Figure S16. The corresponding MCR-
ALS analysis is presented in Figures 9 and S17-S19. Chemometric
analysis of the Mo-only sample (Figure 9) resolves three main
components: oxide (Cl), reduced-oxide (C2), and carbide (C3)
revealing the same oxide — reduced oxide — carbide sequence
as for the W L;-edge. However, two differences may be high-

lighted with respect to the W case. First, the C2 (reduced-oxide)
component appears more reduced at an edge position consistent
with MoO, (see the inset in Figure 9b). Second, the edge position
of the C3 component lies at a slightly higher energy than that
of the carbide references (Mo,C and MoWC, Figure S11), while
XRD demonstrates the presence of carbide nanoparticles after
TPC (Figure 2). This shift may be explained by two factors: (i) the
nanometric size of the supported molybdenum carbide particles
that may lead to a strong metal-support interaction and (ii) the
presence of tungsten for bimetallic samples. Both effects likely
decrease the electron density around the Mo center and thus shift
E, to higher energy.

The temperature evolution of all pure components obtained
from MCR-ALS is summarized in the predominance-window
diagram (Figure 8b). It can be noted that part of the reduction-
carburization sequence occurs during the 2 h temperature
plateaus at 300 and 600°C (see abrupt changes in Figures 9
and S15-S19) which imply that reduction and carburization of
Mo may be under kinetic control [50-52]. In contrast to the W
case, Figure 8b shows that the stability domain of the oxidic C1
component, as well as the onset of C2 (MoO,) formation, are
only weakly affected by the preparation route, since most of the
changes occur during the 2 h plateau at 300°C. For all samples, the
oxide component remains dominant up to 300°C, where the first
reduction step of Mo(VI) to MoO, under CH,/H, occurs. The C2
component then becomes predominant, preceding carburization.

The onset of Mo carbide formation (C3 component, green
arrow) is also very similar among the samples (within a 30°C
range), indicating that the initiation of Mo carbide formation is
only weakly dependent on the preparation route. All samples
are fully carburized after the 600°C plateau. Nonetheless, the
predominance of Mo carbides (green area, Figure 8b) starts at a
lower temperature for the bimetallic Mo-W carbides than for the
Mo-only sample, implying that the presence of W facilitates Mo
carburization.
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at 300°C and 600°C. (b) Corresponding pure component spectra, with their edge energies positioned in the Ej-oxidation state calibration plot (inset,

Figure S11).
4 | Discussion

Figure 10 schematically illustrates the sequential transformations
occurring during carburization and their dependence on the
synthesis route. It highlights the progressive evolution from
oxides to reduced oxides and finally to carbides, together with
the characteristic onset temperatures deduced from MCR-ALS
analysis (Figure 8). The scheme emphasizes that the relative
temperature and overlap of the MoO, and WO, transformation
domains (Figure 8) determine whether the carburization pro-
ceeds through cooperative oxide-oxide interactions or through
separate, route-dependent pathways.

For the monometallic references, the W-only sample undergoes
a slow and gradual reduction toward a sub-oxide WO, starting
near 150°C, with the late carburization step occurring only above
420°C. This delayed conversion reflects the high stability of
WO, species under carburizing conditions [46]. In contrast,
Mo-only begins to reduce more extensively to MoO, at higher
temperature (300°C) but starts to convert into Mo carbide at a
slightly lower temperature of 390°C. These monometallic samples
serve as benchmarks for evaluating the behavior of the bimetallic
systems.

In the co-impregnated sample, both metals evolve in parallel,
with broad coexistence of MoO, and WO, intermediates extend-
ing up to 480°C. This overlap of reduced oxide domains promotes
intimate oxide-oxide interactions and the progressive formation
of mixed Mo-W carbide species, which finally transform into
Mo-W carbide domains (MoWC). Carburization starts at around
380°C for both metals, significantly earlier than in the W-only
reference showing the promotion effect of Mo. The schematic in
Figure 10 depicts this route as a nearly synchronous reduction and
carburization sequence, driven by the simultaneous availability of
both oxides in contact.

The W-first sample follows almost the same cooperative princi-
ple but slightly shifted in temperature. The initially passivated

WO, species persist to higher temperature, and W reduction
proceeds more abruptly once initiated. Nevertheless, both metals
undergo reduction within a similar temperature domain, and
their reduced-oxide intermediates coexist mainly at high temper-
ature, up to around 420°C. The persistence of MoO, and WO,
species in this upper range promotes oxide-oxide interactions
before the onset of carburization leading to mixed Mo-W car-
bide domains. This behavior reflects a cooperative oxide-oxide
pathway comparable to that of the co-impregnated sample.

The Mo-first route follows a different carburization mechanism
respect to co-imp. and W-first with a very low onset of W
reduction since WO, becomes predominant at about 150°C
(orange area, Figure 8). This may be explained by the existence
of reduced Mo domains before W introduction that are able to
activate hydrogen. In fact, after the first carburization step, MoC,_,
domains are formed but are partially re-oxidized during passiva-
tion (component C1 at the Mo-edge in Figure S19). However, this
oxidic component appear with a E, (20016.2 eV, Figure S19) 1 eV
lower than that of the C1 component of the co-imp. and W-first
samples (20017.7 and 20017.3 eV, respectively, Figures S17-S18)
where the starting Mo compound is undoubtedly Mo®" (AHM).
Hence, for the Mo-first sample, the molybdenum speciation
at the beginning of the second W impregnation-carburization
sequence is presumably a sub-stoichiometric MoO,_, phase that
can promote tungsten reduction and the following carburization
as early as 250°C, far below the temperatures observed for other
routes (around 350°C for co-imp. and W-first, 420°C for W-
only). The predominance window in Figure 8 illustrates how this
premature W reduction shortens the MoO,-WO,, coexistence
window to a narrow domain around 300°C-360°C. Because of
this limited overlap, the two metals follow largely independent
transformation paths, leading to the formation of separate Mo-
rich and W-rich carbide phases rather than a homogeneous
bimetallic compound.

Overall, the comparison of the pathways presented in Figure 10
demonstrates that the preparation sequence controls the width
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The scheme displays only the transformation steps that were monitored by in situ XAS during the temperature-programmed carburization corresponding

to the transition from the orange region (partially reduced phases) to the green one (carbidic phases) in Figure 8. Temperatures refer to appearance of

the reduced oxide (orange) or the carbide (green), as indicated by arrows in Figure 8 (temperatures are rounded to the nearest ten). The circles are

schematically proportional to the size of the nanoparticles as determined from TEM. The arrows and their positions are schematically proportional to

the temperature span between the appearance of the reduced oxide and the appearance of the carbide.

and temperature of the MoO,-WO,_, coexistence window, which
in turn dictates the nature of the carburization mechanism. Co-
impregnation and W-first routes feature extended overlapping
domains that favor cooperative oxide-oxide transformations and
yield mixed Mo-W carbides. In contrast, the Mo-first route
exhibits an early W reduction, hence a narrow MoO,-WO,,
coexistence domain leading to segregated products. The system-
atic shift of the W-carbide onset temperature (green arrows in
Figure 8a) from 424°C in the W-only sample to 249°C in the Mo-
first one visualizes this progressive facilitation of W carburization
in the presence of Mo species.

5 | Conclusions

This work establishes a direct relationship between the prepara-
tion routes of carbon-supported Mo-W bimetallic carbides and
the sequence of reduction and carburization events to explain
the speciation of the supported nanophases upon temperature-
programmed carburization (TPC) at 600°C in CH,/H,. XRD and
TEM show that for Mo and W co-impregnation or sequential
impregnation-carburization of W-first, bimetallic carbides are
formed at the single particle level after TPC. Conversely, sequen-
tial impregnation of Mo-first lead to segregated particles of 2.5-3.5
nm: Mo-rich and W-rich carbide-like nanophases. Combination
of XRD and XAS results show that the W-rich nanoparticles in
the latter case are most probably transient, nonstoichiometric
WC, phases retaining the metallic bce structure (XRD) with a
local carbide environment (XAS). By combining in situ HERFD-
XAS at the W edge, conventional in situ XAS at the Mo edge
and chemometric MCR-ALS analysis, the predominance domains
of oxide, reduced oxide, and carbide components formed upon
temperature-programmed carburization are disentangled with
unprecedented details.

A clear order of carburization is identified, governed not only by
the intrinsic reducibility of the metals but also by the extent of
overlap between the predominance domains of reduced MoO,
and WO,, as well as by the presence of pre-carburized Mo
domains. When Mo and W are carburized simultaneously (co-

impregnation) or when sequential impregnation is performed
with W first, the large coexistence of reduced MoO, and WO,
domains enable cooperative oxide-oxide transformations and
favor mixed bimetallic carbide formation. When the sequential
impregnation-carburization is performed with Mo-first, XAS
shows that W deposition occurs next to a preformed reduced
MoO,, matrix that may accelerate W carburization through
hydrogen activation. Enhanced W reduction/carburization limits
interdiffusion with Mo nanoparticles yielding segregated Mo-rich
and W-rich carbides.

These findings have direct implications for catalysis. Transition
metal carbides are valued as noble-metal alternatives, combining
metallic and oxophilic functionalities. Our results show that the
synthetic pathway dictates whether such functionalities coexist
within intimately mixed domains or remain in spatially segre-
gated particles. The degree of Mo-W mixing achieved during
carburization will likely control activity and selectivity.

In the present work, the combination of advanced in situ
spectroscopy and chemometric analysis has revealed that the
sequence of precursor impregnation and carburization are deci-
sive parameters for tailoring Mo-W carbides. It becomes possible
to steer the material either toward homogeneous bimetallic
supported nanoparticles or toward phase-separated carbides thus
laying the foundation for rational catalyst design.
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