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ABSTRACT: Valorization of CO2 into chemical fuel by photoelectro-
chemical CO2 reduction competes with hydrogen evolution reaction.
Considering that CO2 reduction reaction (CO2RR) occurs on the interface
of the cathode in artificial photosynthesis, selectivity and faradaic efficiency
depend on the performance of the cathode itself. Herein, we report a
Nafion-coated TiO2 dark cathode to produce alcohol as a selective liquid
product from CO2RR. The mechanism for selective alcohol production is
investigated by in situ extended X-ray absorption fine structure and in situ
electron paramagnetic resonance spectroscopy measurement for the
intermediate CO2 radical detection. The Nafion functional layer on the
TiO2 dark electrode suppresses the dimerization of monocarbon radical intermediates due to the efficient one-pot
reactions of proton-coupled multiple electron transfer. As a result, the dimerization of monocarbon radical intermediates
is suppressed due to decreased lifetime of the intermediate, facilitating the exclusive methanol production.

The rising CO2 concentration in the global atmosphere
and utilization of renewable energy are some of the
most urgent challenges, which lead to replacement of

fossil fuel-based energy to ecofriendly energy sources such as
solar, wind, biomass, etc.1,2 The artificial path of CO2

valorization, which is CO2 conversion to value-added products,
is powered by solar light energy and a transferred proton by
the water medium. Called artificial photosynthesis, a series of
mimicking processes of natural photosynthesis produce a wide
range of reduced carbon compounds, leading to a promising
technique for sustainable energy generation.3−5 At first,
research on artificial photosynthesis started with that on
hydrogen generation by a solar light-driven water splitting
reaction.6,7 Hydrogen production driven by solar light energy
has been dramatically researched in the viewpoint of product
efficiency through favorable kinetics and thermodynamically
stable pathways.8 However, concern over the low energy
density of hydrogen gas as an energy source has facilitated the
necessity of hydrocarbon production for highly dense energy
sources.9,10 As such, liquid fuels derived from CO2 by solar
light energy have been regarded as an emerging ecofriendly
energy source with high energy density in terms of sustainable

solar energy utilization and recycling of environmental
destructive CO2 gas.

11−13

Thermodynamically stable CO2 molecules can be evolved to
a wide range of C1 and C2 hydrocarbon molecules like carbon
monoxide (CO), formic acid (HCOOH), formaldehyde
(HCHO), methane (CH4), methanol (CH3OH), ethylene
(C2H4), and ethanol (CH3CH2OH). Especially, alcohols
derived from CO2 molecules have a considerable importance
from a scientific and industrial aspect because of utilization of
alcohol as a fuel source for internal combustion engines and
also as the anode fuel of direct methanol fuel cells that
inherently cut off the emission of CO, hydrocarbons, and
nitrogen oxides by incomplete combustion.14−16 To date,
possible evolution paths have been suggested via photo-
electrochemical (PEC), electrochemical (EC), photochemical
(PC), etc. in recent research articles.17,18 In addition,
thermodynamic and kinetic parameters of the rate-determining
step for final products have been explored based on
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computational DFT calculations.19,20 Though a wide range of
products evolved from CO2 molecules has been revealed, the
product selectivity has yet remained as an urgent challenging
task because of the lack of fundamental understanding of it.
Besides, subsidiary evolution of hydrogen gas has been
unfavorably performed to deplete overall product efficiency
as a competitive reaction during the conversion process of CO2

reduction.
The introduction of aqueous electrolyte in a solar light-

driven CO2 reduction system is accompanied by proton
reduction reaction, which leads to favorably produce hydrogen
gas as the competitively parallel reaction.21 Correspondingly,
the introduction of an nonaqueous aprotic solvent has an eight
times higher CO2 solubility than aqueous media at
atmospheric pressure and room temperature and is expected
to contribute to higher mass transport of the CO2 molecule.
The PEC CO2 reduction system with an nonaqueous aprotic
solvent is expected to offer more chances for the CO2 molecule

to reduce on a cathodic electrode surface and inhibit hydrogen
gas production as well.22

Herein, the present work reports a PEC CO2 reduction
system for alcohol selectivity, which is introduced with
acetonitrile (ACN) for high CO2 solubility and a Nafion
layer for fast proton transport.23 A (040) crystal facet-exposed
BiVO4 film ((040)-BVO) is used as the photoanode for high
solar light absorption and efficient charge separation.24,25 A
Nafion-functionalized TiO2 dark cathode is used to contribute
reaction sites for efficient CO2 adsorption.26 Tetra-ethyl-
ammonium perchlorate (TEAP) in ACN−water mixture
reaction media is used for increasing CO2 solubility.27 As a
proton source, some of the water serves to produce liquid
hydrocarbons and inhibit CO evolution.28 A Nafion membrane
is adopted to separate the anode and cathode compartments to
prevent production of hydrocarbons from reoxidation, and it
also offers proton transport through each compartment. With
an in situ extended X-ray absorption fine structure (EXAFS)

Figure 1. (a) Schematic illustration of a layer-by-layer Nf-TiO2 dark cathode and (b) LSV curve of a TiO2 dark cathode under N2 gas flow
(black □) and under 13CO2 gas flow (black ■) and a Nf-TiO2 dark cathode under N2 gas flow (red □) and under 13CO2 gas flow (red ■).

Figure 2. (a) J−t curves of the TiO2 dark cathode and GC-MS spectra of (b) methanol and (c) ethanol evolved by 13CO2 on a TiO2 dark
cathode as a liquid product. (d) J−t curves of a Nf-TiO2 dark cathode and (e) GC-MS spectrum of methanol evolved by 13CO2 on a Nf-TiO2
dark cathode as a liquid product. (f) Faradaic efficiency of overall products on TiO2 and Nf-TiO2 dark cathodes.
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analysis, in situ electron paramagnetic resonance spectroscopy
(EPR), and 13C-labeled gas chromatography with mass
spectrometer (GC-MS) analysis, the mechanism for C1 and
C2 alcohol with high liquid product selectivity in the present
system is investigated and suggested.
As motivation with the utilization of a dark cathode for

Cu2O stability by Prof. Gong,29 the Nafion functional layered
TiO2 electrode is introduced to unravel the path of alcohol
evolution in the current work. The Nafion-coated TiO2 dark
cathode (Nf-TiO2) is prepared by a facile doctor blading
method on a fluorine-doped tin oxide (FTO) substrate, and
spin coating of Nafion solution follows on a TiO2 electrode
(see the details in the Experimental Section of the Supporting
Information). The Nafion functional layer is positioned on the
surface of TiO2 nanoparticles, as shown in the schematic
structure of the Nf-TiO2 dark cathode in Figure 1a. As
expected, the crystal structure of pristine anatase TiO2 (JCPDS
#21-1272) was formed in the Nf-TiO2 dark cathode because
commercial TiO2 paste was loaded on FTO even after Nafion
coating (Figure S1).
The electrochemical properties of both TiO2 and Nf-TiO2

dark cathodes were evaluated by linear sweep voltammetry
(LSV) curves depending on the N2 and 13CO2 purging flow
(Figure 1b). The onset potentials (Vonset) of TiO2 and Nf-TiO2
under N2 purging flow are −0.857 and −0.753 V vs Ag/Ag+,

respectively. Under CO2 purging flow, the Vonset values of TiO2
and Nf-TiO2 are changed to −0.773 and −0.701 V vs Ag/Ag+,
respectively. The Vonset under a N2 purged atmosphere stands
for the initiation of hydrogen evolution by proton reduction on
the surface of the cathode, while the Vonset under a 13CO2
purged atmosphere stands for the initiation of CO2 reduction
reaction (CO2RR) on the surface of the cathode. As such, the
driving force for the increasing current density and the
decreased Vonset of −0.701 V in the Nf-TiO2 dark cathode
should be derived from the Nafion layer coating. Compared
with those of the TiO2 dark cathode, the increased proton
concentration in the catholyte, especially around the cathode
surface because of the contribution of a surface-coated Nafion
layer, induces a fast charge transfer on the cathode surface30,31

and results in a high current density and lower Vonset.
Together with the (040)-BVO photoanode for proton

generation in the PEC CO2 reduction system (Figure S2),
favorable CO2 reduction conditions are offered on the dark
cathode by the Nafion functional layer as a proton transfer
medium to the cathode surface and as a CO2 molecule
absorber as well. On the basis of the above LSV results of both
dark cathodes, the applied bias potential during PEC CO2
reduction is determined to be −0.8 V vs Ag/Ag+, which can
minimize hydrogen evolution reaction as the side reaction of
PEC CO2RR.

32

Figure 3. (a) Schematic drawings of in situ EXAFS measurement. (b) XAFS spectra on the TiO2 dark cathode (black: cathode immersed into
electrolyte; blue: under CO2 purging flow; green: during PEC CO2RR). (c) XAFS spectra on TiO2 (black) and the Nf-TiO2 (red) dark
cathode during PEC CO2RR. Refined EXAFS spectra for (d) TiO2 and the (e) Nf-TiO2 dark cathode (black: cathode immersed into
electrolyte; blue: under CO2 purging flow; green: during PEC CO2RR).
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Both TiO2 and Nf-TiO2 dark cathodes were compared for
PEC CO2 reduction performances, as shown in Figure 2a,d. A
−0.8 V vs Ag/Ag+ external bias was applied to the (040)-BVO
photoanode, and the chronoamperometry curves (J−t curves)
of both dark cathodes were monitored depending on
illumination-on/off for CO2RR. Under the illumination-off
condition, the average current density was determined to be
0.02 mA cm−2 for both dark cathodes. The average current
density of both dark cathodes was monitored as 0.23 mA cm−2

under illumination on the (040)-BVO photoanode. Strikingly,
note that the current density shows negligible change between
both dark cathodes. It indicates that mass transfer on the Nf-
TiO2 dark cathode was not disturbed by the Nafion layer and
resulted in favorable electron and proton transfer on the
catholyte. Liquid products on both dark cathodes after CO2RR
for 5 h were identified by nuclear magnetic resonance (NMR)
quantification with standard calibration curves of ethanol and
methanol, which have a nglet at 3.3 ppm and quartet at 3.6
ppm, respectively (Figure S3). The calculated amountsof
methanol were 0.071 and 0.6 mM with TiO2 and the Nf-TiO2
dark cathode, respectively. Only the TiO2 dark cathode
produced 0.38 mM of ethanol, while Nf-TiO2 converted
CO2 into methanol as unique liquid products (Figure S4). To
clarify the origin of CO2 reduction products, a 13C-labeled
study was performed with purging 13CO2 during CO2RR.
Evolved alcohol from 13CO2 gas like methanol and ethanol was
clarified by 13C-labeled 13CO2 GC-MS analysis (Figure 2). The
methanol produced by reduction of 13C-labeled 13CO2 showed
its fingerprint peak of the 13CH2OH+ ion at an m/z value of
32 (Figure 2b), and ethanol showed its fingerprint peak of the
CH3

13CH2OH+ ion at an m/z value of 45 (Figure 2c),
which was derived from ethanol produced by dimerization of
CO2 reduction intermediates during CO2RR. The m/z values
of the produced fingerprint peaks of ions for both methanol
and ethanol are in good accordance with previously reported
m/z values of commercial methanol and ethanol.33 Evolved

liquid products on the TiO2 dark cathode were apparently
confirmed as 13C alcohol, which was mixed with ethanol as a
major product and methanol as a minor product. Interestingly,
the liquid product on the Nf-TiO2 dark cathode was confirmed
to be methanol as a major product that originated from 13C
CO2 molecules. The Nf-TiO2 system produced only methanol
as a CO2 reduction product, which was confirmed by the
fingerprint peak of the 13CH2OH+ ion at an m/z value of 32
(Figure 2e). Other gaseous products were also measured
during reaction with the in situ GC system, and no gaseous
product such as hydrogen by proton reduction reaction was
produced on the TiO2 dark cathode, as expected, to determine
an anodic potential of 0.8 mV in LSV monitoring. However, on
the Nf-TiO2 dark cathode, hydrogen was detected as a gaseous
product, which is explained with the following in situ EPR
monitoring (Figure 4). On the basis of J−t curve and product
analyses results, the faradaic efficiency of each product is
presented in Figure 2f. The calculated solar to liquid fuel
efficiencies upon introducing TiO2 and Nf-TiO2 dark cathodes
were 1.06 and 0.81%, respectively.
To investigate hydrocarbons from the PEC CO2RR pathway

using TiO2 and Nf-TiO2 dark cathodes, in situ EXAFS analysis
and in situ EPR analysis were monitored. As shown in the
schematic drawing of the in situ EXAFS system, the X-ray
absorption fine structure (XAFS) spectrum of the TiO2 dark
cathode is shown in Figure 3. With the TiO2 dark cathode
immersed in electrolyte, the ΔE0 was 21.2 eV, which has a Ti3+

and Ti4+ mixed state. CO2 molecules purged into the
electrolyte solution hold the oxidation state of Ti to the
Ti3+/Ti4+ mixed state as well. Interestingly, the Ti3+ oxidation
state is formed only on the Ti surface during PEC CO2RR.
During CO2RR, the ΔE0 value changes to a ΔE0 of 20.2 eV,
which indicates the Ti3+ state, because of the higher electron
density of Ti in the TiO2 dark cathode due to electrons
transported from the (040)-BVO photoanode. This tendency
is also in good accordance with the Nf-TiO2 dark cathode.

Figure 4. (a) Schematic illustration of in situ EPR measurement during PEC CO2RR. EPR spectrum on a (b) TiO2 dark cathode and (c) Nf-
TiO2 dark cathode (black: CO2 purging into electrolyte; blue: during PEC CO2RR, PBN was used as the trapping agent).
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Note that the decrease of the ΔE0 value in XAFS analysis
means reduction of Ti ions, reported by previous studies,34,35

and the Ti3+ state with ΔE0 = 20.19 eV (Figure 3c) means that
surface-exposed Ti atoms of the dark cathodes participate in
CO2 reduction with the following process

+ →+ − +Ti e Ti4 3

+ → ++ + •−Ti CO Ti CO3
2

4
2

The coordination binding of CO2 to the Ti3+ on an oxygen
vacancy site can allow charge transfer from the TiO2 electrode
surface to the adsorbed CO2 molecule. Compared with the
existence of Ti4+ on a Ti atom, the Ti3+ state should act as a
catalytic active site for PEC CO2 reduction.
More direct evidence that Ti atoms in dark cathodes

participate in CO2RR was identified in in situ EXAFS analysis.
In pristine anatase TiO2 (tetragonal, I41/amd space group), the
Ti−O interatomic distance in the TiO2 dark cathode was 1.87
Å, which is consistent with the Ti−O bond length of pristine
anatase TiO2. The Ti−O bond length decreased to 1.81 Å due
to CO2 adsorption on the electrode surface and finally changed
to 1.77 Å when a bias potential under 1 sun illumination was
applied for PEC CO2RR (Figure 3d). In comparison, in the
Nf-TiO2 dark cathode, the Ti−O interatomic distance changed
from 1.65 to 1.62 Å for purged CO2 and to 1.59 Å when a bias
potential under 1 sun illumination was applied for PEC
CO2RR (Figure 3e). The tendency of the decreased
interatomic distance between Ti and O atoms on the TiO2
surface indicates that the exposed Ti atoms in TiO2 crystals
have chemically bonded with the CO2 molecule.36

The Ti−C bond between the TiO2 surface and CO2
molecules is shorter than the Ti−O bond on the original
TiO2 lattice, which is calculated from first-shell computational
results and fitted in Figure S5. The shorter Ti−O interatomic
distance on Nf-TiO2 rather than the TiO2 cathode is derived
from a surface-coated Nafion layer due to Ti−C bonding
formed by surface-attached carbon atoms from the Nafion
layer. It contributes to the shorter atomic distance derived
from the higher electronegativity of surface-attached carbon
atoms compared to surface-exposed Ti atoms.

The quantitative analysis on the CO2 radical anion (CO2
•−)

between dark cathodes was compared by in situ EPR analysis
in Figure 4a. The CO2 radical anion captured by N-tert-butyl-
α-phenylnitrone (PBN) and the CO2 radical−PBN complex is
detected by in situ EPR (Figure S6a). The CO2 radical−PBN
complex was detected with a g value of 2.006 with a splitting
constant of 45 G (Figure S6b).37 The EPR signal was
negligibly detected when N2 was purged on both TiO2 and Nf-
TiO2 dark cathodes. It is worth noting that the unpaired
electrons were well detected during PEC CO2RR on the TiO2
dark cathode (Figure 4b).
Under PEC CO2RR with a Nf-TiO2 dark cathode, the

unpaired electron of the CO2 radical−PBN complex appeared
(Figure 4c). It indicates that CO2 had been reduced to CO2

•−

through the first electron transfer reaction from the Nf-TiO2
dark cathode. Together with the NMR spectrum, it is
concluded that transferred electrons from the Nf-TiO2 dark
cathode to CO2 molecules trigger the formation of CO2 radical
anions, which take further steps to evolve methanol as a unique
liquid product under sufficient proton conditions of the
catholyte around the cathode, facilitated by a Nafion layer on
the dark cathode. Although there is no semiconductor able to
provide enough potential for single electron transfer to form a
CO2 radical naturally,38 an applied external potential in the
PEC CO2RR system enables single electron transfer to the
CO2 molecule; as a result, a CO2 radical ion is formed and
further reduction steps to alcohol proceed.39 Quantitatively,
EPR spectra were collected more clearly on the TiO2 dark
cathode rather than the Nf-TiO2 dark cathode during PEC
CO2RR because of the high CO2 radical concentration in the
catholyte of the TiO2 dark cathode, which resulted in a higher
CO2RR product concentration, even if it had lower product
selectivity, in the TiO2 dark cathode.
On the basis of in situ XAFS and in situ ESR monitoring, the

C1 and C2 alcohol evolution mechanism by TiO2 and Nf-TiO2
dark cathodes during PEC CO2RR is proposed by Scheme 1.
Initially, a photon-induced electron from the photoanode is
charged on the dark cathode, and Ti4+ at the TiO2 surface is
changed to a reactive Ti3+ site, which facilitates the absorption
of a CO2 molecule on a dark cathode during PEC CO2RR

Scheme 1. Suggested C1 (upper pathway) and C2 (lower pathway) Alcohol Evolution Mechanism on TiO2 and Nf-TiO2 Dark
Cathodes
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(Scheme 1a). Then, the accumulated electrons on the surface
of the dark cathode are transferred to surface-adsorbed CO2
and result in the formation of CO2

•− (Scheme 1b). The proton
transfer step is accomplished from the catholyte to CO2 radical
anion (Scheme 1c) following the proton-assisted electron
transfer step for C1 and C2 alcohols. In the process of the
proton-assisted electron transfer reaction, the reaction rate
depends on the proton density in the catholyte around the
cathode surface because mass transport of the proton is
kinetically unfavorable compared to electron transfer. In this
manner, CO2RR products can be controlled by the proton
transfer rate, is which related to proton concentration in the
catholyte. The relative deficiency of the proton on the cathode
surface drives CO2 radical anions to dimerize each other and
results in the formation of C2 alcohol (ethanol). Especially
striking, note that the Nafion functional layer acts as a
facilitator for plentiful proton density on the catholyte around
the Nf-TiO2 dark cathode surface.40 Abundant proton in the
catholyte surface accelerates a kinetically faster transfer rate
and results in the formation of C1 alcohol by preventing
dimerization between CO2 radical anions (Scheme 1d). In
comparison to the mixture of C1 and C2 alcohol that evolved as
the liquid product by PEC CO2 reduction using the TiO2 dark
cathode (Scheme 1g), the Nf-TiO2 dark cathode is selectively
driven to evolve only C1 alcohol (methanol) by PEC CO2RR
(Scheme 1e).
In summary, CO2 valorization into liquid solar fuel requires

sequential transfer of multielectrons to a surface-adsorbed CO2
molecule from the cathode, accompanied by a proton transfer
process to a surface-adsorbed CO2 molecule from the
electrolyte, where oxidation and reduction of the CO2 radical
anion occur simultaneously as a one-pot reaction. In this point
of view, the lower proton concentration and slow mass
transport kinetics of protons in the catholyte inhibit liquid fuel
production on the cathode, producing proton-free products as
a CO2 reduction product such as CO. The Nafion coating on
the cathode facilitate faster proton transport and high proton
concentration at the catholyte, enhancing the efficiency and
product selectivity of the PEC CO2 reduction system. The
present work demonstrates the introduction of a dark cathode
for PEC CO2RR, which is composed of a (040)-BVO
photoanode and Nf-TiO2 dark cathode in a TEAP-ACN
electrolyte. Given in situ XAFS and in situ ESR monitoring, the
Nf-TiO2 dark cathode provides abundant protons and results
in the formation of C1 alcohol, methanol, as the unique liquid
product evolved by PEC CO2RR, while the absence of a
Nafion layer in the dark cathode drives the formation of a
mixture of C1 and C2 alcohol by the dimerization path. This
work suggests that the role of the Nafion functional layer in the
path of PEC CO2 valorization is to achieve selectivity of
alcohol evolved with a higher density of the proton.
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