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Solar hydrogen peroxide (H,O,) produced through the selective two-electron (2e™) oxygen reduction
pathway is an ideal alternative to liquid fuel in addition to being a versatile chemical. Up to now, low
photocatalytic activity, low selectivity and serious competing reactions have been big hurdles in the
production of solar H,O, in an efficient way. Herein, we report that polyterthiophene (pTTh), a metal-
free narrow-bandgap polymeric semiconductor, is an efficient photocathode for H,O, production in
alkaline solution. We found that 2e™ selectivity for the ORR is dependent on the pH of electrolytes and
approaches 100% at pH ~ 13. A record-high H,O, concentration of 110 mmol L™ is achieved, which is
two orders of magnitude higher than the previous photosynthesized H,O,. Furthermore, NiFeO,/BiVO,—
pTTh dual-photoelectrodes in photoelectrochemical devices enabled bias-free synthesis of solar H,O,

Received 15th July 2019, of concentration ~90 mmol L™ for several cycles without any noticeable decay. This extremely high
Accepted 20th November 2019 2e” selectivity is attributed to the intrinsic electrochemical properties of pTTh. Theoretical calculations
DOI: 10.1039/c9ee02247¢ suggested that the selectivity-determining step in the 2e™ process is over ~200 times faster than that in

the 4e™ pathway. Our work paves an alternative way of generating liquid solar fuel that is very promising
rsc.li/ees for practical applications.

Broader context

The importance of hydrogen peroxide (H,0,) has been witnessed by its annual production, approaching 6 million tons in 2016. However, this otherwise highly
versatile and green chemical is currently manufactured by the energy-intensive anthraquinone process, which requires complex and large-scale infrastructure.
In this regard, H,0, production from solar energy is an ideal way, in which only water, oxygen and sunlight (H,O + 1/20, — H,0,, AG = 117 kJ mol ') are
required. Nevertheless, all previously reported particulate photocatalytic systems suffered from poor efficiency in H,O, generation, due to the serious back
reaction by photogenerated holes and the low selectivity of the two-electron (2¢~) pathway. In our contribution, we propose a selective metal-free
polyterthiophene photocathode combined with a spatially separated photoelectrochemical cell to generate a record high H,0, concentration of 110 millimole
per liter (mM). Our work provides an attractive route for the practical synthesis of liquid solar fuel.

Introduction

Solar fuel production has attracted increasing attention as the
key technology to relieve environmental issues and reduce the
reliance on fossil resources.'” Substantial efforts have focused
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utilized for electricity generation in a single-compartment H,O,
fuel cell with a theoretical output voltage of above 1.09 V.'?
Besides, it is a value-added chemical which has been extensively
applied in organic synthesis, pulp bleaching, waste-water treat-
ment and medical disinfection. Meanwhile, it exists in a liquid
state at normal temperature and pressure that makes it convenient
for storage, transportation, and compatibility with the current
energy infrastructure.’® Hence, H,O, is an ideal solar fuel that
deserves increased research.

However, the synthesis of solar H,O, has been extremely
challenging up to now. The solar water oxidation reaction (WOR)
itself is rather difficult to realize due to the uphill thermo-
dynamics (1.76 V) together with sluggish kinetics.'>'* Besides,
the as-synthesized H,O, can readily decompose at a highly
oxidative photoanode because the H,0, molecule is an excellent
hole scavenger.”> Several photoanodes, such as BiVO, and
WO;,">'*"” combined with highly concentrated hydrogen carbonate
solution as an electrolyte have been reported, but the formed H,O,
is not more than 5 millimole per liter (mmol L") via the photo-
electrocatalytic WOR. Alternatively, solar H,O, can be obtained from
an oxygen reduction reaction (ORR) via a 2e” pathway (eqn (1)
under acidic conditions and eqn (2) under alkaline conditions),
which is enabled by applying the particulate system or a photo-
electrochemical (PEC) cell with a photocathode.

0, +2H" +2e~ — H,0, E°=0.68vs. RHE (1)
0, + H,0 + 2¢” — HO,” + OH™ E°=0.74vs. RHE (2)

For instance, various photocatalysts such as inorganic ZnO,
TiO,, and CdS and organic g-C;N, have been found to be active
for the artificial photosynthesis of H,0O, in a particulate
system.'®! Nevertheless, the achieved concentration is limited
to a rather low level of a few mmol L™, which is due to the
following facts: (1) the produced H,0, is susceptible to a back
reaction of reoxidation by holes, (2) low activity and selectivity
for the 2e~ process. Thus, most of the photocatalytic H,0,
generation approaches rely on the use of sacrificial reagents
(e.g. alcohol, formic acid and formate) which are intrinsically
thermodynamic down-hill processes, and therefore solar energy
cannot be stored in the form of chemicals.

In contrast, PEC cells with spatially separated two half-
reactions and isolated electrolytes offer solutions to address the
loss of H,O, from the rapid back reaction. The H,O, generation
from PEC cells started with the seminal work of the Eric Daniel
Glowacki group using a hydrogen-bonded organic semiconductor as
the photocathode, although only 3 mmol L™ was accumulated.*
Subsequently, a 2e” ORR electrocatalyst was wired with a WO;
photoanode as the driving force and a high concentration of
48 mmol L~ " was achieved in a catholyte after a long illumination
duration of 24 h.** However, to date, very few semiconducting
materials have been found to be active for the PEC ORR and thus
high-yield synthesis of H,O, via a selective photoelectrocatalytic
ORR has not been reported.

Polymeric semiconductors have emerged as a class of promising
materials for energy-related conversions. They offer the advan-
tages of low-cost, facile synthesis and broad light absorption.>*
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As a p-type polymeric semiconductor material, polyterthiophene
(pTTh) has been identified to be an active photocathode for the
ORR in H,-0, fuel cells and biofuel cells by our group and other
groups.”>” However, the 2e~ selectivity of the pTTh photo-
cathode for the ORR has not been investigated. In the present
work, we found that the ORR 2e™ selectivity of pTTh is strongly
dependent on the pH of the electrolytes and it reaches nearly
100% at pH ~ 13 without the requirement of any other
additives or cocatalysts. We observed that a concentration of
solar H,0, of ~ 110 mmol L™ can be achieved, which is by far
the most concentrated H,O, derived via artificial photosynthesis
methods.”® Furthermore, by wiring a pTTh photocathode
with a NiFeO,/BiVO, photoanode, the as-fabricated dual-
photoelectrode device was capable of self-driven preparation
of high-concentration H,O, for several cycles without any
noticeable decay. The high selectivity of the 2e~ ORR was
investigated by electrochemical experiments and density functional
theory calculations. Our work sets an example for artificial photo-
synthesis of H,0O, with high yield, indicating that H,O, may be a
very promising liquid solar fuel to be developed.

Results and discussion
Characterization of the pTTh photoelectrode

Polyterthiophene (pTTh) films were deposited on three-dimensional
carbon paper (CP) or smooth glassy carbon (GC) by electro-
polymerization of terthiophene. The corresponding photoelectrodes
are denoted as pTTh/CP and pTTh/GC for convenience.*® As shown
in Fig. 1a, diffuse reflectance UV-vis spectrum of the pTTh/CP
electrode exhibits wide absorption extending to 640 nm. The
bandgap of pTTh is estimated to be ca. 2.0 eV from the Tauc plot
(Fig. S1, ESIf). The red-brown photoelectrode (Fig. 1a, inset)
appears with a flower-like morphology assembled in ultrathin
nanosheets (Fig. 1b) as revealed by SEM observation. Notably,
the nanoporous structure facilitates the immediate transport of
the photogenerated excitons to the polymer-solution interface
and their participation in the redox reaction while suppressing
the undesirable electron-hole recombination.’® Cyclic voltam-
metry (CV) measurements were used to evaluate the HOMO and
LUMO energy levels - from the ionization potential and the
electron affinity, respectively — and determine the bandgap of
pTTh (Fig. S2a and b, ESIt). A careful analysis of the CVs of the

Absorbance (a.u.) &

300 400 500 600 700 800
Wavelength (nm)

Fig. 1 (a) UV-vis diffuse reflectance spectrum of pTTh; the inset shows
the molecular structure and the digital photo of the as-prepared pTTh
electrode, respectively. (b) SEM image of the pTTh film; the inset shows the
TEM image of the pTTh film.
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material (zoom at lower current, Fig. S2b, ESIt) revealed that the
onset of oxidation occurred at ca. 0.39 V. The corresponding
HOMO energy level was calculated to be —5.13 eV (using the
formula given in the ESIt), and the LUMO energy was —3.13 eV
by adding the optical bandgap (E,) to the calculated HOMO
energy level. Thus, LUMO and HOMO potentials are calculated
to be —1.37 V and 0.63 V, respectively. To obtain more informa-
tion of the electronic structure, a Mott-Schottky (M-S) analysis
was performed on the pTTh/GC electrode (Fig. S2c, ESIT). The
M-S plot exhibits a negative slope, which is typical for p-type
semiconductors. The flat band potential locates at ca. 0.48 V vs.
NHE at pH 13; thus, the conduction band energy level (LUMO
level equivalent) is estimated to be ca. —1.42 V, similar to the
energy level results of the CVs. Notably, it is thermodynamically
favorable for both the oxygen reduction reaction (either 4e™ or 2e™
pathway) and the hydrogen evolution reaction. Control experiments
were conducted on a rotating-ring disk system (Fig. S3, ESIf) to
check the PEC activity of pTTh toward the ORR in 0.1 M KOH
solution under 100 mW cm ™2 light illumination. Remarkably, a
pronounced photocurrent was detected in the O,-saturated electro-
lyte in contrast to a negligible photocurrent in the Ar-saturated
electrolyte (Fig. S4 and S5, ESIT), suggesting that the ORR is the
dominant photocathodic process.

pH-Dependent photocathodic ORR to H,0,

ORR performance is commonly affected by the pH of solutions
since it is a proton-coupled electron transfer process.*' To
unravel the pH-dependence of the PEC ORR activity of the
pTTh photocathode, linear sweep voltammetry (LSV) curves of
the pTTh/GC in O,-saturated electrolytes with different pH
values were investigated. It can be seen that the photocurrent
density is remarkably enhanced with a negative shift of the
applied bias for all curves (Fig. 2a). Meanwhile, under the same
applied bias, the photocurrent density gradually increases with
the increase of pH. In other words, pTTh shows higher PEC
ORR activity in alkaline electrolytes than in acidic electrolytes.
To demonstrate the pH-dependence more directly, the photo-
current densities at specific applied potentials of 0.6, 0.7 and
0.8 V are plotted together with the onset potentials derived
from Fig. 2a with respect to the corresponding pH. As shown in
Fig. 2b, it can be seen that both the photocurrent and the onset
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Fig. 2 (a) LSVs of the pTTh electrode measured in O,-saturated electrolytes
with different pH values under 1 sun illumination. Rotation rate: 1600 rpm.
lonic strength is constant at 0.1 M. (b) Correlation between current densities of
the ORR at 0.6, 0.7 and 0.8 V vs. RHE and the pH values (dotted—dashed lines);
correlation between onset potentials (at 0.1 mA cm™~2) and the pH values (blue
stars).
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potential depend greatly on the pH of the solutions. For
example, under the bias of 0.6 V, the photocurrent increases
from less than —0.2 mA cm ™2 at pH 0.1 to about —1.7 mA cm 2
at pH 12.9. And the largest shift of the onset potential is as high
as 0.48 V (0.67 V at pH 0.1 and 1.15 V at pH 12.9). The pH of the
electrolyte is thus found to be a key parameter to regulate the
PEC ORR activity of the pTTh photocathode.

The selectivity for H,O, generation and its pH-dependence
for the pTTh photocathode were investigated by the conventional
rotating ring-disk electrode (RRDE) technique (see ESI,T Methods).
Fig. 3a exhibits the disk current for the ORR and ring current for
the H,0O, oxidation reaction in 0.1 M KOH solution. The onset
potentials at the ring and the disc coincide at ~1.25 V. As the
overpotential increases, most of the current in the disc can be
accounted for by the amount of H,O, detected at the ring (dashed—
dotted line in Fig. 3a). The H,0, selectivity with pTTh exceeds 95%
in the wide potential range of 0.2 to 1.2 V (Fig. 3b), suggesting that
the PEC ORR on pTTh is dominated by a 2e™ process with HO, ™ as
the final product in alkaline solution (pH 12.9). By contrast, the
H,0, selectivity gradually decreases with decreasing pH (Fig. 3c)
that only maintains ~50% in strong acidic solution (pH 0.1).
Thus, it can be concluded that both the PEC activity and H,0,
selectivity of pTTh for the ORR extremely depend on the pH of
electrolytes. In view of the superior activity and selectivity for the
2e” ORR to H,0, in 0.1 M KOH solution (pH 12.9), the discussion
hereafter corresponds to these conditions with saturated O, unless
otherwise stated (HO, is the deprotonated anion of H,O, in
alkaline media; we will use H,O, and HO, interchangeably
throughout this work).

To reveal the ORR kinetics of the material, the rotating disk
electrode (RDE) measurements were recorded. As shown in
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Fig. 3 (a) RRDE voltammograms of pTTh in O, saturated solution at pH
12.9 under 1 sun illumination with the disc current, ring current and current
corresponding to hydrogen peroxide obtained from the ring current. The
disk potential was scanned at 10 mV s™! and the ring potential was
constant at 1.5 V vs. RHE. (b) Percentage of peroxide and the electron
transfer number (n) of pTTh at various potentials, calculated from RRDE
data. (c) pH dependent hydrogen peroxide selectivity of pTTh calculated
by RRDE results.
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Fig. S6 (ESIt), the linearity of the Koutecky-Levich (K-L) plot
and near parallelism of the fitting lines over the investigated
potential range suggest a first-order reaction kinetics for the
ORR with respect to the concentration of dissolved O, and
similar electron transfer numbers at different potentials (Fig.
S6b, ESIT).>> Meanwhile, the electron-transfer number (n) is
calculated to be approximately 2.0 from the slopes of K-L plots,
which agrees well with the above RRDE results. According to
the Levich equation (for details see ESI, Methods), the
diffusion-limited current density is calculated to be 2.19 mA cm™>
(2e” pathway) or 4.39 mA cm™> (4e~ pathway) at 1600 rpm.**
At 0.4 V, the polarization curve reaches a current density
(ca. 2.0 mA ecm™?) close to the limiting value of H,0, formation,
which implies the fast kinetics of the pTTh photocathode
toward the 2e™ pathway. Therefore, the combined characterization
of RRDE and RDE measurements clearly predicted an efficient
synthesis of H,0, by the PEC method on the pTTh photocathode
in alkaline solution.

PEC H,0, production from the pTTh photocathode

To study the synthesis of H,0, via the PEC ORR, the pTTh/CP
was used as the photocathode in a three-electrode configuration
with 0.1 M KOH as the electrolyte. A Nafion membrane was used
to isolate the anolyte from the O,-saturated catholyte in order to
prevent the reoxidation of the generated H,0, by the anode.”?
An external bias of 0.65 V was applied on the pTTh under
simulated 100 mW c¢m ™2 illumination. Considering that H,O, is
susceptible to temperature and UV irradiation, we conducted
control experiments to determine the synthesis conditions
(Fig. S7, ESI), in which 100 mmol L' H,0, in 0.1 M KOH
solution was investigated as an example. It can be seen that
H,O0, scarcely decomposed in the temperature range of 10-30 °C
even after 24 h. Under UV-filtered illumination (4 > 420 nm),
more than 90% of H,0, was retained even when the exposure
duration was longer than 20 h. In contrast, the extended
wavelength illumination (full spectrum) caused 90% loss within
16 h. During the UV irradiation, the bond between hydrogen
and oxygen would cleave and induce a chain reaction according
to the Haber-Weiss reaction theory,** which would lead to the
violet decomposition of H,0,. With these combined observations,
the reaction temperature was maintained at 20 °C with applied
visible light irradiation as the light source.

Fig. 4a shows the time courses of H,0, production at the
cathodic side. It can be seen that the concentration of H,O,
increased to 80 mmol L™" almost linearly within 5 h and an
even higher concentration of 110 mmol L™" was achieved after
a sustained PEC reaction for 11 h despite a slight slowing down
of the growth rate. The time courses of faradaic efficiency for
H,0, synthesis (Fig. 4a, green) suggest an efficiency of above
90% over the entire time range. In comparison with the
previous photosynthesized H,0,, the produced H,0, in this
work achieved a record high concentration which is ca. two
orders of magnitude greater than the previous results (Table S1,
ESIt). Concerning the solar H,0, synthesis via direct photo-
cathodic ORR, the generation rate of H,O, (10 mmol L™ ' h™") is
four orders of magnitude higher than that derived on an

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Time course for H,O, accumulation with the pTTh photo-
cathode (9 cm?) and corresponding faradaic efficiency. The green line
shows the faradaic efficiency. The red line is the fitting results using the
equation [H,O,] = (Ki/Kg)ll — exp(—Kqt)l. (b) The corresponding /—t curve
measured at 0.65 V (vs. RHE) of pTTh for ORR. Electrolyte: 0.1 M KOH;
illumination: 100 MW cm™2 Xe lamp with a solar simulator; counter
electrode: Pt; reference electrode: SCE.

organic pigment photocathode in acidic solution (3 mmol L™"
in 50 h, ie. 0.06 mmol L™ " h™").*> Meanwhile, the generated
current stayed almost constant within the whole testing duration
as shown in Fig. 4b, which indicates that the parasitic reaction was
boosted with the formation of H,O,.

To evaluate the competitive H,0, reduction reaction
involved in the production of H,0,, the LSV curves of pTTh/
CP in Ar-saturated 0.1 M KOH solution containing various
concentrations of H,0, (0-100 mmol L ') in the dark and under
illumination were compared. Without exposure to light, the
reduction of H,0, is almost negligible (Fig. S8a, ESI{) in spite of
the concentration being as high as 100 mmol L~'. Under
illumination, the photo-reduction significantly increased with the
increased concentration of H,0,. In the presence of 100 mmol Lt
H,0,, the photocurrent reached ca. —0.12 mA cm™> at a bias of
0.65 V (Fig. S8b, ESIt), accounting for only 15% of the photocurrent
generated by the ORR (Fig. S8c, ESIT). This results in the consecutive
accumulation of H,O, with a only slight decrease in faradaic
efficiency.

In O,-saturated solution, the actual kinetics can be regarded
as zero-order owing to the constant concentration of the dioxygen.
For the decomposition of H,O, by the reduction reaction, it
commonly follows the first-order kinetics related to the concen-
tration of H,O, (denoted as [H,0,]). Therefore, the kinetic
equation for PEC synthesis of H,0, can be expressed as

[H,0,] = (Ky/Ka)[1 — exp(—Kqt)]

where K; is the formation rate constant, Ky is the decomposition
rate constant and ¢t is the reaction time. It is clearly seen in
Fig. 4a that the experimental data (purple dots) can be well fitted
with the kinetic equation (red curve). Accordingly, the Ky and Ky
were calculated to be 18.14 mmol L' h™' and 0.11 h™%,
respectively. It should be noted that the K; is more than ten
times higher than that in previous results in H,O, preparation
via solar-to-chemical conversion routes."®***® On the other
hand, the K4 remains relatively low, enabling the produced H,O,
to reach a considerably high steady concentration. Furthermore,
pTTh is negatively charged in 0.1 M KOH derived from the
measurement of zeta-potential (Fig. S9, ESIt). This surface property
may facilitate the removal of the generated HO, ™~ species on the
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pTTh surface by electrostatic repulsion and thus release the
active sites for a sustained reaction.

Unbiased H,0, production by coupling with the photoanode

The ultimate goal of photosynthetic H,O, production is to
make efficient and stable overall unbiased H,0, generation
devices in a cost-effective way. To demonstrate the remarkable
performance of the pTTh photocathode, we constructed a bias-
free overall H,O, production system by wiring it to a BiVO,
photoanode with a parallel illumination configuration (Fig. 5a).
BiVO, is one of the most promising photoanode materials with
intriguing properties for the PEC water oxidation reaction.?”*®
The energy levels of BiVO, were estimated by the UV-vis and the
Mott-Schottky analysis (Fig. $S10, ESIt). The schematic energy
diagram and the photogenerated carrier transfer processes are
presented in Fig. S11 (ESIf). Owing to the difference between
the Fermi levels of the n-type BiVO, and p-type pTTh, the PEC
system produces spontaneously an interior bias between the
two photoelectrodes equal to the open-circuit voltage (Voc). To
facilitate the interfacial charge transfer, a thin NiFeO, layer was
photo-deposited on the BiVO, surface as a cocatalyst (Fig. 512,
ESIT).*® The resulting NiFeO,/BiVO, photoanode exhibited a
much earlier onset potential and remarkably higher photocurrent
density (2.5 mA cm™?) at 1.23 V compared with pristine BiVO,
(Fig. S13, ESI¥).

Fig. 5b displays the LSV curves of the pTTh/CP photocathode
and the NiFeO,/BiVO, photoanode in 0.1 M KOH solution and
1M potassium borate buffer, respectively. The working area of
both photoelectrodes is 9 cm? (Fig. S14, ESIt). An intersection
point between the two curves corresponds to a current of
10.2 mA. This result predicts that the NiFeO,/BiVO,-pTTh/CP
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Fig. 5 (a) Illustration of the unbiased H,O, production device, with pTTh
as the photocathode and NiFeO,/BiVO, as the photoanode in 0.1 M KOH
and 1 M borate buffer electrolytes, respectively. The setup of the PEC cell is
in parallel illumination mode. (b) Intersection of the NiFeO,/BiVO,4 photo-
anode and pTTh photocathode. (c) Time course for H,O, generation
under simulated 100 mW cm™2 Xe illumination and corresponding solar-
to-H,0, efficiency. (d) Concentrations of H,O, produced with the two-
electrode system during repeated operation cycles.
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dual-photoelectrodes in a PEC cell are able to self-drive simul-
taneous H,O oxidation on the photoanode and O, reduction on
the photocathode only with light illumination,*®*! although
there is a pH mismatch between the photoanode and photo-
cathode. Meanwhile, prolonged testing of the NiFeO,/BiVO,
photoanode exhibits a stable photocurrent over 20 h under
illumination (Fig. S15, ESIt). The time course for the unbiased
production of H,O, is shown in Fig. 5c. As expected, the
concentration of H,O, increases linearly with time and reaches
the maximum ~90 mmol L™" after 14 h of illumination. The
corresponding solar energy conversion efficiency was determined
to peak at ca. 0.34% after 2 h of illumination. Recyclability tests
revealed that the system can be used for stable H,O, generation
for 5 cycles without any significant decay. Meanwhile, no detect-
able changes in the morphology and structure for the NiFeO,/
BiVO, electrode (Fig. S16, ESIt), and no changes in the morphology
of pTTh (Fig. S17, ESIt) were observed.

The produced alkali HO, ™ could be directly used in certain
applications, for example, pulp and paper bleaching.*? Of note,
the produced HO, ™ is sufficiently concentrated to be applied in
an H,0, fuel cell for electricity generation. With Ni foam as the
anode and Prussian blue/carbon paper as the cathode, the H,O,
fuel cell delivered an open circuit potential and a maximum
power density of 0.6 V and 2.7 mW cm™ > (Fig. S18, ESIY),
respectively. Combining the solar-driven H,O, production and
the H,0, fuel cell for electricity generation is thus capable of
addressing the intermittency of solar irradiation.

Mechanistic understanding for O, activation

Photoelectrocatalysis is usually regarded as the light-excited
electrocatalysis on a semiconducting photoelectrode.**** To
elucidate the role of light and identify the electrochemical
behavior of pTTh, the electrochemical tests were carried out
under identical conditions except that they were conducted in
the dark. The results showed that the pTTh exhibits a similar
2e selectivity of the electrocatalytic ORR in 0.1 M KOH to that
under illumination (Fig. S19, ESIt). An early onset potential of
0.71 V relative to the 2e” pathway was observed with a low
overpotential of 30 mV (Fig. S20, ESIT), although the current density
was lower. Furthermore, a similar behavior of pH-dependence was
found in which both the electrocatalytic activity and onset potential
were enhanced with increasing pH (Fig. S21, ESIT). Meanwhile, the
2e selectivity for H,O, production at different pH values remained
almost the same between the PEC and electrochemical processes
(Fig. S22, ESIT). Based on these results, it can be concluded that
pTTh behaves indistinguishably when employed as an electro-
catalyst or as a photoelectrode, with the selectivity primarily
determined by the pH, independent of whether the electrode is
driven by applied potential or light irradiation. Therefore, the
electrochemical properties of pTTh are responsible for the high
selectivity of H,O, generation in the basic environment.

We carried out density functional theory (DFT) calculations
to gain insight into the mechanism and the high selectivity of
the 2e” route in the electrochemical production of H,O, on
pTTh in 0.1 M KOH solution. Preliminary calculations indicated
that relative energies of the reaction intermediates with a

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Energy profiles of key possible ORR pathways on pTTh (the energy profile for the overall mechanism is shown in Fig. S24, ESI1); (b) free energy
diagram of the branching point for 2e™ and 4e™ selectivity of the ORR at pH = 13. The blue dashed line represents the O—-O bond cleavage pathway, and
the red dashed line represents the C—O bond cleavage. (c) Proposed reaction cycles of H,O, production with the energetically most feasible active sites.
So is the bare surface, S, (x = 1, 2, 3, 4, 5) are the structures of the intermediate states involved in the ORR. Red, gray, yellow and black balls represent

oxygen, hydrogen, sulphur and carbon, respectively.

monomer of terthiophene (TTh) were similar to those with
a dimer or a trimer of TTh. We used the monomer model
(three thiophene rings) for the complete characterization of the
reaction steps and the energy profile of the ORR for both
thermodynamic and kinetic analysis. Note that the TTh and,
for that matter, pTTh prefer a t¢rans configuration in the
orientation of the S atoms over a cis configuration. Fig. 6a shows
the energy profile of the ORR derived from the Gibbs free
energies of the proposed reaction steps (Table S2, ESIt) and
Fig. 6¢ depicts the corresponding reaction steps. It was found
that the binding of a dioxygen molecule to the neutral TTh is
endothermic both in the gaseous phase and the aqueous phase,
while attachment of an electron to TTh is exothermic by ~2.44 eV
in an aqueous phase (AG = ~—2.44 eV). Thus, reduction of pTTh
via electron attachment to form the negative ion pTTh™ is
regarded as the first step (So — S;). Addition of an O, molecule
to the pTTh™ leads to the formation of a peroxy anion pTTh-O,
(Sy — S,), a step that is exothermic by ~0.82 eV (AG = ~—3.26 €V).
The addition occurs at the o-CH site of a terminal thiophene ring
of TTh as the structure favors increased stabilization due to m
electron conjugation effects (Fig. S23 and Table S3, ESIf). The
peroxy anion abstracts a proton from a water molecule in the
alkaline solution while accepting an electron in a proton-coupled
step “pTTh-OO0~ + H,O + e~ = pTTh-OOH + OH ” (S, — S3)
that is exothermic by ~3.19 eV and yields a stable intermediate,
specifically a pTTh-OOH ™~ species (relative energy AG ~ —6.45 eV).
The next step is the cleavage of the CO-OH bond to evolve a
hydroxide ion OH ™ (green lines) or cleavage of the C-OOH bond to
evolve a peroxide ion HO, ™ (red lines), which is the branching point
for the 2e™ and 4e~ pathways (S; — S, for the 2e™ route or S; — S,
for the 4e™ route). Either product requires one or more steps
(protonation to form H,O, in the 2e™ route or a reaction with
H,O in the 4e” route). C-OOH bond cleavage leads to the
recovery of the starting pTTh. In contrast, CO-OH bond cleavage
results in the generation of epoxide pTTh=—O0 which requires
further reduction to evolve the second water molecule.

Both pathways of peroxide anion HO,~ formation and hydroxide
anion OH™~ formation from the same pTTh-OOH  precursor are

This journal is © The Royal Society of Chemistry 2020

thermodynamically favorable, exothermic by ~1.13 eV and
~2.49 eV, respectively. To establish selectivity required char-
acterizing the kinetics of the two pathways, by determining the
transition state structures (Fig. 6b) and applying transition state
theory. The transition states (TS) for the C-OOH and CO-OH
bond cleavage steps were characterized with the smaller basis
set (cc-pVDZ). We then carried out single-point energy evaluations
with the larger aug-cc-pVIZ basis set. We verified that the TS’s
have one and only one vibrational mode with an imaginary
frequency (~330i cm™ ' for CO-OH cleavage and ~233i cm™*
for C-OOH cleavage). At the TS for C-OOH cleavage, the C-OOH
distance is ~1.82 A while at the TS for CO-OH cleavage, the
CO-OH distance is somewhat shorter ~1.74 A. After correcting for
zero-point vibrational energy, the energy barriers for the cleavage
of C-OOH and CO-OH were determined to be ~+0.16 eV and
~+0.30 eV (Fig. 6b), respectively. According to transition state
theory where the reaction rate k = Aexp(—AG*/kgT) (AG* is the
energy barrier), the reaction rate for peroxide ion formation
(S3 — Sp with AG* ~ +0.16 eV) is ~218 times faster than the
rate for hydroxide ion formation (S; — S, with AG* ~ 0.30 eV).
Based on the above analysis, we proposed a reaction mechanism in
which the 2e™ pathway is kinetically favored over the 4e™ pathway,
leading to the high selectivity for H,0O, production (Fig. 6¢).

When considering the effects of pH on the energy profile,
the relative energies associated with individual steps in Fig. 6a
change only when the number of hydroxide ions changes in a
given step. Step S; — S, conserves the number of hydroxide
ions and pH does not affect its relative energy (exothermicity).
In contrast, step S; — S, generates one extra hydroxide. The
exothermicity of the step increases by 6(AE) ~ 2.3kgT x J(pH)
or 6(AE) ~ 0.059 eV/(unit of pH). From the Bells-Evans-Polanyi
rule, an increase in exothermicity leads to a decrease in energy
barrier by about half of the increase in exothermicity. To lower
the barrier of hydroxide formation (4e” pathway) by ~0.14 eV
requires a change in pH of ~4.7 pH units. At pH ~ 9.3 the 4e™
pathway would be predicted to be competitive with the 2e™
pathway, and is then preferred at lower pH. This finding is
broadly in accord with experiment, showing that the proposed
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mechanism is consistent with the pH dependence observed
experimentally.

Conclusions

In summary, a metal-free organic polymer of pTTh enables the
synthesis of solar H,O, in an efficient way by photoelectro-
chemical reduction of dissolved O, in alkaline solution. Under
a constant bias of 0.65 V (vs. RHE) with visible light irradiation
for 11 h, a H,0, concentration as high as 110 mmol L' is
achieved, which outperforms previously reported photosynthesis
routes by ca. 2 orders of magnitude. Furthermore, a NiFeO,/BiVO,
photoanode wired with the pTTh/CP photocathode enables the
bias-free dual-photoelectrode synthesis of solar H,O, of concen-
tration ~90 mmol L~" for several cycles without any noticeable
decay. The high selectivity of the pTTh photoelectrode towards 2e ™
ORR originates from the intrinsic electrochemical properties of
PTTh regardless of the incident light. Theoretical calculations
suggest that the selectivity-determining step for the 2e™ process
is over ~200 times faster than that for the 4e~ pathway. This study
provides a green, low-cost and efficient route to synthesise H,O,
from water, air and sunlight, which demonstrates promising
generation of liquid solar fuel for future applications.
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