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ABSTRACT: Transition metal carbides (TMCs) are important materials in heterogeneous catalysis. Constructing an active phase
by rational carbon insertion to achieve efficient catalytic behavior and prolonging the stability by preventing sintering and structure
degradation in redox reactions, especially hydroprocessing, remains challenging yet attracting in nanoscience. This work presents
an integrated strategy to synthesize stable tungsten carbide nanoparticles with controllable phase compositions by assembling the
metal precursor onto carbon nanotubes (CNTSs), wrapping a thin polymeric layer, and following a controlled carburization. The
polymer serves as a soft carbon source to modulate the metal/carbon ratio in the carbides and produces amorphous carbon to further
stabilize the nanoparticles. The as-built p-W,C/CNT displays more than two- and six-times higher activities for guaiacol hydrogen-
olysis than those prepared by common temperature-programmed-reduction with gaseous carbon (WxC/CNT-TPR) and carbother-
mal reduction with intrinsic carbon support (WxC/CNT-CTR) and enhances the stability for more than 150 h. These catalysts also
achieve high efficiency on cleavage aryl C-O bonds in lignin-derived aromatic ethers including anisole, dimethylphenol, and di-

phenyl ether with a robust lifespan.

1. Introduction

Transition metal carbides (TMCs) find important applica-
tions in energy storage and transformation such as hydrogen
evolution reaction, ammonia synthesis, hydrodeoxygenation
(HDO), and isomerization.” The expansion of the metal lat-
tice by integrating carbon atoms into the interstitial sites of
parent metals significantly broadens the metal d-band with a
greater density of states (DOS) near the Fermi lever. - Devi-
ating from the parent metals, the sp hybridized orbitals of met-
als in carbides move to the surface center to hybridize with the
d states from the metal and the s states from the carbon; this
implies the redistribution of the DOS giving a noble-metal-like
catalytic behaviors with high capacity to donate electrons to
adsorbates.®

Constructing an active phase by modulating TMC structures
is one of the most critical challenges on their design. Re-
searchers have posted the importance of specific phases (e.g.
W,C, WC, Mo,C and MoC) towards different catalytic behav-
iors, preventing the wide application of these cost-efficient
materials.2® The most prevailing approach for carbide synthe-
sis is temperature-programmed-reduction (TPR) under gase-
ous carbon precursors such as CH4, CO and C3Hg.2%*2 Unfor-
tunately, the rapid diffusion of carbon through the gas-solid
interface is barely suspended, resulting in uncontrollable phas-
es and coke deposition (Scheme 1a).** These drawbacks risk
the serious deterioration in catalytic performance. To this end,

carbothermal reduction (CTR) was proposed to slow down the
carbon diffusion in carbide formation by using non-volatile
solid carbon source, including carbon supports (e.g. activated
carbon, carbon nanotube, carbon nanofiber), polymers and
metal-organic Frameworks (MOFs), which aims to improve
the quality of as-built TMCs.”8141% However, the high carbu-
rizing temperature to overcome the thermodynamic and kinet-
ic barriers for carbon insertion always induces unexpecting
support degradation and particle sintering (Scheme 1b). The
method is also limited to the support choices, uncontrollable
phase compositions, small metal-carbon interfaces, and diffi-
culty in controlling particle sizes.2®?° Therefore, the balance
between the carbon incorporation and accompanied particle
changes is of great importance to be considered.
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Scheme 1. Illustration of TMCs synthesis via temperature-
programmed-reduction (a) and carbothermal reduction (b).

Moreover, the stabilization of TMCs for catalytic applica-
tions is another concern. In general, TMCs are exposed to
harsh catalytic environment including H,, CO H,O, O, and
oxidants under elevated temperatures and pressures; the redox
conditions can easily induce deactivation via surface decon-



struction, phase transition, particle sintering, and coke deposi-
tion.”1621-24 |_ee found the activity loss in C-O bond scission
due to the formation of oxycarbides from Mo,C.?* Stellwagen
identified WO; in working W-C catalyst during the HDO re-
cycle tests.’® DFT calculations indicate that raising the C coor-
dination number of metal atoms promotes the stability of
TMCs.% Li reported the particle agglomeration of metal car-
bides during the alkylation of methylfuran with mesityl
oxide.? Jongerius et al. also demonstrated the particle sinter-
ing as the main reason for catalyst deactivation in guaiacol
HDO reaction.?” The sintering rate is affected by several pa-
rameters involving temperature, atmosphere, support, and
metal type.?® Therefore, developing a reliable synthetic strate-
gy for engineering controllable, non-sintered and uniform car-
bide particles is greatly important and attracting.

Here, we present a simple but powerful strategy to fabricate
uniform and stable carbide nanoparticles (NPs) by assembling
CNTs and amorphous carbon derived from polymeric layer.
Their catalytic performance and stability were tested on the
hydrogenolysis of guaiacol and other aromatic ethers, which
are typical reactions involving the redox conditions, high tem-
perature and H. pressure. The as-built p-WxC/CNT via rational
carburization and semi-protected by polymer-derived carbon
achieved an efficient cleavage of C-O bond with remarkable
stability superior to other materials with other synthesis meth-
ods. Efforts are devoted to study insight into the role of incor-
porated polymer precursor as flexible carbon source and the
promoting effect of CNTs on stabilizing carbide NPs by char-
acterizing the catalysts through X-ray diffraction (XRD),
transmission electron microscopy (TEM), scanning transmis-
sion electron microscopy (STEM), X-ray photoelectron spec-
troscopy (XPS), thermal diffusivity and computational simula-
tions.

2. Experimental section
2.1 Catalyst synthesis

All the chemicals and reagents are of analytical grade and
used without any further purification. CNTs were obtained
from the Shenzhen Nanotech Port Co., Ltd and pretreated in a
34% HNOj3; aqueous solution at 90 °C for 8h to remove residu-
al metallic species. The p-W,C/CNT catalysts were prepared
by an integrated method including deposition-precipitation,
polymerization, and carburization. In brief, 1 g CNTs and 240
mg anhydrous WCls were dissolved in 150 mL ethanol and
then dispersed with ultrasonication for 30 min. 5 mL water
was added into the solution drop by drop under vigorous stir-
ring and then raise the temperature of the solution to 80 °C and
maintained overnight in an oil bath. After cooling down, the
obtained solid product, named as WO,/CNT, was collected by
centrifuged and washed with ethanol and water before drying
at 80 °C for further use. The polymerization procedure was
used to wrap the WO,/CNT a polymeric layer (RF layer).
Firstly, 100 mg WO,/CNT was dispersed in 100 mL water and
then added 250 mg resorcinol and 0.5 mL formaldehyde aque-
ous solution under stirring and heated to reflux at 85 °C for 24
h to obtain WO,/CNT@RF. The thickness of RF layer is easi-
ly controlled by the amount of resorcinol and formaldehyde.
To carry out the carburization reaction, the as prepared precur-
sors were pyrolysis and carburized at 850 °C for 0-6 h at an Ar
flow rate of 15mL/min to obtained well-controlled phase com-
positions.  For  temperature-programmed-reduction, the
W,C/CNT-TPR was prepared by carburization of WO,/CNT
at 15%CH4-85%H; flow rate of 15 mL/min at 850 °C for 2 h.

The WC/CNT-CTR based on the carbothermal reduction was
prepared at 900-950 °C for 2-6 h under Ar flow. For compari-
son, the C-supported tungsten carbide derived from RF poly-
mer was prepared by carburization of organic-inorganic hybrid
precursor according our previous reports,®?° denoted as
WLC@CS(RF). The samples with CNTs incorporation were
synthesized by similar methods by adding CNTs and other C
materials during the preparation of precursors, denoted as
W,C@CS(RF)-CNTs.
2.2 Characterization

The XRD patterns were collected on a Rigaku Ultima IV X-
ray diffractometer equipped with Cu—K,, radiation (35 kV and
15 mA) at scanning 26 from 10° to 90°. The in situ XRD was
carried out with a in situ gas flow chamber equipped with
thermocouple to monitor the temperature. The obtained data
were analyzed by JCPDS database and the XRD Rietveld re-
finement was carried out by Topas software to analyze the
phase compositions.

TEM and HAADF-STEM images were acquired from a
Philips Analytical FEI Tecnai 20 electron microscope operated
at an acceleration voltage of 200 kV. Fresh samples were ul-
trasonically dispersed, dropped and dried on copper grids.

XPS profiles were obtained on an Omicron Sphera Il pho-
toelectron spectrometer equipped with an Al-K, X-ray radia-
tion source (hv = 1486.6 eV). Prior to the test, the samples
were freshly pretreated in a in situ chamber to ensure theses
samples are in similar chemical state with fresh ones before
activity testing. Then the samples were transferred to the XPS
analysis chamber after cooling down under vacuum. The bind-
ing energy was calibrated using the C 1s peak at 284.5 eV.

Thermal diffusivity was tested on an NETZSCH
LFA457/2/G by a laser flash method under a nitrogen atmos-
phere in the temperature range of 312-352 K.

Argon sorption was carried out to measure the specific sur-
face area, pore volume and average pore diameter on a Mi-
cromeritics 2020.

2.3 Catalytic test

The hydrogenolysis of guaiacol and other aromatic ethers
were evaluated on a continuous flow fixed bed reaction with a
computer-controlled autosampling system. Briefly, 200 mg of
fresh catalyst was sandwiched into the center of the quartz
tubular reactor with quartz wool. Prior to the test, the catalysts

were pretreated at 450 °C for 4 h under 5% Ha/N,. The cata-
lyst bed was cooled down to the target reaction temperature,
and pure H, was fed into the reactor at 3.0 MPa. Liquid guaia-
col and other aromatic ethers were pumped into the reactor
through a Series 1l digital HPLC pump (Scientific Systems,
Inc.) with required weight liquid hourly space velocity
(WLHSV). The products were analyzed online using an Ag-
ilent 7890A gas chromatograph (GC) equipped with an au-
tosampling value, flame ionization detector, and a DB-Wax
capillary column. A GC 2060 with thermal conductivity detec-
tor and a TDX column were used to analyze gas products (CHa,
CO, CO,, and H,0). Detailed guaiacol conversion and product
selectivity were calculated by equations as follows: (1) Con-
version = {(moles of guaiacol)i, — (moles of guaiacol)eu}/
(moles of guaiacol)in x 100%; (2) Selectivity = moles of ring
product i / the sum moles of guaiacol consumed x 100%. Un-
less otherwise noted, the carbon balance was about 95% + 2%.

2.4. Computational Details



We performed systematic density functional theory simula-
tions of WxC on pristine and defective graphite as support.
These models represent the different catalysts in terms of
source of C, thus the WC,/CNT@RF is modelled using a pris-
tine graphene support while CNT-TPR and CNT-CTR are
represented by a single and double carbon vacancy support
(see Figure 1). The reaction energy for decarbonization under
a reductive environment (e.g. in presence of H,) was calculat-
ed using following the reaction in Eq X.

WCx + 2.H, > WCx.1 + CH, Eq X

Spin-polarized, periodic plane-wave density functional theo-
ry calculations were performed with the Vienna Ab Initio
Simulation Package (VASP 5). The density functional of re-
vised Perdew, Burke, and Ernzerhoff (RPBE) was used to
calculate exchange and correlation contributions including
long-range interactions with Grimme’s empirical dispersion
correction DFT-D3. Projector-augmented wave (PAW) pseu-
dopotentials as implemented in VASP were used to describe
the core electrons. A Kkinetic cut-off was set at 550 eV was
employ ensuring no Pulay-stress. Dipole corrections as im-
plemented in the VASP code were applied perpendicular to
the surfaces upon adsorption WC dimer adsorption. The num-

ber of k-points was benchmarked and adjusted to density of
03AL

For modelling the pristine graphite support, a one C-layer
exposing the (0001) surface with 72 carbon atoms was created.
The single and double vacancies were derived from the pris-
tine one by removing one and two contiguous carbon atoms
respectively following by atomic relaxation. These support
models expose a surface area of 189.6 A2 with a perpendicular
vacuum gap of 30 A ensuring no spurious interaction with
periodic images.

Figure 1. Schematic representation of WC supported on (left)
pristine, (center) single vacancy and (right) double vacancy
graphite. Color scheme: brown is C-graphite, blue is uncoor-
dinated C-graphite, grey is W and black is C from WC. Aver-
age distances are displayed in A.
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Figure 1. (a) Schematic illustration for preparation of p-W,C/CNT involving deposition-precipitation, polymerization by St6ber
method, and rational pyrolysis and carburization; (b-e) STEM images of CNTs, WO./CNT, WO,/CNT@RF and p-WxC/CNT; (f)
XRD patterns of the as-prepared precursors and samples with different carburizing degrees; (g-j) TEM images and particle size
distributions of WOL/CNT and p-WxC/CNT, respectively; (k) HR-TEM images of p-WC/CNT; (I) W 4f and C 1s (insert) XPS

profiles of p-W,C/CNT.
3. Results and discussions

3.1 Construction of uniform tungsten carbide particles
with well-controlled phases

Fig. 1a shows the integrated strategy to fabricate uniform
and stable tungsten carbide NPs onto the CNTs, involving the
deposition of metal precursors on CNTs, polymerization by
Stober method, and rational carburization. The CNTs were
pretreated in concentrated HNOj3 solution to provide surface
function groups, confirmed by C 1s XPS in Fig. S1, for an-
choring of metal precursor and organic species during the
Stober procedure. WClg was used as active tungsten precursor
to react with ethanol first, forming a stable intermediate of
W(ClI3(OC;Hs).. This was followed by deposition of tungsten
oxides onto the CNTSs through hydrolysis of the intermediate.
The obtained WOL/CNT was further coated with a polymeric
layer of resorcinol/formaldehyde (RF) by Stober method,

hereafter denoted as WO,/CNT@RF. The formaldehyde reacts
with resorcinol to produce hydroxymethyl substituted species
and then form RF layer after ageing. See more details in the
experimental section. Subsequently, the WOy particles were
transformed into carbide NPs with controlled carburization
over specific heating rate and carburizing time. It is expected
that carbon atoms originated from RF diffuse into the intersti-
tial sites of tungsten matrix easily during the pyrolysis and
carburization. This is due to the flexible carbon framework in
RF and the closed interaction between the tungsten species
and carbon source. As a result, well-controlled tungsten car-
bides were synthesized with uniform dispersion.

The STEM image in Fig. 1b shows pristine CNTs with an
outer diameter of approximate 50 nm. The WOy species are
clearly visible after deposition-precipitation (Fig. 1c). The
magnified image from TEM image demonstrates ultra-small
particles embedded on the CNTs with a diameter of average 2



nm (Fig. 1g and h). Fig. 1d reveals the formation of a thin RF
layer as 1D shell wrapping the CNTSs, indicating the successful
polymerization. Interestingly, the pyrolysis and carburizing
process allow the exposure of the uniform particles with the
disappearance of the RF layer (Fig. 1e). Slight increase in the
particle size in the range of 4-9 nm by analysis of the size dis-
tribution (Fig. 1i and j). This is due to the lattice expansion by
carbon insertion to the tungsten matrix and coalescence of
small particles.

Combining the flexible RF layer as the carbon source allows
the synthesis of carbide NPs with high degree of composition-
al control, as shown in XRD patterns (Fig. 1f). No obvious
diffractions could be found from initial WO,/CNT except the
typical peaks ascribed to CNTSs. A set of new diffraction peaks
was newly visible from WO,/CNT@RF due to the formation
of RF layer by polymerization. At the initial stage of pyrolysis,
the WOx NPs were reduced into metallic W NPs as shown by
the typical diffraction peaks located at 40.42°, 58.36°, and
73.33°, hereafter denoted as p-W/CNT. Further carburization
allows the carbon to diffuse into the interstitial sites of tung-

sten matrix, forming W,C, semi-carburized W,C and pure WC.

It is worth noting that, the flexible carbide compositions were
easy to achieve by controlling the carburization conditions.
Fig. 1k shows the HR-TEM images of typical WxC NPs in p-
W,C/CNT and it exhibits clear lattice fringes with interplanar
distances of 0.188 and 0.227 nm, corresponding the (101) and
(100) facets of W,C and WC, respectively. More interestingly,
dark spots were observed (marked by white arrows), ascribed
to the C vacancies on the surface of NPs, which are capable of
trapping and activating reactants. The represented XPS profile
of W 4f (Fig. 1l) is featured with two pronounced peaks cen-
tered at 31.7 eV and 33.8 eV, typical of tungsten carbides. The
C 1s (Fig. 1l-insert) displays a broad peak compared with that
of initial CNTSs (Fig. S1) which deconvoluted peak at 282.2 eV
confirms the formation of carbide species. These results coin-
cide with the XRD patterns and TEM analysis.
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Figure 2. (a) Argon adsorption-desorption isotherms; (b)
pore size distributions.

The specific surface area and pore structure through Ar sorp-
tion (Fig. 2 and Table S1) were further investigated to under-
stand the evolution of the catalyst along its synthesis. The
argon adsorption-desorption isotherms are identified as a type
Il isotherm that display H3-hysteresis loop at a P/Py range of
0.30-0.99, suggesting the presence of mesoporous structure
and large BET surface area on these CNTs-based materials
(Fig. 2a). CNTs exhibit a large surface area of 100.6 m? g!
while WO,/CNT show slight decrease of surface area with
91.6 m? g* after loading W precursors. A significant decline
on the surface area was found upon formation of the polymeric

layer in WO,/CNT@RF (69.7 m? g%). The final pyrolysis and
carburization stage drove the destruction of the RF layer and
the return to a high surface of 100.4 m? g%, allowing the expo-
sure of carbide NPs. The pore distribution was further ana-
lyzed in Fig. 2b. CNTSs display abundant pores of 2-4 nm and
15-40 nm, belonging to the external interstitial pores and the
internal pores of CNTSs, respectively, facilitating the trap of
metal species. It can be seen that the mesopores disappeared
after wrapping of RF layer and reappear after pyrolysis and
carburization, coinciding with results of surface area and TEM.

3.2 Importance of RF layer for controlling the phase
compositions of and stabilizing the particle size of tungsten
carbides

To prepare well-defined metal carbides, the choice of carbon
source is important as it extensively influences the structures,
the surface properties, and the particle sizes. Although the
gaseous carbon source like CH, allows the formation of car-
bides simply, the coke deposition and massive C-terminations
are also produced, greatly deterring the catalytic performance.
Suitable solid carbons including carbon supports,?”* poly-
mers,®? carbon containing chemicals*'® and MOFs'" were
applied in carbide synthesis.? Solid carbon supports such as
activated carbon, CNTs and CNF slow down the carbon diffu-
sion into metal species because of the need to break the C-C
bonds from graphitic carbon fragments. The strong C-C bond-
ing and the small metal-carbon interface drive great difficulty
in surface and structural engineering even at elevated tempera-
tures. On the other hand, polymers and metal-organic precur-
sors like RF and MOFs stand out their advantages in control-
lable carburization due to the closed contact between the metal
and carbon containing chemicals as well as the flexible carbon
originating from organic molecules, which is easier to produce
carbon atoms for carburization. However, the loose structure
of carbons from these precursors lead to support degradation
under carburization conditions facilitating the particle agglom-
eration and sintering. Therefore, it is important to balance the
carburization engineering and stabilization of particles.

Figure 3. TEM images of (a) p-WxC/CNT; (b) WL C/CNT-
CTR; (c) W,C/CNT-TPR.

Figure 4. STEM images of WO,/CNT@RF with increasing
thickness of RF layers.

Fig. 3 shows the TEM images of CNT supported tungsten
carbide NPs with different synthesis methods. Fig. 3a exposes
the typical TEM image of p-WxC/CNT by our proposed strat-
egy and it shows that the wrapping RF layer serves as the flex-
ible carbon source for carburization and transforms into amor-
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phous carbon; the fragments were attached on the surface of
CNTs and the tungsten carbide NPs were semi-protected. The
obtained particles maintain an ultra-small scale even after
high-temperature pyrolysis and carburization. For comparison,
the sample prepared by common carbothermal reduction using
CNT support as the only carbon precursor, denoted as
W,C/CNT-CTR, displays much larger particles, which is as-
cribed to the particle agglomeration during the carburization
process (Fig. 3b). As evidenced in Fig. S2, the XRD patterns
remains similar with different carburizing conditions and the
carbide compositions are out of control with mixed metal and
carbide phases even under 950 °C for 6h. This is due to the
difficulty of C diffusion from CNT matrix and the small met-
al-carbon interface. On the other hand, W C/CNT-TPR pre-
pared by the temperature-programmed-reduction under
15%CH;-85%H; in Fig. 3c shows quite large particle size (20—
40 nm), which are identified as W,C phase from the XRD
pattern (Fig. S3). Although the W,C is still not further trans-
formed into W,C and WC, the disassociation of CH4 on gas-
solid interaction allows the deposition of coke on carbides
leading to a thick carbon layer (approximately 3-5 nm) coat-
ing on the outer surface of carbide NPs. The carbon deposition
blocks and prevents the exposure of active sites, negatively
influencing the catalytic performance. Previous studies show
that the carburization conditions have a large influence on the
phase and the particle size when using TPR and CTR meth-
o0ds.2® Therefore, it is challenging to consider the effect of
metal loading, temperatures, heating rate, carburization time
and gas atmosphere. It is worth highlighting that our estab-
lished strategy combines the CNTSs as the support and the RF
layer as the flexible carbon precursor allowing a selective car-
burization to form ultra-small particles with controllable car-
bide compositions.

The results from the computational analysis clearly align
with the above experimental observations. The reaction energy
for hydrogen-decarburization increases (in absolute value)
with the number of support defects, i.e. double vacancy (Er= -
4.2 eV) > single vacancy (Er= -3.5 eV) > pristine (Er= -2.6
eV). The thermodynamically favorable decarburization of
WxC leads to a competition with the guaiacol hydrogenation.
Hence, the very exothermal decarburization of WxC supported
on C-defective CNT-TPR and CNT-CTR promotes the deacti-
vation of the catalysts while using the RF as carbon source
nurture the support stabilizing the catalysts.

Moreover, the wrapping of the RF layer is a well-controlled
manner, and the thickness of the RF layer can be simply mod-
ulated by adding the amount of resorcinol and formaldehyde,
as shown in Fig. 5. This RF layer depends on the demand of
metal loading and carburizing degree, aiming to synthesize

rational carbides for specific reactions. As demonstrated in Fig.

S4, ultra-small and semi-protected tungsten carbide NPs can
be fabricated with thin RF layer with massive particle concen-
tration (Fig. S4a); too thick RF layer results in coating of these
as-prepared particle which might suppress their catalytic per-
formance (Fig. S4b). The RF layer not only provides flexible
carbon insertion into tungsten matrix during the pyrolysis and
carburization, but also forms amorphous carbons to further
anchor carbide particles in the surrounding. Here we believe
that similar physical confinement can also be in effect via
strong interaction between tungsten precursors and CNT sup-
ports.

To obtain further insights into the role of the RF layer on the
phase compositions under a catalytic reducing atmosphere, in
situ XRD measurements were conducted under H, at different
temperatures. Fig. 5a demonstrates the XRD patterns of p-
W,C/CNT in the range of 600-850 °C under H.. It can be seen
that the formation of W diffraction started from 700 °C and
became the sharpest at 750 °C with the decrease of W,C peaks,
which is due to the decarburization via the reaction of H, with
interstitial carbons. However, the W peaks decreased again
with further increase of temperatures. For analysis of the phase
compositions, XRD Rietveld refinement was carried out in Fig.
5a-right. Only 2 wt.% W was found with 56 wt.% W-C and 42
wt.% WC in the sample at 600 °C under H, treatment. The W
content displayed a volcano curve and reached the maximum
at 750 °C. W-C and WC contents show reverse trends. These
results indicated that a reversible decarburization and re-
carburization occurred in p-WyC/CNT during the high-
temperature treatment under Ha, which is beneficial for main-
taining carbide phases. In contrary, the WyC/CNT-CTR with-
out RF wrapping showed easier decarburization at the same
temperature (Fig. 5b), i.e. the intensity of W diffraction in-
creased greatly with the decrease of W,C and WC. The re-
finement results showed that the W content increased from 12
to 50 wt.% in the range of 600-850 °C while the W,C and WC
content decreased from 47 to 21 wt.% and from 41 to 29 wt.%,
respectively. That is to say, the gasification of carbons from
carbide is much easier than that carbon insertion from CNTs
under Hy, which is quite different with p-W,C/CNT. Therefore,
the RF-derived carbon serves as a more flexible carbon source
for reversible carburization under reducing atmosphere, which
is important to keep active catalytic phases in specific reac-
tions.
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Figure 5. In situ XRD patterns (left) and XRD Rietveld re-
finement analysis (right) of (a) p-WxC/CNT and (b)
W,C/CNT-CTR with the increase of temperature under Hy; (1)
600 °C, (I1) 650 °C, (I11) 700 °C, (IV) 750 °C, (V) 800 °C, (VI)
850 °C.

3.3 Catalytic performance and stability

We further investigated the catalytic performance and stabil-
ity of aryl C-O bond cleavage in guaiacol hydrogenolysis
because it is a selectivity-sensitive reaction on active carbide
phases (Scheme S1).% As shown in Fig. 6a, the phenol selec-
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tivity via direct hydrogenolysis of aryl C-O bond depends on
the phase control of tungsten carbides. The p-W/CNT facilities
the formation of catechol through breaking the aliphatic C-O
bond with only 10.2% guaiacol conversion. Small amount of
produced phenol is presumably due to the carbon modification
on metal tungsten during pyrolysis of p-W/CNT. p-W,C/CNT,
containing mostly W-C phase, is capable for cleavage of aryl
C-0 bonds including Ar-OCHsand Ar—-OH to obtain phenol,
anisole and benzene without control. Rational carburization on
specific compositions on p-WC/CNT achieve the high phenol
selectivity with best guaiacol conversion. Further complete
carburization in p-WC/CNT suppresses the catalytic perfor-
mance. These catalytic results enhance the importance of a
controlled phase compositions on metal carbides towards spe-
cific reactions.
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Figure 6. (a) Catalytic performance of guaiacol hydrogenol-
ysis over W-based catalysts with different carburizing degrees;
(b) comparison of phenol synthesis rates over the tungsten
carbide catalysts with different preparation methods; (c) the
catalytic stability of p-W,C/CNT in the hydrogenolysis of
guaiacol up to 150 h; (d) rate of C—-O bond cleavage on lignin-

derived aromatic ethers. Reaction conditions: P(H,) = 3.0 MPa,

Hz/guaiacol molar ratio = 50; T = 300 °C for guaiacol, 250 °C
for anisole and diphenyl ether, and 350 °C for dimethoxyphe-
nol; weight liquid hourly space velocity (WLHSV) = 3.0 h!
for (a), (b) and 9 h*for (c), (d).

Fig. 6b and Table S2 illustrates the comparison of catalytic
performance from samples prepared with different methods.
The p-WC/CNT displays undoubtedly the highest rate with
324 x 107 mol s gearvice *, While, in contrast, WyC/CNT-TPR

displays less than half rate (140 x 107 mol s Qearbige 2). This is
due to larger carbide particle size and massive coke deposition
when CHy is used as carbon source. W C/CNT-CTR via direct
insertion of carbons from CNTs shows much lower phenol
synthesis rate and the formation of catechol (Table S1), which
always occurs in the presence of metal tungsten. Although no
tungsten diffraction was found and mixed carbides phases, the
XPS analysis further confirmed that there is high metal con-
tent on the outer surface of particles (Fig. S5). This is ascribed
to the small carbon-metal interface during the carburization. It
is worth noting that the W,C@CS(RF) demonstrates a satisfy-
ing phenol synthesis rate of 164 x 107 mol s Qearide *.
W,C@CS(RF) is the carbon sphere supported tungsten carbide
derived from carburization of the hybrid of RF polymer and
tungsten precursor, according our previous reports.2? These
results highlight the advantages of RF polymer as a carbon
source for carburizing control.

The results of stability tests are shown in Fig. 6¢ and Fig.
S6-8. The p-W,C/CNT exhibits the highest stability under
both WLHSV of 3 and 9 h™%. No changes in the activity for
more than 150 h time on stream were found (Fig. 6c¢), while
W,C/CNT-TPR shows obvious decrease on the guaiacol con-
version with slight suppress of phenol selectivity (Fig. S7). On
the other hand, W,C/CNT-CTR is unstable and deactivates
soon with the increase of catechol selectivity (Fig. S8), which
correlates to the in-situ XRD analysis. Therefore, the introduc-
tion of RF layer as the carbon source is beneficial for control-
ling and stabilizing the active phases of tungsten carbides. To
identify the application of p-W\C/CNT, Fig. 6d shows the
catalytic performance and the stability on the aryl C-O bonds
cleavage in lignin-derived aromatic ethers. The p-WxC/CNT
shows high activity on the hydrogenolysis of anisole and di-
pheny! ether, obtaining approximate 860 and 970 x10~7 mol s
Jearvice . Guaiacol and dimethylphenol display, respectively, an
approximate 380 and 290 x10~7 mol s Qeamige * Under optimal
reaction temperatures with a WLHSV of 9 h™%. In all cases, no
obvious changes in the aryl C-O cleavage rates were found
and the p-W,C/CNT maintains at a stable performance
throughout the entire 100 h reaction on stream. These results
indicate the advantages of our strategy to prepare robust and
efficient catalyst towards hydrogenolysis of aryl C—O bonds.

Further analysis of the catalysts from our computational
models shows a huge effect of the support carbon vacancies on
the electronic structure and electrostatic local potentials. The
left column in Figure X represents the electron charge density
difference of WC upon deposition on the graphite models and
indicates that the carbon defect relocates the W electron densi-
ty towards the surface — as more C-defects more density dis-
placement away from the catalytic surface. The effect is clear-
er once the local potential is projected on the electron density.
This electrostatic potential allows to graphically identify sites
with high (and low) electron density, which can indicate po-
tential (electrostatic) interaction sites of the WxC clusters with
molecules. For instance, the oxo groups resulting from the C—
O cleavage would favorably adsorb on electron rich sites such
the W supported on pristine graphite (Fig Xa) while the same
oxo group would avoid electron depleted sites (e.g. Fig Xc).
This information added to the competitive hydrogenation reac-
tions described above enhance the importance of the graphitic
support integrity for an active and durable catalysts.



Figure X. (left) electron charge difference (iso-value at
0.003 eV-A-%) and (right) projection of the electrostatic local
potential on the electron charge difference of WC supported
on (a) pristine, (b) single vacancy and (c) double vacancy
graphite model. Yellow iso-surface indicates electron charge
accumulation, and the local potential has a color scale between
blue (negative) and red (positive).

3.4 Promoting effect of CNTs incorporation

CNTs are attractive materials because of their unique ther-
mal, mechanical and electronic properties. To identify the
effect of CNTs on the high activity and robust stability of p-
W,C/CNT, we prepared the W,C@CS(RF) using the pyrolysis
and carburization of organic-inorganic hybrid precursors as
previously reported.®?° The polymer derived from the
polymerization of resorcinol with formaldehyde in the pres-
ence of tungsten precursor. W C@CS(RF) displays expecta-
tional catalytic activity at the initial stage (Fig. S9). However,
the catalyst rapidly deactivates after 5 h on stream.
WLC@CS(RF)-CNTs was prepared by CNTs incorporation
during the synthesis of hybrid precursors. Interestingly, the
catalyst displays a similar performance but prolongs the
lifespan under the same reaction conditions (Fig. S10). No
obvious changes in guaiacol conversion and phenol selectivity
were found after 100 h reaction. Upon increasing the WLHSV
from 3 to 9 h™?, the catalyst gradually deactivates at one third
of the initial conversion with slight decrease of phenol selec-
tivity (Fig. S11). These results prove the CNTSs ability to pro-
mote the stabilization of catalyst’s performance.

To further investigate the changes of catalyst structures dur-
ing the HDO reaction, TEM images at different stages were
conducted (Fig. 7). The TEM image of W,C@CS(RF) in Fig.
7a shows a degradation of the carbon support with obvious
particle sintering after 8 h reaction. The sintering situation is
more serious after 16 and 24h of reaction. This is also con-
firmed by the XRD analysis where the used catalyst displays

similar but sharper diffractions peaks (Fig. S12). Importantly,
Fig. 7b well-dispersed NPs in W,C@CS(RF)-CNTs with
slight agglomeration during the reaction process. The particles
remained practically with the same size after the 96 h of reac-
tion. Further XRD analysis demonstrates no significant chang-
es in both diffractions” peaks and their sharpness (Fig. S13).
As depicted in Fig. 8, thermal diffusivity was carried out indi-
cating that the CNTs-incorporated samples demonstrated
higher thermal diffusivity with the trend: p-W,C/CNT >
W,C@CS(RF)-CNTs > CNTs > W,C@CS(RF). Thus, the
high thermal diffusivity facilitates the dissipation of heat from
the exothermic reaction and retards the particle sintering. Thus,
the CNTs serve as excellent candidates for anchoring and sta-
bilizing the carbide NPs.
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Figure 7. TEM images of (@) WxC@CS(RF) and (b)
WLC@CS(RF)-CNTs with an increase of reaction time on
stream.
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Figure 8. Thermal diffusivity of CNTs, WC@CS(RF),
W,C@CS(RF)-CNTs and p-WC/CNT under different tem-
peratures.

4. Conclusions

Stable and well-controlled tungsten carbide catalysts have
been successfully synthesized by assembling the CNTs, RF
layer and tungsten precursors. Wrapping a RF layer with
closed contact with tungsten species allows control over the
carbide phase compositions of robust and small carbide NPs,
which, anchored on CNTs, minimize the particle sintering
during synthesis and reaction process. The well-controlled p-
W,C/CNT displays a significant activity on guaiacol hydro-
genolysis with 324 x 107 mol s geamice - at 300 °C, which is
two- and six-times higher than those catalysts prepared by
common TPR and CTR methods, and maintain their perfor-
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mance for more than 150 h of stream reaction. This catalyst
also provided satisfying efficiency on the aryl C-O bonds
cleavage in anisole, dimethylphenol, and diphenyl ether with a
stable reaction lifespan. The tolerance of H, atmosphere and
particle sintering were proved to achieve the p-WxC/CNT with
ultra-stability. This work presents a viable way to construct a
stable carbide catalyst with well-controlled phase composi-
tions for heterogeneous catalysis involving thermo-, electro-,
and photo-chemical reactions.
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