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A solar-driven CO2-reduction (CO2R) cell, consisting of a tandem 
GaAs/InGaP/TiO2/Ni photoanode in 1.0 M KOH(aq) (pH=13.7) to 
facilitate the oxygen-evolution reaction (OER), a Pd/C 
nanoparticle-coated Ti mesh cathode in 2.8 M KHCO3(aq) 
(pH=8.0) to perform the CO2R reaction, and a bipolar membrane 
to allow for steady-state operation of the catholyte and anolyte at 
different bulk pH values, was constructed. At the operational 
current density of 8.5 mA cm-2, in 2.8 M KHCO3(aq), the cathode 
exhibited <100 mV overpotential and >94% Faradaic efficiency 
for the reduction of 1 atm of CO2(g) to formate. The anode 
exhibited 320 ± 7 mV overpotential for the OER in 1.0 M 
KOH(aq), and the bipolar membrane exhibited ~480 mV voltage 
loss with minimal product crossover as well as >90% and >95% 
selectivity for protons and hydroxide ions, respectively.  The solar-
driven CO2R cell converted sunlight to fuels at an energy-
conversion efficiency of ~10%. 

 
 

Introduction 
 
The sustainable electrochemical reduction of CO2 to fuels requires utilization of CO2 
from the atmosphere as well as use of the electrons and protons produced by the 
oxidation of water to O2(g)(1, 2). However, the optimal electrolyte for CO2 reduction 
(CO2R) is quite different than that for the oxidation of water.  For CO2R, the low 
concentration of dissolved CO2 under alkaline conditions (e.g., pH>10) imposes severe 
mass-transport limitations on the electroactive reagent(3-5), whereas under acidic 
conditions (e.g., pH<1), the high proton concentration favors the competing hydrogen-
evolution reaction (HER).  Hence, the development of catalysts for CO2R has generally 
focused on electrolytes having near-neutral pH values(6, 7). At present, in near-neutral 
pH electrolytes, only electrochemical processes that involve the two-electron/two-proton 
reduction of CO2, to produce either CO or formate, can be performed efficiently and 
selectively at an operating current density of 101 mA cm-2(6, 8-11).  In contrast, for the 
oxygen-evolution reaction (OER), mixed-metal oxides have been extensively studied in 
strongly alkaline conditions (1.0 M KOH(aq)), with state-of-the-art catalysts exhibiting 
~250 – 300 mV overpotentials at 10 mA cm-2 of anodic current density(12, 13). 



Electrocatalysts for the OER in near-neutral electrolytes exhibit substantially larger 
overpotentials than OER electrocatalysts in strongly alkaline electrolytes(13-15), because 
the negatively charged hydroxide ion is more readily oxidized than a neutral water 
molecule, and hydroxide is present in high concentration in alkaline solutions(16). 
 
     This work is a summary of the previously published demonstration of a solar-driven 
CO2R with 10% energy-conversion efficiency(17). We used a bipolar membrane to 
facilitate effective coupling between two electrodes and electrolytes, one for CO2R and 
one for the OER, that typically operate at mutually different pH values, and to produce a 
lower total cell overvoltage than known single-electrolyte CO2R systems. 
 
 

Experimental 
 

The preparation of electrodes comprising Pd/C on a Ti mesh was similar to that 
reported previously for Pd/C on a Ti foil electrode(8).  A Ti mesh was first cut into 0.04 
cm2 pieces.  Five pieces of Ti mesh were stacked and stringed together with a Ti wire.  
The stacked Ti mesh was etched in boiling 10% oxalic acid, rinsed thoroughly with H2O, 
and dried overnight at 75 °C in an oven.  4.8 mg of Pd/C powder was then mixed with 2.4 
ml isopropanol and 40 µL 10 wt.% Nafion and the mixture was sonicated for > 30 min.  
The resulting solution was drop-casted onto the Ti mesh, with a Pd mass loading of 250 
µg cm-2.  The Pd mass loading of Pd/C coated Ti foil reported previously was 50 µg cm-2.  
As a comparison, a Pd/C nanoparticle-coated Ti foil electrode was made using the same 
conditions as on the Ti mesh except that the Pd mass loading was 50 µg cm-2.  The 
preparation of GaAs/InGaP/TiO2/Ni photoanode was the same as those previous 
reported(18, 19).  

 
The two-electrode electrochemical setup is shown in Figure 1.  Two custom-made 

three-necked cells were used in the 3-electrode measurement.  The BPM was used for 
prevention of crossover of the formate product, and to prevent the formate from being 
oxidized at the counter electrode.  The electrolyte was vigorously agitated with a 
magnetic stir bar driven by a model-train motor (Pittman) with a Railpower 1370 speed 
controller (Model Rectifier Corporation). CO2(g) was bubbled into the KHCO3 solution 
during electrochemical measurements, to prevent oxygen dissolution.  A peristaltic 
pumping system (Simply Pumps PM300F) with a minimum flow rate of 500 mL min-1, as 
controlled by a tunable power supply, was used to facilitate the removal of CO2 bubbles 
at the BPM surface, and to minimize the voltage loss at the BPM caused by bubbles. A 
Xe arc lamp (Newport 67005 and 69911) equipped with an IR filter (Newport 61945) and 
with an AM 1.5 filter (Newport 81094 and 71260) was used as the light source for J-E 
measurements.  The intensity in the solution-containing cell was then calibrated by 
placing a Si photodiode (FDS100-Cal, Thorlabs) with a similar area as that of the 
photoanode (0.03 cm2) in the custom-made three-necked beaker with flat quartz windows, 
with the Si located at nominally the same position as that occupied by the exposed area of 
the photoelectrode.  The Si photodiode had been previously calibrated by measurement of 
the short-circuit current density under 100 mW cm-2 of AM 1.5 simulated sunlight. The 
area of the anode, membrane and Pd/C cathode were 0.03 cm2, 0.03 cm2, 0.04 cm2, 
respectively.  A 0.2 cm diameter hole was punched at the middle of a piece of rubber 
using a hole making tool.  An O-ring with 0.2 cm diameter was glued with epoxy on the 
rubber with the hole aligned.  The BPM was right between two pieces of rubber, and the 



hard rubber/O-ring/BPM/O-ring/hard rubber assembly was tightly clamped between the 
two cells as shown in Figure 1.  

 

 
Figure 1.  Schematic illustration of a two-electrode electrochemical setup.  The anolyte is 
1.0 M KOH(aq), and the catholyte is 2.8 M KHCO3(aq).  (Reprinted with permission 
from Ref. (17) Copyright 2016 American Chemical Society.) 
 
 

Results and Discussion 
 

Cathode half cell 
The Pd/C-coated stacked Ti mesh electrode (red curve in Figure 2A) exhibited 

improved performance compared to the Pd/C-coated Ti foil (black curve in Figure 2A), 
because of the increased mass loading and larger electrochemically accessible surface 
area for CO2R reduction. The forward scan indicated that the onset potential of cathodic 
current was close the equilibrium potential for CO2 reduction to formate 
(E°’(CO2/HCOO-)) = -0.687 V versus the Ag/AgCl reference electrode)(20).  An 
overpotential of -57 ± 8 mV was required to drive the CO2R reaction at a cathodic 
geometric current density of 10 mA cm-2.   

Figure 2B shows the Faradaic efficiency for the production of formate using the Pd/C 
nanoparticle-coated Ti mesh cathode in CO2-saturated 2.8 M KHCO3(aq) as a function of 
time, at four different overpotentials.  At all overpotentials, near-unity Faradaic efficiency 
was observed for the first 60 min of operation. The Faradaic efficiency then decreased 
slowly for overpotentials between -45 mV and -120 mV, but still exceeded ≥ 94% after 3 
h of electrolysis (Figure 2B).  In contrast, when the electrode was held at -170 mV vs 
E°’(CO2/HCOO-), the Faradaic efficiency decayed quickly after 90 min, and decreased to 
~80% after 3 h of continuous operation. The decrease of the Faradaic efficiency for 
formate production is consistent with the accumulation of CO at the surface of the Pd 
nanoparticles(8). 

 



 
Figure 2.  (A) Cyclic voltammetry of the Pd/C nanoparticle-coated stacked Ti mesh 
electrode with a Pd mass loading of 250 µg cm-2 (red) and the Pd/C nanoparticle-coated 
Ti foil with a Pd mass loading of 50 µg cm-2 (black) in CO2-saturated 2.8 M KHCO3(aq) 
at pH=8.0. The dotted line indicates the equilibrium potential for CO2 reduction to 
formate at pH=8.0.  (B) Faradaic efficiency of formate production as a function of time, 
for four different overpotentials, using the Pd/C nanoparticle-coated Ti mesh in CO2-
saturated 2.8 M KHCO3(aq). 
 
Anode half cell 

To characterize in detail the performance of the protection layer and electrocatalytic 
components of the anode, Figure 3 shows the current density vs potential (J-E) behavior 
of a p+-Si/TiO2/Ni dark anode effecting the OER in 1.0 M KOH(aq) (black) and in 2.8 M 
KHCO3(aq) (red), respectively, without any correction for uncompensated resistance.  
The J-E behavior of p+-Si/TiO2/Ni dark electrode was used to provide a measure of the 
overpotentials of the OER catalyst in 1.0 M KOH(aq) and in 2.8 M KHCO3(aq).  As 
shown in Figure 3, an overpotential of 330 ± 10 mV was required to produce a current 
density of 10 mA cm-2 in 1.0 M KOH(aq), consistent with previous results(21).  In 
contrast, an overpotential of 793 ± 26 mV was required in 2.8 M KHCO3(aq) to produce 
10 mA cm-2 of current density. 

 

 
Figure 3.  Current-voltage behavior of a p+-Si/TiO2/Ni electrode for the oxygen-evolution 
reaction (OER) in 1.0 M KOH(aq) (red) and in 2.8 M KHCO3(aq) (black).   

 
Bipolar membrane properties 

With the anolyte at pH = 13.7 (1.0 M KOH(aq)) and the catholyte at pH = 8.0 (2.8 M 
KHCO3(aq), Figure 4A shows membrane voltage loss (left axis), as well as measured 



total membrane voltage (right axis) as a function of the current density normalized to the 
bipolar membrane (BPM) area. Two Luggin capillaries with Ag/AgCl reference 
electrodes were used to measure the electric potential drop across the bipolar membrane.  
The equilibrium potential, Vmembrane, equilibrium was calculated to be 0.336 V in the 
anolyte/catholyte system.  At a current density of 10 mA cm-2, the measured membrane 
total voltage was 0.843 ± 0.038 V.  Hence, to drive the CO2 reduction to formate at 
steady state, the voltage loss in the BPM, Vmembrane,loss = Vmembrane, total – Vmembrane, equilibrium 
= 0.843 V – 0.059 V × (13.7 – 8.0), was 0.507 V.  The voltage loss primarily resulted 
from the resistance loss of the bipolar membrane as well as from the overvoltage required 
for water dissociation at the transition region in the bipolar membrane.  To evaluate the 
ionic transport properties of the membrane, a cell with Pt mesh electrodes as the cathode 
and anode was operated continuously for 100 h at a current density of ~8.5 mA cm-2 
normalized to the bipolar membrane area, with a resulting change by ~0.01 unit in the pH 
of the anolyte.  If 100% of the charge passed were used for electrodialysis of the 
electrolytes, the pH of the anolyte would have changed by > 1 unit.  Alternatively, for 
operation of CO2R and OER in the same electrolyte, a cation exchange membrane, e.g., 
Nafion, could be used to separate the cathode chamber from the anode chamber.  Figure 
4B shows the measured total membrane voltage as a function of the current density 
normalized to the Nafion area, when both the anolyte and catholyte were 2.8 M 
KHCO3(aq), but Nafion was used instead of a bipolar membrane.  The total Nafion 
membrane voltage was equal to the Nafion membrane voltage loss, which largely arose 
due to the membrane resistance for transport of K+ ions.  At a current density of 10 mA 
cm-2, the Nafion membrane voltage loss was 214 ± 15 mV. 

The ion-crossover fluxes in the BPM system were characterized using inductively 
coupled plasma mass spectrometry (ICPMS) in conjunction with a total inorganic carbon 
(TIC) analyser, to measure the ion concentrations in the catholyte and anolyte after 
charge was passed through the BPM at different current densities.  At two different 
operational current densities, Figures 4C and 4D show the time-dependence of the 
selectivity for protons and hydroxide ions, respectively, through the bipolar membrane. 
Two major crossover pathways under the electric field, cation crossover from the anolyte 
to the catholyte, and anion crossover from the catholyte to the anolyte, were present due 
to the imperfect permselectivity of the cation-exchange membrane and anion-exchange 
membrane portions of the BPM.  To determine the cation crossover, the KHCO3(aq) 
catholyte was replaced by CsHCO3(aq), so that small increases in the K+ concentration 
could be detected.  The measured K+ leak rate in the CsHCO3(aq)/KOH(aq) configuration 
also presented an upper bound for the behavior of the KHCO3(aq)/KOH(aq) 
configuration due to the absence of the diffusional driving force for K+ transport from the 
anolyte to the catholyte in the all-K+-containing system. The membrane selectivities, fH+ 
(fOH-), were defined as the ratio of proton-carried (hydroxide-carried) charge passed 
relative to the total charge passed through the membrane.  At an operational current 
density of 3 mA cm-2, the potassium leak current and the bicarbonate leak current 
constituted 10 - 25% and 20 - 35%, respectively, of the total current passed through the 
bipolar membrane.  When the membrane current density was increased to 8 mA cm-2, the 
membrane selectivity for protons increased to >90%, and the membrane selectivity for 
hydroxide ions increased to >95%.  The crossover of the formate product was low 
(Figure 5).  In the 3-electrode electrochemical measurement, the cathode compartment 
was separated by from the Pt counter electrode by a BPM, so the high Faradaic efficiency 
(>94%) measured in the cathode compartment at low overpotentials (from -45 mV 
to -120 mV, Figure 1B) also provides evidence for a low rate of formate crossover 



through the BPM.  The product crossovers were minimal because the negatively charged 
formate ion was effectively blocked by the negatively charged cation-exchange 
membrane in the bipolar membrane system. 

 

 

Figure 4.  (A) Membrane voltage loss (left axis) and measured total membrane voltage 
(right axis) as a function of the current density normalized to the 0.03 cm2 BPM area.  
The cell configuration was KHCO3(aq) (pH=8.0)/BPM/KOH (aq, pH=13.7).  (B) 
Measured total membrane voltage (or membrane voltage loss) as a function of the current 
density normalized to the Nafion area. The cell configuration was KHCO3(aq) 
(pH=8.0)/Nafion/KHCO3(aq) (pH=8.0)  (C) Selectivity of the bipolar membrane for 
protons as a function of time, when operated at two different current densities. (D) 
Selectivity of the bipolar membrane for hydroxide ions as a function of time, for two 
different current densities.  Pt mesh electrodes were used as cathode and anode in (A-D). 
 

 
Figure 5.  1H-NMR spectrum of the solutions in the cathode (A) and anode (B) 
compartments in a 2-electrode electrochemical configuration.  Signals at 7.92, 3.01 and 
2.98 ppm are the internal standard DMF, while the singlet at 8.44 ppm is formate.  The 
concentration of formate in catholyte was ~ 1 mM, and no formate was detected in the 
anolyte by 1H-NMR spectroscopy. The membrane area was ~0.03 cm2, and the 



membrane current density during operation was 8.5 mA cm-2. The volumes of the 
catholyte and anolyte were 50 ml and 25 ml, respectively.  The operation time was 3 
hours.  When the concentration of formate in the catholyte increased to 0.1 M, and the 
area of the BPM increased to 0.12 cm2 (other conditions unchanged), a small amount of 
formate (~ 16 µM) in the anolyte was detected by 1H-NMR spectrum (C) after 3 hours of 
operation.  The current density for formate crossover from the catholyte to anolyte was 
~30 µA cm-2 
 
Integration of cathode, anode and bipolar membrane 

Figure 1 shows a schematic illustration of the two-electrode electrochemical setup.  
The geometric areas of the GaAs/InGaP/TiO2/Ni photoanode, bipolar membrane, Nafion 
membrane, and Pd/C/Ti cathode were mutually similar, at 0.030 cm2, 0.030 cm2, 0.030 
cm2 and 0.040 cm2 respectively. The relatively small active device area was due to the 
behavior of the photoanode in 1.0 M KOH(aq). Figure 6A shows the current density for 
the unassisted CO2R reaction as a function of the time under 100 mW cm-2 of simulated 
AM1.5 illumination, when the GaAs/InGaP/TiO2/Ni photoanode was directly wired to 
the Pd/C nanoparticle-coated Ti mesh cathode without application of any external bias.  
The photocurrent density was 8.7 ± 0.5 mA cm-2.  The overpotential for the Pd/C 
nanoparticle-coated Ti mesh cathode was recorded during the 3 h stability test, as shown 
in Figure 6B.  During the stability test, the overpotential was between -40 mV and -100 
mV; therefore, as shown in Figure 2B, the Faradaic efficiency of CO2 reduction to 
formate was ~100%, 98%, 95%, 94% after 30 min, 1 h, 2 h, 3 h, respectively.  The 
corresponding solar-to-formate conversion efficiency at these times was thus 10.5%, 
10.3%, 10.0%, and 9.9%, respectively.  The solar-to fuels efficiency is defined by: 

                [1] 
1.21 V is the voltage required for the full chemical reaction, 2OH- + 2CO2 = 2HCOO- + 
O2; 100 mW cm-2 is the solar power intensity.  
The photocurrent density vs voltage behavior of the 2-electrode system (Figure 6C) 
exhibited mutually similar onset potentials and light-limited current densities before and 
after a 3 h stability test (Figure 6A), indicating minimal corrosion of the photoanode over 
this time period. 

Figure 7 shows the measured (red) and calculated (dotted black) 2-electrode current 
density vs voltage behavior of the GaAs/InGaP/TiO2/Ni photoanode wired to a Pd/C-
coated Ti mesh cathode under 100 mW cm-2 of simulated Air Mass (AM) 1.5 
illumination.  The calculated 2-electrode current density vs voltage behavior (dotted 
black) was obtained by using the current-voltage behavior of the tandem solid-state 
photoabsorber (dotted orange) in conjunction with the overall polarization characteristic 
of a p+-Si/TiO2/Ni anode and a Pd/C-coated Ti mesh cathode in the 2-electrode BPM 
configuration (KHCO3/BPM/KOH) (black).  The calculated 2-electrode current density 
vs voltage behavior was in good agreement with the experimental measurements.   The 
electrosynthetic cell component required 2.04 V to operate at a current density of 8.5 mA 
cm-2, and was thus well matched to the maximum power point of the photovoltaic tandem 
junction component of in the photoanode.  Figure 7 also shows the overall polarization 
characteristics of the 2-electrode Nafion membrane configuration (KHCO3/Nafion/ 
KHCO3) (blue) using the same electrode materials.  Due to the large overpotential for the 
Ni catalyst to effect the OER at the near-neutral pH (Figure 3), obtaining an operational 
current density of ~8.5 mA cm-2 to drive the overall CO2R reaction in conjunction with 
the OER required an additional ~180 mV of voltage in the Nafion-containing cell relative 



to the voltage required to operate the BPM-containing cell (consistent with the voltage 
data summarized in Table I).  Transport of K+ between the anolyte and catholyte during 
steady-state operation would also electrodialyze the electrolytes in the Nafion-containing 
cell.  Circulation or recirculation might potentially minimize the steady-state K+-ion 
concentration polarization of the system,(22) but would entail significant challenges in 
separation of the low concentration of the liquid product, formate, in the catholyte.  In 
contrast, the robust product separation afforded by the BPM would allow for production 
of a high concentration of formate, which would be advantageous in a down-stream 
separation process. Additionally, the Ni catalyst is not stable for OER at near-neutral 
pH.(23)  Use of the bipolar membrane thus relaxed the electrolyte constraints and 
allowed the incorporation of this active OER catalyst(24) in the device. 

 
Table I.  Comparison of voltage losses for three cell configurations at Jelectrode/membrane = 8.5 mA cm-2 

Components 
(Cathode) 2.8 M 

KHCO3/BPM/1.0 M 
KOH (Anode) 

(Cathode) 2.8 M 
KHCO3/BPM/2.8 M 

KHCO3 (Anode) 

(Cathode) 2.8 M 
KHCO3/Nafion 

Membrane/2.8 M 
KHCO3 (Anode) 

Membrane ~0.48 V ~0.82 V (Figure S8) ~ 0.18 V 
Ni OER overpotential 0.320 ± 0.007 V 0.783 ± 0.026 V 0.783 ± 0.026 V 
Pd/C coated Ti mesh 

CO2R to formate 
overpotential 

 0.052 ± 0.008 V 0.052 ± 0.008 V 0.052 ± 0.008 V 

Total voltage loss ~0.85 V ~1.66 V ~1.01 V 
 

 
Figure 6.  (A) The unassisted CO2R current density as a function of operational time 
using a GaAs/InGaP/TiO2/Ni photoanode and a Pd/C-coated Ti mesh cathode in a 2-
electrode electrochemical configuration (Figure 3A) under 100 mW cm-2 of simulated 
AM1.5 illumination.  (B) The overpotential for a Pd/C cathode during solar-driven CO2R 
using GaAs/InGaP/TiO2/Ni as a photoanode in a 2-electrode electrochemical 
configuration under simulated AM1.5 1-Sun illumination.  (C) 2-electrode J-V behavior 
with a GaAs/InGaP/TiO2/Ni photoanode and a Pd/C on Ti mesh cathode in a BPM 
configuration under simulated AM1.5 1-Sun illumination at 0 and 3 h, respectively, of the 
stability test. 



 
Figure 7.  The overall polarization characteristics for the CO2R reaction and the OER 
using a p+-Si/TiO2/Ni anode and a Pd/C-coated Ti mesh cathode in the 2-electrode BMP 
configuration (KHCO3/Nafion/KOH) (black) as well as in the 2-electrode Nafion 
membrane configuration (KHCO3/Nafion/ KHCO3) (blue).  The measured (red) and 
calculated (black) 2-electrode current-voltage behavior of the GaAs/InGaP/TiO2/Ni 
photoanode wired to a Pd/C-coated Ti mesh cathode were measured under 100 mW cm-2 
of simulated AM1.5 illumination.  The calculated current density-voltage characteristic of 
the solid-state tandem cell (orange)(18, 19). 
 
 

Conclusion 
 

In summary, a solar-driven CO2 reduction photovoltaic-assisted electrosynthetic cell 
was demonstrated at a solar-to-fuels energy-conversion efficiency of 10% using a tandem 
GaAs/InGaP/TiO2/NiOx photoanode in 1.0 M KOH(aq), a Pd/C nanoparticle coated Ti 
mesh cathode in 2.8 M KHCO3(aq), and a bipolar membrane reducing a purified feed 
stream of 1 atm CO2(g).  At the operational current density of 8.5 mA cm-2, the cathode 
exhibited <100 mV overpotential and >94% Faradaic efficiency for CO2 reduction to 
formate in 2.8 M KHCO3(aq) (pH=8.0), the anode exhibited 320 ± 7 mV overpotential 
for OER in 1.0 M KOH (aq) (pH=13.7), and the bipolar membrane exhibited ~480 mV 
voltage loss with minimal product crossovers and >90% and >95% selectivity for proton 
and hydroxide ions, respectively.  The bipolar membrane effectively coupled together 
two electrolytes that were separately effective for the CO2R reaction and for the OER, 
and produced lower total overpotentials and higher efficiency than could at present be 
obtained in a single-electrolyte CO2 reduction cell. 
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