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We report on the coupling of photoelectrochemical water oxidation and electrochemical CO, reduction
to formic acid for a photoelectrochemical system capable of light and electrochemical energy
conversion to chemical energy. Titanium oxide nanotubes (TiO, NT) and boron-doped diamond (BDD)
electrodes were used as a photoanode and a cathode, respectively. From CO, electrochemical
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reduction at BDD, formic acid was obtained with a faradaic efficiency of about 86% and the system
provided an overall energy conversion efficiency of 5.5%. From previous CO, reduction at a dark
electrolyzer based on a BDD cathode, the cell voltage was reduced from 2.7 V to 1.4 V with 52% saving
of the electrical energy input. This resulted in an increase from 50% to nearly 80% of electrical-to-
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Introduction

The utilization of carbon-based materials (e.g., lignite, carbon
monoxide, etc.) for the production of hydrocarbons has long
been established, namely in 1913 with the Bergius process,"
and in 1925 with the Fischer-Tropsch process.”

The evolution of these processes is nowadays pursued by the
utilization of CO, as an alternative carbon feedstock,** there-
fore transformation into high-added value chemicals can be a
favourable pathway for this C1-synthon utilization in chemical/
organic synthesis.>®

If the synthesis is conducted using electrochemical methods,
the products of CO, reduction (e.g., CO, formic acid, methane,
C,. hydrocarbons, and oxygenates) might find application in the
production of fine chemicals,'®'" and in addition as carriers or
storage materials for renewable electrical energy. Furthermore,
CO, electrochemical reduction can be performed under ambi-
ent conditions, even at the industrial-scale.>'*'? In this case, to
be competitive, this reaction must retain most of the energy in
the final chemical product ie., high energy conversion effi-
ciency, or low activation energy for CO,,'* and electrochemical
(EC) and photoelectrochemical (PEC) approaches have been
investigated for CO, reduction.” This may help produce energy
with a lower environmental impact,’®® as in the case of
hydrogen production from water electrolysis.'*>*

In a (photo)electrochemical system, energy efficiency is
affected by several energy losses, mainly ascribed to the
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chemical energy conversion efficiency.

electrochemical cell (e.g., ohmic drop, electrolyte, mass trans-
port, and separators),”>>* which can be reduced by a careful
engineering design, and the overpotential that is intrinsic for
the reaction and electrocatalyst/electrode materials used. In
particular, when a reduction reaction is coupled with the
oxygen evolution reaction (OER) from water oxidation, this
4-electron reaction may account for the largest loss of energy
in the electrochemical system due to overpotential.*®

This problem has been tackled by the use of several metal
oxides as highly active electrocatalysts for the OER.>**”

In this context, we demonstrated previously that in a CO,
electrolyser the right choice of the anode material improved the
electric-to-chemical energy conversion efficiency up to 50%.>®

To further decrease the reliance on electrical energy, we
present here a photoelectrochemical system comprising titanium
oxide nanotubes (TiO, NTs) and boron-doped diamond (BDD)
electrodes as a photoanode and a cathode, respectively. A BDD
electrode has been selected for its high faradaic efficiency for
formic acid (FA) production from CO, reduction, and in fact it can
prevent the side reaction of proton reduction which competes with
CO, reduction by its wide potential window and high overpotential
for hydrogen evolution,”®*® and long term stability.*"** TiO, NTs
were selected as a photoanode because they can drive water
oxidation at negative potentials under light illumination compared
to conventional metal oxide electrodes,®® and in addition, nano-
tubes can expose a larger surface area than flat electrodes.>**

The objective was to develop a PEC system with the ability of
photo-assisted water oxidation at the TiO, NT electrode coupled
with electrochemical CO, reduction to formic acid, and evalu-
ate its energy efficiency as the main figure of merit. Finally, the
energy efficiency of the present PEC system was compared with
that of a full EC system that we developed previously**?° to
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evaluate the benefits of using photo-assisted electrochemical
water oxidation and the viability of BDD as a cathode for CO,
electrochemical reduction.

Experimental
Materials

Potassium chloride (KCl), potassium hydroxide (KOH), sulphuric
acid (H,S0,), acetone (C3HeO), and isopropanol (C;HgO) were
purchased from Wako Pure Chemical Industries Ltd. Ammonium
dihydrogen phosphate [(NH,)H,PO,] and ammonium fluoride-
hydrofluoric acid (NH,F-HF) were purchased from Sigma-Aldrich.
Formic acid for HPLC calibration was obtained from FUJIFILM
Wako Pure Chemical Corporation, while hydrogen and carbon
monoxide for GC calibration were obtained from GL Sciences.
Carbon dioxide (purity over 99.990 vol%) was purchased from
Resonac Gas Products Corporation, and nitrogen gas (purity over
99.99995 vol%) was purchased from Taiyo Nippon Sanso Cor-
poration. All reagents were used as received. Titanium (thickness
0.2 mm) and platinum (thickness 1 mm, ¢ 50 mm) plates were
purchased from Nilaco Corp. (Japan). Ultrapure water was from a
Simply-Lab water system (DIRECT-Q 3 UV, Millipore) with a
resistivity of 18.2 MQ-cm at 25 °C. Experiments were performed
at room temperature (23-25 °C) and atmospheric pressure.

BDD fabrication and characterization: cathode

The polycrystalline BDD film was deposited on a Si (100) wafer
substrate with a microwave plasma-assisted chemical vapor
deposition (MPCVD) system (AX6500, Cornes Technologies
Ltd.). The concentration of boron in the BDD film was set to
be 0.1% according to the ratio between the carbon source
(methane) and the boron source (trimethylborane).>® The surface
morphology of the BDD film was imaged with a scanning
electron microscope (JCM-6000, JEOL) (Fig. S1, ESIT). The Raman
spectrum was recorded using an Acton SP2500 (Princeton Instru-
ments) with a 532 nm laser to confirm the diamond nature,
boron inclusion and exclude the presence of sp> carbon (Fig. S1,
ESI+).282°

TiO, NT fabrication and characterization: photoanode

Titanium oxide nanotubes (TiO, NTs) were prepared by titanium
foil oxidation in a fluorine electrolyte, a procedure adapted from
previous reports.*>*® A titanium plate was sonicated in acetone,
isopropanol and water 10 minutes each, and dried under a
nitrogen stream. The electrolyte solution consisted of 1 M
(NH,)H,PO, and 0.5 wt% NH,F-HF in ultrapure water. Using a
DC power supply, a constant voltage of 30 V was applied between
the Ti plate and Pt plate for 3 hours, followed by rinsing with
ultrapure water. The TiO, NT plate was annealed at 450 °C for
1 hour (Program electric Furnace SMF-1, AS ONE Co.). The crystal-
line phase was investigated using an Xray diffractometer
(D8 ADVANCE, Bruker) with Cu-Ka radiation, and the surface
was imaged with a field emission scanning electron microscope
(FE-SEM-H2 SU70, Hitachi High-Tech Co.). The band gap was
measured from the reflectance spectra obtained using a UV-3600
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Plus UV-Vis-NIR spectrophotometer (Shimadzu). Details of the
optimisation procedure to obtain TiO, NTs and characterization
are available in the supporting information (Fig. S2, ESIt).

Electrochemistry

Electrochemical measurements were performed with a potentio-
stat/galvanostat system PGSTAT204 (Metrohm Autolab). Ag/AgCl,
KCl sat’d was the reference electrode in all electrochemical
measurements, and all potentials are referred to this electrode,
except otherwise stated. Before each experiment, the BDD elec-
trode was sonicated in isopropanol and ultrapure water for
10 min each. We proved that electrochemical pretreatment
ensured surface cleanliness and the optimal electrochemical
response of the BDD,**?° therefore several cyclic voltammetry
(CV) scans (10 cycles from —3.5 V to 3.5 V, and 20 cycles from 0 V
to 3.5 V in 0.1 M H,SO, with a scan rate of 0.5 V s~ ') were
performed before CO, reduction. Electrochemical measurements
were conducted in a two-chamber polytetrafluoroethylene (PTFE)
flow cell, both equipped with a reference electrode and separated
by a Nafion NRE-212 (Sigma-Aldrich). BDD (0.1% B/C) and TiO,
NTs were set as working and counter electrodes, with geometrical
areas of 9.62 cm™ > and 12.56 cm™ >, respectively (Fig. S3, ESIT).
This photoelectrochemical cell can be operated in a three-
electrode configuration (a BDD working electrode, an Ag/AgCl,
KCl sat’d reference electrode, and a TiO, NT counter electrode),
and in a two-electrode configuration (a BDD cathode working
electrode, and a TiO, NT photoanode counter electrode). The
catholyte and anolyte were 0.5 M KCI (50 mL) and 0.5 M KOH
(90 mL), respectively. Oxygen was removed from the catholyte by
N, purging for 30 min and then CO, was bubbled for 60 min at
200 mL min~", resulting in a CO,-sauturated solution. During
electrolysis, CO, flow was set to be 30 mL min . Each experi-
ment has been repeated three times to confirm the results.

Product analysis

Quantification of the CO, reduction products was performed at
the end of each experiment. Formic acid was quantified by
high-performance liquid chromatography (HPLC, CDD-10A,
Shimadzu Corp.). The gaseous products (CO and H,) were
collected in an aluminium gas bag (GL Sciences) and quantified
by gas chromatography (GC-2014, Shimadzu Corp.). Calibration
lines, LOD and Min-Max concentrations detected are available
in Fig. S4 (ESIY).

Light source

Light irradiation was carried out using a SP11 Spot-cure (USHIO
Inc., Japan). The lamp emission spectrum is available in Fig. S5
(ESIY). Light intensity was measured using a power meter (Solar
power meter TM-207, MK Scientific, Inc.).

Energy conversion efficiency

To take into account the electric and light power injected into
this photoelectrochemical system which provides a net conversion
of sunlight in the form of a reduced electric bias, the energy

© 2023 The Author(s). Published by the Royal Society of Chemistry
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throughput conversion efficiency for photo-assisted electrolysis
(mpar) can be calculated using eqn (1):*”®

0 .
Pow _ Encoon/co, X hot X FExcoon

fpag = 2t = : 1
PAE = P Ei X ior + Prigne X A )

where P, and P;, are the power (W), in and out from the system,
respectively. EOHCOOH/COZ is the standard potential for CO,
reduction to formic acid (1.3997 V), i (A) is the total current
flowing in the electrochemical cell, FEgcoon is the faradaic
efficiency for formic acid production, E (V) is the total voltage
applied by the potentiostat between the cathode and photoanode
electrodes, Piighe (W cm™?) is the power of light illumination, and
A (cm?) is the TiO, NT photoanode area.

The electrical-to-chemical energy (ECE) conversion efficiency
(nece) can be calculated using eqn (2).%°

0
Eficoon/co, X FEncooH

= 2
NECE Eeor (2)

Results and discussion

The photoelectrochemical system capable of reducing CO, to
formic acid developed here consists of a BDD cathode and a
TiO, NT photoanode. We demonstrated the viability of electro-
chemical reduction of CO, on BDD achieving an optimised and
stable process.”®*® To further decrease the dependence on
electrical energy for the whole electrochemical process of water
oxidation (anode) and CO, reduction (cathode), we substituted
the metal oxide anode with a TiO, NT photoanode. The TiO, NT
electrode was fabricated by titanium oxidation and dissolution in
a fluorine electrolyte, with optimization of parameters (Fig. S2,
ESIT), such as electrolytic solution and oxidation time. The
structure resulted in nanotubes of 200 nm in diameter (Fig. 1A)
and the crystalline phase has been confirmed as anatase using
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Fig. 1 Characterisation of TiO, NTs. (A) SEM micrograph, scale bar is 1 pym.
(B) XRD spectrum. (C) Kubelka—Munk plot. (D) Photoelectrochemical
response measured by cyclic voltammetry at 100 mV s~ in 0.5 M KOH
with light applied of 6.5 mW cm™2, for TiO, NTs fabricated with addition of
NH4F (blue) or NH4F-HF (red and black). Reference electrode: Ag/AgCl, KCl
sat'd.
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XRD (Fig. 1B, and SI 2.1, ESIt). The average band gap, measured
using the diffuse reflectance spectra according to the Kubelka-
Munk theory,* was 3.4 + 0.1 eV (Fig. 1C and Fig. S2, ESI{), which is
in agreement with the typical band gap energy of TiO, (anatase).*
We should mention that band gaps down to 2 eV can be effectively
obtained for TiO,, and this has implication on the energy adsorp-
tion (e.g:, from the solar radiation). This requires further processing
of TiO, by doping with non-metals as carbon at high
temperature,®*>*! or by metal doping as in SrTiO;:AL**> However,
this is beyond the scope of our present investigation. Finally, under
our experimental conditions, the addition of HF compared to NH,F
only gave better results in terms of water oxidation current (Fig. 1D).

The flat band potential (Egg) of TiO, NTs was evaluated by
open circuit potential (OCP) measurements upon increasing
the light intensity (Fig. S6, ESIt) because the OCP shifts towards
the Erg theoretically reaching it at sufficiently high illumination
intensities.*”>™*> The Egpg set at 0.1 V (vs. normal hydrogen
electrode, NHE) at pH 0 with a Nernstian dependence as a
function of pH (54 mV pH ', Fig. 2A) indicates that H" and
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Fig. 2 (A) OCP under illumination in 0.1 M phosphate buffer, while pH 14
is 0.5 M KOH; reference electrode: NHE = Ag/AgCl, KCl sat'd + 0.197 V;
standard error: 0.01 V. (B) Limiting current from chronoamperometry at
selected potentials in KOH 0.5 M (light power: 25.2 mW cm™2); reference
electrode: Ag/AgCl, KCl (sat'd); the error bar shows the standard deviation
(n=3).
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OH™ are potential determining ions (PDIs) adsorbed on the
metal oxide surface within the Helmholtz layer.***” The Epy
value is also in agreement with the potential for the onset of the
photocurrent (Fig. 1D and 2B).*>*® From this characterization,
we assessed the fine quality of the TiO, NTs.

The electrochemical cell assembly for CO, reduction is
depicted in Fig. 3 and Fig. S3 (ESIt). We used two configura-
tions: (1) the potential at the BDD cathode was fixed compared
to the Ag/AgCl, KCl (sat’d) reference electrode (i.e., the potential
at the TiO, NT electrode was floating, that is a three-electrode
configuration), namely E.,mode; (2) the total voltage between the
BDD cathode and the TiO, NT photoanode was fixed (i.e., both
TiO, NT and BDD potentials were floating, that is a two-
electrode configuration), namely E.

Configuration 1, that is a three-electrode configuration, of
Ecathode @t —2.15 V vs. Ag/AgCl, KClI (sat’d) is meant to demon-
strate that the faradaic efficiency for formic acid production can
reach an adequate level (nearly 90%), as the potential at BDD
(Ecathode) is in the optimal range, as we observed previously,?%>°
therefore the effectiveness of the photoelectrochemical cell can
be assessed and the stability of the TiO, NT photoanode can be
tested. npar was measured at different light powers (from 6.5 to
35 mW cm ?) and was compared with theoretical efficiency
computed for 90% faradaic efficiency, combined with E, and
current as in the range of values measured experimentally,
from 1.4 V to 3 V and from 0.3 mA cm 2 to 0.7 mA cm ™2,
respectively (Fig. S7 and S8, ESIY).

The potential at TiO, NTs is stabilised to around —0.55 V to
—0.75 V vs. Ag/AgCl, KCl sat'd (Fig. S7B, ESIY), enough to
provide the current measured at the BDD cathode (Fig. S7D
and Fig. 2B, ESIT), and is therefore limited only by the kinetics

Light

TiO, NT
Nafion

\Y Et:athode
In

Fig. 3 Schematic diagram of the photoelectrochemical cell. The symbol
® represents the reference electrode: Ag/AgCl, KCL (sat'd). Ecathode Means
that the potential at the BDD cathode is fixed with respect to the reference
electrode. Eyot means that the potential is fixed between the BDD and TiO,
NT electrodes. The reference electrode in the TiO, NT electrode com-
partment is used to monitor the potential at TiO, NTs. Black lines are cable
connections. In and Out are connecting tubes for electrolyte circulation. A
quartz window permits the light to reach the TiO, NT photoanode.
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of CO, reduction at BDD. The faradaic efficiency for formic acid
production could reach an adequate value of 90% (range 79-
94%, Table S1, ESIt) which confirmed the appropriate opera-
tion of the electrochemical cell in the cathodic reaction. A
particular case is the irradiation with 6.5 mW cm™? which is
not sufficient to sustain water oxidation at a stable potential
that gradually shifted positive, from —0.6 V to 2.6 V vs. Ag/AgCl,
KCl sat’d (Fig. S7, ESIY).

When the photoelectrochemical cell is operated in configu-
ration 2, that is a two-electrode configuration, we performed
the CO, reduction at different Ey,, from 1 V to 2.4 V, and a light
input of 25.2 mW cm ™ > was selected from the highest efficiency
obtained from configuration 1 (Fig. S8, ESIt). Moreover, this
light power could maintain a stable potential at TiO, NTs
during the CO, reduction (Fig. S7, ESI}).

The voltage range applied is 0.3 to 1.7 V lower than that of a
conventional electrochemical cell without photo-assisted electro-
lysis (i.e., Ewr = 2.7 V at the BDD cathode and Ir oxide anode).”®
Concerning this fundamental aspect, we have to recall that the cell
does not convert directly light energy into chemical energy (i.e., the
photocurrent is zero without an external bias, Fig. S9, ESIt),
however the overall effect is to lower E,; and decrease the electrical
power input.

In the range of E, investigated the current increased up to
1.7 mA cm 2, and the faradaic efficiency for formic acid (the
main product, together with a small amount of carbon monoxide
and hydrogen, Table S2 and Fig. S10, S11 and S12) reached an
average and stable value of 86% from 1.4 V onward (Fig. 4A).

At Eq, of 1.4 V, the potential measured at BDD was —2.04 V
which is near the limit for CO, reduction to formic acid. In fact,
for a lower potential at BDD (i.e., < 2.0 V vs. Ag/AgCl, KCl sat'd,
Fig. S10, ESIt), the kinetics for the formation of a CO, radical
anion becomes slow, and this is the rate determining step on
an inert electrode such as BDD where the CO, radical anion is
loosely absorbed®®?*? with a consequent increase of proton
reduction to hydrogen. On the other hand, E, higher than
1.4 V increased only the reduction rate of CO, (i.e., the current
increased along with the potential at BDD), while did not
enhance the faradaic efficiency further.

It is possible to translate this combined effect of current and
faradaic efficiency directly on the energy throughput conversion
efficiency (Fig. 4B). npag is limited by both faradaic efficiency
and current below 1.4 V, while it is mainly limited by the
current above 1.4 V. Therefore, the flattening of #par at 5.5%
was ascribed to the limited current available in this system and
set by the TiO, NT electrode (Fig. 2 and Fig. S10, ESI).

While ypar is the optimal descriptor for a PEC system,
combining both light and electrical energies in the conversion
to chemical energy, we would present all figures of merit for the
system under investigation.

The electrical-to-chemical conversion efficiency accounts
only for the electrical energy input, however it can be reported
also for PEC systems (Table S3, ESIt)."™!

This permits a direct comparison with our previous electro-
chemical CO, reduction at BDD, furthermore evaluating expli-
citly the effect of the TiO, NTs on water oxidation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Average current measured at the BDD cathode (black) and
faradaic efficiency for the production of formic acid (red). (B) Energy
throughput conversion efficiency for photo-assisted electrolysis (i7pag, black),
and electric-to-chemical energy conversion efficiency (1ec, red) as a function
of Ei in configuration 2. Light intensity: 25.2 mW cm 2. Lines are only a guide
for the eye. The error bar shows the standard deviation (n = 3).

nece reaches a stable 80% in the range 1.3-1.5 V (Fig. 4B)
compared to 50% reached previously without photo-assisted
electrolysis at 2.7 V,*® which saved 52% of electrical energy.
This energy saving is evident from the potential at TiO, NTs for
water oxidation in the range of —0.75 to —0.67 V (Fig. S10, ESIY)
compared to 0.5 V observed experimentally*® (theoretical
0.21 V, see ESI{ Section 15).

Conclusions

We developed an electrolyser to convert carbon dioxide to
formic acid with faradaic efficiency reaching 86%. The system
comprised a photoanode made of titanium oxide (anatase) nano-
tubes for photoelectrochemical water oxidation and a boron-doped
diamond cathode for CO, electrochemical reduction to formic
acid. This photoelectrochemical cell could convert light power, in
the form of a reduced electric bias, to chemical with an efficiency
of 5.5%, reaching 80% of electrical-to-chemical conversion
efficiency. A further improvement in this photoelectrochemical
system will be the coupling of a photovoltaic module with an
electrolyser consisting of an oxide anode and a BDD cathode to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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evaluate the solar to energy conversion efficiency and the viability
of BDD as a profitable cathode for CO, electrochemical reduction.
This approach is currently under investigation in our laboratory.
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