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ABSTRACT: Transition metal carbides have been long proposed
as replacements for expensive Pt-group transition metals as
heterogeneous catalysts for hydrogenation reactions, featuring
similar or superior activities and selectivities. Combining
experimental observations and theoretical calculations, we show
that the hydrogenating capabilities of molybdenum carbide can be
further improved by nanostructuring, as seen on MoCy nano-
clusters anchored on an inert Au(111) support, revealing a more
prominent role of Mo active sites in the easier H2 adsorption,
dissociation, H adatom diffusion, and elongated chemisorbed H2
Kubas moieties formation when compared to the bulk δ-
MoC(001) surface, thus explaining the observed stronger H2
interaction and the larger formation of CHx species, making
these systems ideal to catalyze hydrogenation reactions.

Hydrogenation reactions are common in many industrial
processes, e.g., in the petrochemical plastic generation,1

the saturation of vegetable oils polyunsaturated fat acids in
food chemistry,2 or in environmental chemistry, converting
greenhouse carbon dioxide (CO2) into greener chemicals.3

Hitherto, hydrogenations have been mostly catalyzed using
scarce and expensive Pt-group metals.1,4 During the last
decades, transition Metal Carbides (TMCs) have emerged as
an alternative, often displaying superior activities and
selectivities for a wide variety of relevant hydrogenation
reactions.3−9

Consequently, considerable research efforts have been
undertaken aimed at tailoring the TMCs hydrogenating
capabilities. To this end, TMC nanoparticles (NPs) have
been often used, deposited on oxide or zeolite-type
supports.10−12 Studies on the H2 adsorption on TMCs
extended single-crystal surfaces have shown complex phenom-
ena related to H2 adsorption and dissociation,7,8 the diversity
of easily interconvertible surface hydrogen species,13 and the
importance of H-coverage in lowering reaction energy
barriers.14 Unfortunately, it is yet not clear how to extrapolate
this behavior to the supported TMC NPs, seriously hampering
the rational design of novel hydrogenation catalysts.
We recently started a research program to investigate the

intrinsic reactivity of free and Au-supported TMC nano-
particles.15 Inspired by the tuning capabilities of the inverse
oxide/metal catalysts,16 MoCy clusters were stabilized over an
inert support, Au(111).17 This produced systems able to
dehydrogenate cyclohexene18 and dissociate methane at room

temperature.15 The enhanced chemical activity is consistent
with the CO2 hydrogenation trends seen on carbon-supported
TMC NPs.19 Here, nanostructuring is exploited to tune the
TMCs NPs reactivity on the basis of size, shape, and
composition control. Combining X-ray Photoelectron Spec-
troscopy (XPS), Temperature-Programmed Desorption
(TPD), and Density Functional Theory (DFT) based
calculations, we show that MoC1.1 nanostructures supported
on Au(111) can act as hot H2 reservoirs. We provide evidence
that this behavior results from the combination of thermody-
namic stability, diversity of Hx* species, easy H2* dissociation
and H* adatoms diffusion, an active role of low-coordinated
Mo sites, and the promotion of Kubas complexes, all being the
cornerstone of using MoCy as ideal candidates for tailored
hydrogenation catalytic reactions.
We start by examining the H2 adsorption on a polycrystalline

MoC surface reference. Previous studies showed a C/Mo ratio
of 0.98 in this system,20 very close to the 1.0 value for rocksalt
δ-MoC. Figure 1 displays the C 1s XPS spectra collected
before and after exposing bulk MoC to 1 Torr of H2 at 300 K
for 5 min. The initial C 1s peak at ∼282.4 eV corresponds to C
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atoms in the δ-MoC surface.15 There, H2 adsorption and
dissociation lead to a new feature at 284.0−284.5 eV assigned
to the formation of CHx groups on the MoC.15,17,18 From the
XPS peaks intensity, we estimate that the CHx groups coverage
is 0.2−0.3 monolayers (ML), which were removed by heating
to 500 K for 1 min. Indeed, the TPD data in Figure 2 reveal
that the hydrogen fully desorbs by 425 K, in a complex TPD
spectrum where one can see clear peaks at 325, 350, and 400 K
plus weak features at 370 and 380 K. This probably reflects the
polycrystalline character of the MoC surface, which contains a
large number of defective sites. By comparing to the TPD
spectra of hydrogen on Pt(111),21,22 one can estimate a
hydrogen coverage of 0.93 ML, much larger than the 0.2−0.3
ML CHx groups coverage seen in the XPS spectrum of Figure
1. Therefore, only a part of the surface hydrogen on the bulk
MoC surface forms CHx species, whereas a considerable
amount involves H* adatoms on other active sites.
Au(111) surfaces were prepared containing 0.3 ML of either

MoC0.6 or MoC1.1 nanoparticles following an earlier reported
procedure.15,17 This procedure leads to oxygen-free MoC
nanoparticles where the C/Mo ratio varies from 0.6 to 1.1.15,17

Scanning Tunnelling Microscopy (STM) images showed that
these NPs are small (0.8−1.5 nm) and aggregate in the face-
centered cubic (fcc) troughs located on either side of the
elbows of the reconstructed Au(111) surface.17 We found that
the C/Mo ratio has a strong influence on the MoCy NPs
reactivity toward H2, as seen in Figures 2 and 3, but in general
the nanostructures displayed a behavior different from that of

bulk MoC. In the case of MoC0.6/Au(111), Figure 3A, a very
small amount (0.05 ML) of CHx was formed. This means that
only a reduced fraction (∼30%) of the C atoms present on the
surface (0.18 ML) are involved in formation of CHx species,
probably due to the strong bonds between C and Mo atoms in
the NPs required to maintain the cluster integrity. From the
TPD in Figure 2, we estimate that the total coverage of
hydrogen adsorbed on the MoC0.6/Au(111) surface is only
0.27 ML, substantially smaller than that seen on bulk MoC but
consistent with the fact that we only had 0.3 ML of MoC0.6 on
the gold substrate.
A distinct behavior is seen for the dissociative adsorption of

H2 on MoC1.1/Au(111), where a larger C/Mo ratio of 1.1 did
not lead to a reactivity decrease. On the contrary, C atoms in
MoC1.1 NPs were significantly more reactive than in either the
MoC0.6 NPs or in bulk δ-MoC. Figure 3B shows strong C 1s
XPS features at a binding energy of ∼284.6 eV, implying ca.
50% of the surface C atoms transformed into CHx species.
This process is fully reversible, as, upon heating to 500 K, H2
desorbed without evolution of CH4 or other light hydro-
carbons. The reversible H2 adsorption/desorption process was
repeated several times (see Figure 3B and Figure S1 of the
Supporting Information), and the C/Mo ratio was maintained
in MoC1.1/Au(111). The corresponding TPD spectrum in
Figure 2 shows H2 evolution at 360, 390, and 430 K, from
which a total hydrogen coverage of 0.58 ML was estimated.
This points to a H/C ratio close to 2, a value much larger than
the one observed on bulk δ-MoC surfaces, posing MoC1.1 NPs

Figure 1. C 1s XPS spectra collected after dosing 1 Torr of H2 to bulk
MoC at 300 K with subsequent heating to 500 K. For comparison, the
corresponding spectrum of the clean MoC is provided. The data were
collected at an angle of 70° with respect to the surface normal to
maximize surface contributions.

Figure 2. H2 thermal desorption spectra collected after adsorbing
hydrogen on bulk MoC, clean Au(111), and a gold substrate covered
with 0.3 ML of MoC1.1 or MoC0.6. All the surfaces were exposed to 1
Torr of H2 at 300 K for 5 min. The heating rate in the thermal
desorption spectra is 2 K/s.
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as hydrogen sponges, where H2 can be easily adsorbed or
desorbed, being hot hydrogen reservoirs for catalytic
applications. The results for several cycles of hydrogen
adsorption/desorption in Figure S1 indicate that the coverage
for CHx species on MoC1.1/Au(111) was always close to 0.14
ML while being only near 0.04 ML on MoC0.6/Au(111). This
also points to MoC1.1/Au(111) as an effective system for
hydrogenation process.
To explain the remarkable results for MoC1.1/Au(111), we

carried out a DFT study using a stoichiometric Mo12C12
nanoparticle model supported on Au(111). Calculations were
pushed toward a chemical accuracy below 0.04 eV using a
Au(111) four-layered p(6 × 6) slab model with a 30 Å vacuum
and using the Perdew−Burke−Ernzerhof (PBE)23 exchange−
correlation functional and including the D3 method proposed
by Grimme to account for dispersion.24 Further computational
details are reported in the Supporting Information.
On the supported Mo12C12 NP, molecular H2 and H

adatoms attach with similar strength (see Figure 4), with H2
preferring low-coordinated Mo sites, with an adsorption
energy, Eads, of up to −0.48 eV. Compared to a previous
study for δ-MoC(001), which featured a stronger H2 Eads of
−0.60 eV on-top of C atoms,13 this involves here an active site
switching from C to Mo. Aside, both δ-MoC(001) and
Mo12C12/Au(111) prefer the H2 dissociated state. Hence, the
focus is on the stability of H*, which exhibits a preference
toward corner C atoms, with an Eads of −0.60 eV with respect
to 1/2·H2 and Mo12C12/Au(111), slightly stronger than on
surface C atoms of δ-MoC(001), with an Eads of −0.55 eV.13

By assuming an order two desorption kinetics for H* 
implying H* + H* recombination to H2* prior to its

desorption and an estimate of desorption temperatures for
the highest temperature peaks in Figure 1 via Redhead
equation with pre-exponential values ranging 108−1013 s−1,
reveals a TPD shift toward higher temperatures of 28−19 K in
Mo12C12/Au(111) relative to δ-MoC(001), in perfect agree-
ment with the shift of ∼30 K as observed in Figure 2. Notice
that the second peak of MoC1.1/Au(111) could be assigned to
H* on corner Mo atoms, with an Eads of −0.54 eV, quite close,
both in strength and in TPD peak position, to the low-
coverage regular C sites on δ-MoC (001).13 Finally, the peak at
∼355 K could be assigned to high-coverage H adatoms on
regular (001) facet C atoms, sites in common for MoCy NPs
and δ-MoC (001) extended surfaces.
The distinct role of low-coordinated Mo sites on MoCy for

H adsorption relates to its Eads of −0.54 eV, clearly stronger
compared to the unfavorable interaction at Mo sites on δ-
MoC(001),13 which contributes to the to the aforementioned
H2 sponginess of supported MoCy and the stronger interaction
toward H adatoms upon or in the vicinity of low-coordinated
Mo sites. It seems that the activity-killing ligand effect that C
atoms have on neighboring Mo atoms, as featured on δ-
MoC(001), gets counteracted by the lower Mo coordination,
although particular electronic arrangements due to the
nanoscale may play a role as well. Besides, on most stable
H2-anchoring Mo sites of Mo12C12/Au(111), H2 features
dissociation energy barriers as low as 0.2 eV (see Figure 4),
thus halved compared to the extended δ-MoC(001) value of
0.39 eV.13 Therefore, H2 adsorption and dissociation is
significantly promoted on supported MoCy (y > 1) clusters,
leading to a diversity of occupied C and Mo sites.

Figure 3. (A) C 1s XPS spectra collected after dosing 1 Torr of H2 to MoC0.6/Au(111) and (B) MoC1.1/Au(111) at 300 K with subsequent
heating to 500 K. The gold substrate was covered with 0.3 ML of MoC0.6 or MoC1.1 nanoparticles. The data were collected at an angle of 70° with
respect to the surface normal to maximize surface contributions.
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The mere H2 dissociation on Mo12C12/Au(111) on the
available aforementioned highly reactive sites would lead to a
partial occupation of the MoCy perimeter. Hence, a detailed
analysis of the single H* diffusion has been performed,
exemplified over the (001)-like facet; see Figure 4. The
supported Mo12C12 nanoparticle features a rather complex
network of H* diffusion steps, analyzed by having a look to the
minimum barrier needed to be surmounted, so all sites could
be occupied by H. For Mo12C12, this Eb is 0.76 eV, smaller than
the equivalent value of 0.95 eV on δ-MoC(001),13 implying
that H* diffusion is also well promoted on nanostructured
MoCy model catalysts.
Finally, to explain the preferential CHx formation on MoCy

nanoclusters with y ∼ 1, the possibility of having a Kubas CH2
structures has also been considered.13 The direct Kubas
formation on low-coordinated C atoms of Mo12C12 can be
rapidly dismissed due to the large energy barriers involved,
ranging 1.2−1.8 eV; see Figure 5. However, Kubas structures
can be formed from diffusing H* adatoms on the MoCy
cluster. On each site, Kubas formation reaction paths exist
with rather low energy barriers, from 0.18 to 0.55 eV, especially
when compared to the equivalent barriers on δ-MoC(001)
ranging 1.07−1.92 eV.13 Thus, Kubas CH2 structures can be
easily formed on MoCy NPs by H* diffusion processes, freeing
neighboring Mo sites to further adsorb and dissociate H2, a key
aspect for the H2 sponginess of MoCy (y ∼ 1) NPs and its high
H2 storage/release potential. Note that the present results
permit us to understand the difference in H capacity of the two
types of particles; since H prefers bonding to C atoms, either

directly or as Kubas complexes, it appears that MoC0.6 NPs,
having fewer C atoms, have fewer active sites for H. Moreover,
in such NPs, the carbons are more tightly bound to Mo, i.e.,
more saturated, and so less chemically active toward the CHx
formation.
All in all, on the basis of the above results, one can firmly

state that, compared to δ-MoC(001), MoCy (y ∼ 1) NPs
supported on Au(111) feature a stronger Hx affinity and a
larger site diversity, with significantly reduced H2 dissociation,
H adatom diffusion, and CH2 Kubas species formation energy
barriers. These are key points in explaining the observed
reversible H2 sponginess on these systems Such inverse
carbide/support catalysts are thus envisaged as promising
hydrogenating catalysts, e.g., for ethylene hydrogenation,
where both a high H coverage and easy H diffusion were
found to be key for an easier and improved effective catalytic
performance compared to late, Pt-group TMs.14
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