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Electrolyte buffering species have been shown to act as proton donors in the hydrogen evolution
reaction (HER). Analogously, we study here whether these electrolyte species may participate in other
reactions by investigating CO electrooxidation (COOR) on a gold rotating disk electrode. This model
system, characterized by fast kinetics, exhibits a diffusion-limited regime, which helps in the
identification of the species dictating the diffusion-limited current. Through a systematic concentration
dependence study in a variety of buffers, we show that electrolyte buffering species act as oxygen
donor shuttles in COOR, lowering the reaction overpotential. A similar correlation between electrolyte
and electrocatalytic activity was observed for COOR on a different electrode material (Pt). Probing the
electrode—electrolyte interface by attenuated total reflection infrared spectroscopy (ATR-FTIR) and
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modelling the surface speciation to include the effect of the solution reactions, we propose that the
buffer conjugated base generates the oxygen donor (ie. OHT) through its acid—base reaction
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Introduction

The electrochemical oxidation of CO (COOR) is of key impor-
tance, not only to deepen the fundamental understanding of
electrochemical processes, but also for the implementation of
electrocatalysis in energy-producing technology. In most of the
relevant electrooxidation reactions exploited in fuel-cells,
(adsorbed) CO acts as a reaction intermediate and/or as a
poisoning species.! Furthermore, COOR is widely employed to
probe the electrode/solution interface in terms of surface
charge,”” electrochemical active surface area,® surface pH’
and activity of the electrode surface.’®

Depending on the CO adsorption energy,” the electrode
material may be poisoned by CO®*™° (e.g. Pt and Pd) or, in case
of a weaker CO adsorption energy, exhibit high catalytic activity
for COOR (e.g. Au).'™'* Typical COOR voltammograms on Au
electrode display a kinetic-limited regime followed by a
diffusion-limited regime for increasingly positive potential.'*
A strong pH dependence for COOR on Au has been observed,*?
whose effects are not simply corrected by plotting the data on a
pH-dependent potential scale. The low onset potential (ca.
0.2 V) in alkaline conditions (pH > 11) has been attributed
to a self-promoting COOR mechanism, in which CO adsorption
promotes the adsorption of its own oxidant (OH /OH,q)."?
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Considering a general oxygen donor (OD) for COOR, we
may write:

CO + OD = CO, + D*'+ 2¢”, (1)

expecting that the OD changes as a function of the pH (ie.
concentration of OH™). Specifically, we may consider that the
OD switches from H,O at acidic-neutral pH (eqn (2)) to OH™ at
more alkaline pH (eqn (3)).

CO + H,O = CO, + 2H" + 2¢e ", (2)

CO+20H = CO, +H,0 + 2e7, (3)

In general, as the nature of the OD changes with pH, the
mechanism of COOR may vary as well. Additionally, strongly
adsorbing electrolyte anions have been proven to hinder COOR
activity."* Besides the marked pH and electrolyte dependence of
COOR, most of the studies of COOR have been conducted
either in strongly acidic or alkaline conditions without specific
investigation of the role of the electrolyte anion. Recent works
from our group highlighted the strong pH and electrolyte
dependence of COOR both on Au® and on Pt electrode.'®
Interestingly, we detected the presence of two different peaks
for COOR due to different diffusing species. These findings
open the discussion on the nature of the oxygen donor for
COOR, raising the questions: are H,O and OH™ the exclusive
candidates for the role of oxygen donor in COOR? Or should
other electrolytes species be considered as possible oxygen
donors?
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In this paper, we probe the influence of the electrolyte
composition, more specifically the anion, on COOR. To this
end, we explored COOR on a Au rotating electrode in a variety of
electrolytes and pH. Thus, we tested whether the insights
gained for the trend between catalytic activity and electrolyte
composition apply also for COOR on another metallic electrode
(Pt). Subsequently, we investigated the surface population
under COOR by attenuated total reflection infrared spectro-
scopy (ATR-FTIR). Finally, we built a model to elucidate how the
presence of the buffer affects the concentration of species in
the diffusion layer under COOR conditions. Altogether, we
propose a mechanism for COOR in near-alkaline pH involving
a solution reaction between the buffer conjugated base and
water to form OH ™.

Experimental
Chemicals and materials

Electrolytes were prepared from H,SO, (98%, Emsure, Merck),
KClO; (99.995%, Aldrich Ultrapure), KHCO; (Emsure ACS,
Merck), K,CO; (99.995% trace metal basis, Sigma-Aldrich),
KOH (99.99%, Sigma-Aldrich), H;PO, (85%, Merck Suprapure),
KH,PO, (99.99%, Sigma-Aldrich), K,HPO, (>99.999%, Honey-
well Fluka), B(OH); (99.999% trace metal basis, Sigma-Aldrich),
CeHO,-H,0 (>99.998% Traceselect, Honeywell Fluka), NH3
(25%, Suprapure, Merck), using ultrapure water (MilliQ water,
resistivity > 18.2 MQ c¢m). Prior to experiments, the electrolytes
were purged for 20 minutes with Ar (6.0 purity, Linde) or CO
(4.7 purity, Linde).

Experimental procedure

The glassware was cleaned in 1 g L~ KMnO, solution, rinsed
with a dilute piranha solution and boiled in ultrapure water for
five times. The electrochemical and spectroscopic measure-
ments were carried out in a three-electrode configuration cell
with a gold counter electrode (99.99% purity) and a reversible
hydrogen electrode (RHE) or a Ag/AgCl electrode (KCl-
saturated, Pine Research Instrumentation) as reference
electrode. All the potentials are reported on the RHE scale,
according to Eryg = Eagagct + 0.199 V + (0.059 x pH). A gold or
platinum rotating disk electrode (RDE) was used as the working
electrode (¥ = 5.0 mm, Pine Research Instrumentation). The
disk was inserted in the PEEK shroud and the assembled tip
was polished with diamond suspensions of decreasing particle
size (3, 1, 0.25 and 0.05 pm) and sonicated in a solution of
ultrapure water and ethanol. First, the gold (or platinum)
working electrode was electrochemically characterized by cyclic
voltammetry between 0.08 and 1.75 (1.6) Vvs. RHE at 50 mV s ™"
in 0.1 M H,SO, (see Fig. S1 in the ESIt). The electrochemically
active surface area (ECSA) was determined for gold by dividing
the charge corresponding to the gold oxide reduction by
390 uC cm 2" and for platinum by dividing the charge
corresponding to the hydrogen desorption region by
230 puC cm >.'® Next, the gold (or platinum) catalytic activity
for COOR in a given electrolyte was assessed by voltammetry
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between 0.0 and the onset of oxygen evolution reaction (ca.
1.6 V vs. RHE) under forced convection. The electrolytes were
prepared by adding different amounts of KOH or of a equimo-
lar solution of the acid (AH) and conjugated base (A™) of a given
buffered electrolyte to a background of 0.1 M KClO,. The pH of
the given electrolyte after 20 minutes CO purging was deter-
mined with a pH meter (SI Analytics Lab 855 Benchtop Meter).
The voltammograms were compensated for 85% of the Ohmic
drop. The Ohmic resistance was previously measured by elec-
trochemical impedance spectroscopy (EIS) at 0.0 V vs. RHE. The
measurements were performed using a IviumStat potentiostat
(Ivium Technologies) and a Modulated Speed Rotator (Pine
Research Instrumentation).

The FTIR measurements in the attenuated total reflectance
configuration (ATR) were carried out using a Bruker Vertex
80v IR spectrophotometer with an incident angle of 60° and
p-polarized infrared radiation. A gold thin film (ca. 60 nm
thickness) was deposited by sputtering into a hemispherical
ZnSe prism (MaTeck), which was previously mechanically
polished (0.05 pm diamond suspension). Cyclic voltammetry
(CV) of the as-deposited film was performed between 0.0 and
1.5 Vvs. RHE in the given electrolyte to assess the cleanliness of
the setup and to enhance the roughness of the surface. Sec-
ondly, the solution was saturated with CO and a CV between
0.0 and 1.1 V vs. RHE was measured (see Fig. S7 in the ESI¥).
The reference spectrum was recorded at E,.f = 0.0 V vs. RHE,
after which the potential was increased in steps up to 1.1 V vs.
RHE. Between each increment, the potential was biased back to
E..r and the reference spectrum was measured. In this way, we
minimized the interference of spectral features due to changes
in the prism and in the metallic film. The spectra are measured
with a resolution of 4 ecm ' and are the average of 150
interferograms.

Results
Electrochemical measurements

We investigated the presence of different oxygen donors for
bulk COOR by tuning the electrolyte composition using a Au
rotating disk electrode. First, we studied the effect of increasing
the concentration of OH™ on COOR activity. Starting from
0.1 M KClO,, as background electrolyte, we added increasing
amounts of KOH. Fig. 1A shows the voltammetry of the gold
disk at 50 mV s~ and 1600 rpm for increasing OH~ concen-
tration. We observe the presence of two separate diffusion-
limited current regions. Throughout the paper, we will call the
diffusion limiting current at lower potential (ca. 0.25-0.6 Vgyg)
the 1st plateau, and the plateau current at more positive
potential (ca. 0.6-1.3 Vgyg) the 2nd plateau. The 1st and 2nd
current plateaus exhibit a different dependence on the electro-
Iyte composition. Specifically, the 1st plateau current increases
with the increase in OH™ concentration, while the current of
the 2nd plateau remains constant. The 1st plateau current is
zero in electrolyte not containing OH ™, is proportional to the
concentration of OH™ for 0.1, 0.5 and 1.0 mM OH ", and merges
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Fig. 1 (A) Voltammetry of the Au RDE electrode in CO-saturated 0.1 M KClO,4 of increasing concentration of KOH (0.0, 0.1, 0.5, 1.0 and 2.0 mM) at
50 mV s~* and 1600 rpm. Levich plot and the derived diffusion coefficient value for the 1st plateau (B) and for the 2nd plateau (C).

with the 2nd plateau current in 2.0 mM OH . To understand
the nature of the species leading to the diffusion limiting
currents of the 1st and 2nd plateau, we performed a Levich
analysis. According to the Levich equation,™ the diffusion
limiting current (jjp,) is:

Jlim = 0.62nF171/6D2/3w1/zc’ @

where 7 is the number of electrons transferred, F is the Faraday
constant, v is the kinematic viscosity of water, D is the diffusion
coefficient, w is the rotation rate and c¢ is the bulk concen-
tration. Fig. 1B and C show the Levich plots for the 1st and 2nd
current plateaus, respectively, as extracted from the voltamme-
try at different rotation rates (see Fig. S2 in the ESIt). Knowing
the bulk concentration, it is possible to derive the diffusion
coefficient by the slope of the linear fit of jj,,, vs. the square root of
the rotation rate (°). The average derived diffusion coefficients are
4.51 (4 0.86) x 10> and 1.19 (£ 0.00) x 10 > cm ™ * s~ * for the 1st
and 2nd limiting current, taking for the parameter ¢ in eqn (4) the
concentration of OH™ and CO, respectively. The comparison of the
experimentally obtained and tabulated diffusion coefficients indeed
indicates that the 1st plateau current is limited by the diffusion of
OH ", while the 2nd is limited by the diffusion of CO (see Table S1 in
the ESIY). This interpretation agrees with the pH dependence of the
1st plateau. We attribute the different plateaus to the different
nature of the oxygen donor for COOR: in the 1st plateau the OD is
OH ", while in the 2nd plateau it is H,O. Considering that the bulk
concentration of CO is 1 mM, the diffusion limiting species for
COOR is the OD, only when [OD] < 1 mM. In aqueous electrolytes,
the concentration of H,O is large enough (55.5 M), that the diffusion
limiting species for the 2nd plateau (with H,O as the OD) is always
CO. These results are in agreements with our findings for CO
electrooxidation on platinum microelectrode.'®

For potentials corresponding to the formation of 3D gold
oxide (1.3-1.5 V) and subsequent onset of oxygen evolution
reaction (OER), the COOR activity vanishes. As illustrated in
Fig. 1A, this potential shifts to larger values for increasing
[OH™], but at 2.0 mM OH" it is shifted to markedly lower
value. This pH dependence is consistent with the one reported
for OER on gold polycrystalline by Yang et al.>® The onset
potential for OER at intermediate pH (4-10) increases with
pH, while in alkaline conditions it decreases with pH, which

This journal is © the Owner Societies 2021

was ascribed to the presence of different gold oxide structures
(o and f).

We continued the investigation of COOR in buffering elec-
trolytes containing a variety of anions, spanning from mildly
acidic to alkaline pH. Fig. 2 shows the voltammetry for bulk
COOR on a gold RDE electrode in 0.1 M KClO, with the
addition of an equimolar (AH/A™) concentration of given buffer
species: (A) phosphate (pK, 2.1), (B) citrate (pK, 3.1), (C)
phosphate (pK, 7.1), (D) borate (pK, 9.1), (F) bicarbonate

Phosphate pK, 2.1 A Citrate pK, 3.1 B
20k 1mM, pH 3.82 B 1 mM, pH 3.39
= = 2 mM, pH 3.50 = 2mM, pH 3.24
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E 15k 3
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Fig. 2 Voltammetry of the Au RDE electrode in CO-saturated 0.1 M
KClO4 with the addition of equimolar solutions of (A) phosphate buffer
H3zPO4/KH,PO,, (B) citrate buffer CgHgO,/KCgH,O5, (C) phosphate buffer
KH,PO4/KHPO,4, (D) borate buffer B(OH)s/KB(OH)4, (E) phosphate
buffer K,HPO4/KsPO, and (F) bicarbonate buffer KHCO3/K,COs at
50 mV st and 1600 rpm.
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(pK, 10.3) and (E) phosphate (pK, 12.3). For some electrolytes,
we can still distinguish the presence of two current plateaus,
while for others only a COOR current in the potential window of
the 2nd feature is present. In borate and bicarbonate contain-
ing solutions, the 2nd plateau is independent of the concen-
tration of the buffering electrolytes and comparable to the one
measured in pure perchlorate (see Fig. 1A). By contrast, in
phosphate and citrate electrolytes, the current of the 2nd
plateau is lower. Presumably, there is a competition between
the adsorption of electrolyte anions and COOR, which leads to a
suppression of COOR current in electrolytes with strongly
adsorbing anions,'* i.e. phosphate and citrate.

Importantly, the 1st COOR plateau emerges only in near
neutral or alkaline solutions (phosphate pK, 7.1 and 12.3,
borate pK, 9.1 and bicarbonate pK, 10.3) and its current scales
linearly with the concentration of the buffering electrolytes
(Fig. 3B). Even if the 1st plateau was previously ascribed to
COOR by OH, in this case the increase in pH is not sufficient
to explain the increase in current. Yet, as illustrated in Fig. 3A
the 1st plateau current follows Levich and is still a diffusion-
limited process. From the rotation rate and concentration
dependence study (see Fig. 3A and B, respectively), we derived
the diffusion coefficient for the species leading to the limiting
COOR of the 1st plateau in phosphate (pK, 7.1), borate and
bicarbonate electrolyte (taking for the parameter ¢ in eqn (4) the
concentration of A™, see ESIT for more details). We excluded the
analysis of the diffusion coefficient in the phosphate buffer
with a pK, of 12.3, as for this pH (11) there is already a large
concentration of OH™ in solution. As shown in Fig. 3C, the
obtained diffusion coefficients are one order of magnitude
lower than the one previously calculated for COOR limited by
the diffusion of OH ™, but also lower compared to the tabulated
values for the different electrolyte species (see Table S1 in the
ESIT). Online electrochemical mass spectrometry (OLEMS)
measurement confirms that the product of COOR is still CO,
under these experimental conditions (see Fig. S6 in the ESIT). In
fact, the value of the ratio of the peaks current (1st/2nd) from
voltammetry corresponds to the one obtained from the CO,
signal [(m/z) 44] at potential coinciding with 1st and 2nd peaks.
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Hence, the 1st current plateau relates to COOR to CO, and it
involves the participation of the buffering electrolyte, as the 1st
plateau current scales linearly with the concentration of the
buffer (e.g. A™). The near one order of magnitude difference
between the derived diffusion coefficient and the tabulated one
may be the result of a process involving first a chemical
equilibrium followed by electron transfer.>" >> A more detailed
discussion about the origin of the discrepancy in the value of
the diffusion coefficient will be given in the section about the
“Microkinetic modelling”.

Up to now the measurements were performed in electrolytes
containing equimolar solutions of AH and A™ to minimize pH
changes, however we expect that the A~ is the buffering species
directly involved in the rise of the 1st plateau. To test our
hypothesis we performed the COOR in electrolytes selectively
containing only AH or only A™. Fig. 4 A displays the limiting
current as a function of rotation rate for the 1st COOR plateau
in electrolytes containing 1 mM of equimolar KHCO;/K,COs3,
0.5 mM KHCO; and 0.5 mM K,CO;. Corroborating our hypoth-
esis, the limiting current in electrolytes containing A~ is
comparable to the one containing both AH and A™, while in
purely AH-containing solution the current is almost zero. The
small difference between the limiting current in 1 mM KHCO3/
K,CO; and 0.5 mM K,CO; originates mainly from the difference
in the bulk pH. Adding just A~ (compared to equimolar AH/A™)
results in a larger bulk pH, hence in higher COOR currents.
Now that we established that the OD is directly correlated to the
concentration of A, we investigate whether A is the direct OD
or rather the OD is provided by A~ through its acid-base
reaction with water. Therefore, we performed COOR in an
ammonium buffer (NH,ClO,/NH3;, pK, 9.2), which does not
contain any oxygen atom (see Fig. S11, ESIt). As illustrated in
Fig. 4B, the limiting current of the 1st COOR plateau still
increases linearly with the concentration of the ammonium
buffer. This observation leads us to exclude that the A~ is the
direct OD in COOR.

We probed whether the role of A~ to supply the OD for
COOR also applies to other metal electrodes. Recently, we
reported that COOR on Pt electrode also presents the two

2x10°
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Fig. 3 (A) Levich plot for the 1st COOR plateau in 0.1 M KClO4 + 0.66 mM KH,PO4/K,HPO,4, 0.66 mM B(OH)s/KB(OH)4 and 1 mM KHCOz/K,CO3 as
measured in Fig. S3 (ESIT). (B) The limiting current of the 1st COOR plateau as a function of the concentration of the conjugated base (A7) of the buffer
(and the corresponding equimolar concentration of AH) as measured in Fig. 2. (C) The average diffusion coefficient values as derived from the linear

fitting of (A) and (B) compared to the theoretical values.
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Fig. 4 (A) Levich plot for the 1st COOR plateau in 0.1 M KClO4 with the

addition of 0.5 mM KHCOs, 0.5 mM K,COs and 1 mM KHCO=/K,CO3
(equimolar) as measured in Fig. S4 and in Fig. S3 (ESI{). (B) The limiting
current of the 1st COOR plateau as a function of the concentration of the
ammonium buffer (NH4ClO4/NHs3) in a 0.1 M KCLO4 supporting electrolyte
as measured at 50 mV st and 1600 rpm in Fig. S11 (ESI¥).

distinct potential region oxidation waves for increasing concen-
tration of OH ™, which were assigned to the change in the OD
nature from H,O to OH™. Hence, we studied COOR in buffering
electrolytes on Pt RDE electrode under the same experimental
conditions used for Au. Fig. 5 displays the voltammograms for
COOR on a Pt RDE in pure 0.1 M KCIO, and with the addition
of 2 mM of equimolar KH,PO,/K,HPO,, B(OH);/KB(OH), and
KHCO;3/K,CO;3. In agreement with the behaviour observed for
COOR on Au electrode, also on Pt we observe two separate
COOR oxidation peaks. The same electrolyte dependence for
the two separate COOR oxidation wawes is also found. Namely,
the 2nd peak is independent of the electrolyte composition,
while the 1st peak is present only in electrolytes containing the
buffering species and its current is proportional to the buffer
concentration (see Fig. S12 in the ESIt). Hence, analogously to
the Au surface, we attribute the difference in the two COOR
peaks to the different nature of the OD. For the 1st peak the OD
is provided from A~ through its acid-base reaction, while for
the 2nd peak H,O dissociative adsorption into the surface
provides the OD. However, there are clear differences in the
voltammograms of COOR on Au and Pt, which are primarily
due to the distinctive character of the CO adsorption energy. On
Pt, the CO adsorption energy is larger than on Au, and as a

Phosphate, pH 7.5
2 | — Borate, pH 8.15
e Bicarbonate, pH 9.6

233332800

0?4 078 1?2 1.6
E (V vs. RHE)

Fig. 5 Voltammetry of the Pt RDE electrode in CO-saturated 0.1 M KClO4
(dotted line) with the addition of equimolar 2 mM KH,;PO4/K;HPO,,
B(OH)3/KB(OH) 4, KHCO3/K,CO3 at 50 mV s~ and 1600 rpm.
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consequence a CO adlayer is formed on the Pt surface at low
positive potential. As the potential is increased, CO,q is oxida-
tively removed, originating the characteristic sharp CO strip-
ping peak. The potential of the CO stripping is less positive in
buffering-containing electrolytes (1.05 V) compared to a pure
KClO, solution (1.3 V), as the CO binding energy may change in
different electrolytes. The difference in the CO binding energy
also explains why for COOR on Au, in the absence of strongly
adsorbing anions, we observe a purely diffusion-limited current
plateau and, by contrast, on Pt the current is mostly limited by
the rate of CO desorption.

Infrared spectroscopic measurements

We investigated by ATR-FTIR the origin of the 1st COOR on a
gold thin film electrode in the buffering electrolytes, i.e. phos-
phate (pK, 7.1) and bicarbonate buffer. For comparison, we also
measured the infrared spectra in 0.1 M KClO,, in which the 1st
plateau is absent, and in 0.1 M KClO, + 2 mM OH™, in which
the 1st plateau is present and due to COOR by OH™. Fig. 6
shows the infrared spectra in the various electrolytes during
COOR at potential (A) 0.5 V corresponding to the 1st plateau
and (B) 0.9 V corresponding to the 2nd plateau. The full series
of infrared spectra for increasing positive potential (from 0.3 to
1.1 V) are shown in Fig. S10 in the ESLf{ The spectra were
measured in transmittance mode and the background spec-
trum recorded at 0.0 V (E,.f) was substracted. Hence, a positive
infrared band corresponds to the consumption, desorption, or
change in the dipole moment orientation, of that species
respect to Erer.

0.0005

]E).OOOS

Transmittance(a.u.)

0.1M KCIO, +8 mM phosphate

09V .ommoH ,
1800 1500 1200 900
v (cm™)

Fig. 6 ATR spectra of a Au thin film during COOR in CO-saturated 0.1 M
KClO4, 0.1 M KCIO4 + 8 mM KH,PO4/KHPO,4, 0.1 M KCIO4 + 8 mM
KHCO3/K,CO3 and 0.1 M KCIO, + 2 mM KOH biased at (A) 0.5 and
(B) 0.9 V. The background spectra was measured at 0.0 V.
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At 0.5 V (see Fig. 6A), we observe positive-going bands
characteristic of buffer solution species, 1087 and 990 cm™*
in phosphate and 1400 cm ™' in bicarbonate-containing elec-
trolytes. Indeed, these modes are comparable to the ones
measured in the transmission spectra of HPO,>” (1078,
990 cm™ ') and CO;*~ (1390 cm™ ") (see Fig. S8 in the ESIY).
Correspondingly, we measured negative-going bands ascrib-
able to solution H,PO,  at 1157 and 940 cm ™. The observed
small differences in the wavenumber of the peaks measured
during COOR compared to the ones measured in the transmis-
sion spectra is due to the overlapping of different modes with
opposite sign and similar vibrational energy. Overall, in
buffering-containing electrolytes at the potential corresponding
to the 1st COOR plateau, we observe the consumption of
solution A~ and the formation of solution AH. Concerning
adsorbed CO, we observed the presence of CO, at ca.
2010 em™' and COpyigge at ca. 1860 cm™' as bipolar bands
(see Fig. S9 in the ESIt), for potentials more positive than 0.4
and 0.5 V, respectively.

At 0.9 V (see Fig. 6B), we detected a positive increase in the
water bending (dyon) region at 1610-1620 cm™ ' in all solu-
tions, except in 2 mM KOH. The observed shift to lower
wavenumber of Syop at 1620 cm™ " compared to bulk water
(1645 em™ ") is characteristic of a decrease in the hydrogen-
bonding network of interfacial water.”>** This shift has been
ascribed to the interaction between the oxygen lone-pair orbital
of the water molecule and the electrode surface.”® We argue
that the consumption of weakly hydrogen-bonded water at
1620 cm ' and in the water stretching region (3400-3500 cm '
see Fig. S10A, C and D in the ESIt) confirms that H,O is the OD at
the potential corresponding to the 2nd plateau.

Moreover, at 0.9 V we also detect the presence of negative-
going bands due to the specific adsorption of the electrolyte
species. Specifically, the band at ca. 1110 cm™" is ascribed to
adsorbed perchlorate®® and the band at ca. 1460 cm ' to
adsorbed carbonate.?® In the Stern layer, the surface coverage
for specific anion adsorption increases for increasing positive
potential, especially around the potential of zero charge (E,c).
Considering that Ep,,. = 0.412 + (0.059 x pH), it is reasonable to
propose that specific anion adsorption is relevant at the
potential corresponding to the 2nd COOR plateau. Importantly,
the specific adsorption of buffering anion leads to a change in
the pK, of adsorbed species compared to the bulk, for both
phosphate®® and bicarbonate®” electrolytes. The pK, of AH/A~
shifts to lower value, as AH deprotonates upon adsorption
leading to A,q.>® In our measurements, we could not clearly
detect the specific adsorption of phosphate ions, which was
reported to be at 1117 and 940 cm ™" for HPO, ,q and 1091 cm ™"
for PO, 4. This may be due to the similar wavenumber of
adsorbed and solution species, consumed during COOR, lead-
ing to a convolution of different modes in the region between
1120 and 1030 cm ™. Nonetheless, we propose that the change
in the surface acid-base equilibrium does not relate to the
observed electrolyte dependence for COOR, as it takes place in
the potential regime where H,O is the OD. More relevant at this
potential, it is instead the competition between specific anion
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adsorption and H,O adsorption leading to a decrease in the
COOR activity (as described in the previous section).

Microkinetic modelling

We built a model to capture the effect of the homogeneous
buffer reactions on the concentration gradient developed in the
diffusion layer in bicarbonate/carbonate solutions. For each
species (i), the variation in the concentration over time (f)
depends on the diffusion, the convection and the rate of the
homogeneous reactions R; according to:

Bc,- D 626,' aC,'

o = Prae e TR G

where ¢; (mol dm™?) is the concentration, D; (m* s™') is the
diffusion coefficient and v (m s~ ) is the convective velocity. The
diffusion term is expressed by the Fick’s law."® The convective
velocity (v) is expressed as a function of the rotation speed
across the distance (x) from the surface (x = 0) as:

v = —0.510"2 2% (6)

where o (rad s™') is the rotation speed frequency, v (m?* s~ ') is
the kinematic viscosity of the solution and x (m) is the distance
from the electrode surface. The homogeneous reactions
included in the models are the self-ionization of water
(eqn (7)) and the acid-base reactions of the buffer (eqn (8)
and (9)).

H,0 == H + OH  pKy = 14, 7
CO;*” + H,0 = HCO; +OH™ pKp=3.67, (8)
HCO; = CO;*” +H" pK, = 10.33. 9)

Thus, we built a system of four partial differential equations
(PDEs) expressing the variation in ¢; for OH™, H*, CO;*>~ and
HCO; . The system of PDEs was solved for given initial condi-
tions (at t = 0, ¢; = ¢;pun) and boundary conditions. At the
diffusion layer/bulk (right) boundary, we set that ¢; right = ¢; buik-
At the diffusion layer/electrode boundary (left boundary), at
steady-state the flux of i is equal to the rate at which i is
consumed/produced by the electrochemical reaction. In our
model, we consider that the only OD for COOR is OH,
according to eqn (3). Hence, we write that the rate at which
OH™ is consumed is given by the rate of COOR (jcoor)
expressed in a Butler-Volmer form:

Ocon- 2jcoor
Don- ==

ox nF

et F (E — qu)

= —2kcon- 5 exp =T , (10)

where n the number of electron transferred is 2, cou-s
is the surface concentration of OH , k the reaction rate is
1.67 x 1077 m s ", o (= an) the effective transfer coefficient is
1 and E¢, the CO,/CO standard equilibrium potential is —0.52 V
vs. SHE. The reaction rate was determined by Koutecky-Levich
analysis of COOR in 1 mM OH" (see Fig. S14 in the ESIT), while
a transfer coefficient («) of 0.5 was assumed given an observed
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Tafel Slope of ca. 120 mV dec™ " (see Fig. S15 in the ESIT). On the
other hand, as the proton and the buffering species are not
directly consumed by the electrochemical reaction, it follows
that at the left boundary:

OCH+
= 11
H+ Ix 07 ( )
ac‘co 2—
DCO327T; =0, (12)
oc -
DHCOf% =0. (13)

The system of PDEs was solved with MATLAB R2020 over a
spacemesh x large enough to contain the diffusion layer
(x = 107*> m at 1600 rpm). Details about the values of the
parameters used in the model are given in the ESL ¥

Based on the electrochemical results obtained for the 1st
COOR plateau on Au RDE in buffering electrolytes, we
employed the model to consider the ability of the buffer to
supply the OH™ at the electrode surface. Firstly, we limited the
model to the case of bicarbonate/carbonate-containing electro-
lytes, considering the contribution of homogeneous reactions
7, 8 and 9 and reaction 3 as the only electrochemical reaction.
For a given bulk pH of 10.33 (coinciding with the buffer pky,),
we investigated the effect of the buffer concentration (equimo-
lar HCO; /CO5>7) on the concentration of OH™ at the surface,
and hence on the COOR current. Fig. 7 shows the simulated
surface concentration of (A) OH™ and (B) HCO;~ and CO;>~ for
different bicarbonate buffer concentration as a function of
potential. At a given potential, the surface concentration of
OH- increases for increasing buffer concentration. Proportio-
nately (as shown in Fig. 7B), CO5>~ is converted into HCO;~ for
increasing potential. It follows that the jcoor, calculated
according to eqn (10), scales with the buffer concentration, as
a consequence of the increasing availability of OH™ at the
surface. For the mass transport limiting current, the surface
concentrations of OH™ and the buffer conjugated base CO;*~
are zero. Indeed, CO,>~ has being completely converted into
HCO; ™ according to reaction (8), whose reaction equilibrium is
shifted to the right. Simultaneously, the consumption of OH- by
COOR triggers the homogeneous reaction of the buffer
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conjugated base (A™) with water to produce more OH™ at the
surface. As the electrochemical reaction rate increases expo-
nentially with the potential, the homogeneous reaction is
forced out of equilibrium (see Fig. S18A in the ESIY), and the
mass transport limiting current is reached once all the A™ is
converted into AH. At these potentials, the limiting current is
dictated by the diffusion of CO;>~ to the surface and by the rate
at which OH™ is generated by reaction (8), as supported by
modelling in the next paragraph.

Fig. 8A shows how the COOR diffusion limiting current
Jiim,a- (With the contribution of OH™ itself subtracted) scales
with the diffusion coefficient of A™, in this case CO;%~. Reason-
ably, as described by Levich (eqn (4)), under diffusion limita-
tion jiim s~ scales linearly with D*”® and with the square root of
the rotation rate (see Fig. S16A in the ESIT). Extrapolation of the
diffusion coefficient from the simulated voltammograms,
according to eqn S2 (ESIf) with ¢ given by the bulk
concentration of CO,>~, results in a diffusion coefficient of
1.95 x 10°° ecm? s '. The latter value is comparable to the
experimentally derived one (see Fig. 3) and almost one order of
magnitude lower than the theoretical diffusion coefficient of
CO,>” (see Table S1, ESIY).

To understand the effects of the thermodynamics and
kinetics of acid-base reactions on jjima-, we extended our
model to the full pH range by considering a general acid/base
buffering couple (AH/A™):

A" +H,0 = AH + OH™ pKky, (14)
AH == A~ + H' pK,, (15)

with K, x K, = Kw. To work at equimolar concentration of AH
and A™, the pH should equal the pK,; it follows that pKj = 14-
pH. Hence, varying the pH we simulated the COOR diffusion
limiting current with and without 2 mM AH/A™. We then
obtained jjm a- subtracting the contribution of OH- from the
total diffusion limiting current in the presence of AH/A™ at the
same pH. Fig. 8B illustrates how ji;, 5~ varies with the pKj (pH).
We identified three different regimes describing the relation
between jiim a- and the pKj:

e I regime pK;, > 9 (pPH < 5): jiima- is zero independently of
PKp;

A pH 10.3 "
0.2
s A
S Bulk %
T3 |mHco,1co =
801} 82
H omM £
i 1 mM a
S} —2 mM o
o — 3 mM
— 4 MM
oo™ ™~ 0 e
00 01 02 03 04 00 01 02 03 04 00 01 02 03 04
E (V vs. RHE) E (V vs. RHE) E (V vs. RHE)

Fig. 7 Simulated surface concentration of (A) OH™ and (B) HCOs~ and CO3z2" at different concentration (0, 1, 2, 3 and 4 mM) of equimolar HCOz ™/
COz%~ at pH 10.33 at 1600 rpm and 50 mV s~*. (C) Corresponding simulated voltammograms for jcoor according to egn (10).
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Fig. 8 Dependence of the COOR diffusion limiting current (A) on the diffusion coefficient of CO3>~, (B) on the equilibrium constant to generate OH~

(reaction (14)), and (C) and (D) on the forward rate constant of reaction 14. Values are obtained from simulations in equimolar 2 mM AH/A™ at 50 mV s~

and 1600 rpm.

e Il regime 4 < pK, < 9 (6 < pH < 10): jiim - increases for
decreasing pKp;

e III regime pK, < 4 (pH > 10): jiima- is constant and
independent of pKp.

Then, we evaluated how the kinetics of reaction (14) (kg,p)
affects jiim a- in regime II (Fig. 8C) and in regime III (Fig. 8D).
For intermediate pH (regime II), the free concentration of OH ™
is low and jjjm a- highly depends on kg, being reaction (14) out
of equilibrium in the diffusion layer. For alkaline pH values
(regime III), jiim a- exhibits no dependence on the kinetics of
the acid-base reaction, except for kg, values lower than
6 x 10° (Ms)™". For increasing OH™ concentration, reaction
14 is mostly at equilibrium in the diffusion layer, explaining
why Jjiim,a- is independent of the pKj in regime III

Because of a mixed diffusion limitation in both OH™ and A™,
the “effective diffusion layer thickness” () is governed by the
contribution of the diffusion velocity of each species weighted
for their concentration profiles. In modelling the surface ion
speciations for hydrogen evolution and oxidation reaction on
platinum, Auinger et al. used a pH-dependent J¢, which was
calculated given the average diffusion velocity of H and OH™
ions weighted for their bulk concentrations.”® Due to the high
reversibility of the reactions studied, and fast kinetics of the
homogeneous reactions involved, they assumed stationary con-
ditions and they solved the mass transport equation analyti-
cally. Even if their model was able to catch local pH trends for
such a well-defined system, it could not be extended to electro-
chemical processes with a more sluggish kinetics. By contrast,
considering OH- diffusion layer, in Fig. S16C (ESIf) we show
how dgim changes with the HCO;/CO,;>~ buffer concentration
for a given bulk pH, by solving the PDEs in a non-stationary
system using Neumann boundary conditions. The buffering
reaction (8) is slightly out of equilibrium close to the reaction
plane (see Fig. S18C in the ESIt), and the equilibrium is then re-
established at intermediate distances from the electrode sur-
face. These complex ions concentration profiles, co-regulated
by the rate of the electrochemical and chemical reactions
weighted for the diffusion velocity of the different species
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involved, may explain why extrapolation of the diffusion coeffi-
cients from simple Levich analysis leads to erroneous values.
All together, COOR is limited by the diffusion of both OH™ and
CO;%7, even if the reactant is OH ™. The higher flux of OH™ due
to the contribution of CO;>~ diffusion results in a higher
diffusion limited current. The simulations highlight how the
buffer species increase the effective flux of OH™ in the diffusion
layer and depict a COOR mechanism involving a fast pre-
equilibrium in solution to generate OH™.

Discussion

The electrochemical and infrared results collected for COOR on
a gold electrode in electrolytes containing buffering species
with pK, ranging between 7.1 and 10.3, together with the
microkinetic modelling, indicate that for the 1st COOR plateau:

e The current is limited by the diffusion of the OD to the
electrode surface, as it follows Levich equation (see Fig. 3A);

e The OD is a species, whose concentration relates to the
concentration of the buffering electrolytes (see Fig. 3B). Still,
the OD is not directly the buffering species as the derivation of
the diffusion coefficient leads to a value that is one order of
magnitude lower than the tabulated one (see Table S1 in the
ESIY);

¢ The difference between the experimentally derived and the
theoretical diffusion coefficient is due to a mechanism invol-
ving a solution reaction to form the OD preceding the electro-
chemical step (as corroborated by the simulations);

e A" in solution is consumed and AH is formed (according
to infrared data see Fig. 6).

Based on these observations, we suggest that under the
studied experimental conditions the OD for the 1st COOR
plateau is delivered to the surface by diffusion of A~, which
through its acid-base reaction with H,O releases an OH . The
generated OH™ then adsorbs on the electrode surface (OH,q). In
such away, A~ provides the OD leading to the low overpotential
COOR plateau (1st) compared to the one observed at more
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positive potential (2nd), requiring the activation of H,O as
the OD.

According to the widely reported Langmuir-Hinshelwood
mechanism for COOR, we may write the following reactions
pathway for the 1st COOR plateau in the presence of buffering
species:

A" +H,0 = AH + OH ", (16)
OH  — OHy,q te . (17)

The complete COOR equation with A~ delivering the OD is
then as follows:

CO + 2A"+H,0 — CO, + 2AH + 2e. (18)

Alternatively, we may write eqn (16) not as a solution
reaction, but as an acid-base equilibrium involving adsorption
of A~ according to:

A™ +H,0 = AH,q + OH . (19)

Yet, the infrared spectroscopy data and the nature of the
diffusion limiting current explained with the modelling suggest
that the pathway going through eqn (16) is most likely. Con-
sistently, the electrolyte-activity dependence for COOR is not
surface-dependent and similar results were observed for both
Au and Pt electrodes. Hence, the 1st COOR plateau current is
limited by the rate at which A~ diffuses to the surface and by
the rate at which OH™ is generated by the acid-base reaction of
A~ with water.

Generalizing the role of A~ to supply the OD for other
electrooxidation reaction, in the case of a negatively charged
substrate (e.g. NO, ™) the competition between adsorption of the
reactant molecules and the buffering anion should be consid-
ered. However, CO is a common intermediate of many
electrooxidation pathways (e.g. methanol and ethanol electro-
oxidation) and future investigations of the role of A in the
electrooxidation of more complex molecules would be of
interest.

Conclusions

By investigating COOR on different metallic surfaces (Au and
Pt), we delineated the relationship between the electrolyte
nature and the catalytic activity. We identified two COOR
potential-regimes, characterized by the distinct nature of the
OD. At less positive potential (1st regime), the OD is OH, at
higher potential (2nd regime), the OD is H,O. The OH" is either
free OH ™ in solution (for alkaline pH) or OH ™~ generated at the
interface by the homogeneous reaction of A~ with water (for
intermediate pH values). Reasonably, COOR by OH™ requires a
lower overpotential compared to the pathway involving H,O
dissociation. From a fundamental perspective, these findings
show in detail how the buffer species, through their ability to
increase the effective diffusive flux of reactant (e.g., OH ), are
decisive actors in determining electrocatalytic currents in near-
neutral pH.
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The role of the electrolyte buffer conjugated base to promote
the electrooxidation process could be compared to the increase
in activity achieved through electrode optimization by alloying
noble metals with more oxophylic materials (e.g. Ni, Sn, Ru and
Rh).>*7! This analogy provides an outlook on how not only
electrode engineering, but also electrolyte engineering helps to
steer the electrocatalytic activity in the desired way. Besides,
understanding of electrochemistry in buffering-containing
electrolytes with an intermediate pH is critical to the further
development for cheaper and non-noble metal electrocatalysts,
which are not stable at more extreme pH values.
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