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Interfacial pH is critical to electrocatalytic reactions involving proton-coupled electron transfer (PCET)

processes, and maintaining an optimal interfacial pH at the electrochemical interface is required to

achieve high activity. However, the interfacial pH varies inevitably during the electrochemical

reaction owing to slow proton transfer at the interfacial layer, even in buffer solutions. It is

therefore necessary to find an effective and general way to promote proton transfer for regulating

the interfacial pH. In this study, we propose that promoting proton transfer at the interfacial layer

can be used to regulate the interfacial pH in order to enhance electrocatalytic activity. By adsorbing

a bifunctional 4-mercaptopyridine (4MPy) molecule onto the catalyst surface via its thiol group, the

pyridyl group can be tethered on the electrochemical interface. The pyridyl group acts as both

a good proton acceptor and donor for promoting proton transfer at the interfacial layer.

Furthermore, the pKa of 4MPy can be modulated with the applied potentials to accommodate the

large variation of interfacial pH under different current densities. By in situ electrochemical surface-

enhanced Raman spectroscopy (in situ EC-SERS), we quantitatively demonstrate that proton

transfer at the interfacial layer of the Pt catalyst coated with 4MPy (Pt@4MPy) remains ideally

thermoneutral during the H+ releasing electrocatalytic oxidation reaction of formic acid (FAOR) at

high current densities. Thus, the interfacial pH is controlled effectively. In this way, the FAOR

apparent current measured from Pt@4MPy is twice that measured from a pristine Pt catalyst. This

work establishes a general strategy for regulating interfacial pH to enhance the electrocatalytic

activities.
Introduction

Electrocatalytic reactions play a key role in the interconversion
of electrical and chemical energy. The most representative
reactions include the O2 reduction reaction (ORR),1–4 H2

oxidation reaction (HOR),5 H2 evolution reaction (HER),6,7 CO2

reduction reactions (CO2RR),8–13 and formic acid oxidation
reaction (FAOR).14–16 Some steps of these reactions involve the
simultaneous transfer of an equal number of electrons and
protons, which is called proton-coupled electron transfer
(PCET) processes.17 The proton transfer implies that the local
pH near the electrode inuences its reactivity. Qualitatively,
a reaction that generates protons as products will perform
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better at a high pH, whereas one that consumes them will
perform better at a low pH. Therefore, an optimal local pH (i.e.,
proton accepting and donating activity)18–20 is needed to achieve
the highest conversion efficiency. However, electrocatalytic
reactions generating (or consuming) protons at the electrode
surface cause the local pH to deviate from the optimal pH for
activity.1,5,8,9,12,21,22

Controlling the pH at the electrode surface is uniquely
challenging and standard buffer solutions have proven insuffi-
cient for this purpose.1,5,8 For example, during the HOR in
phosphate buffer saline (PBS) solution on Pt, Ryu et al.
measured the pH within the double-layer region by using a non-
faradaic probe reaction.5 They found that the local pH at the
electrode surface was 3.2 units lower than the bulk pH value of
6.8, even at a modest current density (4.6 mA cm�2). They
proposed that the greatest variation of local pH occurs within
the layer with a molecular length scale to the catalyst surface
(shortened as interfacial layer in the following text), although
the pH gradients are expected to extend into the reaction
diffusion layers over micrometer length scales.5,6,12 This is
because the electrical polarization of the electrode surface in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrochemical reaction processes creates a unique interfacial
pH environment at the molecular length scale. Meanwhile,
heterogeneous electrocatalytic reactions, especially for inner-
sphere reactions, require the binding of reactants to the elec-
trode surface, and consequently, it is the interfacial pH within
the reactant molecular length scale that governs the reaction
activity. Therefore, it is necessary to regulate the pH effectively
in this interfacial layer rather than that in the bulk electrolyte
solution to optimize the electrocatalytic activity.

The interfacial pH is dictated by a balance between the
proton transport and production (or consumption) rates, and
the latter is represented by current density at the electrode
surface.8 Although the proton transfer by hopping is expected to
be fast in electrolyte solution, it involves the rearrangement of
many hydrogen bonds and can be strongly affected by nano-
connement. For example, Bakker et al. measured the proton
transfer rate in a nanoconned water droplet of <4 nm and
observed that the proton transfer rate is �10 times lower than
that in bulk solution.23 According to Fick's 1st law, the lower
mobility of H+ results in a higher deviation in H+ concentration
at the interfacial layer during the reaction. Therefore, the
balance of interfacial pH can easily be lost at modest current
densities, even when a rotating disk electrode (RDE) is used to
accelerate mass transport, leading to loss of control of the
interfacial pH. Promoting interfacial proton transfer may be
a general way to regulate interfacial pH. Although a few unusual
methods were applied to regulate interfacial pH,12 such as
electrochemical promotion of catalysis, general and effective
strategies for regulating the pH environment at the interfacial
layer are absent.

In this contribution, we propose a strategy to promote
proton transfer at the interfacial layer to effectively regulate
the interfacial pH, thereby enhancing electrocatalytic activity.
We accomplish this by adsorbing 4-mercaptopyridine (4MPy)
on the catalyst surface as shown in Scheme 1. 4MPy consists of
a thiol group, which enables it to immerse in the electro-
chemical double layer by tethering it near the electrode
surface, and a pyridyl group, which can promote proton
transfer at the interfacial layer because it is both a good proton
acceptor and donor. To demonstrate the effectiveness of this
strategy, we use the FAOR on Pt as a model system. The FAOR
is a classic inner-sphere reaction involving H+ generation at
the electrochemical interface and its activity is strongly
affected by interfacial pH. By in situ EC-SERS, we demonstrate
that the ability of 4MPy to promote interfacial proton transfer
Scheme 1 The model for promoting proton transfer by 4MPy at the
interfacial layer.

© 2022 The Author(s). Published by the Royal Society of Chemistry
can be enhanced at more positive potentials (also high current
densities) as a result of lowered surface pKa of 4MPy at more
positive potentials,24–26 and thus the interfacial pH environ-
ment is regulated. Benetting from the ability of 4MPy to
regulate the interfacial pH, the 4MPy-modied Pt (Pt@4MPy)
exhibits a 2-fold greater apparent current for the FAOR than
a pristine Pt catalyst, even though only ca. 25% of the surface
Pt atoms are chemically accessible.

Results and discussion
Electrochemical characteristics of the FAOR on pristine Pt and
Pt@4MPy

We rst demonstrate the electrochemical characteristics of
Pt@4MPy with cyclic voltammetry. Fig. 1a shows cyclic vol-
tammograms (CV) obtained at pristine Pt and Pt@4MPy elec-
trodes in 0.5 M H2SO4. All potentials are referenced to
a mercurous sulfate electrode (MSE) instead of a saturated
calomel electrode to avoid the inuence of Cl�. The currents in
the hydrogen adsorption/desorption region (<�0.3 V) and Pt
oxidation/reduction region (>0 V) are signicantly suppressed
on Pt@4MPy (red line) compared with that on pristine Pt (black
line). By comparing the charges in the hydrogen adsorption/
desorption region obtained on Pt and Pt@4MPy, the coverage
of 4MPy on the electrode can be estimated.

The voltammetric behavior and FAOR performance of
a pristine Pt electrode and the Pt@4MPy electrode in 0.5 M
H2SO4 + 0.5 M HCOOH are compared in Fig. 1b. CV performed
on a pristine Pt electrode (black line) shows the characteristic
features of a surface poisoned by CO.27–29 The sharp peak at
0.23 V corresponds to the oxidation of adsorbed CO. Aer the
removal of CO, a clean Pt surface is exposed for formic acid
oxidation, and the reaction current is observed during the
negative scan. In contrast to that on the pristine Pt surface, CV
performed on Pt@4MPy shows very little hysteresis at the peak
potential, and it does not exhibit the CO oxidation peak near
0.23 V. The suppression of CO is further supported by the
surface-enhanced Raman spectra (SERS). No signal from
adsorbed CO can be detected on Pt@4MPy (see ESI 2.1 for
spectra and ESI 2.2 for the preparation of the SERS substrate†).
The voltammetric and SERS results indicate that on Pt@4MPy,
the formation of adsorbed CO was suppressed, and the
HCOOH direct oxidation dominates the FAOR.30,31 We recor-
ded the CV curves at different coverages of 4MPy on Pt (ESI
2.3†). The optimal FAOR performance was found at ca. 0.75
Fig. 1 Cyclic voltammograms at 0.1 V s�1 on pristine Pt (black curve),
Pt@4MPy (red curve) and Pt@BT (blue curve) (a) in 0.5 M H2SO4 and (b)
in 0.5 M H2SO4 + 0.5 M HCOOH. The scheme of 4MPy and BT on Pt is
described in (c). The current density was calculated using the
geometric area of the Pt electrode to reflect the effect of 4MPy.

Chem. Sci., 2022, 13, 10884–10890 | 10885



Chemical Science Edge Article
monolayer coverage of 4MPy on Pt, showing nearly 2-fold
apparent current (corresponding to ca. 8–10-fold current
density, detailed estimation of the electrochemically active
surface area (ECSA) can be seen in ESI 2.4†) compared to that
measured at pristine Pt. This enhancement is surprising given
that, at 0.75 monolayer coverage of 4MPy, only about 25% of
the surface Pt atoms are chemically accessible. The improved
catalytic activity of Pt@4MPy over pristine Pt may be a result of
the site blocking effect, i.e., adsorbed 4MPy blocks the sites
necessary for the dissociative formation of CO. Although
molecular site blockers have been reported to be able to
suppress the CO pathway and enhance the FAOR on Pt, usually
the modied surface could only provide 1/2 apparent current
(or ca. 2-fold aerial current density from the ECSA) than that
measured at pristine Pt.32,33 Apparently, 4MPy functions more
than a site blocking molecule.
Table 1 The dependence of Ep on bulk pH (details of calculation in ESI
2.6)

Electrode

DEp

DpHbulk
ðmV per pH unitÞ

Pt with 0.5 M HCOOH �42 � 2
Pt@BT with 0.5 M HCOOH �45 � 2
Pt with 0.05 M HCOOH �57 � 2
Pt@4MPy with 0.5 M HCOOH �61 � 5
Function of the pyridine group

In order to demonstrate whether the site blocking molecules
can fully account for the improved activity of the catalyst, we
performed the FAOR at a Pt surface with adsorbed benzenethiol
(Pt@BT). BT has nearly the same adsorption conguration and
optimal surface coverage as 4MPy,34 so it should exhibit
a similar site-blocking effect on formic acid reactions to 4MPy.
Like Pt@4MPy, the CV of Pt@BT in 0.5 M H2SO4 + 0.5 M
HCOOH shows very little hysteresis (seen in the Fig. 1b blue
curve), and CO species were not detected (seen in ESI 2.1†),
indicating that the ability of Pt@BT to block the formation of
CO is similar to that of Pt@4MPy. However, the current
measured at Pt@BT is only 1/4 of that measured at Pt@4MPy (or
1/2 of that measured on pristine Pt) as shown in the Fig. 1b
black curve. On considering that the BT molecule has a phenyl
group and 4MPy has a pyridyl group, the result may indicate the
special function of the pyridyl group on the enhanced FAOR
activity at Pt@4MPy.

There are two possibilities to account for the catalytic effect
of the pyridyl group of 4MPy on the FAOR. First, the pyridyl
group may directly interact with formic acid/formate, helping it
to form an active intermediate for the FAOR for understanding
the role of pyridine (Py) on Au.35,36 However, in our experiment
of the FAOR on Pt in the solution containing Py (seen in
Fig. S2.5c†), its current measured is lower than that measured
on Pt@4MPy. If Pt@4MPy follows the same reason, the FAOR
may occur via a chemical process followed by an electro-
chemical process (CE). Second, the CV proles obtained at
different scan rates (from 0.1 to 100 V s�1 as shown in
Fig. S2.5a†) are almost unchanged, suggesting no such chem-
ical process. Furthermore, EC-SERS results show similar spectra
on 4MPy of Pt@4MPy in a solution with and without HCOOH
(seen in Fig. S2.5b†), indicating that the interaction between
4MPy and HCOOH can be neglected. These results exclude out
the possibility that the pyridyl group interacts with HCOOH to
promote the FAOR on Pt@4MPy. Another possibility is that the
pyridyl groupmay promote the activity of the FAOR by accepting
H+ (FAOR generated), which we discuss in detail in the next
section.
10886 | Chem. Sci., 2022, 13, 10884–10890
Surface buffering effect of 4MPy

On considering the proposed reaction sequence for the direct
oxidation pathway in acidic solution,14,37

HCOOH # HCOO� + H+ (1)

HCOO� �!�2e� CO2 þHþ (2)

2e�/2H+ processes are coupled with the oxidation of formic
acid, which is conrmed by the shi of the peak potential, Ep,
with the variation of pH by �59 mV per pHbulk.14 Previous
studies also show that the activity depends on the solution pH
with maximal activity at pH z 4, giving a typical volcano-shape
dependence. At higher pH, the adsorbed anions or surface
oxides suppress the direct oxidation of formic acid.14,37,38 If we
are able to introduce a pH buffer species at the interfacial layer,
we may be able to tune the activity. As the pyridyl group of 4MPy
exists both in protonated and deprotonated forms at different
pH, the switch between these two forms makes 4MPy a unique
pH buffer agent at the interfacial layer.

For this purpose, we examined the FAOR activity on Pt with
different surface modication, i.e., pristine, 4MPy, and BT, in
solutions of different bulk pH. The bulk pH is controlled using
0.2 M PBS. The activity of the FAOR is characterized using the
total charge passing during every CV cycle. For a pristine Pt
electrode in 0.05 M HCOOH, Ep shis by �57 � 2 mV per pHbulk

unit (Table 1), which is in reasonable agreement with the ex-
pected peak shi of�59 mV per pHbulk. The result indicates that
the interfacial pH is similar to bulk. The pH dependence of the
activity is shown by the black diamonds in Fig. 2a, which exhibits
a volcano-shaped dependence on pH, in which the highest
activity occurs at pH z 4, in agreement with previous results for
the same system.14,15,39 With increasing pH for pH < 4, more of
HCOOH deprotonates to form the reactant, HCOO�, leading to
an increase in activity. The decrease in activity with pH for pH > 4
has been attributed to the site blocking effect by deprotonated
phosphate and Pt surface oxidation.14,37–39 If the same experiment
is performed using 0.5 M HCOOH, the pH-dependent shi in Ep
becomes �42 � 2 mV per pHbulk unit (Table 1), indicating that
the pH at the electrode surface is signicantly lower than that in
the bulk, due to more H+ released during the FAOR at a higher
concentration of HCOOH. Moreover, a plot of the FAOR activity
versus pH shows a plateau at pH > 4, as shown by the black balls
in Fig. 2a. Thus, the deviation of the pH-dependent Ep from
�59 mV per pHbulk and the deviation of the activity vs. pH plot
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 The dependence of the activity on the pH value (a) in 0.05 M
(black diamond), 0.5 M (black ball) HCOOH on Pt and (b) 0.5 M
HCOOH on Pt@4MPy (red ball) and Pt@BT (blue ball). The activity of
the FAOR is characterized using the total charge passing during every
CV cycle. The pH was controlled using 0.2 M PBS.
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from a volcano shape indicate that the interfacial pH is out of
control, despite the use of the phosphate buffer.

When the working electrode was changed to Pt@BT, the Ep
shi becomes �45 � 2 mV per pHbulk (Table 1), and the FAOR
activity vs. pH curve, shown in blue balls in Fig. 2b, shows
a plateau, indicating that BT does not help regulate the pH at
the electrode surface. Interestingly, when Pt@4MPy was used as
the working electrode, the Ep shi is about �61 � 5 mV per
pHbulk (Table 1), showing again the volcano-shaped dependence
of activity on pH (red balls in Fig. 2b). The fact that the use of
Pt@4MPy makes the pH-dependence of FAOR activity in 0.5 M
HCOOH resemble that measured at a pristine Pt electrode in
0.05 M HCOOH demonstrates the effectiveness of 4MPy as
a surface buffer.

The ability of 4MPy to participate in regulating interfacial pH
during the FAOR can be observed directly by performing EC-
SERS measurements on Au@Pt@4MPy particles during the
FAOR. The EC-SERS spectra obtained at several potentials,
normalized by the intensity of the 1610 cm�1 peak, are pre-
sented in Fig. 3a and b. The SERS spectra of 4MPy exhibit peaks
at 1570 cm�1 and 1610 cm�1, which originate from the 8b2 ring
stretching vibration of the pyridyl of 4MPy in the deprotonated
and protonated states, respectively.40–42 These bands can be
used to indicate the protonation state of 4MPy. In a solution free
of HCOOH, a strong signal at 1610 cm�1 is observed when the
electrode potential is �0.6 V (Fig. 3a), indicating that the
protonated form is predominant. As the potential is shied
towards �0.1 V, the peak at 1570 cm�1 signicantly grows,
indicating that 4MPy deprotonates to form the 4MPyH+/4MPy
Fig. 3 EC-SERS spectra collected at Au@Pt@4MPy while changing the
potential from�0.6 to�0.1 V in (a) 0.5 M H2SO4 and (b) 0.5 M H2SO4 +
0.5 M HCOOH. The spectra were normalized by the intensity of the
1610 cm�1 peak.

© 2022 The Author(s). Published by the Royal Society of Chemistry
buffer pair. Meanwhile, in a solution containing HCOOH, when
the FAOR occurs, it releases a large number of protons. The
spectral feature at 1610 cm�1 that indicates protonation is
insensitive to the potential in the range �0.6 V to �0.3 V, as
shown by the spectra in Fig. 3b. When the potential reaches
�0.2 V, the 1570 cm�1 band becomes visible and is weaker than
in 0.5 M H2SO4 solution. The results indicate that 4MPy
continuously accepts protons from the reaction. Interestingly,
when the potential reaches �0.2 V, the 1570 cm�1 band
becomes visible, indicating that at sufficiently positive poten-
tial, 4MPy can also deprotonate to form the 4MPyH+/4MPy
buffer pair during FAOR processes. It is due to the potential-
dependent decrease in pKa as a result of the electronic
effect.25,26,43 This effect is central to understanding how 4MPy
regulates interfacial pH and will be discussed in the next
section.
Interfacial proton transfer model

Clearly, 4MPy adsorbed on Pt can regulate the interfacial pH in
FAOR processes, due to the buffering effect of 4MPyH+/4MPy.
However, when FAOR occurs at the Pt surface, it produces
a large number of protons, leading to a maximal pH uctuation
withinmolecular length scales near the electrode surface. As the
number of produced protons is 2–3 orders of magnitude higher
than that of 4MPy molecules on the Pt surface (details of
calculation in ESI 2.7†), the surface buffering effect of 4MPy
alone does not have the capacity to continually bind with H+. An
alternative mechanism for regulating interfacial pH is to
promote proton transfer away from the interfacial area as
occurring.17

To demonstrate how 4MPy promotes proton transfer, we
develop a simplied interfacial model to describe the proton
transfer at the interfacial layer of clean Pt and Pt@4MPy. The
schematics of the interfacial proton transfer mechanisms for
each catalyst are depicted in Fig. 4a and b, respectively. For
simplicity, we only show the additional H+ (FAOR generated)
and the molecular layer closest to the electrode surface. The S1
plane represents the electrode interface, where the FAOR
occurs in an inner-sphere way to produce H+ (not yet
hydrated). The S2 plane represents the anion of the buffer
solution closest to the clean Pt electrode, or the N terminal of
4MPy on the Pt@4MPy electrode. During a steady-state FAOR
process, H+ generated at the S1 plane will be accepted and then
donated by molecules at the S2 plane, and nally transferred
along the hydrogen-bonded network driven by a pH gradient
and electric eld gradient.

The Stokes–Einstein law indicates that the mobility of H+ is
affected by its interaction with surrounding molecules. There-
fore, the capacity of accepting and donating proton acceptors at
the S2 plane plays a crucial role in proton transfer processes at
the interface. For example, in unbuffered solutions, the indi-
vidual H2O molecules and H2O clusters are weak proton
acceptors at the S2 plane, because of pKa (H3O

+) ¼ �1.74. This
leads to low mobility of H+.23 Conversely, a weak donor (strong
acceptor) at the S2 plane would hinder continuous transfer of
protons. As a result, the species should be both good proton
Chem. Sci., 2022, 13, 10884–10890 | 10887



Fig. 4 Interfacial models showing proton transfer at the interfacial layer of (a) Pt and (b) Pt@4MPy. The S1 plane represents the electrode surface.
The S2 plane represents themolecular layer closest to the electrode surface. An efflux of protons (marked by the red arrow) is generated at S1 and
passes through the S2 plane. (c) The value of the free energy diagram for proton transfer at the interfacial layer at high current densities (for
example 4.6 mA cm�2). The black lines (reaction on Pt@4MPy) and red lines (reaction on clean Pt) show the thermodynamic pathways for proton
transfer at the interfacial layer. The DGs

a and DGs
d represent the energy barrier for accepting and donating protons at qi ¼ q*.

Fig. 5 The dependence of the (a) pHlocal � pKa of 4MPy and (b)
DGs

a DGs
d of proton transfer on the current densities.

Chemical Science Edge Article
acceptors and donors at the S2 plane to promote proton
transfer.

A change of Gibbs free energy can quantitatively describe the
requirements of H+ accepted and donated at the S2 plane as
follows (detailed derivation seen in ESI 2.8†):

DGa ¼ 2:303RTðpHlocal � pKaÞ þ RT ln
qi

q*
(3)

DGd ¼ �
�
2:303RTðpHlocal � pKaÞ þ RT ln

qi

q*

�
(4)

where pKa is the acid dissociation constant of molecules at the
S2 plane. DGa and DGd correspond to a change of free energy in
accepting and donating protons, respectively. As DGa equals
�DGd, in further analysis we only focus on the analysis of DGa.
The qi is the numbers of proton-occupied sites and q* is the
numbers of free sites at the S2 plane. A measurement of the
inherent capacity of molecules to accept/donate protons should
be under the same conditions. Here, we assumed qi ¼ q*, cor-
responding to a hypothetical state shown in Fig. 4c, and the
change of Gibbs free energy for accepting protons can be
simplied as:

DGs
a ¼ 2.303RT(pHlocal � pKa) (5)

indicating a highly effective thermodynamic pathway of proton
transfer with DGs

a � 0 at pH z pKa and vice versa (shown in
Fig. 4c) as similar trend to literature.20,44 This thermodynamic
expression is consistent with the general theory of acid–base
buffering, which states that buffering capacity is at its maximum
at pH z pKa and half of buffer molecules are protonated. The
model can therefore explain how the buffering effect in our
system results from the promotion of proton transfer.

To understand the effect of 4MPy on improving the reaction
activity, we plot pHlocal � pKa and DGs

a under different reaction
currents in Fig. 5a. pHlocal � pKa was directly obtained from
experimentally obtained SERS spectra by taking the ratio of the
intensities of 1570 and 1610 cm�1 bands of 4MPy during the
10888 | Chem. Sci., 2022, 13, 10884–10890
voltammetric process (detailed CV-SERS method and calcula-
tion are provided in ESI 1.6 and 2.9†). The current densities are
directly obtained from the voltammogram shown in ESI 2.10.†
As shown in Fig. 5a, the value of pHlocal � pKa remains small
between �0.30 and 0.14 as the current density increases from
0 to 8.9 mA cm�2, which is much smaller than the large varia-
tion of the interfacial pH (ca. 3.2 units change) in the PBS buffer
solutions.5 Thus, according to eqn (5), it is easily understood
that the proton transfer is more effective on Pt@4MPy than on
clean Pt in PBS solutions because the former experiences
a lower energy barrier (shown in Fig. 4c black dots) than the
latter (shown in Fig. 4c red dots). Furthermore, the tting result
shows an exponential dependence of j with pHlocal � pKa.
Considering j f exp(DEaF/RT) 14,37and DE f (pHlocal � pKa),24,26

we can easily obtain j f exp[(pHlocal � pKa)aF/RT]. From the
tting results, pHlocal � pKa remains to be 0.21 even at a current
density of 25 mA cm�2 for practical concentration of formic acid
in a fuel cell (the current density of the cyclic voltammogram
shown in ESI 2.11†). Under these conditions, the DGs

a is only
about 0.012 eV (Fig. 5b), which only leads to 11% increase of the
fraction of protonated 4MPy compared with that under qi ¼ q*

conditions. Therefore, the excellent performance of 4MPy can
be attributed to its strong ability to promote the proton transfer
and regulate pH at the interfacial layer.

The approach of improving proton transfer at the interfacial
layer can be applied to commercial catalysts to enhance their
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 Cyclic voltammograms at 0.1 V s�1 on pristine Pt/C (black
curve) and Pt/C@4MPy (red curve) in 0.5 M H2SO4 + 0.5 M HCOOH.
The current density was calculated using the geometric area of the
electrode.

Edge Article Chemical Science
electrocatalytic activity. We demonstrate the applicability by
modifying a commercial Pt/C electrode with 4MPy for the FAOR
(preparation method given in ESI 1.3†). Fig. 6 shows cyclic
voltammograms recorded in 0.5 MH2SO4 + 0.5 MHCOOH using
the 4MPy-modied Pt/C catalyst (termed Pt/C@4MPy, red
curve). A control experiment was performed on the Pt/C catalyst
(black curve). From the voltammograms, the peak current
measured at Pt/C@4MPy is about 2 times higher than that
measured at Pt/C, similar to that on planar Pt@4MPy. We
furthermore applied Pt@4MPy for methanol oxidation reaction
(MOR). We observed much higher enhancement in catalytic
activity than that predicted by the site-blocking effect, as a result
of the promoted proton transfer in the presence of 4MPy. This
result convincingly demonstrates an effective approach to
regulate interfacial pH by promoting proton transfer at the
interfacial layer, thereby enhancing the electrocatalytic activity.
Conclusions

In summary, we proposed a general strategy for promoting
proton transfer at the interfacial layer in order to regulate the
interfacial pH and enhance the electrocatalytic activity. We
promoted the electrocatalytic activity of the FAOR on Pt by
surface modication with 4MPy (Pt@4MPy). In addition to the
site blocking effect to prevent the formation of poisoning CO
species, the higher activity of the Pt@4MPy catalyst is mainly
due to the lowered pKa of 4MPy at more positive potentials,
which leads to a better buffering effect of the 4MPyH+/4MPy pair
and more effective regulation of the interfacial pH. Such
a promotion effect mainly results from the promotion of proton
transfer at the interfacial layer by 4MPy, which is different from
the general acid–base buffering system. We further described
the proton transfer processes in a thermodynamic way and
quantitatively obtained the energy barrier of proton transfer on
Pt@4MPy at different current densities of the FAOR on
Pt@4MPy. The energy barrier is only about 0.012 eV and
therefore the proton transfer process remains thermoneutral,
even at a very high current density of 25 mA cm�2. These results
well explain the effectiveness of 4MPy as a surface buffer over
a wide range of current densities. Benetting from this unique
property, Pt@4MPy exhibited 2-fold apparent current (or about
© 2022 The Author(s). Published by the Royal Society of Chemistry
8–10-fold current density by the estimation of the ECSA) for the
FAOR than a pristine Pt catalyst, even though only ca. 25% of
the surface Pt atoms are chemically accessible. We further
applied this modication strategy to a commercial Pt/C catalyst,
which also showed 2-fold improved FAOR activity. The present
study demonstrates a general strategy for promoting proton
transfer at the interfacial layer and thereby effectively
enhancing the electrocatalytic activity, which can be applied to
other heterogeneous catalytic reactions, such as MOR, CO2RR,
and ORR.
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F. Calle-Vallejo and M. T. M. Koper, Nat. Energy, 2019, 4,
732–745.

14 J. Joo, T. Uchida, A. Cuesta, M. T. M. Koper and M. Osawa, J.
Am. Chem. Soc., 2013, 135, 9991–9994.

15 J. Joo, T. Uchida, A. Cuesta, M. T. M. Koper and M. Osawa,
Electrochim. Acta, 2014, 129, 127–136.

16 Y. Wei, X. Q. Zuo, Z. Da He, W. Chen, C. H. Lin, J. Cai,
M. Sartin and Y. X. Chen, Electrochem. Commun., 2017, 81,
1–4.

17 D. R. Weinberg, C. J. Gagliardi, J. F. Hull, C. F. Murphy,
C. A. Kent, B. C. Westlake, A. Paul, D. H. Ess,
D. G. McCafferty and T. J. Meyer, Chem. Rev., 2012, 112,
4016–4093.

18 B. Huang, R. R. Rao, S. You, K. Hpone Myint, Y. Song,
Y. Wang, W. Ding, L. Giordano, Y. Zhang, T. Wang,
S. Muy, Y. Katayama, J. C. Grossman, A. P. Willard, K. Xu,
Y. Jiang and Y. Shao-Horn, JACS Au, 2021, 1, 1674–1687.

19 T. Wang, Y. Zhang, B. Huang, B. Cai, R. R. Rao, L. Giordano,
S.-G. Sun and Y. Shao-Horn, Nat. Catal., 2021, 4, 753–762.

20 J. Cheng, X. Liu, J. A. Kattirtzi, J. Vandevondele and M. Sprik,
Angew. Chem., Int. Ed., 2014, 53, 12046–12050.

21 T. K. Gustafsson and K. V. Waller, Ind. Eng. Chem. Res., 1992,
31, 2681–2693.

22 A. Goyal, G. Marcandalli, V. A. Mints and M. T. M. Koper, J.
Am. Chem. Soc., 2020, 142, 4154–4161.

23 O. O. Sofronov and H. J. Bakker, ACS Cent. Sci., 2020, 6, 1150–
1158.

24 C. P. Smith and H. S. White, Langmuir, 1993, 9, 1–3.
25 Y. Chao, Q. Zhou, Y. Li, Y. Yan, Y. Wu and J. Zheng, J. Phys.

Chem. C, 2007, 111, 16990–16995.
26 M. A. Bryant and R. M. Crooks, Langmuir, 1993, 9, 385–387.
10890 | Chem. Sci., 2022, 13, 10884–10890
27 Y. X. Chen, M. Heinen, Z. Jusys and R. J. Behm, Langmuir,
2006, 22, 10399–10408.
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