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Photoelectrochemical Hydrogen Production by a Cobalt
Tetrapyridyl Catalyst Using Push–Pull Dye-Sensitized
NiO Photocathodes

Claire Bourguignon, Anthonin Moinel, Aurélien Huet, Yann Kervella,
Christopher D. Windle, Julien Massin, Vincent Artero, Murielle Chavarot-Kerlidou,*
and Renaud Demadrille*

1. Introduction

The production of fuels and commodity
chemicals from abundant molecules as
feedstock (H2O, CO2, O2…) and sunlight
as the primary energy source is a crucial
challenge to meet the ever-growing energy
demand in a more sustainable and carbon-
neutral way. In this context, hydrogen (H2)
production from water in photoelectro-
chemical cells (PECs) represents an emerg-
ing technological approach,[1] with solar-to-
hydrogen (STH) conversion efficiencies
above 10% recently achieved at the labora-
tory scale. However, these demonstrations
rely on the combination of noble metal cat-
alysts (Pt, Ir, Rh…) with solid-state light
absorbers based on expensive and/or toxic
metals (Ge, In, As…).[1–3] The anticipated
shortage of these critical elements and
the amount of raw materials needed to
scale up these devices therefore raise seri-
ous concerns about the long-term sustain-
ability of any large-scale development.[4]

Replacing expensive noble metals by earth-abundant elements
while reducing the amount of raw materials is therefore highly
demanded to develop cheap and sustainable water-splitting devi-
ces. Dye-sensitized photoelectrochemical cells (DS-PECs) are
very promising in this regard;[5,6] they are based on the use
of inexpensive, nontoxic semiconductor materials, a low-cost
processing that can be easily scaled up, and the tunability of their
molecular light-harvester and catalyst components, thus extend-
ing the concept of dye-sensitized solar cells (DSSCs).[7]

Organic dyes used to photosensitize metal oxides in DSSCs
have been the subject of much research in recent years, and
the development of molecules with tailored optoelectronic prop-
erties has led to significant improvements in the photoelectric
performance of these devices. The vast majority of these
organic dyes are based on a donor-π-conjugated bridge-acceptor
configuration. By exploiting the push–pull effect, where the
donor moiety has a low ionization potential and the electron
acceptor moiety has a high electron affinity, it is possible to con-
trol the positions of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
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Herein, the synthesis and optoelectronic properties of a novel push–pull organic
dye, pRK1, specifically designed for use in dye-sensitized photocathodes for
hydrogen generation, are reported. The chemical structure of this dye, which
incorporates a benzothiadiazole moiety, is inspired by RK1, a dye previously
reported as a photosensitizer in n-type dye-sensitized solar cells (DSSCs) with power
conversion efficiencies above 10% and high stability. The photoelectrochemical
activity for hydrogen evolution of pRK1 after grafting onto NiO photocathodes in
combination with a cobalt tetrapyridyl catalyst [Co(bapbpy)(OH2)2](BF4)2 in aqueous
solution is evaluated and compared with two reference dyes from the literature,
RuP2-bpy and P1. It is shown that among the three photocathodes studied in this
work, NiO|pRK1 is the most efficient, producing up to 1.9 μmol cm�2 of hydrogen
with a faradaic efficiency of 66%, under visible light irradiation in aqueous elec-
trolyte at pH 4.5. pRK1 shows a turnover number (TONdye) of up to 145 during the
6 h chronoamperometric test, almost twice that of P1. This study demonstrates that
the chemical structure of high performance dyes commonly used in DSSCs can be
successfully modified to meet the requirements for light-driven water splitting in
dye-sensitized photoelectrochemical cells.
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energy levels to meet the thermodynamic requirements of the
system. Push–pull π-conjugated dyes have many advantages.
They are generally easy to synthesize and have higher molar
extinction coefficients than conventional noble complexes.
These dyes can be a very attractive inspiration for improving
the performance of DS-PECs. In addition, DS-PECs can also ben-
efit from recent successes in bioinspired catalysis for energy-rel-
evant applications to find alternatives to platinum group metal
catalysts[8] and, today, several examples of H2-evolving photocath-
odes assembling molecular first row transition metal-based cata-
lytic centers with push–pull organic dyes have been described in
the literature.[9–24] However, up to now, the photoelectrochemical
performances of these fully earth abundant systems remain rela-
tively low. Strategies that would allow accelerating the screening
and selection of promising dye and catalyst structures while pro-
viding structure–property relationships are thus highly needed to
advance this field of research.

During the past decade, polypyridine cobalt complexes
have emerged as an attractive family of H2-evolving catalysts,
displaying high activities and stabilities in aqueous media.[25–27]

We previously reported on homogeneous photocatalytic hydro-
gen production under fully aqueous conditions using a robust
cobalt (II) polypyridyl complex [Co(bapbpy)(OH2)2](BF4)2
(1(BF4)2, Figure 1).[28] In parallel, mechanistic studies
highlighted the key role played by the tetradentate bis-aminopyr-
idyl-bipyridine (bapbpy) ligand, bearing both a redox-active bipyr-
idine moiety and pendant proton relays, in controlling the proton
reduction mechanisms according to the operating conditions.[29]

It therefore seems very relevant to evaluate the potential of this
catalyst for photoelectrochemical hydrogen production in combi-
nation with push–pull dyes.

In this article, we report the synthesis and characterization of a
novel organic dye coded pRK1 (Figure 1), featuring a benzothia-
diazole (BTD) unit. In designing this dye, we were strongly
inspired by RK1, a push–pull dye used in n-DSSCs that has dem-
onstrated conversion efficiencies of more than 10% with a

stability of more than 9000 h in accelerated device tests.[30]

Our aim was to test whether the simple structure of RK1 could
be adapted for the sensitization of NiO photocathodes, resulting
in pRK1. The hydrogen-evolving photoelectrochemical activity of
pRK1-sensitized NiO photocathodes was assessed in combina-
tion with 1(BF4)2 in solution, and these performances were
benchmarked against two reference dye structures from the field,
RuP2-bpy and P1.

2. Results and Discussion

2.1. Design and Synthesis of the New Dye pRK1

In order to obtain a new dye with suitable optoelectronic proper-
ties for the fabrication of efficient photocathodes on NiO films,
we designed a push–pull molecular architecture based on a BTD
unit. For the design, we were inspired by the chemical structure
of RK1, a dye that has shown remarkable photoelectrical perfor-
mance and stability in DSSCs.[30,31] In recent years, RK1-inspired
dyes have been reported for use in a heterogeneous photocata-
lytic hydrogen production system.[21,32] Hence, for the construc-
tion of the new dye, we used a triphenylamine (TPA) unit
functionalized with two carboxylic acids as the electron donor
group. Like phosphonic acid,[33] carboxylic acid functions have
been shown to lead to robust anchoring on NiO electrodes.[34,35]

This unit was linked to the BTD electron donor group via an
n-octyl-thiophene as a π-conjugated spacer and on the other side
we introduced a cyano-acrylamide function.

The synthetic route toward the dye pRK1 is described in
Scheme 1. The synthesis is relatively simple and is performed
in six steps. This dye is obtained with an overall yield of 28%
starting from building blocks described in previous work,
i.e., 4-(7-bromobenzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde (5),
the 2-cyano-N-(prop-2-yn-1-yl)acetamide (7), di-tert-butyl 4,4 0-
((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)azanediyl)
dibenzoate (1). The synthesis starts with a Suzuki–Miyaura

Figure 1. Structures of the dyes P1, RuP2-bpy, and pRK1 and of the catalyst [Co(bapbpy)(OH2)2](BF4)2 (1(BF4)2) employed in this study.
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coupling between the TPA-derivative 1 and 2-bromo-3-octylthio-
phene to give compound 2 in 93% yield after purification on a
silica gel by chromatography. The free α position of the thio-
phene is then almost quantitatively brominated with NBS under
mild conditions to give compound 3. The borylation of the latter
is carried out in a pallado-catalyzed reaction with B2pin2, to give
the corresponding borylated compound 4. This molecule is cou-
pled to compound 5 by a Suzuki–Miyaura coupling reaction to
give the aldehyde 6. In our experience, the chosen Suzuki cou-
pling conditions used to obtain compound 2 are versatile and
allowed us to obtain compound 6 in 70% yield. At this stage
the push–pull structure is obtained, resulting in a color change
of the compounds from pale yellow to dark orange. Finally, a
Knoevenagel condensation is performed under mild conditions
between aldehyde 6 and compound 7. The tert-butyl-protected
compound tBupRK1 is thus obtained after purification on a silica
gel by chromatography under the form of a red–orange solid,
used for all the characterizations in solution. The last step,
corresponding to the deprotection of the anchoring functions
to yield pRK1, is performed just before the grafting of the mole-
cule. The final dye is recovered quantitatively by action of
trifluoroacetic acid (TFA) as shown by NMR spectroscopy and
used without further purification. All the synthesis procedures
and characterizations of the intermediates are reported in
Supporting Information.

2.2. Optoelectronic Properties of tBupRK1 in Solution and
Thermodynamic Consideration

The UV–vis absorption spectrum of tBupRK1 was recorded in
DCM at 25 °C and compared to the ones of P1 and RuP2

OEt-
bpy (Figure 2). The optical and electronic properties of all com-
pounds are gathered and compared in Table 1. We have charac-
terized the dye in its ester form tBupRK1 in order to better mimic
the properties of the dye covalently anchored onto the NiO sur-
face, i.e., through reaction of the carboxylic acids in pRK1 with
Ni-OH surface hydroxyl groups to form nickel-carboxylate bonds.

Of the three dyes, the ruthenium-based RuP2-bpy shows the
poorest absorption properties. This result is expected because in
this class of compounds the absorption band in the visible is
mainly based on an metal to ligand charge transfer (MLCT) tran-
sition[36,37] which is known to give rise to low molar absorption
coefficient. On the contrary, the new purely organic dye tBupRK1
based on a push–pull chemical design shows an improved
absorption with quite similar properties when compared to
P1. Indeed, P1 and tBupRK1 exhibit two absorption peaks, one
located at around 350 nm in the UV region and a second
one that is found at 478 nm for P1 and 465 nm for tBupRK1.
The absorption band in the UV region is originating from
π–π* transition whereas the broad absorption band located in
the visible range originates from an intramolecular charge trans-
fer (ICT) transition. In tBupRK1, the molar extinction coefficient
of the UV-band is more than doubled compared to the one of P1.

Scheme 1. Synthetic route and conditions for the preparation of pRK1.

Figure 2. UV–vis absorption spectra of tBupRK1 (red line, recorded in
DCM) and P1 (blue line, recorded in DCM), and RuP2

OEt-bpy (green line,
recorded in MeCN) and picture of a tBupRK1 solution.
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This is due to the presence of additional aromatic and heteroar-
omatic units in the structure such as the thiophene and BTD,
leading to a more extended π-conjugated system. On the other
hand, tBupRK1 shows an ICT absorption band that is hypso-
chromically shifted in the visible (by 13 nm) compared to P1
and the molar extinction coefficient of its ICT absorption band
is almost reduced by a factor two compared to the one of P1. The
presence of two malononitrile functions as electron withdrawing
groups, containing each two cyano units, can explain the higher
intensity of the ICT band.[38,39]

To get more insights into the optoelectronic properties of the
new dye tBupRK1, cyclic voltammetry (CV) experiments were car-
ried out with the goal to determine the potentials for its first
reduction and oxidation (Figure S3, Supporting Information).
From these potentials we estimated the HOMO and LUMO
energy levels that were compared to the ones obtained from
the modeling by density functional theory (DFT) calculation
using the ADF 2016 package.[40] These measurements and
calculations are necessary to verify that the electronic and
redox properties of the new dye comply with the thermodynamic
requirements for photoelectrochemical hydrogen production.

tBupRK1 exhibits two reversible oxidation waves located at
þ0.58 and þ0.85 V versus Fcþ/0 (þ1.12 and þ1.39 V vs NHE),
positioning the HOMO level around �5.62 eV, in good agree-
ment with the value of �5.36 eV obtained from the modeling.
Looking at the spatial localization of the electronic density
(Figure 3), it clearly appears that the TPA unit dictates the
HOMO energy-level position. When scanning toward negative
potentials, tBupRK1 exhibits an irreversible reduction peak with a
reduction edge at around �1.68 V versus Fcþ/0 (�1.14 V vs NHE).
DFT modeling shows that the spatial localization of the LUMO
extends from the thiophene unit to the nitrogen of the
2-cyano-N-(prop-2-yn-1-yl)acetamide. The LUMO energy level is
found experimentally at around�3.36 and at�2.99 eV fromDFT.

On this basis, the driving force ΔGinj for hole injection from
the new dye tBupRK1 excited state to the NiO valence band is esti-
mated to be �0.60 eV (with EFB (NiO)=þ0.52 V vs NHE at
pH 4.5),[41] and the reduction of the Co(II) complex 1(BF4)2
is thermodynamically allowed with a minimum driving force
of �0.34 eV. Note that the NiO valence band edge potential at
this pH was estimated from the value of 0.37 V versus NHE

determined by Natu and co-workers[40] at pH 7 and is in agree-
ment with other experimental values from the literature.[42]

2.3. Photoelectrochemical Performances for Hydrogen
Production

In order to evaluate the photoelectrochemical activity of the new
dye in combination with the cobalt catalyst 1(BF4)2, we prepared
dye-sensitized mesoporous NiO electrodes. NiO is a wide
bandgap p-type semiconductor material with a bandgap energy
between 3.6 and 4.0 eV depending on the preparation method
and although this material has a low intrinsic hole mobility, it
is so far the dominant p-type semiconductor for the preparation
of dye-sensitized photocathodes.[43] F108-templated mesoporous
NiO films were prepared by a sol–gel process and deposited onto
conductive FTO glass by spin coating according to our previously
reported procedures, describing the procedure and the character-
ization of these films.[11,16] The films were sensitized by soaking
for 24 h in a solution of dye (either RuP2-bpy, P1, or pRK1) and
the dye loading was determined for each individual sample (full
details in the Supporting Information).

The photoelectrochemical activity of the dye-sensitized NiO
films was investigated in a three-electrode configuration setup,
in the presence of 1(BF4)2 (1 mM) in solution in an aqueous
sodium acetate buffer electrolyte at pH 4.5; these experimental
conditions were chosen according to a related study using
the cobaloxime catalyst [Co(dmgBF2)2(OH2)2] in solution.
Moreover, the light-driven H2 production activity of 1(BF4)2
was previously reported under homogeneous aqueous conditions
at a very close pH (pH 4).[28] Linear sweep voltammograms were
first recorded from þ1 to 0 V versus RHE in the dark and under
visible light irradiation conditions. All systems generate cathodic
photocurrents with high positive onset potentials (þ0.9 V vs RHE

Table 1. Photophysical and redox properties of RuP2
OEt-bpy, P1, and

tBupRK1.

λ1 [ε]
a) λ2 [ε]a) E00 [eV]

b) Dyeþ/Dyec) Dye/Dye�c)

RuP2
OEt-bpy[44] – 453 (14 918) 2.12 þ1.40 –1.20

P1[48] 347d) (33 247) 478d) (61 935) 2.25 þ1.38 –0.77
tBupRK1 351 (70 003) 465 (29 857) 2.21 þ1.12 –1.14

a)λ in nm, ε in M�1 cm�1; b)0–0 transition energy estimated from the intercept of the
normalized absorption and emission spectra (see Figure S2, Supporting
Information); c)In V versus NHE (redox potentials converted from Fcþ/0 to NHE
considering Eo(Fcþ/0)=þ0.53 V versus NHE in acetonitrile and þ0.54 V versus
NHE in dichloromethane);[49] this value is corrected for the interliquid potential
EL,S between the aqueous NHE and the organic supporting electrolyte;[50] d)This
work, P1 values measured in DCM.

Figure 3. Energetic and spatial positioning of the HOMO and LUMO
boundary orbitals of tBupRK1 measured (solid line) and modeled by
DFT calculation (dashed line). Energetic position of the NiO valence band,
as well as of the Co(II)/Co(I) redox couple for 1(BF4)2;

[28] potentials con-
verted according to E (eV)=�4.50� E (V vs NHE).[46,47]
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for NiO|pRK1, þ0.7 V vs RHE for NiO|RuP2-bpy and NiO|P1),
albeit with significant differences in their magnitude (Figure S4,
Supporting Information). In order to more accurately compare
the performances of the different dye-sensitized photocathodes,
steady-state photocurrents were recorded at an applied potential
ofþ0.07 V versus RHE (�0.4 V vs Ag/AgCl) under chopped-light
irradiation (Figure 4 and S5, Supporting Information). A control
experiment on a blank NiO film confirmed the absence of
current when the light is switched on (Figure 4 top, gray line),
confirming that NiO sensitization by a visible-light absorbing dye
is a prerequisite for photocurrent generation. Significant differ-
ences are, however, observed when comparing the photoelectro-
chemical activities of the three different dye-sensitized films:
photocurrent densities of �15 and �20 μA cm�2 are generated
by NiO|P1 and NiO|pRK1, respectively, whereas only
�2 μA cm�2 is recorded on NiO|RuP2-bpy. For the latter, a similar
value is measured in the absence of the cobalt complex in solution,
while the presence of 1(BF4)2 in solution results in a fourfold to
fivefold increase in the photocurrent densities for NiO|P1 and
NiO|pRK1 (Figure S5, Supporting Information); moreover, the
photogenerated charges are efficiently extracted by the cobalt cat-
alyst, as evidenced by the absence of any anodic spike on the pho-
tocurrent traces when the light is switched off (Figure 4a).[22]

The photocurrent densities normalized to the dye loading pro-
vide a moremeaningful analysis of the data (Figure 4b)), allowing
comparison of the intrinsic activities of each dyes. Thus,
although the thermodynamic driving forces for hole injection
and cobalt reduction are very similar for pRK1 and RuP2-bpy,
the latter display a threefold lower activity (�0.9 μA nmoldye

�1

for NiO|RuP2-bpy vs �2.8 μA nmoldye
�1 for NiO|pRK1).

Two parameters can account for this observation: first, the light
absorption efficiency in the visible region is higher for pRK1,
compared to RuP2-bpy (Figure 2); second, the push–pull archi-
tecture in pRK1 allows spatial charge separation, i.e., the photo-
generated electron is moved away from the NiO surface, which,
in turn, favors the forward electron transfer to the catalyst pres-
ent in the electrolyte solution. Such a spatial charge delocaliza-
tion cannot occur with the RuP2-bpy structure,

[44] and in that case
the lack of photoelectrochemical activity when 1(BF4)2 is present
in solution can be rationalized by a charge recombination process

between the reduced dye and the NiO electrode faster than the
forward electron transfer.

On the other hand, the intrinsic activity of pRK1 is more than
twice as high as that of P1 (�2.8 vs �1.2 μA nmoldye

�1, respec-
tively). This value directly reflects the overall electron transfer
kinetics mediated by the dye at the electrode–electrolyte inter-
face, which is therefore more than twice faster for NiO|pRK1
compared to NiO|P1. This observation goes against the light
absorption efficiency in the visible region, which is much higher
for P1 than for pRK1 (Figure 2), and thus underlines that addi-
tional parameters need to be taken into account to rationalize the
differences in photoelectrochemical activity between the two sys-
tems. Obviously, the nature of the pi-conjugated spacer is differ-
ent in pRK1 and P1; the presence of the BTD unit might increase
the lifetime of the charge-separated state, making electron trans-
fer to the cobalt center more efficient. In addition, the organiza-
tion of the dye molecules at the surface of the NiO film most
likely affects the performances; one known deactivation pathway
for push–pull dyes is induced by aggregation upon immobiliza-
tion on the semiconductor surface, which opens the way for
interdye quenching of the excited state. Such aggregation is likely
reduced for NiO|pRK1, compared to NiO|P1, thanks to the intro-
duction of the lateral octyl chain on the thiophene unit in pRK1.

To confirm the origin of the observed photocurrents, chro-
noamperometric measurements were performed at þ0.07 V ver-
sus RHE (�0.4 V vs Ag/AgCl) under continuous visible light
irradiation for 6 h (Figure S6–S8, Supporting Information).
The amount of hydrogen produced was quantified at the end
of the experiment both in the headspace and in solution,
according to our previously reported studies.[22] This allows
determining a faradaic efficiency (FE) for hydrogen production
and to calculate the turnover numbers (TONdye) achieved by
the different dye-sensitized photocathodes. The data are summa-
rized in Table 2 (full set of data in Table S1, Supporting
Information).

As expected from the steady-state photocurrent measurements
discussed above, NiO|pRK1 is the most effective photocathode,
producing 1.9 μmol cm�2 of hydrogen with a Faradaic efficiency
of 66%; 145 TONdye are achieved by pRK1 during the course of
the 6 h experiments, which is almost double compared to P1.

Figure 4. a) Chopped-light chronoamperometric measurements recorded on NiO (gray line), NiO|RuP2-bpy (green line), NiO|P1 (blue line), and NiO|
pRK1 (red line) photocathodes at þ0.07 V versus RHE (�0.4 V vs Ag/AgCl) in the presence of 1(BF4)2 (1 mM) in acetate buffer (0.1 M) pH 4.5.
b) Photocurrent densities normalized to the dye loading.

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2023, 2300095 2300095 (5 of 7) © 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

 26999412, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aesr.202300095 by French A

tom
ic A

nd A
lternative E

nergy C
om

m
ission, W

iley O
nline L

ibrary on [10/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergysustres.com


Notably, these performances are much better than those previ-
ously recorded with a related dye-sensitized photocathode in
the presence of the cobaloxime catalyst [Co(dmgBF2)2(OH2)2]
in solution.[45]

Control experiments recorded either on a blank NiO film or in
the absence of 1(BF4)2 in the electrolyte produced only traces of
H2 compared to NiO|P1 and NiO|pRK1. These observations
clearly support a cobalt-based mechanism for the observed
hydrogen production activity. In contrast, the amount of hydro-
gen produced by NiO|RuP2-bpy over the course of the 6 h exper-
iment lies in the same range than the two control experiments,
confirming that RuP2-bpy is not able to activate the catalyst in
solution, as charge recombination between the reduced dye
and the hole in NiO is most likely faster than forward electron
transfer to the cobalt center.

3. Conclusion

In conclusion, we have designed, synthesized, and characterized
a novel metal-free organic dye based on a benzothiadiazole moi-
ety, pRK1, for the preparation of dye-sensitized photocathodes.
The new dye was obtained in six steps and shows a good absorp-
tion in the visible region with an absorption edge close to 575 nm
in dichloromethane solution. In addition, its HOMO and LUMO
energy levels are well positioned, on the one hand, to efficiently
sensitize NiO employed as photocathode material and, on the
other hand, to effectively transfer electrons to the cobalt(II) poly-
pyridyl complex 1(BF4)2. The photoelectrochemical activity for
hydrogen evolution of pRK1-sensitized NiO photocathodes
was therefore evaluated and the performance of pRK1was bench-
marked with two reference dyes, RuP2-bpy, a ruthenium-
based dye and P1, another purely organic dye. We found that
NiO|pRK1 is the most efficient photocathode, producing up to
1.9 μmol cm�2 of hydrogen with a faradaic efficiency of 66%,
under visible light irradiation in aqueous electrolyte at pH 4.5;
135� 14 TONdye are achieved by pRK1 during the course of
6 h chronoamperometric experiments, which is almost double
compared to P1, in excellent agreement with the higher
photocurrents (normalized to the dye loading) recorded on
NiO|pRK1. This demonstrates that the chemical structure of
high-performance dyes commonly used in DSSCs can be suc-
cessfully modified to meet the requirements for light-driven

water splitting in DS-PECs. This work also highlights that work-
ing with robust hydrogen-evolving catalysts such as 1(BF4)2 is
essential to evaluate and compare the performance of a range
of dye-sensitized photocathodes in a meaningful way.
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