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ABSTRACT: Inspired by recent advances in electrochemical CO2
reduction (CO2R) under acidic conditions, herein we leverage in
situ spectroscopy to inform the optimization of CO2R at low pH.
Using attenuated total reflection surface-enhanced infrared
absorption spectroscopy (ATR-SEIRAS) and fluorescent confocal
laser scanning microscopy, we investigate the role that alkali
cations (M+) play on electrochemical CO2R. This study hence
provides important information related to the local electrode
surface pH under bulk acidic conditions for CO2R, both in the
presence and absence of an organic film layer, at variable [M+]. We
show that in an acidic electrolyte, an appropriate current density
can enable CO2R in the absence of metal cations. In situ local pH
measurements suggest the local [H+] must be sufficiently depleted to promote H2O reduction as the competing reaction with CO2R.
Incrementally incorporating [K+] leads to increases in the local pH that promotes CO2R but only at proton consumption rates
sufficient to drive the pH up dramatically. Stark tuning measurements and analysis of surface water structure reveal no change in the
electric field with [M+] and a desorption of interfacial water, indicating that improved CO2R performance is driven by suppression of
H+ mass transport and modification of the interfacial solvation structure. In situ pH measurements confirm increasing local pH, and
therefore decreased local [CO2], with [M+], motivating alternate means of modulating proton transport. We show that an organic
film formed via in situ electrodeposition of an organic additive provides a means to achieve selective CO2R (FECOd2R ∼ 65%) over
hydrogen evolution reaction in the presence of strong acid (pH 1) and low cation concentrations (≤0.1 M) at both low and high
current densities.

■ INTRODUCTION
Electrochemical CO2 reduction (CO2R) is an appealing
approach to convert a cheap and abundant precursor into
value-added fuels and chemicals through the use of renewably
sourced electricity.1−3 The majority of CO2R studies are
conducted in neutral and basic electrolytes to help favor the
selectivity for CO2R over the hydrogen evolution reaction
(HER).3,4 However, these electrolytes suffer from low CO2
utilization due to parasitic (bi)carbonate formation and
subsequent migration to the anolyte.5,6 Strategies to mitigate
this problem include the use of artificial membrane-electrode
assemblies with bipolar membranes or solid electrolytes7−10 and
performing CO2R in acidic electrolytes.11−13

Despite the fact that the operation of CO2R at low pH is a
promising method for minimizing (bi)carbonate formation,
HER becomes a more significant challenge to overcome. Many
studies have shown that using electrolytes with high alkali cation
concentrations ([M+]) can suppress HER and promote
CO2R.12−20 This strategy relies on high [M+] to effectively
screen the surface potential over a very short distance (the
Debye length) in order to suppress H+ transport to the cathode,

thereby reducing HER. Recent work from our group and that of
other laboratories has demonstrated selective CO2R under
acidic conditions without high [M+] or any M+ at all,11,21−24

which raises questions regarding the role(s) cations play in
enabling CO2R, especially in acidic media. The primary
mechanistic hypotheses that have been proposed include:

(i) Partially dehydrated M+ ions assist in the CO2
adsorption/activation steps, via short-range electrostatic
or direct bonding interactions with adsorbed CO2R
intermediates.25−27

(ii) M+ ions accumulated at the outer Helmholtz plane
enhance the local electric field to stabilize adsorbed polar
intermediates to promote CO2R; these accumulated M+
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cations also screen the electric field generated from the
cathode to suppress transport of H+ and hence competing
HER.12,16,21,23,28

(iii) Solvated M+ ions buffer the local pH based on the pKa of
the coordinated H2O, which mitigates carbonate
formation and maintains appropriate local [CO2] to
facilitate CO2R.29

In the present study, we experimentally address the local
electrode surface pH under bulk acidic conditions for CO2R,
both in the presence and absence of an organic film layer, at a
variable [M+]. We investigate systems where the Debye length is
extended due to low M+ concentrations, enabling investigation
into the effect of proton transport across both the diffusion layer
(ca. 100 μm) and the double layer (1−20 nm).30 By employing
attenuated total reflection surface-enhanced infrared absorption
spectroscopy (ATR-SEIRAS) and fluorescent confocal laser
scanning microscopy (CLSM), we show that interfacial [H+]
depletion is essential toward enhancing CO2R in acidic media.
We demonstrate that this condition can be achieved by high
surface proton consumption, the presence of metal cations, or
the application of an organic coating (Figure 1). Specifically,
time-resolved in situ pH measurements were performed to
interrogate the changes in the microenvironment at the
electrode−electrolyte interface using ATR-SEIRAS and within
the concentration diffusion layer using CLSM in each case.

Our studies indicate that in the absence of M+, a current
density high enough to deplete local [H+], promoting H2O
reduction over H+ reduction, enables CO2R to compete
favorably with the HER. By increasing [M+], we observe
improved selectivity for CO2R products. SEIRAS measurements
reveal a constant local electric field within the [K+] range
studied, pointing to improved selectivity correlating with longer
range cation-induced transport effects, including interfacial
solvation and H+ diffusion. Additionally, CLSM pH measure-
ments demonstrate the concomitant increase in local pH with
the M+ concentration, highlighting the need for an alternative
means of local pH control.

Experiments with an organic film-modified electrode, a
known proton transport modulator, in the absence of M+,
support these findings by demonstrating an order of magnitude
increase in FECOd2R compared to the uncoated electrode for
CO2R. Furthermore, by leveraging short-range electric field
effects from small concentrations of metal cations and long-
range transport modulation effects from organic films, we
identify optimized conditions for performing CO2R in acidic
media without high [M+].

■ RESULTS AND DISCUSSION
Quantification of pH Changes at Different Length

Scales via ATR-SEIRAS and CLSM. ATR-SEIRAS and CLSM
measurements were performed to monitor the reaction interface
as a function of the potential and time. The high surface
sensitivity of SEIRAS is leveraged to determine the local pH at a
length scale relevant to surface catalytic reactions,31 whereas the
greater lateral and vertical resolution of CLSM (∼500 nm) is
used to differentiate interfacial versus more extended pH
phenomena. Herein, the term “interfacial pH” will refer to the
pH measured in the electrolyte from the cathode surface to ∼10
nm into the double layer using SEIRAS,31 and the term “local
pH” will refer to the pH within 1 μm of the surface measured
using CLSM.32 Due to the resolution of CLSM, the pH value
reported was averaged across 1 μm and is expected to be less
alkaline than that reported by SEIRAS.

The SEIRAS-active cathode was fabricated according to
previously reported methods.33 Briefly, a polycrystalline gold
underlayer was chemically deposited onto a Si ATR prism. The
gold film was used to template the Cu electrodeposition,34

which was then used as the cathode. We used the phosphate
buffer system as the interfacial pH reporter, as has been
previously demonstrated.35,36

The spectra of the phosphate species at different pH values on
the Cu film were collected (Figure 2a). To monitor the pH
changes during electrolysis, calibration spectra were recorded
between pH 5 and 13 by the addition of KOH to the initial
KH2PO4 solution and recording a spectrum every ∼0.4 pH units
at a constant potential of 0 VRHE (Figure S1). The overlapping
bands were deconvoluted to resolve the contributions from the
individual bands (Figure S2). The deconvoluted peak
contributions are plotted as a function of pH (Figure 2b),
where the intensities are derived from va(PO) of H2PO4

− and
vs(PO) of HPO4

2− between pH 5 and 9 and va(PO) of both
HPO4

2− and PO4
3− between pH 9 and 12.35,36 The interfacial

pH was calculated by correlating the ratio of phosphate
electrolyte peaks in the sample spectra to the calibration spectra.

CLSM measurements were performed using the ratiometric
fluorescent dye 6,8-dihydroxypyrene-1,3-disulfonic acid diso-
dium salt (DHPDS) to monitor the local pH near the electrode
surface at different ⟨j⟩.32,37,38 The ratio of the DHPDS emission
allows for the detection of pH values between 6 and 11.5 (Figure
2c,d). Although DHPDS contains Na+ in the structure, its low
concentration in the test solution ([Na+] = 0.05 mM, close to 1
ppm (∼0.03 mM) of M+ in pH 2 H3PO4) is assumed to have a
negligible effect on the CO2R results, in accordance with results
presented in the following section.

Figure 1. Strategies to access and promote CO2R in acidic electrolytes are probed in the study. We find that for CO2R to occur on Cu under bulk acidic
conditions, the local [H+] must be depleted. Such a microenvironment may be induced by (a) high current; (b) added [M+] to generate a local electric
field; and (c) organic film-coated electrodes. Gray, red, white, and blue spheres represent C, O, H, and K atoms, respectively. Black arrows represent the
relative H+ transport to the cathode surface for each scenario.
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CO2R on Cu Foil without Metal Cations in the
Electrolyte. We studied CO2R in the absence of M+ on Cu
foil electrodes using controlled-current electrolysis in a CO2-
saturated pH 2 H3PO4 electrolyte. Application of low (⟨j⟩ =
−1.25 mA/cm2) and moderate (⟨j⟩ = −5.00 mA/cm2) current
densities did not yield gas or liquid CO2R products (Table S2).
However, at a high current density (⟨j⟩ = −10.0 mA/cm2),
gaseous products (CO, CH4) were observed by online gas
chromatography, and formic acid was detected in the liquid
phase after electrolysis (Table S2), albeit at very low FECOd2R =
0.4 ± 0.2%. Evidence for CO2R occurring at high ⟨j⟩ is
supported by monitoring the *CO bands of the SEIRA spectra
(Figure 3a).

Adsorbed CO (*CO) is the longest-lived CO2R reaction
intermediate and is most readily detected using in situ
spectroscopy. The detection of *CO on Cu at reducing
potentials is indicative of CO2 activation and reduction. The
*CO band shape and position are highly sensitive to the reaction
microenvironment, making *CO particularly suited to probe the
electrocatalytic interface.39

At low (black trace) and moderate (blue trace) currents, no
*CO is detected, confirming the absence of CO2 activation and
reduction. Applying a high current (green trace) generates two
binding modes of *CO, indicating the occurrence of CO2R.
*COatop, where the CO carbon is bound to one Cu atom, has
been shown to be active for CO2R, while *CObridge, where the
CO carbon is bound to two Cu atoms, has been shown to be
inactive for CO2R but present in larger quantities on
restructured Cu surfaces.39−41 The small intensity of the
*COatop peak aligns with the observed trace selectivity for
CO2R products, while the large *CObridge band is consistent with
high *CO coverage.42

The potential vs time trace for this applied ⟨j⟩ = 10.0 mA/cm2

shows a rapid drop to potentials below −1.40 VRHE (Figure S3).
Based on HER studies, once the applied E is more negative than

−1.40 VRHE, the local [H+] is depleted so that H2O reduction
replaces H+ reduction for HER.43 As H2O reduction is a slower
process than H+ reduction and H2O reduction can be inhibited
by adsorbed CO, CO2R can occur without added M+. A relevant
recent study by Koper and Liu demonstrated that CO2R can
compete with H+ reduction with [M+] > 100 mM, yielding an
increase in the interfacial pH due to CO2R-generated hydroxide
ions consuming H+.44 We find that CO2R is unable to compete
with H+ reduction without M+, consistent with CO2R in acidic
media requiring M+, or some other means of generating a
sufficiently nonacidic interfacial pH.

The degree of local [H+] depletion was probed by using
SEIRAS interfacial pH measurements. The experimentally
measured interfacial pH is shown as a function of time for
different applied ⟨j⟩ (Figure 3b). Consistent with the applied ⟨j⟩
not sufficiently depleting the local [H+] to allow for CO2R, we
did not observe a substantial pH increase for the low (black
points) and moderate (blue points) ⟨j⟩ (note: since the
detection range of the phosphate system is between pH 4 and
13, pH values < 4 will also appear as pH 4, although they could
be lower). However, applying a high current (green points)
generated a fast interfacial pH change toward ∼6. CLSM
measurements confirm this trend, showing increasing local pH
with ⟨j⟩ (Figure 3c). Similar steady-state local and interfacial pH
trends for high ⟨j⟩ underscore low OH− and H+ transport
barriers within the concentration diffusion layer in pure acidic
electrolytes. We caution that the absolute pH values obtained
with the two methods cannot be quantitatively correlated due to
differences in convection within each spectroelectrochemical
cell geometry (the CLSM electrolyte is circulated at a rate of 1
mL/min to mitigate bubble buildup that hinders pH imaging,
while the SEIRAS electrolyte is stationary aside from bubbling
perpendicular to the cathode at 5 mL/min).

Figure 2. (a) pH-dependent SEIRA spectra of 0.5 M phosphate
solutions with corresponding band assignments; (b) phosphate ion
speciation used for pH calculations derived from SEIRA spectra
absorption intensity; (c) absorption spectrum as a function of pH
showing the two excitation wavelengths for fluorescent dye 6,8-
dihydroxypyrene-1,3-disulfonic acid disodium salt (DHPDS); and (d)
calibration curve for the local pH based on the ratio of emission of the
dye and chemical structure of DHPDS.

Figure 3. (a) SEIRA spectra of the adsorbed CO region after 5 min of
applied ⟨j⟩ in pH 2 H3PO4; (b) interfacial pH as a function of time and
⟨j⟩ in pH 2 H3PO4 extracted from SEIRAS data; (c) local pH as a
function of time and ⟨j⟩ in pH 2 H3PO4 extracted from CLSM data; and
(d) local pH (black points) and *CO band intensity (blue points) as a
function of potential in pH 2 H3PO4 extracted from SEIRAS data. Note
pH 4 is the lower limit of detection for the phosphate system, and
therefore, pH values < 4 will appear as pH 4, although they could be
much lower.
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To further probe the occurrence of CO2R without M+, we
conducted the same controlled-current electrolysis using Cu gas
diffusion electrodes (Cu-GDE) to mitigate CO2 mass transport
limitations and obtained FECOd2R = 19.8 ± 5.4% in pH 2 H3PO4 at
−10.0 mA/cm2 (Figure S5, Table S3). We note that Cu ions
dissolved from the Cu catalyst or trace impurities of M+ in
H3PO4 may also facilitate CO2R on Cu in the pH 2 H3PO4
electrolyte.27 Impurities of M+ (∼1 ppm) were detectable by
inductively coupled plasma mass spectrometry in the H3PO4
electrolyte (Table S1). To assess the effect of these trace metals,
we performed electrolysis experiments in the presence of 10 mM
18-crown-6 as a chelate. Similar CO2R performance was
observed at −10.0 mA/cm2 in pH 2 H3PO4 with 18-crown-6
(Figure S4), which suggests that the observed CO2R was not due
to dissolved Cu or other trace amounts of M+ in the electrolyte.

The depletion of local [H+] at high ⟨j⟩ was cross-validated
using constant potential SEIRAS measurements, where an
increase in the interfacial pH is not observed until the potential
becomes more negative than −1.25 VRHE. We observed constant
growth of the *CO peak area with increasing potential (Figure
3d), indicating that generated *CO molecules remain adsorbed
on the surface in the absence of M+.24 The high *CO coverage,
paired with the low FECOd2R, indicates that M+-induced interfacial
solvation and/or electric field are essential for promoting *CO
consumption.

Enhanced CO2R in Acidic Electrolytes with Varying
[M+]. Although CO2R can occur on Cu in the absence of M+, the
conditions of high current and overpotential to generate a local
pH gradient, as well as poor selectivity, are not ideal for practical
implementation. The addition of M+ to the electrolyte alters the
electrochemical double layer. M+ can change the interfacial
water structure and also induce a stronger local electric field
within the Stern layer, which inhibits the transport of H+ to the
electrode surface by screening the electric field felt within the
diffuse layer.12,21 Inhibited H+ transport is expected to create a
local pH gradient, which was quantified using SERIAS.

Constant-current electrolysis experiments were performed in
CO2-saturated pH 2 H3PO4 with varying [KCl]. Application of
low (⟨j⟩ = −1.25 mA/cm2) current did not yield gas or liquid
CO2R products with any of the K+-containing electrolytes
(Figure S6, Table S5); relatedly, no change in the local pH from
the SEIRA spectra was observed. The low current is insufficient
to saturate the double layer with K+ to reduce the level of H+

transport, implying that CO2R cannot occur at acidic local pH
values regardless of [K+]. By applying a higher current (⟨j⟩ =
−5.00 mA/cm2), we observe CO2R products for all [K+] (Figure
4a) along with similar trends in interfacial and local pH, with pH
values increasing to ≥6 for all K+-containing electrolytes
(Figures 4c and S7). Again, we note that slightly different
steady-state values between the techniques can be attributed to
differences in spectroelectrochemical cell geometry for SEIRAS
and CLSM. The rate of *CO growth increases with [K+] (Figure
4e), and only 200 mM K+ displays *CO consumption over 10
min. The increasing *CO peak areas over time indicate high
*CO coverage. Furthermore, there is not an apparent trend
between the *CO peak intensity and the measured interfacial
pH.

For the highest applied current density (⟨j⟩ = −10.00 mA/
cm2), the FECOd2R and C1/C2+ ratio are relatively unchanged from
the moderate current case (Figure 4b). We find that increased
[M+] leads to raised interfacial and local pH values (Figure 4d),
underscoring that elevating the alkali metal concentration is an

undesirable means of controlling proton transport as it depletes
the local [CO2]. We observed that the rate of *CO growth, and
in this case also *CO consumption, increased with [K+] (Figure
4f), supporting the hypothesis that the local depletion of H+, and
subsequently CO2, is the primary factor in the rate of CO2R in
acidic electrolytes.

Vibrational Stark effect measurements of *COatop were
performed to assess whether the increased FECOd2R and *CO
buildup from 2 to 200 mM [K+] was due to differences in the
electric field. The Stark tuning slope reflects the relative strength
of the electric field in the electrochemical double layer, the
change of which induces a shift in vibrational band positions.45

We performed these measurements in the limit of low *CO
coverage (post electrolysis at −10.0 mA/cm2) to determine the
intrinsic Stark tuning slope.46

Using *CO generated from CO2 allows for an estimation of
the average electric field at CO2R active sites.47 The *COatop
bands and the calculated Stark tuning slope (dν/dV) do not
change for different [K+] values (Figure 5a−c). The
spectrometer resolution used in this work is 4 cm−1; therefore,
differences in the values observed are not significant. This result
is consistent with a previous report demonstrating an [M+]-
independent electric field strength for electrolyte cation
concentrations from 0.1 to 1 M.48 The value of ∼40 cm−1/V
is on the order of what has previously been reported for *CO in

Figure 4. (a) CO2R electrolysis product distribution for different [K+]
at ⟨j⟩ = −5.0 mA/cm2 in pH 2 H3PO4; (b) CO2R electrolysis product
distribution for different [K+] at ⟨j⟩ = −10.0 mA/cm2; (c) interfacial
pH as a function of time for different [K+] at ⟨j⟩ = −5.0 mA/cm2; (d)
interfacial pH as a function of time for different [K+] at ⟨j⟩ = −10.0 mA/
cm2; (e) time-dependent *CO band intensity for ⟨j⟩ = −5.0 mA/cm2;
and (f) time-dependent *CO band intensity for ⟨j⟩ = −10.0 mA/cm2.
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K+-containing electrolytes on Cu.49,50 Therefore, the interfacial
electric field stabilization of *CO is likely the same for 2−200
mM [K+] at high ⟨j⟩ and is not an important factor toward
improved selectivity as [K+] increases. Instead, the role of M+ in
boosting acidic CO2R is derived from field-induced transport
effects, namely, the local pH gradient generated by increasingly
diminished H+ transport with greater [K+].

We emphasize that for both the moderate and high current
cases, we do not observe a trend between the local pH and *CO
formation/consumption. Therefore, the cation-induced inter-
facial solvation structure must also be considered to understand
differences between [K+]. Previous studies have shown that the
OH stretching mode of H2O can be deconvoluted into three
peaks corresponding to strongly H-bonded water at ∼3250
cm−1, asymmetric H-bonded water at 3400 cm−1, and isolated
water at 3600 cm−1.51 Addition of K+ to the M+ free pH 2
electrolyte changes the interfacial water structure (Figures 5d
and S15). At the open-circuit potential, the features correspond-
ing to asymmetric H-bonded water and isolated water decrease
as [K+] increases, while those for strongly H-bonded interfacial
water are slightly enhanced. Disruption of the interfacial water
structure could be responsible for the relative increase in
interfacial pH and different reactivities with [K+]. The presence
of strongly H-bonded water with increased [K+] helps explain
why we observe ∼60% FEHER even at high ⟨j⟩.

More detailed analyses of the water structure are outside of
the scope of this work. However, we can infer that interfacial

water displacement can help promote CO2R in acid. This
mechanistic picture motivated us to explore the promotion of
CO2R under acidic bulk conditions via a strategy whereby both
nonacidic microenvironment pH and a desirable interfacial
water structure is maintained via an alternative means to M+.

Promotion of CO2R under Acidic Conditions on
Organic Film-Modified Cu with Low [M+]. We have recently
shown that a film derived from the electrodeposition of N-
tolylpyridinium on Cu electrodes mitigates H+ mass transport
and thus suppresses HER under strongly acidic conditions, such
as 1.0 M H3PO4/KH2PO4.11 This finding inspired us to study
film-modified Cu electrodes (Cu/film) using the same N-
tolylpyridinium additive (which deposits as a neutral organic
species)52 toward CO2R under acidic conditions in the absence
of M+, reasoning that the Cu/film microenvironment might
sufficiently suppress H+ transport to the interface to observe
CO2R.

A series of electrolysis experiments were conducted in CO2-
saturated pH 2 H3PO4 with Cu/film electrodes (Table S6). We
find CO2R is promoted on Cu/film electrodes even at ⟨j⟩ as low
as −0.50 mA/cm2, with a FECOd2R that is an order of magnitude
higher than is achieved at −10.0 mA/cm2 on a bare Cu electrode
(Figure 6a, Table S5). We have elsewhere shown that CO2 is the
C-source of the detected products based on 13CO2R experi-
ments using this type of Cu/film electrode.11 In the present
study, we also confirmed that an electrolysis at −1.25 mA/cm2

under argon showed no detectable CO2R products (Table S6).
In SEIRAS experiments, we observe *COatop formation

without any M+ at low current (Figure 6b), which further
supports that the reduction of CO2 does not require M+ and
instead relies on interfacial [H+] depletion. The enhancement of
CO2R selectivity is attributed to the ability of the film to block
H+ transport to the electrode, generating an interfacial pH
gradient, even at low ⟨j⟩.11,53 This idea is supported by SEIRAS
interfacial pH measurements (Figure 6c), showing a substantial
increase in the pH compared to the bulk at low ⟨j⟩.

Using low ⟨j⟩ did not result in a pH change on bare Cu using
the same acidic electrolyte (Figure 3a). The *CO band intensity
increases over 10 min, indicating high *CO coverage (Figure
6d). Additionally, a small shoulder is observed at ∼1950 cm−1,
which has previously been assigned to two *COatop molecules
interacting with two surface hydroxide molecules.54,55 The
difference between the *CO band shapes and types of *CO for
the Cu/film interface compared to the bare Cu interface
(Figures 3a and 6b), while the interfacial pH is nearly identical
(Figures 3b and 6c), demonstrates that there is a unique
microenvironment induced by the organic film.

Although the FECOd2R is improved from the bare Cu low
current case, the *CO band growth without notable
consumption demonstrates that the film alone cannot effectively
stabilize further reduced CO2R intermediates to promote CO2R
over HER. We also cannot rule out the possibility that the water
in the M+ solvation shell is required as a donor to promote *CO
reduction.

The OH stretching region of the SEIRA spectrum upon
deposition of the film in pH 2 H3PO4 shows strong displacement
of interfacial water as the film is deposited (Figure 6e). In
particular, we see that the film induces desorption of strongly H-
bonded and asymmetric H-bonded water at 3250 and 3400
cm−1. The film does not displace or increase isolated interfacial
water at 3600 cm−1, which could explain why HER still
dominates over CO2R with 0 mM K+ in pH 2 H3PO4.

Figure 5. SEIRA spectra of *COatop region as a function of potential and
the calculated Stark tuning slopes for (a) 2 mM K+; (b) 20 mM K+; and
(c) 200 mM K+. (d) SEIRA spectra for the OH stretching region of the
Cu/electrolyte interface measured at OCV for pH 2 H3PO4 (gray trace)
with a background of pure water, and various [K+] with a background of
pH 2 H3PO4.
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Adding a small amount of K+ (20 mM) into pH 2 H3PO4
dramatically boosts the FECOd2R from ∼6 to ∼60% on Cu/film
electrodes at −1.25 mA/cm2, while no CO2R is observed on
bare Cu electrodes at the same [K+] (Figure 6a, Table S7). We
note that these are the only conditions discussed thus far in this
study that led to the CO2R becoming dominant versus the HER.
We can rationalize this result to cooperative effects between the
film and M+ as follows. The film induces long-range H+ transport
suppression and modulates the interfacial water structure, while
the M+ can stabilize and/or donate water to reaction
intermediates and further suppress H+ transport. This
cooperation promotes CO2R over HER under acidic conditions.
In addition, we note that promoted selectivity toward C2+
products (∼50% FECd2+

) on Cu/film electrodes under acidic
electrolyte conditions at low [M+] (Figure 6a, Table S8)
supports the hypothesis that organic films can affect the
concentration of surface-bound *CO intermediates to favor

the C−C coupling pathway, which is a subject of ongoing
investigation.11,52,56

To evaluate the Cu/film system at even lower pH, the CO2R
in pH 1 H3PO4 was tested using a Cu gas diffusion electrode
(Cu-GDE) (Table S11). In such a strongly acidic electrolyte, no
CO2R products are observed at ⟨j⟩ = −50 mA/cm2, or even up to
−200 mA/cm2, on a Cu-GDE in absence of the film (Figure
S11). Adding 100 mM K+ leads to trace CO2R at −50 mA/cm2

(Figure 6f), consistent with results reported under similar
conditions.13 For comparison, a Cu-GDE/film electrode
displayed a very low FECOd2R in M+ free pH 1 H3PO4 (Figure
6f). However, once 100 mM K+ was added, remarkable
suppression of HER (FEHER = 17.5 ± 2.4%) and enhanced
selectivity toward C2+ products (FECd2+

= 54.5 ± 5.1%) were
observed at −50 mA/cm2 (Figure 6f). This result is striking and
is comparable to FECd2+

values obtained by using much higher
[M+] (>1 M) in combination with very high operating ⟨j⟩ (>500
mA/cm2) in previous studies.13 This comparison highlights the
distinct properties of film-modified electrodes for CO2R under
acidic conditions as a means of modifying interfacial water and
H+ transport to mitigate acidity near the electrode. Synergistic
effects arise from the presence of a modest [M+] concentration
to generate an enhanced electric field, compared to the M+-free
electrolyte, to further reduce interfacial H+ transport.

■ CONCLUSIONS
In conclusion, our study of CO2R in pH 2 H3PO4 with varying
[M+], combined with in situ SEIRAS and CLSM measurements,
reveal a mechanistic correlation between an interfacial pH
gradient and the onset of CO2R. We find that while M+ is not
required for CO2R to occur, accumulation of M+ at the electrode
surface uniquely produces an interfacial barrier toward proton
transport. Even the presence of an organic film, a known H+

transport modulator, is insufficient to significantly bias
selectivity for CO2R over HER. Only in the combination of
the two strategies is high selectivity for CO2R achieved. Through
SEIRAS and CLSM experiments, we highlight that increasing
metal salt concentration is a deleterious strategy toward local pH
management due to the depletion of local CO2 from
(bi)carbonate formation. We show that organic films expand
the current density window where CO2R can occur, and that
selective CO2R over HER can be obtained by combining with
low [M+]. Together, this study establishes a promising strategy
to promote selective CO2R under acidic conditions using film-
decorated electrodes and low concentrations of metal salts.
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