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Operando NAP-XPS unveils differences in MoO: and Mo2C
during hydrodeoxygenation

Karthick Murugappan’, Eric M. Anderson’, Detre Teschner?3, Travis E. Jones?, Katarzyna
Skorupska®3, and Yuriy Roman-Leshkov"’

MoO; and Mo.,C have emerged as remarkable catalysts for the selective hydrodeoxygenation (HDO) of a wide
range of oxygenates at low temperatures (i.e., < 673 K) and H, pressures (i.e., < 1 bar). While both catalysts can
selectively cleave C-O bonds, the nature of their active sites remains unclear. Here, we used operando near-
ambient pressure X-ray photoelectron spectroscopy to reveal important differences in the Mo 3d oxidation states
between the two catalysts during the HDO of anisole. This technique revealed that although both catalysts fea-
tured a surface oxycarbidic phase, the oxygen content and the underlying phase of the material impacted the
reactivity and product selectivity during HDO. MoO; transitioned between 5+ and 6+ oxidation states during
operation, consistent with an oxygen vacancy driven mechanism wherein the oxygenate is activated at underco-
ordinated Mo sites. In contrast, Mo,C showed negligible oxidation state changes during HDO, maintaining most-

ly 2+ states throughout the reaction.

Introduction

Hydrodeoxygenation (HDO) is an important upgrading
strategy for converting lignocellulosic biomass to fuels and
chemicals that relies on molecular H, to selectively remove
oxygen in the form of water."3 While noble metal catalysts
have dominated the HDO landscape, molybdenum triox-
ide (MoO;)?° and molybdenum carbide (Mo,C)*3' have
recently emerged as promising earth-abundant alterna-
tives that can selectively cleave C-O bonds under mild
conditions. In contrast to state-of-the-art noble metal
catalysts, MoO; and Mo,C catalysts produce unsaturated
hydrocarbons, while concurrently minimizing both the
saturation of C=C double bonds and the cleavage of C-C
bonds.

Roman-Leshkov et al. showed that MoO; converts a
wide-range of linear and aromatic oxygenates into olefinic
and aromatic hydrocarbons, respectively, with high selec-
tivities (>97%) using low H, pressures (< 1 bar) and tem-
peratures below 673 K.4 Post-reaction characterization
studies revealed that MoO; underwent partial carburiza-
tion to form an oxycarbohydride (MoOLCyH,) featuring a
large proportion of Mo5* surface species.’ It was hypothe-
sized that these undercoordinated species (i.e. oxygen
vacancies) were responsible for activating the C-O bond
and that the lattice carbon in MoOxCyH; played a crucial
role in preventing the over-reduction of Mo5* into less
active Mo#* sites.’>

In parallel, Bhan and co-workers showed that Mo,C is
highly selective for cleaving strong phenolic C-O bonds at
atmospheric H, pressures and temperatures ranging from

420 to 553 K.2» 3 26 28 29 For instance, Mo,C converted
anisole to benzene with selectivity values >90% at 423 K.
Detailed kinetic studies revealed that two distinct sites are
required: one for H, dissociative adsorption and one for
oxygenate activation.>> 2629 The site required for oxygenate
adsorption was hypothesized to be metal-like in nature
based on the invariant product generation rates when
normalized by ex situ CO chemisorption.> 2¢ In a subse-
quent study, an oxygen mass balance performed during
transient HDO experiments revealed oxygen incorpora-
tion equivalent to ~0.29 monolayers.?” Given the lack of
bulk structural changes, this oxidation was hypothesized
to be a surface and/or a subsurface phenomenon.?¢-29

Notwithstanding this evidence, the exact nature of the
active sites in both materials remains unresolved. On the
one hand, the presence of oxycarbidic sites may suggest a
common HDO pathway for both materials. Indeed, alt-
hough CO chemisorption is typically used to titrate metal-
lic sites that may be present in Mo,C and not in MoO;, CO
can also bind to the undercoordinated sites of MoOxC,H,.
27 Hence, the potential active site for oxygenate adsorption
in Mo,C could be either metallic or an oxygen vacancy
similar to that observed over MoO;. On the other hand,
reactivity data has shown different HDO product distribu-
tions for both materials when compared at identical con-
ditions (Supplementary Fig. 1), thus suggesting different
site speciation over the catalytic surfaces.

Unfortunately, ex situ characterization techniques do
not allow us to establish clear structure-performance rela-
tionships for these materials. Although post-reaction
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X-ray photoelectron spectroscopy (XPS) of spent MoO,
provided insights into the nature of the catalysts after
reaction, this ex situ approach does not capture the dy-
namics of the catalyst surface under the reaction condi-
tions.3> More importantly, Mo,C is highly oxophilic, and
readily forms an oxide passivation layer when exposed to
0,.3335 This changes the surface structure from that pre-
sent during reaction and convolutes data from ex situ
characterization methods.3+ Since both catalysts undergo
significant structural and surface modifications during the
course of the reaction, an in situ surface characterization
technique is required to interrogate the active sites re-
sponsible for HDO.

Here, we used operando near-ambient pressure XPS
(NAP-XPS) to probe the nature of active sites over MoO,
and Mo,C catalysts during HDO of anisole at 593 K and H,
pressures (= 1 mbar). Using synchrotron radiation, we
were able to increase surface sensitivity by modulating the
incident photon energies to measure ejected photoelec-
trons at lower kinetic energies than those that measured
with traditional ultra-high vacuum (UHV) XPS3* Our
study revealed that both catalysts predominantly pro-
duced benzene as the major product under the reaction
conditions investigated. However, the changes in Mo 3d
oxidation states during HDO were drastically different
across both materials. The Mo 3d core level spectra were
rigorously analysed with the aid of density functional
theory (DFT) calculations to identify the various contribu-
tions associated with different chemical environments. In
addition to Mo 3d spectra, O 1s, C 1s, surface elemental
composition, C-Mo and O-Mo ratios were examined to
gain insight into the cause of deactivation. Thus, our work
provides a robust framework for interpreting Mo 3d XPS
data for MoO; and Mo,C catalysts.

Results

NAP-XPS measurements. In order to investigate the
nature of the active sites during HDO, NAP-XPS meas-
urements were performed over both MoO; and Mo,C
samples under identical reaction conditions (Pl = 1 mbar
with Panisole = 0.005 mbar and balance H, at 593 K). Due to
the lack of reliable fitting strategies for surface-sensitive
Mo 3d spectra for Mo,C, DFT calculations were used to aid
in developing a robust fit parameter set. In short, we
benchmarked our theoretical approach first by simulating
known Mo 3d line shapes of metallic Mo and MoO,, fol-
lowed by calculating the line shape of Mo,C (see Supple-
mentary Methods I, Supplementary Fig. 2 and Supple-
mentary Table 1).

Figure 1a shows the Mo 3d XPS spectra acquired
over pre-reduced MoO; during reaction. Detailed infor-
mation about Mo 3d binding energies, deconvolution
parameters and a sample deconvoluted spectrum are
available in the Supplementary Information (Supplemen-
tary Methods II, Supplementary Tables 1-3, and Supple-
mentary Fig. 3). In the first 3.6 h, there is a clear continu-
ous oxidation of Mo5* to Mo, as seen by the lower inten-
sities of Mos5* peaks and the sharper Mo® peaks. Interest-
ingly, after ca. 4 h on stream, the proportion of Mo®
started to decline with a concomitant increase of Mo5*,
ultimately reaching a steady state. No peaks correspond-

ing to Mo** (Mo,C) or Mo (Mo metal) were observed. The
distribution of Mo oxidation states was tracked as a func-
tion of time as seen in Figure 1b. Specifically, the propor-
tion of Mo oxidation states changed from 39% Mo5* and
58% Mo® to 1% Mo>* and 76% Mo®* in the first 3.3 h,
before reaching a steady state distribution of 31% Mos5*
and 61% Mo®. Similarly, Mo# mirrored the trends ob-
served with Mo® increasing from ~3% to 13% in the first
3.3 h, before decreasing to a steady state composition of
~8% Mo** species. A repeat of the experiment with a new
MoQO; pellet resulted in similar trends (Supplementary
Figs. 6-8).

Control experiments on fresh MoO, samples
were used to gain insights into the observed changes in
Mo oxidation states during HDO. First, the Mo 3d spectra
of untreated MoO; (i.e. not pretreated with H,) acquired
at 593 K in 1 mbar N, flow predominantly featured a com-
bination of Mo% and Mo5* states with their respective
3ds/, peaks located at 232.8 eV3¢ and 231.5 eV3%38 (Supple-
mentary Fig. 9). The presence of Mo5* species indicates
that the sample underwent partial thermal reduction.
Bulk MoO, (Supplementary Fig. 10) featured oxidation
states corresponding to Mo+ (52%), with additional con-
tributions of Mo5* (23%) and Mo®* states (25%). Although
most reports typically model Mo#* as one set of doublet
peaks,3® 39 recent surface science literature has shown that
Mo+ actually consists of 2 pairs of doublets with one nar-
row, asymmetric pair associated with a screened metallic
environment, and one broader, more symmetric pair cor-
responding to an unscreened environment.44> Here, we
also associated the Mo+ state to 2 sets of doublets with
their Mo 3ds, peaks located at ca. 229.3 and 230.6 eV.
Next, a pre-reduced MoO; sample exposed to only H, gas
(i.e. in the absence of anisole) at 593 K showed a decreas-
ing proportion of Mo®* species from ca. 67% to 61% with a
concomitant increase in Mo5* from ca. 32% to 38% in the
first 2.2 h, before approaching a steady state distribution
of ca. 36% Mo5* and 62% Mo®* thereafter (Supplementary
Figs. 11, 12).

The HDO of anisole was investigated over Mo,C
after it was treated for 3 h with H, at 593 K (Supplemen-
tary Fig. 13). This pre-reduction was necessary to remove
any surface oxides formed during sample handling and
loading pre-reaction (vide infra). In stark contrast to the
Mo 3d spectra of pre-reduced MoO; no significant
changes were observed in the Mo oxidation states over
Mo,C during the course of the HDO reaction (see Fig. 2a).
The distribution of Mo species remained relatively con-
stant at ca. 84% Mo*, 14% Mo+, 1% Mo>* and 1% Mo®
(see Fig. 2b) throughout the reaction (~ 7 h), and resem-
bled that obtained after the H, reduction. A repeat exper-
iment with a new Mo,C pellet showed similar trends
(Supplementary Figs. 14-17). A control experiment with
fresh Mo,C in the presence of just H, (i.e., in the absence
of anisole) was performed prior to the HDO experiment
to determine the Mo 3d binding energies corresponding
to Mo,C. The corresponding Mo 3d binding energies,
deconvolution fit parameters and a representative decon-
voluted spectrum for Mo,C are shown in the Supplemen-
tary Information (Supplementary Methods II, Supplemen-
tary Tables 1, 4-5 and Supplementary Fig. 4). Although
most reports associate Mo** in Mo,C with a single set of
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Fig. 1 | NAP-XPS of pre-reduced MoO; during HDO of anisole at photon energy of 473 eV. a, Normalized Mo 3d spectra at
few selected time points from the entire data set for better visualization b, Percent composition of Mo oxidation states with time.
Reaction conditions: T = 593 K, Piotal = 1 mbar (Panisole = 0.005 mbar, balance H,).

doublet, our theoretical analysis (Supplementary Fig. 2)
showed that Mo** features three sets of doublets. The
dominant doublet corresponding to Mo** is strongly
asymmetric in nature and corresponds to the Mo 3ds.
signal at 228.2 eV (Supplementary Fig. 18a), in agreement
with prior literature reports.#> 4 In addition, two minor
doublets with their Mo 3ds, bands centred at ca. 228.9

a

4.9h H_/ani
4.0h H,/ani
2.5h H_/ani
1.1h H,/ani
0.1h H /ani
H, pre-red

I L | T LI L | L | T LI L | !
240 238 236 234 232 230 228 226 224
Binding Energy (eV)

and 231.9 eV also correspond to Mo**(Supplementary Fig.
4). Despite our attempts to minimize air exposure, a ca.
0.33 nm thick oxide overlayer (see Supplementary Meth-
ods III, Supplementary Table 6) exists on the ‘fresh’ Mo,C
surface as evidenced by the presence of a broad shoulder
in the Mo 3d spectra at higher binding energies. Peak
deconvolution revealed that ca. 72% of Mo species exist as
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Fig. 2 | NAP-XPS of Mo,C during HDO of anisole at photon energy of 473 eV. a, Normalized Mo 3d spectra at few selected
time points from the entire data set for better visualization b, Percent composition of Mo oxidation states with time. Reaction
conditions: T = 593 K, Piotal = 1 mbar (Panisole = 0.005 mbar, balance H,) and H, pre-reduction = 3 h.



Mo?*, associated with carbidic Mo,C, while Mo#", Mo5*
and Mo® constitute the remaining 15%, 10% and 3% re-
spectively, associated with oxidic species. We note that a
conservative Mo,C fitting was performed wherein the
asymmetry parameter of the dominant Mo>* peak was not
allowed to be too high to obtain reasonable fits, thus
potentially underestimating the Mo** and overestimating
the higher oxide contributions. The presence of residual
oxygen on freshly synthesized Mo.C was also observed by
Bhan and co-workers.>® The intense carbidic C 1s signal at
ca. 283.1 €V 447 is a strong indication that the surface is
carbidic or oxycarbidic in nature (Supplementary Fig.
18b). In addition, a signal at 284.5 eV associated with
graphitic carbon, and peaks at 285.9 and 288.1 eV corre-
sponding to oxidized carbon entities (C-O* and C=0
respectively) are also visible in the spectrum. As seen
from Supplementary Fig. 19, maintaining the catalyst
under H, flow at 593 K decreased the oxide layer on the
surface, but did not completely eliminate it. Specifically,
the amount of Mo** increased by ca. 10% after 3 h under
H. flow, and appeared to remain relatively constant at
this value thereafter. As such, a 3 h pre-reduction was
performed before the HDO reaction. The invariance in
amount of Mo* after 3 h suggests that the remaining
oxide layer (corresponding to Mo#, Mo>* and Mo® spe-
cies) on the carbide is likely more difficult to be removed
under these mild reduction conditions, consistent with
prior reports wherein temperatures above 823 K was re-
quired to remove residual oxygen from fresh Mo,C cata-
lysts.?®

Micro-GC results. Benzene was the major HDO product
observed over both MoO; (Supplementary Fig. 20) and
Mo,C (Supplementary Fig. 21). However, the rates of ben-
zene formation were very different. Upon introduction of
the H,-anisole saturated stream over pre-reduced MoQ;,
the benzene concentration increased sharply to reach a
maximum in ca. 1.3 h, before very slowly decreasing over
the next 6.7 h (Supplementary Fig. 20). In contrast, the
benzene concentration reached a maximum in just ca.
0.4 h over Mo,C, before dropping rapidly in the next 2.5 h
(Supplementary Fig. 21). Benzene content continued to
decrease thereafter, albeit at a slower rate. The presence of
two deactivation profiles over Mo,C is also consistent with
observations from anisole HDO experiments performed at
593 K and atmospheric H, pressures over bulk and sup-
ported Mo,C (Supplementary Figs. 22, 23). Notably, Mo,C
generated almost an order of magnitude more benzene
than MoO;, thereby suggesting that although both cata-
lysts produced benzene, Mo,C was significantly more
active than MoO; under similar reaction conditions. We
note that while Mo,C (~25 m?/g) has a higher BET surface
area than MoO; (~5 m?/g) before reaction, Delporte et al.
showed that the surface area of MoO; increased from
4 m?/g to 150 m?/g over 15 hours in the presence of either
H. or H./hydrocarbon mixture at 623 K.#0 Our catalyst
likely undergoes a similar increase in surface in the pres-
ence of H,/anisole mixture, although the extent of such
increase is uncertain because the total pressure employed
was significantly lower (1 mbar). Normalizing the rate by
the pre-reaction surface area (i.e., a higher bound for
MoOQ;) still indicated that Mo,C is a more active HDO
catalyst than MoO;. Minor products typically observed

during anisole HDO at 593 K and 1.013 bar of H, over
MoO,, such as phenol, cresols, toluene and methane, were
not observed  during  NAP-XPS  experiments
(Pu» < 0.001 bar).’5 Since the H, pressure employed in this
study is 3 orders of magnitude lower than that used under
typical reactivity studies, the generation of these minor
products probably falls under the detection limit of the
micro-GC detector. As expected, benzene was the domi-
nant product over Mo,C, consistent with the high benzene
selectivity (>94% selectivity on Cg* basis) observed during
anisole HDO at 593 K, 1 bar H, pressure. This value is
slightly higher than that observed by Bhan and co-workers
during anisole HDO at 150°C2% 27 and this difference can be
attributed to the absence of cyclohexane formed from the
sequential hydrogenation of benzene at 593 K. Thermody-
namic calculations show that benzene hydrogenation to
cyclohexane is unfavourable (AGiesction = +16.69 kJ/Mol) at
593 K (see Supplementary Table 11). 5 5* However, since no
cyclohexane was detected, the calculated approach to
equilibrium (see Supplementary Table 11) was likely much
smaller than 1, thus indicating that benzene hydrogena-
tion was not thermodynamically limited but likely kinet-
ically controlled.?® 5 This low hydrogenation rate suggests
suppressed hydrogenation activity of the oxygen-modified
Mo,C catalyst, as previously observed in the presence of
oxygenated reactants such as anisole and other lignin-
derived aromatics.?% 28 Direct HDO of anisole over Mo,C
typically yields benzene and methanol, with the latter
undergoing further HDO to form methane and water.2¢
However, no peaks corresponding to methane or methanol
were observed in this study, likely due to the low amounts
produced that approached the detection limit of the mi-
cro-GC (10 ppm).

Powder X-ray Diffraction (PXRD). PXRD patterns of
pre-reduced MoO; showed that the bulk MoO; structure
was preserved during the 3 h H, pretreatment (Supple-
mentary Fig. 24). Similarly, the PXRD pattern of fresh
Mo.C showed only peaks associated with $-Mo,C, with no
visible diffractions from MoO, (see Supplementary Fig.
25). PXRD patterns of spent MoO; catalysts did not show
any appreciable changes in the bulk MoO; structure (Sup-
plementary Fig. 26). No new peaks corresponding to
MoO,CyH, or MoO, were observed, contrasting to the
PXRD patterns observed after HDO of m-cresol at 593 K.5
This can be attributed to the significantly lower H, pres-
sure employed here which might not be high enough to
cause a bulk transformation of the catalyst. While bulk
oxycarbide was not observed after reaction, the increased
presence of Mo5* observed at the surface is indicative of
surface oxycarbide formation (vide infra), consistent with
our previous studies.’> Similarly, PXRD patterns of spent
Mo,C catalysts (Supplementary Fig. 27) reveal that the
bulk structure of Mo,C was preserved during HDO reac-
tion, in agreement with prior observations by Bhan.?

Discussion

Mo 3d spectra acquired during HDO of anisole over pre-
reduced MoO; across both replicate experiments featured
an initial oxidation phase (~4 h) followed by a reduction
phase, before approaching a steady state composition.
Effectively, the catalyst underwent an initial transient



oxidation-reduction cycle to move closer to its working
state, as seen by the relatively constant distribution of Mo
species towards the end of the experiment. During the
initial stages of the reaction, the anisole feed oxidized the
Mo5* surface species to Mo® species, even at the high H.,-
anisole molar ratios (~215) used. Similarly, the proportion
of Mo# first increased, thus implying that some Mo sites
were over-reduced to Mo+ during the pre-reduction, be-
fore reaching a steady value of ca. 8%. This smaller pro-
portion of Mo** on the surface compared to the Mo>* or
Mo®* states indicates that Mo# does not play a significant
role in HDO. We note that the amount of Mo+ observed
during these experiments was significantly lower than that
observed in our prior work (49% Mo#)," likely due to the
slower rate of reduction at the lower H, pressures used in
the NAP-XPS chamber. We also note that no oxidation was
observed in control experiments with MoO; in the absence
of feed (anisole), thereby ruling out any significant oxygen
contamination in the chamber. Since the oxidation was
only observed upon introduction of feed, it is likely a di-
rect effect from the interaction of the oxygenate with the
catalyst surface. Once the feed is introduced, oxygen from
the anisole can bind favourably to the undercoordinated
Mo sites (Mo>*), thereby oxidizing the Mo species. This
result is in line with observations by Delporte et al. where-
in carbon atoms from the reactant rapidly fill oxygen va-
cancies to form an oxycarbohydride phase, thereby pre-
venting the formation of Mo0O,.# Similarly, our previous
work also revealed that pre-reduced MoO; transformed
into a mixture of MoOxCyH, and MoO, after coming into
contact with m-cresol for 0.5 h5 In this study, oxidation
continued up to ~ 4 h, at which point the catalyst transi-
tioned to its working state with an equilibrated ratio of
Mo®/Mos* and steady state HDO rates. This oxidation-
reduction cycle could possibly depict the actual turnovers
observed on the MoO; catalytic surface. Taken together,
the interplay of Mo>* and Mo®* states is strong evidence
that Mo>* is active for HDO under these reaction condi-
tions. Furthermore, Mo 3d spectra acquired at higher pho-
ton energies of 946 eV and 1486.7 eV (see Supplementary
Figs. 28-30) revealed that the surface of MoOj; featured
more Mos* and less Mo®* states than the bulk, thus further
confirming that Mo5* is the active site responsible for
HDO over MoO,. Adsorption of oxygenates onto such
undercoordinated Mo sites is also consistent with mecha-
nisms proposed during HDO of acrolein>* and acetalde-
hydess over MoQO;. Similarly, the same depth profile analy-
sis (Supplementary Figs. 29,30) showed that the bulk was
more enriched with Mo#* states than the surface and that
the amount of Mo#* in bulk increased during reaction,
indicating bulk-like over-reduction i.e. transport of oxygen
vacancies propagating down to the bulk. This observation
is also consistent with the rapid deactivation observed over
MoO; at 673 K during HDO of m-cresol, attributed to the
complete bulk-reduction of MoO; to MoO, (Mo#), indi-
cating that Mo#* is not that active for HDO.

Analysis of the Mo 3d spectra of Mo,C revealed
that the dominant Mo** phase was maintained throughout
the reaction, showing negligible oxidation even in the
presence of the oxygenate feed. We note that the H, pre-
reduction, as expected, led to an initial increase in the
Mo* content (from 72% to 83%) and a corresponding

decrease in the oxide overlayer thickness (0.33 nm to
0.20 nm, see Supplementary Table 6). However, both the
composition of Mo oxidation states and the oxygen cover-
age did not vary significantly during the HDO reaction,
similar to that reported by Schaidle et al. during HDO of
acetic acid over Mo,C.5* The prevalence of Mo*" species
and the negligible changes in Mo5*/Mo®* oxidation states
imply that the dominant carbide/oxycarbide phase is likely
responsible for HDO over Mo,C. This presence of oxycar-
bide phase during HDO was also illustrated by Schaidle et
al. using DFT calculations, wherein a submonolayer of
oxygen was shown to exist on the Mo-Mo.C(oo1) and
C-Mo.,C(001) surfaces during HDO of acetic acid.>* Using a
combination of in situ diffuse reflectance infrared Fourier
transform  spectroscopy  (DRIFTS),  temperature-
programmed desorption of ammonia (NH;-TPD) and DFT
calculations, a 0.50 monolayer O/C-Mo,C(0o01) was pro-
posed to be the likely active catalyst surface under the
reaction conditions investigated in their study.>

Based on Mo,C’s nearly invariant Mo 3d spectra,
in situ oxidation probably cannot account for the observed
catalyst deactivation. Bhan and co-workers attributed
catalyst deactivation both to mild coke formation and in
situ oxidation.?” If in situ oxidation were a major cause of
deactivation, the proportion of higher Mo oxidation states
(i.e. Mo#*, Mo5* and Mo®") would have increased with a
concurrent decrease in the presence of Mo** species. Fur-
thermore, XPS of spent supported Mo,C catalysts (per-
formed using an air-free transfer vessel with UHV XPS)
after HDO of anisole at 593 K, 1 bar H, also revealed that
the dominant Mo** state was maintained during the reac-
tion even after 24 h with no appreciable surface oxidation
(Supplementary Fig. 31), thereby excluding in situ oxida-
tion as a cause for the observed deactivation even for at-
mospheric H, experiments. However, the O 1s spectra
featured a signal at ca. 532.7 eV (Supplementary Figs. 32,
33) that can be attributed to the oxygen present in ani-
sole-derived reaction intermediates or to methoxy species
on the catalyst surface.?® 5 The signal increased during the
reaction, implying growing oxygenate adsorption and
potentially leading to deactivation by blocking some of the
sites. Although this increase is also consistent with the
oxygen incorporation reported by Bhan,? it seems to be a
minor effect since it did not change the relative ratio of Mo
oxidation states or the O/Mo ratios (Supplementary
Figs. 34, 35) as reported in Schaidle’s study.5+ It is possible
that the rates of oxygen incorporation and surface reduc-
tion could have reached equilibrium, thereby leading to
minimal changes on the quantity of O on the surface
measured by XPS. This result is in agreement with prior
reports wherein in situ oxidation predominantly occurred
during the transient phase of HDO and that no further
oxygen incorporation was observed during steady state
HDO.?” Similarly, since ‘fresh’ Mo,C already had some
oxygen on the surface prior to reaction (ca. 0.20 nm oxide
overlayer), only minute amounts of oxygen were likely
incorporated during the reaction. Hence, although in situ
oxidation cannot be excluded as a cause for deactivation
observed in this study, it likely plays only a minor role in
the overall decrease in catalyst performance.

The role of coking in catalyst deactivation was
investigated by analysing the C 1s spectra, the surface ele-
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Fig. 3 | Normalized Mo 3d spectra of passivated Mo,C
(Mo,C-pass) during HDO of anisole measured at photon
energy of 473 eV. Reaction conditions: T = 593 K, Pl = 1
mbar (Panisole = 0.005 mbar, balance H,) and H, pre-reduction
=3h

mental composition and the C/Mo atomic ratios. The
time-resolved C 1s spectra and the composition of different
C 1s components showed no significant changes (Supple-
mentary Figs. 37-39), suggesting that the nature of the
surface carbon species was largely invariant throughout
the reaction. However, surface elemental quantification
(Supplementary Methods IV) revealed that C content
increased by ~6% (Supplementary Fig. 40). Similarly, the
atomic C/Mo ratio as measured by XPS (Supplementary
Fig. 41) increased by ca. 14%, indicating a growing amount
of carbonaceous deposits on the surface during the course
of reaction. The rise in both surface concentration of
atomic carbon and C-Mo ratios across duplicate experi-
ments (Supplementary Figs. 42-44) is in agreement with
the observations by Bhan et al.?” and Schaidle et al.5+ Tak-
en together, these data are strong evidence that coking is
likely the major cause of deactivation route for Mo,C un-
der the reaction conditions investigated here.

In order to understand the effect of an oxygen
overlayer on the carbide surface on the HDO reactivity, a
passivated carbide (Mo,C-pass) was investigated under
identical reaction conditions. The passivation oxide over-
layer on Mo,C-pass was determined to be approximately
1.34 nm, roughly 4 times thicker than that observed over
fresh Mo,C. High Mo oxidation states dominated the
Mo 3d spectra of Mo,C-pass (Supplementary Fig. 45), with
only a small contribution from Mo* (20% of the Mo sur-
face species), which is significantly lower than that for
fresh Mo,C (72%). The C 1s spectrum shows a carbidic
signal at 283.2 eV, albeit less intense than that observed
with fresh Mo,C (Supplementary Fig. 46). The signals at
285.9 and 288.1 eV, associated with oxidized carbon are
stronger than those of fresh Mo,C. Supplementary Figure
47 shows that the passivated layer gets partially reduced
during the H, treatment, as seen by an increase in the
fraction of Mo* from 20% to 55% and a corresponding

decrease in oxygen coverage to a ca. 0.57 nm oxide overlay-
er or roughly 1.8 monolayers (based on a Mo-O bond dis-
tance of 0.318 nm5°), similar to the 1.3 monolayers ob-
served by Bhan on a passivated Mo,C catalyst after H,
treatment.?”

The anisole feed did not further oxidize the Mo
species on Mo,C-pass (see Fig. 3). In fact, the oxide layer
continued to decrease in intensity during the reaction.
Supplementary Figure 48 shows that the combined pro-
portion of Mo#, Mo5* and Mo®* decreased from ca. 45% to
27% during reaction in the first 4 h, while the amount of
Mo?* concurrently increased from ca. 55% to 73%. The
composition of Mo species was relatively constant after
this 4 h time period, analogous to the trend observed with
fresh Mo,C. Similarly, the oxygen coverage further de-
creased to 0.27 nm oxide overlayer, approaching the oxy-
gen coverage values observed over fresh Mo,C after HDO
reaction. Interestingly, although Mo,C-pass sample
showed similar amounts of reactivity towards benzene
production (Supplementary Fig. 49) compared to fresh
Mo,C, this material also generated small quantities of
toluene. This alkylation product is typically observed on
bulk MoO;* 5 and is also a minor alkylation product ob-
served on H,-activated passivated Mo,C during HDO of
anisole.?® The presence of toluene indicates that the sur-
face of the passivated Mo,C features Brensted acidity,”
consistent with previous reports.5# 57 The presence of acid
sites on Mo,C is dependent on many factors such as carbu-
rization conditions, passivation treatment, oxygen remov-
al efficiency during H, pre-reduction, and the presence of
oxygen co-feed or any other oxygenates during reaction.
Sullivan et al. used 2,6-di-tert-butylpyridine titrations to
reveal that Brensted acid sites were responsible for the
dehydration of isopropanol (IPA) to propylene over an
oxygen-modified Mo,C and that these acid site densities
can be reversibly tuned by a factor of ~ 30 using an O, co-
feed.s® Furthermore, Badour et al. showed that the propor-
tion of acid sites can be tuned by the phase/composition
of Mo,C while the acid strength itself can be varied by the
carbide particle size.? In summary, acid sites can be ei-
ther found inherently on Mo,C or can be formed either
during pre-treatment or during reaction. However, the
significance of these acid sites with respect to controlling
reactivity is reaction-dependent. In the reaction investi-
gated in our study, since anisole does not have a sp3-
hybridized B-hydrogen, it cannot undergo dehydration,
thus leading to deoxygenation mechanisms different from
those observed during dehydration in the above-
mentioned studies. The O 1s and C 1s spectra, as well as
the elemental surface composition of carbon and atomic
C-Mo ratios also showed similar trends to those observed
with fresh Mo,C (Supplementary Figs. 50-53). Mo,C-pass
featured a single deactivation regime (Supplementary
Fig. 49), in comparison to the two deactivation zones ob-
served over fresh Mo,C. Overall, these differences in reac-
tivity over fresh and passivated Mo,C can be explained by
the different amounts of initial oxides present on their
surfaces. Specifically, the formation of toluene suggests
that when the carbide passivation layer is thicker, the sites
on the surface behave more like those in the bulk oxide
material. Although toluene production in this study was
under the detection limit due to the lower HDO reactivity



of MoO; at these conditions, alkylation activity has been
reported for bulk and supported MoO, catalysts when
operating at higher reactant partial pressures.

Though NAP-XPS showed that both MoO; and
Mo,C had surface oxycarbidic (MoOyC,) features, the
oxycarbide observed over MoO; was significantly richer in
oxygen than that on the surface of Mo,C. As shown in
Fig.1, the Mo oxidation states observed for oxycarbide
present on MoO; transitions between +6 and +5 oxidation
states during reaction. In contrast, the oxycarbide over
Mo.,C shows almost no +6 or +5 oxidation states and ca.
15% +4 oxidation state without change in the course of
HDO (Fig. 2). This stark difference implies that the active
sites of the two catalysts must be different. In addition to
the differences in oxygen content, the electronic structure
of the oxycarbide is altered by the MoO; or Mo,C under-
layer, in turn affecting the HDO activity. Differences in the
surface composition of the catalysts will manifest as differ-
ences in reactivity, selectivity and catalyst stability.

In order to verify these differences, HDO experi-
ments of 4-methylanisole were performed in flow reactors
over Mo,C and MoO; catalysts supported on silica (see
Supplementary Methods V). Supported catalysts were
used for these studies to mitigate differences in surface
areas generated from formation of the oxycarbide phase.
HDO performed with Mo,C/SiO, at 5 bar H, and 623 K
resulted in complete conversion of 4-methylanisole with a
selectivity to toluene of ca. 9o%, consistent with the high
benzene selectivity observed in the HDO of anisole (see
Supplementary Fig. 55). Under identical reaction condi-
tions and similar space velocities, MoO,/SiO, converted
15% of 4-methylanisole with an initial selectivity to tolu-
ene of ca. 80% that reduced to ca. 60% after 14 h, and
remained constant at this value thereafter (Supplementary
Fig. 56). Additionally, a combined selectivity to oxygen-
ates, comprising mostly p-cresol, dimethylanisole and
dimethylphenol at steady state of approximately 30% was
observed. The presence of dimethylanisole and dime-
thylphenol also confirmed the presence of Brensted acid
sites capable of catalysing alkylation. In contrast, negligi-
ble transalkylation activity was observed for Mo,C, con-
sistent with the high selectivity to C-O bond cleavage and
minimal alkylation observed in previous reports.26-28
Comparing MoO; with Mo,C, it is apparent that oxycar-
bide generated from Mo,C is more reactive and selective
for HDO than the oxycarbide on MoO; under identical
reaction conditions.

Mo,C also showed excellent stability as it main-
tained 40% of its initial activity even after 140 h time on
stream (Supplementary Fig. 55). The deactivation profiles
obtained across two experiments were identical with first
order deactivation rate constants of 0.017 h. We hypothe-
size that the higher H, pressures employed in these exper-
iments both reduced the formation of carbonaceous de-
posits and aided in the faster removal of coke already
formed on the catalyst surface. To investigate this hypoth-
esis, a series of reactions were performed over fresh Mo,C
catalyst where the H, pressure was varied over 1to 6 bar
(Supplementary Fig. 57). The first order deactivation rate
constants were plotted against the average methane selec-
tivity for the respective reaction conditions (see Supple-
mentary Fig. 58). Lower deactivation rate constant is cor-

related with higher methane selectivity, implying that
larger amounts of carbonaceous deposits are removed as
methane at higher H, pressures, thereby significantly
increasing catalyst stability. This deactivation mode is
consistent with the higher C-Mo ratios observed by
NAP-XPS over the carbide material during reaction.

In summary, both MoO; and Mo,C are both
promising HDO catalysts, capable of converting biomass-
based oxygenate molecules to more valuable fuels and
chemicals. Both catalysts were investigated for HDO of
anisole at 1 mbar, 593 K while XPS spectra of Mo 3d, O 1s
and C 1s were concurrently measured. MoO; and Mo.C
produced benzene as the main product of HDO. Mo 3d
spectra for pre-reduced MoO; show that Mo>* initially gets
oxidized to Mo®, followed by reduction to regenerate Mo5*
during the course of HDO reaction. In contrast, the Mo 3d
spectra of fresh Mo,C revealed that the dominant carbide
phase (Mo?**) was retained throughout the HDO reaction,
with no significant changes in the distribution of surface
Mo species, which also included a small proportion of
surface oxide species (ca. 0.20 nm overlayer). The carbide
materials appeared to deactivate mainly via coking. An
experiment with passivated Mo,C (Mo,C-pass) generated
toluene in addition to benzene, demonstrating that the
presence of oxide moieties generate acid sites sufficiently
strong to promote alkylation.

Overall, our findings are largely consistent with
the observations of Bhan and co-workers, wherein the
dominant carbide phase is associated with a highly selec-
tive HDO product. While the surface of fresh Mo,C is
predominantly carbidic in nature (~85% Mo**) throughout
the reaction, it still has some oxidic character (~15% total
of Mo#, Mo>* and Mo*®*). This observation suggests that
high HDO selectivity over Mo,C can be attributed to some
adsorbed oxygen on the Mo,C surface,?® resulting in the
formation of just benzene from anisole. Taken together,
NAP-XPS experiments over Mo,C and passivated Mo,C
reveal that surface oxygen is likely necessary for selective
HDO but too much surface oxygen makes the catalyst
behave more like MoQO;, resulting in the production of
alkylation side products. Hence, controlling surface oxy-
gen concentration on the surface oxycarbidic phase is
critical for controlling HDO reactivity and product selec-
tivity.

Methods

Preparation of materials. Anisole (99 %) was used as
the reactant, and purchased from VWR International.
Bulk MoO; (299.5%) and molybdenum oxide (MoO., (=99
%)) were purchased from Sigma-Aldrich. Bulk MoO, was
pre-reduced for 3 h at 593 K, 1.013 bar under a H, flow
(70 ml/min) to generate undercoordinated sites and re-
move the induction period reported in our previous
study. > Pre-reduced MoO; was transferred to the glove-
box and sealed in a vial to prevent any oxidation. Fresh
Mo.C was synthesized from ammonium paramolybdate
tetra (para)hydrate ((NH,)sMo,0.,-4H.O, 99%, Alfa Ae-
sar) using a temperature programmed reaction method.
Ammonium paramolybdate was loaded into a % inch U-
tube reactor, dispersed on top of a quartz wool plug, in
contact with a K-type thermocouple (Omega, model TJ36-
CAXL-u6u). The reactor was then placed in a furnace



(Carbolite, model GTF 11/50/750B), connected to a tem-
perature controller (Digi-Sense, model 68900-10). Am-
monium paramolybdate tetra (para)hydrate was heated in
a 21% CH,-H, mixture (70 ml/min total flow) from room
temperature to 923 K at 3 K/min and held at 923 K for 1
hour. The resulting sample (Mo,C) was then held under
pure H, flow (55 ml/min) at 923 K for another hour to
scavenge residual surface carbon. The sample was cooled
down under H, flow to room temperature. This U-tube
reactor was equipped with valves for isolation of the cata-
lyst, to prevent any exposure to air. Once room tempera-
ture was reached, the U-tube was then transferred to a
nitrogen-filled glove box and the resulting Mo.C catalyst
was transferred to a 5 ml borosilicate glass ampule
(Wheaton) and capped with a septum. These ampules
were then evacuated on a Schlenk line outside of the
glovebox, before being flame sealed. Passivated Mo,C
(Mo,C-pass) was prepared under similar carburization
conditions in a tube furnace, before being passivated with
1% O,-N, mixture for 2 h and then being exposed to am-
bient atmosphere.

Powder X-ray Diffraction (PXRD). PXRD was performed
on a Bruker D8 diffractometer using Nickel-filtered Cu-Ka
radiation (A = 1.5418 A). PXRD patterns were acquired on a
2D image plate, rotated at 15 rpm for 20 values ranging
from 20° to 9go° with a step size of 0.04° and a scan speed
of 0.2 s per step.

Near Ambient Pressure X-ray Photoelectron Spec-
troscopy (NAP-XPS) Experiments. NAP-XPS experi-
ments were performed at the ISISS end-station of the
Bessy II synchrotron facility in Berlin, Germany.3* The set
up consisted of a differentially pumped electrostatic lens
system and a SPECS hemispherical electron analyser. De-
tailed explanation of the set up can be found elsewhere.3
To ensure equal surface sensitivity, Mo 3d, O 1s and C 1s
core-level regions were recorded using selected photon
energies such that ejected photoelectrons had similar
kinetic energy (~245 eV) across the different elements.
This kinetic energy corresponds to a 0.66 nm inelastic
mean free path (IMFP) for Mo,C and 0.78 nm for MoO,
based on the NIST Electron IMFP Database.® Given that
the information depth is roughly three times the IMFP
value, ~95% of the ejected photoelectrons arise from a
depth of ca. 2.0 and 2.3 nm, approximately the top 10 and
7 atomic layers of Mo,C (Mo-C bond 0.206 nm)5° and
MoO; (Mo-O bond 0.318 nm)° respectively. The spot size
was 300 um x 100 um and the beam was moved to a new
spot on the catalyst pellet (vide infra) for every set of XPS
spectra measurement to minimize beam-induced reduc-
tion of molybdenum species.# XPS spectra were acquired
in normal emission geometry with a pass energy of 20 eV
and a step size of 0.05 eV for Mo 3d and 0.1 eV for C 1s and
O 1s. At each time point, the elemental core level spectra
were measured sequentially in this order: Mo 3d, C 1s and
O 1s. For each elemental core level, typically 5-8 scans were
recorded. In total, the duration of spectrum acquisition for
each elemental core level was ca. 5 min. All the XPS spec-
tra shown in the manuscript and Supplementary Infor-
mation correspond to the catalyst state measured at that

time point, with the time stamp referring to the start of
Mo 3d core level spectra acquisition. Binding energies for
each element were corrected using their respective sec-
ond-order peak. After binding energy correction, the spec-
tra were normalized and a Shirley background was ap-
plied.® The spectra were then deconvoluted by least-
square fitting of Gaussian-Lorentzian profiles using the
software Plot,% with exponential tail contributions added
to account for the asymmetry in some of the peaks. Densi-
ty functional theory (DFT) calculations were performed
for metallic Mo, MoO, and Mo,C to determine the joint
density of states from which the theoretical XPS line
shapes (see Supplementary Fig. 2) were generated to serve
as references for the identification of the binding energies
of the various constituent contributions for each com-
pound (see Supplementary Table 1). Two sets of optimiza-
tion parameters were determined based on analysing mul-
tiple spectra to best fit the MoO; and Mo,C spectra (see
Supplementary Tables 2-5 and Supplementary Figs. 3, 4).
Then, the same set of parameters was used consistently
across the MoO; and Mo,C samples, respectively. The
following constraints were used to determine the best
optimization parameters: 1) spin-orbit splitting of 3.15-
3.20 eV for Mo 3ds, and 3d;5, 2) area ratio of 3:2 for
Mo 3ds.-Mo 3ds,, and 3) equal Gaussian-Lorentzian ratio
for Mo 3ds/,-Mo 3d,),. For quantitative elemental analysis,
the raw areas for each element were integrated and then
normalized by their respective photon flux and photoioni-
zation cross-sections and asymmetry parameters (see
Supplementary Methods 1V, Supplementary Tables 7-10
and Supplementary Fig. 5).

Pre-reduced MoO; and fresh Mo,C catalyst pow-
ders were pressed into pellets (7 mm diameter) using a
hand-held pellet press (Pike Technologies) in a nitrogen-
filled glovebox. Fresh MoO,;, MoO, and passivated Mo,C
(Mo,C-pass) were pelletized in ambient atmosphere. The
catalyst pellet was then placed between two stainless steel
plates, which were then mounted onto a sapphire plate,
and secured with screws. Temperature was measured us-
ing a K-type thermocouple, which was wound around the
screws, pressed firmly against the back plate, very close to
the catalyst pellet. The air-sensitive pellets were moved
from the glovebox to the NAP-XPS set up using a transfer
vessel, which was then mounted directly onto the XPS set
up, thereby minimizing air exposure. The sample was
locally heated using laser irradiation of the unpolished
back plate. All NAP-XPS experiments were typically run at
1 mbar. The gas flows and pressure of the reaction cham-
ber were regulated using multiple mass flow controllers
(MECs, Bronkhorst) and motorized control valves. Anisole
feed was introduced to the reaction chamber using a stain-
less steel saturator in the form of a H,-anisole saturated
stream. H, gas was initially saturated with anisole in the
saturator at room temperature and at 1.013 bar using a
MFC set at 30 ml/min. This corresponds to a H./anisole
molar ratio of ~215. A part of this flow was delivered to the
reaction chamber held at 1mbar via a low AP MFC
(17-20 ml/min). The rest of the saturated gas stream was
directed to the vent. All catalyst samples were heated at
5 K/min from room temperature to 593 K, and maintained
at 593 K throughout the experiments. MoO; and MoO,
were heated in a N, flow (10 ml/min) while Mo,C catalysts



were heated under a H, flow (10 ml/min), before switching
to H,-anisole mixture (17-20 ml/min) for all reactions at
593 K. During reaction, the gas phase composition was
monitored using a 4-channel micro gas chromatograph
(micro-GC, CP-4900, Varian Inc), equipped with thermal
conductivity detectors. The micro-GC consists of 4 col-
umns - 2 Molsieve 5 columns (10 m and 20 m), a
PoraPLOT Q column (10 m) and an Al,O;/KCl column
(10 m). The PoraPLOT Q (PPQ) column was predominant-
ly used to track benzene and anisole. All the columns were
held isothermal at the following temperatures: 2 Molsieve
columns at 328 K and 315 K, PPQ column at 453 K and
Al,O5/KCl column at 423 K. Each micro-GC run lasted for
about 7.3 min, before the next injection was made. Typi-
cally, when no reactions were run, the anisole-saturated H,
stream was injected into the micro-GC via a bypass line
(10 ml/min). When the reaction was started, the
H.-anisole mixture was delivered to the reaction chamber,
while the bypass was switched off. Similarly, at the end of
each experiment, the H,-anisole mixture was turned off
and bypass was resumed. The bypass served as a baseline
reference for the amount of benzene observed in the ab-
sence of reaction.

Data availability. All data are available from the corre-
sponding author upon reasonable request.
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