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Heterogeneous thermocatalysis of formic acid dehydrogenation by metals in
solution is of great importance for chemical storage and production of
hydrogen. Insightful understanding of the complicated formic acid dehy-
drogenation kinetics at the metal-solution interface is challenging and yet
essential for the design of efficient heterogeneous formic acid dehydrogena-
tion systems. In this work, formic acid dehydrogenation kinetics is initially
studied from a perspective of electrochemistry by decoupling this reaction on
Pd catalyst into two short-circuit half reactions, formic acid oxidation reaction
and hydrogen evolution reaction and manipulating the electrical double layer
impact from the solution side. The pH-dependences of formic acid dehy-
drogenation kinetics and the associated cation effect are attributed to the
induced change of electric double layer structure and potential by means of
electrochemical measurements involving kinetic isotope effect, in situ infrared
spectroscopy as well as grand canonical quantum mechanics calculations. This
work showcases how kinetic puzzles on some important heterogeneous cat-

alytic reactions can be tackled by electrochemical theories and

methodologies.

Heterogeneous catalysis is the core sector in the chemical industry
that produces enormous quantity of chemical materials annually. Most
of the heterogeneous catalytic processes take place at the solid-gas
interface, and the theories and methodologies to investigate the het-
erogeneous catalysis are built on the classic context accordingly.
However, there are also important heterogeneous catalytic reactions
proceeding at the solid-liquid interface (specifically, the metal-solution
interface) that are distinct from those at the gas-solid interface'”.
Regular heterogeneous catalytic theories are incapable of describing
the complex chemical behaviors at the metal-solution interface, and a

framework for mechanistic study of such heterogeneous catalysis is
highly demanded.

Among such catalytic reactions, thermocatalytic formic acid
dehydrogenation (FAD, HCOOH(I)—>H,(g)+ CO,(g), AG®= —32.9
kJ/mol)* on a metallic catalyst deserves special attention in that the
production and storage of hydrogen by means of heterogeneous
catalysis is one of the top priorities in energy chemistry>®. The high
volumetric capacity (53 g Hp/L) and its low toxicity and flammability
under ambient conditions make formic acid a promising hydrogen
energy carrier”®. With input of renewable power, FA can be facilely
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and massively produced from electroreduction of CO,’. As a liquid,
it can be safely stored and transported to the end-consumers. When
hydrogen is in need, FA undergoes a spontaneous and selective
dehydrogenation process to release hydrogen gas on Pd-based
catalysts in aqueous formic acid-formate solutions at mild tem-
peratures (referred herein to thermocatalytic FAD or FAD unless
otherwise specified)’*™.

FAD at the metal-gas interface has been well understood by the-
oretical calculations”™", which suggests sequential cleavage of O-H
and C-H bonds of FA on the metal surface without any charged species
or charge transfer steps as depicted in the top left of Fig. 1a. In contrast,
the FAD at the metal-solution interface involves the deprotonation of
FA in the bulk solution to formate prior to adsorption onto the metal
surface'®??, with charged species and charge transfer steps. The ther-
mocatalytic investigations of FAD have so far been overwhelmingly
limited to the development of catalysts by tuning composition,
structure and metal-support interaction as well as the test of additives
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Fig. 1| FAD mechanism at metal-gas and metal-solution interfaces. a Elementary
steps of FAD at metal-gas and metal-solution interfaces. b Evans diagram for FAD in
0.2M FA +0.2M NaHCOO(SF) + 0.2 M NaClO4 at pH3.7. ¢ The measured value of

FAD reaction rate as compared to the value predicted by the Evans diagram method

in the solution. Among them, decreasing the Pd particle size to enrich
the active sites (e.g., the Pd(0)-Pd(ll) interface)” and modifying the
support with alkaline groups (e.g., amines) to facilitate the deproto-
nation of FA" are two effective tactics for developing FAD catalysts.

Virtually no attention has been paid to the metal-solution inter-
face for FAD. Therefore, the mechanism of thermocatalytic FAD is far
from clear in terms of the rate determining step (RDS) and its deciding
interfacial factors. Among others, the combinative desorption of
hydrogen (2H — H, +2*) has been suggested as the RDS of FAD based
on apparent activation energy determination and DFT calculations on
neat Pd(111)*>%, whereas, the C-H bond cleavage step as the RDS based
on kinetic isotopic effect (KIE) and reaction order of formate*. The
major hurdle against clear mechanistic clarification arises from the fact
that such a spontaneous FAD at the Pd catalyst /solution interface
involves coupled reactions as well as electrical double layer (EDL)
effect. Unfortunately, such essential and yet puzzling points have been
largely ignored in FAD thermocatalysis.

At metal-solution interface
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in b. d A typical schematic plot of the Evans diagram where FAOR is relatively
sluggish. e A typical schematic plot of the Evans diagram on FAD with similar
reaction rate of FAOR and HER. @° refers to the potential when the second term on
the right side of Eq. 1 or 2 is zero. Source data are provided as a Source Data file.
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In this work, we tackle the thermocatalysis of FAD on Pd catalysts in
aqueous formic acid-formate solutions using methodologies and the-
ories rooted in interfacial electrochemistry. An electrochemical
mechanistic paradigm is put forward by disentangling the FAD into two
electrochemical half reactions at a mixed potential, namely, formic acid
oxidation reaction (FAOR, HCOOH(aq.)—2H" (aq.)+ CO,(g)+2¢e")
and hydrogen evolution reaction (HER, 2H" (aq.) +2e~ —H,(g)), and
then coupling the kinetic features of the two half reactions to com-
prehensively understand the overall FAD kinetics. pH-dependent RDSs
for the FAOR, HER and FAD in acidic, neutral and alkaline solutions are
determined by KIE measurements, respectively, and grand canonical
quantum mechanics (GCQM) calculations to evaluate the energy bar-
riers of the elementary steps of FAOR and HER at a constant potential.
The influence of the EDL structure on FAD kinetics is studied by cation
effects on the two half reactions. An insightful mechanistic under-
standing of FAD at the Pd-solution interface is projected to guide the
design of efficient FAD systems.

Results and discussion

Disentangling FAD into two electrochemical half reactions

A mixed potential theory originating from classical corrosion electro-
chemistry has been put forward to address the thermochemical cata-
Iytic reaction at metal/solution interfaces, including small organic
molecules oxidation, hydrogen peroxide production and nitrophenol
hydrogenation” . In these studies, the thermocatalytic reactions
were regarded as the coupling of two independent half reactions. And
by measuring respectively the current densities of the half reactions in
isolation, the mixed potential and the reaction rates for the overall
thermocatalytic reactions can be quantitatively predicted by this
model. For example, the thermocatalytic oxidation of formic acid
(2HCOOH + 0, =2CO0, + 2H,0) was regarded as the coupling of FAOR
and oxygen reduction reaction (ORR: O, + 4e” + 4H" = 2H,0), the FAOR
current density (jraor) Was measured without O,, and the ORR current
density (jorr) measured without HCOOH as a function of potential
(E)*. In aj-E diagram involving the two half reactions, the potential at
which jeaor = -jorr is the mixed potential for the overall oxidation of
formic acid while the current density jraor = ;jorr cOrresponds to the
reaction rate of oxidation of formic acid in consideration of Faraday’s
Law on electrolysis. This diagram is also known as the Wagner-Traud
diagram in classic electrochemistry, which is often used to quantify the
kinetics of electroless metal plating®.

As for the heterogeneous FAD in solutions, the overall reaction
can be deemed as the combination of two half cell reactions: FAOR and
HER. The standard electrode potential for the redox couple of H*(aq.)/
Hy(g) is O V vs SHE while that of CO,(g) /HCOOH(aq.) is around —0.11V
vs SHE*?, Therefore, HER and FAOR reactions may take place sponta-
neously to form a short circuit galvanic cell on a metal catalyst to yield
the mixed potential, which is equivalent to the stabilized open circuit
potential (OCP) for FAD in a deaerated solution. However, since the
reactant for kinetically facile HER is proton or water which is a ubi-
quitous species in aqueous solution, one cannot directly measure with
confidence the net FAOR current density in isolation of HER around
the OCP. Thus, the Wagner-Traud diagram based method is no longer
suited for predicting the reaction rate of FAD. In fact, in a latest work
published by others during the revision of this work, Wagner-Traud
diagram was directly applied to predict FAD reaction rates with one
order of magnitude smaller than the measured ones®.

To address this issue, a method based on the Evans diagram which
is widely used in corrosion electrochemistry is invoked in this work.
The key point of such a method involves the Tafel straight line extra-
polation on the polarization curves of the two half reactions®, where
the crossing point yields the mixed potential (OCP) and the short-
circuit current. A representative Evans diagram for FAD in a FA/SF
mixed solution (pH3.7) is shown in Fig. 1b, in which 0.2 M NaClO, was
added as a supporting electrolyte to minimize the solution resistance

without changing the reaction kinetics. Ideally, both FAOR and HER
current densities on the Tafel extrapolation lines would yield the FAD
reaction rate at the mixed potential. Practically, we found that the Tafel
equation fits well for the current density of FAOR between 0.15 and
0.3V, while a significant deviation of HER current density from the
Tafel equation was recorded in the whole potential range, given the
fact that the HER current density was drastically influenced by the
reoxidation of H, at low overpotentials and slow diffusion of H, in the
supported catalyst layer at high overpotentials®. Therefore, we used
the Tafel extrapolation line of FAOR rather than that of HER at OCP in
the Evans diagram to derive the FAD reaction rate in Fig. 1b. Indeed, the
FAD reaction rate was satisfactorily predicted by this method, as
shown Fig. 1c. In other words, we have demonstrated that the mixed
potential theory in electrochemistry can be applied in dealing with
thermocatalytic FAD kinetics.

In addition, the relative biases of the mixed potential (or OCP)
from the equilibrium potentials of the two redox couples can be used
to gauge the kinetically sluggish half reaction. For instance, Fig. 1d is a
schematic of that the FAD rate is mainly determined by the FAOR
rate as judged by the more proximity of the OCP to the equilibrium
potential @*(H"/H,). And if the OCP locates around the middle of
@°(H'/H,) and ¢°(CO,/HCOOH), the FAOR and HER half reactions are
expected to exhibit comparable kinetics (see Fig. 1e). Note that

RT 1
€ ~
Oy, ~ oV+ 3F xIn <PHZ> (vs RHE) @
@Yo, /pa™ — 011V + RT ln( Peo, >(vs RHE) 2
2 2F HCOOH

where py, and pco, are the partial pressures of product gases in the
catalyst layer, and cycoon is the concentration of formic acid; R, Tand F
are gas constant, Kelvin temperature and Faraday constant,
respectively.

pH-dependent RDSs for electrochemical half reactions

To unravel the RDS of thermocatalytic FAD in solutions of varying pHs,
we first deal with the RDSs of the two electrochemical half reactions
FAOR and HER individually. The KIE factor is a critical term for iden-
tifying an RDS*, usually an H/D KIE factor value larger than 1.4 indi-
cates that the C-H/D (or O-H/D) bond cleavage step is an RDS for the
specific reaction. For the FAOR on Pd, a pH-dependent shift of RDS is
revealed by KIE measurements as shown in Fig. 2a-d. From the peak
oxidation current density, the C-H/D KIE factors are determined to be
3.8, 3.3 and 1.4 while the O-H/D KIE factors are 2.0, 1.4 and 1.2 for pH1,
3.7 and 13, respectively. In electrochemistry, it is well accepted that
FAOR reaction undergoes the formate pathway as the major pathway
in a wide range of pH with deprotonation of formic acid facilely
occurring in the bulk solution via the conjugate acid-base
equilibrium’, i.e.,

HCOOH < HCOO™ +H* 3)

which is consistent with the low O-H/D KIE factors from pHI1 to
pHI13 in the above measurement. It may be necessary to point out that
a relatively higher O-H/D KIE factor of 2.0 observed at pHI, as an
exception, may be due to the coexistence of a parallel formic acid
pathway in a strong acidic solution”’, which starts with a slow depro-
tonation on surface sites via HCOOH+2* — HCOOg +H" +e~. In
addition, the high O-H/D KIE factor of 2.0 may also be caused by the
smaller dissociation constant (K,,) of D,O than H,O, which suppress
the deprotonation of formic acid*.
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Fig. 2 | KIE measurements of FAOR on Pd/C catalysts. Linear sweep voltammo-
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M NaHCOO at pH13. Label C-H(C-D) refers to (deuterated) formate/formic acid, and
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0O-H(O-D) refers to (deuterated) water. The scan rate is set at 10 mV/s and the
rotating speed of the RDE at 1600 rpm. d The plots of KIE factors for C-H/D and O-
H/D against solution pH for FAOR, where the dotted lines are used for the guide of
eyes. Source data are provided as a Source Data file.

The subsequent breaking of the C-H bond occurs in the formate
pathway (as depicted in Fig. 1a). High C-H/D KIE factors at pH1 and
pH3.7 indicate that the C-H bond breaking is an RDS for the formate
pathway of FAOR. Further increasing pH changes the kinetics of the
formate pathway through a change of the interfacial electric potential.
For a given potential versus RHE, the corresponding potential versus
SHE decreases with increasing pH,

Espe = Egpe — 0.059 x pH “)

leading to a more negatively charged surface®**°. Considering that
the proton is not involved in the formate adsorption step,

HCOO™ +*=HCOO,, +e" )

the driving force for the anionic formate adsorption decreases
with increasing pH, and step 3 turns kinetically sluggish at higher pH.
As a result, the RDS changes from being C-H cleavage relevant to
irrelevant with increasing pH, as demonstrated by the decreasing C-H/
D KIE factor from 3.8 at pHI1 to 1.4 at pH13 in Fig. 2d. Such kinetic
feature of FAOR on Pd is consistent with that on Pt(111) reported by
Chen’s group**%

On the other hand, since a large number of literature reports have
already dealt with the pH dependent kinetics of HER on Pd
electrodes®™°, we just simply summarize and testify the main con-
sensus herein. The HER on Pd in an acidic solution is kinetically facile
with a determined exchange current density of 0.84 mA cm™ in H,-
saturated 0.1 M HCIO, and controlled by mass transport of hydrogen as
shown in Supplementary Fig. 1a, b*. In contrast, the reaction rate in an
alkaline solution is generally over two magnitudes of order lower than
that in an acidic solution on a noble metal**. The RDS for HER on Pd in
alkaline solutions is the Volmer step (H,0+e~ +* — H +OH™), with a
Tafel slope of -125mV dec™ as shown in Supplementary Fig. 1c**.
Furthermore, Supplementary Fig. 1d, e shows a primary O-H/D KIE
factor of 5.7 for HER on Pd in an alkaline solution, in agreement with the

Volmer step-controlled HER process. Considering that water is the
reactive precursor in a neutral or alkaline solution, it can be inferred that
the Volmer step is the RDS for HER on Pd in a neutral solution as well.

Electrochemical origins of pH dependent FAD kinetics

As depicted in Fig. 1, the kinetics of FAD is expected to be collectively
determined by those of FAOR and HER, which is actually confirmed by
the KIE results for FAD as shown in Fig. 3a, b and Supplementary Fig. 2.
At pH1 and pH3.7, the C-H/D KIE factors for FAD are 4.5 and 4.0, in
proximity to the counterparts for FAOR, while the O-H/D KIE factors
for FAD are 1.1and 0.9, consistent with the fast kinetics of HER in acidic
media. Moreover, the OCP values remain at 23 and 33 mV vs RHE, close
to the equilibrium potential ¢*(H*/H,), see Fig. 3c. The primary KIE on
C-H/D (KIE factor equals to 2.5) and secondary KIE on O-H/D (KIE factor
equals to 1.1) at pH 3.7 are further verified in Fig. 3d, e, we can conclude
that the overall FAD kinetics is controlled by the C-H bond cleavage of
the half reaction FAOR in acidic media.

With an increase of solution pH, two major events take place. One
is the exhaustion of hydronium ions, and the other is the decreasing Pd
electrode potential vs SHE that favors the adsorption of cation species
but disfavors the adsorption of anions. In a solution of pH-7, the O-H/D
and C-H/D KIE factors for FAD are 5.5 and 3.3, respectively. The drastic
increase of the O-H/D KIE factor for FAD from 0.9 to 5.5 with pH
increased from 3.7 to 7 can be attributed to the sluggish O-H cleavage
of H,0 in the half reaction HER in a neutral solution, which is corro-
borated by the dramatically negative shift of OCP to -113 mV vs RHE
approaching @*(CO,/HCOO"). Furthermore, a C-H/D KIE factor of 3.3
for FAD indicates that C-H bond cleavage in the half reaction FAOR is
another RDS for the overall FAD. In other words, both half reactions are
kinetically sluggish in a neutral solution. Given that the 1.0 M NaHCOO
solution does not exhibit a pH buffering capacity, the fluctuation of
surface pH prevents the meaningful electrochemical FAOR and HER
measurements. Instead, the kinetically sluggish O-H cleavage of H,O to
form adsorbed H during FAD in a neutral solution is verified by an
isotope labeled in situ mass spectrometric measurement, as shown in
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Fig. 3 | Determination of RDS of FAD on Pd/C catalysts. a Initial TOFs for FAD on
Pd at different solution pHs. pH1 solution: 0.1M HCIO4 +1.0 M HCOOH,

pH3.7 solution: 0.2 M HCOOH + 0.2 M NaHCOO, pH-7 solution: 1.0 M NaHCOO, and
pH13 solution: 0.1 M KOH +1.0 M KHCOO. Labels C-H and C-D refer to the use of
HCOOH/HCOO™ and DCOOH/DCOO", and O-H and O-D to the use of H,O and D,0 in
the measurements, respectively. Test condition: 298K for pHI, 3.7 and -7, and 333K
for pH13. b KIE factors of C-H/D and O-H/D for FAD at different pHs calculated from
the data obtained in a. ¢ Open circuit potentials (E,p) measured at the catalyst surface

during FAD (without deuteration) at different pHs at 298 K, the dotted lines are used
for the guide of eyes. d Evans diagrams for KIE measurements of FAD in solutions of
pH3.7. e Comparisons between measured FAD reaction rates (adapted from data in a)
and predicted FAD reaction rates by the Evans diagram method (adapted from data in
d). f Scheme of pH-dependent RDS for FAD as analyzed by the mixed potential theory.
The chemical equilibrium among CO,, bicarbonate and carbonate in solutions is
neglected in this scheme. @° refers to the potential when the second term on the right
side of Eq. 1 or 2 is zero. Source data are provided as a Source Data file.

Supplementary Fig. 3. It turns out that the inter-exchange
H*+D*=H"+D* due to H*=H"+e” and D" + e" =D* on Pd is facile and
reversible in an acidic solution while the inter-exchange is slow and
rate-limiting in a neutral solution during FAD. This result lends addi-
tional support to our conclusions that C-H bond cleavage is the only
RDS for the FAD in an acidic solution while both C-H and O-H cleavages
jointly contribute to the RDS for the FAD in a neutral solution.

With the solution pH increased to 13, a second transition of the RDS
against pH for the overall FAD may occur due to the energetically
unfavorable adsorption of formate anions on Pd as detailed in the prior
section (see Eq. (5)). In fact, compared to the counterparts measured at
pH-7, the O-H/D and C-H/D KIE factors for the FAD at pH13 decrease to

2.0 and 2.8, respectively, suggesting that additional RDS (i.e., formate
adsorption) for the FAD should not be neglected at pHI3 where an
equivalently very negative potential vs SHE applies to Pd surface. This
proposal is corroborated by the observation that the OCP is again
positively shifted towards @*(H/H,) at 66 mV vs RHE, indicating that
FAOR is kinetically more sluggish than HER. In other words, three
separate RDSs, two from FAOR and one from HER, jointly determine the
overall FAD kinetics at pH13. Notably, a complex multistep reaction may
contain more than one RDSs whose contribution to the overall reaction
rate can be quantified by a term called degree of rate control".

The reaction mechanism of FAD with identified RDSs at different
pHs is summarized in Fig. 3f, in light of the analytical paradigm by
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disentangling FAD into two coupled half reactions at a mixed potential.
Now we are able to settle the long-lasting argument about the RDS for
thermocatalytic FAD. Specifically, the proposal that C-H cleavage is the
sole RDS for FAD* is true only in acidic solutions. And this proposal
should be modified accordingly in neutral and alkaline solutions: in a
pH?7 solution besides the C-H cleavage as one RDS, H,O dissociation to
adsorbed H should be involved as the other RDS at pH7 while in a
pH13 solution, besides the above two RDSs, the formate adsorption
acts as another RDSs. As for the proposal that combinative hydrogen
formation step 2H — H, is the RDS for FAD**?, the electrochemical
research paradigm enables us to rule out this possibility at all pHs
given that the HER kinetics measurements (see Supplementary Fig. 1)
have shown that 2H" — H, is a fast step at Pd electrode regardless of
solution pH. The clarification of the complicated FAD mechanism
benefits the practical catalyst design: to enhance the FAD performance
in an acidic solution, a target catalyst should be able to expedite FAOR,
more specifically, promote the C-H cleavage; to achieve a high FAD
performance in a neutral or alkaline solution, a target catalyst is
required to advance both FAOR and HER, more specifically, facilitate
formate adsorption, C-H cleavage and water dissociation.

Notably, Pd can absorb H to form stable Pd-H phases with a-PdH
being transformable to S-PdH at a potential negative of 55mV vs

a C-H dissociation in FAOR
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Fig. 4 | GCQM Calculations of the energy barriers of FAD on Pd at different pHs.
Free-energy profiles for the C-H dissociation in formic acid oxidation and the Vol-
mer step in hydrogen evolution at OV (vs RHE): a under pH1 over 0.66 ML H*

preadsorbed Pd(111), b pH7 over 0.44 ML H* preadsorbed Pd(111) and ¢ pH13 over

RHE?**8, The measured OCP values indicate that 8-PdH prevails at pH1,
3.7 and ~7 during FAD, whereas a-PdH may exist in the bulk Pd during
FAD at pH13. The presence of PdH phases during FAD is in accordance
with a calculated Pourbaix diagram of Pd(111)*. In this work, the pre-
sence of a-PdH and -PdH phases during FAD is mimicked by modeling
different coverages of H* on Pd(111) as shown in the following GCQM
calculations.

GCQM calculations

To corroborate with the mechanistic understanding of the FAD reac-
tion from the perspective of the interfacial electrochemistry, Grand
Canonical quantum mechanics (GCQM) calculations were performed,
in which the applied electric potential was kept constant, and the
energy barriers for the two electrochemical half reactions were cal-
culated. The free energy profiles of the C-H bond dissociation in FAOR
and the Volmer step in HER from GCQM calculations are shown in
Fig. 4. Here, these two processes at 0V vs RHE are compared at pH
values of 1, 7 and 13.

To simulate the Pd electrode towards realistic conditions at pH1, a
Pd(111) surface with 0.66 monolayer (ML) of pre-adsorbed H* was
selected as model to mimic the high coverage of H* at the steady state
based on experimental observation®®. The monodentate formate
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clean Pd(111). The structures for intermediates and transition states are shown in
the panels. The green, gray, red and white balls represent palladium, carbon,
oxygen and hydrogen atoms, respectively. Source data are provided as a Source
Data file.
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HCOOy; (HCOO*) is found to be more stable than the bidentate HCOOg
(HCOO*), with an adsorption free energy of 0.46 eV for a dissolved
formate ion to surface HCOOy,. The free energy barrier for the sub-
sequent dehydrogenation is 0.43 eV, and the effective activation free
energy for C-H dissociation is 0.89 eV. Under the same condition, the
activation free energy for proton adsorption to form H*is only 0.22 eV,
remarkably lower than that of the C-H dissociation. Therefore, the C-H
dissociation in FAOR is kinetically slow while the Volmer step is fast, in
good agreement with the KIE experiment for FAD.

At pH7, considering that the S-PdH is observed in the experiment,
a 0.44 ML H* pre-adsorbed Pd(111) surface model was selected to
mimic the moderate coverage of H* at the steady state based on
experimental observation*®. One can find from Fig. 4b that the
bidentate HCOOg is more stable than the monodentate HCOOy, under
this condition. To undergo C-H dissociation, a free energy barrier of
0.46 eV should firstly be overcome to transform the bidentate struc-
ture to the monodentate, followed with a higher barrier to achieve C-H
bond dissociation. The effective activation free energy for C-H dis-
sociation here is 1.03 eV. As expected, the Volmer step for O-H dis-
sociation becomes more difficult at pH7 with a free energy barrier of
1.42 eV. This corresponds to a larger KIE factor of O- H/D than that of C-
H/D as measured in the experiment, suggesting that O-H cleavage
becomes an RDS (see Fig. 3). In addition, even the clean surface model
(i.e., a zero coverage of H*) was considered here (see Supplementary
Fig. 4), the results are also consistent with the KIE experiments.

At pH13, considering that the a-PdH is observed in the experi-
ment, a clean Pd(111) surface model was used here to mimic the low
coverage of H* at the steady state based on experimental
observation*, With a negative shift of potential vs SHE, the more
negatively charged surface retards the adsorption of formate anions.
The adsorption free energy for HCOOg is as high as 0.89 eV, and the
free energy barrier for its transformation to HCOOy, is 0.46 eV for the
subsequent C-H bond cleavage to proceed. The effective activation
free energy for the C-H dissociation in FAOR is 1.35 eV. For the Vomer
step involving O-H dissociation in HER under the same situation, the
activation free energy is 1.29 eV, slightly lower than that of the C-H
dissociation, in good agreement with the slightly larger KIE factor for
C-H/D than O-H/D in the experiment. Noteworthy, implicit solvation
model was involved throughout all the simulations, a brief discussion
on the effectiveness of the model can be found in the paragraphs
related to Supplementary Fig. 4.

As mentioned above, the electric potential was kept constant
during the GCQM simulations, which is different from conventional
constant-charge QM simulations based on electric-neutral systems. We
further performed charge analysis on the surface adsorbates to gain
deeper insights into the charge transfer during the reactions as shown
in Supplementary Fig. 5. On one hand, it can be found that for the
Volmer process in HER at pH7 and pH13, approximately one electron
transfer occurs from the initial state (3H,0) to the final state
(2H,0 + OH") and partial electron (0.5-0.6 €") transfer from the initial
state to the transition state, which is in accordance with an ideal
symmetric factor of 0.5 for HER. On the other hand, for the C-H dis-
sociation in FAOR, the electron transfer upon adsorption of formate
from solution to surface is far below 1 (approximately 0.2 €"), indi-
cating that HCOO\, is a partially negatively charged species. Therefore,
the symmetric factor may deviate from 0.5 in FAOR, in accordance
with the Tafel slope of over 200 mV/dec as shown in the following
section.

Interfacial cation effect on thermocatalytic FAD

It is known that in electrochemical realm cation effect impacts the
structure of the electric double layer (EDL, the compact layer in this
work)®. Except in very diluted electrolytes, the interfacial potential
drop is mainly restricted within the EDL whose thickness determines
the local electric field strength®™. In general, at potentials negative of

the potential of zero charge (pzc), the surface bears net negative
charges, such that hydrated cation species pile up in the compact layer
of EDL. Small cations exhibit stronger hydration energies and tend to
form larger hydrated cations; therefore, the hydration energies and
radii of hydrated cations follow the order of Li* > Na* > K* > Cs" and the
electric field strength in the EDL follows the order of Li*<Na*<K"
<Cs™**, For charged reactive species like formate anion in this work,
the columbic interaction between the interfacial electric field and the
reactive species may alter the reaction kinetics®.

Cation effect has been utilized to promote the thermocatalytic
FAD performance?, yet its physiochemical origin has not been clar-
ified. To observe the spontaneously formed EDL structure during the
thermocatalytic FAD reaction at OCP, in situ attenuated total reflec-
tance surface-enhanced infrared ab-sorption spectroscopy (ATR-
SEIRAS) measurement was conducted to examine the interfacial water
structure change during FAD on a Pd film in a pH13 solution containing
either Li* or Cs* cations. The ATR-SEIRA spectra for the Pd-solution
interface acquired at OCPs in 0.1M LiOH+ 0.1 M LiHCOO and 0.1M
CsOH+0.1M CsHCOO solutions are shown in the upper panel of
Fig. 5a. The vo_y band for interfacial water can be deconvoluted into
three independent components. The bands at ~3200 and ~3400 cm™
are due to the symmetric and asymmetric O-H stretching vibrations of
water molecules in H-bond networks, respectively, whereas the band at
-3600cm™ to the O-H stretching vibration of isolated water
molecules”. The frequency for the latter is obviously higher in 0.1M
CsOH + 0.1 M CsHCOO compared to thatin 0.1 M LiOH + 0.1 M LIHCOO
as highlighted in Fig. 5b. In addition, the 6,0y band for the scissoring
mode of interfacial water at ~1610 cm™ redshifts by 10cm™ in 0.1M
CsOH+0.1M CsHCOO as compared to that in 0.1M LiOH+0.1M
LiHCOO. To mimic the cation dependent EDL structure for the FAD,
in situ ATR-SEIRAS spectra for a Pd electrode in 0.1M LiOH or 0.1M
CsOH at a controlled potential close to the OCP, or 0.1V vs RHE
(electrochemical realm) are also presented in the lower panel of Fig. 5a,
similar spectral change for the interfacial water was indeed observed.
The above spectral features indicate that the as-formed interfacial
electric field in a Cs*-containing electrolyte is stronger than thatina Li*-
containing electrolyte for the FAD, consistent with the proposal that a
stronger EDL field results in more isolated water at the Pd-solution
interface”. In one word, the fact of cation-tuned EDL structure and
field strength at the Pd electrode-electrolyte interface can be extended
to manipulate the thermocatalysis of the FAD at the Pd catalyst-
solution interface.

To understand how the EDL changes the kinetics of the thermo-
catalytic FAD process, we first electrochemically examine how the
cation induced EDL structure change affect the kinetics of FAOR and
HER on Pd/C, see Supplementary Fig. 6. Note that the pzc for Pd(111) is
around 0.17, 0.33 and 0.89 V vs RHE at pH1, 3.7 and 13, respectively**,
For FAOR, the cation effect at pH1 is insignificant due to positively
charged Pd surface at the working potentials; From pH3.7 to 13, the
FAOR peak current density follows the order of Li*<Na"<K", sug-
gesting that a smaller hydrated cation induces a stronger EDL field to
stabilize the reactive species HCOOy, through columbic interaction®®,
as net charge analysis (Supplementary Fig. 5) and Tafel analysis (Sup-
plementary Fig. 7) have both suggested that adsorbed HCOO,, is a
partially negatively charged species whose free energy is tunable in an
electric field® ., Furthermore, mass transport determines HER at Pd
electrode in an acidic solution as mentioned above and shown in
Supplementary Fig. 1, leading to an insignificant cation effect as well; In
contrast, HER in a neutral to basic solution follows the order of
Li*>Na*>K" > Cs" (Supplementary Fig. 6d), similar to that reported for
HER at Pt and Ir electrodes. It is known that the water structure-
breaking cations like K" and Cs* break the continuity of the hydrogen
bond network in the EDL to deteriorate the alkaline HER kinetics
whereas the water structure-making cations like Li* and Na* promote
the alkaline HER kinetics®*®’.
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Fig. 5| ATR-SEIRA spectra on Pd film in alkaline solutions with different cation
species in the absence and presence of formate. a The lower panel shows the
ATR-SEIRA spectra collected in 0.1 M LiOH (or 0.1 M CsOH) on Pd film electrode at
0.1V vs RHE, the reference spectrum is taken in the same electrolyte at 1.0 V vs RHE
respectively. The upper panel shows the in situ ATR-SEIRAS spectra collected in
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0.1M LiOH + 0.1 M LiHCOO (or 0.1 M CsOH + 0.1 M CsHCOO) on Pd film 3 min after
injection of formate, the reference spectrum is taken in the electrolyte before the
injection of formate. b Deconvolution of the IR bands for interfacial water (vO-H) in
the selected region of a. Source data are provided as a Source Data file.

Now we can turn to the cation-tuned EDL effect on overall FAD
kinetics. Figure 6a, b and Supplementary Fig. 8 show the reaction rates
of FAD against cation entities measured at different solution pHs. At
pH1, no cation effect can be observed within error, consistent with
the above-mentioned insignificant cation effect on both FAOR
and HER. At pH3.7, the FAD reaction rate increases in the order of
Li* <Na* <K" < Cs*, in accordance with the significant cation effect on
FAOR and insignificant effect on HER at this pH. The fact that the cation
effect on FAD originates from the cation effect on FAOR is verified by
the Evans diagrams as shown in Fig. 6c, d. At pH-~7, the FAD reaction
rate follows the order of Li*<Na'<K'>Cs*, where the maximum
occurs with K*. Given that C-H cleavage of adsorbed formate in FAOR
and O-H cleavage of water in HER reaction are both rate limiting for the
overall FAD reaction at pH7, the net cation effect on FAD inherits from
antithetic cation effects on FAOR (Li"<Na*<K'<Cs") and HER
(Li*>Na*>K">Cs"). At pH13, FAD reaction rate reverts to the order
Li*<Na"<K"<Cs’, same as the cation effect on FAOR since FAOR is
kinetically more sluggish than HER for FAD at pH13 as judged from
Fig. 3c. In one word, the cation effect on FAD indeed originates from
the cation effect on the kinetically sluggish electrochemical half
reaction(s).

Ammonium cation (NH4") is a type of cations that not only
influence the EDL field strength but also serve as Brgnsted acid, and
it has been widely utilized in thermocatalytic FAD. Notably, its much
favorable effect on thermocatalytic FAD can be explained by the
same scenario as well. As shown in Fig. 6b, the FAD rate in a NH,"-
containing solution approximately equals to that in a K* -containing
solution at pH3.7, which may be attributed to a similar EDL field
intensities induced by NH," and K*, given that the ionic radius and
hydration energy of NH," are close to those of K**%, Moreover, NH,"
(pK, 9.3) is a stronger Brgnsted acid than H,0 (pK,15.7)¢°”", assisting
the HER in a pH-7 solution more than K" does. In other words,
ammonium cation promotes both half reactions FAOR and HER,
which can explain a much higher thermocatalytic FAD rate in a NH,"
-contained solution than in a K'-contained solution at pH-7 in
Fig. 6b. Practically, organic amines have been widely tested as
additives to accelerate FAD in acidic and neutral solutions by trial-
and-errors’. Based on the above understanding of cation effect on
FAD, screening guidelines for ammine additives may be proposed: 1)
the protonated target ammine cation (i.e., organic ammonium) at
the Pd-solution interface should have a strong EDL field strength to

promote C-H cleavage, and along this line, a smaller size of hydrated
organic ammonium is preferred; 2) in an ammonium formate solu-
tion (pH-~7), in order to promote the HER, the target ammine cation
should be a stronger Brgnsted acid and a water structure-making
cation.

To further verify the origin of this cation effect on FAD at the
molecular level, in situ ATR-SEIRA spectra were obtained on Pd/C in
different cation-contained 0.2M HCOOH+0.2M HCOO™ solutions
(colored lines) and neat 2M HCOOH solution (without any alkali-
cations, black line) at 298 K. The peaks at 1350 cm™ and 1380 cm™ can
be attributed to aqueous HCOO", the 1398-cm™ peak to aqueous
HCOOH, and the 1452-cm™ peak to aqueous NH, ™. The peaks ranging
from 1320 to 1340 cm™ were assigned to adsorbed HCOO*, showing
the cation-dependent frequency. Specifically, in 2.0 M FA solution (pH
~1.7) without any alkali cations, the 1338-cm™ peak was assigned to
bidentate formate HCOOg on Pd”. In 0.2M HCOOH + 0.2 M HCOO™
solutions with varying cations (pH 3.7), the peaks centered at 1320 to
1330 cm™ to monodentate formate HCOOy; on Pd™. Interestingly, as
the hydrated cation radius decreases from Li* to Cs’, the peak is red-
shifted from 1330 cm™ to 1320 cm™. In one word, the spectral obser-
vation indicates that HCOO* adsorption configuration and energy
indeed can be tuned by the structure and strength of the EDL, a
stronger electric field in the EDL favors the adsorption of reactive
HCOO\,* species for FAD.

To find out the cation effect (and thus EDL field effect) on FAD
kinetics from thermocatalytic perspective, FAD reaction rates in dif-
ferent cation-contained solutions at pH3.7 are measured as a function of
temperature to yield the apparent activation energies using Arrhenius
equation. As shown in Fig. 7a, the cation effect on FAD reaction rate
follows the order Cs* > K" >Na">Li* from 303 K to 333K and in Fig. 7b,
the apparent activation energies follow the order Li* (60 kJ/mol) > Na*
(49 kJ/mol) >K* (44 kJ/mol) >Cs" (37 kJ/mol). Indeed, the apparent
activation energy data obtained from a traditional thermocatalytic
measurement are consistent with the cation effect on FAD kinetics, and
Fig. 7c, d indicate that the temperature dependent FAD reaction rates
are in line with the temperature dependent FAOR/HER current densities
as revealed by the Evans diagrams.

Spontaneous FAD on metal catalyst in aqueous solution is a
thermocatalytic reaction involving coupled electrochemical reactions
and EDL effect. In this work, we have initially succeeded in pinning
down essential and yet challenging issues of the FAD at the Pd-solution
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Fig. 6 | Cation effect measurements for FAD on Pd/C catalyst. a Cation depen-
dent TOFs for FAD in solutions of different pHs: 0.1M HCIO4 +1.0 M HCOOH +
0.1 M MCIOy4 (0.1 M HCIO4 +1.0 M HCOOH for the H*-only solution) for pH1,0.2M
HCOOH + 0.2 M MHCOO for pH3.7,1.0 M MHCOO for pH-7,and 0.1MMOH +1.0 M
MHCOO for pH13. Temperature condition: 298 K for pH1, 3.7 and -7, and 333K for
pH13. (M* stands for cation species). b TOFs for FAD in K* or NH,4* contained
solutions: 0.2 M HCOOH + 0.2 M MHCOO for pH3.7,1.0 M MHCOO for pH-7. The
dotted lines are used for the guide of eyes. ¢ Evans diagrams showing cation effects

on FAD in solutions of pH3.7. d Comparisons between measured FAD reaction rates
(adapted from data in a) and predicted FAD reaction rates in Evans diagrams
(adapted from data in c). e In situ ATR-SEIRA spectra at the Pd/C-solution interface
during FAD in solutions containing different cations: 0.2 M HCOOH + 0.2 M HCOO™
(colored lines) and 2 M HCOOH (the black line), a.u. stands for absorption unit. The
reference spectra were taken before the injection of solutions. Source data are
provided as a Source Data file.

interface by decoupling FAD into two short-circuit half reactions FAOR
and HER on Pd sites, the FAD reaction rates can be quantitatively
predicted by the Evans diagrams as exemplified in acidic solutions
where FAD reaction rates is controlled by the anodic reaction FAOR. In
addition, the relative biases of the mixed potential (or OCP) from the
equilibrium potentials of the two redox couples were used to gauge
the kinetically sluggish half reaction. The mechanistic insight was
otherwise unable to be revealed by traditional thermocatalysis meth-
odology. The reported research paradigm can be extended to FAD on
other metal catalysts in aqueous solutions.

Guided by the electrochemical mixed potential theory, we have
applied KIE measurement, isotope labeling mass spectroscopy and
GCQM calculations to clarify the lasting debate on the assignment of
RDS for the FAD in solutions of varying pH. The mechanistic findings for
FAD are disclosed as follows: In an acidic solution, the C-H cleavage step
is determined to be the sole RDS; In a neutral solution, H,O dissociation
to H* is the other RDS besides the C-H cleavage; In an alkaline solution, in
addition to the above two RDSs, the formate adsorption acts as another
RDS; In all pH solutions under investigation, the 2H* to H, as the RDS for
FAD can be excluded. And a design principle of a Pd-based catalyst for
FAD has been proposed accordingly, that is, the target catalyst should be
able to expedite the RDS for FAD in a given pH solution.

The interfacial structure and electric field play a vital role in the
FAD reaction and can be readily tuned by cations in a solution for a
given catalyst. We have confirmed in ATR-SEIRAS measurements that
the cation effect on the FAD reaction arises from the spontaneously
formed EDL. Moreover, the cation effect on FAD has been clarified to
originate from the cation effect on the relatively sluggish electro-
chemical half reaction(s). The cation effect on FAD is insignificant at
pH1 given that Pd is positively charged at mixed potential. With
increasing pH, the Pd surface turns negatively charged, thus hydrated
cations are enriched in the EDL, leading to significant cation-
dependent FAD. At pH3.7 and 13, FAOR is the kinetically sluggish
half reaction as compared to HER, the FAD rate follows the same order
as FAOR due to the electrostatic interaction between the cation-
dependent EDL field and the key intermediate HCOO,,, that is,
Li* <Na* <K < Cs*. Such modulation on adsorption energies of HCOO*
by interfacial EDL strength has been verified by in situ ATR-SEIRAS
data, demonstrating that the IR peak of HCOO* is red-shifted as the
hydrated cation entities changes from H* (1338 cm™) to Li* (1330 cm™)
and further to Cs* (1320 cm™). While at pH-~7, FAOR and HER kinetics
are sluggish and comparable but exhibit opposite cation effects, i.e.,
Li*<Na"<K"<Cs" for FAOR, and Li*>Na">K">Cs" for HER (due to
their different roles in disrupting water hydrogen bond networks in the
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EDL), the antithetic cation effects on two half reactions account for the
observed order Li* <Na*<K"*>Cs" for the overall FAD at pH-7. Along
this line, screening guidelines for cation additives in FAD was pro-
posed: in general, a candidate should form a strong EDL field; and be a
strong Brgnsted acid and a water structure-making cation in a
pH-7 solution.

Methods

Chemicals

Perchloric acid (HCIOQ,, 70%, 99.999% trace metal basis, Sigma-
Aldrich), sodium hydroxide (NaOH, 99.99%, Sigma-Aldrich), potassium
hydroxide (KOH, 99.95%, Sigma-Aldrich), sodium formate (NaHCOO,
>99.0%, ACS grade, Sigma-Aldrich), sodium formate-d (NaDCOO, 99
atom¥% D, Sigma-Aldrich), formic-d acid (DCOOH, 98% D, 95 weight% in
water, Sigma-Aldrich), lithium hydroxide monohydrate (LiOH-H,O,
99.995% metal basis, Aladdin), cesium hydroxide monohydrate
(CsOH-H,0, 99.95% metal basis, Aladdin), ammonium formate
(NH4HCOO, ultra-pure, >99.0%, Aladdin), formic acid (HCOOH, >96%,
ACS grade, Aladdin), sulfuric acid (H,SO4, 98%, GR, Sinopharm), deu-
teride oxide (D,0, 99.9 atom% D, Innochem). The solution/electrolyte
used for each measurement is listed in Supplementary Tables 1 and 2.
Formate salts used in the measurements were prepared by mixing
equivalent amount of formic acid to the metal hydroxides. It should be
noted that in this paper, the deuterium purities of the reagent in the
KIE measurements fall in the range of 98-99.9%, which are high
enough for qualitative analysis of RDS.

Synthesis of Pd/C catalysts

5wt.% Pd supported on XR-72 carbon (5 wt.% Pd/C) was synthesized by
a NaBH, reduction method". H,PdCl, (0.1575 mmol), sodium citrate
(Na5Cit-2H,0, 370.6 mg) were dissolved and mixed in ultrapure water
(40 mL) to yield a yellow solution, and carbon powder (Vulcan XC-72,
318 mg) was added into the solution and sonicated for 20 min and
vigorously stirred for another 1 h to yield a blackish slurry. Then, 10 mL
solution of Na,CO5 (60 mg) and NaBH, (40 mg) was added dropwise to
the suspension under 750-rpm stirring by a peristaltic pump at

0.5 mLmin™, The suspension was kept under stirring for another 4 h.
After the suspension was filtered and washed with ultrapure water for 5
times, it was dried in a vacuum oven at 343 K overnight to yield the 5
wt.% Pd/C. The TEM, EDS, SEM and XRD characterizations of the as-
prepared Pd/C catalyst are shown in Supplementary Fig. 9, and the
TEM characterizations of the used Pd/C catalyst after FAOR and HER
measurements at 323 K are shown in Supplementary Fig. 10.

General procedure for FAD test

For each test, 80 mg of Pd/C catalyst was added to a three-neck flask
placed in a temperature-controlled water bath. Before each test, Argon
was bubbled through the flask for over 15 min to remove the dissolved
oxygen. The necessity of deaeration is illustrated in Supplementary
Fig. 11. After turning off the Argon stream, 10 mL of formic acid/for-
mate salt solution was quickly injected into the flask under magnetic
stirring, and the generated gas was collected by means of water dis-
placement. The temperature for FAD was controlled at 298K for all
tested solution except for the alkaline solution (pH13) where FAD was
carried out at 333 K to expedite the hydrogen production.

Analysis of FAD product by GC

For each test, 80 mg of Pd/C catalyst was added to a three-neck flask
placed in a temperature-controlled water bath. Before each test, Argon
was bubbled through the flask for over 15 min to remove the dissolved
oxygen. While holding the Argon stream at a rate of ~50 sccm, 10 mL of
formate reagent was quickly injected into the flask under magnetic
stirring and generated gas was connected into a GC equipped with FID
and TCD.

Analysis of isotope labeled FAD product by in situ mass
spectrometer

For each test, 40 mg of Pd/C catalyst was added to a three-neck flask
placed in a temperature-controlled water bath. Before each test, Argon
was bubbled through the flask for over 15 min to remove the dissolved
oxygen. While holding the Argon stream at a rate of ~50 sccm, 10 mL of
formic acid/formate reagent was quickly injected into the flask under
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magnetic stirring and the gas was flown into a mass spectrometer by
filtering out water vapor. Mass spectrometer was operated in a dif-
ferential mode with a time resolution of ~0.1s. Signal channels for
m/z =2, 3 and 4 were turned on to measure relative signal intensities of
H,, HD and D, in the gas products.

Calculation of FAD reaction rate
The initial TOF value is measured to show the reaction rate of FAD,

PyV

TOF=k RTrect

(6)

where Py is the atmospheric pressure (101.3 kPa), V is the generated
volume of (H,+CO,) gas, R is the universal gas constant (8.314 m® Pa
mol™ K™), T is the temperature of water bath for gas collection (room
temperature), t is the time duration for production of 40 mL of gas
from FAD, npq and is the overall mole numbers of Pd atoms in catalysts.
In acidic solution (pH1 and pH3.7), k=0.5, indicating that the partial
pressure of H, in the gas mixture is 0.5 atm. However, the proportion
of H, in the generated gas no longer equals to 0.5 in neutral and
alkaline solution due to dissolution of CO,. The values of k were
measured by GC as shown in Supplementary Figs. 12 and 13. At pH-7,
k=0.9 and at pH13, k=1.0. In addition, ¢ is adjusted to the time dura-
tion for production of 10 mL of gas from FAD at pH-~7 and 13. The KIE
factor is defined as the ratio of the TOF values before and after deu-
teration, that is, TOFc.y/TOF¢cp (or TOFo./TOFo.p).

General procedure for electrochemical test

For each test, a fresh prepared catalyst ink was obtained by mixing
Pd/C with water, isopropanol and Nafion solution. The ink was
deposited on a glassy carbon electrode to prepare a Pd/C film elec-
trode. After electrochemically cleaning the catalyst layer, the electro-
chemical measurement was carried out in a freshly prepared and
deaerated electrolyte solution. Ohmic compensation was conducted
during all the electrochemical measurements at a level of 80%. For
FAOR on Pd/C at pH 3.7, due to the high ohmic drop in the electrolyte,
another post-measurement ohmic compensation is conducted at a
level of ~10%. The detailed procedures for electrochemical tests are
described in Supplementary Note 1. The KIE factor is the ratio of cur-
rent density before and after deuteration, that is, jc.u/jcp (01 jo-n/jo-n)-

Preparation of the catalyst ink

2mg of Pd/C catalyst was mixed with 800 pL water, 200 pL iso-
propanol and 120 pL 5% Nafion solution. The mixture was sonicated to
attain a homogeneous black ink.

Activation of Pd/C film electrode

Typically, 10 pL of the Pd/C catalyst ink was deposited on a @ 5mm
glass carbon electrode. After evaporation of the solvent, the as-
deposited Pd/C film electrode was electrochemically cleaned between
0.05 and 1.05 V vs RHE in 0.1 M HCIO, solution with a carbon rod and a
home-made reversible hydrogen electrode (RHE) serving as the
counter electrode and reference electrodes, respectively.

Evans diagrams for FAD reactions

To generate the Evans diagrams for FAD, we measured the apparent
FAOR and HER current densities by electrochemical measurements
carried out on a Pd/C catalyst layer-coated RDE. For FAOR, the linear
sweep voltammetry was started from the OCP to 0.6 V; For HER, the
linear sweep voltammetry was started from the OCP to —0.2 V. Tafel
fitting was performed on a polarization curve of FAOR to estimate the
net FAOR current densities at sufficiently high overpotentials. The
current densities on the extrapolated Tafel straight line at the mixed
potential yielded the overall FAD reaction rate. Test conditions: scan
rate of 10mV/s and rotation rate of 1600 rpm in an Ar-sparged

solution. Ar stream kept flowing vigorously through the headspace of
the electrolytic cell chamber during the measurements. The current
density was converted to the overall FAD reaction rate by using

f i A
TOFgpp = é?l;;?d ()

where j;,. is the above-mentioned current density at the mixed
potential in the Evans diagrams, A is the electrode area, F is the Faraday
constant and npy is the mole number of Pd used in the Evans diagram
measurement.

ATR-SEIRAS measurement on water structures at Pd-solution
interface

The ATR-SEIRAS measurement was conducted by using a Thermo
Scientific Nicolet iS50 FT-IR spectrometer equipped with a HgCdTe
(MCT) detector at well-controlled room temperature/humidity. The
gold film chemically deposited on the basal plane of a hemicylindrical
Si prism served as the IR reflective window. And the Pd film was elec-
trodeposited on the Au film. And each spectrum was taken with the p-
polarized IR radiation. Typically, a spectrum of the solution/Pd inter-
face at 1.1V was taken as a reference spectrum. The ultimate spectra
shown in the figure are the differential spectra shown in absorbance
units (a.u.), whichiis calculated asA= — Iog(',g—i), where R, and R, are the
reference and sample spectra, respectively. Subtraction of atmo-
spheric species signals has been conducted to enhance the signal noise
ratio of the spectra.

In situ ATR-SEIRAS measurement on Pd/C during FAD

The preparation of the IR reflective window and data processing are
the same as those specified in the former section except that Pd/C
catalyst layer was evenly coated on the Au film with a diameter of 1cm
at a loading of 80 pg of 5wt.% Pd/C. The reference spectra were taken
at the Pd/C catalyst-air interface before injection of desired solutions.
The sample spectra were taken at 1 min after the injection of the
solutions.

GCQM calculations

All the structures were optimized in VASPsol>’® implemented in the
Vienna Ab-initio Simulation Package (VASP) code’’’®, using Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional”. The DFT-D3
method of Grimme et al.®° was selected to include the long-range van
der Waals interactions in the calculations. To obtain the reaction
pathway and transition states, the VTST package® with climbing image
nudged elastic band (CI-NEB)*> was used including solvation. To
simulate the adsorption and reaction processes, a four-layer
3 x3Pd(111) slab was employed with the top two Pd layers relaxed.
The vacuum height was set around 15A to prevent the interaction
between periodic structures. A 3 x 3 x 1 k-point grid generated with the
Monkhorst-Pack scheme was used’®. The energy cutoff was set as
400 eV. The convergence criteria were set as 0.05 eV/A for force on
each atom and 10™ eV and 107 eV for energy in adsorption structure
optimization and for CI-NEB simulations, respectively.

GCQM calculations were performed with the open-source soft-
ware jDFTx®, which could accurately describe the continuum solva-
tion and include constant potentials for electrochemical reactions.
Based on the optimized structures from VASPsol, the grand canonical
potential kinetics (GCP-K) method®***” developed by Goddard and co-
workers along with the CANDLE implicit solvation model*® were
adopted to obtain the free energies as a function of potential (U). All
the key settings are the same with those in the simulations using VASP.
The method to calculated the adsorption free energy of formate anion
from solution onto electrode surface is shown in Supplementary
Note 2, along with Supplementary Fig. 14 showing the thermodynamic
cycle for the reaction. And the Calculation details for the GCP-K
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method is shown in Supplementary Note 3, along with Supplementary
Fig. 15 and Supplementary Tables 3-5.

Data availability

All data generated in this study are provided in the Supplementary
Information and Source Data file. Source data are provided with
this paper.
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