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Abstract: In this work, a series of Ni-W,C/carbon materials have been
prepared from a MOF precursor, DUT-8(Ni), following different
tungsten deposition routes. After pyrolysis, nickel-tungsten alloys and
tungsten carbide phases over nitrogen-doped carbons were obtained.
These materials were applied to cellulose hydrogenolysis, where
molar yields of up to 46 % in ethylene glycol (EG) and 9 % in
propylene glycol (PG) were obtained at 245 °C after 1 hour of reaction
time. The best performing catalyst demonstrated promising stability,
as the EG yield remained constant over 3 recycling tests and very little
nanopatrticles sintering was observed.

Introduction

The one-pot hydrogenolysis of cellulose into diols - low carbon
polyols (C2,3), ethylene glycol (EG), and propylene glycol (PG) -,
which are prevailing intermediates in the manufacture of plastics,
pharmaceuticals, food additives, and cosmetics, remains
challenging as it involves 3 subsequent reactions: cellulose
hydrolysis into glucose, retro-aldol condensation, and
hydrogenation. Thus, catalysts presenting Lewis acidity and
hydrogenating sites are required. Owing to its Pt-like behavior,
supported tungsten hemicarbide on activated carbon (60 %
W,C/AC) gave EG yields up to 29 % starting from cellulose.? The
addition of nickel (2 % Ni-30 % W,C/AC), an hydrogenating metal
catalyst, further increased the EG yield up to 60 %.™ In this line,
we have recently shown that a 5 % Ni-30 % W,C/AC catalyst gave
EG and PG yields of 60 % and 10 %, respectively.[! After three
cycles, the EG yield decreased to 50 % while the PG yield
remained constant. Moreover, the replacement of cellulose by
raw pine wood led to similar yields.?!

By replacing AC with a mesoporous carbon, smaller particles
consisting of a mixture of tungsten carbide and hemicarbide (42 %
WC,/MC) were obtained and the EG yield was further increased
to 72.9 %.™ However, the EG yield rapidly decreased to 57.3 %
after three cycles due to surface oxidation of W,C into WO,.X!

Another way to control the size of the final W«C particles is by
using a cage-confinement pyrolysis strategy.®! Starting from
metal-organic frameworks (MOFs) with high surface areas and a
metal center (Zr, Zn) that can be sublimated at high temperature,
tungsten carbide nanoparticles (NPs) deposited on porous carbon
were obtained.[>¢! Moreover, the carbon inherits the shape of the
MOF (prismatic fibers, polyhedral or rhombododecahedral) and
some of its porosity, as the dimensions shrink. Moreover, Yang et
al. prepared Ni-W,C/C nanofiber catalysts, in situ fabricated
through the pyrolysis of (Ni, W)-impregnated ZnBTC MOF.
Applied to the direct hydrogenolysis of cellulose, the EG and PG
yields reached 34.1 % and 5.3 %, respectively.l Of note, the
carbonization of organic linkers constituting the MOF allows to
stabilize the framework metal clusters or ions into small NPs.®!
Herein, our objective was to directly prepare Ni-W,C/C materials
from the pyrolysis of a Ni-based MOF onto which the W phase
was deposited by impregnation following two different routes,
illustrated in Figure 1.
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Figure 1. Graphic representation of the two routes evaluated to prepare
NiWxC/carbon catalysts: (a) liquid-mediated incorporation, and (b) chemical

vapor deposition.
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Preparation and pyrolysis of W/DUT-8(Ni)

DUT-8(Ni) has been selected as a good candidate as it presents
a large surface area (above 1900 m2.g?') and the following
chemical composition: Niz(C12Hs04)2(CsH12N2).[! After pyrolysis
of DUT-8(Ni), a nitrogen-doped carbon containing about 23 %
nickel is expected to be obtained. While the Ni content is much
higher than previous studies (2-5 %), it remains one of the lowest
than can be reached starting from a stable MOF structure. For the
sake of simplicity, characterization and extensive discussion
about the DUT-8(Ni) MOF as well as W/DUT-8(Ni) materials
(theoretical W/Ni molar ratio = 0.3) are provided in Sl (Figures S1-
S7 and Tables S1-S2). Of note, XRD patterns (Fig. S2) reveal that
only the chemical vapor deposition route (Wco)/DUT-8(Ni))
preserved the crystalline structure of DUT-8(Ni), while additional
reflections appear following the liquid-mediated incorporation
(Wnao/DUT-8(Ni) and WcogDUT-8(Ni)). In line with this
observation, aggregates of W-species are observed in
Wniao/DUT-8(Ni) and Wcon/DUT-8(Ni) by SEM (Figs. S5-S6). This
is due to the direct addition of tungsten precursors in the
preparation mixture of DUT-8(Ni) and thus their impact over its
crystallization process. Nonetheless, all materials present high
surface areas (Fig. S3 and Tab. S2), above 1438 m2.g™* (against
2067 m2.g* for the as-made DUT-8(Ni)).
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Figure 2. XRD diffractograms of pyrolyzed Ni-WxC/C samples. *: WxNiix (X =
0.04-0.06), m: W2.C, O: WC, *: C.

Table 1 presents the Ni and W contents of the Ni-W,C/C catalysts
after pyrolysis. Following the liquid-mediated incorporation route,
lower W/Ni than expected were obtained and especially when
using W(CO)g as the precursors remained in solution and were
extracted following centrifugation. In any case, after pyrolysis high
metal contents are obtained (71.2-78.4 % of the material)
including 38.9-52.3 % of Ni. Figure 2 displays the XRD
diffractograms of the pyrolyzed Ni-W,C/carbon materials,
showing a clear influence of the tungsten deposition route and
precursor over the crystalline species formed. The presence of
NiW alloys, and especially NiogsWo.0s but also Nip.esWo s in the
case of NiWco()/C, is observed in all materials. Their presence is
a good hint about the proximity of some Ni and W species. No
other crystalline phase is observed in the case of NiWcow)/C,
while WC and W,C are observed in the materials prepared
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following the liquid-mediated incorporation route and especially in
NiWnao/C. This underlines both the successful carburization of W
species under N, and the ultrasmall size of these W species in the
material prepared by the vapor deposition route. The average
nanoparticle diameters were determined using the Scherrer
equation and are presented in Table S3. The NiW alloys present
small sizes between 8 and 12 nm, while the W,C particles are
sligthly bigger, from 13 nm (NiWcog/C) up to 24 nm (NiWnao/C).
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Figure 3. XPS surveys of NiWcow/C: (a) W 4f, (b) Ni 2p, and (c) C 1s.

XPS measurements were performed in order to identify the
electronic environment of metals (W, Ni) as well as their oxidation
states. The XPS spectra of the passivated samples, displayed in
Figures 3 and S8, exhibit the core level signals for W 4f, Ni 2p,
and C 1s. Of note, W,C cannot be differentiated from WC by XPS.
Moreover, WO3 has non-stoichiometric properties, since its lattice
withdraws a significant number of oxygen vacancies.'% Hence,
two main tungsten species are detected for all materials: WC
(4f72: 31.46 eV and 4fs,: 33.64 eV), and W6* (4f7,: 35.6 eV, 4fs)y:
37.78 eV). The presence of W8* implies that for all materials,
tungsten is mostly oxidized on the surface (= 70 % of W®*, see
Table S4) after passivation. Two oxidation states of Ni are also
observed in the Ni 2p surveys: metallic nickel Ni° (2psj,: 852.6 eV
with a surface plasmon loss peak at 858.7 eV and a weak intra-
band transitions peak at 856.3 eV), and the oxidized nickel
species, Ni?* (2ps: 854.9 eV and 5 satellites: 855.7 eV, 857.7 eV,
860.5 eV, 861.5 eV, and 866.5 eV).[*! The small shifts of binding
energy observed between the different materials might stem from
the formation of a Ni-N-C structure.*?l Unlike tungsten, metallic
nickel remains the main phase after passivation (88-98 %, see
Table S4). On the contrary, in a previous study we have shown
that after passivation Ni° only represented 9% of the total nickel.F®!
This suggests that the presence of residual carbon from the
organic linker can protect the nickel phase toward reoxidation.
Moreover, the asymmetrical C 1s peak of the XPS spectra at
284.5 eV (C-N) implies a considerable modification of the sp2
carbon atoms on the support surface (Figure 3). It is attributed to
the carbonization of nitrogen, either from the organic linker or from
the atmosphere, during pyrolysis at 700 °C. A signal around 283.5
eV, which is the C 1s carbide signature,*® is also expected, but it
is probably merged with the intense C-C bonds photopeak. The
rest of the C 1s peaks are usually assigned to oxygen-containing



carbonaceous bands (C=0 and O-C=0).*4 According to XPS, the
surface of NiWcow/C is thus composed of W,C and Ni°, which are
not detected by XRD, as well as Ni>* and W&* which are likely to
form NiW alloys after reduction as observed by XRD.

Table 1. Metal content and surface area of the NiWxC/C materials.

Material W (Wt%) Ni (Wt%) Seer (M2 g?)
NiWnao/C 31.5 46.9 95
NiWco/C 18.9 52.3 112
NiWcow/C 33.9 38.9 104

After pyrolysis, all materials exhibited a strong decrease of their
surface area (95-112 m2.g%, Table 1) along with an increase in
pore diameters towards the mesopores region (2-24 nm, see
Figure S9 and Table S5). As expected, the thermal treatment
induced a collapse of the parent microporosity, occurring during
the DUT-8 structure loss and reflected by a shift from type | to
type Il isotherms. The strong modifications of textural properties
are also clearly associated to the high metallic content of the
materials as prior seen.

Figure 4. (a) HAADF-STEM and (b) related TEM-EDS elemental mapping
images of NiWco)/C.

The morphology of the pyrolyzed materials were further examined
by SEM and TEM. The morphology of DUT-8 crystals is partially
preserved (Figures S10-S12), with angular particles of 200-800
nm forming larger aggregates of few microns. The brighter
particles are W species, forming particles as big as 200 nm in the
case of NiWnao/C (Figure S10). From XRD patterns, it may be
attributed to WC. On the contrary, small W-containing NPs
(estimated in the 5-35 nm interval, with an average size of 25 nm)
homogeneously dispersed on the surface of aggregates can be
observed for NiWco)/C in Figure S12.

Among the different materials, NiWcow)/C presented the smallest
particles size (average NP size of 2.7 nm) as observed by
aberration-corrected scanning transmission electron microscopy
(STEM), with a homogeneous dispersion of W and Ni particles
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throughout the analyzed samples (Figures 4 and S13), which is
favorable for the possible synergy between the 2 metals. However,
it should be mentioned that bigger Ni-based particles, around 50
nm, are also found (Figure S14). Lower dispersion of the Ni and
W elements are obtained with the materials prepared by liquid-
mediated incorporation. Indeed, NiWna.o/C presents an average
particle size of 13.8 nm, however with a satisfying proximity
between Ni and W species, as identified by EDS elemental
mapping (Figure S15). An even slightly larger average metal
particles size is obtained for NiWco()/C (~15 nm, see Figure S16).
But on the contrary to NiWnao/C, significant segregation between
Ni and W species is observed.

For the hydrogenolysis of cellulose into polyols (EG, PG), it is
expected that W and Ni species contribute respectively to the
retro-aldol cleavage and hydrogenation of unsaturated
intermediates.*® The crystalline phases formed during synthesis
as well as their sizes are thus particularly important. Moreover,
the formation of NiW alloys may present a positive effect over the
catalyst efficiency.®!

Cellulose hydrogenolysis and cyclability
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Figure 5. Products molar yields over Ni-WxC/C catalysts derived from different
synthesis pathways. Reaction conditions: 0.50 g cellulose, 0.15 g catalyst, 50
mL water, 60 bar Hz, 1000 rpm, 245 °C, and 1 hour.

Figure 5 and Table S6 display the catalytic results of cellulose
hydrogenolysis over the series of Ni-W,C/C materials. The two
catalysts prepared using W(CO)s as the precursor gave relatively
comparable EG and PG vyields of 42-46 % and 9-10 %,
respectively. The presence of large W,C particles as seen by
SEM does not seem to promote neither the formation of EG nor
PG: rather, more sorbitol is obtained. Thus, finely dispersed W-
containing particles (NiW alloyed and/or W,C NPs) are critical to
obtain a good catalytic activity. Of note, the carbon balance
remains below 70 % with all catalysts, which is due to the
formation of oligomeric products arising either from partial



cellulose depolymerization, or formed through recondensation
reactions between highly reactive intermediates. These products
are most often ill-characterized and therefore not identified
enough to be included in the carbon balance.

The catalytic efficiency of all this series falls short of the
benchmark catalyst (WC,/MC), for which cumulated (EG + PG)
yields above 70 % are reported.®# On the other hand, the W/Ni
weight ratio is far from optimal (0.9 instead of 6) due to the
limitations induced by the MOF framework containing a high
loading of Ni, and the two NiIWCO/C catalysts are performing
better than the previous study starting from a MOF.I'l Moreover,
to target real-life applications, not only should the catalyst be
highly active, but it should also be stable over cycling. Thus, we
assessed the stability of the most selective catalyst, NiWcow)/C,
under recycling experiments (Figure 6). The same reaction
conditions were applied during each run, without any reactivation
treatment in-between. Interestingly, the cumulated yield of glycols
remains relatively stable for 2 runs (52-53 %), before a slight loss
measured at the third run (45 %) even if the yields remain in the
error margin. Hence, at the third run, the catalyst becomes
comparable in activity to the benchmark catalysts. To better
understand this observation, the reaction solutions were
recovered after each run and dissolved metal species were
quantified by ICP-OES (Table S7). After the first run, a leaching
of 7.4 % of total W and 1.3 % of total Ni was measured. Ni
leaching remains stable over the recycling experiments at + 1 %
per run, while W leaching significantly decreases over the three
cycles to become close to + 1 %. This means that after removal
of the soluble fraction of W species, the residual W is relatively
stable upon leaching. Considering that the change in efficiency is
relatively modest between the first and second cycles, it could be
assumed that the 7.4 % of dissolved W species are not
significantly contributing to the catalysis.
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Figure 6. Recycling experiments on the conversion of cellulose into polyols over
NiWcow/C. Reaction conditions: 0.50 g cellulose, 0.15 g catalyst, 50 mL water,
60 bar Hz, 1000 rpm, 245 °C, and 1 hour.
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NiWcow)/C was also characterized after the three runs. Its XRD
pattern is comparable (Figure S17), with the presence of
Wo.04Niggs alloy after reaction along with a small fraction of a
crystalline impurity. In addition, applying the Scherrer equation on
the diffractogram reflection leads to comparable NiW crystal size
(13 nm after reaction, vs. 12 nm before reaction). Moreover, the
TEM images presented in Figure S18 reveal the presence of two
populations of particles, as in the case of the as-pyrolyzed
material. However, few larger Ni-rich particles with sizes in the 10-
40 nm region are also observed. In all cases, these particles are
composed of Ni and W. Thus, only limited sintering of the particles
is observed after test (Figure S18c). The textural properties, after
reaction, remained close to the values measured on NiWcow)/C
(see Table S8: Sger: 107 m2.g* after reaction, vs. 104 m?.g* as-
pyrolyzed) and the isotherm type remains unchanged (Figure
S19). The non-variation of its physico-chemical properties stand
behind the resilience of NiWcow)/C over various catalytic runs.

Conclusion

In summary, we have prepared a series of supported Ni-W,C on
carbon catalysts starting from a nickel-based MOF. The chemical
vapor deposition route gave better results in terms of NP size and
dispersion, and it also led to the highest polyols yield (55 %) out
of the series of catalysts. While it remains slightly below the
benchmark catalysts from the literature, its good stability over
three consecutive runs with no reactivation procedure rises
interest. Our next objective is to decrease the weight percentage
of nickel in the starting MOF structure, either by following a metal
defects strategy or by increasing the molecular weight of linker
molecules.

Experimental section

Synthesis of DUT-8(Ni) and W/DUT-8(Ni)

The synthesis of pure DUT-8(Ni) was derived from published
protocols. 8 Two tungsten deposition routes were investigated. In
the liquid-mediated incorporation route, the corresponding
amount of W precursor (W(CO)s or Na,W0O,.H,0) was added to
the ligand solution before mixing with the nickel solution for one
hour. The mixture was transferred into a PTFE-lined autoclave
and heated at 140 °C for 24 h. The recovered powder was washed
three times with DMF, and dried overnight at 80 °C.

In the chemical vapor deposition route, the pure DUT-8(Ni) was
placed in a glass vial further introduced in a glass bottle containing
the corresponding amount of W(CO)s. The bottle was sealed and
heated at 85 °C for 24 h then recovered as such.

More details are given in Supporting Information.

Pyrolysis of W/DUT-8(Ni)

The W-loaded materials were pyrolyzed under a flow of N, of 100
mL.min! applying a temperature increase rate of 10 °C.min*



(from RT to 450 °C), then 1 °C.min"! (from 450 °C to 700 °C) with
a final dwelling time of 1 h at 700 °C. The samples were finally
passivated under a flow of 1 % O, in N, of 60 mL.min"! at ambient
temperature for 6 h. The following nomenclature was adopted
hereafter:

- For the liquid-meditated route materials: NiWn.o/C and

NiWco(y/C, depending on the W precursor used.

- For the chemical vapor deposition route material: NiWco()/C.

Hydrogenolysis tests

Prior to reaction, the cellulose was dried in an oven under a
nitrogen flow at 80 °C for 4 h. The hydrogenolysis reaction was
performed in a 100 mL PARR Hastelloy autoclave reactor
equipped with a temperature regulation and a mechanical
agitation. Typically, a suspension of 0.5 g of cellulose and 0.15 g
of catalyst in 50 mL of deionized water was prepared in the
autoclave. Afterwards, the autoclave was purged 3 times with 30
bar of Ar then 1 time with 60 bar of H,. Subsequently, 60 bar of
H. were introduced, the autoclave was heated to 245 °C and
stirred at 1000 rpm, and the reaction lasted for 1 h. The liquid
phase after reaction was filtrated over Teflon (0.45 pum) and
analyzed with a Shimadzu series 20 HPLC machine (RID, 0.5
mL.min! of deionized water, CTO-10AS VP, 40 °C). The carbon
content in the aqueous phase (TOC) was analyzed with a
Shimadzu TOC-VCSH total organic carbon apparatus to estimate
the cellulose liguefaction level.
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Supported Ni-WxC nanoparticles on carbon were prepared from the pyrolysis of DUT-8(Ni) MOF impregnated with tungsten precursor.
The resulting catalysts present a stable activity over several cycles of cellulose hydrogenolysis into diols.
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