
 

Unassisted Photoelectrochemical CO2 Reduction by Employing III-V Photoelectrode with 

15% Solar-to-Fuel Efficiency 

Karthik Peramaiah,#*  Purushothaman Varadhan,# Vinoth Ramalingam,# Bilawal Khan, Pradip 

Kumar Das, Hao Huang, Hui-Chun Fu, Xiulin Yang, Vincent Tung, Kuo-Wei Huang* and Jr-Hau 

He* 

Dr. Karthik Peramaiah, Dr.  Purushothaman Varadhan, Dr. Vinoth Ramalingam, Dr. Hao Huang, 

Dr. Hui-Chun Fu, Prof. Kuo-Wei Huang, Prof. Jr-Hau He 

KAUST Catalysis Center and Division of Physical Science and Engineering, King Abdullah 

University of Science and Technology, Thuwal, 23955-6900, Saudi Arabia.  

Dr. Karthik Peramaiah, Prof. Kuo-Wei Huang, Dr. Pradip Kumar Das 

Institute of Sustainability for Chemicals, Energy, and Environment (ISCE2), Agency for Science, 

Technology and Research (A*STAR), 1 Pesek Road, 627833, Singapore. 

Dr. Vinoth Ramalingam 

School of Engineering, Robert Gordon University, Garthdee Road, Aberdeen AB10 7GJ, United 

Kingdom. 

Bilawal Khan 

Department of Materials Science and Engineering, City University of Hong Kong, Kowloon, SAR 

999077 Hong Kong. 

Dr. Xiulin Yang 

Guangxi Key Laboratory of Low Carbon Energy Materials, School of Chemistry and 

Pharmaceutical Sciences, Guangxi Normal University, Guilin 541004, China. 

Prof. Vincent Tung 

Department of Chemical System and Engineering, University of Tokyo, Tokyo, Japan. 

Prof. Jr-Hau He 

Department of Materials Science and Engineering, City University of Hong Kong, Kowloon, SAR 

999077 Hong Kong  

#equally contributed  

Keywords: unassisted PEC, CO2 reduction, 3J photoanode, high STF. 

*Corresponding authors: karthik.peramaiya@kaust.edu.sa; hkw@kaust.edu.sa;  

jrhauhe@cityu.edu.hk 

mailto:hkw@kaust.edu.sa
mailto:jrhauhe@cityu.edu.hk


 

 

ABSTRACT  

Solar-driven CO2 reduction reaction (CO2RR) provides an opportunity to produce value-added 

chemical feedstocks and fuels. However, achieving efficient and stable photoelectrochemical 

(PEC) CO2RR into selective products is challenging owing to the difficulties associated with 

the optical and electrical configuration of PEC devices and electrocatalyst properties. Herein, we 

construct an efficient, concentrated sunlight-driven CO2RR setup consisting of InGaP/GaAs/Ge 

triple-junction cell (TJ) as a photoanode and oxide-derived Au (Ox-Au) as a cathode to perform 

the unassisted CO2RR. Under one-sun illumination, a maximum operating current density of 11.5 

mA cm–2 with an impressive Faradaic efficiency (FE) of ~98% is achieved for CO production, 

leading to a solar-to-fuel (STF) conversion efficiency of ~15%. Under concentrated intensity of 

10 sun, the photoanode recorded a current density of ~124 mA cm–2 and maintained ~60% of FE 

for CO production. The results demonstrate crucial advancements in using III-V photoanodes for 

concentrated PEC CO2 reduction.



 

1. Introduction 

Solar-powered CO2 reduction reaction (CO2RR) is one of the promising methods to convert 

CO2 into value-added chemicals and fuels using renewable solar energy1–5. In comparison to 

other energy conversion approaches, such as photocatalytic (PC) and electrocatalytic (EC), the 

photoelectrochemical (PEC) approach has gained significant attention due to the combined 

advantages of EC and PC processes. The PEC approach combines a light-harvesting system and 

electrochemical components into a single device. This approach has gained considerable 

attention for CO2RR6–10 and various other PEC applications, such as water splitting and 

nitrogen reduction reactions.11–13 Among the wide range of CO2 reduction products, carbon 

monoxide (CO) is a viable product due to its extensive applications in various industrial processes. 

Additionally, CO formation requires only two proton-electron transfer reactions, making it a 

kinetically favorable choice compared to other products such as CH3OH, C2H4, and C2H5OH, etc, 

which require more than two proton-electron transfers to form.5,14–16  Intensive efforts are 

underway to produce cost-competitive CO and syngas (CO + H2) through an electrochemical 

approach for the industrial Fischer–Tropsch process.8,17,18 Besides, designing and developing 

an efficient PEC CO2RR system can also lead to the cost-competitive production of CO and 

syngas. In addition, different ratios of syngas mixtures can also be produced in the PEC 

approach due to the competitive H2 evolution reaction.19–21  

To design an efficient solar-driven system to reduce CO2 into specific products, highly 

selective electrocatalysts are necessary to facilitate the CO2RR preferentially at low 

overpotential22,23. Metals including Au, Ag, Cu, and Sn have been widely used as the catalyst 

for CO2RR to achieve selective products in an aqueous electrolyte24,25.  The catalytic activity 

of metals can be significantly improved through precise control of crystal facets, grain 



 

boundaries, nano- and mesostructures, as well as oxidation states 26–29. In particular, 

electrochemical anodization of metal is found to be helpful in achieving highly selective end-

products by having controlled oxidation states of the catalysts with a porous surface.28,29 

Furthermore, anodized metal catalysts can have different shapes and grain boundaries, which 

can improve catalytic performance at low potential. In our study, we employed the pulsed 

anodization strategy to prepare the oxide-derived Au (Ox-Au) electrocatalyst and used it as the 

cathode. This significantly reduced the CO2RR onset potential compared to bare Au foil and 

demonstrated an unassisted photoelectrochemical approach.  

Various semiconductor photoelectrodes, including Si and III-V, have been investigated for 

solar-driven CO2 reduction into CO, usually in conjunction with metal catalysts for selective 

reduction (e.g., Au, Ag, and derivatives). However, designing a PEC CO2RR system with self-

solar powered or unassisted configurations for redox couple reactions could be a promising 

approach as it reduces the resistive losses due to the external wiring between electrocatalytic 

parts and solar-powered devices30,31. An unassisted PEC system with a two-electrode 

configuration, in which photoelectrodes are attached with redox reaction catalysts, facilitates 

long-term effective solar-energy utilization at a low cost.  However, it is still challenging to 

develop an efficient and stable unassisted PEC CO2RR system due to the difficulty in the 

prerequisite of sufficiently high photovoltage-producing semiconductor system as most of the 

electrocatalysts have higher overpotential than hydrogen evolution reaction catalysts32. To build 

an unassisted CO2RR system, tandem III-V photoelectrodes are commonly used.33,34 While 

tandem III-V photoelectrodes can generate the required photovoltage for an unassisted PEC 

approach, their instability in aqueous electrolytes poses a significant challenge for long-term 

stability. The low stability of the photoelectrode is due to photocorrosion and chemical 



 

instability in aqueous electrolytes, which needs to be prevented using suitable protection layers.  

In addition, using III-V semiconductors as a photoelectrode under one-sun intensity is not 

practically viable for solar fuel production as they cannot reach the industrial -level current 

density. Thus, addressing these challenges necessitates establishing a photoabsorber with 

optimal photovoltage, long-term stability, and a low-onset potential catalyst for a promising 

self-sustained PEC CO2RR.  

In this study, III-V-based triple-junction (TJ) InGaP/GaAs/Ge is employed for unassisted 

CO2RR using an Ox-Au as a cathode catalyst. To enable the unassisted CO2RR at low applied 

potential, we integrated RuOx-deposited thin Ti-foil with the InGaP/GaAs/Ge triple junction cell, 

which served as the photoanode. This integrated system exhibited significant stability under 

aqueous electrolytes by preventing direct InGaP/GaAs/Ge contact with the electrolytes. Moreover, 

the two-electrode unassisted system achieved a ~98% Faradaic efficiency for CO production and 

an impressive solar-to-fuel (STF) efficiency of 15%. Notably, we demonstrated a more practical 

application of the III-V photoanode system by using concentrated sunlight to drive CO2RR, 

resulting in a current density of ~124 mA/cm2 without external bias. 

2. Results and Discussion 

2. 1. Anodized Au electrocatalyst 

Oxide-derived Au (Ox-Au) porous structure with excellent CO2RR catalytic performance was 

achieved by an electrochemical pretreatment method29,35. The pretreatment includes vigorous 

pulsed anodization followed by gentle reduction, which develops Ox-Au porous structures on the 

surface of a 3×3 cm2 Au foil.229 Pulsed anodization was initially employed to generate Au oxide 

on a thin Au film, applying potentials ranging from 1.2 V to 2.7 V versus a reversible hydrogen 

electrode (RHE) in a KHCO3 solution (0.5 M, pH = 7.2). This process was conducted in a two-



 

compartment cell using a three-electrode configuration (Figure 1a), where Pt, Ag/AgCl, and Au 

foil served as the counter, reference, and working electrodes, respectively. The two-compartment 

cell was separated by a Bipolar membrane B(PM) to minimize the deposition of impurities during 

the anodization process. Following pulsed anodization, we subsequently electrochemically 

reduced the anodic Au2O3 layer in the same electrolyte under a constant current density ranging 

from -0.1 to -0.5 mA cm–2 until the electrode potential stabilized (Figure 1b). Post-treatment, the 

gold color of the Au thin film transformed to a dark brown hue, indicative of the formation of Au 

nanostructures on its surface.35 

 

Figure 1 (a) Current density as a function of time for polycrystalline Au foil during pulsed anodization 

process for 30 min under 0.5 KHCO3 electrolyte, (b) Electrochemical reduction on Ox-Au at different 

constant current densities, (c) Cyclic voltammetry (CV) curves of as obtained polycrystalline Au foil, 

anodized Au foil and Ox-Au (reactivated Au foil) under CO2 saturated 0.5 KHCO3 electrolyte at a scan rate 

of 20 mV/s, (d) Chronoamperometry curves at different applied potentials, (e) CO and H2 faradaic 

efficiencies at different applied potentials and (f) CO and H2 partial current densities at different applied 

potentials. 



 

Before integrating the Ox-Au catalyst with the PEC system, the electrocatalytic 

CO2 reduction performance was evaluated in an H-type electrochemical cell (Figure S1) under 

a CO2-saturated 0.5 M KHCO3 solution. After anodizing, the cyclic voltammetry (CV) profile 

of Ox-Au (Figure 1c) exhibits an apparent increase in total current density (jtot) related to the 

CO2 reduction reaction. Moreover, compared to the as-obtained Au-foil, the Ox-Au exhibits a 

positive shift in onset potential of ~0.2 V vs. RHE, revealing the importance of the anodization 

process. The shift in the onset potential of Ox-Au towards a positive direction is due to better CO2 

reduction in the presence of porous nanostructures, which not only enhance the CO2 adsorption 

but also improve the CO2 reduction reaction activity36. Next, the applied potentials-dependent 

selectivity of the Ox-Au catalyst was evaluated by chronoamperometry (CA), and the Faradaic 

efficiencies (FE) for CO and H2 production were quantified by online gas chromatography. 

Figures 1 (d, e) show the CA curves and FEs at different applied potentials for the production of 

CO and H2 using the Ox-Au in CO2-saturated 0.5 M KHCO3. The initial FECO is observed to be 

~55% at an applied potential of –0.3 V vs. RHE. With increasing applied potentials, the production 

of CO and H2 increases as consistent with the higher jtot at higher applied potentials. A maximum 

FECO of ~98% is achieved at an overpotential of –0.5 V vs. RHE. Moreover, the FE of CO 

remains steady at >92% over a broad range of potentials from –0.6 V to –1.0 V vs. RHE. 

However, the FECO begins to drop at lower applied potentials, possibly due to changes in the 

local pH of the electrolyte.29,35,37 The partial current density of CO2RR (jco) is shown in Figure 

1f, which indicates that most of the jtot is contributed to producing CO. Furthermore, the Ox-

Au catalyst demonstrated stable FECO of ~90% at –1.0 V vs. RHE, maintaining 80% current 

density retention after 30 h of continuous operation, highlighting the excellent stability of the 

Ox-Au catalyst (Figure S2). A plausible CO2 reduction mechanism on the Ox-Au surface is 



 

proposed and illustrated in Figure S3. Firstly, CO2 is adsorbed onto the electron-rich porous 

Ox-Au surface, forming the *COO– intermediate, which plays a crucial role in CO selectivity. 

The further addition and removal of electrons and protons in the *COO– intermediate facilitates 

CO selectivity38.  

2. 2. Surface characterizations before and after CO2RR. 

After the anodization reaction followed by the reduction process, the X-ray diffraction pattern 

(XRD) indicates that the crystallinity of the Au remains unchanged (Figure S4). This suggests that 

the anodization and reduction processes contribute to forming a porous nanostructure without 

affecting the crystal structure, which is beneficial for CO2RR. Similar XRD results were reported 

in the literature for the Au film after the anodization process.29 FE-SEM confirms the formation of 

porous nanostructures due to an anodization process (Figure S5). Transmission electron 

microscopy (TEM) was employed to probe the nanostructures of Ox-Au before and after CO2RR.  

Figure 2 (a, b) depicts TEM images of the Au foil after the anodization process, revealing the 

formation of porous nanostructures on the surface. The high-resolution TEM image (Figure 2c) 

reveals the discontinuity of the crystal lattice fringes with the d-space value of 0.24 nm and grain 

boundaries with different orientations (marked in different colors).39,40 The Fourier transform 

(FFT) pattern (Inset of Figure 1 b) displays the ring patterns, indicating the formation of single 

Au crystallites consistent with XRD crystal planes.41 Furthermore, a high-resolution TEM image 

was obtained for Ox-Au after 25 h of continuous PEC CO2RR, showing no signs of etching or 

corrosion even after prolonged operation (Figure 2d and inset). The visible grain boundaries and 

sub-grains indicate that the anodized Au nanostructures remain stable during extended CO2RR. 



 

 

Figure 2 (a) shows the low-resolution TEM image of Ox-Au nanostructures before CO2RR (scale bar – 50 

nm). The top layer of the Au-foil has been anodized and converted into porous nanostructures. Figures (b) 

show the high-resolution TEM images of the nanostructures that reveal the different grain boundaries and 

sub-grains obtained from the pulsed anodization and reduction process. (scale bar–5 nm). The Inset of 

Figure (b) shows the ring Fourier transform (FFT) pattern, demonstrating the formation of single Au 

crystallites. Figure (c) shows the high-resolution TEM image of Ox-Au nanostructures with crystal lattice 

fringes in different orientations (scale bar – 2 nm). Figure (d) shows the high-resolution TEM image of 

Ox-Au nanostructures after 25 h of continuous CO2RR (scale bar – 10 nm). The Inset of Figure (d) 

shows crystal lattice fringes in different orientations (scale bar – 2 nm). Figure (e) shows the high-

resolution Au 4f XPS spectra of as-obtained Au-foil, Ox-Au, and after CO2RR. 

X-ray photoelectron spectroscopy (XPS) was utilized to examine changes in the oxidation 

states of an Au foil before and after pulsed anodization, followed by a reduction reaction. Figure 

S6 shows the survey scan XPS spectra of Ox-Au before and after the PEC CO2RR for 25 h, 

indicating the presence of Ox-Au after anodization and subsequent reduction. Figure 2e displays 



 

the high-resolution Au 4f XPS spectra of the bare Au foil, after the anodization process, and after 

PEC CO2RR. The high-resolution Au 4f XPS spectra of bare Au foil exhibit peaks at 84.0, and 

88.2 eV corresponds to Au 4f7/2 and Au 4f5/2, indicating that Au is in a metallic state36,37. After the 

pulsed anodization step, the Au 4f7/2 peaks are shifted to the high binding energies side, suggesting 

electron depletion in the Au foil after the oxidation reaction. This electron deficiency is crucial for 

adsorbing CO2 reduction intermediates on the catalyst surface.42 As Ox-Au is electron-deficient, 

it can efficiently adsorb and stabilize CO2
•– intermediates compared to the bare Au foil, creating 

favorable conditions for the CO2 reduction reaction.29 The LSV results (Figure 1C) well support 

this, showing that Ox-Au has a higher current density at a lower onset potential than the bare Au 

foil. However, the Au surface is mostly reduced to Au0 after 25 h of PEC CO2RR, where the Au 

4f7/2 peak is shifted back to 84.2 eV but not to the original position of 84.0 eV.37,43 These results 

confirmed that a thin layer of anodized Au is formed on the surface of Au foil during the 

pretreatment, which is reduced to Au0 during the CO2RR.  

2. 3. Photoabsorber Design  

It is important to have a photoabsorber with sufficient photovoltage to achieve high efficiency in 

standalone solar-driven fuel production reactions. When designing a photoabsorber, it is crucial to 

consider several factors. This includes the overpotentials of the CO2RR-cathode catalyst and the 

oxygen evolution reaction (OER)-anode catalyst, as well as the overall system resistance (iR), and 

the thermodynamic potential required to reduce CO2 into CO. Here, we employed the 

InGaP/GaAs/Ge (TJ) cell as a photoanode to drive unassisted PEC CO2RR to CO production with 

high current densities. The structure of the TJ cell is illustrated in Figure 3a, and detailed 

fabrication information is available in the supporting information.44 To study the structure and 

composition of the TJ cell photoabsorber, we conducted TEM and high-angle annular dark-field 



 

scanning transmission electron microscopy (HAADF-STEM) along with cross-sectional elemental 

mapping (Figure 3 b and c). The results demonstrate a tandem arrangement of the top GaInP cell, 

middle GaAs sub-cell, and bottom Ge sub-cell, respectively45. Further, the photovoltaic 

characteristics of TJ cell under AM 1.5G simulated sunlight illumination is shown in Figure 3d. 

Under AM 1.5G simulated sunlight, the TJ cell demonstrates a short-circuit current density (Jsc) 

of 13.5 mA/cm², an open-circuit voltage (Voc) of 2.5 V, and a fill factor (FF) of 0.83. Importantly, 

in tandem cells, the photovoltages of the sub-cells are additive. Consequently, the Voc achieved 

with the TJ cell exceeds the potential required to drive unassisted CO2 reduction (~2.3 V). To study 

the light absorption properties of TJ cells, we have performed the external quantum efficiency 

measurement (EQE) with the absorption edge of each sub-cell. As shown in Figure 3e, the top 

GaInP cell with a band gap of 1.85 eV harvests photons in the 300 to 600 nm range. The middle 

GaAs sub-cell with a band gap of 1.40 eV facilitates photon absorption in the 600-900 nm range. 

Finally, the bottom Ge sub-cell with a band gap of 0.67 eV absorbs the photons ranging between 

900 to 1800 nm. The EQE and Jsc studies of TJ cell reveal the efficient light absorption capability 

and charge carrier separation properties. Furthermore, to protect and drive the unassisted PEC 

CO2RR in the aqueous electrolyte, RuOx-deposited Ti-foil was integrated on the back side of the 

TJ photoabsorber for OER at low onset potential.  



 

 

Figure 3 (a) Schematic architecture of Ge/InGaAs/InGaP triple junction (TJ) solar cell. Figure (b) Low-

resolution transmission electron microscopy (TEM) image of the 3J InGaP/GaAs/Ge cell ((scale bar – 2µm). 

Figure (c) High-angle annular dark field scanning transmission electron microscopy images (HAADF–

STEM) and elemental mapping images. Figure (d) J-V characteristics of the Ge/InGaAs/InGaP TJ 

photoabsorber under 1 sun AM 1.5G irradiation. Figure (e) External quantum efficiency studies of the 

Ge/InGaAs/InGaP TJ photoabsorber. Figure (f) OER performance of RuOx, NiOx and Pt in 0.5 M KOH 

electrolyte with a scan rate of 20mV/sec. 

2. 4. Cell configuration and unassisted PEC CO2RR 

To achieve an efficient PEC CO2RR approach, parameters such as OER catalysts, 

membranes, and electrolytes must be optimized before CO2RR. This is due to several challenges, 

including the low solubility of CO2 in alkaline environments and the competitive hydrogen 

production in acidic environments, which can impede the PEC CO2RR performance.16,27,45–51 The 

common OER electrocatalysts, such as Ni, Fe, and Co, can be used. However, obtaining the 

required potential for unassisted PEC is difficult because these catalysts can show high onset 



 

potentials for OER.27  As a result, to date, precious metal OER catalysts such as Pt and IrO2 have 

been typically used to carry out coupled electrochemical water oxidation due to their stability in a 

neutral environment.33 Even though using such precious metals for OER, the combination of 

reduction and oxidation still requires a total bias of at least ~3 V to produce a selective product at 

a significant yield (>10 mA cm-2).52 To match the independently optimized CO2RR and OER 

catalysts and to eliminate any contamination, a BPM membrane is used.8,33,53 BPM can provide 

favorable pH conditions for alkaline OER (KOH) and neutral CO2RR (KHCO3), leading to a 

significant reduction in the potential to drive CO2RR. A tri-potentiostat study was conducted to 

optimize the BPM potential for the unassisted PEC CO2RR reaction under different anolyte and 

catholyte pH conditions (Figure S7). When selecting highly acidic and alkaline pH conditions for 

the anolyte and catholyte, respectively, such as 1 M KOH and 1 M H2SO4, the membrane potential 

was determined to be  >0.7 V. However, these conditions are not suitable for cathodic CO2 

reduction since acidic electrolytes can promote the HER. Whereas the BPM exhibits a low 

membrane potential of <0.4 V in near-neutral pH conditions on the anode and cathode sides but 

OER rate can be sluggish in such conditions. Nevertheless, maintaining a near-neutral (0.5 M 

KHCO3) and alkaline (1 M KOH) pH at the cathode and anode sides shows a favorable membrane 

potential than extremely highly acidic and alkaline conditions, which could favor CO2 reduction. 

Finally, we analyzed the electrocatalytic overpotentials for the OER catalyst using RuOx, NiOx, 

and Pt catalysts at 1 M KOH (aq) to construct the unassisted PEC device. As shown in Figure 3f, 

the OER overpotentials of RuOx, NiOx, and Pt catalysts to reach 1mA/cm2 are 300 mV, 410 mV, 

and 640 mV, respectively. These results show that RuOx at 1M KOH combined with 0.5M KHCO3 

separated by BPM can drive the CO2RR at ~2.3 V; hence, the TJ photoanode employment here is 

justified.  



 

 

Figure 4 (a) shows the photoelectrochemical characteristics of TJ InGaP/GaAs/Ge photoanode measured 

at 1 sun intensity at pH 7 (green line), pH 14 (blue line), and at 10 sun intensity at pH 14 (grey line). The 

current density matches the cathodic characteristics of Ox-Au nanostructures measured under 0.5M KHCO3 

with CO2 saturation. Figure (b) shows the behavior of TJ InGaP/GaAs/Ge photoanode under varying sun 



 

intensity (up to 10 suns) and its total current densities the matching cathodic characteristics of Ox-Au. 

Figure (c) shows the total current densities and corresponding FECO by varying sun intensity. Figure (d) 

Schematic illustration of the unassisted device configuration for CO2 to CO conversion. Unassisted two-

electrode solar-driven CO2RR by short-circuiting the TJ InGaP/GaAs/Ge photoanode with the dark cathode 

(Ox-Au). Figure (e) the total current density (Jtot), partial current density (JCO), and STF conversion 

efficiency as a function of time. 

Solar-driven CO2RR was carried out in a customized H-cell reactor separated by a BPM 

membrane(Figure S8).33 The photoanode consists of a tandem-junction III–V photoabsorber 

(InGaP/GaAs/Ge/Ti/RuOx), a thin Ti-foil (0.05 mm) surface protection layer, and a 25 nm of ALD 

deposited RuOx to facilitate the OER, whereas the Ox-Au nanostructures were used as a dark 

cathode to drive the CO2RR. Details of the fabrication of the photoanode and the reactor setup are 

described in the Supporting Information, and the fabricated photoanode image is shown in Figure 

S9. The oxidation behavior (Figure 4a) of the photoanode in 1 M KOH (aq) was investigated using 

CV without correcting for uncompensated resistance in a three-electrode electrochemical 

measurement setup under simulated one-sun illumination. The photoanode exhibited a light-

limited photocurrent density of ~12.5 mA cm–2 and an equivalent open-circuit voltage of ∼2.5 V 

in accordance with the photovoltaic characteristics of the TJ cell. The CV characteristics of the 

photoanode under pH 7 and the Ox-Au nanostructures are also shown in Figure 4a. The results 

show that in pH 7 the photovoltage delivered by the photoanode is insufficient to drive the 

unassisted CO2RR as the current densities cross over at <1mA/cm2. However, at pH 14, the 

photoanode delivers sufficient photovoltage for CO2RR. This reveals the necessity of the BPM 

and the requirement of different catholytes and anolytes to drive the unassisted CO2RR.  

Further, it is essential to analyze the CO2RR catalyst at commercially required current 

densities, to minimize the capital expenditure of a conversion unit to economically-compelling 



 

levels. To achieve this, here we have done concentrated solar-driven CO2RR in which the 

InGaP/GaAs/Ge/Ti/RuOx photoanode is capable of working under >100 suns concentrated 

illumination. However, due to the PEC H-cell reactor's limitations and the diffusion limit of CO2 

in the electrolyte, we carried out the reaction at 10 sun intensity. Under concentrated 10 suns 

illumination, the oxidation behavior of the photoanode in 1 M KOH (aq) has been characterized 

by the CV  in a three-electrode electrochemical measurement setup (Figure 4b). Here, three-

electrode measurements are used due to the higher overpotential of RuOx catalyst at higher Jtot 

compared to the one-sun illumination. Subsequently, chronoamperometry study was carried out 

for concentrated sunlight experiments at the potential of 0 V vs. RHE in a typical H-cell, and the 

photoanode exhibited a light-limited photocurrent density of ~124.8 mA cm–2. In addition to this, 

the Jtot was stable over 25 h; however, the FECO reduced over time and reached as low as 60% 

within 1 hour with simultaneous enhancement in the FEH2 (Figures S10 and S11). The reduced 

FECO can be explained by kinetic limitations of CO2 saturation in a typical H-cell reactor with 

higher current densities.  

Figure 4(c) shows the sun intensity-dependent total current densities and FECO (from 0.5 suns 

to 10 suns). Increasing sun intensity increases the total current densities of the 

InGaP/GaAs/Ge/Ti/RuOx photoanode. The NMR analysis ensures no liquid product is formed 

during CO2RR (Figure S12). Unassisted two-electrode CO2RR was also performed in the H-cell 

reactor by short-circuiting the InGaP/GaAs/Ge/Ti/RuOx photoanode (0.8 cm2)  and ∼1 cm2 of Ox-

Au catalyst as a counter electrode (Figure 4d). CV with the two-electrode setup showed a short-

circuit current density of ~11.5 mA cm-2, which is ~1 mA cm-2 lower than the three-electrode 

setup, demonstrating the unassisted CO2RR. This two-electrode measurement was utilized to 

calculate STF efficiency.33 Corresponding to a current density of ~11.5 mA cm-2, a maximum STF 



 

of ~15% was achieved, considering the FECO of ~98%. In addition, we conducted a 25 h stability 

test in a two-electrode configuration to validate the claimed efficiency (Figure 4e). Over the 

entire measurement period of ~25 hours, the Jtot was stable, and the FECO was ~96%. This results 

in the STF efficiency of ~15 % over the entire period. It is worth mentioning that the achieved 

PEC performance of the present system outperforms many reported literature (Table 1). 

Furthermore, following the stability experiment, we conducted XRD and SEM studies on the 

cathode Ox-Au, which revealed no significant changes during stability studies (Figure S13). 

3. Conclusions 

In summary, we report an efficient and stable solar-driven CO2RR system by integrating the 

Ox-Au as a cathode catalyst with the InGaP/GaAs/Ge/Ti/RuOx photoanode that can drive the 

spontaneous CO2RR. A bipolar membrane was employed to allow different pH electrolytes for the 

catholyte and anolyte, reducing the required overpotentials to drive the unassisted reaction. Under 

simulated AM 1.5G one-sun illumination, the reactor yields an operating jtot of 11.5 mA cm–2, 

indicative of the STF efficiency of ~15%. InGaP/GaAs/Ge/Ti/RuOx system also allows one to use 

concentrated sunlight-driven CO2 reduction up to ten sun intensity, in which the efficiency scales 

up linearly with reduced FE for CO due to the diffusion limits of the H-cell reactor. 
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