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Bulk mixed metal oxides are increasingly explored as sustainable catalysts, yet their behaviour under
hydrodeoxygenation (HDO) environments remains poorly understood. Here, we reveal how first-row
transition metal molybdates (MMo, M = Mn, Fe, Co, Cu, Zn) undergo metal-dependent restructuring
under acetone HDO, leading to the emergence of functional Mo-rich phases with distinct redox and
catalytic properties. Catalytic testing combined with comprehensive post-reaction characterization
shows that HDO conditions promote the formation of substoichiometric molybdenum species (MoO,C,)
whose abundance and distribution are governed by the reducibility of the incorporated metal. These
dynamically generated phases promote efficient deoxygenation through multiple pathways and explain
the broad reactivity trends across the MMo series. Our findings demonstrate that hydrodeoxygenation
can direct the self-assembly of transition metal molybdates into catalytically versatile architectures,
providing generalizable principles for designing redox-active oxide catalysts for biomass valorization and
other oxygen-rich feedstocks.

The transition to a low-carbon chemical sector requires efficient strategies to convert biomass-derived oxygenates into energy carriers and value-added

chemicals. Hydrodeoxygenation (HDO) is central to this transformation, yet the development of robust, earth-abundant catalysts capable of operating under the

reducing, carbon-rich conditions imposed by real bio-oil streams remains a major challenge. Transition metal molybdates are appealing candidates due to

their redox properties and compositional tunability, but their behaviour under HDO environments, and how this affects catalytic function, has been poorly

understood. This study reveals that first-row metal molybdates undergo metal-dependent restructuring into functional Mo-rich phases that efficiently remove

oxygen through distinct pathways. By uncovering how reaction environments can direct the emergence of catalytically relevant architectures, our findings

provide new design principles for redox-active oxide catalysts and advance the development of sustainable processes for biomass valorization and renewable

fuel production.
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1. Introduction

The hydrodeoxygenation (HDO) of biomass-derived com-
pounds is a benchmark reaction in the conversion of renewable
feedstocks into fuels and platform chemicals. Although bio-
mass is abundant and chemically diverse,' its high oxygen
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content poses significant challenges for efficient upgrading.’
The liquid fraction obtained from fast pyrolysis, commonly
referred to as bio-oil, contains a complex mixture of oxygenated
species including ketones, aldehydes, carboxylic acids, furans,
sugars, and phenolic aromatics.> The structural diversity of
these compounds demands multifunctional catalysts capable
of performing selective C-O bond cleavage while suppressing
overhydrogenation and undesired side reactions.”™®
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Reducible metal oxides, particularly those based on molyb-
denum, have garnered increasing attention as potential HDO
catalysts.””® Their ability to promote deoxygenation through the
reverse Mars-van Krevelen (MvK) mechanism, by generating
and restoring oxygen vacancies, enables them to activate and
transform oxygenated intermediates efficiently.'®'" The flex-
ibility of molybdenum oxides redox properties allows fine-
tuning of active site properties and catalytic selectivity across
a range of reactions."'® Under reducing and carburizing HDO
conditions, MoO; may evolve into different phases such as
Mo0,, M00,C,, and Mo,C.”**** These phases, especially the
substoichiometric ones, can introduce varied functionalities,
including acidic, metallic, and bifunctional sites, which are
often essential for complex transformations involved in bio-
mass valorization."?"

Recent studies have expanded the application of moly-
bdenum-based catalysts beyond classical monometallic systems,
exploring bimetallic and mixed oxide configurations incorporat-
ing first-row transition metals.**>* Cu-Mo/C catalysts, for
instance, have demonstrated high activity and selectivity in the
hydrogenation of methyl oleate to diesel-range hydrocarbons,
where the synergy between Cu and Mo was associated with
enhanced hydrogenation functionality and dispersion of active
sites.”® Transition metal-doped MoO; surfaces, particularly with
Fe, Co, Ni, Cu, and Zn, showed different electronic structure and
surface reactivity compared with MoO; due to substitution of
surface Mo atoms by the transition metal dopant, which have
facilitated C-O bond activation under reductive environments.”®
In the context of HDO, sulfided Mo-based catalysts promoted with
Ni, Fe, Zn, and Cu displayed diverse selectivity patterns for
phenolic substrates, reflecting the modifying role of the metal
promoter on the deoxygenation pathway.”” Despite these
advances, the structural and mechanistic roles of metal-molyb-
denum interactions in bulk molybdate systems remain com-
paratively underexplored.

Although promising, most investigations on molybdenum-
based catalysts have concentrated on pure oxides or supported
systems, while bulk mixed metal molybdates (MMo) have
received far less attention in the context of HDO.?*' These
materials, well known for their roles in selective oxidation
catalysis,>?*® offer a rich structural framework that could
stabilize diverse active sites and promote unique phase trans-
formations under reaction conditions. Moreover, some studies
suggest that under reducing environments, MMo systems can
undergo restructuring into new phases, including carbides or
metal/oxide composites, potentially unlocking novel catalytic
behavior.>***

In this context, the present work investigates the catalytic
behavior and structural evolution of first-row transition metal
molybdates (MMo, where M = Mn, Fe, Co, Cu, Zn) under HDO
conditions. Acetone was employed as a model compound due
to its prominence in bio-oil matrices and its mechanistic
richness, encompassing parallel pathways such as hydrogenation,
aldol condensation, dehydration, and direct deoxygenation.’>>*>
This complexity enables acetone to act not only as a relevant
substrate, but also as a mechanistic probe for disentangling the
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roles of acid sites (AS), hydrogenation/hydrogenolysis sites (HS),
and oxygen vacancies (OVS). As illustrated in Scheme 1, the
diversity of products formed during acetone HDO allows for a
direct evaluation of site-specific functionalities, supporting a
comprehensive structure-function analysis of the MMo catalyst
series.

By integrating catalytic testing with extensive ex situ and
operando characterization, we uncover how each MMo catalyst
undergoes a distinct restructuring pathway under reaction
conditions. These findings reveal that the HDO environment
itself drives self-directed restructuring of molybdate lattices,
leading to the emergence of catalytically versatile architectures
whose activity and selectivity emerge from dynamic redox and
structural adaptability. Such insights provide a unified frame-
work linking composition, reducibility, and surface evolution
to function.

2. Experimental section

2.1. Materials

All the employed reagents were purchased in high purity.
Molybdenum(vi) oxide (MoO;, nanopowder), copper(u) and
copper(1) oxides (CuO, nanopowder/Cu,O, 97%), manganese(t)
nitrate tetrahydrate (Mn(NOj3),-4H,0, >97.0%), cobalt(u) nitrate
hexahydrate (Co(NOs),-6H,O, 98%), cooper(u) nitrate (hemi)-
pentahydrate (Cu(NOj3),-2.5H,0, 98%), zinc(u) nitrate hexahydrate
(Zn(NO3),-6H,0, 98%), and acetone (HPLC Plus Grade, >99.9%)
were obtained from Sigma-Aldrich. Ammonium heptamolybdate
tetrahydrate ((NH,)sMo0O,-4H,0) and iron(m) nitrate nonahydrate
(Fe(NO3)3-9H,0, >99.0%) were supplied by Supelco.

2.2. Synthesis methods

The first-row transition metal molybdate catalysts (Mn, Fe, Co,
Cu, and Zn) were prepared following a standard synthesis
described elsewhere.*® The general procedure involved the
dissolution of 2.0 mmol of ammonium heptamolybdate tetra-
hydrate ((NH4)sM00,-4H,0) in 200 mL of water at 40 °C.
Separately, the appropriate amount of each transition metal
nitrate (2.0 mmol for Mn, Co, Cu, and Zn, and 1.3 mmol for Fe)
was dissolved in 100 mL of water at room temperature. The
transition metal solution was added to the molybdate solution
dropwise using an autotritrator (5 mL min~'). After the addi-
tion, the precipitated mixture was aged for 2 h under vigorous
stirring at room temperature, washed with water, dried at
120 °C overnight, and calcined under air (5 °C min~" until
500 °C, 4 h). The catalysts were called MMo, where M corre-
sponds to the first-row transition metal (Mn, Fe, Co, Cu, or Zn).

For further comparison and catalytic testing, a physical
mixture of CuO and MoO; in a 3Cu:2Mo molar ratio was
prepared by manually grinding the corresponding commercial
oxides using a pestle and mortar. Additionally, a CuO/MoO;
catalyst containing 10 wt% Cu was synthesized via wet impreg-
nation. In this procedure, a concentrated aqueous solution of
copper nitrate was gradually added dropwise to MoO; powder
under continuous mixing, until the desired copper loading was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Adapted reaction network for acetone HDO over MMo catalysts.”

fully deposited. The resulting material was dried at 120 °C
overnight and then calcined under air atmosphere (5 °C min ™"
until 500 °C, 4 h).

2.3. Characterization methods

The catalysts were characterized using a combination of bulk,
surface, and operando techniques, including X-ray diffraction
(XRD) and total scattering/PDF analysis, X-ray fluorescence
(XRF), X-ray photoelectron spectroscopy (XPS), N, physisorp-
tion, temperature-programmed reduction (TPR), scanning and
transmission electron microscopy (SEM/TEM), and operando
diffuse reflectance infrared Fourier transform spectroscopy

© 2026 The Author(s). Published by the Royal Society of Chemistry

(DRIFTS). These complementary methods were employed to
probe phase evolution, surface composition and oxidation
states, textural properties, morphology, and dynamic surface
chemistry under reaction conditions. Full experimental details
and instrumental parameters are provided in the SI.

2.4. Catalytic evaluation

The gas-phase acetone HDO reaction was conducted in a plug-
flow tubular reactor fitted with a quartz tube (inner diameter:
8.1 mm). The catalytic bed consisted of 50 mg of catalyst mixed
with 150 mg of quartz powder (<100 mesh) as diluent. Acetone
was introduced via a saturation flask (2.4 mL min~ " of acetone)

EES Catal.
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using He as the carrier gas. Hydrogen was co-fed at 51 mL min ™"
(corresponding to a 21:1 molar H,: acetone ratio), with He added
to balance the total flow to 100 mL min . The weight hourly
space velocity (WHSV) was equal to 7.32 Zacetone Seatalyst ~ h * under
these conditions. Two main catalytic tests were performed:
(i) isothermal tests to evaluate the effect of time on stream (TOS)
over 6 h, and (ii) temperature-dependent experiments with 1 h
plateaus to assess catalytic activity as a function of temperature.
Prior to acetone introduction, the sample was heated under H, to
the target temperature at a rate of 10 °C min ™ ". For selected post-
reaction characterizations (XRD, HRTEM, PDF, and operando
DRIFTS), the CuMo catalyst was subjected to the same reaction
conditions without diluent, using approximately 400 mg of material;
temperature-dependent tests were conducted with 1 h plateaus at
each temperature step (175, 200, and 300 °C). A fresh catalyst charge
was used in each experiment. An additional catalytic test was
performed by treating commercial MoO; at 400 °C for 30 min
under acetone HDO conditions, then cooling it down to 200 °C
under He and conducting temperature-dependent experiments as
previously described.

The reaction products were analyzed by an online gas
chromatograph (GC; Agilent Technologies, model 7890A)
equipped with two columns, HP-1 and HP-MOLESIEVE, with
FID and TCD detectors. Acetone conversion, mass-normalized
acetone consumption rate, products’ distribution, and carbon
balances were calculated using eqn (1)-(4). The mass-normalized
rate was included to facilitate a rate-based comparison of catalytic
activity under identical feed and space velocity, complementing
conversion values and acknowledging the evolving nature of the
catalytically active surface.

Acetone conversion (C — mol%)
carbon moles of consumed reactant
carbon moles in reactant feed

x 100% )

Acetone consumption rate (mmolaw(me gc—almlyst h—l>

WHSYV - acetone conversion
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Product distribution (C — mol%)
carbon moles of product

= 100 3
carbon moles of all products x @ ®)

carbon moles of all products

Carbon balance = -
carbon moles in reactant feed

4

The main products detected during acetone HDO were
methane (C,), ethene/ethane (C,), propane (CzA), propene
(C3E), isobutene/isobutane and isomers (C,), hexene/hexane
and isomers (Cg), nonene/nonane and isomers (Co), carbon
dioxide (CO,), isopropyl alcohol (IPA), acetaldehyde (C,H,0),
methyl isobutyl ketone and isomers (C¢O), and diisobutyl
ketone and isomers (Cy0), see Scheme 1. To simplify the
analysis and discussion, the following groupings will be used:
direct deoxygenation products (C;E) as DDP; coupling deoxy-
genated products (C,, Ce, Co) as CDP; hydrogenation/hydroge-
nolysis products (Cy, C,, C3A, IPA) as HHP; and oxygenated
products (CO,, C,HO, C40, C50) as OP, see Scheme 2. The full
catalytic data is provided in the SI. Carbon balances presented
slight decreases over time on stream (TOS) and/or at higher
temperatures, but remained above 85%.

3. Results and discussion

3.1. Synthesis and structural characterization of MMo
catalysts

First-row transition metal molybdates (MMo, where M = Mn>",
Fe**, Co®', Cu**, Zn**) represent a structurally diverse class of
mixed oxides, typically composed of Mo®" species in octahedral
coordination and M>*/M*" cations occupying various local
geometries depending on composition and lattice symmetry.****
Unlike classical perovskite or spinel-type oxides, which exhibit
highly ordered A- and B-site frameworks,” molybdates often
adopt more flexible architectures shaped by the size and charge
of the metal center.*

Powder XRD patterns displayed in Fig. 1 confirmed the
formation of well-defined crystalline phases. MnMo, FeMo,
and CoMo matched known monoclinic molybdate structures

2
acetone molar mass @) (ICSD 15615, 16402, and 118340, respectively), ZnMo exhibited
direct deoxygenation CH; O
products (DDP)
CHs + isomers
H;C CH CH
’ + isomers ’ ’ CHy, ‘CH
) H3C 7 “CHj3
3
HsC ] CHy
+ isomers
>=CH,  CH, CH,
H,C
HsC CH,; Oxygenated products (OP)
CH3 CH; + isomers
HsC X-""CH,

hydrogenation/hydrogenolysis
products (HHP)

Scheme 2 Representation of acetone HDO main products separated into four groups.
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Fig.1 Powder XRD patterns (dark colored) of the first-row transition
metal molybdate catalysts (MMo): MnMo, FeMo, CoMo, CuMo, and ZnMo.
Correspondent simulated patterns (light colored) obtained from the ICSD
database are shown for reference.*

a triclinic pattern (ICSD 17030), and CuMo crystallized as
CuzMo,0, with an orthorhombic unit cell (ICSD 2836), indicat-
ing a structural deviation from the more common MMoO,-
type phase.

BET surface areas (in the range of 4-22 m” g~ ', Table S1)
were consistent with the dense, non-porous nature of bulk
mixed oxides.> SEM analysis (Fig. $1) revealed distinct mor-
phological trends. MnMo formed elongated rods (~2 pm),>**®
while FeMo, CoMo, and CuMo appeared as irregular aggregates
of smaller crystallites.”’>° ZnMo crystallized as compact, inter-
grown platelets typically smaller than 1 pm.?®

Table 1 compiles the key crystallographic parameters of the
obtained phases, derived from ICSD references. All materials
feature Mo®" in distorted octahedral or tetrahedral environ-
ments. Mo-Mo distances within the unite cell span from 3.45 to
5.00 A, reflecting different connectivity patterns between
molybdenum centers. Mo-M distances also vary substantially,
3.2-5.0 A, depending on the cation radius and local symmetry.
Mo-O bond lengths for shortest interactions range from 1.65 to
2.00 A, consistent with Mo®'-0 bonding, while M-O distances
(1.73-2.00 A) reflect the coordination variability among M
cations.

These structural parameters hint at deeper differences in the
chemical behavior and redox dynamics of each material. For
example, CuMo’s comparatively short M-M and M-O distances
and highly distorted lattice (with a small unit cell and 12 Cu**
ions per CuzMo0,0, unit) may facilitate structural collapse and
phase segregation under reactive conditions. In contrast,
MnMo’s more rigid monoclinic lattice and longer interatomic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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distances could point out to a greater structural stability. The
intrinsic reducibility of the constituent metals further modu-
lates this behavior: copper exhibits the highest reducibility,
readily forming metallic Cu® under mild conditions, whereas
manganese is considerably more resistant to reduction, stabi-
lizing its oxide framework even at elevated temperatures.

Altogether, data findings highlight the structural variability
intrinsic to first-row transition metal molybdates. Differences
in local geometry, bonding distances, and unit cell metrics set
the foundation for understanding their thermal and chemical
behavior, which will be further explored.

3.2. Catalytic activity and phase evolution of MMo catalysts
under acetone HDO

3.2.1. Temperature-dependent and isothermal HDO per-
formance of MMo catalysts. The acetone HDO reaction over
MMo catalysts produced a diverse set of products, including C;,
C,, C3A, C3E, Cy4, Cg, C60O, Cy, C50, and IPA that can be grouped
into distinct mechanistic families, as summarized in Scheme 2.
According to the proposed reaction pathways (Scheme 1), CcO
and C,O are acetone condensation-derived oxygenated pro-
ducts (OP) formed primarily via acid-catalyzed aldol condensa-
tion, followed by dehydration (acid site, AS) and hydrogenation
(hydrogenation site, HS) steps. C3E belongs to the acetone
direct deoxygenation products (DDP), which can arise either
from reactions involving oxygen vacancies (OVS), which are
undercoordinated sites, or from hydrogenation-dehydration
pathways requiring both HS and AS. Acetone hydrogenolysis/
hydrogenation products (HHP), including C;, C,, C;A, and IPA,
are mainly formed via C-C or C-O bond scission on metal-like
HS. Finally, acetone coupling-derived products (CDP) such as
Cs and Cy result from further deoxygenation of CsO and Cy0,
while B-scission of C¢O may generate C,. This classification
allows product distributions to be mechanistically linked to the
diversity and accessibility of catalytic sites across the MMo
series.

Under isothermal operation at 400 °C, distinct catalytic
behaviors were observed (Fig. 2, Table 2, and detailed data in
Tables S2-S7). MoOs, included as a benchmark, showed mod-
erate acetone conversion (39% decreasing to 22% after 6 h),
corresponding to relatively low acetone consumption rate
(decreasing from 49 to 28 MMmOlacetone Zeat - ™ 1),with product
distribution dominated by DDP and a small fraction of CDP.
This modest rate highlights that, despite measurable conver-
sion, MoO; remains kinetically limited under these conditions,
consistent with its known restructuring at reaction tempera-
tures into a mixture of crystalline MoO, and amorphous
Mo0,C, domains,” which display both redox and acid function-
alities but require thermal activation under reactional atmo-
sphere to reach catalytic relevance.

MnMo was the least active among the MMo series, achieving
8% conversion at 400 °C, corresponding to values below
11 mmolyeetone Eear - WY, and showing > 90% selectivity to
OP. This low mass-normalized rate confirms that manganese
incorporation suppresses not only conversion but also the
intrinsic rate of acetone transformation. In contrast, FeMo

EES Catal.
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Table 1 Relevant structural properties of the obtained molybdate structures

MoO; MnMoO, Fe,(M00,); CoMoO, ZnMoO, CuzMo,04
collCode 166363 15615 16402 118340 17030 2836
Geometry Orthorombic Monoclinic Monoclinic Monoclinic Triclinic Orthorombic
Space Group Pbnm C12/m1 P1211 C12/m1 P1 Pnam
Mo site Mo®" at Oy, Mo®" at Tq Mo®" at Ty Mo®" at Tq Mo®" at Ty Mo®" at Tq
Mo-Mo distance “3.45 A “3.97 A “4.25 A “4.09 A %3.85 A “4.15 A
b4.95 A b5.00 A b4.98 A b4.89 A b4.93 A bg78 A
‘4,95 A °4.87 A °4.63 A ‘4.75 A 4.40 A °4.65 A
Mo-M distance — “3.55 A “3.44 A “3.46 A 93.42 A “3.54 A
b4.80 A bg.94 A bg63 A bg4.096 A bg81 A
3.55 A ‘3.61 A 3.45 A 3.45 A 3.45 A
M-M distance — “3.25 A “5.09 A “3.16 A “3.10 A “2.86 A
"3.55 A %6.75 A "3.32 A P4.99 A "4.99 A
A 3.25 A °6.35 A °3.16 A 3.15 A 2.85 A
Mo-O distance “1.65 A “1.58 A “1.61 A “1.72 A “1.71 A “1.70 A
»4.95 A P4.97 A b4.90 A "4.98 A P4.95 A ?5.00 A
°4.05 A °4.28 A °4.38 A 4.05 A 4.35 A C4.35Aﬂ
M-O distance — %.00 A “1.91 A “1.98 A “1.95 A “1.73 A
"4.98 A b4.99 A %4.93 A *4.99 A P4.92 A
°4.60 A €490 A °4.65 A °4.65 A °4.35 A
Lattice parameter a=3.96A a=10.47 A a=15.69A a =10.25A a=9.63A a=7.66A
b= 13.860A b =9.52 A b= 9.24Ao b= 9.30A b= 6.97A b= 14.6°1A
c=3.70 A c=714A c=18.22A c=7.04A c=8.37A ¢ =6.88A
No. of atoms/cell 4 Mo®* 4 Mo®* 12 Mo®" 4 Mo®* 4 Mo®* 8 Mo®*
12 0>~ 4 Mn** 8 Fe** 4 Co** 4 Zn* 12 Cu®*
16 0>~ 48 0* 16 0>~ 16 O” 36 0~
“ Closest distance. ” Longest distance. © Most frequent distance.
c, G G B op
cop % o €O
:f 1003 MoO, 100 ¥ ::‘; 100-{2) MnMo s :f 100-4) FeMo <
o ° o ° o °
Eso sog ‘E',ao sog an sog
~§ 60 60 g é 60 60 g § 60 60 g
3 3 3
g 40 40 2 g 40 40 2 g 40 40 2
3 s 3 g = ]
ogzo 203 gzo zog -;320 zo%
g 0 [ § g 0 0 5 g 0 0 2
o 0 3 4 6 o [ 3 6 o [ 1 2 3 6
TOS (h) TOS (h) TOS (h)
g 1004 CoMo = :f 1008 CuMo 5_5 100-0 ZnMo <
[ ° ] 3 o 3
5 80 80 5 3 80 80 S 5— 80 80 5
.§ 60 60 .g .f:-’_, 60 60 .g .§ 60 60 .g
3 3 3
2 o 2 o 2 [
= > = > = ) >
% 40 40 § g 40 40 § g 40 40 g
§20 20% -§20 203 §20 zog
g 0 [ 3 g 0 0 8 g 0 0 8
o 0 2 3 4 6 < o 0 2 3 4 6 < o 0 2 3 4 6 <
TOS (h) TOS (h) TOS (h)

Fig. 2 Products’ distribution (colored) and conversion (black triangles) for acetone HDO reaction over (a) MoO+ and first-row transition metal molybdate
catalysts: (b) MnMo, (c) FeMo, (d) CoMo, (e) CuMo, and (f) ZnMo. Isothermal tests were carried out at 400 °C, TOS: 6 h. WHSV = 7.32 gacetone gcatalyst‘l h?t

Feed: 2.4 mL min~! acetone, 51 mL min~* Hj, balance He. Total flow: 100 mL min™™.

exhibited rapid activation and stable performance, reaching
~60% acetone conversion, corresponding to values of ~60-
70 MMOlycetone Leae - WY, and > 70% of deoxygenated products,
with a balanced distribution of DDP and CDP products. This
represents an increase of nearly one order of magnitude in acetone
consumption rate relative to MnMo. CoMo followed a similar
trend; after a brief induction period, it also stabilized at ~60%

EES Catal.

1

conversion, reaching the highest sustained acetone consumption
rates among the MMo catalysts, ~70-80 MMOlyectone Zeat ~ h 7,
and achieved a deoxygenation degree of ~90%. In turn, CuMo
achieved its maximum acetone conversion ~60% at the beginning
of the reaction, without an induction period, corresponding to
approximately 73 mMmolacerone Eeae -~ ™', and maintained a high
deoxygenation degree of ~90% over 6 h, however, a more

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of the catalytic data obtained under acetone HDO isothermal conditions at 400 °C for the first-row transition metal molybdate
catalysts: MnMo, FeMo, CoMo, CuMo, and ZnMo. MoOs data is presented for comparison

Products’ distribution (%)

Acetone Acetone consumption
Sample TOS (h) conversion (%) rates (MmOl cetone Eeat ~ W) HHP* DDP* CDP* op*
MoO; 1 39 49 17 65 10 8
6 22 28 21 51 3 25
MnMo 1 7 9 2 6 — 92
6 8 10 3 3 — 94
FeMo 1 56 71 4 34 39 23
6 49 62 7 26 38 29
CoMo 1 63 79 5 39 43 13
6 60 76 6 42 40 12
CuMo 1 58 73 5 60 30 5
6 38 48 5 58 29 8
ZnMo 1 55 69 8 50 34 8
6 48 61 11 35 39 15

“ HHP: hydrogenation/hydrogenolysis products, DDP: direct deoxygenation products, CDP: coupling deoxygenation products, OP: oxygenation

products.

pronounced deactivation was observed as a function of TOS.
Despite this deactivation, CuMo remains among the most kineti-
cally active catalysts in the series, and its product distribution
remained stable, with DDP accounting for the majority and OP
below 10%. As FeMo and CoMo, ZnMo displayed an initial
activation period and stabilized at ~50% conversion with
~80% deoxygenation degree and balanced selectivity toward
DDP and CDP.

A second series of tests was performed across 300-400 °C.
The temperature-dependent profiles further confirmed these
trends (Fig. 3 and Table 3, and detailed data in Tables S8-513).
All catalysts exhibited increased conversion with rising tempera-
ture, which translated into progressively higher mass-normalized
acetone consumption rates, but activation thresholds and

%)

3
S

selectivity patterns varied. MoO; showed minimal activity below
350 °C and limited deoxygenation ability throughout, with acetone
consumption rates remaining below ~35 mmolacetone Eeat ~ N 7
even at 400 °C. MnMo and CoMo also remained largely inactive
across the range, operating at similarly low or moderate acetone
consumption rates, with OP dominating the product’s distribution,
confirming their limited site functionality under these conditions.
FeMo and ZnMo became catalytically relevant above 360 °C, with a
marked increase in conversion and CDP formation at 400 °C,
accompanied by a sharp rise in acetone consumption rates to
> 50 MMOlacetone Zeat -~ W, indicative of a transition to kinetically
more active regimes. CuMo showed interesting low-temperature
performance, achieving 94% conversion and 100% deoxygenation
at 300 °C, corresponding to the highest acetone consumption rate
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Table 3 Summary of the catalytic data obtained for acetone HDO reaction as a function of temperature (300 to 400 °C) for the first-row transition metal
molybdate catalysts: MnMo, FeMo, CoMo, CuMo, and ZnMo. MoOs data is presented for comparison

Products’ distribution (%)

Temperature Acetone Acetone consumption rates
Sample (°C) conversion (%) (MmOl,cetone Eeat ~ ™) HHP* DDP* CDP* op*
MoO; 300 4 5 3 49 — 48
400 26 33 26 52 10 12
MnMo 300 4 5 6 54 — 40
400 9 11 4 8 3 85
FeMo 300 3 4 1 49 — 50
400 66 83 5 42 31 22
CoMo 300 4 5 8 9 11 72
400 19 24 2 19 10 69
CuMo 300 94 118 6 87 7 —
400 61 77 6 61 29 4
ZnMo 300 7 9 7 14 1 78
400 42 53 6 69 18 7

¢ HHP: hydrogenation/hydrogenolysis products, DDP: direct deoxygenation products, CDP: coupling deoxygenation products, OP: oxygenation

products.

in the series, ~118 MMmOlycetone Eeac * h Y, With consistent pre-
ference for DDP and CDP over the entire range.

Overall, these results highlight clear structure-function
relationships within the MMo series. MoO; served as a partially
active, single-component reference, characterized by compara-
tively low reaction rates despite increasing temperature. MnMo
remained inert and condensation-selective, while FeMo, CoMo,
and ZnMo seemed to undergo restructuring that enables
bifunctional HDO behavior, favoring both DDP and CDP and
operating at intermediate acetone consumption rates. CuMo
emerged as a distinct case, combining low temperature activa-
tion and high reactivity, with substantially higher acetone
consumption rates than the other systems, and prominent
selectivity to DDP at lower temperatures. These performance
trends prompted a detailed structural investigation, described
in the next section, to correlate catalytic behavior with the post-
reaction evolution of each catalyst.

3.2.2. Post-reaction structural, compositional, and surface
evolution of MMo catalysts. The acetone HDO reaction at
400 °C induced significant structural, surface, and redox trans-
formations across the MMo catalyst series, as shown in Fig. 4
(XRD, XPS, and TPR data) and Table 4 (surface atomic ratios).
A catalyst-by-catalyst analysis revealed distinct transformation
pathways and their catalytic implications.

MnMo retained its monoclinic MnMoO, structure after
6 h on stream, with XRD showing no significant phase transi-
tions (Fig. 4a). This structural robustness correlates with a high
fraction of Mo®" (93%) and PM species (7%) observed via XPS,
suggesting limited reduction (Fig. 4b). TPR analysis revealed no
reduction events below 500 °C, in line with manganese’s low
redox activity under the tested conditions (Fig. 4c). The low
surface area (~4 m”> g~ ') and absence of reduced molybdenum
species were likely to contribute to its limited HDO perfor-
mance, where conversion proceeds mainly via surface AS,
favoring acetone condensation to CgO.

In turn, FeMo underwent substantial restructuring. XRD
revealed the formation of B-MoO, (ICSD CollCode 23722)
and MoC phases (ICSD CollCode 43523), with no residual

EES Catal.

Fe-containing crystalline domains. XPS showed partial
reduction of Mo®" (down to 77%), accompanied by the for-
mation of Mo*" species (18%), and a significant drop in the Mo/
Fe surface ratio (from 3.1 to 1.8), indicating Fe surface expo-
sure. TPR data confirmed that bulk reduction occurs primarily
above 500 °C, consistent with the temperature required for the
collapse of the MMo framework. The formation of MoC rather
than B-Mo,C suggests a transformation pathway triggered by
acetone HDO conditions, which is different than conventional
carburization. This is notable given that most literature empha-
sizes B-Mo,C as the thermodynamically favored carbide and the
main active phase in HDO." While B-Mo,C is efficient for C-O
bond scission, it requires surface oxygen enrichment to enable
bifunctional reactivity.*'

CoMo exhibited a similar transformation pathway. XRD also
indicated formation of B-MoO, and MoC, with no detectable
cobalt crystalline phases. The XPS analysis revealed a decline in
Mo®" content (down to 59%), with oxide Mo** species emerging
to 29%, and the Mo/Co surface ratio falling from 1.7 to 0.9,
suggesting a metal migration to the surface during restructur-
ing. These changes are consistent with prior reports of CoMoO,
transformation under reducing and carburizing conditions.
Rodriguez et al. showed that CoMoO, undergoes sequential
reduction to Co,M0;05 and CoMoO; under H,,”> while Xu et al.
demonstrated that under CH,/H, atmospheres, CoMoO,
evolves into CoO at 490 °C, followed by MoC + Co° at 720 °C,
and finally B-Mo,C + Co° at 760 °C.*° Although the acetone
HDO stream promotes phase transitions at lower temperature
and in the absence of conventional carburizing agents, the
formation of MoC (instead of p-Mo,C) and likely-amorphous
CoO, or Co® domains suggest a kinetically driven collapse of
the CoMoO, lattice.

CuMo displayed the most pronounced restructuring. Post-
reaction XRD detected only crystalline Cu® (ICSD collcode
7954), with complete disappearance of molybdenum-based
crystalline phases. XPS showed a sharp drop in surface Mo/
Cu from 1.1 to 0.6, with the formation of Mo** species (16%).
TPR revealed low-temperature reduction peaks at 327 °C and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Atomic surface ratios and species for fresh and post-reaction
(isothermal, 400 °C) MMo catalysts. Nominal values are based on pre-
cursor stoichiometry

Atomic surface
Mo/M ratios®

Surface atomic Mo species
ratios” PM : Mo®": Mo™

Nominal

Mo/M Post-
Sample ratios Fresh reaction Fresh Post-reaction
MnMo 1.0 2.1 1.1 0.07:0.93:0.00 0.19:0.78:0.03
FeMo 1.5 3.1 1.8 0.01:0.99:0.00 0.05:0.77:0.18
CoMo 1.0 1.7 0.9 0.05:0.95:0.00 0.12:0.59:0.29
CuMo 0.7 1.1 0.6 0.04:0.96:0.00 0.14:0.70:0.16
ZnMo 1.0 1.5 1.1 0.00:1.00:0.00 0.00:0.53:0.47

% Obtained through XPS analysis: more details in Tables S14 and S15.

394 °C, corresponding to Cu®>" — Cu" and Cu" — Cu’, respec-
tively, significantly lower than those of other MMo catalysts.

© 2026 The Author(s). Published by the Royal Society of Chemistry

These results confirmed CuMo’s high reducibility and struc-
tural instability under HDO conditions. According to Xu et al.,*
when CuMoO, is submitted to CH,/H,, it yields Cu’ above
240 °C, with MoO,C,, Mo°, and B-Mo,C forming sequentially
upon further heating. Although such -Mo,C formation was not
observed here, the data suggest molybdenum became amor-
phous, likely as MoO, and/or MoO,C,. The resulting dual
structure, composed of Cu’ and amorphous molybdenum
species, correlates with CuMo’s HDO performance: high initial
conversion (58%), stable activity after 6 h, and high deoxygena-
tion degree (>90%). These features echo observations in CO,
hydrogenation studies, where Cu/Mo,C exhibited high selectiv-
ity towards methanol,>® highlighting the potential of Cu-Mo
bifunctional systems.

Finally, ZnMo underwent moderate restructuring. As post-
reaction FeMo and CoMo, XRD patterns showed formation of

EES Catal.
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B-MoO, and MoC, alongside a minor segregated ZnO phase
(ICSD CollCode 26170). Surface XPS revealed the most reduced
Mo content, with 53% of Mo®*, the emergence of Mo*" species
(47%), and surface Mo/Zn ratio drop from 1.5 to 1.1. TPR
analysis showed ZnMo’s reducibility to be also comparable to
FeMo and CoMo, with significant reduction beginning only
above 500 °C. The functional difference commonly attributed to
Fe, Co, and Zn catalysts, together with the predominant
presence of more reduced molybdenum phases and the similar
catalytic activity observed, indicated that these molybdenum
phases, acting synergistically, are the main responsible for the
HDO activity and the promotion of CDP.

Across the series, insights from the literature highlight the
divergence between conventional carburizing pathways (CH,/H,)
and the mechanisms active during acetone HDO. While 3-Mo,C
formation typically occurs at higher temperatures and under
carburizing atmospheres,* our data indicate that MoC formation
and MoO,C, amorphization dominate under HDO conditions.
This distinction is critical, as MoC and amorphous Mo** phases,
though less thermodynamically stable, still provide active sites for
C=0O0 activation and deoxygenation. Furthermore, while MoO; is
traditionally considered more catalytically active than MoO,, its
superior performance is often linked to the dynamic formation of
substoichiometric domains such as MoO,C,, which offer both
redox and acid functionalities.®** In contrast, MoO, is less
reactive and more structurally inert. Our previous work demon-
strated that MoO, primarily yields IPA and CeO, with minimal
deoxygenation activity,” consistent with its inability to form
bifunctional surfaces under mild reduction.

Interestingly, the post-reaction XPS data in Table 4 revealed
that the surface Mo/M ratios across all catalysts tend to con-
verge toward their respective nominal stoichiometric values, in
contrast to the significant surface Mo enrichment observed in
the fresh materials. This convergence suggests that the initially
segregated MoO,rich outer layers, likely composed of
polymolybdate-like domains, are no longer structurally or
functionally distinct after reaction. Under the reducing and
carburizing environment of acetone HDO at 400 °C, these
surface domains are likely incorporated into a more complex
mixture of phases. The evolution toward a more homogenized
and stoichiometrically consistent surface reflects the dynamic
restructuring of the catalyst, where the former surface MoO,-
enrichment becomes functionally irrelevant.

Collectively, these findings confirm that the acetone HDO
reaction at 400 °C induced distinct transformation routes for each
MMo catalyst: MnMo remained intact and inactive; FeMo, CoMo,
and ZnMo restructured into reduced MoC/MoO,-rich phases with
amorphous domains; CuMo collapsed into a Cu’/amorphous
MoO,C, system. Catalytic activity correlates with the generation of
Mo*" and dynamic surface restructuring, emphasizing the impor-
tance of redox-active molybdenum species and the role of transition
metal synergy in driving selective HDO under reaction conditions.

3.3. Unravelling CuMo catalyst evolution under acetone HDO

3.3.1. HDO performance of CuMo across extended tempera-
tures. Among the MMo catalysts, CuMo displayed a distinctive
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catalytic profile, marked by high HDO activity and deoxygenation
even at relatively low temperatures. To investigate the origin of
this behavior, we conducted a temperature-dependent catalytic
study of CuMo displayed in Fig. 5 and Table 5 (see also Table S16).
At 100-200 °C, CuMo promoted the formation of HHP and DDP
despite low acetone conversion (6-7%), corresponding to low
acetone consumption rates, ~8-9 MMol,eetone Eeat - '+ A sharp
performance enhancement was observed at 250 °C, with conver-
sion reaching 81% and total deoxygenation. The product distribu-
tion markedly shifted toward DDP 84% and CDP 10%. At 300 °C,
conversion and selectivity remained stable, with DDP and CDP
jointly accounting for 96% of the products. In both temperatures,
the acetone consumption rate showed a 10-fold increase, to
~100 MMOlycerone Eeae - h~", highlighting the transition to a
kinetically dominant deoxygenation regime, and indicating that
the active sites responsible for deoxygenation are already available
by 250 °C.

To understand the structural basis for the low temperature
activation, we refer back to the post-reaction analysis presented
in Section 3.2, which showed that CuMo underwent a pro-
nounced structural transformation under HDO conditions. At
400 °C, only crystalline Cu® was detected, with no trace of
crystalline molybdenum phases (Fig. 4 and Fig. S2), indicating
that molybdenum transitions into an amorphous state. This
restructuring is attributed to the high reducibility of copper,
which destabilizes the CuzMo,0, lattice and promotes the
formation of a disordered MoO,C,-rich domain. The emergence
of this bifunctional architecture, combining metallic copper
with active amorphous molybdenum domains, supports the
catalyst’s ability to promote deoxygenation reactions even at
relatively low temperatures.

To assess whether this synergy results from intrinsic Cu-Mo
interaction or could be replicated in simpler systems, we tested

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Summary of the catalytic data obtained for acetone HDO reaction as a function of temperature (100 to 300 °C) for the CuMo catalyst

Products’ distribution (%)

Temperature Acetone Acetone consumption
Sample (°c) conversion (%) rates (MMmMolacetone Eeat - N 7) HHP* DDP* CDP* op*
CuMo 100 6 8 28 0 0 72
150 7 9 67 0 0 33
200 7 9 24 35 0 41
250 81 102 6 84 10 0
300 80 100 4 84 12 0

“ HHP: hydrogenation/hydrogenolysis products, DDP: direct deoxygenation products, CDP: coupling deoxygenation products, OP: oxygenation

products.

single-component and physically mixed catalysts (Fig. S3 and
Table S17, with detailed data in Tables S18-S21). Neither CuO
nor Cu,O alone was active: both showed poor conversion (8%
and 4%) and predominantly yielded IPA, corresponding to very
low acetone consumption rates under fixed feed composition
and WHSV. A physical mixture of CuO and MoO; (3Cu:2Mo)
increased conversion (21%) and promoted high deoxygenation
(99%), yet operated at substantially lower reaction rates than
CuMo, but the limited interfacial contact likely restricted the
formation of truly synergistic sites. Similarly, the impregnated
CuO/MoO; sample (10 wt% Cu) produced only 8% conversion
with broader selectivity (15% CDP, 39% OP), underscoring that
copper loading and contact alone did not replicate the CuMo
behavior. These results reinforce that CuMo’s performance
should arise from its structural integration and dynamic phase
evolution under reaction conditions.

To further probe the origin of CuMo’s performance, com-
parative experiments were conducted with both fresh MoO;
and a pre-treated MoO3; sample. The latter was subjected to
acetone HDO at 400 °C for 30 min to promote partial carbur-
ization and the formation of MoO,C,/MoO, phases prior to
testing. As shown in Fig. S4 and Table S22, the fresh MoO;
exhibited minimal activity up to 300 °C, with only 5% conver-
sion, corresponding to low acetone consumption rates across
the entire temperature range, and product distributions domi-
nated by DDP, probably related to OVS alongside trace amounts
of CDP and OP.’ In contrast, the pre-treated MoOj; initially
favored OP with a small 4% conversion. Up to 300 °C, the
conversion increased to 18%, reflecting a moderate increase in
acetone consumption rate but remaining well below that of
CuMo, with a shift in product selectivity favoring DDP (44%).
These changes were consistent with the formation of MoO,C,
domains, previously shown to enhance Brgnsted acidity and
hydrogenating capability under HDO conditions.’

Despite this improvement, pre-treated MoOj; still under-
performed relative to CuMo, both in conversion and product
selectivity. These results highlighted that while MoO,C,
domains contributed with important functionalities, including
stronger BAS and undercoordinated species, they did not fully
account for CuMo’s distinct catalytic behavior. Instead, our
findings indicate that the copper-molybdenum interaction
during in situ restructuring played a decisive role.

Taken together, these observations suggest that CuMo’s
HDO performance arises from a dynamic synergy between

© 2026 The Author(s). Published by the Royal Society of Chemistry

copper and molybdenum species. Copper likely acts as a
structural destabilizer, triggering the collapse of the Cus;Mo,04
framework at moderate temperatures and promoting the early
emergence of an amorphous Mo-rich surface. This disordered
MoO,C, phase coexisted with metallic copper.

To gain further insight into the structural and chemical
dynamics underlying this behavior, a more detailed character-
ization of the CuMo catalyst was performed. To capture surface
changes and correlate them with product’s distribution, ex situ
techniques and operando DRIFTS were additionally performed
in CuMo exposed to reaction conditions at different tempera-
tures (175, 200, and 300 °C).

3.3.2. Structural and surface dynamics of CuMo under
reaction conditions. The stepwise structural evolution of CuMo
under acetone HDO conditions was captured by XRD measure-
ments as a function of temperature, as displayed in Fig. 6a.
The fresh catalyst displays well-defined peaks associated
with orthorhombic Cu;Mo0,0,, with a mean crystallite size of
~77 nm. Upon exposure to acetone HDO conditions at 175 °C,
these reflections diminish markedly and new peaks corres-
ponding to metallic Cu® (50 nm) and MoC (29 nm) emerged,
indicating the onset of molybdate reduction and initial carbur-
ization. At 200 °C, Cu® peaks increase in intensity while MoC
reflections faded, disappearing entirely at 300 °C. At this point,
only Cu® remained detectable (46 nm), suggesting complete
amorphization or high dispersion of molybdenum, likely as
substoichiometric MoO,C,. This phase was inferred in our
previous work on MoO; exposed to acetone HDO reaction
stream.’

An in-depth structural analysis of the short- to medium-
range order was conducted by PDF analysis, which provides
real-space structural information derived from both Bragg and
diffuse scattering contributions. The real-space Rietveld refine-
ment of the short-range order [1.5-10 A] of post-reaction CuMo
at 300 °C is shown in Fig. 6b, whereas the data for the fresh and
post-reaction at 200 °C samples were shown in Fig. S5a-d. The
gray open circles represent the experimental data, the red solid
line the calculated data, and the gray solid line the residual
curve. Fresh CuMo refinements align with the XRD data, in
which the experimental PDFs were well described against
the crystalline CuzM0,09 model. On the other hand, Fig. 6b
confirmed that Cu® motifs dominate the experimental PDF of
the CuMo exposed to 300 °C under HDO reaction conditions, as
highlighted by the goodness of the fit (i.e., R,,) against a Cu fcc

EES Catal.
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acetone HDO conditions. (a) XRD patterns of the fresh CuMo and post-

reaction samples treated at 175, 200, and 300 °C for 1 h. (b) PDF refinement of the post-reaction CuMo sample at 300 °C fitted to an fcc Cu model,
evidencing the short-range metallic ordering. (c) Mo 3d (left) and Cu 2p (right) XPS spectra of the CuMo catalysts after reaction. (d) HAADF-STEM image,
high-resolution TEM, and corresponding EDX elemental maps (Cu = red, Mo = green, O = blue) of the CuMo catalyst treated at 300 °C.

model of 0.20. The difference curve PDF revealed residual
Mo-C/Mo-0 and Mo-Mo motifs, likely associated with a molyb-
denum (oxy)carbidic phase.’ Finally, a combination of crystal-
line CuzMo,0, and MoC motifs could partially describe the
short-range order of CuMo exposed to reaction conditions at
200 °C (Figure S5c¢) (Ry = 0.38), with CuzMo0,0, representing
ca. 91% of the atomic phase fraction.

The difference curve highlights the presence of peaks agree-
ing with Cu-Cu pairs at 2.7 A, associated with the Cu fcc
crystalline domains observed in the XRD data. Peaks from
residual amorphous molybdenum (oxy)carbidic phases can also
be seen at 1.5-2.2 A (Mo-O/Mo-C) and 3.0-3.9 A (Mo-Mo).
These attributions are consistent with Mo-O/Mo-C and Mo-Mo
distances observed in molybdenum oxides and carbides
(Fig. S6a and b). Compared to the fresh CuMo, an increase in
the atomic displacement parameter values (2.3-, 3-, and 5.5-fold
for Cu, Mo, and O, respectively) and notable expansion of the
a-lattice (16%) and contraction of the c¢-lattice (7%) parameters
(Table S24) were observed for the Cuz;Mo,0y phase. These
structural modifications are consistent with the destabilization
of the CuzMo0,0y lattice caused by copper migration and partial
depletion, leading to the formation of highly disordered nano-
domains that are only locally described within r distances

EES Catal.

below 10 A. On the other hand, the medium-range order
(Fig. S5d) was well described (R, = 0.25) by a model comprising
MoC (95%) and Cu (5%). These structural insights indicate that
at intermediate temperatures (i.e., 200 °C), the formation of a
fraction of MoC and partial exsolution of copper occur. Simulta-
neously, the crystalline Cuz;Mo0,0, phase evolves to a highly
distorted CuzMo,0, phase with local structural motifs (<10 13),
retaining copper in its structure. Exposing the catalyst to
reaction conditions at 300 °C, these local Cuz;Mo,0, motifs
collapsed by the exsolution of the remaining copper, resulting
in a system composed of Cu’ and amorphous molybdenum
(oxy)carbidic phases.

This dual phase model is further supported by TEM-EDX
analysis presented at Fig. 6d. The HAADF-STEM images
show irregular nanoparticles (~5 nm) with a denser matrix
supported on an extremely thin layer of a less dense material,
as evidenced by the image contrast. Elemental mapping by
EDX (spectrum in Fig. S7) confirms that the denser particles
are copper-rich, while the thin support contains Mo, O, and
also Cu. These observations strongly support the phase seg-
regation model inferred from XRD and PDF, where crystalline
Cu’ nanoparticles are embedded in a disordered MoO,/
MoO,C, matrix. Larger copper particles (<50 nm) are also

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Bulk and surface atomic Mo/Cu ratios and relative surface
species of the fresh and post-reaction CuMo catalysts. XRF analysis reflects
bulk composition, whereas XPS reveals the surface elemental ratios

Atomic Mo/Cu ratios Atomic surface species ratios”

CuMo

catalysts ~ Bulk® Surface” PM : Mo®": Mo"* cu**:cu’
Fresh 0.9 1.1 0.04:0.96:0.00 1.00:0.00
175 °C 0.6 0.4 0.10:0.90:0.00 0.87:0.13
200 °C 0.5 0.6 0.06:0.92:0.04 0.81:0.19
300 °C 0.5 1.2 0.17:0.68:0.15 0.46:0.54

@ Obtained through XRF analysis. > Obtained through XPS analysis:
more details in Table S23.

seen (Fig. S8), justifying the crystallite size (46 nm) observed
by XRD.

XPS analysis displayed in Table 6 (see also Table S23)
revealed the redox evolution of surface species throughout this
transformation. Between 175 °C and 200 °C, the surface was
dominated by Mo®" (>93%), with negligible Mo"" content and
a Cu**/Cu”"" ratio between 6 and 4. This redox configuration
was consistent with the stability of the Cu;Mo,0, phase and the
formation of minor reduced copper phases. By 300 °C, an
increase in Mo*" species was observed (15%), standing close
to the 14% observed for the catalyst spent at 400 °C, shown in
the previous section. Cu® accounts for 54% of the surface
copper, the maximum between the different reaction tempera-
tures. The surface Mo/Cu ratio increased from 0.6 at 200 °C to
1.2 at 300 °C, while the bulk ratio remained around 0.5. This
enrichment confirms that molybdenum became preferentially
localized at the surface in its disordered, amorphous form,
while copper segregated both as nanoparticles and larger
crystalline particles.

Operando DRIFTS measurements provide dynamic insight
into the surface evolution of CuMo under HDO conditions. As
shown in Fig. 7, at 175 °C, vibrational features in the low
wavenumber region (Fig. 7b) revealed surface-bound poly-
molybdate species: bands between 1000-900 cm™ ' are attri-
buted to Mo—O terminal stretching (¥Mo—0), while those
between 900-500 cm ' correspond to Mo-O-Mo bridging

View Article Online
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modes (VMo-O-Mo).>® These signals were consistent with a
surface enriched in polymolybdate domains, as previously
inferred from XPS analysis. Characteristic bands of the CuzMo0,0q
lattice, particularly at 960, 932, 832, and 811 cm *,**®° were
absent, suggesting that the crystalline molybdate framework was
either coated or structurally disrupted at the surface.

After 1 h on stream at 175 °C, these polymolybdate-related
bands vanished completely, indicating rapid surface decom-
position or transformation under reaction conditions. Concur-
rently, in the high wavenumber region (Fig. 7a), the hydroxyl
stretching bands at 3440 and 3355 cm™ " decreased sharply,
pointing to significant surface dehydroxylation and the partial
loss of BAS.

These spectroscopic changes were mirrored by a simulta-
neous increase in C3E (DDP) and C¢O (OP) formation (Fig. 7c),
reflecting a sharp onset in deoxygenation activity. Given the
concurrent disappearance of surface -OH groups and the rise
in deoxygenated products, it is unlikely that classical surface
Brgnsted hydroxyl groups were the primary contributor to this
reactivity. Importantly, copper-related vibrations were absent
from the DRIFTS data, likely due to rapid exsolution and
localization within subsurface crystallites. Rather, the data
point to the formation of a new catalytically active surface
phase, most likely the proposed disordered MoO,C, domains.

Together, these observations confirm that CuMo underwent
a profound structural and chemical transformation beginning
at temperatures as low as 175-200 °C. The initial orthorhombic
CuzMo0,0, phase collapsed via Cu®* reduction and exsolution,
leading to transient formation of MoC and a subsequent
redistribution of molybdenum into a disordered, enriched
MoO,C, domain. The resulting composite, crystalline cu®
domains embedded in an amorphous molybdenum oxycarbide
network, emerged as the catalytically active phase under HDO
conditions.

This CuO/MoOny system seems to exhibit a dynamically
bifunctional catalytic character. Metallic Cu® facilitates hydro-
genation and H-transfer reactions, while the substoichiometric
molybdenum species offer a versatile landscape of redox-active
sites and acid sites. XPS and DRIFTS data revealed a pronounced

e . . —
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generate disordered MoO,C, domains enriched in oxygen vacancies (OVS), coordinatively unsaturated Mo®* sites (mixed oxidation states Mo®*/Mo

5+/

Mo**), and acidic functionalities (AS). Acetone adsorption and C—O polarization occur at Mo®* sites, enabling a redox-assisted C-O cleavage pathway
(reverse MvK-type) followed by active-site regeneration. A bifunctional route involving Cu®-assisted hydrogenation to IPA and subsequent dehydration

on acid sites also leads to CsE formation.

surface enrichment in molybdenum and a decline in Brensted
acidity upon dehydroxylation, suggesting that the catalytic
mechanism is predominantly governed by redox and Lewis acid
pathways. Together with TEM-EDX mapping, the absence of
copper signatures in DRIFTS supports the view that copper’s
role is structural and electronic in promoting molybdate desta-
bilization and electronic restructuring, rather than direct parti-
cipation in adsorption or activation of oxygenates.

Remarkably, this restructuring initiates around 175 °C,
where, as evidenced by comparative MoO; studies, OVS and
AS dominate catalysis, favoring pathways such as direct
deoxygenation and condensation.’ At elevated temperatures
(=300 °C), the emergence of HS becomes increasingly relevant,
giving rise to more diverse deoxygenation products. In CuMo,
this transition is accelerated and intensified by the presence of
copper, which not only facilitates molybdenum reduction but
also promotes the formation of a disordered surface rich
in undercoordinated Mo’" species and OVS, conditions that
support cooperative and bifunctional reactivity.

Building on the combined structural, spectroscopic, and
catalytic evidence, a plausible mechanistic picture can be
proposed for the role of Cu’/Mo0,C, in promoting high acetone
deoxygenation, as depicted in Scheme 3. The partial carburiza-
tion and reduction of molybdenum oxides under reaction
conditions generates disordered MoO,C, surfaces character-
ized by a high density of oxygen vacancies, mixed Mo oxidation
states (Mo®"/Mo°"/Mo*"), and the emergence of strong, non-
classical acidic functionalities. Given prior knowledge and
extensive literature on MoO; and related molybdenum-based
systems under HDO conditions,”?>*1*%61767 jcetone adsorp-
tion is favored at coordinatively unsaturated Mo®' sites,
where the C—=O0 group can be activated through metal-oxygen
interactions. Subsequent C-O bond cleavage can proceed
via a redox-assisted pathway analogous to a reverse MvK

EES Catal.

mechanism. At more advanced stages of restructuring and at
higher temperatures, the reorganization of surface oxygen
species and acidic functionalities on MoO,C, facilitate dehy-
dration pathways, enabling C;E formation either directly from
activated acetone or via IPA intermediates. The coexistence of
redox-active molybdenum centers and strong Bronsted acidity
within the same disordered MoO,C, domains thus provides a
bifunctional environment that favors deoxygenation while lim-
iting unselective hydrogenation. In Cu’/Mo00,C, systems, sub-
surface or segregated copper species may further assist hydrogen
activation and H-transfer, enhancing the redox cycling of molyb-
denum sites without compromising the acidic functionality of
the oxycarbide surface.

In contrast to MnMo, FeMo, CoMo, and ZnMo, where the
transition metal primarily governs the extent and temperature
of molybdate restructuring but does not introduce clear and
distinct catalytic functionalities, CuMo displays a fundamen-
tally different behavior. Its superior HDO performance arises
from a spontaneous, low-temperature transformation into a
Cu’/Mo00,C, composite. This functional domain forms through
a unique sequence of copper exsolution, molybdate collapse,
and redistribution into a catalytically active, surface-enriched
matrix. The synergy between dispersed Cu’ domains and
reduced molybdenum species provides a platform for multi-
faceted activation modes, including condensation, deoxygena-
tion, and hydrogenation, setting CuMo apart from the other
MMo systems and Cu-related catalysts in both activity and
selectivity.®®””

4. Conclusions

This study provides an insightful understanding of how first-
row transition metal molybdates evolve under HDO conditions

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and how their structural dynamics influence the catalytic
performance. Through a systematic investigation combining
catalytic evaluation, ex situ and operando characterizations, and
structural analysis, we demonstrate that the acetone HDO
environment drove distinct restructuring pathways across
the MMo catalyst series (Mn, Fe, Co, Cu, Zn). These pathways
range from structural stability and inactivity (MnMo) to exten-
sive reduction, carburization, and surface amorphization
(FeMo, CoMo, ZnMo), with CuMo exhibiting a unique low-
temperature transformation into a bifunctional Cu®/amor-
phous MoO,C, system. While acetone was employed here as a
representative probe molecule, its ability to engage redox,
acidic, and hydrogenation pathways makes it particularly suit-
able for elucidating restructuring-driven catalytic functionality,
which is expected to be broadly relevant to other oxygenated
substrates under HDO conditions.

The findings highlight the central role of active reduced
molybdenum species in enabling effective C-O bond cleavage
and selective deoxygenation. The synergistic interplay between
molybdenum and the transition metal, especially copper,
emerged as a key factor in tuning the onset temperature,
product distribution, and deactivation resistance of the
catalyst. The integration of operando DRIFTS and real-space
structural probes such as PDF provided crucial evidence for the
formation of dynamic, catalytically relevant phases.

This study improves our understanding of how molybdate
catalysts behave and evolve under reaction conditions, and
points toward more intentional strategies for catalyst design.
We show that these materials can reorganize into active,
bifunctional structures in situ, which may be used as a design
principle in future systems. In particular, Cu-Mo catalysts
appear to be promising platforms for studies involving coop-
erative catalysis, redox control, and selective biomass conver-
sion. Continued work exploring other metal-molybdenum
combinations, phase evolution, and in situ characterization
will be important to expand these ideas to more complex
feedstocks and reaction environments.
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