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Abstract: Balancing the activation of H2O is crucial for
highly selective CO2 electroreduction (CO2RR), as the
protonation steps of CO2RR require fast H2O dissocia-
tion kinetics, while suppressing hydrogen evolution
(HER) demands slow H2O reduction. We herein
proposed one molecular engineering strategy to regulate
the H2O activation using aprotic organic small molecules
with high Gutmann donor number as a solvation shell
regulator. These organic molecules occupy the first
solvation shell of K+ and accumulate in the electrical
double layer, decreasing the H2O density at the interface
and the relative content of proton suppliers (free and
coordinated H2O), suppressing the HER. The adsorbed
H2O was stabilized via the second sphere effect and its
dissociation was promoted by weakening the O� H bond,
which accelerates the subsequent *CO2 protonation
kinetics and reduces the energy barrier. In the model
electrolyte containing 5 M dimethyl sulfoxide (DMSO)
as an additive (KCl-DMSO-5), the highest CO selectiv-
ity over Ag foil increased to 99.2%, with FECO higher
than 90.0% within � 0.75 to � 1.15 V (vs. RHE). This
molecular engineering strategy for cation solvation shell
can be extended to other metal electrodes, such as Zn
and Sn, and organic molecules like N,N-dimeth-
ylformamide.

Introduction

With decreasing the levelized cost of producing electricity
from solar and wind power, renewables-powered electrolytic

reduction of carbon dioxide (CO2RR) in aqueous electro-
lytes holds great promise for the production of high-value
chemicals.[1] In aqueous CO2RR, the alkaline environment
near the working electrode leads to H2O molecules serving
as the main source of protons for CO2RR and the competing
hydrogen evolution reaction (HER). This creates a conflict,
as the proton-electron coupled nature of CO2RR necessi-
tates efficient activation of H2O and smooth proton
transfer,[2] while simultaneously exhibiting sluggish activity
in H2O reduction to prevent HER. As a result, a carefully
calibrated balance of H2O activation at the interface is
imperative for highly selective CO2RR. Since the reactions
occur at the electrode-electrolyte interface (EEI), optimiz-
ing the EEI microstructure is pivotal for balancing H2O
dissociation by manipulating interfacial properties such as
surface charge density, interface electric field strength, and
local pH.[3]

Under the bias below the zero-charge potential, the EEI
microstructure could be defined by the electric double layer
(EDL) consisting of the inner Helmholtz plane (IHP) and
the outer Helmholtz plane (OHP). The regulation of the
structure and composition of IHP and OHP is prominent in
modulating the state and reactivity of the interfacial H2O
molecules.[4] For example, specifically adsorbed surfactant in
IHP undergoes a dynamic assembly process that repels
isolated water from the electrode and suppresses HER.[5] As
for OHP, solvated cations reside in this layer, and the effects
of metal cation identity and concentration have been well
recognized.[6] Cations with smaller hydration shells are
concentrated at the OHP and have a narrow gap between
the electrode and OHP, giving larger surface charge density
and stronger interfacial electric field.[7] The optimized
electric field helps to suppress the migration of hydronium
ions to the active sites, mitigating the activation of H2O
molecules.[8] The concentration effect is also essential, as a
highly concentrated electrolyte exhibits strong solvation for
metal cations, reducing the amount of free water and
lowering proton availability.[9] Although these approaches
have succeeded in depleting the activity of HER, they are
not capable of simultaneously tuning the kinetic rates of
protonation steps in CO2RR.

[10] Meanwhile, the limited
types and solubility of surfactants and cations hinder their
wide application. Further efforts should be pursued to create
innovative and adaptable methods for regulating the
activation of H2O for both HER and CO2RR in a balanced
manner.

In this work, we present a molecular engineering
strategy for a metal cation solvation sheath to regulate H2O
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activation and improve CO2RR selectivity, using aqueous
electrolytes containing aprotic organic molecules with a
higher Gutmann donor number than H2O. These organic
molecules are incorporated into the solvation shell of the
cation and migrate to the OHP under the applied bias. The
enrichment of these organic molecules at the interface
modifies the state of the H2O molecule in the EDL and
interacts with adsorbed water (*H2O), suppressing HER
through thermodynamic regulation and promoting CO2RR
through kinetic modulation. The proof-of-concept using
dimethyl sulfoxide (DMSO) within the K+ solvation sheath
over the Ag foil electrode showed enhanced CO2-to-CO
conversion. Molecular dynamics (MD) simulations and in
situ attenuated total reflectance surface-enhanced infrared
adsorption spectroscopy (ATR-SEIRAS) have demon-
strated a marked decline in the density of H2O molecules
and the relative content of isolated and coordinated H2O in
proximity to the electrode. The presence of DMSO accel-
erates the dissociation of *H2O and promotes the protona-
tion of *CO2, lowering the energetic barrier for forming
*COOH and leading to a balanced activation of H2O for
HER and CO2RR. A CO selectivity greater than 90.0% was
achieved in the potential range of � 0.75 to � 1.15 V relative
to RHE (all potentials henceforth are relative to RHE), and
similar improvements in CO2RR activity were observed for
other organic additives and metal electrodes.

Results and Discussion

H2O acts as the seesaw molecule to bifurcate the main
reaction towards HER or CO2RR. Considering that HER is
typically dependent on proton source concentration in first-
order relevance,[10] reducing the concentration of H2O
molecules within EDL may effectively inhibit H2 evolution.
This approach will not affect the activity of the active site
for H2O dissociation due to the electronic structure of the
catalyst unchanged, thus maintaining the smooth protona-
tion for CO2RR. Therefore, we propose to partially replace
the H2O molecules in the cation solvation sheath with
aprotic organic molecules that have good compatibility with
water and sufficiently strong coordination ability toward the
metal cation (Figure 1). These organic molecules incorpo-
rated cations could accumulate at the OHP under applied
potentials and reduce the content of proton sources,
suppressing HER via retarding the Volmer step or decreas-

ing the coverage of *H. Moreover, these interfacial confined
organic molecules can interact with *H2O, thus spurring the
kinetic rate of H2O dissociation and enhancing CO2RR
activity. As an example, we choose DMSO as a molecular
dopant for the solvation shell of K+. The concentration of
DMSO in the aqueous electrolyte can be adjusted over a
wide range as DMSO is readily miscible with water in any
ratio. More importantly, as indicated by its higher Gutmann
donor number (29.8) compared to H2O (18.0), DMSO
theoretically has a preference for solvating with K+.[11]

Therefore, a model system containing 0.5 M KCl and 5 M
DMSO (denoted as KCl-DMSO-5) was constructed to
explore the feasibility of molecular engineering of the
solvation structure for regulating the interfacial H2O
activation.

We first performed MD simulations to elucidate the
microstructure of KCl-DMSO-5. The calculated density of
this simulated system is 1.053 gcm� 3, which is very close to
the experimental measurement (1.045 gcm� 3), confirming
the reliability of the built model. The snapshot image depicts
a homogeneously mixed system (Figure 2a), and the local
structure analysis discloses that K+ is surrounded by H2O
and DMSO molecules (Figures S1 and 2c). The radial
distribution function (RDF) analysis reveals a characteristic
peak of K-Owater at 2.66 Å, which is attributed to the H2O
molecules in the first solvation shell of K+ (Figure 2d). For
DMSO, although the S and C atoms in the S=O and methyl
moieties are far from K+, a sharp peak of K-OS=O was
observed with the same K� O distance as that of the K� Owater

pair. These results provide clear evidence of incorporating
the DMSO molecule into the first solvation sheath of K+ in
KCl-DMSO-5. Considering that CH3CN has a lower Gut-
mann donor number (14.1) than H2O,

[12] an electrolyte
system containing 0.5 M KCl and 5 M acetonitrile (denoted
as KCl-CH3CN-5) was also constructed for comparative
analysis (Figure 2b). According to the RDF analysis, N is
the closest atom to K+ among all the atoms in the CH3CN
molecule. However, the K� Nnitrile is greater than the
K� Owater, indicating that the primary coordination shell of
K+ predominantly consists of H2O molecules (Figure 2e).
As expected, CH3CN does not occupy the solvation shell of
K+.

The dynamic evolution of the interfacial organic mole-
cules was monitored using in situ ATR-SEIRAS, which
captures accurate molecular information within a 5–10 nm
range from the electrode surface.[13] As shown in Figures 2f
and 2g, the characteristic peaks of the symmetric deforma-
tions of � CH3 and stretching vibrations of S=O could be
identified in N2-saturated KCl-DMSO-5 (Figure S2), and
their intensities increase gradually with the negative shift of
applied potentials. This indicates that the DMSO molecules
incorporated into the solvation shell of K+ are enriched
within the EDL. This is a reversible process (Figure S3).
However, no peaks associated with the -CN group
(2257 cm� 1, Figure S4) were observed in the KCl-CH3CN-5
system at any potential (Figure 2h), as the CH3CN molecules
are freely distributed in the solution and do not migrate with
K+ under the electric field. The EDL capacitance was
analyzed to further corroborate the locally enriched DMSO

Figure 1. Molecular engineering strategy for cation solvation structure
toward highly selective CO2RR.
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molecules. Theoretically, the incorporated organic molecule
increases the effective radius of solvated K+, resulting in a
decrease in capacitance.[7a] The capacitance was measured
using electrochemical impedance spectroscopy, where the
real part (Cre) of the capacitance represents the EDL
capacitance, and the imaginary part reflects irreversible
processes such as the electrochemical adsorption of
intermediates.[14] As shown in Figure 2i, the recorded Cre
values are 0.051, 0.045, and 0.021 Fcm� 2 for 0.5 M KCl, KCl-
CH3CN-5, and KCl-DMSO-5, respectively. The significantly
reduced EDL capacitance of KCl-DMSO-5 further confirms
the successful doping of DMSO molecules into the solvation
structure of K+. To sum up, two different electrolyte systems
were constructed, one with (KCl-DMSO-5) and one without

(KCl-CH3CN-5) aprotic organic molecules in the solvation
structure.

To assess the influence of molecular-engineered solva-
tion structure on H2O reduction, we conducted linear sweep
voltammetry (LSV) with cathodic scanning using an Ag foil
as the working electrode. In an N2-saturated KCl-DMSO-x
electrolyte (where x represents the molar concentration of
DMSO), the potential required to attain a current density of
1 mAcm� 2 (Ej=1 mA cm

� 2) shifted negatively from � 0.840 to
� 1.08 V (ΔV=240 mV) when the DMSO concentration
increased from 0 to 8 M (Figure 3a). Potentiostatic electrol-
ysis also showed a gradual decrease in current density at
� 0.8 V following the addition of DMSO (Figure S5). On-
line gas chromatography detected only H2, indicating HER

Figure 2. Characterization for electrolyte microstructure. Snapshots of (a) KCl-DMSO-5 and (b) KCl-CH3CN-5 electrolyte molecular system obtained
from MD simulation. Atom color coding: red: O, white: H, yellow: S, cyan: C, orange: K. (c) Local structure of KCl-DMSO-5 (top) and KCl-CH3CN-5
(bottom) obtained from MD simulation. RDFs of (d) KCl-DMSO-5 and (e) KCl-CH3CN-5. (f) In situ ATR-SEIRAS of the N2-saturated KCl-DMSO-5
system in the range from 1000 to 1380 cm� 1, and (g) its corresponding contour image. (h) In situ ATR-SEIRAS of the N2-saturated KCl-CH3CN-5
system. The potentials ranged from � 0.15 to � 1.35 V with an interval of � 0.1 V. (i) Evolution of the real part capacitance vs. frequency for pristine
KCl, KCl-DMSO-5, and KCl-CH3CN-5 electrolyte at � 0.45 V.
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is the sole reaction that occurred in this system (Figure 3b).
Regarding the hydrogen evolution during CO2RR, the
faradaic efficiency (FE) of H2 was monitored by varying the
amount of DMSO after bubbling CO2 gas into the electro-
lyte. In pristine 0.5 M KCl, H2 is the main reduction product
with an FE of 63.32% at � 0.75 V (Figure 3c). However, the
FEH2 decreased monotonically with the addition of DMSO
and reached only 4.01% in an electrolyte containing 5 M
DMSO. Then a slightly increased FEH2 is observed for KCl-
DMSO-7 and KCl-DMSO-8, even though the FEH2 can
remain at lower than 10.0% at � 0.85 and � 0.95 V (Fig-
ure S6). Since only H2 and CO were detected as end
products, the suppressed HER suggests an increased activity
for CO2-to-CO conversion, as evidenced by the variation of
the partial current density of CO (JCO, Figure 3d). For
example, JCO increased from � 2.10 mAcm

� 2 in 0.5 M KCl to
� 4.69 mAcm� 2 in DMSO-KCl-5 at � 0.85 V, then gradually
decreased following the addition of DMSO. The above

results suggest the best concentration of DMSO is 5 M.
Next, we compared the selectivity of H2 and CO in 0.5 M
KCl and KCl-DMSO-5 from � 0.75 to � 1.25 V in detail
(Figure 3e). The highest CO selectivity was 72.17% in 0.5 M
KCl, consistent with previous reports.[15] Impressively, in
KCl-DMSO-5, FECO of over 90.0% was achieved within a
broad potential window from � 0.75 to � 1.15 V, culminating
with 99.2% at � 0.95 V. DMSO also improved the long-term
stability (Figure S7). The electrochemical performance of
KCl-CH3CN-5 was also evaluated for comparison. The LSV
curves showed a shift of only 41 mV at Ej=1 mA cm

� 2 after
introducing 5 M CH3CN (Figure S8). Selectivity analysis
showed the highest FECO was 79.71%, very close to the
value measured in pure 0.5 M KCl (Figure 3f). The changes
in FEH2 after the addition of 5 M DMSO and CH3CN were
further compared (Figure 3g). The FEH2 in the KCl-DMSO-
5 system decreased significantly by 60.25%, 49.49%,
31.12%, and 26.84% at potentials of � 0.75, � 0.85, � 0.95,

Figure 3. Electrochemical performance. (a) LSV curves of N2-saturated KCl-DMSO-x. (b) Online gas chromatography analysis of reduction products
for N2-saturated KCl-DMSO-x electrolyte at � 0.8 V and the standard sample. The inset is the magnified spectrum within the retention time from 5
to 7 min. (c) H2 selectivity of the CO2-saturated KCl-DMSO-x system at � 0.75 V. (d) Heatmaps of CO partial current density at � 0.75 V and
� 0.85 V in KCl-DMSO-x electrolyte. FE of H2 and CO in (e) CO2-saturated 0.5 M KCl and KCl-DMSO-5, and (f) CO2-saturated 0.5 M KCl and KCl-
CH3CN-5. (g) Variation of FEH2 after adding 5 M DMSO or 5 M CH3CN in 0.5 M KCl at different potentials. (h) The kinetic current density of HER
in KCl-DMSO-x. (i) Arrhenius plots of CO formation over an Ag electrode in 0.5 M KCl, KCl-DMSO-5, and KCl-CH3CN-5.
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and � 1.05 V, respectively. In contrast, the decrease in FEH2
in the KCl-CH3CN-5 system was relatively minimal, with
values of 7.85%, 0.9%, 4.93%, and 7.92% at the same
potentials, respectively.

The promoting effect of the organic molecules engi-
neered solvation sheath is strongly associated with the
changes in intrinsic activity. In terms of HER, the intrinsic
activity can be evaluated using kinetic current density (Jk,
Figure S9).[16] As illustrated in Figure 3h, the addition of
DMSO in KCl-DMSO-x led to a gradual decrease in Jk, with
a remarkable 99.5-fold reduction observed upon increasing
DMSO from 0 to 5 M. In contrast, Jk in KCl-CH3CN-5
reached � 55.93×10� 3 mAcm� 2 (Figure S10), similar to that
in pure 0.5 M KCl (� 64.7×10� 3 mAcm� 2). In addition, the
electrochemical active surface area (ECSA)-normalized JCO
(JCO-ECSA) in KCl-DMSO-5 was found to be higher than that
in 0.5 M KCl and KCl-CH3CN-5 (Figure S11–S12). The
apparent activation energies (Eα) for CO2-to-CO conversion
in the three electrolytes were also measured, with values of
9.02, 8.98, and 5.97 kJ mol� 1 for 0.5 M KCl, KCl-CH3CN-5,
and KCl-DMSO-5, respectively (Figure 3i). Additional vali-
dation of the elevated intrinsic CO2RR activity of KCl-
DMSO-5 is demonstrated by microkinetic analysis (Fig-
ure S13), which showed a Tafel slope of 161.5 mVdec� 1 at
the low potential region, lower than that of 0.5 M KCl
(195.5 mVdec� 1) and KCl-CH3CN-5 (190.1 mVdec

� 1). These
results collectively demonstrate that incorporating DMSO
molecules into the solvation shell effectively suppresses the
intrinsic activity of HER but boosts the intrinsic activity of
CO2RR, while the presence of freely dispersed CH3CN in
the bulk electrolyte does not have the same effect.

After thoroughly examining potential variations in
electrolyte conductivity, composition, electrode surface
structure, mass transfer behavior, and interfacial charge
transfer resistance (Figure S14–S20), it was concluded that
the enhancement in CO2RR activity within a DMSO-
containing electrolyte was not due to any alterations in
either the electrolyte or electrode structure and composi-
tion. The K+ also does not play a decisive role in the greatly
enhanced CO2RR activity for the KCl-DMSO-5 system
(Figure S21). Instead, our focus shifted to exploring the
changes in interfacial H2O molecules since H2O is the sole
proton source in the system and controls the trade-off
between HER and CO2RR activity. We first mimicked
different electrolyte systems (KCl, KCl-DMSO-5, and KCl-
CH3CN-5) by controlling the potential difference between
two Ag electrodes, and the adapted simulation setups are
shown in Figure 4a–4b and Figure S22.[17] The density
distribution of H2O was calculated as a function of distance
from the cathode at a fixed potential of � 1.1 V (Figure 4c).
All three electrolytes exhibited a first layer within a distance
of approximately 3.6 Å in the density profiles, with KCl-
DMSO-5 giving the lowest H2O density of 2.42 gcm� 3. The
state of H2O molecules near the electrode was then analyzed
by in situ FTIR. According to the deconvolution results of
the O� H stretching vibration peaks for KCl-CH3CN-5 and
KCl-DMSO-5 at � 0.6 V (Figure 4d and 4e), the H2O at the
interface consists of free H2O (H2O� F), H2O in the
hydration shell of cations (coordinated H2O, H2O� H), and

ice-like H2O with four hydrogen bonds (H2O� I). Among
them, H2O� I, being fully bound, cannot pass through
IHP;[18] thus, H2O� F and H2O� H are considered proton
suppliers for HER.[19] The proportion of H2O� F and H2O� H
was 17.48% and 74.27% in KCl-CH3CN-5, respectively,
whereas, in KCl-DMSO-5, only 1.88% H2O� F and 50.67%
H2O� H were observed (Figure 4f). Similar results were
obtained at other potentials (Figure S24). The lower avail-
ability of proton sources in KCl-DMSO-5 is anticipated to
reduce the surface coverage of adsorbed protons (θ*H). This
was tested by measuring the hydrogen adsorption charge
(Q*H) in N2-saturated electrolyte, assuming that the change
in Q*H matches the change in θ*H because only *H
intermediate accounts for the electrochemical response.[20]

The integration of overpotential and proton adsorption
pseudo-capacitance (Cϕ) obtained from the imaginary part
capacitance in impedance spectroscopy (Figure S25) shows
that KCl-DMSO-5 has the lowest Q*H value of 26.5 mCcm

� 2,
while the values for 0.5 M KCl and KCl-CH3CN-5 are 77
and 95.5 mCcm� 2, respectively (Figure 4g). The accumula-
tion of DMSO molecules in EDL reduced the density of
H2O molecules and the relative content of H2O� F and
H2O� H, resulting in less proton sources and lower surface
coverage of *H, thus diminishing the intrinsic activity for
HER.

Stabilization and activation of *H2O steer the kinetic
rate of proton-involved steps for CO2RR, including the
formation of *COOH, regardless of the reaction proceeding
through coupled or uncoupled proton-electron pathways. To

Figure 4. Understanding the changes in interfacial H2O structure.
Snapshots of (a) KCl-DMSO-5, (b) KCl-CH3CN-5 between two Ag
electrodes from MD simulation at � 1.1 V, and (c) the corresponding
density distribution of H2O. Deconvolution of the experimental O� H
stretching vibration peaks in ATR-FTIR for (d) KCl-CH3CN-5 and (e)
KCl-DMSO-5. (f) Fraction of free H2O and H2O in hydration shell for
KCl-DMSO-5 and KCl-CH3CN-5. (g) Cϕ at various overpotentials for
0.5 M KCl, KCl-CH3CN-5, and KCl-DMSO-5. Inset shows the corre-
sponding QH*.
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examine the impact of incorporated DMSO on the stability
of *H2O and other CO2RR intermediates, in situ SEIRAS
was performed by scanning the applied potential negatively
from � 0.45 to � 1.35 V. In the spectra obtained from KCl-
DMSO-5 (Figure 5a), the peak ascribed to *CO2

� , which
was the initial one-electron reduction intermediate of CO2,
was identified at 1304 cm� 1, in conjunction with a sharp peak
of *COOH at 1447 cm� 1. Meanwhile, the HCO3

� , resulting
from the chemical equilibrium reaction between dissolved
CO2 and H2O, was observed at 1447 cm

� 1. The positive peak
at 1653 cm� 1 is assigned to the H� O� H bending mode of
H2O, which is indicative of the surface-enriched H2O

molecules on the catalyst. These peaks are also observed in
the spectra of KCl-CH3CN-5 and 0.5 M KCl (Figure 5b and
S26), indicating that CO2RR over Ag electrodes in 0.5 M
KCl with and without organic additions follows a similar
mechanism. The initially adsorbed CO2 underwent the first
electron reduction to form *CO2

� , which then captured a
proton via an H2O activation process, leading to the
formation of *COOH. Subsequently, *CO was generated by
an electron and proton transfer step. The absence of the
*CO signal in the SEIRAS measurement suggests that CO
has facially departed from the Ag electrode.[21]

Figure 5. Exploring the enhanced intrinsic activity for CO2RR. In situ ATR-SEIRAS for (a) KCl-DMSO-5, and (b) KCl-CH3CN-5. (c) KIE of H/D for
CO2-to-CO conversion at different potentials for KCl-CH3CN-5 and KCl-DMSO-5. (d) Gibbs free energy changes of CO2-to-CO conversion over
Ag(200) and Ag(220) plane in electrolyte with and without DMSO additive. (e) The models of *CO2+*H2O on Ag(200) and Ag(200)-DMSO sites.
(f) The adsorption energy of the H2O molecule on the Ag site with adsorbed CO2. (g) Energy barriers of transitional state formation for *CO2-to-
*COOH conversion over Ag electrode in electrolyte with and without DMSO additive. (h) The acquired transitional state models of *CO2+H(TS).
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The H2O peak in the KCl-DMSO-5 showed a blue shift
to 1653 cm� 1, compared to 1635 cm� 1 in 0.5 M KCl and KCl-
CH3CN-5, indicating the stabilization effect of the regulated
solvation structure on the *H2O.

[22] This result can be further
validated by ATR-SEIRAS collected by reverse potential
scan (Figure S27). An analysis of the kinetic isotopic effect
(KIE), defined as the ratio of CO generation rate in H2O-
and D2O-based electrolytes, was performed to assess the
impact of DMSO on the proton transfer process for
CO2RR.

[23] The KIE values for KCl-CH3CN-5 were more
significant than two at different potentials (Figure 5c),
indicating that the rate-determining step involved H2O
dissociation. However, KCl-DMSO-5 had much lower KIE
values (1.19 and 1.33 at � 0.85 and � 0.95 V, respectively),
suggesting that the H2O activation process was significantly
accelerated due to the stabilization effect on *H2O. This was
further supported by testing the reversible binding behavior
of OH� , which was used as an electrochemical probe to
simulate the interaction between *H2O and organic mole-
cules in the EDL.[24] The potential for OH� adsorption was
found to decrease from 1.86 V in 0.1 M KOH to 1.77 V in
KOH-DMSO-5 (Figure S28), while negligible improvement
was observed in KOH-CH3CN-5. These results confirmed
that when DMSO is incorporated into the solvation shell of
cations, it can interact with *H2O and enhances *H2O
dissociation.

DFT calculations were also performed to understand the
promoting effect of the DMSO-modified solvation environ-
ment. As displayed by in situ SEIRAS, the mechanism
involving *COOH and *CO intermediates was adopted in
the CO2-to-CO conversion. The models based on Ag (200)
and Ag (220) were constructed to represent the interfacial
structure of pristine 0.5 M KCl and KCl-CH3CN-5 (Fig-
ure S29), due to the primary crystalline orientation of
pristine Ag foil consisting of (200) and (220) facets as shown
in the XRD patterns (Figure S15a). A simplified slab
composed of an Ag (200) or Ag (220) surface and a
complete DMSO molecule was used to relax KCl-DMSO-5
structurally, referred to as Ag-DMSO (Figure S30). A
solvated K+ was also introduced during the calculations.[2a]

The free energy plot in Figure 5d showed that the reduction
of CO2 to CO over the Ag(200) was dominated by the
formation of *COOH with a ΔG of 0.99 eV, and the energy
barrier of this step was reduced to 0.53 eV with the addition
of a DMSO molecule. Meanwhile, the calculated ΔG of
*CO desorption was found to be similar for both Ag and
Ag-DMSO, indicating that the presence of DMSO did not
affect this step. This result intuitively contradicts the linear
scaling relationship between the adsorption energy of
*COOH and *CO.[25] A similar conclusion can be achieved
for Ag (220) system. Therefore, the greatly accelerated
formation of *COOH is not due to the direct interaction
between *COOH and the DMSO molecule. This is con-
firmed by the observation of identical wavenumbers in the
in situ SEIRAS for the *COOH peaks in both electrolytes
with and without organic additives (Figures 5a and 5b).

Next, we gain insight into the formation process of
*COOH, namely the protonation of *CO2, by considering
the adsorption and activation of the H2O molecule. Firstly,

the adsorption energy of the H2O molecule was calculated
at the Ag site with adsorbed CO2. As presented in Figure 5e,
the adsorption configuration model of *CO2+*H2O clearly
shows the interaction between the S=O moiety in DMSO
and the H� O group in H2O. The distance of O···H� O (d)
was 2.09 Å, which is in the range of the classical H-bond
interaction.[26] This interaction is also evident from the blue
shift of the bending vibration peak of H2O in FTIR spectra
of KCl-DMSO-5,[27] as discussed above. In particular, the H-
bond interaction lengthened the O� H bond from 1.19 Å to
1.55 Å, illustrating the weakened bond strength of the O� H
bond and could accelerate the activation of *H2O (H2O+e�

+*!*H+OH� ). Therefore, the adsorption energy of H2O
decreased from � 0.58 eV (Ag(200)) to � 1.19 eV (Ag(200)-
DMSO) (Figure 5f). Second, the energy changes of *H2O
activation and subsequent *CO2 protonation were evaluated
for both Ag(200) and Ag(200)-DMSO models. As shown in
Figure 5g, starting from the initial state of *CO2+*H2O, the
*COOH was generated after H2O activation. After search-
ing for transition states, the optimized state of *CO2+H(TS)
was built, and an apparent stabilization effect of DMSO on
the generated proton was observed in Ag-DMSO via
S=O···H interaction (Figure 5h). Finally, the ΔG for the
conversion of *CO2 to *COOH reduced from 0.80 eV
(Ag(200)) to 0.59 eV (Ag(200)-DMSO). These results ex-
plain well the improved CO2RR intrinsic activity in KCl-
DMSO-5.

The versatility of this strategy could be validated with
different electrodes and aprotic organic molecule additives
(Figure S37–S42). The CO selectivity over Zn foil in KCl-
DMSO-5 is higher than the pristine KCl electrolyte at all
potentials, with the largest improvement of 29.3% at
� 0.75 V and the highest FECO of 84.05%, better than other
Zn foil electrodes.[28] Considering the higher Gutmann
donor number of N,N-dimethylformamide (DMF, 26.6) than
H2O, the solvation structure and corresponding CO2RR
activity of KCl-DMF-5 were also analyzed. MD simulation
showed a K� O distance of 2.63 Å, which is comparable to
K-Owater pair (Figure S39b). The density profile of H2O at
� 1.1 V also demonstrated the enrichment of DMF near the
cathode (Figure S40). Electrochemical tests showed im-
proved CO selectivity of the Ag electrode when DMF was
introduced (Figure S41), with the highest FECO increasing
from 72.17% in 0.5 M KCl to 90.25% in KCl-DMF-5. The
improvement in CO2 reduction selectivity was also observed
for CO2-to-formate conversion over the Sn electrode in the
KCl-DMF-5 electrolyte (Figure S42), with DMF molecules
suppressing HER but boosting FECO and FEformate. Notably,
the highest FEformate reached 91.57%, which was superior to
the pure KCl electrolyte (77.77%).

Conclusion

In summary, a molecular engineering strategy was proposed
to balance H2O activation for HER and CO2RR by
modifying the solvation structure of metal cations. This
strategy involves incorporating aprotic organic molecules
with higher Gutmann donor numbers than H2O into the
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solvation shell of electrolyte cations. The results of MD
simulations and in situ ATR-SEIRAS experiments, utilizing
DMSO as a representative molecule, demonstrated the
capability of these molecules to enter the solvation shell of
K+ and incrementally concentrate within the EDL under an
electric field. The locally enriched DMSO reduced the
density of H2O molecules at the interface from 4.13 gcm� 3 in
pure KCl electrolyte to 2.42 gcm� 3 in KCl-DMSO-5. The
significant reduction in the proportion of two proton
sources, H2O� F and H2O� H, results in a lower surface
coverage of H* and a decreased inherent activity of the
HER process. The selectivity of H2 production over the Ag
electrode at � 0.75 V dropped dramatically, from 63.32% in
0.5 M KCl to 4.01%, upon the addition of 5 M DMSO. This
also resulted in a 99.5-fold reduction in the Jk value. In
addition, the presence of DMSO was observed to stabilize
*H2O and accelerate the protonation of *CO2 involving a
transition state of *CO2+H(TS) with an energy barrier of
0.59 eV, much lower than that of the original Ag electrode
(0.80 eV). The intrinsic activity for CO2RR was significantly
enhanced, as demonstrated by the decrease in the free
energy change for the *COOH formation and the measured
apparent activation energy. Notably, this approach disrupts
the linear scaling relationship between the adsorption
strength of *COOH and *CO because the incorporated
DMSO molecules do not interact directly with these
intermediates. As a result, an optimized activation of H2O
was realized by constructing a DMSO-incorporated EDL.
Finally, a CO selectivity of over 90% can be achieved in
KCl-DMSO-5 from � 0.75 to � 1.15 V, with a peak FECO
value of 99.2% at � 0.95 V. These findings have also been
observed for other electrodes, such as Zn and Sn, as well as
other organic molecules, like DMF. The versatility of
organic molecules allows for fine-tuning of the solvation
layer of electrolyte cations, providing significant potential
for the design of effective electrocatalysts for CO2RR and
other electrochemical reactions.
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