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Catalytic transfer hydrogenation (CTH) employs molecular hydrogen donors such as isopropanol and
formic acid as H source. Using periodic density functional theory (DFT) and microkinetic modeling, here
we show that direct hydrogen atom transfer between a donor and acceptor is kinetically feasible on
transition metal catalysts especially if the donor and the acceptor (or intermediates derived from them) can
interact via hydrogen bonding. This direct hydrogen transfer opens up new hydrogenation pathways not
available in conventional hydrogenation with H,. The mechanism of catalytic hydrogen transfer between
formic acid, and a model acceptor, viz. formaldehyde (HCHO, the smallest carbonyl compound), on
Cu(111) is first studied to conceptually explain the role of indirect and direct hydrogenation routes and the
effect of surface coverages and concomitant destabilization. Our results show that (1), when HCOOH and
HCHO are both present, hydrogen bonded complexes may form that enable direct hydrogen transfer
which can then be kinetically relevant; (2), the direct hydrogen transfer with formic acid results in three
times higher reaction rate (compared to using molecular H, under the same conditions). We finally show
that hydrogen bonded complexes arise in a number of other CTH reactions on transition metal catalysts
(furfural and lignin hydrogenolysis, reduction of nitrates, nitriles, etc.), potentially indicating the generality of
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cyclohexanol.” More recently, CTH has seen wide application
in biomass conversion,'® especially using molecules such as

1. Introduction

Catalytic hydrogenation and hydrogenolysis are typically
carried out using gaseous molecular hydrogen (H,) as the
hydrogen source (also known as “direct hydrogenation”).
Alternatively, these chemistries can be carried out by using
organic hydrogen donors such as alcohols and formic acid
(HCOOH) as the reductant, instead of H,; these reactions are
termed catalytic transfer hydrogenation or hydrogenolysis
(CTH, see Fig. 1). The organic hydrogen donors employed in
CTH are soluble in the liquid phase and can be activated at
low temperatures, enabling reduction at milder conditions;
the donors themselves can be produced via electrocatalytic
routes, thereby permitting sustainable alternatives to using
methane-derived hydrogen. CTH has been widely studied to
reduce a variety of molecules such as ketones," aldehydes,”
styrene  oxide,”  furfural,Y phenol,” cyclohexanone,’
nitroarenes,” nitrile,® nitrate,” olefins,'® lignin®* etc. on
homogeneous and heterogeneous catalysts; the spectrum of
donors include formic acid,'* 2-propanol,™® methanol,"* and
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formic acid (that can also be produced as a byproduct of
biomass upgrading); transfer hydrogenation has also been
suggested as a milder option to hydrogenate hydrogen-lean
unsaturated molecules (e.g. dibenzyltoluene) to liquid organic
hydrogen carriers (LOHCs)."”

Transition metal catalysts such as Pd,"® Cu," and Ru (ref.
20) are an important class of materials used in CTH for both

Organic
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929
Molecular H,
Fig. 1 A schematic comparison between catalytic transfer

hydrogenation/hydrogenolysis (CTH) using an organic hydrogen donor
and conventional hydrogenation using H,.
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hydrogenation®® and hydrogenolysis,*® particularly in
biomass conversion. However, the mechanism of CTH is not
completely well-understood. On metals, CTH is often
postulated to occur through “indirect metal hydride
mechanism” wherein the donor first dehydrogenates to
produce surface hydrogen atoms (H*) which then is
consumed by the acceptor (Fig. 2). Such a mechanism would
essentially be identical to that of conventional hydrogenation,
once H* is formed on the surface. Alternatively, hydrogen
transfer (H-transfer) between the donor and the acceptor,
similar to Meerwein-Ponndorf-Verley (MPV) reductions on
Lewis acid catalyst, could lead to “direct” hydrogenation. Yu
and Spencer showed experimental evidence for direct
hydrogen transfer from HCOOH in a model study involving
cis-trans isomerization of a functionalized alkene on Pd/C
catalyst; in particular, using DCOOH directly led to
deuterium incorporation in the trans product while HCOOD
resulted in no D in the product at all suggesting that the
formyl hydrogen was exclusively involved in this chemistry.*®
DFT-derived microkinetic models for HCOOH decomposition
on Pt and Pd have also shown that H-transfer between the
reactant and abundant surface intermediates such as CO*
are kinetically relevant.>**® Furthermore, multiple studies
have demonstrated the relative efficacy of CTH compared to
direct hydrogenation using H, on transition metal catalysts.
Li et al, for instance, found that under the same reaction
conditions (and concentration of H source, H, or formic
acid), quinoline hydrogenation was three times higher on
Co@OMNC catalyst.>® Xu et al. showed that the conversion of
furfural during hydrogenation with formic acid on
mesoporous N-doped carbon encapsulated Co catalysts (Co-
N-C) was higher than with H, for a given reaction time.*” In

(a), “Direct” H-transfer mechanism
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the absence of transport limitations, the mechanistic origin
of such higher activities is not clear. The indirect mechanism
can explain this observation if (1) the formation of H* from
dissociation of H, is rate controlling on these catalysts while
the dehydrogenation of formic acid is more facile leading to
a higher concentration of H* on the surface for consumption
by the acceptor, or (2) the formation of H* is quasi-
equilibrated but is greater in the presence of the donor than
with H, due to more favorable thermochemistry. The direct
route can also explain this observation if indirect
hydrogenation steps with H* (or dissociation of H,) are rate-
controlling in the case of H, while using a molecular donor
enables faster hydrogen transfer. Finally, donors such as
formic acid can also generate abundant surface intermediates
such as CO* and HCOO* (depending on the catalyst and its
binding to C or O atoms); these intermediates can destabilize
all other intermediates and transition states and participate
in reactions through mediating H-transfer, thereby
influencing the overall rates. The exact role of each of these
possibilities still remain unclear and will, expectedly, change
from system to system.

In this work, we use a combination of density functional
theory (DFT) and coverage-cognizant microkinetic modeling
to conceptually explain the mechanism of catalytic hydrogen
transfer between a common donor, viz. HCOOH, and a model
acceptor, viz. formaldehyde (HCHO, the smallest carbonyl
compound), on Cu(111). While hydrogenation of
formaldehyde to methanol is not industrially significant, this
chemistry is an excellent model system as it allows us to
rigorously explicate the role of indirect and direct
hydrogenation routes and the effect of surface coverages and
concomitant destabilization. We select Cu(111) as the
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Fig. 2 General mechanism for heterogeneous CTH reactions: (a), “direct” H-transfer mechanism; (b), “indirect” metal hydride mechanism where
molecular hydrogen or an H-donor generates surface H* for further consumption by an acceptor.
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reference surface for simplicity and because of its activity for
formic acid dehydrogenation.”®** We show that when
HCOOH and HCHO are both present, hydrogen bonded
complexes may form between them or intermediates derived
from them; such complexes enable direct hydrogen transfer
which can then be kinetically relevant. The direct hydrogen
transfer, indeed, results in a significantly higher reaction rate
(compared to using molecular H, under same conditions), we
discuss the origin of this higher activity with regard to new
pathways, and differences in surface intermediates and rate
determining steps. We show that hydrogen bonded
complexes arise in a number of other CTH systems,
potentially indicating the generality of our results to more
practical chemistries.

2. Method

2.1 Density functional theory calculations

Periodic plane wave DFT calculations in this study were
performed using the Vienna ab initio simulation package
(VASP*°2). The exchange-correlation functionals were
described by the Perdew-Burke-Ernzerhof (PBE) exchange
correlation functional®® with the DFT-D3 dispersion
correction method of Grimme.** Projector-augmented wave
(PAW) pseudopotentials®>*® were used with an energy cut off
of 500 eV.

Cu(111) surface was modeled using a 3 x 3 periodic slab
with four layers, containing 36 Cu atoms in each supercell.
Each supercell has lattice parameters a = 7.57 A, b = 7.57 A, ¢
=20.18 A. The 3 x 3 x 4 Cu(111) slab was selected as the
representative model for subsequent calculations after careful
consideration, as it offers a good balance between accuracy
and computational efficiency. We benchmarked the binding
energies and relative energies of several key intermediates
(e.g., CH;0*, CH;OH*, H*, HCOOH*, HCOO*, HCHO*) on
both 3 x 3 x 4 and 4 x 4 x 4 Cu(111) slab models, the max
difference between the two models is 0.04 eV, indicating that
the smaller 3 x 3 x 4 Cu(111) surface does not exhibit
noticeable dispersion effects that would compromise the
accuracy of the energy calculations. The bulk lattice constant
of copper was computed to be 3.57 A, which is consistent
with the experimental value 3.62 A.*” The bottom two layers
of the slab were fixed to simulate the bulk and a 15 A vacuum
perpendicular to the surface (z-direction) was employed to
avoid interactions with the neighboring slab. The Brillouin
zone was sampled with a gamma centered 6 X 6 x 1 k-point
mesh. Self-consistent field (SCF) calculations had an
electronic convergence criterion of 10™* eV; additionally, the
geometric convergence criterion was set so that the norm of
forces on all atoms were smaller than 0.05 eV A™. Further, a
first order Methfessel-Paxton smearing®® was utilized with a
width of 0.1 eV. All gas phase calculations (of isolated
molecules) were computed using the same settings (except
with a Gaussian smearing with a width of 0.05 eV) in a large
cell so that there was at least 10 A of vacuum in all
directions.

This journal is © The Royal Society of Chemistry 2025
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Activation barriers and minimum energy paths for each
elementary step were carried out using climbing image
nudged elastic band (CI-NEB) method,” which was
discretized by seven images between the initial and final
states; the force convergence for these calculations were set
at of 0.1 eV/A.

Several structures were carefully identified and relaxed for
each adsorbate (and pairs of co-adsorbates to probe initial
states of reactions); care was taken to consider plausible
intermolecular hydrogen bonding when co-adsorbates had
hydroxy group (-OH) and carbonyl groups. Similarly, several
candidate pathways were evaluated to identify the lowest
energy transition state structures (and corresponding
activation barriers of the elementary steps).

For gas phase species, their binding energies (BE) onto
the surface are calculated as:

BE = Emolecule+slab - Eslab - Egaseous molecule (1)

where Ejolecule+siab 1S the total energy of the structure with
adsorbate molecule on the metal slab, Egiscous molecule 18 the
energy of the molecule in the gas phase, and E,, is the
energy of the clean metal slab. For other species such as
HCOO*, for which there is no stable gas phase analog, we
report relative energies (RE) with respect to their closest gas
phase molecule and stoichiometric amount of hydrogen, for
example,

RE(HCOO¥) = E(HCOO*) - Fyy ~ E(HCOOH(g) +  *E(Hi(g)

(2)

To compute kinetic and thermodynamic quantities at non-
zero temperatures for microkinetic modeling, temperature
corrections were applied as described by Grabow and
Mavrikakis®® to obtain Shomate parameters. DFT-derived
thermochemical quantities of gas phase molecules are often
incorrect for species containing C-O unsaturation; to this
end, we corrected the enthalpies of CO, HCOOH, and HCHO
to match NIST-derived values for heats of reference reactions.
See ESI} S1 for more details.

The complexation energy (CE) of hydrogen-bonded
intermediates with formic acid (“molecule-HCOOH”) is used
to determine the stability of hydrogen bonding and is
calculated as:

CEmolecule-HCOOH* = Emolecule—HCOOH* - E(mOIecule*)
— E(HCOOH¥*) + Egjp, (3)

where Epolecule-icoon* 1S the energy of the surface-bound
hydrogen bonded complex, Epoleculer iS the energy of the
adsorbed molecule, Excoon+ is the energy of adsorbed formic
acid, and Eg,p is the energy of a free slab (to balance atoms).

Simulated IR intensities of each vibrational mode are
calculated based on atomic displacements and Born effective
charges, based on Karhanek et al*' More specifically, the
dipole moment change is derived in the direction

Catal Sci. Technol,, 2025, 15, 3961-3975 | 3963
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perpendicular to the slab (which means the Born effective
charge matrix and eigenvector are both only kept in z
direction) and was then squared to give the IR intensity of
the vibrational mode.

2.2 Microkinetic models

Mean-field microkinetic models (MKMs) were built as a
continuous stirred tank reactor (CSTR) to mimic low
conversion. The surface species were assumed to be
uniformly distributed and characterized by a “mean”
coverage although accounting for denticity (bidentate vs.
monodentate species). All simulations were carried out at a
total fixed pressure of 1 atm and temperatures within 353-
393 K (based on HCOOH decomposition conditions). The
partial pressures of the reactants were kept low (0.062-0.092
atm for HCOOH and 0.014-0.017 atm for hydrogen, with the
rest being inert) and flow rates were set to a high enough
value to ensure the conversion was low (<0.1%) to maintain
differential conditions. The model was formulated as a time-
varying CSTR and was simulated until steady state. The base
condition is 1 atm and 373 K with partial pressure of Pycoon
=0.077 atm, Py, = 0.154 atm.

All reactions in the network were elementary steps and
were considered to be reversible. The model ensured
thermodynamic consistency; specifically (1) all activation
barriers are ensured to be positive and greater than the
corresponding reaction enthalpy, and (2) the ratio of the
forward and reverse rate constants is the equilibrium
constant of the step. The specific steps included in the model
evolved as the model complexity changed and are discussed
in detail in section 3. Since multiple NEB calculations were
carried out and several transition state energies were
obtained for each elementary step, the activation enthalpies
for each elementary step were determined based on the
lowest transition state energy and the infinitely separated
initial states. The kinetic rate constant for each elementary
step was calculated using transition state theory, except for
adsorption steps where the collision theory (as discussed in
Motagamwala and Dumesic*®) was used. In the process of
evaluating elementary steps in the direct hydrogen transfer
mechanism, if the donor and acceptor could form stable
hydrogen-bonded  complexes, we  introduced new
intermediates to represent these hydrogen-bonded complexes
(for example, “CH3;OHHCOO*” as the hydrogen-bonded
complex for CH;0* and HCOOH*) and included additional
reactions to illustrate the formation of hydrogen bonding
and the transfer of the hydrogen atom. Those additional
reactions designed for direct hydrogen transfer mechanism
can be found in ESI} S2.

Incorporating coverage effect is crucial to ensure that
model predictions align with the quantities measured in
reaction kinetics experiments,>>**™*> and it is important to
maintain consistency between the surface coverages
predicted by microkinetic modeling (MKM) and those
assumed in DFT calculations. Various methods for including

3964 | Catal Sci. Technol, 2025, 15, 3961-3975
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coverage effects have been discussed by Nolen et al.*® When
needed, we incorporate coverage effects as polynomial terms,
similar to Bhandari et al,** enabling the calculation of
destabilization/stabilization of the states with respect to
energies at a reference coverage.

3. Results

To rigorously contrast H, and HCOOH as the hydrogen
source, we need to account for a comprehensive reaction
network in either case and be cognizant of relevant abundant
surface intermediates and their effect on thermokinetic
parameters. We begin by discussing the results of DFT
calculations and microkinetic modeling on Cu(111). The
model results showed a substantial coverage of intermediates
on the surface, therefore, we then re-computed DFT energies
with appropriate coverages of intermediates and re-solved the
microkinetic model to account for the corrections to the
energies as a function of intermediate coverages. The final
coverage-cognizant model is used to elucidate the reaction
mechanism. Achieving coverage cognizance is critical as
abundant surface intermediates and their influence on the
chemistry and kinetics can vary between conventional and
transfer hydrogenation systems.

3.1 Microkinetic modeling of HCHO hydrogenation on
Cu(111)

3.1.1 Clean Cu(111) surface. The initial reaction network
consisted of seven (7) gas phase species and fourteen (14)
surface species (see Fig. 3) and 38 potential reactions.
Elementary steps 1-4 represent dehydrogenation of HCOOH
via HCOO* and COOH* pathways, steps 5-8 represent
hydrogenation of formaldehyde via the formation of CH,OH*
and CH3;O* and subsequent hydrogenation to methanol.
Elementary steps 9-14 correspond to the side reactions, viz.
water gas shift reaction and decomposition of formaldehyde.
Steps 15-21 represent the adsorption/desorption of reactants
and products. For elementary steps of direct hydrogen
transfer mechanism, we started by enumerating all the
possible ways that HCOOH and its dehydrogenated species
(HCOO* & COOH*) can provide an H atom to HCHO* or to
its primary hydrogenated species (CH,OH & CH;0) to form
the secondary hydrogenated product (CH;OH). In addition,
we also include the co-catalysis step of HCOO* by HCOOH*
as described by Chen and Mavrikakis®*®* and Lin et al*’
whereby a hydrogen-bonded complex of formic acid with
surface formate stabilizes the transition state of formate
decomposition on Cu(111).

Periodic DFT calculations were carried out for all relevant
surface intermediates on the Cu(111) surface (detailed
structure could be found in ESI} S3). The adsorption modes
are chemisorptive for open shell species; for some closed
shell species such as hydrogen and CO,, the adsorption is
physisorptive (binding energy of —0.11 eV and -0.24 eV),
while formic acid, formaldehyde, and CO are relatively
strongly chemisorbed (binding energy of -1.11 eV to -0.43

This journal is © The Royal Society of Chemistry 2025
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V . Direct hydrogen transfer

) R a. First hydrogenation step

IV . Adsorption/Desorption HCHO* + HCOOH* + * « CH,0H* + HCOO*
R15. HCOOH(g) + * < HCOOH* CHO HCOOH H )OH

R16. HCHO(g) + * < HCHO* CHO HCOOH

R17.CO,* < CO,(g) + * H( I OH H

R18. CH,OH* < CH,OH(g) +* CHO H( I
R19. Hy* & Hy(g) + * HO ; | ( '
R20.CO* < CO(g) + * HCHO* + COOH* < CH,OH* + CO,*
R21. H,0* < H,0(g) + * CHO Ol I (

b . Second hydrogenation step

1. Dehydrogenation of Formic Acid
R1. HCOOH* + 2*¥ < HCOO* + H*

R2. HCOOH* + * < COOH* + H*

R3. HCOO* « CO,* + H*

R4. COOH* + * « CO,* + H*

11 .. Hydrogenation of Formaldehyde
R5. HCHO* + H* < CH,OH* + *

R6. HCHO* + H* < CH,O* + *

R7. CH,OH* + H* < CH,OH* + * ‘
R8. CH,0* + H* & CH,OH* + * =l e
V . Direct hydrogen transfer i o )
R22. HCHO* + HCOOH* <~ CH,OH* + HCOO*
R23. HCHO* + COOH* < CH,OH* + CO,*

R24. CH,0* + COOH* « CH,OH* + CO,*

R25. CH,0* + HCOOH* < CH,OH* + HCOO*
R26. HCOOH* + HCOO* « HCOOH* + CO,* + H*

III . Side reactions

R9. H* + H* & H,* + *

R10. HCHO* + * « CHO* + H*
R11. CHO* + * « CO* + H*

R12. COOH* + * & CO* + OH*
R13. H* + OH* « H,0* + *

R14. COOH* + OH* < CO,*+ H,0*

CH.O* + ) H.OH (
CH,0* + COOH* «~ CH,OH* + CO,*
CH,0* + HCOOH* + * « CH,OH* + HCOO*

c . Formic acid cocatalyzes Formate
HCOOH* + HCOO* < HCOOH* + CO,* + H*

Fig. 3 Reaction network for CTH of formaldehyde by formic acid in this study. a-c a Surface sites are implied by (*); a superscript (*) indicates the
adsorbed reaction intermediate (e.g., HCOOH*, H* etc.). Gaseous species are denoted by (g). b Orange-shaded area on the right shows all possible
elementary reactions for direct hydrogen transfer from HCOOH* to HCHO*. Orange-shaded area in the middle shows the selected elementary
reactions (R22-R26) from the right that are included in our detailed DFT calculations, hydrogen donors and their corresponding products are
highlighted in red, while hydrogen acceptors and their corresponding products are highlighted in blue. c HCOO* is considered bidentate because
its geometry requires two equivalent surface sites. CO3 and H,O* are considered as monodentate based on their optimized geometry. Other
surface species are considered monodentate.

eV). These results are consistent with Grabow and  structures derived from the reference PBE-D3 functional) with

Mavrikakis,*® albeit that our binding energies are larger in
magnitude due to dispersive interactions that are taken into
account here.

Upon computing co-adsorbed states (as a starting point
for direct hydrogen transfer steps), our DFT results showed
that hydrogen-bonded complexes form between OH
(hydroxyl) groups of donor and C=O (carbonyl) or OH
(hydroxyl) groups of the acceptor. In particular, as shown in
Fig. 4, hydrogen-bonded pairs were seen for HCOOH-
HCHO¥*, HCOOH-CH;0*, HCOO-HCOOH*, COOH-HCHO¥*,
and COOH-CH;OH*.

To ensure that these structures are not an artifact of the
chosen functional, we computed single-point energies (using

seven alternative functionals: PBE-D2,°° PBE-dDsC,’'"”* PBE-
D3-with Becke-Johnson damping function,®® SCAN-rvv10,>*
OptPBE,”®> SCAN,”® and r2SCAN-rvv10.”” Specifically, using
each of these functionals, we re-computed the (1)
complexation energy of the hydrogen-bonded structure CH;-
OHHCOO* (viz., CH;0* + HCOOH* « CH;OHHCOO*) and
(2) activation energy of the transfer hydrogenation step
CH;0* + HCOOH* <« CH3;OH* + HCOO* involving the
hydrogen-bonded complex; both energies are computed
based on infinitely separated initial states, as shown in
Table 1. The complexation energy of CH;OHHCOO* was
found to be -0.54 eV and activation energy for the
corresponding elementary step is 0.13 eV with the PBE-D3

HCOOH+HCHO

HCOOH+CH,0

HCOO+HCOOH

COOH+HCHO COOH+CH;0

Fig. 4 Hydrogen-bonded complexes in our reaction network on Cu(111): (a), HCOOH + HCHO, (b), CH3O + HCOOH (this structure looks like
CHsOH* + HCOO* because of the spontaneous direct H-transfer from HCOOH* to CHz0%*), (c), HCOO + HCOOH, (d), COOH + HCHO, (e), COOH
+ CH3OH. Hydrogen bonding interaction is encircled in green. In the text description, hydrogen donors are highlighted in red, while hydrogen
acceptors are highlighted in blue. The side and top view of the structures are shown for each case. Copper atoms are in orange, carbon in grey,
oxygen in red, and hydrogen in white.
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Table 1 The complexation energy of hydrogen-bonded structure CHs-
OHHCOO* (CHz0* + HCOOH* — CH;OHHCOO*) and the activation
energy of the transfer hydrogenation step CH3;O* + HCOOH* «— CHs-
OH* + HCOO* using different functionals. Energy values using PBE-D3
functional, which is the functional used in this study, are highlighted in
bold. The energies for other functionals are computed as single point
energies at the PBE-D3 structure; therefore, the activation energy for
some functionals can sometimes be negative

E(complexation of

Name of the functional CH30HHCOO*)/eV  E(activation)/eV

PBE-D3 -0.55 0.13

PBE-D2 -0.59 0.00

PBE-dDsC -0.59 0.00
PBE-D3-with Becke-Johnson -0.55 0.15

damping function

SCAN-rVV10 -0.55 0.19

OptPBE -0.80 0.15

SCAN -0.61 0.14
r2SCAN-rVV10 -0.63 0.08
functional. Subsequent application of seven different

functionals yielded a range of complexation energies from
-0.63 eV to -0.55 eV (one exception of -0.80 eV by optPBE),
and activation energies within the range of 0.08 eV to 0.14 eV
(with the exception of 0 eV by PBE-D2 and PBE-dDsC).
Notably, all of these functionals are qualitatively consistent
in that they show that the hydrogen-bonded complex is stable
and facilitates direct hydrogen transfer.

Not all co-adsorbates led to hydrogen bond formation,
therefore, while Fig. 3 lists all possible direct hydrogen
transfer steps, only those were considered for full transition
state search where the initial state co-adsorbates have a
hydrogen bonding between the donor and the acceptor via
the hydrogen that needs to be transferred. For instance,
hydrogen transfer from the OH group of formic acid to the
carbonyl oxygen of HCHO* was considered as there is a
hydrogen bond between the donor and the acceptor via this
specific H atom. On the other hand, the transfer of the
hydrogen from the carbon atom of formic acid to either the
oxygen or the carbon of HCHO* (to form CH,OH* or CH;0%)
were both ruled out because no viable hydrogen bond existed
between the donor and acceptor via this hydrogen. This
process of elimination resulted in six direct hydrogen transfer
steps 22-26 as shown in Fig. 3.

Temperature-corrected  enthalpies and  entropies,
computed from DFT-derived Shomate parameters (see section
2 and Grabow and Mavrikakis*’) were used to develop
microkinetic models (MKMs) for clean Cu(111), details could
be found in ESI} S4, and NEB calculations that are used to
find the transition state of each elementary steps on clean
Cu(111) surface could be found in ESI} S5. To explore the
effect of direct hydrogen transfer in enhancing reaction
kinetics, we simultaneously built two versions of the model,
each with a slightly different reaction network; the first
considers only HCOOH as the hydrogen source (referred to as
the “HCOOH-cofeed” model) and comprises steps 1-26; the
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second considers molecular hydrogen (H,) as the source
(“H,-cofeed” model) and comprises only steps 5-21 (i.e. not
involving formic acid reactions or the direct hydrogen
transfer steps).

In the absence of any energy corrections due to lateral
interactions with spectators, our models showed high
coverages of HCOO*, H*, or CH;O* Approximate
corrections to species and transition state energies were,
therefore, included based on DFT-derived differential
binding energies of these intermediates. These corrections
allowed, as a first step, to compare the two model versions
under similar conditions of gas phase H concentration and
temperature. The details of the first (no corrections) and
second (approximate corrections) iterations and model
predictions are in S6 of the ESLf The “HCOOH-cofeed”
model predicted orders of magnitude higher rates than the
“H,-cofeed” model, due to a direct hydrogen transfer
mediated by the H-bonded complexation. In particular,
direct hydrogen transfer from HCOOH* to CH;O0%, via the
formation of the H-bonded CH;OHHCOO*, to finally form
CH;OH* was a kinetically relevant step. The models
predicted high surface coverages of intermediates; in
particular, the “HCOOH-cofeed” model had a HCOO*
coverage of 0.2 monolayer (ML) while the CH;0* coverage
of “H,-cofeed” model was ~0.3 ML indicating that the
surface environment can be different in CTH, thereby also
resulting in different reaction kinetics.

3.1.2 Covered Cu(111) surface. Since the effect of
coverages were only approximately accounted thus far, we
explicitly computed the effect of CH;0* and HCOO* on all
intermediates and transition states that were deemed
relevant based on the results of the models (after second
iteration). For the “HCOOH-cofeed” case, surface reactions
R1, R3, R5-R9, R22, R25-26 were considered; for the “H,-
cofeed” case, the network comprised surface reactions R6, R8
and R9.

The transition states and species of the “HCOOH-cofeed”
model were recomputed with respect to 2/9th ML HCOO*
coverage on the surface and the “H,-cofeed” model based on
3/9th ML CH;O* surface coverage (based on model results).
The adsorption structures of the relevant surface
intermediates for “HCOOH-cofeed” model are shown in
Fig. 5, while those for the “H,-cofeed” model can be found in
ESIT S7. Details of NEB calculations that are used to find the
transition state of selected elementary steps on 2/9th HCOO*-
covered and 3/9th CH;0*-covered Cu(111) surface are in ESIT
S8 and S9 respectively.

HCOO* coverages and CH3;0* coverages can, in general,
stabilize or destabilize intermediates, as shown in Fig. 6. Our
DFT results highlight the potential formation of hydrogen-
bonded complexes between HCOO* and certain surface
intermediates such as HCOOH*, CH,OH*, and CH;O0H*, and
they exhibit binding energy stabilization ranging from 0.26 to
0.4 eV. COj does not exhibit hydrogen bonding with HCOO*,
however, its binding energy is more negative likely due to the

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Most stable adsorption states of selected intermediates on 2/9th ML HCOO*-covered Cu(111) surface. 2/9th ML HCOO* translates to 2
HCOO* per 9 Cu atoms. For each row, the top part is the front view, and the bottom part is the top view. Some HCOO* molecules in front view
are transparentized for clearer view. First row: (a) formic acid, (b) formaldehyde, (c) methanol, (d) carbon dioxide, (e) molecular hydrogen. Second
row: (f) formate, (g) hydroxymethyl, (h) methoxy, (i) atomic hydrogen, (j) hydrogen-bonded structure CH;OHHCOO*. Copper atoms are in orange,
carbon in grey, oxygen in red, and hydrogen in white.
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Fig. 6 Comparison of binding (relative) energies of different intermediates on clean Cu(111) surface, 2/9th ML HCOO*-covered Cu(111) surface
and 3/9th ML CHzO*-covered Cu(111) surface. By comparing the binding energies on two covered surfaces to clean surface, intermediates are
ordered from both stabilized (far left) to both destabilized (far right). The binding (relative) energy for open-shell species COOH*, CH,OH*, OH*,
CH3O*, CHO*, HCOO*, H* are calculated based on the relative energy as defined in eqn (2). Since the 3/9th ML CH;O*-covered Cu(111) surface
only appears in “H,-cofeed” case, the binding (relative) energy of HCOOH*, HCOO* and COOH* in the presence of 3/9th ML CHsO* are not
calculated.

experience destabilization respectively by 0.12 eV and 0.3 eV.
On the 3/9th ML CH3;0*-covered surface, HCHO*, CH;OH*

additional dispersion stabilization with HCOO*. Hj also
experiences stabilization of approximately 0.16 eV; HCHO*

and CH3;0* exhibit negligible changes in binding (relative)
energy in the presence of HCOO*, because they do not form
any hydrogen binding with formate; H* and HCOO*

This journal is © The Royal Society of Chemistry 2025

and Hj are stabilized by 0.24 eV, 0.23 eV and 0.12 eV
respectively; CO3 and CH,OH* exhibit negligible changes in
binding energy; H* and CH;O* are destabilized respectively
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Table 2 The activation energies for elementary steps on clean Cu(111) surface, 2/9th ML HCOO*-covered Cu(111) surface and 3/9th ML CHzO*-
covered Cu(111) surface. The H-bond mediated reaction, viz. HCOOH co-catalyzed HCOO decomposition originally requires two formate, so its
activation energy is shared on clean surface and 2/9th ML HCOO*-covered surface, which is not shown in this table

E, of selective elementary steps/eV Clean surface

2/9th ML HCOO*-covered surface

3/9th ML CH;O*-covered surface

R1 HCOOH* + 2% «— HCOO* + H* 0.60
R3 HCOO* — COj} + H* 1.13
R5 HCHO* + H* «— CH,OH* + * 0.93
R6 HCHO* + H* «— CH,0* + * 0.36
R7 CH,OH* + H* — CH;OH* + * 0.82
R8 CH;0* + H* «— CH;0H* + * 1.23
RO H* + H* — Hj 4 * 0.95
R22 HCHO* + HCOOH* «— CH,OH* + HCOO* 0.00
R27 CH;0HHCOO* — CH;0H* + CO,(g) + H* 0.27

by 0.13 eV and 0.36 eV. The detailed data for binding energy
comparison are in S10 of ESL}

Activation barriers for elementary steps are also affected
differently in the presence of HCOO* and CH;0%*, as shown
in Table 2. Interestingly, the presence of 2/9th ML HCOO*
coverage leads to a reduction in the activation barriers of
most indirect hydrogen transfer elementary steps, but
increases the activation energy for the direct hydrogen
transfer steps with HCOOH*. The 3/9th ML CH;O0* coverage
leads to an increase in the activation barrier for the first
hydrogenation step of HCHO* to CH;0%*, but leads to a
decrease in the activation energy of the second
hydrogenation step from CH;0* to CH;OH*.

The presence of 2/9th ML HCOO* introduces a new
elementary step for facilitating the direct hydrogen transfer.
In particular, the CH;OHHCOO* complex can, in addition
to dissociating into physiosorbed CH;OH(g) and surface
HCOO* as described in R25(b) in ESIf Table S2, undergo
C-H dissociation of the “HCOO” portion to CO,(g) and H*.
We term this new elementary step as R27: CH;OHHCOO*
— CH30H* + CO,(g) + H* (as shown in R27 of Fig. S6 in
ESIT). This step has a higher barrier (Table 2) in the
presence of 2/9th ML of HCOO* compared to the clean
surface.

The complicated effect of HCOO* necessitates correctly
accounting for the destabilization due to lateral repulsive
interactions of some adsorbates and stabilization due to
hydrogen bonding for others. For “HCOOH-cofeed” model,
therefore, we calculated Shomate parameters for all
intermediates and transition states with 2/9th ML HCOO* on
the surface and input them to the microkinetic model as the
reference energetics i.e. we implicitly set 2/9th ML HCOO*
surface as the “reference” surface. This allows the MKM to
account for the stabilization due to hydrogen bonding at the
higher coverage of HCOO®*. Further, polynomial-based
stabilization/destabilization terms were also included and
calculated based on 2/9th ML HCOO* surface as the
“reference” surface for the “HCOOH-cofeed” model. These
complications, however, do not arise for “H,-cofeed” case,
therefore, we keep the clean surface as reference and include
coverage-dependent stabilization/destabilization terms based
on this state.

3968 | Catal. Sci. Technol., 2025, 15, 3961-3975

0.10
0.79
0.83
0.28
0.62
1.18
0.86
0.51
0.96

0.69

0.70
0.88

The “HCOOH-cofeed” model additionally required a few
iterative refinement steps where we systematically added new
destabilization terms if the coverage of certain intermediates
was calculated to be higher than 1/9th ML. This ultimately
resulted in adding cross- and self-destabilization terms with
respect to HCOO* and CH;0%*, and self-destabilization terms
for HCOOH* and CH;OH*. The detailed information of the
Shomate parameters at the reference coverage for “HCOOH-
cofeed” model and the destabilization terms used for both
models are all given and explained in S11-S13 of the ESLf

The coverages of relevant intermediates under different
reaction conditions are shown in Fig. 7. Our new “HCOOH-
cofeed” model predicted a coverage of 2/9th ML HCOOx*
(HCOOx* here comprises of HCOO* and the methanol-
formate hydrogen-bonded complex CH;OHHCOO*), 6/9th ML
vacant sites. Our new “H,-cofeed” model predicted a 3/9th
ML CH3O* coverage, 1/9th ML H*, and 5/9th ML vacant sites.

Temperature Temperature
Variation ~ P(HCOOH) P(HCHO) y;iation P(H)  P(HCHO)
10 TJe——o “HCOOH-cofeed” model —>{<——— “H, cofeed” model ——>
-
= 0.8
~
S
gu® m - ¥
© 0.6 DHE‘d EEEEmEEEEn D”Dgu ol P LLL
(] o L oy
>
(@]
% 04- CH.0
5 ; L
A
= Coeq AAAAAA,#AAAAAAAAAA
= 0.21 o....ooooo..oao - v Sy
()] H 'V' yvvy Yvvy
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0.0 EEEEEEEEEEEEEEEEEEEm s npnnBBBBBEEESbB»» b

Fig. 7 Coverages of relevant reaction intermediates under various
reaction conditions as predicted by our final “HCOOH-cofeed” mode
based on 2/9th ML HCOO*-covered surface (left half) and final “H,-
cofeed” model based on 3/9th ML CHsO*-covered surface (right half).
For each half, shaded areas from left to right represent different
reaction conditions: temperature variation from 353 K to 393 K with
increments of 5 K (points #1-#9 and #20-#28), partial pressure of
HCOOH or H, variation from 0.062 to 0.092 with increments of
0.0077 (#10-#14 and #29-#33), partial pressure of HCHO variation
from 0.14 to 0.17 with increments of 0.0077 (#15-#19 and #34-#38).

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy00238a

Open Access Article. Published on 19 2025. Downloaded on 26/07/25 22:55:57.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

"HCOOH-cofeed" model
90 4 "H,-cofeed" model

80
701
60

50 1

r(CH3OH(g))

40

301

201

10

353 358 363 368 373 378 383 388 393

Temperature / K
Fig. 8 Comparison of the hydrogenation rate of the final “HCOOH-
cofeed” model based on 2/9th ML HCOO*-covered surface and “H-
cofeed” model based on 3/9th ML CHsO*-covered surface under
various temperature, total pressure of 1 atm, with partial pressure of
HCHO and HCOOH/H, being 0.15 and 0.08 respectively (and rest
inert). Hydrogenation rate is indicated by the flow rate of CHs;OH(g)
generated.

Therefore, we have fully coverage-cognizant microkinetic
models for both cases whereby the predicted coverages fall
within the range of DFT coverages considered.

Fig. 8 compares the hydrogenation rate for two models,
with HCOOH and H, cofeed, at various temperatures. With
the explicit coverage effect, we note that, (1) the
hydrogenation rates in both cases are significantly higher
than those for clean surface models (see Fig. S3(a) in the
ESIt for model results using the clean surface energetics and
approximate corrections) thereby indicating the importance
of explicitly including coverage effects, and (2) the
hydrogenation rate while cofeeding HCOOH is three (3) times
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higher than with using molecular H,, thus indicating the
efficacy of CTH.

Fig. 9 below shows the reaction fluxes in the network for
the final “HCOOH-cofeed” model at 373 K, 1 atm, with
partial pressure of HCHO and HCOOH being 0.15 and 0.08
respectively (and rest inert). The most dominant pathway to
form methanol involves hydrogenation of HCHO* by a
surface H* (indirect step) to form a methoxy, following which
an HCOOH* can directly transfer hydrogen to CH,;0%,
thereby forming the hydrogen-bonded intermediate CH;-
OHHCOO¥*; CH3;OH portion of this complex stabilizes the
transition state of the C-H dissociation of formate (HCOO¥*)
part of the complex and ultimately forms CH;OH* and an
H* (and releasing a molecule of CO,). This hydrogenation
pathway is at least 8 orders of magnitude larger (in rate)
than a purely indirect pathway (i.e. successive hydrogenation
by surface H* to form methanol); the results are consistent
with the degrees of rate control (as shown in Table 3),
which indicates that the hydrogenation of HCHO* by
surface H* and direct hydrogen transfer from HCOOH* to
CH;0* are rate-controlling. This pathway accounts for 96%
of the flux to consume (CH;O0HHCOO*) and thereby HCOO*
dissociation; the remaining 4% of the flux involves
desorption of methanol to form HCOO* which can then
decompose via the HCOOH co-catalysis route (as proposed
by Chen and Mavrikakis**® and Lin et al*®). At the
reference condition shown in Fig. 9, the most abundant
surface intermediate is HCOOx* (~0.2 ML); all the other
intermediates have low coverage, and the surface is mostly
vacant (~0.6 ML). Clearly, the model results indicate that
both direct and indirect steps are likely to play a role in
CTH; the direct step, once again, is aided by the formation
of H-bonded complexes.

Table 3 shows that CH3;0* hydrogenation and H,
dissociation are rate-controlling in the “H,-cofeed” model.

CH;0H(g)

>0.85
0.7-0.85
0.55-0.7
0.4-0.55
0.2-0.4
0.1-0.2
0.05-0.1
1e-5-0.05

1e-10-1e-5
<1e-10

-H*

+HCOOH T

-HCOOH -H

Fig. 9 Reaction network for the new “HCOOH-cofeed” model based on 2/9th ML HCOO*-covered surface at 373 K, 1 atm, with partial pressure
of HCHO and HCOOH/H, being 0.15 and 0.08 respectively (and rest inert). The width of the arrows qualitatively represents the magnitude of the
reaction flux, and the coverages of surface intermediate were color coded by different level.
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Table 3 Degrees of rate control for CHzOH(g) in final “HCOOH-cofeed” model and “H,-cofeed” model at 373 K, 1 atm, with partial pressure of HCHO

and HCOOH/H; being 0.15 and 0.08 respectively (and rest inert)

CH;0H(g) (“HCOOH-cofeed” model)

CH;0H(g) (“H,-cofeed” model)

R1 HCOOH* + 2* «— HCOO* + H* 0.00
R3 HCOO* «— COj} + H* 0.00
R5 HCHO* + H* — CH,OH* + * 0.25 0.00
R6 HCHO* + H* — CH;0* + * 0.53 0.05
R7 CH,OH* + H* — CH;OH* + * 0.00 0.00
R8 CH;0* + H* — CH;0H* + * 0.00 0.28
RO H* + H* — Hj + * -0.16 0.65
R10 HCHO* + * — CHO* + H* 0.01
R22 HCHO* + HCOOH* + * «— CH,OH* + HCOO* 0.00
R25(a) CH;0* + HCOOH* — CH3;OHHCOO* 0.00
R25(b) CH;0HHCOO* — CH3OH(g) + HCOO* -0.01
R26 HCOOH* + HCOO* < HCOOH* + CO} + H* + * 0.04
R27 CH;0HHCOO* — CH3;0H* + CO,(g) + H* 0.63
1.0 1.0 1.0
0.8 u:ﬁ}:l}({lcl(l))o S 0.8 HCOO*on Cu(lll) 0.8] CH,OH*onCu(111)
) o% ¢’ 1382 ) ]
E 0.6 306 ¥ym(CO) E 0.6
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Fig. 10 Computed infrared spectra for HCOO*, CH3;OH*, and CHzOHHCOO* on Cu(111). Intensities are normalized with respect to the most
intense mode calculated for each species. Peaks within 1200-1400 cm™ wavenumber range are consider interested. The top view and side view of
the computed adsorbed structures are shown, Copper atoms are in orange, carbon in grey, oxygen in red, and hydrogen in white.

Both steps are avoided in “HCOOH-cofeed” case, because
CH;0* hydrogenation is preferred to occur via direct
H-transfer and H, dissociation is not kinetically relevant.
Intermediates of HCOOH decomposition, viz. HCOO* and
even COOH*, form H-bonded complexes with HCHO*, its
hydrogenated intermediates (CH;0*, CH,OH*), and CH;0H*.
These complexes not only facilitate H-transfer, but they also
facilitate  dehydrogenation steps (e.g CH3;OHHCOO¥*
dissociation to CH3;OH(g), H*, and CO,(g) as shown in
Fig. 12). The results also point to the effect of surface
coverages during H, and HCOOH cofeeds. Clearly, the
abundant surface intermediates are different in the two cases
(CH30* for the “H,-cofeed” case and HCOO* for the
“HCOOH-cofeed” case), resulting in a substantially different
surface environment and, consequently, reaction energetics
(and rate/equilibrium constants). Such changes can influence
the availability of H* even if direct routes are not available
for a hydrogen donor (e.g. using cyclohexane as an H-donor).
Therefore, all three factors, viz., facile reactions of formic
acid relative to H, dissociation, the feasibility of alternate
pathways (direct H-transfer) and new species aided by
hydrogen-bonding, and relative differences in surface
environment (and ensuing destabilization/stabilization of key
intermediates and transition states), contribute to the higher

3970 | Catal Sci. Technol, 2025, 15, 3961-3975

CTH rate relative to the “H,-cofeed” case in this reaction
system.

3.2 Computed infrared spectra of H-bonded complex

To evaluate if hydrogen-bonded species were likely to have
distinct vibrational signatures, we calculated the IR spectra
for the most stable configurations of HCOO*, CH;0H*, and
their hydrogen-bonded complex, CH;OHHCOO* (Fig. 10). For
HCOO* in its most stable bidentate form, we observed a peak
at 1312 cm™', corresponding to the symmetric O-C-O
stretching mode. Additionally, within the 1200-1400 cm™
range, we identified an IR-inactive vibrational mode at 1287
em™, attributed to in-plane C-H stretching (as described by
Chutia et al’®) or O-C-H scissoring (as described by Xu
et al.>®). For CH;0H*, we detected a weak peak at 1299 cm ™",
associated with O-H scissoring. In the hydrogen-bonded
CH;OHHCOO* complex, three IR-active peaks appeared at
1301 ecm™’, 1315 cm™’, and 1382 cm™’, corresponding to O-
C-H scissoring on the HCOO portion of the complex, O-C-O
stretching on HCOO influenced by its interaction with CHj;-
OH, and O-H scissoring on the CH3;0H portion, respectively.
We observed that hydrogen bonding not only shifts
existing IR-active vibrational modes but also generates new

This journal is © The Royal Society of Chemistry 2025
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Table 4 Bader charge analysis and DDEC6 atomic population analysis of the H atom being transferred in each direct hydrogen transfer elementary

step

Direct hydrogen transfer step Bader DDEC6
Clean Cu(111) surface

R14(a) COOH* + OH* « COOHOH* 0.63 0.35
R14(b) COOHOH* — COj + H,0* 0.68 0.39
R22(a) HCHO* + HCOOH* — HCOOHHCHO* 0.61 0.34
R22(b) HCOOHHCHO* — HCOOCH,OH* 0.65 0.35
R22(c) HCOOCH,OH* + * « CO,CH,OH* + H* 0.65 0.35
R23(a) HCHOCOOH* «— CH,0OHCOO* 0.64 0.33
R23(b) CH,OHCOO* — CO,(g) + CH,OH* + * 0.65 0.34
R24(a) CH;0* + COOH* — CH3;OHCOO* 0.64 0.35
R24(b) CH;0HCOO* « CH;OH* + CO,(g) + * 0.64 0.34
R25(a) CH;0* + HCOOH* — CH3;OHHCOO* 0.62 0.34
R25(b) CH;O0HHCOO* + * — HCOO* + CH3;0H* 0.62 0.34
R26(a) HCOOH* + HCOO* «— HCOOHbHCOO* 0.65 0.37
R26(b) HCOOHbHCOO* — HCOOHmMHCOO* + * 0.68 0.38
R26(c) HCOOHMHCOO* + HCOO* «— HCOOHbHCOO* + CO,(g) + H* 0.67 0.36
2/9th ML HCOO¥*-covered surface

R22 HCHO* + HCOOH* — CH,OH* + HCOO* 0.67 0.35
R25(a) CH;0* + HCOOH* — CH3;OHHCOO* 0.64 0.37
R25(b) CH;OHHCOO* + * — HCOO* + CH;0H(g) + * 0.63 0.31
R27 CH;0* + HCOOH* «— CH;OH* + CO,(g) + H* 0.67 0.34

IR-active modes. While the symmetric O-C-O stretching
mode shifted by just 3 cm™, the O-H scissoring on the CH;-
OH* part shifted significantly by 83 cm™, indicating that
hydrogen bonding has a greater impact on CH;OH* than on
HCOO*. Furthermore, the O-C-H scissoring mode, which is
IR-inactive in isolated HCOO¥*, becomes active in the
H-bonded complex, likely due to the breaking of the
symmetry in the HCOO* portion.

3.3 Nature of transferred hydrogen

Bader charge analysis®® and DDEC6 atomic population
analysis®™®> were used to investigate the nature of the
transferred H atom. As shown in Table 4, the transferring H
atom at the transition state is protic (charge on H is +0.65
using the Bader approach and +0.35 using DDECSH).
Therefore, protic solvents such as water could modulate the
activity of these H-transfer steps further and increase CTH
rates.

3.4 Universality of direct H-transfer

That the formation of hydrogen bonding opens up new
routes for hydrogenation of HCHO indicates that other CTH
systems may also exhibit such interactions (and reaction
pathways). Since CTH has been shown to occur in
hydrogenation of furfural,® nitrate reduction,” hydrogenation
of nitriles,*® and hydrogenolysis of nitroarenes,” we
explored the interaction of various oxygen- and nitrogen-
containing molecules with formic acid on three
representative metal surfaces. In particular, we considered
the interaction of furfural, acetonitrile, NO;, and
nitromethane with HCOOH on Cu(111), Pd(111), and Pt(111).

In our DFT calculations, we use a 3 x 3 x 4 surface
supercell (36 metal atoms in each supercell) for H-bonded

This journal is © The Royal Society of Chemistry 2025

complex of HCOOH with acetonitrile, nitromethane, and
nitrate, while a 4 x 4 x 4 surface supercell (64 metal atoms in
each supercell) is used for furfural considering the molecule
size. All hydrogen-bonded structures are stable as shown in
Fig. 10. Indeed, the complexation energy, which determines

CH,CN
am

C,H,0CHO CH,NO2 NO,

& oi fu‘o

o - - - .

'\o“v LR
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Pd(111)

L

an’t %% %W
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Fig. 11 Hydrogen-bonded complexes of furfural, acetonitrile,
nitromethane and nitrate (from left to right) with HCOOH on Cu(111),
Pd(111) and Pt(111) (from top to bottom). Hydrogen bonding
interaction is encircled in green. The side and top view of the
structures are shown for each case. Copper atoms are in orange,
palladium atoms are in dark blue, platinum atoms are in silver, carbon
in grey, nitrogen in blue, oxygen in red, and hydrogen in white.
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Fig. 12 Complexation energies with HCOOH (CE) and binding energies (BE) of furfural, nitrate, acetonitrile and nitromethane (from left to right),
and binding energies of HCOOH on Cu(111), Pd(111) and Pt(111) respectively. Complexation energies (CE) are represented by bar, while binding
energies (BE) of hydrogen acceptors are represented by solid line, and binding energies (BE) of HCOOH are represented by dashed line.

the strength of H-bonded complex, varies from being
thermoneutral to ~-0.7 eV across all molecules and surfaces
(Fig. 11). Therefore, direct H-transfer is likely in all these
cases. Notably, the higher stability of these complexes on Cu
indicates that direct H-transfer is particularly likely on this
catalyst than on Pt and Pd. The strength of a complex
depends upon the stability of the individual surface
adsorbates (i.e., the binding energy of the four molecules and
formic acid). The origin of the relative stability of hydrogen
bonded complexes on Cu can be explained for furfural and
acetonitrile based on the relatively lower binding energy of
these adsorbates on Cu compared to Pd and Pt; for NO; and
CH;NO,, the complexation energy inversely tracks the
binding energy of formic acid. While detailed kinetic models
are necessary for confirmation, our results indicate that
direct hydrogen transfer on transition metal catalysts is more
general, especially when the donor and acceptors (or
intermediates derived from them) can form hydrogen bonded
complexes.

4. Conclusions

By integrating density functional theory (DFT) with coverage-
cognizant microkinetic modeling, we elucidate the
mechanism of catalytic hydrogen transfer between a common
donor, HCOOH, and a model acceptor, formaldehyde, on
Cu(111). Our findings reveal that when both HCOOH and
HCHO are present, hydrogen-bonded complexes can form
between them or their intermediates. These complexes not
only facilitate an alternative direct hydrogen transfer between

3972 | Catal. Sci. Technol., 2025, 15, 3961-3975

the donor and acceptor but also make the decomposition of
HCOOH more favorable compared to the dissociation of H,.
Specifically, flux analysis and the degrees of rate control
indicate that the primary pathway for methanol formation
from HCHO involves the initial hydrogenation of HCHO* by
a surface H* (an indirect step) to produce methoxy (HCHO*
+ H* — CH30%*). The methoxy then forms a hydrogen-
bonded complex with HCOOH (CH;OHHCOO%*), which
enables direct hydrogen transfer from HCOOH to CH;O%.
The CH3;0H fragment of this resulting complex stabilizes
the transition state of C-H dissociation in formate
(HCOO¥*), resulting in CH;0H* and H*, and the release of a
CO, molecule (CH;0* + HCOOH* — CH3;0HHCOO* «—
CH;O0H(g) + H* + CO,(g)).

Furthermore, we observed that surface coverages of
HCOO* and CH;O* can stabilize or destabilize intermediates,
thereby kinetically affecting the hydrogenation rate. Together,
these factors indicate that the interplay of facile
decomposition of the hydrogen donor, new reaction pathways
enabling direct hydrogen transfer, and different abundant
surface intermediates (and associated impact on energetics)
can all contribute to higher CTH rates. In addition, we find
that the transferring hydrogen atom is positively charged and
can plausibly be further stabilized in protic solvents. While
results on another catalyst (or catalytic site) may be different,
and intrinsic errors in the chosen level of theory can lead to
overall errors in predicted rates, we hold that our principal
result, viz., the formation of hydrogen-bonded complexes and
ensuing direct hydrogen transfer, are key to this class of
reactions on metal catalysts. Indeed, our exploratory results

This journal is © The Royal Society of Chemistry 2025
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indicate that hydrogen bonded complexes are present
between HCOOH and several acceptors on different metals,
suggesting that our findings have broader applicability to
practical systems.

Data availability

All DFT calculations were carried out using VASP (https://
www.vasp.at/). This software requires a wuser license
purchasable from the developers. The version used is 5.4.4.
Detailed energies and associated kinetics of all elementary
steps (in the form of Shomate parameters) are given in the
supporting information. Microkinetic modeling was carried
out using an in-house software described in https://pubs.acs.
org/doi/full/10.1021/acs.jpcc.7b08089.
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