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Donor-Acceptor Conjugated Acetylenic Polymers for High-
Performance Bifunctional Photoelectrodes

Mino Borrelli,”” Yun An,™ 9 Christine Joy Querebillo,™® Ahiud Morag,”® Christof Neumann,”

Andrey Turchanin,” Hanjun Sun,” Agnieszka Kuc™" Inez M. Weidinger,** and

Xinliang Feng*™®

Due to the drastic required thermodynamical requirements, a
photoelectrode material that can function as both a photo-
cathode and a photoanode remains elusive. In this work, we
demonstrate for the first time that, under simulated solar light
and without co-catalysts, donor-acceptor conjugated acetylenic
polymers (CAPs) exhibit both impressive oxygen evolution
(OER) and hydrogen evolution (HER) photocurrents in alkaline
and neutral medium, respectively. In particular, poly(2,4,6-tris(4-
ethynylphenyl)-1,3,5-triazine) (pTET) provides a benchmark OER
photocurrent density of ~200 pAcm™ at 1.23 V vs. reversible
hydrogen electrode (RHE) at pH 13 and a remarkable HER
photocurrent density of ~190 pAcm™2 at 0.3 V vs. RHE at pH 6.8.

Introduction

The depletion of fossil fuels, their negative impact on the
environment, and the lack of economically-viable energy
alternatives are issues of uttermost importance in the current
energy crisis."? Photoelectrochemical (PEC) water splitting into
its gaseous components is a highly appealing technology for
hydrogen production thanks to the utilization of inexhaustible
solar energy and water as feedstock.”™ Since the pioneering
discovery of water photolysis by TiO,™ inorganic materials,
such as metal oxides,”™ transition-metal dichalcogenides,"®""
and metal sulphides"? " have been widely employed as photo-

By combining theoretical investigations and electrochemical-
operando Resonance Raman spectroscopy, we show that the
OER proceeds with two different mechanisms, with the
electron-depleted triple bonds acting as single-site OER in
combination with the C4-C5 atoms of the phenyl rings as dual
sites. The HER, instead, occurs via an electron transfer from the
tri-acetylenic linkages to the triazine rings, which act as the HER
active sites. This work represents a novel application of organic-
based materials and contributes to the development of high-
performance photoelectrochemical catalysts for the solar fuels’
generation.

electrode materials. However, their electronic structures make
them suitable for only one of the two half-reactions, the
hydrogen evolution reaction (HER) or the oxygen evolution
reaction (OER). As a consequence, to complete the whole water
splitting cycle, two different photoelectrodes with or without
bias are generally utilized."*"” Conjugated polymers, consti-
tuted by a delocalized n-system, present tunable energy levels
(and absorption profiles), atomic-level active site modulation,
and facile and low-cost synthetic procedures.”® Moreover, they
are intrinsically ambipolar,'®2” able to transport both electrons
and holes, and therefore are excellent candidates to allow the
overall water splitting with the same electrode, thus reducing
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the costs and simplifying the cell design. Up to now, there are
neither organic nor inorganic photoelectrodes capable of
producing both hydrogen and oxygen. The reason lies in the
challenging thermodynamic requirements: the conduction
band (CB) and the valence band (VB) must be above the HER
level and below the OER level, respectively. Furthermore,
ambipolarity, proper bandgaps, and active sites for both half-
reactions are required. Driven by the above considerations,
herein we demonstrate the unprecedented use of novel
conjugated acetylenic polymers (CAPs) as both photoanodes
and photocathodes. By increasing the donor-acceptor character
from poly(1,3,5-triethynylbenzene) (pTEB) and poly(4,4"-dieth-
ynyl-5"-(4-ethynylphenyl)-1,1":3’,1"-terphenyl) (pTETH) to
poly(2,4,6-tris(4-ethynylphenyl)-1,3,5-triazine) (pTET), remark-
able hydrogen evolution and oxygen evolution photocurrents
of ~190 pAcm™2 (at 0.3 V vs. RHE) and ~200 pAcm™? (at 1.23V
vs. RHE) are detected in neutral (pH 6.8) and alkaline (pH 13.0)
solutions, respectively (Figure 1a). Electrochemical-operando
resonance Raman spectroscopy and density functional theory
(DFT) investigations elucidate the catalytic mechanisms of pTET.
A photoinduced electron transfer, from the donor-rich triple
bonds of the triacetylenic linkages to the acceptor N atoms of
the triazine, enriches the latter into becoming HER active sites,
while the electron-depleted triple bonds can act as OER single-
site. Although less favourably predicted by DFT, the sp*-carbon
atoms of the phenyl units in pTET can also undergo dual-site
OER, as revealed by the vibrational spectroelectrochemistry. Our
work represents a new pathway of organic-based materials and
contributes to the development of high-performance photo-
electrochemical catalysts for the solar fuels’ generation.

Results and Discussion

The CAPs were synthesized on commercial Cu foams via a
Glaser-type polymerization with the Cu substrates functioning
as catalysts and current collectors, following the previously
reported procedure®?? (Sl). A densely-interconnected nano-
sheet layer, which is the typical CAPs morphology, was
observed using scanning electrode microscopy (SEM) (Figure 1b
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Figure 1. Chemical structures of the CAPs and characterization. a) Chemical
structure of the conjugated acetylenic polymers. b) Typical SEM image of
pTET/Cu foam at different magnifications. c) Reflectance spectra of the CAPs
on Cu foil. d) Summary of the optoelectronic properties and thermodynam-
ical HER and OER energy levels.
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and Figure S1). X-ray photoelectron spectroscopy (XPS) and
resonance Raman (RR) spectroscopy studies were conducted to
confirm the polymerization and provide chemical information.
The deconvolution of the high-resolution Cl1s core level XP
spectra show the sp-carbon signal of pTET and pTETH at
283.5 eV and 283.7 eV, respectively; whereas the reported value
for pTEB is slightly higher (283.8 eV) (Figures 52-53).”® In the RR
spectra, characteristic peaks can be assigned as follows: —C=C—
stretching of the triacetylenic linkages (at 2209~2221 cm™),
aromatic ring stretches at 1490~1610 cm™', ring deformation
modes at 1500~1590 cm™', shear vibrational modes at
1130~1190 cm ™', and ring breathing modes at 990~1420 cm™'
(Figure S4). The band shift pertaining to the —C=C— stretch
follows the trend: pTET < pTETH < pTEB. We previously
demonstrated that, in thiophene-based CAPs, this value is
related to the HER catalytic activity.”? The different shifts of the
—(=C— stretch in PpTET (2209cm™") and poly(2,5-
diethynylthieno[3,2-b]thiophene) pDET (2170 cm™'; Figure S5)
points to the different electronic structures of the two polymers.
pDET, being electron-rich, boosts the electron density of the
adjacent triple bonds, thus weakening its bonds (2170 cm™),
while the 2,4,6-triphenyl-1,3,5-triazine moieties of pTET, attract-
ing electrons from the electron-rich(er) triple bonds, deplete
them and strengthening their bond energy (2209 cm™). The
optoelectronic properties of the CAPs were investigated using
ultraviolet-visible absorption spectroscopy (UV-Vis) and ultra-
violet photoelectron spectroscopy (UPS). The absorption pro-
files of the CAPs on Cu foils were measured in reflectance
mode. Furthermore, the reflectance spectra of the CAPs on the
Cu foils were converted to absorbance, assuming that in
absence of any transmitted light, the sum of reflectance and
absorbance is unity (Figure S6). The additional bands visible in
the spectral window of 550-600 nm arise from Cu plasmonic
bands.”” pTEB and pTETH show the same features, while pTET
has an earlier absorption edge (558 nm) and a red-shifted
maximum (495 nm; Figure 1c). Consequently, the Tauc plots
(Figure S7) reveal the smallest bandgap of 2.29 eV for pTET,
followed by pTEB (2.32eV) and pTETH (2.42eV). The VB
positions of the CAPs were determined via UPS at ca. —6.33,
-6.40, and —6.63 eV for pTET, pTETH, and pTEB, respectively.
Combining the VB values from UPS and the optical bandgap
(E,) energies from UV-Vis, the CB values, calculated according to
the formula Ez=Ey+E, (in eV), were derived to be —4.04,
—3.98, and —4.12 eV for pTET, pTETH, and pTEB, respectively
(Figure S8). The electronic structures of the CAPs, illustrated in
Figure 1d, can satisfy the thermodynamical requirements for
both HER and OER reported in their standard potentials (0V
and 1.23 V vs. normal hydrogen electrode, NHE, respectively). In
order to investigate the OER activity, a new support had to be
synthesized because the previously used Cu foams® could not
serve as a current collector at anodic potentials due to the high
currents generated by Cu oxidation.””> A possible way to
overcome this obstacle was the synthesis of NiCu-dendritic
deposition on Ni foil/foam(SI).*

This approach provides dense Cu sites which is crucial to
enable the in-situ Glaser-type polymerization and a limited
(dark) electrochemical response, as confirmed by SEM and
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energy dispersive X-ray spectroscopy (EDS; Figure S9). X-ray
diffraction (XRD) was employed to detect the surface modifica-
tion of the NiCu support (Figure S10). The XRD peaks at 43.6°,
50.9°, and 74.7° are ascribed to the (111), (002), and (022)
planes of Cu, while the 44.5°, 51.9°, and 76.4° are the (111),
(200), and (220) planes of Ni*” Thereby, the conjugated
acetylenic polymers were successfully grown on both supports
(1x3 cm?), Cu foams (CAPs/Cu), and Ni foams (CAPs/NiCu) for
HER and OER investigations, respectively. The same XPS
patterns were detected for the CAPs grown on both supports
(Figure S11). As shown in the linear sweep voltammetry (LSV)
under simulated-solar light illumination, the collected negative
photocurrents reveal that the HER is still occurring under
oxidative potentials (Figure 2a). Interestingly, at V= 0.93 V (vs.
RHE), hereby defined as inversion potential (E;,) the photo-
current is equal to 0. The OER only begins to occur at a bias
higher than E;,, (Figure 2b). Under solar illumination, pTET/NiCu
exhibited a remarkable OER photocurrent density of
~200 pAcm™? at 1.23 V vs. RHE. On the other hand, pTEB/NiCu
and pTETH/NiCu provided values of only ~80 and ~50 pAcm?,
respectively. As a control experiment, the NiCu foam displayed
negligible photo response (as low as 5pAcm™ at 1.23V vs.
RHE; Figure S12).

The long-term performance displayed by pTET/NiCu was
also measured. After ca. 1.75 h of continuous operation, the
photoelectrode can still produce oxygen under the reapplica-
tion of light (Figure S13). It should be noted that the photo-
current generated by pTET/NiCu outperforms the previously
reported co-catalysts free fluorene-dibenzothiophene-S,S-diox-
ide-containing polymers (1.1-32.5 pAcm™2 at pH 7),%® pTEB/ITO
(7.5 pAcm™ at pH 13),”" and even some carbon nitride-based
materials (72 and 1032pAcm™ at pH13 and 6.5,
respectively).?®>" In addition, the evolved oxygen product
generated from pTET was analysed using a gas chromatograph
(GQ) coupled with a TCD detector, revealing a Faraday efficiency
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Figure 2. Photoelectrochemical tests. a) Linear Sweep Voltammetry of the
CAPs/NiCu recorded at 2 mVs™" in 0.1 M KOH (pH 13). b) Amperometric
responses of pTET/NiCu at different applied bias (vs. RHE). ¢) Charge
transport efficiency at 1.23 V vs. RHE. d) Linear Sweep Voltammetry of the
CAPs/Cu recorded at 2 mVs™' in 0.1 M Na,SO, (pH 6.8).
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(FE) of almost 95%. Moreover, the charge separation efficiency
(P,) was measured according to the equation®? J,=
JopsXPXPg, where J,, is the total photocurrent density, J,, is
the photon absorption rate, P. is the charge separation
efficiency, and P is the charge injection yield to the electrolyte.
At 1.23V vs. RHE, pTET showed a charge separation efficiency
of 56.7 %, which is 2.23 and 6.7 times higher than pTEB (26.7 %)
and pTETH (8.42%), respectively (Figure 2c). The increasing
donor-acceptor character is the key parameter for the superior
OER performance displayed by pTET.

Next, the PEC HER performance of the CAPs/Cu foam was
assessed in neutral medium (pH6.8). The bare Cu foam
(support) was already known not to show any HER performance
in neutral conditions.”” LSV and amperometric measurements
revealed the following performance trend (at 0.3V vs. RHE):
pTET > pTEB > pTETH. Apparently, the introduction of the
triazine ring in the polymer backbone of pTET was beneficial
for the HER performance, leading to the highest photocurrent
density of ~190 pAcm™ at 0.3V vs. RHE (Figure2d and
Figure S14), which is comparable (or higher) with the state of
the art co-catalysts-free organic photocathodes in neutral
medium, such as CuO,-linked arylene-ethynylene two dimen-
sional conjugated MOF®® (260 pAcm™ at 0.3V vs. RHE),
thiophene-bridged  sp®carbon  linked 2D  conjugated
polymers®* (7.9 pAcm™2 at 0.3V vs. RHE), and other CAPs®?
(55 pAcm™ at 0.3V vs. RHE) as well. Moreover, GC measure-
ments validated a H, FE higher than 95 %. Additionally, electro-
chemical impedance spectroscopy (EIS) was conducted to
reveal the charge transfer resistance of the CAPs under light
illumination. The following trend (with and without illumina-
tion, at 0.3 V vs. RHE) was observed: pTET < pTETH < pTEB, with
pPTETH undergoing the most drastic change under light
irradiation (Figure S15 and Table S1). The demonstrated ability
of pTET to perform both the water splitting reactions will be
further explored in the future work when the catholyte (pH 6.8)
and the anolyte (pH 13) compartments will be connected by a
bipolar membrane®>" in order to assess its overall water
splitting ability.

Theoretical investigations were subsequently performed to
reveal the catalytic active sites of pTET for both HER and OER
reactions.”®3? All the possible adsorption sites (labelled 1-8)
were examined (Figure 3a). As revealed by the HER free-energy
diagram at 0V vs. RHE (at pH 6.8), the most active atoms are
the C,, of the triple bond linkages (atom 7) and the N atom of
the triazine ring with a relative energy difference of 0.03 eV
upon light irradiation (U.=0.64V; Figure 3b). The anodic
reaction was also investigated. As known, the OER can proceed
with two different mechanisms, namely via the single- and the
dual-site processes (Eq. S4.1-54.7). As it is a multistep reaction,
the overpotential (1), defined as N =AGgps-Eo;z Where AGgps is
AG of the rate-determining step (RDS) and E°y is the water
oxidation equilibrium potential (0.46 V at pH 13), describes the
efficiency of each active site. For the single-site process, the
RDS was calculated to be the conversion from O* to OOH* due
to the high-energy barrier. Without light irradiation, the over-
potential for the most active sites 7 and 8, are 1.5eV and
1.29 eV, respectively. Upon light irradiation (U,=2.05V), their
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Figure 3. DFT Simulations to investigate the active sites in pTET. a) Chemical
Structure with corresponding atom numbers (grey sphere are for carbon,
blue for nitrogen, and white for hydrogen). b) Free-energy diagram for the
H, evolution via Holmer-Heyrovsky pathway at 0 V vs. RHE and pH 6.8, under
light irradiation (U, =0.64 V), for all the possible catalytic sites. Free-energy
diagram for O, evolution via ¢) single site mechanism, and d) dual sites
mechanism at 1.23 V vs. RHE and pH 13, under light irradiation (U,=2.05 V),
for all the possible catalytic sites.

free-energy diagrams go downbhill (Figure 3c), indicating that
the OER single-site process can occur spontaneously under light
irradiation. Due to the similar chemical environment, only the
pairs 3-4, 4-5, and 5-6 can undergo dual-site OER, with 1 of
0.88, 1.16, and 0.86 eV, respectively, which are much higher
than the single-site process (Figure 3d). Electrochemical-oper-
ando RR spectroscopy was further performed to obtain
mechanistic insights and to detect catalytic intermediates in
pTET.* In this setup configuration, the irradiation laser initiates
the PEC process and simultaneously allows the acquisition of
the Raman spectrum of the reactive interface (Figure 516)."*"

As depicted in Figure 4a, the potential-dependent differ-
ence Raman spectra of pTET/NiCu (vs. 0.9 V~E,,,) showed two
different trends: the first one (HER range, yellow spectra) goes
from 0.7 to 0.8 V vs. RHE and the second one from 1.0 to 1.3V
vs. RHE (OER range, in green). At HER potentials, the difference
Raman spectra displayed an apparent increase and decrease in
intensity of the 1595 cm™ and 2206 cm™' peaks, respectively
(Figure 4b). Such a correspondence points to an electron
transfer from the electron-rich triple bonds to the electron-
accepting triazine units of pTET, leaving the sp linkages in a sp?
double bond-like intermediate (Figure 4c). Subsequently, the
electron-enriched N-atoms of the triazine moieties become
active sites for the HER, which is in agreement with the
literature™ and our DFT calculations. In the second step,
electrons delivered from the electrode re-establish the triple
bond. The visibility of the intermediate band (at 1595 cm™) in
the Raman spectra suggests that the back-reduction of the
triple bond is the RDS of the whole catalytic cycle. Above the
inversion potential, drastic spectral changes are clearly visible in
the RR difference spectra. In the OER region (green spectra),
two downshift bands 1614—1606 cm™' and 2214—2199 cm™'
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Figure 4. Electrochemical-operando Resonance Raman of pTET/NiCu under
594 nm laser irradiation (0.1 M KOH). a) Potential-dependent difference
Raman spectra. The spectra are against the spectrum collected at 0.9 V; V,
and V; are the initial and final spectra, respectively. b) Potential-dependent
difference intensities of the 1595 and 2206 cm ™. ¢) Schematics of the
proposed reaction intermediate. d) Potential-dependent difference inten-
sities of the 1606, 1641, 2199, and 2215 cm ™.

can be visualized in the potential-dependent difference plot
(Figures 4d, S17-18), with the maximum at ~1.1V correspond-
ing to the highest photocurrent collected under solar-simulated
light. Furthermore, the HER under neutral conditions was also
studied with electrochemical RR spectroscopy (Figure S19).

Based on the above observations, we propose the following
catalytic mechanisms for the two half reactions on pTET. The
HER occurs as follows: (1) a photoinduced electron transfer
enriches the N atoms of the triazine rings, leaving the triple
bonds in a sp*like state. This allows the (2) first protonation
(Volmer step) to occur on the N atoms, while the hydrogen
release proceeds via a Heyrovsky step (3). The catalyst is then
restored to the ground state (4) via an electron transfer from
the underlying metallic Cu foam. Schematics of the energy
levels are sketched in Figure 5b, where the Cu foam energy
level corresponds to the Fermi level, obtained from UPS.
Besides, the OER can occur via two different pathways. The
single site (Figure 5c) occurs with the (1) first hydroxide addition
to the sp-carbon (atom 5), followed by the O* formation (2).
The formation of the peroxide intermediate (3) is also the RDS
of the catalytic process, with the fourth hydroxide addition
leading to the oxygen release. The dual-site mechanism (Fig-
ure 5d) is proposed to start with a (1) photo-induced charge
transfer from the C4-C5 to the C5-C6 bonds of the (4-
ethynylphenyl) units of pTET. It is then followed by the bonding
of the first hydroxide (2) on atom 5 and the formation of the
epoxide-like intermediate between atoms 4 and 5 (after the
second hydroxide bonding) (3). The catalysis proceeds with the
third oxidation (4) on atom 6, paving the way for the hydro-
peroxide (O—0)* species (5), which is also the RDS of the
catalytic cycle. The following spontaneous oxygen release (6)
brings the catalyst back to the ground state.

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH

95U8017 SUOWWOD SAIIER.D 3(dedl|dde ey Aq peusenob ee Sappie O 8sn Jo sejni Joj AkeiqiTauljuQ AB]1/W UO (SUONIPUOD-PUR-SLIBIWO A8 | Im ARe.d 1 jeul[U0//SdNy) SUONIPUOD Pue SWie 1 8Y) 88S *[7202/20/T0] Uo ARiqiTauliuo A8]iM ‘SOSAUd SINIoNIIS0I0 1IN 67€ IdIN AQ 02 TTOEZ0Z 98S9/200T OT/I0p/w0d A8 | Aeuq 1 puljuoadoune -Alis iweyoy/sdny woij pepeojumod] ‘0 ‘X795r98T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202301170

Energy versus vacuum [ eV
<<

Figure 5. Proposed Mechanisms. a) HER proposed mechanism. b) Schematics
for the energy levels. c) OER Single Site mechanism, and d) OER dual site
mechanism.

Conclusions

In this work, we demonstrated the first example of donor-
acceptor conjugated polymers that can be employed as both
photocathode and photoanode. Among them, under simulated
solar light illumination, pTET, with the highest donor-acceptor
character, reports impressive OER and HER photocurrents of
~200 pAcm—2 at 1.23V vs. RHE (at pH 13) and ~190 pAcm—2
at 0.3V vs. RHE (at pH 6.8), respectively. Mechanistic insights
were carried out by combining electrochemical-operando RR
spectroscopy and DFT calculations. We propose that the HER
occurs via a photoinduced electron transfer from the triple
bonds to the triazine moieties of pTET, turning them into HER
active sites, while the OER can occur on both the electron-
depleted triple bonds and on the C5-C6 of the (4-ethynylphen-
yl) units of pTET. We believe that our work will contribute to
further exploring and designing novel high-performance organ-
ic-based photoelectrodes not only for water splitting but also
for other photoelectrocatalytic processes (e.g., N, reduction and
CO, fixation).
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neutral and alkaline solutions, respec-
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