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Chapter 3
Interfacial pH Measurements during CO, Reduction on Gold

Using a Rotating Ring-Disk Electrode
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Abstract

Insights into how to control the activity and selectivity of the electrochemical CO2 reduction
reaction are still limited because of insufficient knowledge of the reaction mechanism and
kinetics, which is partially due to the lack of information on the interfacial pH, an important
parameter for proton-coupled reactions like CO2 reduction. Here, we used a reliable and
sensitive pH sensor combined with the Rotating Ring-Disk Electrode technique, in which a
functionalized Au ring electrode works as a real-time detector of the OH- generated during
the CO2 reduction reaction at a gold disk electrode. Variations of the interfacial pH due to
both electrochemical and homogeneous reactions are mapped and the correlation of the
interfacial pH with these reactions is inferred. The interfacial pH near the disk electrode
increases from 7 to 12 with increasing current density, with a sharp increase at around —-0.5
V vs RHE, which indicates a change of the dominant buffering species. Through scan rate-
dependent voltammetry and chronopotentiometry experiments, the homogenous
reactions are shown to reach equilibrium within the time scale of the pH measurements, so
that the interfacial concentrations of different carbonaceous species can be calculated using
equilibrium constants. Furthermore, pH measurements were also performed under
different conditions to disentangle the relationship between the interfacial pH and other
electrolyte effects. The buffer effect of alkali metal cations is confirmed, showing that
weakly hydrated cations lead to less pronounced pH gradients. Finally, we probe to which
extent increasing mass transport and the electrolyte buffer capacity can aid in suppressing
the increase of the interfacial pH, showing that the buffer capacity is the dominant factor in

suppressing interfacial pH variations.

12 A FO.4

d
N
CO2 content

Hcos7/c0s%~ CO2/HCO3

T T T T T T
-1.0 -0.38 -0.6 -0.4 -0.2 o

Potential (V)

This chapter is based on Liu, X.; Monteiro, M. C. O.; Koper, M. T. M., Interfacial pH
measurements during CO(2) reduction on gold using a rotating ring-disk electrode. Phys.
Chem. Chem. Phys. 2023, 25 (4), 2897-2906.
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3.1 Introduction

The electrochemical conversion of CO; into high value-added feedstocks is believed to be a
promising method to deploy renewable electricity and convert CO; into useful products. To
enhance the reaction activity and selectivity of the electrochemical CO; reduction reaction
(CO,RR) and to suppress the major competing hydrogen evolution reaction (HER),
numerous efforts to catalyst improvement have been made over the past decade.' 2 The
electrolyte composition is also an important factor to be reckoned with.3> CO,RR is
generally carried out in an alkali bicarbonate electrolyte. Alkali cations,®® bicarbonate, %!
and the pH of the electrolyte!?!* are recognized to influence both CO,RR and HER
significantly, and all these variables have been reported to influence the interfacial pH.
Therefore, specific information about the near-surface pH is highly desired to better
understand the CO;RR.

Due to the production of OH™ at the interface in neutral and alkaline media (egs 1-2),

CO; reduction: CO, + H,0 + 2e™ < CO+ 20H™ (1)

Water reduction: 2H,0 + 2e~ < H, + 20H~ (2)

the thermodynamics and kinetics of both CO,RR and HER change with pH.'> ®Moreover,
there is also a sequence of pH-dependent homogenous reactions taking place, as displayed
in Eqs 3-6:17:18

Hydration of COy: CO, + H,0 < HCO3 + H* (3)
Hydroxylation of CO,: CO, + OH™ < HCO3 (4)
Protolysis of HCO;™: HCO3; < CO%  +H* (5)
Hydrolysis of HCOs™: HCO3 + OH™ < C0%™ + H,0 (6)

These homogeneous reactions primarily function as buffer reactions, as CO, and HCO3™ can
partially consume OH™ generated from CO2RR and HER. Still, because of mass transport
limitations, OH™ accumulates near the electrode interface, leading to a higher interfacial pH
than the bulk value.’®?! As a result, the interfacial pH determines the interfacial CO,
concentration, which is directly connected with the CO,RR rate. Moreover, the local high
OH" concentration affects the local cation concentration, by electroneutrality. *> 22 This local
cation concentration has a strong influence on both the CO,RR and HER rates: alkali cations
have been proposed to stabilize certain intermediates of CO,RR® and HER, > 26 buffer the
interfacial pH” 2% and modify the local electric field.?* 2°> The activity for CO,RR and HER has
been reported to increase in the order Li* < Na* < K* < Cs*, which has been attributed to a
larger accumulation of Cs* at the reaction interface” 2. Finally, the interfacial pH determines
the local HCO3™ concentration, and this species contributes to the total hydrogen production
through reaction 7: %7
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2 HCO3 + 2e~ «> 2C0%™ + H, (7)

However, since it is difficult to determine the interfacial pH accurately, comprehensive
understanding and deconvolution of pH effects from other electrolyte effects are still
lacking. On account of the decisive role of the interfacial pH, various techniques have been
used throughout the years to measure this key variable,?® with Scanning Probe Microscopy
(SPM) and in situ spectroscopy being the most common ones. Due to the high spatial
resolution that can be obtained, SPM techniques are very good candidates for measuring
the local pH.%*3 Still, depending on, for example, the feedback used for approaching the
surface, pH sensing components may suffer from instability issues. 33> Besides, the probe
can significantly hinder mass transport, leading to an overestimation of the local pH.?
Surface-enhanced spectroscopies such as attenuated total reflectance surface-enhanced
infrared absorption spectroscopy (ATR-SEIRAS) and surface-enhanced Raman spectroscopy
(SERS) are also powerful tools for measuring the local pH, in addition to their ability to
detect reaction intermediates.? 337 Here, the local pH is normally determined by the ratio
of the integrated peak areas between buffer species, i.e. CO, and HCO;5™. It would be a
reliable pH indicator only if the equilibrium between CO, and HCO3™ was indeed established.
However, this is the slowest buffering reaction taking place at the interface, as we will
discuss further below. Other pH-sensitive molecules can also be introduced as pH probes,
though with a risk of perturbing the reactions under consideration. 3%

Developed by Frumkin years ago, the Rotating Ring-Disk Electrode (RRDE) has long been
applied as a powerful electroanalytical tool*® and an ideal real-time detector of products.**
42 Moreover, due to the convective flow of species induced by the electrode rotation, high
rates of mass transport can be well-controlled, facilitating deconvolution of mass transport
effects from other electrolyte effects. Albery and Calvo® performed pioneering pH
measurements using RRDE and developed the corresponding theory as early as 1982. Since
then, RRDE pH measurements have been applied to different electrochemical systems.*+4
Still, the accuracy and sensitivity of the RRDE pH sensor is highly dependent on the pH-
sensitive material. Zhang et al.*’ reported pH measurements based on RRDE using the peak
potential of CO oxidation on a Pt ring as pH indicator during CO2RR on the disk. However,
there are multiple factors affecting the oxidation of CO on Pt, making it complicated to
interpret shifts of the peak potential solely in terms of pH effects.3% %8 More recently, Tackett
et al.*® reported a simulation model incorporating electrochemical and buffering reactions
to quantify the relationship between the interfacial pH near the ring and the disk electrode
of RRDE during CO,RR. However, each pH data point was measured by recording the open
circuit potential (OCP) of an IrOx-modified ring for 120s, so that the sensitivity and time
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resolution of their pH sensor was limited. Besides, the response of the IrO4 pH sensor is
largely dependent on the thickness and oxidation state of the IrO, film*® and the working
conditions, e.g., current density. ** As a result, only a few pH data points were obtained
under steady-state chronopotentiometry conditions on the disk.

To overcome limitations in previous pH measurements, we have developed a highly
sensitive voltammetric pH sensor, based on the 4-hydroxylaminothiophenol/4-
nitrosothiophenol (4-HATP and 4-NSTP) redox couple, whose peak potential shows a
Nerstian shift with pH over a broad pH range.?% 3132 The time scale of the pH sensor depends
on the scan rate with which the redox couple is measured. In this work, the redox couple
was cycled within a 400 mV potential window at 200 mV s7, so that the pH is measured
every 4 s. Recently, we have combined this redox couple to a RRDE system by modifying a
gold ring with the pH probe. Feasibility and versatility of the 4-HATP/4-NSTP modified RRDE
pH probe in different electrolytes were validated by measuring the interfacial pH during
HER on a gold disk.*> Here, we apply the RRDE pH probe to estimate the interfacial pH
during CO2RR on a gold electrode. Coupled with the highly sensitive and stable voltammetric
pH sensor (4-HATP/4-NSTP), with RRDE we can record the variation of interfacial pH in a
broad potential range with high accuracy. We have compiled the advantages of our pH
sensor compared to previous literature in the Supporting Information (Table S1). Because
of the good time resolution of our sensor, we can test the level of equilibration of the
homogeneous buffer reactions during cyclic voltammetry. This uniqgue method provides a
definite correlation of interfacial pH with mass transport, and other electrolyte effects such
as ionic strength and cation identity. Our measurements in different electrolytes prove the
buffering effect of cations, and show how the role of mass transport and buffer capacity on
CO2RR is closely related to interfacial pH changes. We will argue that the insights obtained
here are relevant to other electrode materials and geometries as well.

3.2 Experimental section

Chemicals and Materials. Electrolytes were prepared using ultrapure water (>18.2 MQ cm,
Millipore Milli-Q) and the following chemicals: Li,CO3 (>99.999%, trace metal basis, Thermo
Fisher), NaHCOs (>99.7%, metal basis, anhydrous, Alfa Aesar), KHCO; (>99.9%, metal basis,
Alfa Aesar), Rb,CO3 (>99.8%, metal basis, Merck), NaClO4(H,0)x (>99.99%, trace metal basis,
Sigma-Aldrich), H,SO4 (96%, Merck, Suprapur). All carbonate and bicarbonate electrolytes
were pre-purified in Chelex (particle size: 50-100, Merck) overnight to eliminate possible
metal impurities >°> and purged with either Ar (6.0 purity, Linde, 20 min) or CO, (4.5 purity,
Linde, 20 min for bicarbonates and 1h for carbonates) before experiments. All the
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electrochemical experiments were conducted with a 4-channel Biologic potentiostat (VSP-
300) and Modulated Speed Rotator (Pine Research) in a home-made single compartment
electrochemical cell. The electrochemical cell and other glassware were kept in KMnO,
solution (1 g L' KMnOy in 0.5 M H,S0,) overnight and then immersed in dilute piranha
solution to remove the generated MnOy and the residual KMnO,. Before using, they were
rinsed and boiled with ultrapure water five times. A ring-disk electrode (Au ring and Au disk,
E6/E5 ChangeDisk, Pine Research), a Au wire (0.5 mm diameter, MaTeck, 99.9%) and a
Ag/AgCl electrode (RE-1B, 3 M NaCl, Biologic, inserted in a Luggin capillary) were used as
working electrode, counter electrode and reference electrode, respectively. Before being
put in contact with the electrolyte, the Au counter electrode was flame annealed using a
butane torch.

Preparation and modification of the electrodes. After inserting the Au disk (5.0 mm
diameter) in the Au ring matrix, the RRDE tip was polished with 3 pm, 1 pm, 0.25 um
diamond suspension (MetaDi, Buehler), respectively, and sonicated in ethanol and
ultrapure water for 5 min in between polishing steps. Before measurements, both ring and
disk electrodes were characterized in Ar-saturated 0.1 M H,SO4 by cyclic voltammetry at
100 mV s between 0 and 1.75 V vs RHE (see Figure S1a in the Supporting Information). The
electrochemical surface area (ECSA) of the disk electrode was calculated by the ratio of the
charge of the Au oxide reduction peak and the charge density of a Au oxide monolayer (386
uC cm™). Then, the Au disk was changed into a Teflon counterpart and the RRDE tip was
dippedinto a1 mM 4-NTP (4-nitrothiophenol (4-NTP, Merck, 80%) dissolved in ethanol (96%,
absolute, VWR) solution for 20 min, during which the thiol-containing compound would self-
assemble as a monolayer on the Au ring electrode. After that, the tip is rinsed with ethanol
and water respectively, and dried in a N flow. The Au disk was reassembled carefully and
the 4-NTP on the ring was further converted to the pH sensing redox couple 4-NSTP/4-HATP
via cyclic voltammetry in 0.1 M H,SO4from 0.68 to 0.11 V vs RHE at 100 mV s™L. The lower
vertex potential of 0.11 V vs RHE is set so that the conversion efficiency is maximized (see
Figure S1b-d).

RRDE pH measurements. The Au disk was cycled from 0 to —1.0 V vs RHE in different
electrolytes with a 2 mV s™* scan rate while the cyclic voltammograms of the 4-HATP/4-NSTP
pH sensing couple were continuously recorded with a scan rate of 200 mV s™1. The potential
window was adjusted when necessary, as the interfacial pH increased. Specifically, the
cycling range on the ring in CO,-saturated bicarbonate (pH 6.8) was kept to be —0.25 V to
0.15 V vs Ag/AgCl until the potential on the disk reached —0.5 V vs RHE. It was then changed
to —0.35 V to 0.05 V vs Ag/AgCl when the interfacial pH was around 9. To avoid any
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interference from oxygen, the gases (CO, or Ar) were continuously purged into the
electrolyte during the measurements. Details of the calculations of the interfacial pH are
given in the Supporting Information.

3.3 Results and discussion

Interfacial pH measurement with RRDE. The details of using RRDE with the voltammetric
pH sensor on the ring are given in our previous paper *? and in the Supporting Information.
Briefly, the interfacial pH measured at the ring can be converted to the corresponding
interfacial pH at the disk using the equations developed by Albery and Calvo, also taking
into account the buffering reactions taking place in the electrolyte. The relevant
mathematical equations are given in the Supporting Information, as well as a discussion of
the expected accuracy of the calculated disk pH. We also note that our aim with this method
is not to claim absolute accuracy of individual pH values (also because in reality the pH near
the disk is not a constant as there is not a perfectly homogeneous current distribution), but
rather to evaluate semi-quantitative changes in the interfacial pH values during cyclic
voltammetry in different electrolytes with different parameters, such as buffering strength,
cation identity, and rate of mass transport. As mentioned in the Introduction, the very
distinct advantage of using RRDE for performing such measurements is that in this setup,
the pH measurement does not disturb the interfacial environment as the pH probe is
remote from the interface itself (a typical diffusion layer thickness under our conditions is
12.24 um (detailed calculation in the supporting information), while the ring electrode is
1.5 mm away from the disk electrode.). Therefore, we expect the results to be identical to
configurations where the pH probe is absent.

Variation of the interfacial pH during CO,RR. The interfacial pH of the Au disk is measured
while cycling the electrode slowly at 2 mV s~ from 0 to —1.0 V vs RHE. The increase in current
density with potential leads to an increasing generation of OH™ near the surface of the
electrode (Figure 1a). As a result, the interfacial pH rises considerably with current density
(Figure 1b), despite the high electrode rotation rate (2500 rpm) and the buffering from both
CO; and HCOs™. According to the pH recorded, the potential and current density range from
Figure 1 can be divided into two regions, each dominated by a different buffer. At less
negative potentials and lower current densities (red shaded region in Figure 1), only a small
change in pH is detected and the interfacial pH stabilizes around 7 (bulk pH 6.8). With the
rise in current density at around —0.5 V, the pH increases drastically from 7 to 9, suggesting
a change in interfacial environment. At even more negative potentials and current densities

(blue shaded region in Figure 1), the pace of the pH variation slows down again despite the
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high and increasing current. This is in agreement with the results from Tackett et al.**,
though our measurements have a higher resolution owing to the advantages mentioned
above.

There are two buffers in CO,-saturated bicarbonate electrolyte: according to the
Henderson-Hasselbalch equation (pH = pK, + log([A"]/[HA], where HA is the acid and A" is
its conjugated base),* the buffer range of CO/HCO;™ is 5.35-7.35 (pK ¢o, /uco; = 6-35),
while it is 9.33 - 11.33 for HCO37/COs*" (pK HCO3,/C03~ = 10.33). Once the interfacial pH
during CO2RR exceeds the buffer range, [HA] is too low and the buffer breaks down.
Therefore, the increase of interfacial pH from 7 to 9 marks the breakdown of the CO,/HCO5~
buffer and the onset of the HCOs7/COs? buffer. Since the interfacial pH influences the
corresponding reactions and their kinetics (see Introduction), this substantial pH change is
expected to be a turning point for both the homogenous reactions and the electrochemical
reactions.

Equilibrium of the homogenous reactions. As mentioned above, the CO,/HCO3™ couple
buffers through either the hydration or hydroxylation pathways (Egs. 3-4), while HCO5~
/COs? buffers through either the protolysis or the hydrolysis pathways (Egs. 5-6). 17 18 By
comparing the reaction rates given by Egs. 8-11,

ry; = k3 [COy] (8)
4y = kyy [COZ][OHT] ©)
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Figure 1. a) Variation of the interfacial pH recorded during cyclic voltammetry in CO,-saturated 0.1
M NaHCOs at 2 mV s and a rotation rate of 2500 rpm: the solid line is the current density with the
forward and backward scans in black and grey, respectively, while the red and pink curves refer to
the corresponding interfacial pH during the forward and backward scan, respectively. b) Interfacial
pH as function of the logarithm of the current density during the cyclic voltammetry from a).

Potentials in all figures have been converted to the RHE scale using the bulk pH.
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rsy = kg [HCO3] (10)
e+ = Ko [HCO3] [OHT] (11)

the hydration reaction (Eq. 3) is the main buffering reaction in the CO,/HCO3™ working
region here (at pH 5-7), while the hydrolysis pathway (Eq. 6) dominates in the HCO37/CO3%~
buffering region here (at pH 9-11) (ks to ke: have been reported as 0.037 s, 2.23x10% M1s-
1,59.4 s 6.0x10° Ms?, respectively).’®

Based on these rate constants, the equilibrium between HCOs;™ and COs? should be
established within microseconds,'”-2° while it takes on the order of 10 s to reach equilibrium
for the CO,/ HCO;~ buffer at pH 5.35-7.35 due to the slow hydration of CO, (these
equilibration times are estimated from literature parameters. 7). During the measurements,
a slow scan rate of 2 mV st is applied to the disk electrode to minimize the disturbance of
the system and the pH is recorded every 4 s, which is compatible with this timescale. This
makes it reasonable to assume that all buffering reactions are in equilibrium at this scan
rate. To confirm the validity of this equilibrium assumption, variations of interfacial pH were
recorded as a function of the scan rate of the disk electrode, in CO,-saturated bicarbonates.
As shown in Figure S4b, the interfacial pH increases with the scan rate. However, since
the current density increases with the scan rate as well (Figure S4a), this also contributes to
the increase of interfacial pH. To deconvolute the impact from current density and scan rate,
similar experiments were performed in CO,-saturated acidic perchlorates. As shown in
Figure 2, the proton reduction reaction reaches its diffusion limited plateau (Figure 2a) from
—0.6 V vs RHE. The current densities of these diffusion-controlled plateaus are independent
of scan rates, so that interference from current density is avoided. Besides, the
corresponding interfacial pH of these plateaus is around 7 (Figure 2b), which is within the
buffer range of CO,/HCO5~, making the plateau a window to study the CO, hydration
pathway at different time scales (using different scan rates). As the scan rate is increased
from 2 mV s to 20 mV s, no obvious change in the interfacial pH plateaus is found, in
agreement with the corresponding current density plateaus. However, at scan rates higher
than 10 mV s, the first few data points of interfacial pH, recorded just before reaching the
plateau, are slightly higher, which indicates that the homogeneous reactions have not yet
reached equilibrium. This agrees well with the relaxation times mentioned above: it takes
~12 seconds (3 data points, corresponding to 24 mV for 2 mV s, but to 120 mV for 10 mV
s71) for the interfacial pH to equilibrate to the plateau value (pH = 7). For scan rates lower
than 5 mV s72, this slow equilibration is not observed, demonstrating that the homogeneous
reactions can be considered to be in equilibrium in the CO,/HCO3™~ buffering region.
Chronopotentiometry experiments at different current densities were also conducted,

48



Chapter 3

under the same conditions. CO,RR on the disk is turned “on” and “off” every 2 minutes
while the variation of pH is constantly measured at the ring. Since CO,/HCOs™ buffers until
pH 7.35, according to Figure 2c, CO,/HCO;5™ buffers when the current density is smaller than
2.8 mA cm™ (pink region), while HCO37/COs% buffering becomes dominating thereafter. At
current densities between 0.3-2.3 mA cm™ an initial increase of the interfacial pH is
observed, followed by a decrease reaching a plateau. This is highlighted in the insets of
Figure 2c. This illustrates that CO,/HCO5™ takes a few seconds to equilibrate and, remarkably,
this process is recorded by the pH sensor. In fact, this transient increase in local pH has also
been detected using SECM in our previous work.?° By contrast, for HCO3~/ COs%~ buffering
region (current density equal or higher than 2.8 mA cm™), such transient increase is not
expected, as the HCOs™/ COs%"equilibrium is reached within microseconds. However, we
could not observe that in the data here due to the disturbance caused by H, bubbles at
these currents.

Speciation of the electrolyte at the CO2RR interface. As CO; is continuously purged into the
electrolyte during the measurements, the total carbon concentration (TC, Eq. S7 in the
Supporting Information), which is the sum of the concentrations of the intrinsic
(bi-)carbonate electrolyte and the saturated CO, concentration from extrinsic bubbling,
stays constant.>? However, the distribution of the various carbonaceous species (i.e. CO,,
HCOs', and COs?) near the surface alters as a function of the interfacial pH, which is in turn
a consequence of the CO,RR and the concurrent homogeneous reactions. As the
homogeneous reactions can be considered to be in equilibrium, the interfacial
concentrations of the carbonaceous species can be obtained by working out the equilibrium
equations (Egs. S8-S10 in the Supporting Information), so that variation of these
concentrations during CO,RR can be traced in real time (Figure 3). In the CO,/HCO3~
buffering region, the concentration of CO; decreases sharply as it is consumed both as an
electrochemical reactant and as a buffer reagent. The concentration of HCO5™ increases,
while there is only a trace amount of COs>". As the interfacial pH rises, the interfacial CO,
becomes exhausted, the concentration of HCO3™ near the electrode starts to decay, while
the concentration of COs%"increases, as illustrated in Figure 3. Noteworthily, the depletion
of interfacial CO;, by the end of the CO,/HCO;™ buffering region does not mean that the
CO4RR is diffusion limited. Instead, as a bifunctional species, a significant amount of CO; is
consumed by the buffering reactions instead of by CO,RR. For every CO, molecule reduced,
two OH™ are produced, which consume CO, for buffering. Simultaneously, the competing
water reduction reaction also produces 20H™ and consumes CO; for buffering. This self-
consumption of CO, largely limits the reaction rate of CO3RR, which explains why the
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reaction never reaches its theoretical diffusion limited current density (101.4 mA cm™ in
the case of 2500 rpm, detailed calculations are in the Supporting Information). This is a key
intermediate conclusion, which we have drawn previously and now have quantitative pH
data supporting it: >2 under conditions of high mass transport, CO,RR is never close to being
mass transport limited. All relevant mass transport effects under these conditions are
related to interfacial pH gradients. Therefore, the local concentrations of the carbonaceous
species can be estimated from the local pH.

Interfacial pH and mass transport. Previous work has shown that the faradaic efficiency of
CO2RR on Au increases with rotation rate, mainly because of suppression of the competing
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Figure 2. a) Cyclic voltammograms in CO,-saturated 30 mM NaClO, (pH=3, acidified with 1mM
HClO,) at different scan rates. b) Variation of the interfacial pH as a function of potential during
the cyclic voltammetry from a). c) Variation of the interfacial pH during chronopotentiometry in
the same electrolyte, where CO,RR on the disk electrode is turned “on” and “off” at different
current densities (shown above the plot, in mA cm™) every 2 minutes. The rotation rate of RRDE

is 2500 rpm.
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Figure 3. Variation of concentrations of carbonaceous species with a) potential and b) logarithm of
the current density. The concentrations are calculated from the measured pH from Figure 1, using
the equilibrium equations. TC is the total concentration of all the carbonaceous species. The black
curve reports the measured pH and the red shades the concentrations of each species normalized
to TC.
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water reduction reaction. 1! A decrease in the interfacial pH by enhanced mass transport
has been assumed to be the underlying reason, since the water reduction reaction is
favored by alkalinity.*> >3 To verify this effect, variation of the interfacial pH is recorded
under different rotation rates. The results show that the interfacial pH lowers by one unit
as the rotation increases from 1000 rpm to 2500 rpm (Figure 4b-c), as the OH™generated by
CO2RR and HER is transported away from the interface faster with the increasing rotation
rate. Itisillustrated that increasing mass transport decreases the interfacial pH, and thereby
enhances the selectivity towards CO;RR by slowing down the water reduction reaction. This
explains the subtle change of total current density with increasing rotation rate (Figure 4a):
both CO,RR and water reduction are affected by the decreased interfacial pH. The water
reduction reaction is slowed down while CO,RR is slightly favored.?® Remarkably, as a result
of the fast generation of OH~, the interfacial pH is still 4 units larger than the bulk value
under the highest rotation rate, highlighting the large difference between the interfacial
environment and the bulk phase, and the relatively limited effect that enhancing mass
transport has in suppressing this difference.

Interfacial pH and buffer capacity. As mentioned before, the concentration of bicarbonate
buffer is expected to strongly affect the interfacial pH. To probe the variation of the
interfacial pH in electrolytes with different buffer capacities, measurements were
performed in CO,-saturated bicarbonate electrolyte containing different bicarbonate
concentrations. The cation concentration is kept constant at 0.5 M by adding appropriate
amounts of sodium perchlorate, to deconvolute the effects from bicarbonate and cation
concentration. Figure 5a shows that the current density is largely enhanced with increasing
bicarbonate concentration, which is primarily due to the increasing bicarbonate reduction
(Eq.7). ¥ still, thanks to the competent buffer ability of bicarbonate, the interfacial pH
decreases significantly from 11 to 9 in the HCOs7/ COs% buffering range with increasing
buffer capacity (Figure 5b), even with more OH™ generated from the higher current density.
This is in agreement with the results from Tackett et al.*>: the variation of the interfacial pH
becomes less pronounced and less intense in 0.5 M KHCOs. When plotting as a function of
current density (Figure 5c), the decrease of interfacial pH with increasing buffer capacity is
even more pronounced. Instead of a sudden change in pH as observed in a weakly buffered
environment, the variation of pH happens at a lower rate with a higher concentration of
bicarbonate. Figure 5d displays the evolution of the relative concentration of CO2 compared
to total carbon with current density. Despite a similar interfacial concentration of CO2 at
low potentials, compared with more weakly buffered electrolytes, the pH in strongly
buffered electrolytes evolves much slower, so the exhaustion of interfacial CO2 is
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postponed. Importantly, by comparing Figures 4 and 5, we can conclude that a suppression
of interfacial pH gradients is more effectively achieved by buffering than by improving mass

transport. However, as mentioned above, a higher bicarbonate concentration will also
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Figure 4. a) Cyclic voltammograms under different rotation rates in CO; saturated 0.1 M NaHCO;
at 2 mV s7L. Variation of the interfacial pH as a function of b) potential and c) the logarithm of the

current density during the cyclic voltammetry from a).
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promote H; production, due to Eq.7, and hence the FE towards CO,RR products may still be
negatively affected.

Interfacial pH and cation effect. As mentioned in the Introduction, the rate of CO,RR varies
with different alkali cations, which has been suggested to be related to their different
buffering ability.® To verify this, the interfacial pH is monitored during CO,RR in CO,
saturated bicarbonates with different alkali cations. The current density here increases in
the order: Li* < Na* < K* < Rb* < Cs* (Figure 6a), in agreement with the results reported in the
literature. This increase from Li* to Cs* is ascribed to the enhancement of both CO,RR and
HER, due to a stronger tendency to interact and stabilize the negatively charged reaction
intermediate of CO,RR and HER and a higher interfacial concentration of Cs*. ®*° The results
in Figure 6b show that the interfacial pH decreases from Li* to Cs*, demonstrating the
different buffering effect of the cations with high sensitivity and pH resolution. According
to Singh et al,? the buffering ability of cations originates from the hydrolysis of the water
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Figure 6. a) Cyclic voltammograms in 0.1 M CO,-saturated bicarbonate electrolytes with different
cations, at 2 mV s™! and a rotation rate of 2500 rpm. Variation of the interfacial pH as a function of b)
potential and c) the logarithm of the current density. d) The calculated concentrations of CO, during

the cyclic voltammetry from a).
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molecules from the cation’s hydration shell: once the pH around the cation reaches its pKa,
a hydronium ion will be generated. However, the trend in Figure 6b is clearly less
pronounced compared to, for example, the effect of the bicarbonate buffer. Further
increase of pH at high current densities is found for Li* and Na* (Figure 6c), attributed to a
breakdown of the weak buffering capacity of Li* and Na* compared with the other cations.
The variation of CO, concentration is shown in Figure 6d. Starting at a nearly identical
initial value, a larger cation such as Cs* exhibits a stronger resistance to the pH variation,
leading to a longer retention of the interfacial CO, concentration.
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Figure 7. a) Cyclic voltammograms in CO,-saturated electrolytes with different concentrations of Na*
at 2 mV s7! and a rotation rate of 2500 rpm. b) Variation of the interfacial pH as a function of the

logarithm of the current density during the cyclic voltammetry from a).

To further test the buffer ability of alkali cations, the same experiments were conducted in
a 0.1 M bicarbonate electrolyte with independently increasing the concentration of Na* by
adding NaClO4. The results illustrate that the current density increases with the cation
concentration while the interfacial pH decreases by the enhanced buffering ability (Figure
7a-b). However, comparing Figure 7 to Figure 5, the effect is clearly less than the effect of a

III

“real” buffer like bicarbonate.

3.4 Conclusions

In this work, we have studied the variation of the interfacial pH during CO,RR using a real-
time pH sensor based on RRDE, which has been employed to follow the interfacial pH as a
function of various electrolyte parameters. CO,RR and HER lead to accumulation of OH~
near the electrode while the concurrent homogenous (buffer) reactions resist the

corresponding pH changes.
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It is observed that at low current density, the interfacial pH is close to 7, whereas with
increasing current density there is a quick shift to an interfacial pH near 10-11, as expected
from the pK.'s of the two buffers. Scan rate dependent experiments show that the
equilibrium of the CO,/HCO3™ buffer is reached within ca. 10 s, such that at low scan rates
(~2 mV s71) the buffering reactions can be considered in equilibrium and therefore the
interfacial concentrations of different carbonaceous species can be calculated from the
measured interfacial pH using equilibrium expressions. The experiments show that
increasing mass transport, buffer capacity and the size and concentration of the cation can
all help suppressing pH gradients near the electrode surface. Still, increasing buffer capacity
has by far the largest effect. Increasing mass transport is not as efficient in resisting
interfacial pH changes; in fact, the effect of mass transport by changing the disk rotation
rate appears to be the smallest, at least in our experiments. The interfacial pH is still as high
as 11 under strong forced convection (2500rpm). Moreover, CO,RR may not benefit from
increasing buffer or cation concentration, since the competing HER is typically more
enhanced by that than the CO,RR.

We chose here to study a relatively simple system (Au electrocatalyst, producing only CO
and H,) so that we could fully focus on the influence of the electrolyte parameters.
Complementing previous work from our group regarding electrolyte effects on CO;
reduction on gold, which have been summarized in a recent review,? this study provides
valuable new qualitative and quantitative insights on the role of the interfacial pH in the
competition between CO, reduction and HER, and how it is affected by electrolyte
properties. A key conclusion is that at on the (R)RDE, CO; reduction is never mass transport
limited. The relevant concentration gradient in the system is built up due to the pH gradient
existing between the electrode and the bulk electrolyte, and the most effective way to
control this gradient is by buffering, not by improving mass transport. We expect this
conclusion to be general, and transferable to more practical electrode geometries, such as
gas diffusion electrodes. This conclusion should also be applicable to Cu electrodes at similar
current densities and electrolyte conditions. Although the RRDE setup requires the use of a
flat electrode, we have shown previously how learnings on the RDE can help in interpreting
results obtained with a nanoporous electrode.>*

Summarizing, our research illustrates a remarkable difference between the interface and
the bulk, even under strong forced convection. The 4-HATP/4-NSTP modified RRDE pH
probe functions as an effective tool to probe the interfacial environment, which can also be
applied in other electrochemical reactions. The cation effect, anion effect, and buffering
effects and their influence on the local pH, are strongly coupled with each other, and the
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RRDE pH probe presented here offers an excellent means for their deconvolution.
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