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The fundamental drivers for the selective CO; electroreduction reaction (CO2RR) to alcohol (e.g. CoHsOH) or
alkene (e.g. CoHy) still remain unexplored. Previous studies mainly focus on catalyst engineering to enhance
electrocatalytic performance, while the selectivity to alcohol has reached a bottleneck. Here, we modulate local
environment to reveal the contribution of *CO and *H reaction intermediates in the selectivity of CO» to alcohol/
alkene on Cu electrocatalyst. Through modifications on local CO; concentration, varied *CO/*H coverage ratios
can be achieved. Based on the reaction kinetics analysis, we find that there is a direct connection between local
CO;, concentration and interfacial *CO and *H coverage, which finally affects the selectivity of CO5 to alcohol or
alkene. To verify this principle, polyvinylidene fluoride (PVDF), a hydrophobic binder, were selected and
introduced into the catalyst surface for further enhancement of interfacial *CO/*H coverage. With PVDF
decoration, alcohol/alkene ratio increased from 0.69 to 1.35. The Faradic Efficiency of alcohol is up to 37.5 %
under a high current density of 800 mA cm™2 (a partial current density of 300 mA cm™2), surpassing most re-
ported Cu-based materials. Our findings provide a fundamental guidance for CO2RR to alcohol under an
industrial-level current density.

1. Introduction

The electrochemical carbon dioxide reduction reaction (COsRR) has
emerged as a pivotal avenue for converting CO; into value-added
products, holding significant promise in addressing climate change
concerns [1-3]. However, a high selectivity to single Co products is still
a grand challenge, which is a key factor in reaching the goal of industrial
CO4 electrolysis [4-6]. Among diverse valuable Cy, products, alkene
(ethylene, CoH4) and alcohol (ethanol, CoHsOH and propanol, CsH;OH)
stand out as predominant categories. Due to a relatively lower energy
barrier for the CoHy formation process, it is possible to achieve an
exceptional selectivity of CoH4 (e.g. 70 % at —-0.55 V vs. RHE) [7-9].
Nevertheless, a high selectivity to liquid alcohols still presents as a
challenge. Furthermore, fundamental drivers for the alcohol production
remain inadequately investigated and it is also the issue that limits
commercialization of COsRR.

Nowadays, various catalysts engineering strategies, including nano-
structure [10], tandem structure [11], and single atom [12], are
employed to enhance the alcohol production on Cu-based electro-
catalysts. In these systems, catalysts’ intrinsic properties, such as
wettability of protective layers [13] and nanosized catalyst structure
[14], are proposed as drivers for ethanol formation. However, these
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approaches mainly depend on the electronic structures of designed
materials, demonstrating that proposed drivers are unsuitable for
extrapolation to other materials [15-17]. The catalyst’s structure
significantly determines electrocatalytic performance and even slight
change in the structure will result in the complex alterations at the
interface. These changes ultimately hinder the explorations of basic
descriptors. Conversely, modulating local reaction environment, as a
neglected but essential method, can tune interfacial condition individ-
ually. The fundamental research based on modifications of local envi-
ronment can reveal descriptors that are independence of catalyst’
structures [18,19]. Therefore, such descriptors can be universal for the
enhancement of selectivity.

Herein, through systemically modulating local reactants concentra-
tions, we evaluate interfacial *CO/*H coverage acting as fundamental
drivers in the electrochemical CO3RR to valuable alcohol products.
Under varied interfacial CO4 partial pressures, differential interfacial
coverage of *CO/*H intermediates can be observed. The electrocatalytic
results demonstrate that the increased *CO can accelerate the alcohol
formation, while the enhanced *H is beneficial for the selectivity to
alkene. By combining operando characterizations with kinetics analysis,
we establish a connection between the *CO/*H coverage and the
selectivity to alcohol. Under the guidance of this principle, we
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incorporate a hydrophobic binder (polyvinylidene difluoride, PVDF)
into the catalyst inks. The addition serves to reduce interfacial *H
coverage, resulting in an enhanced *CO/*H ratio and a notable selec-
tivity of 37.5 % to alcohol at 800 mA cm™2 operation.

2. Result and discussion
2.1. Characterizations of *CO/*H coverage at different Pco2

Modulating local reaction environment can adjust single interfacial
factor without affecting catalyst structure, which can be an effective
method in mechanism analysis. In this experiment, we systematically
tuned the volume ratios of CO5 to Ar in the gas streams to maintain
diverse local reactant concentrations. According to Henry’s law, inter-
facial CO, concentration is in positive relation with partial pressure
[20]. Therefore, varied interfacial CO, partial pressure (Pco,, ranging
from 0.25 to 1) can be achieved.

To assess the alterations in *CO coverage, in-situ Attenuated Total
Reflectance Infrared (ATR-IR) spectra analysis was conducted in a three-
electrode cell at specific potentials. A peak locating around 1948 cm™,
which corresponds to *CO, is detected at —0.9 V vs. RHE under each Pco,
(Fig. 1a) [21]. As for spectra collected under Pco, ranging from 0.25 to
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0.75, the *CO peak does not become apparent until under a high
negative potential (0.5 V vs. RHE). In contrast, a well-defined peak can
be clearly observed at a moderate potential (0.1 V vs. RHE) under
Pco,=1. It should be mentioned that the potential for the appearance of
*CO peak is smaller with the increase of interfacial Pco, [22]. Taking
spectra gathered at —-0.9 V vs. RHE as an example, it is evident that *CO
peak intensity substantially increases with a rising Pco,, confirming a
heightened *CO coverage (Fig. S1) [23]. The *H is derived from water
splitting, and is in direct competition with *CO adsorption [24,25].
According to in-situ Electron Paramagnetic Resonance (EPR) spectra,
nine characteristic peaks can be clearly observed under each Pco,
(Fig. 1b) [26,27]. With the increase of CO5 content in the gas streams,
the peak intensity obviously decreases, indicating a reduction in the *H
coverage. For a quantitative analysis, we introduced a parameter R,
which is calculated as the ratio of normalized ATR-IR intensity to
normalized EPR intensity, to quantify interfacial *CO/*H ratios. As
displayed in Fig. 1¢, an increase of R. from 0.02 to 3.34 can be observed
with the increase of Pco,, demonstrating an enhanced *CO coverage and
decreased *H coverage (Fig. S2). It can be concluded that modulating
interfacial CO5 concentration can achieve a varied interfacial *CO/*H
coverage without influence on the catalyst’s electronic structure.

a

pc02=1 p002=0.75 pC02=0-5 pcoz=0_25
09V | | I |
| | |
| ) | |
| | | |
8 0.7V | | 1 {
C | | | |
S |05V I I M |
= | | I |
E | | | |
uc) -0.3V | 1 AR AN f
© 1 | | I
—
— |-01vV ! ' ' '
| | | |
oV ! | | |
| | | |
| I | |
OCP I | I I
N‘WW\/MWWNW
| ] MW I~ A A AN A
| | | |
T T | T T T T T T T T T T T
2100 1950 1800 2100 1950 1800 2100 1950 1800 2100 1950 1800
Wavenumber / cm™
b Ciol
6.1 6.16.1 6.1
16.5 [r-H196f--H--n106/1-1 165 0.8
N/ T/ | | N = R,=0.02
=) @
o 0.6
2 | Pco, 0.5 £
2 e 0.4
: z"
= K R.=0.18
y 0.2
A A AN A AN A <= R.=126
0.01 R,=3.34
3300 3320 3340 3360 3380 3400 3420 0.2 0.4 0.6 0.8 10
Magnetic field / G Pco, / atm

Fig. 1. Characterizations of *CO/*H coverage. (a) The in-situ Attenuated Total Reflectance Infrared (ATR-IR) spectra of commercial Cu at specific potentials under
varied Pco, in the 1 M KHCO3 without CO5-saturated. (b) Operando Electron Paramagnetic Resonance (EPR) spectra collected in 1 M KHCO3 solution with 8 pL 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) under 200 mA cm™2 (30 min reduction). (c) Correlation between Pco, and normalized ATR-IR intensity and normalized

EPR intensity.
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2.2. Alcohol/alkene selectivity dependence on *CO/*H coverage

To quantify the dependence of alcohol/alkene selectivity on the
*CO/*H coverage, the CO2RR performances of commercial Cu were
evaluated in a flow cell device with 1 M KOH aqueous electrolyte
(Fig. S3 and S4). An obvious change on partial Hy current densities (jy,)
were observed through the regulation of Pcq, (Fig. S5 and S6). Under a
current density of 500 mA cm2, jy, reaches a maximum value of
266 mA cm™2 at Pco,=0.25, while it delivers a minimum value with
increasing Pco, to 1. As the selectivity to Hj is positively related with *H
coverage, this trend demonstrates a correlation between an increase in
interfacial *H coverage and a decrease in Pco,, which is consistent with
our operando characterization results. [28]

Fig. 2a compares the Faradic Efficiency (FE) of Cy alcohol (C;HsOH
and CsH7OH) and alkene (CyHy4) products. With the increase in Pco,, FEs
of Cy, alcohol and alkene enhance from 16 % to 60 % (500 mA cm’z).
Interestingly, at a low reaction rate (100 mA cm™2), the catalyst delivers
a high alkene selectivity of 40 % at Pco,=0.25. At high reaction rates
(200, 300 mA cm 2), FEqy reaches a maximum value with the existence
of trace amount of *H. Meanwhile, with increasing current density, the
peak position for jux (alkene partial current densities) gradually shifts to
a higher Pco, (Fig. 2b, Fig. S7). It should be noticed, for alcohol prod-
ucts, partial current densities of alcohol products (j,c) increase with the
enhancement in Pco,, suggesting a promotive influence of interfacial
*CO on alcohol selectivity (Fig. 2¢, Fig. S8). Meanwhile, according to
chronopotentiometry (CP) curves at 200 mA cm ™2, evident potential
fluctuations can be observed for curves collected at Pco,=0.25 and 0.5
(Fig. S9). As exhibited in Fig. S10, a rising Pco,, which corresponds to
higher *CO coverage and lower *H coverage, accelerates the formation
of alcohol, and inhibits the selectivity to alkene products. The influence
of *CO/*H on alcohol/alkene selectivity is further supported by plotting
the ratio of FEyc to FEax (FEa1c/FEai) as a function of Pco, at various
current densities (Fig. 2d). The FE,./FE,y increases from 0.62 under
Pco,=0.25 to 1.00 at Pco,=1 (500 mA cm™). Consequently, through
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modifying local COy concentration, interfacial *CO/*H ratio can be
deduced as fundamental drivers for alcohol formation. Either increase in
*CO coverage or reduction in *H coverage can be a promising strategy to
achieve a high selectivity to alcohol.

2.3. Mechanism understanding of *CO/*H coverage

To explain the variation of interfacial *CO/*H coverage under
different interfacial COy concentration, the mechanism was analyzed.
The reaction rate for CO2RR can be given through Butler—Volmer
equation [29]:

—GE: — eﬁUgHE

R = AfBexp( T

) @

in which A corresponds to prefactor, 0 is the coverage of reactants, G° is
the activation energy at 0 V vs. SHE, Ugyg is potential vs. SHE, f is the
transfer coefficient, k is Boltzmann constant, and T is the reaction
temperature. Through Eq. 1, under specific potential, it can be deduced
that the reaction rate is intricately linked to the coverage of reactants.
During CO2RR process, the electroreduction from CO3 to CO can be
divided into four steps (detailed in SI), and the reaction (COz(g) + € —
*CO3) serves as the rate-determining step. Therefore, the reaction rate
for reduction from CO; to CO is related to Pco,. Consequently, with the
increase of Pco,, the conversion rate accelerates, leading to an
augmentation in interfacial CO(g) coverage. According to adsorption/
desorption equilibrium, an increased CO(,) coverage corresponds to a
high *CO coverage. In the electrochemical experiments, the dependence
of CO production rate on the Pco, was verified at a current density of
300 mA cm 2 under varied P, conditions. The observed dependency of
CO rate on Pco, exhibits characteristic behavior of a first order reaction
(Fig. 3a). It indicates that the conversion rate to CO is primarily corre-
lated to interfacial CO2 concentration, agreeing with our deduced
conclusion from Butler-Volmer equation (Fig. S11a). As the HER and
CO2RR are two competing reactions, it was found that the reaction rate
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Fig. 2. Alcohol/alkene ratios dependence on *CO/*H coverage. (a) FEs of Cy, alcohol/alkene products at different current densities under varied Pco,. Partial
current densities of (b) alkene and (c) alcohol at specific current densities. (d) Comparison of FE. to FE, with increasing Pco, at various current densities.
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Fig. 3. Mechanism understanding of *CO/*H coverage. (a) The logarithms of jco and ju, vs. logarithms of Pco, at 300 mA cm™2. Parameter R, is employed to measure
the conversion rate to CO and H,. It is calculated as the ratio of logarithms of jco to logarithms jy,. (b) Function between R, and R;, and (c) relationship between R,

and Ratioajc/alk-

to Hj displays a typical characteristic of a negative first order reaction
(Fig. S11b) [30]. That is to say that an increase of Pco, will result in a
decrease in conversion rate to Ho, which is consistent with our in-situ
EPR results. A parameter R;, which is a ratio of conversion rate of CO to
H; (R,=log (jco/mA cm2)/log (ju,/mA cm2)), is introduced to quantify
the dependence of reaction rate on Pco,. With Pco, rising from 0.25to 1,
the value for R, increases from 0.34 to 1.19. Accordingly, an increase in
R. (*CO/*H coverage ratio) can be observed under a faster reaction rate
of R;=1.09 and finally enhance the selectivity to alcohol products
(Fig. 3b, ¢). The Ratioa)c/alk (ratio of FE,) to FE,i) increases from 0.56 at
R.=0.49-0.76 under R.=3.34 (Fig. S12), demonstrating that *CO/*H
coverage ratio plays as a vital role in the formation of alcohol.

Based on in-situ characterizations and kinetics studies, the mecha-
nism explaining the influence of local CO, concentration on products
selectivity can be proposed. Since conversion rate from CO, to CO is a

first-order reaction, interfacial CO, concentration determines the con-
version rate from CO to CO. It can be observed that effective conversion
rate results in a higher interfacial *CO coverage and a lower *H
coverage, contributing to a higher R, value. The increased *CO/*H
coverage ratio, in turn, facilitates the formation of alcohol.

2.4. General strategy to achieve high selectivity to alcohol

Through modulating local reaction environment, varied interfacial
*CO/*H coverage can be achieved. The correlation between *CO/*H
and alcohol selectivity was further established. It is revealed that R
value, which corresponds to interfacial *CO/*H coverage ratio, is the
fundamental driver for selectivity to alcohol.

A hydrophobic layer on the catalyst can effectively minimize the
volume of solution in touch with electrode-electrolyte interface,

a b C
09V 10% PVDF 20% PVDF 80
R alkene
o7V : : : : : /) alcohol = <
Y~ \ i | I | 604 §§ N NN
g Ve 5 I I I I i N N N N
c |osv . I | | 1 | N\ \
& * E I 1 l I l ﬁ\ N
k=1 - I 1 1 I 1 N \
£ |o0av £ | I | ! | \ > NN
2 = | 10 % PVDF N
IS o “\f"\ﬁwm 1 A °n \ N % &
0.1V
ov ! ' ' | 20% PVDF i
T T T T T T ‘ I I ‘ I E §
2040 1980 1920 2040 _‘:980 1920 3320 3340 3360 . .3380 3400 34 200 400 600 800
d Wavenumer / cm e Magnetic field / G Current density / mA cm
T
154 © 100mA 1.44 100 mA 800 | S
<& 800 mA ~O— 400 mA % Industrial-level
1.24 [} current density
<< 1
2492 3 £ 6007 '
uf 1.0 > f
© =
> /9 o 2 4004 © Thiswork
wr w© 0.8 5] O Cu-12C C
w 0.94 04 ° A CuAl,0,/Cu0 >
S FeTPP[CIJ/Cu
0.6+ £2001 # CuSmyons A
a3 AuCU/Cu-SCA
064 041 [> Ce(OH),/Cu
0 B
0% 10 % 20 % 0 5 10 15 20 25 0 10 20 30 40 50
Binder content / % FE /%

R./a.u.p/a.ug

Fig. 4. General strategy to tune *CO/*H coverage. (a) The in-situ ATR-IR spectra and (b) operando EPR spectra collected on catalyst with 10 wt%,/20 wt% PVDF. (c)
FE, . and FE,x of Cu catalyst with varied PVDF content at different current densities. (d) The correlation between FE,./FE, and binder content and (e) the
relationship between Ratio,)c/aix and Re. (f) Total current density and FE,. of Cu with 20 wt% PVDF in comparison with other reported Cu-based catalysts.
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resulting in a reduced *H coverage [31]. The decrease in competing HER
activity is advantageous for the conversion from COyy) to CO(g),
accompanied by an enhanced *CO coverage at the interface. Conse-
quently, an increase in R, value is realized, theoretically accelerating the
selectivity to alcohol. To evaluate the deduction, a hydrophobic binder,
polyvinylidene fluoride (PVDF), was added into the catalyst ink at
weight ratios of 10 % or 20 %.

The commercial copper exhibits a nanoparticle structure with sizes
of 50 nm (Fig. S13). A series of physicochemical characterizations
confirm that the addition of PVDF into catalyst does not change the
initial morphology of copper, and the element F distributes evenly on
the surface (Fig. S14 and S15).

For ATR-IR spectra of catalysts containing PVDF, it can be observed
that the peak corresponding to *CO becomes increasingly pronounced as
more negative potentials are applied (Fig. 4a, Fig. S16). On the other
hand, a reduction in the EPR intensity demonstrates a decreased inter-
facial *H coverage for catalysts with higher PVDF contents (Fig. 4b).
These findings indicate that the introduction of PVDF binder into the
catalyst can further modify local COy concentration, along with an
enhancement in the R, value without influence on the electronic struc-
ture (Fig. S17).

The addition of PVDF proves effective in inhibiting the HER, leading
to a decrease in jy, from 120 mA em™ to 64 mA cm™ as content
increasing from 0 % to 20 % (800 mA cm™?) (Fig. S18). This decrease
suggests a relatively lower *H coverage on the triple-phase interface.
Furthermore, an increase in *CO accelerates the formation of alcohol,
improving jaic from 203 mA cm 2 to 300 mA cm 2 (800 mA cm ™2, PVDF
content ranging from 0% to 20 %) (Fig. S19a). A decrease in *H
coverage is associated with a poor selectivity to alkene, leading to jax
decreasing from 295 mA cm 2 to 222 mA cm? (Fig. S19b). These ob-
servations align with our previous findings that a high R, value can
enhance selectivity to alcohol (Fig. 4¢). Upon plotting function between
binder content and FE./FE,, it is evident that FE,./FE exists a
positive correlation with an increase in binder content (increase from
0.69 at 0 % PVDF to 1.35 at 20 % PVDF), emphasizing the decisive role
of *CO/*H coverage ratio in alcohol selectivity (Fig. 4d, Fig. S20).
Meanwhile, through tuning Pco, coupled with modulation in interfacial
hydrophobic, we succeed in elevating R, value from 0.02 to 21.08
(Fig. S21). Furthermore, the value for Ry aik €xperiences a notable in-
crease, advancing from 0.43 at R.=0.02-1.04 at R.=21.08
(100 mA em2, Fig. 4e). Importantly, in comparison with other Cu-based
catalysts, device constructed with Cu containing 20 wt% PVDF delivers
a high selectivity of 37.5 % to alcohol at an industrial-level current
density of 800 mA em™2. A partial current density of 300 mA cm™2 for
alcohol formation surpasses most reported catalyst-engineering mate-
rials, exhibiting a potential in industrial applications (Fig. 4f) [9,15,
32-34].

3. Conclusion

This work emphasizes the decisive role of *CO/*H coverage in the
pathway to alcohol formation and provides a new direction for the
fundamental research in the CO2RR. Through tuning local CO, con-
centration, R, value, a parameter to measure *CO/*H coverage, can be
modulated. According to the experimental results, the selectivity be-
tween alcohol and alkene formation depends on the variance of R, value.
We validated this principle by introducing 20 wt% PVDF into the cata-
lyst for further adjustments in interfacial CO, concentration. As a result,
the FE for Cy, alcohol production maintains at 37.5 % under a high
current density of 800 mA cm™2, corresponding to a partial current
density of 300 mA cm™2. More importantly, this research points out
*CO/*H coverage acting as fundamental drivers for the alcohol selec-
tivity and proves the application potential of local environment in
fundamental research.
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