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Abstract: Improving carbon utilization efficiency is the key to
developing next-generation electrolysers for CO, reduction reaction
(CO,RR). The current CO,RR electrolyser relies on the use of
neutral/alkaline media to suppress the competitive hydrogen
production and improve the activity of CO,RR. However, the produced
carbonate/bicarbonate leads to severe carbon loss. Performing
CO2RR in acidic media can suppress the carbonate formation while
hydrogen production is the major issue. By chronopotentiometry in
flow electrolyser, we found that the activity of acidic CO,RR can be
well tuned through electrolyte optimization. DFT calculation suggests
that this results from the change of local electronic structure of Cu
catalyst by surface adsorbed alkali metal ions. Electrolytes with high
content of K* promote the overall CO,RR activity, especially multi-
carbon production in acidic media. CH, is the dominant product in Na*
only electrolyte on Cu, with a Faradaic efficiency of 48% at 220 mA
cm2in pH = 2 solution.

Introduction

Renewable-electricity-powered CO, conversion is a promising
approach to convert CO; into value-added chemical feedstocks and
fuels."! Tremendous efforts have been made to develop efficient CO,
electrolysers.”y Commercial relevant current densities are achieved
for CO,RR in alkaline and neutral media. The commonly used alkaline
condition is suggested to suppress the competitive hydrogen
evolution reaction (HER) and promote further reduced species, like
ethylene and ethanol.?® 3 Gewirth and co-workers obtained highly
efficient C,H, production (faradaic efficiency (FE) = 72% and C,H,4
partial current density = 312 mA cm2) using 1 M KOH as electrolyte.™!
Wang and co-workers have achieved a high selectivity of CO,-to-C,.

(FE = 80%) at a current density of 1.6 A cm™2in 1 M KOH electrolyte
in flow cell.®!

While significant progress is realized in the alkaline/neutral
CO2RR, further practical application is limited by the low carbon
utilization efficiency under these conditions. It is inhibited by a
fundamental acid-base reaction, which leads to undesired
carbonate formation (Eq. 1 and left panel in Fig. 1).1

CO, + OH™ - HCO5 /COZ™ + H,0 (1)

The locally alkaline chemical environment at the electrode surface
shifts the reaction equilibria at Eq. 1 to the formation of carbonate
with increased applied current density and number of electrons
transferred.®”1 The formed carbonate will be subsequently
transported to the anode chamber through the anion exchange
membrane, leading to severe carbon loss and low carbon
utilization efficiency. Around 60% of CO- is found in the anode
gas outlet resulting in high energy costs for gas separation.®! The
techno-economic analysis (TEA) by Sargent et al. suggested that
CO; regeneration from carbonate takes up to 23% of the capital
cost for CO; electrolyserst® 9

Hence, addressing the issue of carbonate formation is the key to
the industrial implementation of CO,RR. Acidic media, especially
for pH < 4, with CO, as the primary carbon species, can effectively
avoid carbon loss for high carbon utilization efficiency. The formed
carbonate at the interface can be converted back to CO; at bulk
solution (right panel in Fig. 1). While acidic CO.RR seems to be
ideal, the sluggish kinetics and poor selectivity under such
conditions are huge challenges. The reaction rate of HER is about
a few magnitudes faster in the acidic condition than that in the
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alkaline media.l?®l Chan found that low pH is not beneficial for
further reduced species from CO, based on DFT calculation.!'?
This agrees with a few recent experimental works that CO and
formate are the main products in acidic CO,RR.' Thus,
suppressing the competitive HER and improving the selectivity of
CO2RR towards further reduced species are critical for realizing
efficient acidic COzRR.

Figure 1. Schematic of CO2RR and carbon transport under alkaline (blue) and
acidic (red) conditions. C, O and H atoms are illustrated as grey, red and white
balls, respectively.

Electrolyte, behaving as an electrochemical “second coordination
sphere,” influences the selectivity and activity of inner-sphere
electrochemical reaction through manipulating local environments
such as pH and local electrical field.['? Recent works have shown
that electrolyte engineering can steer the activity of CO;RR by up
to a few orders of magnitude.['* ¢ Koper and co-workers
demonstrated the necessity of cation for CO,RR through the
intermediate stabilization by large size cation, like Cs*."* Sargent
and Burdyny both reported enhancement of CO,RR by K* cation
in a flow cell reactor and bipolar membrane electrode
assemblies.”! DFT calculations suggested that CO;RR
intermediates can be stabilized by specific adsorption of cations,
with a similar trend for different cations.!"®!

Based on the recent advances in electrolyte optimization, we
further explored the impact of electrolytes on the development of
acidic COzRR electrolysers. We were able to control the activity
and selectivity of CO2RR over HER by tuning the ratio of Na*:K*
in the electrolyte. The HER is suppressed in the electrolyte with
higher K* content on Ag and Cu at pH = 2. Additionally, in the Na*
only electrolyte, the dominant product of CO;RR is CH4 with a
faradaic efficiency of 48% and a partial current density of 106 mA
cm2. This is a significant improvement in CO,-to-CH, in acidic
media. Density functional theory (DFT) calculation suggested that
the local electronic structure can be modulated through different
coverage of K* and Na*. Higher electron density was found on Cu
surface with higher K* coverage leading to enhancement of C..
while Cu surface covered with Na* is beneficial for C4, such as
CH, production.

Results and Discussion
Cu and Ag, the state-of-the-art CO,RR catalysts with distinct

products distribution, are chosen as the targeted catalysts. Since
our research focuses on electrolyte engineering, we adopt

benchmark polycrystalline Cu-PTFE and Ag-PTFE for studies.
The Cu and Ag catalysts were coated on polytetrafluoroethylene
(PTFE) porous fibers through E-beam evaporation. The as-
prepared Cu-PTFE and Ag-PTFE were characterized by scanning
electron microscope (SEM, Fig. 2a-d) and X-ray powder
diffraction (XRD, Fig. 2e and f). Both Cu and Ag are
homogeneously distributed on the PTFE fiber. The XRD spectrum
confirmed the characteristic peaks of polycrystalline Cu and Ag,
which are consistent with previous works of Cu-PTFE and Ag-
PTFE.[2c. 161
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Figure 2. Characterizations of Cu-PTFE and Ag-PTFE GDE. SEM images of
Cu-PTFE at (a) low and (b) high magnification. SEM images of Ag-PTFE at (c)
low and (d) high magnification. XRD spectrum of (e) Cu-PTFE and (f) Ag-PTFE
compared with bare PTFE substrate

We conducted CO2RR in acidic solution at commercial relevant
current density (> 200 mA cm?) on Cu-PTFE and Ag-PTFE to
investigate the electrolyte effect. All the electrolytes were at pH =
2 with a constant ionic strength of 3 for the studies at high current
density. A dependence of FEcozrr to the ratio of Na*:K* on Cu-
PTFE and Ag-PTFE was observed. The faradaic efficiency of
CO2RR increased from (62 + 2)% to (84 + 2)% on Cu-PTFE in
Na* only electrolyte to K* only electrolyte (Fig. 3a). The same
effect was observed on Ag-PTFE (Fig. 3a), where the ratio of
FEcozrr:FEHer increased from 0.4 £ 0.05 to 3.7 + 1.7 in Na*
electrolyte to K* electrolyte.

The ratio of Na*:K* is also found to influence the product
distribution. As shown in Fig. 3b, single selectivity of CO, to CH4
(FEcHs = (48 £ 3)% and FEn, = (39 £ 3)%) is achieved in Na* only
electrolyte on Cu-PTFE. This leads to a jcns = 106 mA cm2, which



is among the best CO,-to-CHy, in acidic media (Table S3 and S4).
CH, is the dominant product from CO,RR at different current

densities from 140 to 260 mA cm™ (Fig. S1) in Na* only electrolyte.

In contrast, the introduction of K* favors the C, pathway (Fig. 3c).
When ratio of Na*:K* decreases to 1:1, C,. products (FEcz+ =
61%) become dominant with the lowest value of FEcna:FEco+ =
0.16 at 140 mA cm?2. Different electrolytes can steer the
competition between CH4 and C; pathway on copper within a wide
range of current densities.
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Figure 3. (a) Total FE of CO2RR and FEcozrr:FEHer on Cu-PTFE and Ag-PTFE
in different electrolytes at 220 mA cm?. (b) Product distribution and (c)
FEch4:FEc2+ in CO2RR on Cu-PTFE with different electrolytes at different current
densities. (d) Product distribution and (e) FEncoo-:FEco on Ag-PTFE in different
electrolytes at a current density of 220 mA cm?. The values are means, and
error bars in a, b, d and e indicate SD (n = 3 replicates).

On Ag-PTFE, Na* only electrolyte leads to the dominant HER (FE
= (73 £ 2)%) while the addition of K* is able to suppress HER for
promoting CO production. For K* only electrolyte, HER is
suppressed (FE = (24 + 11)%), and the FE is (63 = 7)% for CO
(Fig. 3d). The ratio of FEncoo-:FEco decreased from 1.2 £ 0.06 in
Na* only solution to 0.4 + 0.03 in K* only solution, suggesting the
promotion of CO over HCOO" by addition of K* (Fig. 3e). The
interfacial electrical field induced by cations was reported to
influence the intermediates through dipole interaction. Cations
with larger ionic radius (e.g. K*) tend to stabilize intermediates
with larger dipole moments, especially for O-terminated species
(e.g. CO*, which is the key intermediate for CO production).l'?®:
1501 The improved CO production with an increased ratio of K* to
Na* may attribute to the favored stabilization of CO* over HCOO*
by K. The well tuning of CO.RR selectivity on Ag-PTFE
reveals the universality of electrolyte effects on CO,RR catalysts

beyond Cu. No noticeable structural changes were observed in
XRD and SEM on Cu-PTFE and Ag-PTFE before and after bulk
electrolysis (Fig. S4 and S5), suggesting that electrolyte
composition has a significant contribution to the change of product
distribution.

We further applied DFT calculations to investigate the electrolyte
effect in acidic CO2RR on Cu surfaces. Based on the experiments,
four different electrolyte environments are considered including
only Na* ions, only K* ions, and the mixing ions with Na*:K* ratio
of 3:1 and 1:1 on Cu surfaces. The corresponding influences on
the surface electronic distributions are distinct with different ions
(Fig. 4a-d). It is noted that on the Cu (111) surfaces with only Na*
ions, the anti-bonding orbital (green isosurface) shows more
dominant contributions on the surface. For the Cu (111) surface
covered with more K* ions, the surface shows stronger
contributions of the bonding orbitals, leading to a higher possibility
to realize the adsorption of the intermediates by activating more
surface Cu sites.

The projected partial density of states (PDOSs) suggested that
the overall electronic structure of Cu remains stable as the 3d
orbitals have not changed with different cations (Fig. 4e-g). In the
meantime, we notice that K-4s orbitals show a slightly
downshifting trend than the Na-3s orbitals, which promotes higher
electron density near Er to facilitate efficient electron transfer.
Interestingly, we have noticed that the mixing ions have
significantly changed the s orbitals in K*. The K-4s orbitals have
exhibited a sharp peak at Ey +2.01 eV, indicating a strong
sensitivity to the orbital couplings, while the Na-3s orbitals remain
unchanged. These results further confirm that the introduction of
sensitive K* ions facilitates electron transfer and modulates the
surface electronic environments.

From the site-dependent PDOS, we noticed that the surface
electrolyte ions slightly downshift the d-band center of surface Cu
sites, improving the reduction capability (Fig. 4h). In comparison,
the mixing ions lead to a slightly downshifted d-band center
compared to the pristine electrolyte. Besides the electronic
structures, the energy comparisons also support the experimental
results (Fig. 4i). Compared to Na* ions, K* ions display higher
orbital sensitivity and a much stronger preference in binding on
Cu surfaces. The competition between HER and CO:RR is
revealed by the binding energy evolutions of CO, and proton (Fig.
4j). The proton adsorption on the pristine Cu surface is more
energetically favorable than CO;, supporting the strong HER
trend. From Na* to 3Na*:1K*, the adsorption of the proton has
changed from spontaneous to energetically unfavored, which
indicates the important role of K* in suppressing the competitive
HER. When the content of K* is further increased, the adsorption
of proton has become relatively stable with a very small
adsorption energy change (< 0.1 eV) considering the adsorbate-
adsorbate interaction with adsorbed CO,,'" while the increase of
CO; binding energy promotes the adsorption of CO, and leads to
increased CO2RR activity. For Na* covered surface, the proton
adsorption is still slightly more preferred than the CO, adsorption,
leading to the high FE of HER. It is worth noting that the
introduction of K* ions largely suppresses the HER process due
to the much higher energy cost than CO,RR.

The adsorption of key adsorbates CHO* and OCCO* are
important for the formation of CH4 and C3Ha, respectively, which
show a converse trend (Fig. 4k). As the increase of K* ions in the



electrolyte, the adsorption of CHO* becomes much weaker and
even becomes energetically unfavored, indicating a suppressed
C+ pathway. The OCCO* adsorptions are less competitive than
CHO* on Cu surfaces with high Na* concentrations, which leads
to the low FE for C, products. The competition between C4 and C,
products is not only related to the adsorption of key intermediates
(CHO* and OCCO*) but also the reaction barriers of the CO,RR
process. We have compared the energy change for both C1 and
C, pathways on the four different surfaces (Fig. 41 and 4m) under
zero potential. For the C4 pathways, it is noted that surfaces with
high K* concentration show the high energy barrier for the
formation of CHO*. In comparison, Cu surfaces with high Na*
concentration are energetically favorable for conversion from CO*
to CHO*, leading to a stronger preference for the C¢ products.
During the C1 pathway, the conversion from CHOH* to CH,OH* is
more preferred than the formation of CH*. In addition, we notice
that the overall reaction trends of CH4 formation are strong on Cu

surfaces with Na* ions and Na*:K* = 3:1. These results have
unravelled that the formation of C4 products is affected by the
cations. For the C, pathways, the formation of CO dimer through
coupling displays the most evident energy barriers, which
suggests the rate-determining step (RDS) (Fig. 4m). Such energy
barriers increase as the concentration of Na ions, where the large
barriers strongly hinder the C, pathway on the Cu surfaces with
Na* ions and Na*:K* = 3:1 coverage. The hydrogenation from
OCCO* towards the CHCHO* is energetically favorable for all the
surfaces. The formation of CH;CHO meets higher energy barriers
than the formation of CH,CHOH, which demonstrates the less
possibility of acetaldehyde formation, supporting the experimental
results. Meanwhile, as the concentration of K* ions becomes
higher, the formation of C;Hs becomes more preferred than
C,HsOH. Therefore, DFT calculation results have demonstrated
the influences of cations in the electrolyte on the selectivity during
the CO2RR.
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Figure 4. The 3D contour plots of electronic distributions near the Fermi level of (a) Na* ion, Na*/K* ions in the ratio of (b) 3:1 and (c) 1:1, and (d) K" ion on the Cu
surface. Orange balls = Cu, purple balls = Na* and pink, blue balls = K*. Blue isosurface = bonding orbitals and green isosurface = anti-bonding orbitals. The PDOS
of Cu surface with (e) pristine Na* and pristine K* ions, Na*/K* ions in the ratio of (f) 3:1, and (g) 1:1. (h) The site-dependent PDOS of surface Cu with different
cations. (i) The energy cost for varying coverage of Na* and K*ions on the Cu surface. (j) The adsorption energy comparisons for proton and CO2 on Cu surfaces
with different cations. (k) The adsorption energy comparisons of key adsorbates CHO* and OCCO* on Cu surfaces with different cations. (I) The reaction energies
of C1 pathways towards the formation of CH4. (m) The reaction energies of Cz pathways towards the formation of C2Ha. The free energy changes are calculated at

0V vs reversible hydrogen electrode (RHE).



Conclusion

We investigated the electrolyte effects of CO,RR in acidic media
by varying the ratio of Na* to K* on Cu and Ag catalysts. The
overall CO2RR FE is 14 and 4 times higher than competitive HER
on Cu and Ag in K* only solution. On Cu-PTFE, electrolytes with
different ratios of Na* and K* also influence the competition
between CH4 and C,.. CHs is the dominant product with a faradaic
efficiency of 48% and a partial current density of 106 mA cm2.
This is among the highest CO,-to-CH4 in acidic media. DFT
calculations suggest that the surface electronic distribution on Cu
can be manipulated through cation adsorption. K* is found to
improve the local electron density at the Cu, enhancing the
selectivity and activity of CO,RR. The modulation of CO,RR
activity and product distribution highlights the role of electrolyte
engineering in developing acidic CO2RR systems.

Experimental Section
Materials and Chemicals

Sodium sulfate (NaxSO4, AR, 99%), potassium sulfate (K2SOs,
ACS) and sulfuric acid (H2SO4, AR, 98%) were purchased from
commercial suppliers and all the chemical reagents were used as
received without any other purification. All aqueous solutions
were prepared using deionized water with a resistivity of 18.25
MQ cm. The polytetrafluoroethylene (PTFE) membrane with an
average pore size of 450 nm is purchased from Beijing
Zhongxingweiye Instrument Co., Ltd.

Electrode Preparation and Characterizations

Porous PTFE membrane was coated with 90 nm Cu (Cu target,
99.999%) or 100nm Ag (Ag target, 99.999%) by electron-beam
evaporation (EB-600, Innovative Vacuum Solution Co., Ltd.) to
fabricate Cu-PTFE or Ag-PTFE cathode gas diffusion electrode
(GDE), respectively. Scanning electron microscopy (SEM) of all
samples were conducted using Hitachi Regulus 8230 scanning
electron microscope. X-ray diffraction (XRD) analysis was
conducted on Rigaku SmartLab SE X-ray powder diffractometer
with Cu-Ka radiation.

Electrochemical Measurements

All the electrochemical measurements were conducted in an
electrochemical flow cell electrolyser with three-electrode
configuration. Ag/AgCI electrode (saturated with KCI, IDA) and Pt
mesh (30 mm x 15 mm, 99.99%, Gaoss Union) were used as
reference and counter electrode, respectively. The as-prepared
Cu-PTFE or Ag-PTFE gas diffusion electrode was placed
between gas and catholyte chamber. A proton exchange
membrane (Nafion 117, Fuel Cell Store) was used to separate
catholyte and anolyte chamber. In acidic CO;RR, the aqueous
solution containing different ratio of Na;SO4 to K.SO4 were used
as the electrolyte, which was all adjusted to pH = 2 by H,SO,4 and
the total ionic strength were kept at 3. Detailed compositions of
electrolytes used are listed in Supporting Information (Table S1).
The catholyte and anolyte were circulated through the cathode
and anode chamber at a rate of 7 mL min™' by two peristaltic
pumps, respectively. Pure CO, gas (Air Products, 99.99%)
serving as reactant was continuously fed into the gas chamber at

a flow rate of 50 mL min'. The CO,RR performance was tested
by electrochemical workstation (ZAHNER ZENNIUM pro) using
chronopotentiometric method unless otherwise specified. The
data of chronopotentiometry are provided in Supporting
Information (Fig. S2-3). The potentials vs. Ag/AgCl reference
electrode were converted to RHE reference scale using equation:

Erug = Eng/aga +0.197 V +0.0591 x pH

Products Analysis

Gaseous products were on-line analyzed by gas chromatograph
(Ramiin GC 2060) equipped with flame ionization and thermal
conductivity detectors. The calibration curves for CO, CHs4, C2Hq4
and H, were obtained by injection of certified standard gas
samples (Scientific Gas Engineering Co., Ltd.) diluted with pure
CO,. Liquid products were quantified by nuclear magnetic
resonance spectrometer (Bruker AVANCE IlII HD 500) and
dimethyl sulfoxide was used as internal standard.

DFT Calculations

To study the effect of electrolyte ions in CO2RR, DFT calculations
have been applied to investigate the electronic structures and
energetic trends based on the CASTEP packages. For all the
calculations, the generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) is chosen to describe the
exchange-correlation energy. In this work, we have set the plane-
wave basis cutoff energy to be 380 eV with the ultrasoft
pseudopotentials for all the geometry optimizations. The Broyden-
Fletcher-Goldfarb-Shannon (BFGS) algorithm has been applied
in this work. The coarse quality of k-points is applied for all the
energy minimizations. For the Cu surface, we have cleaved from
Cu (111) surfaces with six-layered thickness in the 4 x 4 supercell
to investigate the effect of cations with 1/4 monolayer adsorption
in different electrolytes. Four different electrolytes have been
considered in this work with different Na*:K* ratios as 1:0, 3:1, 1:1,
0:1 to match the experimental results. For the energy costs of the
cation coverage, we have introduced 1 to 4 cations on the surface
as 1/16 to 1/4 monolayer, respectively. We have applied 20 A
vacuum space on the z-axis to guarantee full relaxation. For all
the geometry optimizations, the calculations have to satisfy the
following convergence criteria that the Hellmann-Feynman forces
on the atom should not exceed 0.001 eV A"', and the total energy
difference and the inter-ionic displacement should be less than 5
x 10®° eV atom™ and 0.005 A, respectively. More details of
calculation setup have been supplied in Supporting Information.
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Product distribution of electrochemical CO; reduction in acidic media (pH = 2) can be steered by different electrolytes with commercially
relevant current density. Different coverage of Na* and K* ions is found to modulate the local electronic structure on the catalyst surface.
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