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control for dramatic
enhancement of thermal CO oxidation by precise
potential tuning of metal supported catalysts†

Xingyu Qi, a Tatsuya Shinagawa, a Xiaofei Lu, a Yuhki Yui, b Masaya Ibe b

and Kazuhiro Takanabe *a

Chemical heterogeneous catalysis maximizes performance by controlling the interactions between the

catalyst and the substrates. Steady-state catalytic rates depend on the heat of adsorption and the

resultant coverage of adsorbates, which in turn reflects the electronic structure of the heterogeneous

catalyst surfaces. This study aims to free the surface from high coverage of a kind of substance by

externally controlling the electrochemical potential of the catalysts for improved thermal-catalytic rates.

We employed aqueous CO oxidation at 295 K as a model reaction, where strong binding of

chemisorbed CO (CO*) to the metal surfaces and its high coverage led to inhibition of O2 accessing the

surface site. Based on the establishment of coverage–potential–performance correlation, our potential-

controlling experiments used an electrochemical configuration to identify the appropriate potentials of

Pt/C catalysts that can drastically enhance the CO2 formation rate through the thermal reaction

pathway. An anodic potential was applied to suppress the high coverage of chemisorbed CO;

consequently, the catalytic testing recorded a 5-fold increase in thermal CO2 formation compared to the

open-circuit counterpart with a faradaic efficiency (FE) of over 400%. In situ infrared spectroscopy

corroborates the potential–coverage correlation, where the suppression of high CO* coverage due to

pinning the catalyst potential triggered the enhancement of thermal-catalytic contribution to CO2

formation. Our extended study employing other metal catalysts also exhibited FEs exceeding unity. This

work establishes a universal methodology of electrochemical tools for thermal catalysis to precisely tune

the electrochemical potential of solids and achieve green and innovative reactions.
Introduction

Heterogeneous catalytic reactions have enabled fast, selective,
and large-scale production of chemicals for centuries;1 these
reactions underlie the industrial manufacturing of many
common chemical commodities.2 There are now growing
concerns regarding sustainable development, and thus, existing
catalytic systems are being improved based on a fundamental
understanding of their mechanisms.3 From a fundamental
g, School of Engineering, The University of
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83
perspective, the adsorption of reactant(s) on the catalyst surface
is considered one of the core steps of the reaction, whose
binding to the surface is expected to be just appropriate to
achieve a higher catalytic rate, as suggested by the Sabatier
principle.4 In reality, many catalysts exhibit limited activity due
to the weak adsorption of reactants such as nitrogen for
ammonia synthesis.5 Conversely, when a substance attaches too
strongly to the catalyst surface via a chemical bond, it blocks the
active sites for the other reactants to approach, thus resulting in
low activity.6,7 Therefore, massive efforts have been devoted to
optimization of adsorption on the catalyst surface.1,8,9

There are multiple factors inuencing adsorption of surface
species including material-dependent properties, facet selec-
tivity, temperature, and reactant concentrations.10,11 Generally,
the electronic state or potential of the catalyst (together with
geometric determinants) lays the foundation for how these
factors affect the activation of reactants during catalysis,11 and
has been considered to be one of the key parameters in
assessing catalytic performance.12 Chemical manipulation of
the catalyst potential has served as one of themajor strategies in
the pursuit of improved catalytic activity in the past few
decades, mainly known as metal–support interaction (MSI) and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the promoter effect.8,13,14 For example, the addition of alkali,8

alkali-earth,15 or rare-earth elements15 to Ru catalysts facilitates
catalytic ammonia synthesis due to enhanced nitrogen disso-
ciation and thus optimized adsorption of surface species caused
by electron donation to the catalyst.9

Besides promoters, the chemisorption of reactants them-
selves can also perturb the metal potential.16,17 For instance,
Ehsasi et al. reported the dependence of the Pt catalyst's work
function on the coverage of surface species (chemisorbed CO
(CO*) and oxygen (O*)) during thermal CO oxidation via
a Kelvin probe.17 Their study showed that an increase of O*
coverage from zero to unity increased the work function (WF) of
Pt by almost 800 mV, while full CO* coverage only altered it by
ca. 120 mV.17 Studies like this revealed strong correlation
between the catalyst potential and coverage of surface
species.17,18

In addition to permanent manipulation of the catalyst
potential in a chemical manner, in situ perturbation of the
catalyst potential has proved effective at equipping the thermal-
catalytic system with external electrochemical devices.19 The
past few decades have seen extensive studies on the electro-
chemical promotion of catalysis (EPOC) or non-faradaic elec-
trochemical modication of catalytic activity (NEMCA), e.g., by
Vayenas et al.20 In a typical conguration, a solid electrolyte is
utilized in the conventional EPOC system and is sandwiched
between two catalyst lms functioning as a working electrode
(WE) and a counter electrode (CE).20 The application of an
external electrochemical bias between the WE and the CE drives
migration of charge carriers in the solid electrolyte to the
surface of the supported catalyst, which functions as a promoter
layer and thereby alters the WF of the catalyst.20 The modied
surface exhibits adsorption properties distinct from its open-
circuit counterpart, i.e., without the applied voltage; the surface
catalyzes the reaction with lessened activation energy.20–22 The
utilization of such in situ WF alteration enhanced the catalytic
performance of thermodynamically-allowed reactions with
multi-fold rates and/or selectivity compared to that at open-
circuit; representative reactions include (oxygenated) hydro-
carbon oxidation,23,24 CO2 hydrogenation,25,26 graphene
synthesis,22 and alcohol dehydration.27

The employment of electrochemical promotion was later
extended to a few systems consisting of a liquid electrolyte at
room temperature.19,28–30 Representatively, the Lercher group
reported that the application of cathodic potential induced the
in situ removal of surface oxide on the Ni/C catalyst, whichmade
the previously inert Ni/C active for thermal benzaldehyde
hydrogenation.31 The Strasser group noted an improved
hydrazine decomposition rate over Ni–Co alloys when they
applied an anodic potential to the catalyst and attributed this
promotion to the facilitated formation of the intermediate that
was also involved in the electro-oxidation of hydrazine.32 The
Bao group also investigated the promotional effect of external
potential on CO2 hydrogenation over the Pd catalyst via
a similar mechanism regarding “shared” intermediates by both
thermal- and electro-catalytic pathways.33 Additionally, Ryu
et al. revealed that for the case of CO2 hydrogenation, the
application of a cathodic potential altered the local pH in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
vicinity of active sites; this in turn kinetically facilitated thermal
hydrogenation.34

However, the comprehensive correlation among adsorbate
coverage, catalyst potential and corresponding thermal catalytic
performance has not been well paid attention to by the
community. Herein, utilizing thermal CO oxidation over Pt at
room temperature as a model reaction, we address its coverage–
potential–performance correlation and accordingly perturb
reactant coverages for an enhanced thermal catalytic rate via the
electrochemical potential control in the liquid phase with an
external electrochemical device. Prior studies on thermal CO
oxidation have revealed that CO* dominates the Pt surface
easily at low temperature due to its strong bonding,6,35,36 and
made the reaction mechanism change from an oxygen-disso-
ciative pathway to an oxygen-associative pathway, thus resulting
in a low reaction rate.6 By electrochemically pinning the
potential of the Pt catalyst for the suppression of excessive CO
chemisorption and facilitation of activation of the reactant O2,
a multi-fold thermal catalytic rate was achieved compared to
that at open-circuit.

Results and discussion
Coverage–potential–performance correlation

Morphological and electrochemical characterization studies of
the commercial Pt/C catalyst were conducted before catalytic
performance testing. Transmission electron microscopy (TEM;
Fig. S1a†) and energy-dispersive X-ray (EDX; Fig. S1b†) spec-
troscopy were used to map pristine Pt/C powders. The particles
have an average size of 2.5 nm (Fig. S1c†) and are uniformly
dispersed on the carbon support. The X-ray diffraction (XRD)
pattern of the Pt/C catalyst in Fig. S1d† discloses peaks
compatible with metallic Pt and graphite. The WE for subse-
quent thermal- and electro-catalytic testing was fabricated
simply by drop-casting the Pt/C on a carbon paper (CP)
substrate. The scanning electron microscopy (SEM) image of
the WE in Fig. S1e† shows a microscopically rough surface due
to the unevenly dispersed aggregates of Pt/C particles, while
Fig. S1f† presents a relatively plain surface of pristine CP.

An H-cell consisting of two compartments lled with 0.1 M
HClO4 served as the catalytic testing reactor (Fig. S2†), pos-
sessing a series resistance of ca. 6 U, suggested by potentiostatic
electrochemical impedance spectroscopy (PEIS; Fig. S3†). To
acquire a general understanding on the decisive effects of
adsorbates on the catalyst potential, the WE was rst placed
under a gas composition of 10 kPa O2 (Ar balance). The sample
showed a steady-state open-circuit potential (OCP) of 0.92 V vs.
the reversible hydrogen electrode (RHE; Fig. 1a), thus corre-
sponding to a surface covered with oxygen species (OH* and
O*).37 Upon changing the gas atmosphere to 25 kPa CO (Ar
balance), the WE potential drastically decreased and stabilized
at 0.11 V vs. RHE, ascribable to a CO*-covered surface resulting
from the consumption of oxygen species and adsorption of
CO.35 These simple measurements of electrochemical potential
revealed that the change of adsorbate identities signicantly
altered the electronic state of the catalyst surface. In fact,
chemisorption caused a tremendous impact on the catalyst
Chem. Sci., 2022, 13, 9774–9783 | 9775
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potential; the difference between Pt–CO and Pt–O/Pt–OH at
OCP reaches �0.8 eV or �80 kJ mol�1. When the gas compo-
sition changed back to 10 kPa O2, the catalyst potential
increased back to 0.86 V vs. RHE, thus suggesting the revers-
ibility of such an OCP shi. The TEM images of the Pt catalysts
aer the measurement above were taken, and no obvious
change was observed (Fig. S4a and b†).

A quantitative estimation of absorbate coverage as a function
of catalyst potential was conducted by electrochemical voltam-
metry. Cyclic voltammetry (CV; Fig. S5† black curve) shows the
electrochemical redox feature of the Pt/C catalyst under an Ar
atmosphere—the results are consistent with the literature.38

More specically, at around 0.1 V vs. RHE, one anodic peak and
one cathodic peak were observed, assigned to Pt–H desorption
and formation, respectively.38 The anodic current increased at
around 0.8 V, indicative of the formation of OH*/O*; the broad
peak at around 0.8 V in the cathodic scan was attributed to its
reduction.38 The red curve in Fig. S5† illustrates the basic elec-
trochemical properties of Pt under 5 kPa CO (Ar balance). With
the presence of CO, both Pt–H formation and Pt–H desorption
became negligible, thus indicating that CO* occupied active
sites of Pt.39 A slight increase in anodic current occurred in the
anodic scan from 0.40 V to 0.65 V vs. RHE, which was attributed
to the pre-peak of electrochemical CO oxidation.40 When the
potential became more positive than 0.65 V vs. RHE, an intense
peak appeared and was assigned to the bulk CO electro-oxida-
tion through the following mechanism:40,41

* + H2O / OH* + H+ + e�, (1)

CO* + OH* / *COOH*, (2)

*COOH* / CO2 + H+ + e� + 2*, (3)

in which * stands for a surface site. In this mechanism,
elemental reaction (2) is considered the rate-determining step;41

the scheme below expresses the overall electrode reaction:
Fig. 1 (a) Open-circuit potential (OCP) shift induced by different gas atm
potential (black) as a function of O2 partial pressure (p(O2)) while fixing CO
3 mg Pt/C on 2 � 2 cm2 CP; gas flow rate: 20 ml min�1; pressure: 101 kP
electrode (CE): graphite rod; 295 K; stirring rate: 750 rpm; 0.1 M HClO4.

9776 | Chem. Sci., 2022, 13, 9774–9783
CO* + H2O / CO2 + 2H+ + 2e� + *. (4)

In a reverse scan going to a negative potential, the anodic
current under diluted CO was observed at potentials more
positive than ca. 0.7 V, indicative of electrochemical CO oxida-
tion. Because the bulk CO electro-oxidation occurred at poten-
tials more positive than 0.65 V vs. RHE, a signicant CO*
coverage (qCO) change was expected to occur. Knowing the
electrochemical behavior of Pt under Ar and CO, the CO-strip-
ping method was next used to acquire the quantitative estima-
tion of qCO as a function of Pt potential.42 Aer CO adsorption
on Pt under the CO atmosphere with the targeted potential
applied (E1), the gas composition was changed to pure Ar, and
then the CV technique was employed to trigger the electro-
chemical oxidation of pre-adsorbed CO. Fig. S6a–c† show the
representative CV proles with E1 ¼ 0.40 V, 0.61 V and 0.70 V vs.
RHE, respectively. An intense anodic peak ascribable to CO
stripping was observed with E1 ¼ 0.40 V, and its area decreased
with increasing E1 values. By integrating the peak areas of Pt–H
desorption (APt–H) and CO* electro-oxidation (APt–CO), qCO at
a given potential could be obtained based on the following
equation by assuming that adsorption sites for H* and CO* are
identical:43

qCO ¼ APt�CO

2� APt�H

: (5)

Fig. 2a (black line) shows that the calculated qCO was 1.0 when
the potential of Pt/C was 0.40 V vs. RHE, which indicated a fully
CO*-covered surface. The result was consistent with previous
assignments for OCP of Pt/C under 10 kPa CO (Fig. 1a) and the
onset potential of pre-oxidation of CO* observed in CV charac-
terization (Fig. S5†). The increase in the Pt/C potential to 0.60 V
vs. RHE resulted in a slight decrease in the qCO of ca. 0.9. A drastic
change of qCO occurred when the potential became more positive
than 0.60 V, and the qCO reached almost zero at potentials more
ospheres. (b) Steady-state CO2 formation rate (red) and open-circuit
partial pressure (p(CO)) at 25 kPa. Conditions: working electrode (WE):
a; balance: Ar; reference electrode (RE): Hg/Hg2Cl2 (sat. KCl); counter

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Calculated qCO as a function of WE potential based on CO
stripping (black) and attenuated total reflection-infrared absorption
spectroscopy (ATR-IRAS) methods. (b) The evolution of in situ infrared
spectra dependent on the potential of the Pt/C catalyst at open-
circuit.
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positive than ca. 0.67 V. These simple electrochemical studies
disclosed the coverage–potential correlation in a quantitative
manner. However, the qCO at the positive potentials determined
by this method was most likely underestimated because holding
the potential at E1 prior to CV under Ar could drive electro-
chemical CO oxidation when E1 is more positive than the onset
potential of bulk CO oxidation, i.e., ca. 0.7 V.

In situ attenuated total reection-infrared absorption spec-
troscopy (ATR-IRAS) measurement was thus employed for more
precise quantication of qCO as a function of OCP of the Pt/C
catalyst. There was a negative OCP shi in theWE from a value of
over 0.9 V upon placing the Pt/C-deposited internal reection
element (IRE) under a gas composition of 25 kPa CO and 10 kPa
O2 (Ar balance). Simultaneously, infrared spectra were recorded
at potentials from 0.90 to 0.40 V with an interval of 0.05 V, and the
resulting spectra are presented in Fig. 2b. With decreasing Pt/C
potential, a band located at�2070 cm�1 assigned to the vibration
of the C–O bond of linearly-bonded CO (COL) increased its
intensity,35 which exhibited a red shi from 2075 cm�1 to 2065
cm�1 due to the Stark tuning effect.44 Based on the results of CO
stripping, the qCO at 0.40 V was set to unity, and those at other
potentials were calculated according to the following equation:
© 2022 The Author(s). Published by the Royal Society of Chemistry
qCO ¼ B

B0:40

; (6)

where B is the integral of the COL band at the targeted potential,
and B0.40 is the integral of the COL band at 0.40 V vs. RHE
(Fig. S7† for details of the integral). Fig. 2a (red line) shows that
qCO monotonically increased from 0 to ca. 0.75 as the potential
decreased from 0.90 to ca. 0.67 V (consistent with the litera-
ture).44,45 A plateau was then observed from ca. 0.65 V to 0.60 V
vs. RHEwith a qCO of around 0.75, whichmight be from changes
in the adlayer structure.45 A further decrease in the potential
resulted in a monotonic increase of qCO ending at unity at 0.40
V. Compared to the result estimated by CO stripping, the qCO

determined by ATR-IRAS exhibited a higher qCO above 0.6 V vs.
RHE most likely due to avoidance of the over-oxidation of CO*
in the CO-stripping method as mentioned before.

An operando measurement of the Pt/C potential was con-
ducted during thermal-catalytic CO oxidation using electro-
chemical devices, which was investigated by Marin and other
researchers and would allow one to link the potential with
catalytic performance.19,35,46,47 With the CO partial pressure
(p(CO)) xed at 25 kPa, the O2 partial pressure (p(O2)) varied
from 40 kPa to 1 kPa at 295 K. Fig. 1b shows that the CO2

formation rate decreased slightly from ca. 19 to ca. 17 nmol s�1

by decreasing p(O2) from 40 kPa to 15 kPa, and the OCP
decreased from ca. 0.77 to 0.66 V vs. RHE. These OCP values
corresponded to a qCO of <0.75 according to the potential–qCO
correlation in Fig. 2a, suggesting active sites available for
oxygen activation. In contrast, the reaction rate signicantly
declined to ca. 3.0 nmol s�1 when p(O2) decreased to 12.5 kPa. A
further decrease in p(O2) did not lead to signicant variation of
CO oxidation performance. Surfaces with p(O2) < 12.5 kPa
experienced an OCP of <0.37 V; according to Fig. 2a, these OCP
values coincided with qCO being unity. These analyses estab-
lished a coverage–potential–performance correlation of thermal
CO oxidation over Pt. The results show that the catalyst poten-
tial needs to be more positive than 0.6 V to keep the qCO value
lower than 0.75; in turn, this leads to a high CO oxidation rate.
Electrochemical potential control for promoted thermal CO
oxidation

The coverage–potential–performance correlation shows that
suppressing qCO was essential to maintain available sites for
oxygen activation to achieve a high reaction rate of CO oxida-
tion.6,36,48 Pt/C exhibiting a high rate for CO oxidation had
a potential positive of 0.6 V vs. RHE; therefore, it was supposed
that pinning the catalyst potential more positive than this
threshold could suppress high qCO and facilitate thermal CO
oxidation. A reactant composition of 25 kPa CO and 10 kPa O2

(Ar balance) was selected for further study for two reasons: First,
the dominant qCO prevailed at this composition (Fig. 1b).
Second, the p(O2) was close to a threshold value of 15 kPa so that
a relatively slight alteration of potential could trigger large
changes in coverage.

With co-feeding of both CO (25 kPa) and O2 (10 kPa), CO
oxidation performances over Pt with and without application of
an external potential were compared. At open-circuit, aer the
Chem. Sci., 2022, 13, 9774–9783 | 9777
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Fig. 3 (a) Time-evolution profile of CO oxidation with 0.70 V vs. RHE
applied regarding current (black) and the CO2 formation rate (red). (b)
Steady-state CO2 formation rate at open-circuit (rOC) and the thermal-
catalytic contribution (rt) of the overall CO2 formation rate with an
external potential of 0.70 V vs. RHE applied while fixing p(CO) at 25 kPa
and varying p(O2). Conditions: WE: 3 mg Pt/C on 2 � 2 cm2 CP; gas
flow rate: 20 ml min�1; pressure: 101 kPa; p(CO): 25 kPa; p(O2): 10 kPa
or flexible; balance: Ar; RE: Hg/Hg2Cl2 (sat. KCl); CE: graphite rod; 295
K; stirring rate: 750 rpm; 0.1 M HClO4.
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introduction of CO into the O2-lled cell, the CO2 formation rate
reached a temporary maximum and then decreased to a steady-
state CO2 formation rate of ca. 2.5 nmol s�1 at open-circuit
(steady-state OCPmeasured to be ca. 0.35 V vs. RHE; see also the
data in Fig. S8†). However, if an anodic potential of 0.70 V vs.
RHE was applied to a fresh WE when the OCP decayed to ca.
0.05 V negative of the targeted potentials, CO oxidation
performance drastically changed compared to the open-circuit
case. Fig. 3a specically presents the time–evolution prole of
the overall CO2 formation rate and corresponding current under
10 kPa O2 and 25 kPa CO with the application of 0.70 V, showing
prevention of deactivation and a steady-state rate of �20 nmol
s�1, while the recorded electric current was merely�1.4 mA. For
further analysis, the rates of electrochemical CO oxidation (re)
and thermal CO oxidation (rt) were calculated using eqn (7) and
(8), respectively, by assuming that all transferred electrons were
used for electrochemical CO oxidation (based on the consistent
values of the current and electrochemical CO oxidation rate
presented in Fig. S9†):

re ¼ I

2� F
; (7)
9778 | Chem. Sci., 2022, 13, 9774–9783
rt ¼ r � re, (8)

where I is the current measured with a potentiostat, F is the
Faraday constant, and r denotes the overall rate. The applica-
tion of 0.70 V led to a rt of 12.8 nmol s�1, which was 5-fold that
at open-circuit (2.5 nmol s�1), i.e., improvement of thermal CO
oxidation performance. Importantly, a drastic rate decrease
occurred upon removal of the external potential at ca. 240 min,
indicating that the improved thermal CO oxidation rate relied
on the application of the potential. TEM measurement aer the
reaction suggested no growth of particle sizes (Fig. S4c and d†).

The extent of such promotion depended on the gas-feeding
composition. Fig. 3b shows the CO2 formation rate at 25 kPa CO
and varied p(O2) with (rt) 0.70 V applied and the rate at open-
circuit (rOC). With increasing p(O2) from 5 kPa to 12.5 kPa, rt
increased from 3.6 nmol s�1 to 14.4 nmol s�1. Such an increase
indicated that, although the variation of p(O2) only caused little
difference of rOC, the enhanced supply of O2 could lead to multi-
fold enhancement in rt when an external potential was applied.
In contrast, such selective enhancement in thermal rate was not
observed when p(O2) was increased further to >15 kPa. This
behavior likely originated from that the Pt/C catalyst already
possessed a high activity for CO oxidation at open-circuit;
therefore, the application of an external potential did not result
in improvement in performance. The faradaic efficiency (FE) of
the reaction was calculated based on the following equation:

FE ¼ r� rOC

I=ð2� FÞ � 100% ¼ r� rOC

re
� 100%; (9)

which served as an additional parameter to evaluate the
promotional effect; values higher than 100% indicated non-
faradaic promotion.20 Fig. 4a summarizes CO oxidation perfor-
mances with varying p(O2) and corresponding FEs. The increase
of p(O2) made the overall CO2 formation rate slightly increase and
saturate at 18–20 nmol s�1 at p(O2) > 20 kPa. These values coin-
cided with the diffusion-limited reaction rate of the present
system (see Fig. S10†), indicating that the CO2 formation rate was
limited by mass transport of reactants in liquid. With the
increase of p(O2) from 5 kPa to 12.5 kPa, FE increased from 119%
to 440% while re decreased from 10.9 nmol s�1 to 3.4 nmol s�1.
Such an increase in FE and a decrease in re were rationalized by
(1) facilitation of O2 adsorption and (2) suppression of electro-
catalytic pathway. A higher ratio of p(O2) to p(CO) would favor
adsorption of O2 over CO; therefore, O2 could be more easily
activated at a higher p(O2) at the same potential, thus leading to
a higher FE. O2 activation can lead to take-over of sites for elec-
trochemical generation of OH*, which decreases the electrical
current and thus increases the FE for thermal-catalytic rates.

The reliance of enhanced thermal-catalytic performance on
the variation of applied potential was also investigated. With co-
feeding of 25 kPa CO and 10 kPa O2, external potentials varying
from 0.90 V to 0.50 V vs. RHE were applied to the as-prepared
WEs separately. With external potentials greater than the
threshold of 0.6 V vs. RHE, fresh WEs could avoid performance
attenuation aer introduction of CO into the reactor. Fig. 4b
summarizes CO oxidation performance with varying external
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Plausible mechanism for improved thermal CO oxidation wit

Fig. 4 (a) Steady-state CO2 formation rate (columns), the corre-
sponding thermal-catalytic rate (rt), electrocatalytic rate (re), and
faradaic efficiency (FE; blue symbols) a function of p(O2) with fixed 25
kPa CO and 0.70 V vs. RHE applied. (b) Steady-state CO2 formation
rate (columns) and the corresponding thermal-catalytic rate (rt),
electrocatalytic rate (re), and faradaic efficiency (FE; blue symbols) as
a function of the applied potential with fixed 25 kPa CO and 10 kPa O2.
Conditions: WE: 3 mg Pt/C on 2 � 2 cm2 CP; gas flow rate: 20 ml
min�1; pressure: 101 kPa; balance: Ar; RE: Hg/Hg2Cl2 (sat. KCl); CE:
graphite rod; 295 K; stirring rate: 750 rpm; 0.1 M HClO4.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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potential and corresponding FEs. The overall CO2 formation
rate was found to be insensitive to the applied potential at >0.65
V vs. RHE due to diffusion limitation and remained at 19–20
nmol s�1. However, the re and rt varied under these conditions.
More specically, a decrease of re was observed with decreasing
potential perhaps due to a lessened overpotential to drive
electrocatalytic reactions.19,49 Correspondingly, rt increased
signicantly and reached its maximum at 0.65 V vs. RHE with
a value of 13.8 nmol s�1—more than 5-fold of the rOC (2.5 nmol
s�1) under this gas composition at open-circuit. The overall CO2

formation rate decreased to 9.7 nmol s�1 when the applied
potential was set to 0.60 V vs. RHE; the rt simultaneously
decreased to only 5.4 nmol s�1. A further negative shi of
applied potential resulted in decreases in both overall rate and
rt. The FE displayed a volcano-shaped behavior when plotted as
a function of potential, reaching a maximum of >370% at 0.65
V, indicative of optimal potential for improvement of thermal
CO oxidation performance.

To elucidate how the external potential facilitated the thermal
CO oxidation performance, in situ ATR-IRAS measurement with
application of external potential was conducted under 25 kPa CO
and 10 kPa O2 with the balance Ar. Fig. S11a and b† present the
infrared spectra with the external potential changing from 0.40 V
to 0.90 V vs. RHE and from 0.90 V back to 0.40 V, respectively.
Fig. S11c† (red curve) summarizes the average qCO of the two
reserve scans as a function of applied potential, which was
almost identical to the result at open-circuit (black curve for
comparison). At potentials from 0.75 V to 0.65 V where thermal
CO oxidation over Pt was signicantly improved, the qCO was
from 0.74 to 0.53, suggesting ample sites for oxygen activation. At
further positive potentials, although qCO exhibited low values, the
measured FEs were just around unity (Fig. 4b).

Scheme 1 shows the plausible mechanism for selective
enhancement in the thermal catalytic rate. Note that the red
and blue balls in the scheme can be the same oxygen species,
but how they are made is different; either thermally or
h the external potential.
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electrochemically. Aer the introduction of CO gas into the
reactor, the Pt surface will be easily dominated by CO* at open-
circuit. With the application of a potential more negative than
0.60 V vs. RHE, qCO is close to unity, and there are only a few
sites for the generation of oxygen species, however, derived
from water. When the potential reaches a value more positive
than 0.80 V, the large overpotential facilitates the OH* gener-
ated from the electrochemical pathway, which still hinders the
activation of molecular O2. Application of an appropriate
potential (0.65–0.75 V) not only suppresses the adsorption of CO
but also favors the activation of O2, leading to improved activity.
Notably, in addition to coverage control for maintaining avail-
able sites for O2 adsorption, the applied potential itself might
also facilitate the transformation of O2* into active OH* or/and
O* because these species were also the intermediate of the
oxygen reduction reaction (ORR).50 All in all, the observations
showed that pinning the catalyst potential electrochemically
suppressed high qCO on the Pt surface, which likely facilitated
the activation of O2 and therefore enhanced the thermal-cata-
lytic CO oxidation at room temperature.

It is worth noting that using isotopically labelled reactants,
such as 18O2, to help experimentally quantify the fractions of CO2

produced from O2 gas (thermally) and water (electrochemically)
is actually not practical. Previous studies have pointed out that
signicant oxygen exchanges will occur among CO2, H2O, and
other oxygen species (OH* and O*),51,52 which may lead to
incorrect quantication. Instead, density functional theory (DFT)
simulation can be one of feasible tools for further quantication.
Fig. 5 Steady-state CO2 formation rate (red) and OCP (black) as
a function of p(O2) with fixed p(CO) over (a) 40wt% Ir/C, (b) 20 wt% Rh/
C and (c) 40 wt% Pd/C. Conditions: WE: 3 mg metal/C on 2 � 2 cm2

CP; gas flow rate: 20 ml min�1; pressure: 101 kPa; balance: Ar; RE: Hg/
Hg2Cl2 (sat. KCl); CE: graphite rod; 295 K; stirring rate: 750 rpm; 0.1 M
HClO4.
Universality of electrochemical potential control for improved
thermal CO oxidation over other metals

Having acquired an understanding of how the electrochemical
potential control tuned the adsorption of surface species and
facilitated thermal CO oxidation, this method was applied to
other noble metals suffering from excessively strong binding of
CO at 295 K, i.e., Ir, Rh, and Pd.53–55 Thermal CO oxidation
performances over commercial metal catalysts at open-circuit
were measured with 25 kPa CO (10 kPa for Pd/C) and varied
p(O2) and are summarized in Fig. 5. Ir/C with a mass fraction of
40 wt% showed a rate lower than 2.5 nmol s�1 and an OCP of
around 0.5 V vs. RHE when p(O2) was smaller than 70 kPa. The
increase of p(O2) to 75 kPa largely improved the CO2 formation
rate to 18.5 nmol s�1 and increased the OCP to 0.75 V vs. RHE.
Similarly, signicant changes of the rate and OCP over 20 wt%
Rh/C (highest mass fraction from the producer) occurred when
p(O2) increased from 15 kPa to 20 kPa. Accordingly, gas
compositions of 70 kPa O2 and 25 kPa CO were set for the
following measurements with an external potential using Ir/C;
15 kPa O2 and 25 kPa CO were selected for Rh/C. Over 40 wt%
Pd/C, even with a gas ratio of p(O2)/p(CO) as high as 9, only a low
rate of �2 nmol s�1 was observed, indicating the occurrence of
CO* domination. However, to prevent a diffusion-limited CO
oxidation rate that is too small, the p(CO) was not decreased
further for Pd/C and set to 10 kPa (with 90 kPa O2). Fig. 6
presents the CO oxidation performance data over these metals
with the applied external potential. Over Ir/C, the rt reached
9780 | Chem. Sci., 2022, 13, 9774–9783
a maximum of 7 nmol s�1, which was more than 3-fold rOC. The
FE reached a maximum of 192% at 0.75 V vs. RHE, which is
indicative of electrochemical promotion. For Rh/C, a maximum
of FE of 133% was observed when 0.70 V was applied to the WE,
suggesting slight improvement. For the case of Pd/C, FE was
always smaller than 100%, and no obvious improvement in rt
occurred. Notably, no change of particle sizes of catalysts above
was observed by TEMmeasurements aer the application of the
potential (Fig. S12†).

To elucidate the reason accounting for the difference among
metals responding to external potentials, the OCP values of
metals under 20 kPa O2 or 25 kPa CO were compared. As shown
in Fig. S13a,† although the four metal catalysts exhibited an
OCP value of around 0.9 V vs. RHE under 20 kPa O2, the Pd
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Steady-state CO2 formation rate (columns) and corresponding
rt, re, and FE (blue symbols) upon application of external potentials
under the given gas compositions over (a) 40 wt% Ir/C, (b) 20 wt% Rh/
C, and (c) 40 wt% Pd/C. Conditions: WE: 3 mg metal/C on 2 � 2 cm2

CP; gas flow rate: 20 ml min�1; pressure: 101 kPa; balance: Ar; RE: Hg/
Hg2Cl2 (sat. KCl); CE: graphite rod; stirring rate: 750 rpm; 295 K; 0.1 M
HClO4.
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showed a value of 0.41 V vs. RHE when changed to 25 kPa CO,
more positive than 0.3 V vs. RHE as observed over other metals.
This nding likely indicates the strongest back-donation of
electrons from Pd to CO and thus the strongest binding with CO
among the four metals. Such a difference in binding strength
was further evidenced by CV characterization of metal catalysts
conducted under diluted CO (25 kPa for Pt/C, Rh/C and Ir/C,
and 10 kPa for Pd/C) as presented in Fig. S13b.† Regarding the
onset potential of electrochemical CO oxidation over the four
metal catalysts, Pt/C showed the lowest value of ca. 0.43 V vs.
RHE; Ir/C and Rh/C showed values around 0.7 V, and Pd/C
showed the highest potential of 0.82 V. Additionally, Pt/C, Rh/C
and Ir/C all exhibited the peak of bulk CO electro-oxidation
located at around 0.9 V vs. RHE, while Pd/C showed the peak at
© 2022 The Author(s). Published by the Royal Society of Chemistry
0.96 V vs. RHE even under a lower concentration of CO. These
data disclosed that CO binding to the metals followed the
sequence Pd > Ir � Rh > Pt, which likely accounted for the best
FEs over Pt/C, and the FEs did not exceed 100% over Pd/C. The
difference of the promotional effect over Pt/C, Ir/C and Rh/C
might also be due to their distinctive capacities for oxygen
activation. More specically, based on the simulation results
reported by Nørskov et al.,56 the four metals displayed the
sequence Pt > Pd > Ir > Rh for O* binding energy, OH* binding
energy and ORR activity, which meant that Pt was the most
capable for oxygen activation and led to the highest FE observed
in this study. These rationales suggest that the catalyst with
modest binding capabilities can achieve improved performance
when its potential is pinned externally via electrochemical
means, demonstrating the universality of the methodology
developed here.

Conclusions

This study reports that controlling the catalyst potential via
electrochemical means can trigger selective enhancement of
thermal catalytic performance for CO oxidation as a model
reaction. The coverage of CO on Pt/C, qCO, was rst well corre-
lated with open-circuit potentials as well as applied potentials.
The in situ ATR-IRAS spectra provided the potential–coverage
correlation at open-circuit: By lowering the O2/CO feed ratio, the
monotonic negative shi of the open circuit potential was
monitored from a value from �0.90 V to �0.40 V, which cor-
responded to an increase in qCO from zero to unity on the Pt
surface. Accordingly, the CO2 formation rate drastically lowered
with a boundary at around 0.6 V vs. RHE. This observation
suggested that pinning the Pt/C potential at >0.6 V vs. RHE likely
kept the surface site available for O2 activation to thus facilitate
CO2 formation. Our catalytic testing at an externally applied
potential of 0.65–0.70 V vs. RHE indeed recorded a boosting of
the thermal-catalytic CO2 formation rate at steady-state,
achieving a FE of as high as >400%. Such selective enhancement
in thermal catalytic rates was universally observed over Rh/C
and Ir/C. This study provides precise correlation among
potential–coverage–performance utilizing the electrochemical
tool. Bridging thermal- and electro-catalysis, the present study
developed a methodology applicable for various catalytic reac-
tions in which the high coverage of a substance inhibits
adsorption of the other to react at the steady state.

Experimental
Materials

Carbon-supported Pt with a mass fraction of 37.5% (Pt/C,
TEC10E40E) was purchased from Tanaka Kikinzoku Kogyo
(TKK). Carbon-supported Ir, Pd and Rh with mass fractions of
40%, 40% and 20% were purchased from Fuel Cell Store.
Perchloric acid (70%, ACS reagent), sulfuric acid (95.0–98.0%,
ACS reagent), ethanol (99.5%, JIS special grade), and acetone
(SAJ rst grade) were purchased from Sigma-Aldrich. All
chemicals were used without further purication. Ultrapure
water with a resistivity of 18.2 MU cm was obtained from a water
Chem. Sci., 2022, 13, 9774–9783 | 9781
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purication system (Purelab ex 3, ELGA LabWater) and used
for all experimental procedures. Gas cylinders of pure CO
(99.95%), pure Ar (99.9999%), pure O2 (99.99995%), and 20%O2

(99.99995%) diluted in Ar (99.9999%) were purchased from
Taiyo Nippon Sanso Corporation. A Toray carbon paper 060
value pack (wet proofed), carbon cloth (CeTech W1S1009), and
Naon™ 117 proton-exchange membrane were also purchased
from Fuel Cell Store. Polishing suspensions of 1 mm diamond
and 0.05 mm alumina were obtained from BAS Inc.
Catalyst characterization

TEM images were recorded using a JEM-ARM200F (JEOL Ltd) at
200 kV, and SEM images were recorded with a JSM-IT800 SEM
setup (JEOL Ltd) at a beam voltage of 2 kV. The powder XRD
(Rigaku, RINT-2000) patterns were measured using Cu-Ka
radiation. The signal was collected over the angular range of 10–
80� (2 theta) with a scan rate of 5� min�1. The measurements
were conducted in air.
Catalytic measurement

The CP was cut into sizes of 1 � 1 cm2 or 2 � 2 cm2, subse-
quently immersed in 0.2 M H2SO4, ethanol, and acetone for
precleaning and then dried in air. A catalyst layer was deposited
on one side of the CP by drop-casting a catalyst ink containing
10 mg ml�1 metal/C particles dispersed in a mixture of 80 vol%
ethanol and 20 vol% ultrapure water. The WE was fabricated by
xing the catalyst-containing CP at a catalyst loading concen-
tration of 0.75 mg cm�2 along with a graphite rod using Teon
tape. TheWE together with a KCl-saturated Hg/Hg2Cl2 reference
electrode (RE) was placed in one chamber of a two-compart-
ment cell (H-cell; Fig. S2†), and a graphite rod as the CE was
placed in another chamber. The cell was lled with 0.1 MHClO4

as the electrolyte and functioned as the reactor for both
thermal- and electro-catalytic experiments at room temperature
(295 K). The stirring rate of the stirring bar (height: 0.7 cm;
width: 2.5 cm) was set at 750 rpm for all experiments. A VMP3
potentiostat (BioLogic) was used for electrochemical proce-
dures, and all electrochemical potentials were presented on the
RHE scale. A PEIS technique was used for correction of the
uncompensated resistance. The gas outlet from the reactor was
analyzed by using a Micro GC Fusion gas analyzer 2-module
chassis (Incon) equipped with thermal conductivity detectors
(TCDs).
CO stripping

CO stripping was used to estimate qCO.42 Aer immersing the
WE in the electrolyte under a 5 kPa CO (diluted in Ar) atmo-
sphere with a ow rate of 10 ml min�1 for 15 min to remove the
air inside, the potential of the WE (1 � 1 cm2) was held at
desired potential E1 for 15 min under a 5 kPa CO atmosphere.
The dissolved CO was then removed by Ar bubbling while
keeping the potential at the same value as before until the
current decreased to less than 0.01 mA. CV at a scan rate of 1 mV
s�1 led to a CO stripping peak.
9782 | Chem. Sci., 2022, 13, 9774–9783
In situ ATR-IRAS

In situ ATR-IRAS measurement was conducted using a Thermo
Scientic™ Nicolet™ iS50 FTIR Spectrometer equipped with
a mercury cadmium telluride (MCT) detector cooled with liquid
nitrogen and a VeeMAX III ATR accessory (PIKE Technologies).
The silicon IRE (Pier Optics) was successively polished with 1 mm
diamond suspension and 0.05 mm alumina suspension and
washed with ultrapure water. Aer drying, a Pt/C catalyst layer was
deposited on the IRE via drop-casting with an ethanol solution ink
containing 0.5 wt% Naon™ 117 and 5 mg ml�1 Pt/C catalyst
followed by heating in a drying oven for an hour at 120 �C. The
sample-deposited IRE was introduced into a modied electro-
chemical ATR cell (PIKE Technologies); a schematic presentation
is shown in Fig. S14.† A combination of concentrated HNO3-
treated carbon paper and carbon cloth was used as the conductive
lead, and a KCl-saturated Hg/Hg2Cl2 electrode and a Pt wire were
used as the RE and the CE, respectively. The cell was lled with 0.1
M HClO4 as the electrolyte and purged with Ar.
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