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Abstract

Cubic o-phase molybdenum carbides (a-MoCix) exhibit great potential in
hydrogen production at low temperatures due to their excellent activity in water
dissociation. However, the design strategies of a-MoC is severely restricted by the
harsh synthesis conditions, which involves multi-steps ammonification and
carburization processes or the utilization of significant amount of noble metals. Herein,
high purity a-MoCj.x synthesis in a one-step carburization process was achieved with
the assistance of trace amount of Rh (0.02%) as a promoter. The structural evolution of
Mo species during phase transition was monitored via qualitative and quantitative
analysis by in-situ X-ray diffraction (XRD) and in-situ X-ray absorption spectroscopy
(XAS), respectively. In addition, in-situ transmission electron microscopy (TEM) was
used to follow the changes in visual. We found that the reduction of MoOs3 to cubic
oxygen-deficient Mo oxide (MoOx) that started at a low temperature of about 300°C
were vital to the following carbon atoms insertion and transformation to a-MoCj . That
is because the slow process of lattice oxygen removal and subsequent formation of
vacancies was essential in phase shrink from monoclinic to cubic, making the
carburization follow the topological transformation. The systematic analysis of the
relationship between the reduction behavior and the structural evolution pave the way
for a feasible strategy for facile synthesis of the a-MoCi.x, and in-sifu characterizations

shed light on controlling the phase transformation during carburization.



1. Introduction

Transition metal carbides (TMCs), a group of important catalytic materials, have
attracted extensive attention due to their unique physical and chemical properties.
Molybdenum carbide is one of them with a broad d-band structure and exhibits similar
catalytic behavior to Pt due to the hybridization of the d-orbital of Mo and s- and p-
orbital of carbon!, making them widely used in reactions that are dominated by noble
metals, such as water-gas shift reaction’®, ammonia decomposition*, CO,
hydrogenation®®, methane reforming”® and electro-catalytic hydrogen production®!!.
The catalytic behavior of molybdenum carbides is vitally interrelated with their crystal
structure and configurations. The face-centered cubic (FCC) o-MoCix with an
ABCABC stacking sequence'? showed higher activity in the activation of water at low

temperature>!> 14

in comparison to hexagonal B-Mo,C with an ABAB packing of the
metal planes structure. Synergetic interaction via different active sites on o and 3 phase
Mo carbides in dual-phase MoC, composites was also observed!”. Given this, efforts
on engineering crystal phase, especially metastable cubic o-MoCix, during
carburization with environmentally-friendly and cost-effective process at moderate
conditions are desired.

State of the art synthesis of molybdenum carbide involves temperature-
programmed carburization (TPC) process'®, where an oxide precursor, typically MoOs,
is treated under mixtures of hydrocarbons and hydrogen. Generally, hexagonal -Mo>C

can be synthesized by TPC at 700°C in 20% CHa4/H>!”, while the formation of

metastable 0-MoCj.x is much more challenging than the stable  phase and needs more



complex procedures. Therefore, the regulation of the crystalline phases during TPC has
been extensively investigated via tuning multi-parameters. Usually, an extra
temperature-programmed ammonification (TPA) in a stream of pure NH3 is necessary
before TPC for high purity a-MoC.x synthesis, because an intermediate phase (Mo2N)
with a cubic phase will be first formed during TPA, making the subsequent
carburization change from a non-topological route for f-Mo2C into a topological one
for a-MoC1'*!°. However, TPA is an energy-demanding process with requirement of

2021 Tn addition,

high precautionary measures and corrosion resistance of reactor
formation of the cubic phase was observed in the presence of long chain
hydrocarbons??** but always suffered from the coke deposition of carbon source
cracking®. An alternative approach to generate the cubic a-MoCix is from carbon
nanotubes or nanofibers support as carbon source, but Mo loading was limited to as low
as 7.5 wt.%%?7. High-pressure treatment before carburization induces crystallographic
orientation of MoOs precursor to cubic Mo carbides®®. Alternatively, an amine-based
molybdenum oxide precursor is also beneficial to this process®. The addition of high
loading of Au, Pd and Pt were shown to be able to promote the formation of a-MoCi.
31418 However, the promotion is less efficient when lowering the amount of noble
metals®’. In comparison, trace amounts of Rh addition as a promoter is a good
alternative for one-step synthesis of a-MoCjx catalysts without ammonification from
our previous work’!, but the phase transformation route and the formation of key

intermediates during carburization were unclear. It has been reported that cubic

MoO,Cx intermediate accompanied with MoO> formed after 3wt.% Au addition and



then subsequently converted into a-MoC at high temperature'. It is also proposed
that the cubic structure templates, such as molybdenum oxycarbide!® or oxyhydride®,

were necessary for the formation of 0-MoC >4

, while the monoclinic MoO: phase
will only lead to B phase®. In contrast, it was also reported that 0-MoCx can be formed
from a variety of Mo oxides using heptane or toluene as the carburizing agent without
observation of any oxycarbide or oxyhydrate precursors*’. However, the structural
evolution and the reaction pathway during TPC are still unclear, let alone the essential
factors of controlling and regulating the carburization process. Therefore, in-situ
characterizations of the carburization process in the aspect of phase transition,
intermediate components, chemical reactions and structural evolution at the atomic
level are highly desired, aiming at establishing a multi-parameter toolbox for fine-
tuning of the carburization process and crystalline structure.

Herein, the carburization conditions, evolution of the crystal structural evolution
and catalytic performance in water-gas shift (WGS) reaction were investigated over
molybdenum carbides. Qualitative and quantitative analyses of crystal phases formed
as intermediates during the carburization process were carried out by in-situ X-ray
diffraction (XRD) and in-situ X-ray absorption spectroscopy (XAS), respectively. The
evolution of morphology and crystal structure was further monitored by environmental
transmission electron microscopy (ETEM). The key factors for inducing the formation
of a-MoCix structure were identified by the separate stepwise reduction and

carburization experiments. The reveal of the carburization process from multiple

perspectives will enlighten the reaction pathways and the promoting mechanism of



metals, providing a controlling strategy of TMCs synthesis.
2. Results and discussion

2.1. Catalytic performance of Mo carbides
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Figure 1. Structure identification and catalytic performance. (a) XRD patterns of
standard a-MoCix and -Mo2C, as well as series Rh/MoCx samples, which are obtained
from the TPC treatment of Rh/MoO3 with various Rh contents. (b) Fraction of a-MoC;.
x In series Rh/MoCx samples from the linear fitting and their catalytic performance over
WGS reaction at 200°C. (c) H2-TPR results of Rh/MoO3 samples with various Rh
loadings. (d) Comparison of catalytic performance in WGS reaction of Rh/MoCx
catalysts in this work and catalysts in literatures marked with numbers. Blue balls (this

work): (1) 0.005%Rh/MoCx, (2) 0.01%Rh/MoCy, (3) 0.02%Rh/MoCy, (4)



0.1%Rh/MoCx, (5) 1%Rh/MoCy,); Orange balls (our previous work®): (6)
0.025%Rh/MoCx, (7) 0.025%Pt/MoCx, (8) 0.025%Au/MoCx, (9) 2%Rh/MoCx, (10)
5%Cu/MoCx; Green balls (noble metals supported on Mo carbides in literatures): (11)
0.2%Pt/0-MoC1>¢, (12) 0.33%Ir/a-MoC1+>7, (13) 2%Pt/a-MoC1, (14) 2%Au/a-
MoCi’, (15) 3.9%Pt/B-M02C?8, (16) 2%Au/B-Mo2C3, (17) 1.5%Pt/B-Mo.C>°, (18)
1.7%Pd/B-Mo02C*’; Red balls (noble metals supported on oxide supports): (19) 1%Pt-
Na/Si02%, (20) 0.9%Au/Ce0,*, (21) 5%Pt/CeOx*'.

Standard a-MoC.x as a reference material was obtained by two-step treatments of
Mo0O3, including ammonification in pure NH3 and carburization in 20%CH4/H> at high
temperatures (700°C) as reported earlier'®. Standard B-Mo.C was synthesized by
treating FSP-made MoO3®! (without Rh) in 20%CH4/H, atmosphere in a typical one-
step TPC process. Here, we simplify the two-step synthesis process for a-MoCjx into
one step by introducing different amounts of Rh on FSP-made MoO; by the
impregnation method (Figure S1). The crystal structure of synthesized Rh/MoCx is
identified by XRD in Figure 1a. The addition of Rh has a great impact on the crystal
phase of Mo carbides during one-step carburization. The proportion of a-MoCix
significantly increases with increasing Rh loadings, while the f-Mo>C component
decreases correspondingly and finally disappears over 0.1% Rh/MoCx catalyst. The
proportion of o phase in all Mo carbides is roughly evaluated by the intensity ratio of
their typical peaks in XRD patterns (Figure S2), which is calibrated through the linear
fitting with the weight ratio of standard a-MoCx and -MoC. As shown in Figure 1b,

about 85% a-MoCix can be created by adding only 0.01 wt.% Rh, while the



enlargement of Rh content by 100 times (1 wt.%) will bring a slight enhancement to
95%. The function of Rh in a-MoCi.x synthesis exceeds those 0.025% Pt and 0.025%
Au reported previously by our group®!. The CO conversion in the WGS reaction
exhibits a similar trend with a-MoCx content. It is enhanced from 14 to 65% when a-
MoCi is increased from 0 to 40% and further enhanced to 96% when increasing the
proportion of a-MoCix to 85%. All of the Rh/MoCx catalysts with Rh loading above
0.01% exhibit a little higher activity than the two-step synthesized a-MoCjx standard
sample, demonstrating that the presence of a small amount of inactive B-Mo2C detected
in XRD on Rh-catalysts will not affect their catalytic performance (Figure S3). From
the H»-TPR results in Figure 1c, the addition of Rh greatly enhances the MoOs
reduction. The temperature decreases from 650 to 430°C with the addition of 0.005%
Rh, then further decreases to 245°C when increasing Rh loading to 1%. The acceleration
of reduction might be related to the hydrogen dissociation on Rh and spillover to the
MoOs. Similar results were also observed on Pt and Au as long as increasing the loading
to 2 wt.%!'*>!*. To evaluate the role of Rh, we summarize the catalytic performance of
Rh samples in this work and those reported catalysts with noble metals in Figure 1d and
Table S1. The best performance of 484 and 330 mmolco-grn''s™! can be achieved over
0.01 and 0.02% Rh/MoCx catalysts, respectively, exhibiting excellent utilization
efficiency of noble metals. The reaction rates are referred to the Rh contents determined
by ICP (Table S2) and catalytic tests under kinetic conditions (Figure S4) to underline
its role already at low concentrations. This finding opens up a new possibility of

simplification of the carburization process in a one-step process with high utilization



efficiency of noble metals.
2.2. Variations of crystal phase during carburization

Qualitative analysis of the crystal phase during the carburization process was
realized by in-situ XRD measurements, focusing on the revealing of the structural
evolution at different stages of TPC. The XRD patterns at the initial stage are MoQOs3 in
both MoO3 and 0.02%Rh/MoO3 samples as shown in Figures 2a and 2c, respectively.
Further details are presented in Figures S6 and S7. For the MoOs3 sample, it is unable
to be reduced until the temperature reaches as high as 500°C. The reduction of MoO3
to Mo4O11 and MoO:; is observed step-by-step at about 500 and 600°C, respectively.
Then the carburization occurs rapidly with the conversion from MoO> into 3-Mo2C in
a short time when the temperature rising from 690 to 700°C (Figure 2b). No sign of a-
MoCix can be detected during the whole process. However, the TPC process is totally
different after addition trace amount of Rh (0.02%) in MoO3 by impregnation method
for 0.02%Rh/Mo0O3 sample. The starting reduction temperature of MoO3 remarkably
decreases from 500 to 210°C. MoOs is first reduced to Mo2HOg at about 200-300°C,
and then the reduction and carburization successively occur in the temperature range
from 300 to 560°C, leading to the formation of a cubic phase with typical two
reflections but at a relatively large angle (39° and 44°) compared to a-MoCix (36.4°
and 42.3°). It indicates that the Mo species in this stage is in a cubic structure but with
smaller lattice parameters. It might be oxygen-deficient Mo oxides in a cubic structure
(named as MoOx) with a large number of oxygen vacancies created during reduction.

With increasing temperature, it will turn into MoOxCy when C atoms insert into the



oxygen vacancies accompanied with lattice expansion, which is proposed to be an
oxycarbide intermediate of an FCC structure'® and a transition phase of a-MoC.x. As a
result, the two reflections gradually shift to a lower angle along with the lattice
expansion during this process. Subsequently, O atoms in MoOxCy are completely
substituted by C atoms accompanied by peak shift and intensity increase (Figure 2d),
and it finally turns into a-MoC).x via the topological route. The main feature of f-Mo2C
at 39.5° appears at about 700°C, which is derived from the small amount of MoO: at
26° as detected during TPC. This is similar to the carburization process of MoOs3,
demonstrating that the configuration of intermediates depends on the phase structure of

products.
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Figure 2. In-situ XRD patterns of (a, b) MoOs and (c, d) 0.02%Rh/MoOs3 during the
TPC process in 20%CHa4/H> atmosphere. The dominated phases of Mo species at each
stage are listed on the left side of the contour map. The standard diffraction peaks of a-
MoCix and -Mo>C phases are shown on the top, while those of MoO3, M04O11, MoO»,
Mo2HOs, MoOxCy are presented in Figure S5.
2.3. Reduction behavior during carburization

From the above XRD analysis, the whole TPC process involves reduction and
carburization. Here, we separated these two processes in order to further investigate the

function of reduction and carburization without hydrogen. 0.02%Rh/MoO; sample was
11



first reduced at different temperatures in pure Hz (XH) and further carburized in
20%CHa4/He at 700°C without H> (XH-700M). The XRD patterns of the above samples
are shown in Figure 3a and 3b, respectively. The MoOs3 phase in the fresh sample turns
into Mo4C11 and MoO; after carburization in methane atmosphere without hydrogen
(700M). During reduction process, MoO3 can be reduced into MoO,H, by hydrogen
insertion in the lattice at 200°C and further to MoOx at 300°C. The MoOx species has a
face center cubic (FCC) structure with acu, = 0.410 nm and is proposed to be the mixed
phases of M0yO26, M013033 and other Mo oxides***2. MoOx is stable until the reduction
temperature reaches 500°C. Then it is suddenly reduced to two different kinds of Mo
metal (Figure S8) at a higher temperature. After carburization, the samples pre-reduced
at lower temperatures (200-500°C) contain more a-MoCj.x, while those pre-reduced at
600 and 700°C are dominated by -Mo»C. It is worth noting that the MoOx species with
the typical peaks at 39° and 44° can be confirmed to be a key intermediate during a-
MoCx formation from this experiment since the carbon source is not introduced at the
reduction stage. MoOxCy species with similar typical peaks can only be formed in the
presence of both CH4 and H: as observed in in-situ XRD.

The component of Mo carbides in XH-700M samples and the O/Mo ratio obtained
from XPS results of the XH samples are related to their reduction temperatures in
Figure 3c. After reduction at low temperature (200°C), the partially reduced Mo oxide
with O/Mo ratio of 2.8 leads to the formation of a large amount of B-Mo,C accompanied
with a-MoCix. The O/Mo ratio decreases with increasing reduction temperatures and
keeps unchanged at about 2.2 during 400-500°C. Then the O/Mo ratio suddenly drops

12



to 0 at higher reduction temperatures (600-700°C). The amount of a-MoC reaches
the maximum value during 400-500°C and seriously decreases with increasing the
reduction temperatures. The B-Mo,C becomes the main component when O is deeply
removed at high temperatures. A volcano curve of a-MoCi.x proportion with increasing
reduction temperature is observed, indicating that the control of the reduction state is
crucial for the phase transformation. Large amount of a-MoCi.x are generated from the
carburization of MoOy (x=2.0-2.5) intermediate phase that formed at a moderate
reduction temperature range. Moreover, the effects of MoO3 precursor and different
noble metals on the reduction process are also investigated (Figure S9). The MoOx
species can form during the reduction treatment and keep stable in the temperature
range of 300-500°C for 0.02%Rh/MoOs-FSP sample, while they are deeply reduced to
Mo at 500°C for 0.02%Rh/Mo00O3-CM prepared by calcination method (CM). Once
loading the same amount of Pt (0.02%Pt/MoOs-FSP), phase transfer occurs from cubic
MoOx to monoclinic MoO», leading to more B-Mo>C. The phase transfer can be
efficiently inhibited when increasing the Pt loading to 2%. These results demonstrate
that both trace amounts of Rh (0.02%) play an important role in stabilizing the MoOx
intermediate phase as the function of 2% Pt, providing a possibility of reducing the
utilization of noble metals during the carburization process. Nevertheless, the reduction
process 1s decisive since the carburization will not happen without hydrogen even in

the presence of Rh (Figure S10).
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Figure 3. XRD patterns of 0.02%Rh/MoO; sample after (a) reduction in pure H> and
(b) carburization in 20%CHa4/He process without hydrogen. Reduction process: the
samples are reduced in hydrogen for 2h at various temperatures and denoted as XH
(hydrogen), where X is the reduction temperature. Carburization process without
hydrogen: the reduced samples above are further carburized from RT to 700°C and held
for 2h, which are denoted as XH-700M (methane). (¢c) The component of Mo carbides
(a-MoCix and B-Mo,C) and O/Mo ratio in 0.02%Rh/MoO3 sample reduced at different
temperatures. (d) The mass spectrometry signal of gas-phase products H>O (m/z=18)
and CO (m/z=28) during carburization (20%CH4/H2) in temperature-programmed
surface reaction (TPSR) of MoO3; and Rh/Mo0Os; samples. The temperature ramping rate
was 5°C/min in all cases.
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The temperature-programmed surface reaction (TPSR) experiment was designed
to monitor the chemical reactions during the TPC process in 20%CH4/H> (Figure 3d).
The production of H>O appears to be as low as 300°C and reaches the maximum value
between 400 and 500°C for Rh/MoOs sample, while the reduction process occurs at
500°C for MoQOs. In addition, the reduction rate of MoQOs3 is higher than Rh/MoOs
according to the slope of H>O signals, because the former starts at a higher temperature.
Quick reduction process and high reduction temperature during TPC process will lead
to deep reduction and phase transfer. In the low-temperature region, the lattice oxygen
is gradually removed accompanied by lattice contraction from orthogonal to cubic
phase that driven by the formation of oxygen vacancies. However, the lattice will
directly transfer to the more stable monoclinic MoO state if the reduction happens too
fast. The carburization process starts earlier (temperature decreasing from 660 to 600°C)
and slower for Rh/MoOs3 than MoO3, generating H>O and CO simultaneously.

2.4. Variations of phase composition during carburization

The Mo species and their variations were monitored by the X-ray absorption
spectroscopy (XAS) technique. It is found that the addition of Rh will not affect the
electronic and atomic structure of MoO3 (Figure S11). The normalized XANES spectra
of one-step carburized MoCx and 0.02%Rh/MoCx are compared to the reference data
of Mo, MoO> and MoOs (Figure 4a), as well as a-MoCi.x and -Mo>C (Figure S12).
The Mo oxidation state in both materials is found to be 0.9 and 1.8, which is consistent
with those in f-Mo02C and a-MoCi, respectively. The shift of absorption edge (Eo) in
XANES spectra can be assumed to be in a linear relation with the oxidation state of Mo

15



species®. The a and P phases in the carburization products of the two samples are also
identified by the A’-weighted Mo K-edge EXAFS spectra in both k- and R-space
compared to the f-Mo2C and a-MoCix reference (Figures S13 and S14), respectively.
Two distinguished features marked with blue circles in k-space and differences between
4.5 and 4.8 A in R-space can be identified, when compared with the reference samples®,
indicating that the main Mo species in MoCx and Rh/MoCx samples are f-Mo2C and a-
MoCi.y, respectively. However, the EXAFS fitting results are unable to distinguish the
differences since their structures are similar at short range.

In-situ XAS measurements at Mo K-edge are conducted on MoO3 and Rh/MoO3
samples as shown in Figures S15 and S16, respectively. The comparison at different
carburization stages is plotted in Figures S17 and S18, respectively. Generally, the
carburization process can be divided into three stages, i.e., reduction, stable
intermediate state and final phase transition. For MoOs3, a significant reduction can be
seen between 481 to 515°C according to the variations of the features of XANES
spectra. Then it will go through a phase stable state without any change until 565°C.
After that, phase transition happens accompanied by further reduction and finally to -
Mo,C at 613°C. In comparison, the addition of Rh could promote the reduction in the
low-temperature range (300-380°C). A little extent of phase transformation is observed
during 380-510°C without any change in Mo valence state. Subsequently, phase
transition accompanied by further reduction is also detected from 510°C, but it finally

transfers to a-MoC;.x at 600°C.
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Figure 4. Identification of Mo valence states in the carburization products MoCx and
Rh/MoCx by (a) normalized Mo K-edge XANES spectra and (b) the relative to Mo
position of the absorption edge. The variations of Mo species components during the
TPC process according to the LCF results of in-situ XANES spectra at Mo K-edge on
(c) MoOs3 and (d) Rh/MoOs; samples. The carburization atmosphere is 20%CH4/H>, and
the temperature ramping rate is 5°C/min. The error bar for LCF is +5%.

Quantitative analysis was based on the linear combination fitting (LCF) for MoO3
and Rh/MoOs3 samples, which are shown in Figures 4c¢ and 4d, respectively, aiming at
evaluating the extent of transformation among different Mo species along with the
carburization process. For MoQO3, the percentage of MoO; quickly increases to about
55% at a temperature range of 500-550°C, indicating that the reduction from MoO3 to

17



MoO: is very fast. Meantime, the carburization occurs since the amount of MoO
decreased and B-Mo2C rapidly reaches 100%. In contrast, after Rh addition, MoOj3 is
gradually reduced to MoOx in a relatively longer period of time with temperature
increasing from 300 to 400°C. During this process, about 15% MoOxCy forms and then
co-exists with 85% MoOx in a stable state at a broad temperature range from 400-510°C.
The carburization is strengthened with a quick phase transformation from MoOx to
MoOxCy and further stabilized in a mixture of 85% a-MoCj.x and 10% B-Mo2C from
about 660°C.
2.5. Variations of phase morphology during carburization

Environmental transmission electron microscopy (ETEM) has been used to
dynamically monitor the nucleation and growth of the nanocrystal, which allows the
investigation of growth mechanism of Mo,C at an atomic scale***’. The ETEM
technique was used to visualize the evolution of promoter phases in Mo substrates from
oxides to carbides under carburizing conditions. The morphological variation is
observed from solid particles to small fragments as shown in Figure 5a and Figure S19,
indicating that pulverization and fragmentation occur during the carburization process
from oxides to carbides. FFT patterns of TEM images (Figure S20) and diffraction
patterns collected at different temperatures are shown in Figure 5b and Figure Sc,
respectively. Those for fresh precursor at 300°C (300°C-He) and intermediate state at
350°C are displayed for comparison in Figure S21 and Figure S22, respectively. It can
be observed that the crystal structure is unchanged during the gas atmosphere switch
from He to 20%CH4/H>. Then the structure is gradually deformed with increasing

18



temperature. At 300°C, the angle between the crystal plane (111) and (101) is 45.1° and
the one (200) is not observed due to its large lattice distance, indicating that orthogonal
MoO;3 is dominated. At 400°C, the angle between the crystal plane (111) and (200) turns
into 52.9°, demonstrating the presence of a cubic structure.

For better understanding of the structural evolution of the phases, we summarize
the lattice distance measured from FFT (Figure 5d) and normalized electron diffraction
simulated from diffraction patterns (Figure 5e) at various carburization temperatures.
From Figure 5d, remarkable shrink in the lattice distance and atom rearrangement in
the range of 300 and 400°C occurs, corresponding to phase transfer from orthogonal
MoO:s to cubic MoOx. Then three main lattice planes stay stable until 600°C. Finally,
the plane with large distance of 3.3 A disappears, and the other two planes slightly
increase and become close to the (111) and (200) planes of a-MoCi.x between 600-
700°C. A similar phenomenon is detected from the analysis of diffraction patterns as
shown in Figure 5Se. The obvious variations between the temperature range of 300-400°C
and 600-700°C correspond to the large phase transfer of reduction and carburization,
respectively. The cubic MoOx and MoOxCy species are intermediate phases during the
two processes. The disappearance of the crystal plane (101) during 600-700°C indicates
that Mo oxides were completely carburized to a-MoCix. Additionally, continuous
particle growth and crystallization are found under carburization conditions at 700°C
(Figure S23). The above evolution of phase morphology is fundamentally consistent
with in-situ XRD and in-situ XAS characterizations. Furthermore, a blank in-situ TEM
experiment is conducted following the same procedure under 20%CH4/He without
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hydrogen to exclude the effect of a high-temperature environment and identify the
decisive reduction condition (Figure S24). We found that the final product is monoclinic
MoO: rather than Mo carbides, revealing that the carburization was unable to proceed

without hydrogen.
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Figure 5. Observation of structural evolution via environmental transmission electron
microscopy (ETEM). (a) In-situ TEM images, (b) Fast Fourier transform (FFT) patterns
and (c) electron diffraction patterns for Rh/MoO3; sample at various carburization
temperatures in 20%CH4/H> atmosphere. (d) The changes of lattice distance extracted
from FFT patterns with increasing carburization temperature, where the standard
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distance of (111) and (200) lattice planes in a-MoCi.x are marked. (¢) Normalized
electron diffraction radial profiles simulated from the diffraction patterns at different
carburization temperatures, showing the variations of crystal planes and the
corresponding Mo species during the carburization process.
2.6. Structural evolution during carburization

From the above analysis, we found that the structural evolution during TPC
strongly depends on the reduction behavior as illustrated in Figure 6. In the high-
temperature reduction pathway (at least 500°C), MoOs will be quickly reduced to
monocline MoO: and transferred to B-Mo2C via a non-topological route. In contrast, if
the reduction temperature decreased to as low as 300°C, the carburization can be
divided into reduction and carburization processes. During the reduction process, MoO3
is slowly reduced into MoOx with a large number of oxygen vacancies, where lattice O
atoms are combined with the active H created by promoter Rh sites to generate H>O.
Meantime, the crystal structure is changed from orthogonal to cubic with the lattice
shrink. For the carburization process, C atoms from the carbon source (CHas) first
diffuses into the MoOx lattice and occupied the oxygen vacancies, forming oxy carbides
(MoOxCy) as intermediates. Then O atoms are gradually reacted with CHa,
accompanied by the carbon substitution and the generation of H-O and CO. The lattice
is slightly expanded by the carbon insertion and finally reaches the a phase structure by
the topological route. From the analysis of the two routes, we found that the removal of
O atoms and the creation of oxygen vacancies in the reduction process at low
temperatures (300-400°C) have great effects on the insertion and substitution of C
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atoms and are believed to be the key factor for the structural evolution to cubic a-MoC;.-
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Figure 6. Schematic illustration of the evolution of the various crystalline phases and
carburization pathways of MoOs; with different reduction behaviors during the
carburization process.
3. Conclusions

High purity a-MoC.x was facilely synthesized in a one-step carburization process
in the presence of trace amount of Rh (0.02%) as a promoter, which can substitute for
ammonification or 2% Pt consumption. The best performance of 484 mmolco-grn!-s™
in WGS reaction can be achieved, exhibiting excellent utilization efficiency of noble
metals compared to those in literatures. The carburization process was systematically
studied by a series of in-situ techniques (XRD, XAS and TEM) from different aspects
(qualitative, quantitative and visualized analysis) under practical conditions. The results
reveal that MoOs is first reduced to cubic oxygen-deficient Mo oxide (MoOx) once the

reduction started at a temperature of about 300°C, then carbon atoms are able to occupy
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the oxygen vacancies to form cubic MoOxCy intermediates, which are vital to the
further transformation to a-MoC1.x via the topological route. The final phase of carbides
depends on the primary structure of the initial intermediates and the route of structural
evolution during TPC, where slow and stepwise reduction is necessary for the formation
of active a-MoCi.x. Revealing the key factor for the structural evolution provides a
more facile and universal strategy for the one-step synthesis of a-MoCji, which is
focusing on the reduction of MoOs; under mild conditions. The benefit lies in the
utilization of minimal amount of noble metal as promoter for the Mo carbides
production and controlling phase transformation during the carburization process to
resolve the problems of a-MoC.x preparation.
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