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Determination of local pH in CO, electroreduction

Tiantian Wu, 2 #° Hangyu Bu,? Shuaikang Tao® and Ming Ma () *

The electrocatalytic conversion of CO, and H,O into fuels and valuable chemicals has gained significant
interest as a prospective method for the storage of renewable energy and the utilization of captured CO..
In the process of electroreduction of CO,, pH near the surface of the electrocatalysts plays an important
role in the catalytic selectivity and activity. However, to elucidate the local pH effect on the fundamental
reaction mechanism and modify the catalytic CO, reduction performance, the localized pH determination
method is highly desirable. In this minireview, we present the recent advances in the strategies of the
local pH probe for CO, electrolysis in both H-type cell reactors and GDE-type flow electrolyzers, followed
with a better understanding of the local reaction environment in CO, reduction. Additionally, pertinent
advantages and drawbacks of the different localized pH probe techniques are discussed, and perspectives

rsc.li/nanoscale

1. Introduction

The electrochemical CO, conversion has emerged as a promis-
ing avenue for the production of valuable chemical com-
pounds and utilization of captured CO, wunder mild
conditions.’™ In this process, the anthropogenic carbon cycle
can be closed by coupling with renewable electricity. In the
past few decades, most of the CO, reduction studies have been
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on future research efforts are also provided in this minireview.

focused on developing efficient and stable electrocatalysts for
selectively converting CO, into a desired product through
engineering the catalysts such as modulation of crystal
facets,"*™® compositions’*>° and morphology’>'>* of the
catalyst surface. The notable advancements in the enhance-
ment for selectivity and activity of CO, electrolysis have been
made by engineering the catalysts. However, the performance
of CO, reduction technology, particularly in the case of CO,
reduction to multi-carbon products, still cannot meet the
requirements for large-scale utilization.>>*

In addition to the strategy of engineering the catalysts, the
local reaction environment near the surface of the catalyst,
such as ionic species*** and pH**™** also plays a critical role
in the formation of the intermediates during CO, reduction,
correspondingly influencing the formation of final products.
Among these local environment factors, pH should be the
mostly investigated local parameter, due to that pH in the
vicinity of the catalyst surface is linked to the formation of
some key intermediates, and the coverage of key intermediates
determines the reaction pathways toward the products. For
instance, it has been demonstrated that the acetate formation
is strongly correlated with the local pH owing to that OH™ can
react with ketene to form acetate via a homogenous solution
reaction.”"*!

During electrolysis, the local pH near the cathode surface
increases due to the formation of OH™ that is a by-product in
both CO, reduction and competing H,O reduction, as shown
in Table 1. The production rate of OH™ via the cathodic reac-
tions is linearly correlated with the current densities.”® The
accumulation of the produced OH™ creates a higher local pH
in comparison with bulk pH during electrolysis in traditional
H-cell reactors. To the best of our knowledge, Hori et al

This journal is © The Royal Society of Chemistry 2024
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Table 1 Electrocatalytic CO, reduction with equilibrium potentials*2

Cathodic reactions Vvs. RHE
2H,0 + 2~ — H, + 20H"~ 0
CO, + H,0 + 2e~ — CO + 20H" —0.11
CO, + H,0 + 2~ - HCOO™ + OH™ —0.12
CO, + 5H,0 + 6e” — CH;0H + 60H"~ 0.03
CO, + 6H,0 + 8¢~ — CH, + SOH™ 0.17
2CO, + 5H,0 + 8¢~ - CH,COO™ + 7OH™ 0.11
2CO, + 8H,0 + 12¢~ — C,H, + 120H" 0.08
2CO, + 9H,0 + 12¢” — C,H;OH + 120H" 0.09
2CO, + 10H,0 + 14e~ — C,Hg + 140H~ 0.14
3CO, + 13H,0 + 18¢~ — C;H,OH + 180H" 0.1

initially proposed that local pH at the electrode/electrolyte
interface had an impact on CO, reduction in 1989, and
showed the influence of local pH on product distribution such
as C,H,, H, and CH, on Cu surface.”® To prove the local pH
effect, the different electrolytes such as KClO,, KHCO; and
KH,PO, were employed for evaluating the catalytic perform-
ance of CO, electrolysis in the early investigations.***> The
different electrolytes were used owing to the discrepancy in
their buffer capability under identical concentration. For
instance, K,HPO, electrolyte has a strong buffer action (i.e. low
value of pK, for HPO,>”), which can neutralize the produced
OH™ readily, maintaining the local pH at relatively low value.
The pK, of HCO;™ is larger than that of H,PO,>” under same
concentration, thus KHCO; has a weaker buffer action than
K,HPO,. Whereas ClO,~ has no buffer action, KClO, cannot
neutralize OH™, resulting in a relatively high pH value near the
catalyst surface under identical conditions. By these different
electrolytes, it was shown that a high local pH formed during
CO, electrolysis inhibits H, evolution reaction and CH, for-
mation, thus enhancing C,H, selectivity simultaneously. In
contrast, the low pH favors H, formation.

Afterwards, many researchers have concentrated on the
local pH effect on CO, reduction. Particularly, the high selecti-
vity in electrocatalytic CO, reduction on nanostructured elec-
trocatalysts was generally thought to be partially linked to the
high local pH created via the following reasons.”*®™> Firstly,
nanostructured morphology normally offers large electro-
chemical surface area that enables to achieve high current den-
sities, namely, high production rate of OH™ according to
Table 1. For instance, the high surface roughness of nano-
structured surface gives more active sites, which corresponds
to larger current densities in comparison with the planar
surface under identical conditions,*>*** leading to an
increase in local pH for nanostructured catalysts.*®
Additionally, the limitation of ionic transport inside nano-
structured morphology results in an accumulation of the gen-
erated OH™ locally near the cathode, creating a high local
pH.”*” It has been demonstrated that faradaic efficiency (FE)
for CO on flat Ag foils follows the order of KClO, > KHCO; >
K,HPO, (Fig. 1a), which implies that the local pH may play an
important role in the reduction of CO,.*” In contrast, almost
equal FE for CO on porous-like nanostructured Ag was found
in the two different electrolytes (Fig. 1b). This finding was
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Fig. 1 Faradaic efficiencies for CO and H, on flat Ag foil (a) (c) and
porous-like nanostructured Ag (b) (d) at various potentials in 0.1 M
K>HPO,4, 0.1 M KHCO3 or 0.1 M KCIO, (all electrolytes were saturated
with CO,), respectively. This figure has been reproduced from ref. 47
with permission from John Wiley and Sons, copyright 2016.

likely linked to that the confined diffusion process in nanopor-
ous Ag catalysts hinders the neutralization reaction for OH",
giving rise to a high local pH that is unfavorable for H, evol-
ution even in 0.1 M K,HPO, in comparison with that in flat Ag
surface (Fig. 1c and d).

Understanding and controlling the local pH effects plays an
essential role in optimizing the performance of electro-
chemical CO, reduction catalysts. However, for getting better
mechanistic understanding of the local pH effect on the cata-
lytic selectivity and activity of CO, reduction, it is highly sig-
nificant to measure the local pH value over reaction con-
ditions. Great effects have been devoted into the localized pH
measurement in the vicinity of the cathode during electro-
chemical CO, reduction. In this minireview, we summarize the
recent progress of pH measurement methods (Table 2) for
quantifying the pH near the cathode of CO, electroreduction
in both H-cells and flow-electrolyzers with gas diffusion elec-
trodes (GDEs), and discuss the pertinent challenges of
different techniques. Additionally, the progress of reaction
mechanism is also discussed on the basis of local pH
determination.

2. Local pH measurement in H-type
cell

In the past decade, the majority of the CO, reduction research,
including development of high-performance electrocatalysts
and the fundamental understanding studies, has been per-
formed in H-type cell reactors that are filled with CO,-satu-
rated electrolytes. Correspondingly, most of the local pH
measurement techniques were also based on H-type cell reac-
tors (Fig. 2a), thus we introduce the localized pH measurement
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Table 2 Overview of various methods for local pH measurement in CO,/CO electrolysis
Techniques Current density Reactant Reactor type Electrolyte Ref.
SEIRAS CO, H-cell CO,-saturated 0.1 M bicarbonate 56 and 57
SEIRAS 0-120 Am cm ™2 CO, H-cell CO,-saturated 0.2-1 M phosphate buffer 58
RRDE 5-15 Am cm > CO, H-cell CO,-saturated 0.1 M bicarbonate 51
SECM CO, H-cell Ar or CO,-saturated 0.1 M Li,SO, 59
Raman 0-120 Am cm™> CO, Catholyte-flowing GDE electrolyzers 1 M KOH 68
Raman 0-200 Am cm ™ CO,, MEA reactors 3 M KHCO; 69
CLSM 0-100 Am cm > CO, Catholyte-flowing GDE electrolyzers 0.1 M KHCO; 39
CO, capture 0-250 Am cm™> CO Catholyte-flowing GDE electrolyzers 1 M KHCO; 41
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Fig. 2

Potential vs RHE (V)

(a) Schematic illustration of H-cell for Raman spectroscopy with Au working electrode. Inset: A SEM image of the Au film on Si. (b) Measured

surface pH in CO,-saturated 0.5 M NaHCOs under stirring (open squares) and without stirring (solid squares), respectively. This figure has been
reproduced from ref. 57 with permission from American Chemical Society, copyright 2018. (c) Schematic illustration of buffer reactions, pH gradient,
and probed area SEIRA. (d) Experimentally probed and (e) simulated local pH as a function of phosphate buffer concentration and current density.
This figure has been reproduced from ref. 58 with permission from American Chemical Society, copyright 2019.

methods at low current densities in this section: (i) in situ
infrared (IR),”®® (ii) rotating ring-disk electrode technique
(RRDE)*" and (iii) scanning electrochemical microscopy
(SECM).>®

In situ infrared spectroscopy

In situ spectroscopy techniques including IR and Raman spec-
troscopy can be utilized for probing the pH value locally near
the cathode surface via comparing the relative integration of
pH-sensitive electrolyte species. For instance, carbonate
(CO3*>7) and bicarbonate (HCO;™) at the electrode/electrolyte
interface are commonly treated as pH-sensitive electrolyte
species, detected by IR and Raman spectroscopy. The ratio
between the integrated intensity of the CO;*~ and HCO;~
bands can provide an approximation of their corresponding
concentrations near the cathode surface. The relationship
between pH of the electrolyte and the concentration ratio of

3928 | Nanoscale, 2024, 16, 3926-3935

carbonate/bicarbonate can be expressed by the Henderson-
Hasselbalch equation:

2

PH = pK, + log;, (%) (1)
where pK, and [CO5> ]/[HCO;] are the acid dissociation con-
stant and the concentration ratio of CO,>~ to HCO; ,
respectively.

Before the system experiences a significant perturbation via
current density, potential, electrolyte flow or even gas flow, the
concentrations of CO;>~ and HCO;™ at the interface between
electrolyte and cathode surface should be in equilibrium,
which means that the spectra obtained by in situ spectroscopy
corresponds to equilibrium situation. Thereby, in situ IR or
Raman spectroscopy enables to probe the pH locally near the
surface of the catalysts via the concentrations of CO;>~ and
HCO;™.

This journal is © The Royal Society of Chemistry 2024
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Attenuated total reflectance surface-enhanced infrared
absorption spectroscopy (ATR-SEIRAS) can be used to monitor
the vibrational bands of carbonate and bicarbonate. By com-
paring the integrated areas of the vibrational bands with cali-
bration spectra of known pH values of electrolyte to determine
PH near the surface. The group of Xu employed ATR-SEIRAS to
measure the pH on the surface of Au film cathode at various
potentials in CO,-saturated NaHCO; solutions (as shown in
Fig. 2a).>” As expected, the surface pH is higher than the bulk
PH, and an increase in surface pH was observed at more nega-
tive potentials (Fig. 2b), which is linked to the enhanced pro-
duction rate of OH™ caused by the increased current densities
at more negative potentials. In addition, the un-stirred electro-
lyte experienced a relatively higher surface pH in comparison
with that of stirred one at more negative potentials. This
finding confirms that, with increasing convection, an increase
in mass-transport of ionic species (the transport of bicarbon-
ate towards the surface and the transport of OH™ out of the
electrode surface) results in the enhanced amount of the neu-
tralization reaction near the catalyst surface.

Using ATR-SEIRAS, early work by Cuesta probed the pH at
the gold-electrolyte interface during electrocatalytic CO,
reduction in CO,-saturated 0.1 M MHCO; solutions (M = Li,
Na, K, Cs).>® Authors found that the pH at the interface follows
the trend Li" > Na® > K" > Cs", which is consistent the hypoth-
esis proposed by Singh.” In that hypothesis, it was proposed
that the pK, for cation hydrolysis decreases with larger cation
size, thereby larger cation size could maintain the local pH at
a relatively low value.*

The phosphate electrolytes are frequently used as high
buffer capacity solutions to assess and rule out local pH effects
on the catalytic selectivity. The group of Smith utilized SEIRAS
to explore the buffer capacity and mass transport to cathode of
these electrolytes during CO, electrolysis in H-cell reactors.>®
Depending on the local pH value, the three different phos-
phate buffer species can be transformed with each other
(Fig. 2c). Through monitoring the phosphate buffer species
such as H,PO,” and HPO,>™ near the Cu cathode surface, the
pH value can be determined. Specifically, as shown in Fig. 2c,
in comparison with the diffuse layer’s thickness (30-300 pm),
the electric field that causes the surface enhancement effect
on SEIRA active thin metal electrodes decays over very short
distances (5-10 nm) from the surface, making it possible to
track local species concentrations. After assuming that the
resulting spectra are linearly correlated with the phosphate
species, the pH near the electrode surface was estimated at
various current densities or potentials by comparing the ratio
of phosphate peaks in the sample spectra to the calibration
spectra. For the region of low current density in Fig. 2d, a
small difference between local pH and the bulk pH was found
at high concentration phosphate buffer. The increase rate of
local pH was slower in highly concentrated phosphate buffer
upon increasing current densities, (increase in local pH trend
follows: 1 M < 0.5 M < 0.2 M). As anticipated, the enhanced
concentration of buffer electrolyte considerably influenced the
buffering ability. However, authors found that all concen-

This journal is © The Royal Society of Chemistry 2024
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trations of phosphate experienced a rapid breakdown of pH
gradient in a narrow potential window (Fig. 2e), which indi-
cates that most of CO, reduction studies have been carried out
in mass transport limited configurations in CO,-saturated
solutions.

On the whole, these spectroscopic methods can yield useful
information regarding species concentrations near the elec-
trode surface, but the presence of Infrared or Raman active
species in solution is necessary for these measurements, and
the pH is determined by observing species whose signal
depends on the proton concentration. In addition, if the signal
of species can be influenced by other local reaction environ-
ment factors in addition to proton concentration, the local pH
results may be distorted. Thus, attention should also be paid
to these factors such as electrolytes that may influence the
species when using spectroscopic techniques.

Rotating ring-disc electrode technique

Rotating ring disc electrode provides an in situ pH probe for
quantifying the pH locally. RRDE consists of two electrodes,
namely, a disc electrode in the center of the system that is sur-
rounded by a thin ring electrode (Fig. 3). Early work by Albery
et al. showed the use of the RRDE for measuring proton and
hydroxide fluxes via pH-sensitive ring electrodes.®™®" Initially,
bismuth, bismuth oxide or Pt ring electrodes were used to
quantify the near surface pH from hydrogen evolution and
oxygen reduction. Later work electrodeposited iridium oxide
on the titanium ring, which was used as the pH sensing
material.®>

Recently, the group of Co demonstrated the utilization of Pt
ring for detecting the change of local pH during the course of
CO, reduction in CO,-saturated 0.1 M KHCO,.”" Specifically,
the Pt ring is capable of measuring CO that was produced in
the CO, electroreduction on the Au disc electrode, and the
shift in the CO oxidation peak potential on the Pt ring elec-
trode delivers local pH change (Fig. 3). In other words, the pH-
sensitive peak shift when oxidizing CO on the Pt ring electrode
means that CO oxidation serves as the pH probe reaction. The

Audisc: CO, reduction
COy + Hy0 +2e~ - CO + 20H™

- Pt ring: CO oxidation
CO 4 20H™ —2¢™ — CO, + H,0

Fig. 3 Schematic illustration of rotating ring disc electrode.
Electrocatalytic CO, reduction to CO takes place on Au disc electrode,
and subsequently oxidation of CO into CO, occurs on Pt ring electrode.

Nanoscale, 2024, 16, 3926-3935 | 3929
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advantage of using the product itself as the pH probe in a
RRDE setup is that the process of measurement of surface pH
can be carried out without influencing the electrochemical
reactions that take place on the disc electrode.

Scanning electrochemical microscopy

Alternatively, local pH can also be measured with high spatial
and temporal resolution using scanning electrochemical
microscopy (SECM). Generally, iridium oxide or Pt materials
are employed as potentiometric pH probes, but these materials
could be strongly perturbed via interaction with CO produced
in CO, electroreduction. Thus, it is critical to find a stable pH
probe in the reaction environment of CO, reduction when
using this SECM technique for local pH determination over
CO, electrolysis. Monteiro et al. developed a SECM pH probe
based on a 4-hydroxylaminothiophenol/4-nitrosothiophenol
functionalized Au ultramicroelectrode for quantifying the local
PH on a gold substrate in an argon atmosphere and a CO,
atmosphere, respectively.’® Notably, authors discovered the
local pH could be overestimated in the presence of the pH tip,
owing to that the tip impedes the diffusion of produced
species on the electrode surface. Thus, decreasing the radius
of the tip insulation layer may be required when using SECM
for local pH detection.

In this section, all of the aforementioned localized pH
probe techniques in H-type reactors show a basic reaction
environment near the cathode, which indicates a significantly
limited H' source locally near the cathode. The limited H"
source is unlikely to act as the proton donor in CO, reduction,
thus the proton involved in the electrochemical conversion of
CO, should stem from water, which is consistent with the
recent reports.®* >

3. Local pH measurement in
GDE-based flow cell

In recent years, CO, electrolysis technology has advanced from
the H-type cell reactors that only work at low current densities
(i-e., low reaction rates) to flow electrolyzers with gas diffusion
electrodes (GDEs) that allow for achieving commercially-rele-
vant current densities of CO, reduction. It should be noted
CO, reactant diffuses through the macroporous and micro-
porous layers into the electrolyte, and then a large amount of
CO, can be captured at the cathodic GDE/electrolyte interface
via neutralization reaction with OH™, forming carbonate
(Fig. 4).*>°¢ In comparison with H-type cell reactors, this local
neutralization reaction between CO, and OH™ not only
changes the ionic species and concentration of electrolytes
over the course of electrolysis,”>®® but also complicates the
local reaction environment value near the cathodic GDE
surface in GDE-based flow electrolyzers. For instance, in highly
concentrated alkaline catholyte (such as 1 M KOH), the local
pH was calculated to be much lower than the bulk pH in cath-
olyte-flowing GDE electrolyzers.®” In contrast, in highly con-
centrated neutral electrolyte (such as 1 M KHCO;), the local

3930 | Nanoscale, 2024, 16, 3926-3935
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Carbon
particle

Fig. 4 Schematic illustration of CO, capture at the cathodic GDE/cath-
olyte interface in the form of carbonate via the neutralization reaction
with OH™ during high-rate CO, reduction. This Figure has been adapted
from ref. 41 with permission from Royal Society of Chemistry, copyright
2022.

pH was theoretically simulated to be higher in comparison
with bulk pH.*®

To better uncover the complex local reaction environment
at high-rate CO, reduction, it is necessary to probe the local
pH near the cathodic GDE surface, where the CO, reduction
takes place, in a flow electrolyzer under reaction conditions.
To the best of our knowledge, monitoring the local pH in
GDE-based electrolyzers has been demonstrated using three
methods to date: (i) Raman spectroscopy,®®®® (ii) fluorescent
confocal laser scanning microscopy (CLSM)** and (iii) com-
parison of CO, capture rate.*!

Raman spectroscopy for local pH detection near GDE

Basic principle of the application of in situ Raman spec-
troscopy for quantifying the local pH value during CO,
reduction has been introduced in the previous section. In
order to reveal the pH variation from the cathodic GDE surface
to the electrolyte bulk, Lu et al. designed a special alkaline-
flow CO, electrolyzer that enables in situ Raman spectroscopy
to be carried out under reaction circumstances, as shown in
Fig. 5a.%®

Specifically, carbonate and bicarbonate were used as pH-
sensitive electrolyte species, owing to that the neutralization
reaction of CO, and OH™ near the cathodic GDEs also forms
these species and the two pH-sensitive species have dis-
tinguishable Raman features.®® In addition, the calibration
curves at various standard bicarbonate/carbonate concen-
trations can be drawn using Raman spectroscopy.

In this catholyte-flowing GDE electrolyzers coupled with
in situ confocal Raman spectroscopy, when using 1 M KOH
electrolyte at open-circuit conditions, authors found a domi-
nant bicarbonate (low concentration ratio of CO;>~ to HCO5;™~
in Fig. 5b) near the cathode, which means a nearly neutral
local environment near the cathodic GDE surface (within
20 pm from the surface). This observation is due to the neu-
tralization reaction of CO, and OH™ (Fig. 4), which takes place
locally near the cathodic GDE surface. Upon further increasing
the distance from cathode surface, the concentration ratio of

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Schematic illustration of special GDE-type flow cell with top and side views of the cathode area. (b) Raman spectra recorded at various
distances from the GDE surface at 0 mA cm™2in 1 M KOH. (c) pH profile as a function of the distance from the GDE surface in 1 M KOH at 0 mA
cm~2 (top) and 50 mA cm~2 (bottom). These figures have been reproduced from ref. 68 with permission from American Chemical Society, copyright
2020 (d) Schematic illustration of the zero-gap flow cell. Insert shows how different detection planes were measured using the Raman probe. (e) pH
profile as a function of the distance from the cathode surface at various current densities in 3 M KHCO3. These figures have been reproduced from

ref. 69 with permission from American Chemical Society, copyright 2020.

CO;>” to HCO;~ gradually enhanced (Fig. 5b), indicating an
increase in the pH value at the location that is far away from
the cathode surface (Fig. 5c). Additionally, when performing
CO, reduction at a current density of 50 mA cm™>, an apparent
increase in the pH near the cathodic GDE and a narrow pH
gradient layer were observed in comparison with those in zero
current (Fig. 5¢), which is attributed to the production of OH™
via the cathodic reactions near the cathode surface (Table 1).

In previous studies, the use of alkaline electrolyte solutions
was reported to be able to significantly lower the overpotential
for CO, reduction compared to neutral ones. The Nernst
potential of the aforementioned pH gradient at the cathode/
electrolyte interface elucidates the decrease in the overpoten-
tial when using alkaline electrolytes as compared to neutral
ones.®® In addition, it should be noted that the high local pH
is also linked to carbonate formation via neutralization reac-
tion between CO, and OH™, leading to low carbon utilization
for high-rate CO, electrolysis, particularly in the case of highly
concentrated alkaline catholyte.*>®® Recently, acidic CO,
reduction has been proposed to enhance carbon utilization,
although acidic CO, reduction has an enhanced H,
selectivity.”®”"

To date, membrane electrode assembly (MEA) configuration
represents state-of-the-art performance at commercially-rele-
vant current densities. MEA electrolyser is also referred as
zero-gap electrolyzer, in which a membrane is positioned

This journal is © The Royal Society of Chemistry 2024

between an anode catalyst and a cathode catalyst. In a MEA
configuration with a bipolar membrane using highly concen-
trated bicarbonate electrolyte (Fig. 5d), the group of
Berlinguette showed that an enhancement in the surface pH
from 8.5 to 10.3 with increasing the current density from 25 to
200 mA cm™>.% In addition, the pH experienced a gradual
decrease with moving away from the cathode surface and sub-
sequently reached a bulk pH value after getting the boundary
of the diffusion layer (Fig. 5e).

It should be noted that MEA configuration can lead to
enhanced energy efficiencies via dramatically reducing the
ohmic resistance of the whole electrolyzer. However, in the
MEA configuration, the direct contact between the catalyst
layer and membrane inevitably leads to the effect of the local
environment near the surface of the membrane on the cata-
Iytic performance. The local environment on the membrane
surface is not only determined by the cathodic reactions (pro-
duction of OH7), but also directly linked to the ionic species
transported via the membrane. Currently, the majority of CO,
reduction in the MEA configuration employs anion exchange
membranes that normally transfer anionic species (such as
OH™, and carbonate) from the cathode side to the anode side.
Future work should explore the local reaction environment of
the cathode surface in MEA configuration with AEM, which
can help to elucidate the reaction mechanisms on the surface
of the catalysts.
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Fluorescent confocal laser scanning microscopy

While all the aforementioned methods such as SECM, Raman
and infrared spectroscopy are capable of spatial resolutions
down to the nanoscale level, all these techniques are unable to
map the operando pH of a whole macroscopic sample in three
dimensions. Recent work by Atwater et al. has demonstrated
that fluorescent confocal laser scanning microscopy enables to
provide a platform of mapping of the local OH™ concentration
near the cathodic GDE under reaction conditions in catholyte-
flowing GDE electrolyzers at even commercially-relevant
current densities.*”

In this technique, pH-sensitive color fluorescent is added
into the electrolyte, and a confocal microscopy can probe the
operando local pH near the cathodic GDE surface via monitor-
ing the fluorescence signal under CO, reduction reaction con-
ditions.”” Authors used a combination of two ratiometric fluo-
rescent dyes which are ratiometric fluorescent photoacid dye
6,8-dihydroxypyrene-1,3-disulfonic =~ acid  disodium  salt
(DHPDS) and 8-aminopyrene-1,3,6-trisulfonic acid trisodium
salt (APTS).>° DHPDS is sensitive to pH values from 6 to 10,
and APTS can test pH values between 11.2 and 14, thus the
two pH-dependent fluorescent ratiometric dyes are capable of
measuring a pH range from 6 to 14. The pH maps that are par-
allel to the cathodic GDE surface in the plane were shown for
three different z-positions at various current densities from
0 mA cm~? and 100 mA cm ™2 in the 100 mM KHCO; electrolyte
(Fig. 6).

It should be noted that the degradation of the pH-sensitive
color fluorescent has been observed at high current densities,
which may be attributed to reduction of fluorescent on the
cathode surface.?® Thereby, while this CLSM approach has the
advantage of reaching time-resolved measurement of local pH
for an entire macroscopic sample in three spatial dimensions,
the pH-sensitive color fluorescent, which has to be added into
the electrolyte for testing pH value, may be involved in the
electrochemical reaction, influencing the electrolysis that we
want to investigate.

The utilization of CO, capture rate

A substantial CO, capture caused by local OH™ at the cathodic
GDE surface can result in low carbon utilization (waste of CO,
reactant in the form of CO;>7).**> However, the capture rate of
CO, in the form of CO,>~ also reflects the OH™ concentration

mA/cm?  -2mA/cm? -4 mAfem? -8 mA/cm?  -20 mA/cm? -40 mA/cm? -60 mA/cm? -80 mA/cm? -100 mA/cmzpoH

—
DHPDS APTS

Fig. 6 The pH maps in the plane that are parallel to the cathodic GDE
surface. This figure has been reproduced from ref. 39 with permission
from Royal Society of Chemistry, copyright 2023.
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Fig. 7 Comparison of CO, capture rates during CO, electrolysis at
various current densities (a) and for various KOH concentration electro-
lytes at open-circuit potential (b). (c) The local pH in CO reduction esti-
mated by comparing (c) with (d). This figure has been reproduced from
ref. 41 with permission from Royal Society of Chemistry, copyright 2022.

near the cathodic GDE surface. Based on the principle, a
simple local pH determination method has been developed
recently.*’ As expected, a linear enhancement in the CO,
capture rate was found with increasing the current densities
(Fig. 7a), which is due to that CO, capture rate relies on local
OH™ concentration near cathode surface, and the OH™ gene-
ration rate is linearly correlated with current densities.

The majority of CO, capture should occur within the hydro-
dynamic boundary layer, where reflects the considerable
change in local OH™ concentration.®” Accordingly, in the same
system, the same CO, capture ability corresponds to the same
OH™ concentration within the boundary layer. To quantify the
current-dependent local pH, the CO, capture rate as a function
of OH™ concentration in flow electrolyzers at open-circuit
potentials was used as the reference (Fig. 7b). By comparing
the CO, capture rate in CO, reduction at different current den-
sities (Fig. 7a) with that at different OH™ concentration solu-
tion at open-circuit potentials (Fig. 7b), an estimate of the
local pH in CO reduction was made (Fig. 7c). The local pH in
CO reduction gradually enhanced up to ~14 when the current
density increased to 200 mA cm™2 in 1 M KHCO; (Fig. 7c).

The commonly used spectroscopy is limited to the pH-sen-
sitive electrolyte species such as HCO;~ and CO;>~, but CO
reduction in alkaline electrolytes does not have these kind of
pH-sensitive species. Thus, one of main advantages of this
simple CO, capture rate method is that it enables the esti-
mation of local pH for high-rate CO reduction in alkaline elec-
trolytes. Additionally, it does not require any expensive equip-
ment for local pH estimation. However, this technique has the
two major drawbacks, (i) it can only estimate the average pH
value within the boundary layer, which means that spatial res-
olutions near the surface cannot be made, and (ii) it is imposs-
ible to estimate the local pH during high-rate CO, reduction.

4. Conclusion and outlook

This minireview summaries the local pH determination tech-
niques for CO, electroreduction, encompassing (i) in situ infra-
red spectroscopy, rotating ring-disc electrode technique, and
scanning electrochemical microscopy, which were used in
H-type cell reactors, and (ii) Raman spectroscopy, fluorescent

This journal is © The Royal Society of Chemistry 2024
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confocal laser scanning microscopy, and comparsion of CO,
capture rate, which were reported for GDE-type flow electro-
lzyers. We also discuss the merits and limitations of these
different techniques.

It should be noted that the majority of the local pH
measurement techniques were done in H-type cell reactors.
However, the focus of CO, reduction field has switched to
commercially-relevant current densities in the recent few
years, and there are still limited studies for local pH determi-
nation in GDE-type flow electrolyzers at high current densities,
particularly for MEA configuration. The MEA configuration
represents state-of-the-art CO, performance to date, due to its
small cell potentials and long-term stability. In this configur-
ation, the catalyst layer and membrane has close contact, thus
the local environment near membrane’s surface that is close
to the cathode side could directly influence the catalytic per-
formance of electrocatalyst. It is essential to understand how a
combination of current densities (OH™ generation rate) and
the ionic species transferred across the membrane influences
the local environment and CO, reduction performance in MEA
configuration. Thereby, the future work should focus on the
local pH change in the MEA configuration with commonly
used ion-exchange membranes.

It should be noted that the significant difference between
the local pH and the bulk pH may lead to deviations in the
reported potentials on the reversible hydrogen electrode (RHE)
scale. In addition, our previous work showed a significant vari-
ation in catholyte pH at high-rate CO, reduction.*® Thus, we
suggest using a pH-independent reference such as a standard
hydrogen electrode (SHE) to report applied potentials instead
of a pH-dependent RHE.

Additionally, although high local pH is generally thought to
be able to favor the CO, electroreduction, it does not mean
that CO, reduction should have the local pH as high as poss-
ible. Because high local pH also can reduce the concentration
of CO, reactant via neutralization reaction between CO, and
OH™. How to balance the local pH with CO, concentration also
should be the focus in the future local pH work, which may
help us to better understand the reaction mechanism of the
local environment effect and further improve the high-rate
CO, reduction performance.
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