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Abstract: The utilization of solar energy into electrochemical reduction systems has received con-
siderable attention. Most of these attempts have been conducted in a single electrolyte without a
membrane. Here, we report the system combined by the electrochemical CO; reduction on the Au
dendrite electrode and the water oxidation on the Co-Pi electrode with a Nafion membrane. An
efficient reduction of CO, to CO in the cathode using the proton from water oxidation in the anode is
conducted using perovskite solar cells under 1 sun condition. The sustainable reaction condition is
secured by balancing each reaction rate based on products analysis. Through this system, we collect
reduction products such as CO and H; and oxidation product, O, separately. Employing separation
of each electrode system and series-connected perovskite solar cells, we achieve 8% of solar to fuel
efficiency with 85% of CO selectivity under 1 sun illumination.
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1. Introduction

Using solar-driven energy to generate valuable products, such as electricity and
chemical products, is a promising strategy to mitigate the dependence on fossil fuels [1].
Among the utilization of solar energy, solar cell technology has achieved remarkable
advances in efficiency and stability [2—4]. In addition, artificial photosynthesis is one of
the promising candidates paid attention to for solar energy utilization [5]. More recently,
many researchers have paid great attention to the collaboration of these two technologies
to exploit sunlight, such as water splitting and CO, reduction reaction (CO,RR) using
electricity from solar cells [6]. The most common solar-to-fuel technology is solar-to-
hydrogen (H,), splitting the water into H, and oxygen (O,) [7-9]. Although hydrogen is
a valuable product to use for the feedstock of fuel cells, solar-to-CO;RR is the ultimate
solution in both alleviating carbon dioxide concentration in our environment and using
chemical products as alternative energy sources [10-12]. However, unlike solar-to-Hj, solar-
to-CO,RR demands more challenging criteria, including relatively high reaction potential,
product selectivity, and ion exchange between two different electrolytes.

In terms of reaction potential, proper catalyst selection for both reactions (i.e., CO,RR
in the cathode and water oxidation in anode) is necessary to overcome the high barrier
of potential solar-to-CO,RR and water oxidation requirements [13]. Among the various
candidates for CO;RR, gold (Au) is the commonly employed electrocatalyst to minimize
the overpotential needed for CO, reduction. Au electrocatalyst exhibits the lowest over-
potential for CO, reduction reaction compared to other metal catalysts such as Ag, Cu,
Sn, and Zn [14]. In previous reports, CO, reduction with Au nanoparticles was operated
from —0.4 to —0.6 V, corresponding to 0.29-0.49 V of overpotential. In addition, Au is
well known for the metal electrocatalyst with medium hydrogen overpotential and weak
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binding energy toward adsorbed CO (* CO) [15-17]. Due to the thermodynamic advantage
of CO;RR on Au, the product selectivity of CO is superior to the other metal catalysts.

Along with the CO, reduction catalyst, water oxidation catalyst in the anode is very
important to substantialize solar-to-CO,RR. Many scientists have reported efficient electro-
chemical water oxidation catalysts such as Ni-based layered double hydroxide (Ni-LDH),
hematite-related compound (Fe;O3), RuO, and IrO, operated with ~0.4 V overpotential
in the basic electrolyte [18-21]. However, conventional electrochemical water oxidation
catalysts have a significant drawback in their adoption as anodes in the CO,RR system.
According to the reaction mechanism for the water oxidation process in basic media, the
anode receives OH" from the cathode, so it is not suitable for the CO,RR counterpart [22].
For this reason, water oxidation electrocatalysts operating at neutral media that can supply
protons by ion diffusion are recommended for the anode of the solar-to-CO;RR system.
Among the candidate, Cobalt-phosphate (Co-Pi) electrocatalyst for water oxidation is a
suitable candidate for anode material that can donate protons by water oxidation with low
overpotential (i.e., 0.3 V) in neutral anolyte.

Moreover, to overcome the high potential requirement, it is necessary to adopt solar
cells compatible with the solar-to-CO,RR system. Theoretically, CO,RR with water oxida-
tion requires at least 1.34 V (vs. RHE); the potential for CO; into CO is —0.11 V, and the
potential for water oxidation is +1.23 V [10]. In terms of voltage requirement, conventional
solar cells, such as Silicon (5i), CulnGaSe;(CIGS), which show 0.7 to 0.8 V of open-circuit
voltage(Voc), hardly qualify the high voltage requirement. Perovskite solar cells (PSCs) are
attracting significant attention as future solar cells because they can be highly efficient even
in low-temperature solution processes. In particular, PSCs are suitable for solar-to-CO,RR
due to their low voltage loss and facile bandgap tunability [23-25]. PSCs have been suc-
cessfully used in various optoelectronic devices, including solution-processed solar cells
with power conversion efficiency (PCE) exceeding 25.5% [26-28]. These successes have
also motivated the development of solar-to-CO,;RR systems based on PSCs. Furthermore,
the easily tunable bandgap of perovskite solar cells has more significant potential for fu-
ture application [29,30]. Recently, the combination of series-connected PSCs and CO,RR
demonstrated great potential, achieving over 6.3% of solar-to-CO,RR efficiency. However,
solar-to-CO,RR efficiency still has opportunities to improve when the systems are utilized
in solar cells with higher efficiency than the literature [10,31,32]. Furthermore, previous
reports conducted solar-to-CO,RR in one reactor without separation of each reaction. The
reaction without separation brings about an increase of overpotential for the reaction due
to the reaction environment. Moreover, an additional separation process of gas products is
required without the separation of reactors.

Herein, we demonstrate the sustainable solar-to-CO,RR system composed of electrode-
posited Au dendrite electrode, Co-Pi electrode, and three series-connected PSCs as cathode,
anode, and power source, respectively. To optimize the balance of proton supplement from
water oxidation and CO,RR rate, the catalytic activity of each electrode was measured with
the 3-electrode system in a neutral electrolyte. Finally, we achieved 8% of solar-to-CO,RR
efficiency during the galvanostatic operation with separated reaction compartments by
membrane for 12 h.

2. Results

To achieve the better catalytic activity of CO;RR, we employed electrochemically
deposited Au dendrite. To confirm the crystal structure of the electrodeposited Au den-
drite, we performed an X-ray diffraction analysis for the deposited electrode (Figure S1).
Face-centered cubic structure of Au peak was assigned at 2 0 = 38.5°, 44.7°, 64.7°, 77.6°
corresponded to (111), (200), (220), and (311) indices, respectively (JCPDS # 04-0784) [33].
The morphology of Au dendrite was confirmed by taking field emission scanning elec-
tron microscopy (FE-SEM) images (Figure 1a). Nanocrystalline Au dendrite, which has
60-100 nm-sized dendrite branches, was deposited by an electrochemical deposition method.
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Figure 1. Electrochemical performances of cathode and anode: (a) SEM image of Au dendrite
electrode. (b) Chronoamperometry test of CO, reduction by using Au dendrite electrode in the range
from —0.3 V to —0.9 V (vs. RHE) in saturated 0.5 M KHCOj electrolyte. (c) Faradaic efficiency of
Au dendrite and Au foil. (d) SEM image and EDS result of Co-Pi electrode. (e) Chronoamperometry
test of water oxidation by using Co-Pi electrode in the range from 1.55 V to 1.85 V (vs. RHE) in KPi
electrolyte. (f) Faradaic efficiency and productivity of O, on Co-Pi electrode.

To verify the catalytic stability for long-term electrochemical CO,RR with Au elec-
trode, Au dendrite, and foil electrode were tested for 2 h in 0.5M saturated KHCOj3 (pH
~7) in range of —0.2 to —0.9 V (vs. RHE) with a 3-electrode system [34]. As a result of
chronoamperometry, the current density of Au dendrite was maintained for 2 h without
any significant current density drop. Furthermore, current density was amplified than Au
foil due to increased surface area. The maximum current density was measured 21 A/cm?
at —0.9 V (vs. RHE), producing 112.76 umol of CO. The productivity on Au dendrite shows
at least 2-times higher than untreated Au foil in all potential ranges (Table S1). Enhanced
productivity of CO on Au dendrite electrode than Au foil is due to the increased surface
area, measured by roughness factor (Figure S2) [35]. Compared to the surface area of the
unmodified Au foil, the surface area of Au dendrite was expanded 245 times. The value of
surface area increase does not precisely correspond to the amount of productivity increase
because the reaction is limited by adsorbed proton and CO; on the surface. However, we
conclude that the surface area increase positively affects reaction productivity. To investi-
gate the effect of nanostructured Au dendrite, we measured electrochemical impedance
spectroscopy (EIS) of Au foil and dendrite (Figure S3, Table S2). EIS result revealed that
ohmic and charge transfer resistance of Au dendrite was decreased than Au foil. This
result indicated that facile electron transfer proceeded on Au dendrite. The facile electron
transfers improved CO, reduction activity on Au dendrite, manifested in increasing current
density [36].

Based on the chronoamperometry test and gas product analysis through in situ gas
chromatography, we calculated the faradaic efficiency of Au dendrite and foil in the various
applied potential region (Figure 1c). The details of reduction activity, including faradaic
efficiency and productivity of Hy and CO, are represented in Table S1. According to the
result of faradaic efficiency, CO, reduction of Au dendrite was started from 0.2 V (vs.
RHE) with 12.8% of CO conversion efficiency. The faradaic efficiency of CO by Au dendrite
was increased as applied potential increased and exceeded over 85% after —0.6 V (vs. RHE).
On the other hand, the efficiency of H; evolution was started with 88% at -0.2 V (vs. RHE)
and gradually suppressed under 15% due to increasing CO productivity. Compared to
the theoretical reduction potential from CO, to CO, which is -0.11 V (vs. RHE), this value
indicates that Au dendrite successfully minimizes the CO,/CO overpotential up to 0.09 V
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(vs. RHE). In comparison, Au foil exhibits 0.39 V (vs. RHE) of overpotential for CO,
reduction.

To establish the counterpart of the CO,RR, we employed electrochemically deposited
cobalt-phosphate (Co-Pi) thin film on FTO glass substrate, a well-known water oxidation
catalyst working in a neutral medium such as potassium phosphate buffer (KPi, pH~7) [37].
It is crucial for CO,RR that protons are sufficiently generated from water oxidation and then
constantly diffused into the cathode through the Nafion membrane during the operation.
For this reason, the Co-Pi catalyst, which oxidates water in the neutral medium, is the
best candidate for the simultaneous reaction of CO,RR and water oxidation known so
far. To confirm the electrodeposited Co-Pi film, we analyzed the Co-Pi films by FE-SEM,
electron energy-dispersive X-ray spectroscopy (EDS), and XRD showing that amorphous
Co-Pi electrode was well deposited with 2.6 pm of thickness on FTO glass as previously
reported [38] (Figure 1d and Figure S4). The electrodeposited Co-Pi electrode was tested for
its water oxidation activity by using chronoamperometry for an hour. Figure 1e,f shows the
catalytic activity of electrodeposited Co-Pi electrode in 0.1 M KPi buffer for an hour. The
current density was maintained for an hour due to the self-healing property of the Co-Pi
electrode. Overpotential for water oxidation on Co-Pi electrode shows relatively reduced
value, which is 0.4 V (vs. RHE), and it corresponds to the previous report [38]. Also, the
faradaic efficiency was reached over 90% after 1.65 V. The details of electrochemical results
are summarized in Table S3.

For the electrochemical CO, reduction induced by sunlight, we confront several
obstacles: (i) the electrochemical system should be conducted by galvanostatic method
without reference electrode because solar cell generates DC photocurrent, (ii) CO, reduction
and water oxidation proceed in the different electrolyte (i.e., CO; reduction in 0.5 M KHCO3
and water oxidation in 0.1 M KPi buffer), and (iii) during the electrochemical reaction, the
proper amount of proton produced by water oxidation transfer to the cathode. For the
application for simultaneous CO,RR and water oxidation induced by solar energy system,
we investigated the electrochemical catalytic activity by galvanostatic method (i.e., two-
electrode system) with applied potential in the range from —2.2 to —2.9 V. Before the
electrochemical test, the geometric size of each electrode should be adjusted for balancing a
cathode and anode reaction rate.

Unlike the theoretical redox process, the reaction rate between CO,RR on Au dendrite
and water oxidation on the Co-Pi electrode is imbalanced in practical application. For
this reason, we fixed the anode size for 6.25 cm? and optimized the reaction rate by
varying cathode size. A prerequisite electrochemical test was conducted with two different
geometric sizes of the cathode (i.e., Au S: 0.025 cm?, Au L: 0.09 cm?) for 2 h at the applied
potential at —2.6 V. As we expected, the redox current was increased as increasing geometric
size of Au electrode (Figure S5). In the case of the Au S electrode, the CO product selectivity
for 2 h shows the outstanding result, which was 81.1% and 19.2% of faradaic efficiency for
CO and Hy, respectively. However, despite increased redox current with Au L electrode, the
selectivity toward conversion of CO has deteriorated to 27.1%, while the faradaic efficiency
of H, was increased to 73.3% during the reaction process. To investigate the reason why
the CO selectivity of the Au L electrode was diminished, we examined the productivity of
CO. Figure 2a showed the chronological productivity of CO of each electrode. Comparing
the productivity, CO production of Au L electrode was rapidly decreased after an hour.

On the other hand, CO production of Au S electrode was maintained an increasing
tendency during the reaction. The productivity of CO from Au L and Au S electrodes
was almost the same as 10.30 umol/h and 9.54 umol/h for 2 h. However, the hydrogen
evolution rate (Figure 2b), which is a competitive reaction to CO,RR, on the Au L electrode
exhibits 47.51 pmol/h of H, while Au S electrode shows only 7.61 pmol/h. Based on
the results, we postulate that the source of the massive amount of H; evolution on Au L
electrode originated from proton dissolved in catholyte instead of a proton from water
oxidation [39,40]. In other words, the amount of proton generation from the water oxidation
is insufficient to process the efficient CO, reduction on the Au L electrode. To support
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0.3

this postulation, we measured the pH of each electrolyte after the electrochemical reaction.
Interestingly, the pH of the electrolyte from the Au L electrode was escalated from 7.1 to
8.3. In contrast, the pH of the electrolyte of the Au S electrode was maintained constantly.
In addition, as the pH of the electrolyte increased, the solubility of the CO, decreased,
resulting in a reducing CO productivity of the Au L electrode after 1 h of CO;RR.
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Figure 2. Galvanostatic test of CO, reduction and water oxidation. Productivity of (a) CO and (b) O,
using Au S (red) and Au L (black) on the cathode. (c) Selectivity of CO and H, on Au S electrode in
the range from 2.2 Vto 2.9 V.

After balancing the reaction rate at each electrode, Au S electrode and Co-Pi elec-
trode were conducted for CO; reduction and water oxidation in various applied potentials
(i.e., —2.2 Vto 29 V) for 4 h. As we mentioned earlier, the sum of overpotential of CO,
reduction on Au dendrite and water oxidation on Co-Pi electrode in the three-electrode sys-
tem was approximately 0.49 V. The reaction was supposed to start from 1.83 V (i.e.,, —0.11V
of theoretical CO, reduction potential +1.23 V of water oxidation potential +0.49 V of over-
potential at each electrode). The voltage difference between the two values is originated
from the ohmic loss, such as membrane and contact resistance between each electrode and
electrolytes. Figure 2c and Figure 56 displayed the faradaic efficiency of CO; conversion
reaction and chronological current versus applied potential, respectively. CO is started
to produce from —2.2 V with 37.2% and 60.1% of faradaic efficiency toward CO and Hj,
respectively, and increased their selectivity reached to over 85% after applied potential at
—2.7 V. COzRR proceeded without a pH uprising, which means proton was successfully
produced and diffused from anode to cathode.

Based on the galvanostatic results, we operate solar-driven CO,RR and water oxida-
tion. Electron generated from the solar cell and proton feedstock from water oxidation on
Co-Pi electrode transfer to the cathode for CO,RR. The electron generated from water oxi-
dation fills in the hole in PSCs (Figure 3a). In this system, we employ three series-connected
PSCs (geometric area: 0.282 cm?) to generate good enough potential and current. Another
critical factor for solar-to-CO,RR stability is solar cell performance, such as proper voltage
and current output and long-term light stability. The PSCs configuration used in this system
was an n-i-p structure with FTO/b-TiO, /mp-TiO, /(FAPbI3)0 95(MAPbBr3)0 05/ PTAA / Au.
When we connected three PSCs, Vimax and Jmax values reached 2.88 V and 7.11 mA /cm?
with 20.5% of power conversion efficiency (Figure 3b). To estimate the voltage and current
density value of the solar-to-CO,RR, we plotted the galvanostatic ]-V curve based on the
CO;RR and water oxidation results. The galvanostatic ]-V curve intersected at 2.68 V with
7.35 mA/cm? of the solar cell J-V curve. This result indicates that the power density of
three series-connected PSCs is good enough to operate the reduction and oxidation reaction
regardless overpotential of each reaction. Furthermore, the PSCs shows excellent long-term
light stability for 12 h under ambient condition (25 °C/25% RH) with 1-sun LED light
illumination. (Figure S7).
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Figure 3. Performance of PV integrated CO, reduction system. (a) Schematic illustration of PV inte-
grated CO; reduction and water oxidation system. (b) J-V curves of three series-connected perovskite
cells under simulated AM 1.5G 1 Sun solar irradiation (black dots), overlaid with the matched J-V
characteristic of the CO,-reduction and water oxidation electrodes (blue dots). (c) Current density
(black line), faradaic efficiency of CO (red dots), and (d) solar-to-CO conversion efficiency (blue dots)
of the device during a 12-h stability test.

Through the solar-to-CO,RR, we achieve over 80% of CO conversion faradaic efficiency
for 12 h. The current density of the electrochemical reaction exhibited 7.1 mA / cm? and
applied bias at each electrode was measured 2.7 V during the reaction (Figure 3c). These
results correspond to the prediction as mentioned earlier based on the -V galvanostatic
curve, which intersected in 7.35 mA/cm? at 2.68V. Faradaic efficiency of solar-driven
CO2RR was also matched with galvanostatic results conducted without solar cell, which
shows 85% of CO faradaic efficiency at 2.7 V of applied voltage. In addition, we attained
solar to CO efficiency was measured over 8% without any significant drop during the
reaction (Figure 3d). This value is higher than the previous report by M. Schreier et al.,
which showed 6.5% of solar to CO efficiency [10]. Furthermore, unlike processing in a
single reactor, it can separate and collect CO and H; produced at the cathode and O,
generated at the anode. Post-gas separation costs can be reduced when applied to the mass
production system.

3. Conclusions

In conclusion, we employed electrodeposited Au dendrite and Co-Pi electrodes for
CO;RR and water oxidation catalyst. We adjusted reaction conditions such as the catalytic
activity of CO; reduction and water oxidation, the optimum size of each electrode, and
the reaction environment. CO,RR was started at —0.2 V (vs. RHE) and reached over
80% of faradaic efficiency for CO conversion at —0.6 V (vs. RHE). Water oxidation with
Co-Pi electrode was proceeded with 0.4 V of overpotential and attained over 80% of O,
evolution efficiency. In the galvanostatic system, each reaction rate has been balanced
by optimized geometric electrode size of Au dendrite and Co-Pi without pH change of
electrolyte. Furthermore, the galvanostatic test provides insight into the selectivity of
CO,RR. It achieves over 80% from —2.7 V. Our solar-driven CO,RR shows over 8% of solar-
to-CO efficiency for 12 h without any significant drop. This system can be applied to total
CO; conversion induced by solar energy, which is the ultimate solution for anthropogenic
CO;, problems and the development of alternative energy.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/en15010270/s1.
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