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enhanced catalytic properties in terms of overpotential requirement for H, evolution. The interaction
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between the fullerene moiety and PCBM heterojunction further allows for the easy integration of the

cobalt diimine-dioxime - fullerene catalyst with a poly-3-hexylthiophene (P3HT):[6,6]-phenyl-Cg;-
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The shift towards more sustainable economic models for the
production of fuels and commodity chemicals requires the
emergence of radically new industrial schemes utilizing
renewable energy resources as well as abundant raw materials.
In that context, the idea of artificial photosynthesis is particu-
larly appealing.'® This emerging field of research aims to
harvest the largely abundant solar energy to produce fuels and
commodity chemicals from widely available feedstocks from
the atmosphere. An archetypal reaction targeted in artificial
photosynthesis is the solar-driven splitting of water for
hydrogen production.* Various strategies are currently under
investigation, including the combination of photovoltaic cells
and electrolyzers (PV + electrolysis) or the development of
photoelectrochemical systems in which light-absorbing mate-
rials and catalysts are brought in intimate contact within pho-
toelectrodes. The latter strategy usually implies the final
assembly of a photoanode and a photocathode in a tandem
configuration to obtain fully functional self-standing photo-
electrochemical cells (PEC).* Importantly, for photo-
electrochemical cells to take over PV + electrolysis systems
requires them to show advantages in terms of sustainability as
far as their constitutive materials are concerned.* In that pros-
pect, the direct integration of well-defined molecular electro-
catalysts on organic bulk heterojunctions (BH]J) is particularly
appealing. Not only BHJs performances have greatly improved
during the last decade demonstrating their relevance for energy
applications, but also their intrinsic design possesses several
technical advantages. Firstly, they mostly rely on abundant
materials compatible with the emergence of sustainable

Univ. Grenoble Alpes, CNRS, CEA, IRIG, Laboratoire de Chimie et Biologie des Métaux,
17 rue des Martyrs, F-38054 Grenoble, France. E-mail: matthieu. koepf@cea.fr; vincent.
artero@cea.fr

+ Electronic  supplementary
10.1039/d1sc06335a

information  (ESI) available. See DOI:

© 2022 The Author(s). Published by the Royal Society of Chemistry

butyric acid methyl ester (PCBM) bulk heterojunction, yielding hybrid photoelectrodes for H, evolution
from near-neutral agueous solutions.

production schemes with minimal environmental costs.
Secondly, based on all-organic semiconductors and solution
processing, BHJs can be deposited under extremely mild
conditions, which greatly reduces the constraint on the tech-
nological implementation. Furthermore, their compatibility
with the use of roll-to-roll processing may allow in fine a rapid
transfer towards large-scale production of any functional
system. It is therefore appealing to move towards the develop-
ment of PEC based on organic semiconductors, and efforts
towards this endeavor boomed.>™**

Regarding photocathodes based on BHJ, several architectures
have been proposed integrating various additional layered
materials as charge selective carriers and protecting layers. Such
architectures easily sustain current densities of several mA cm >
under 1-sun simulated solar irradiation and do offer promises
for developing functional devices. However, thus far these
systems rely on the use of efficient yet limited classes of catalysts
(Pt, MoS,),””'*** which only work under strongly acidic condi-
tions. This limits the long-term stability of the systems. A solu-
tion could be found via the integration of molecular-based
catalysts operating under near-neutral aqueous conditions.'® In
particular, cobaloximes and cobalt diimine-dioxime complexes
are popular hydrogen-evolving catalysts known to operate in
near-neutral aqueous solution with moderate overpotential
requirements.”” ™ Over the years these complexes have been
successfully used to obtain efficient noble-metal free homoge-
neous photocatalytic systems® as well as integrated in photo-
cathodes based on inorganic semiconductors®*** and dye-
sensitized mesoporous oxides.>*?* Such catalysts, active at or
close to neutral pHs, allow for the design of devices working
under particularly mild conditions which are more compatible
with the use of sensitive organic light-harvesting components.
This calls for increased efforts towards the integration of
molecular catalysts at the BHJ-interface.
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Fig. 1 Representation (left) and energy diagram (right) of a photocathode for H, evolution based on a PCBM:P3HT bulk heterojunction BHJ
combined with the cobalt diimine-dioxime — fullerene assembly 1 as H,-evolving catalyst (see ESIt and ref. 30 for energy values).

We report here on the integration of cobalt diimine-dioxime
([Co(DO)(DOH)pnBr,], (DOH),pn = N’>,N*-propanediylbis-butan-
2-imine 3-oxime) proton reduction catalysts®® within poly-3-
hexylthiophene (P3HT):[6,6]-phenyl-Ce;-butyric acid methyl ester
(PCBM) bulk heterojunctions to assemble functional photocath-
odes for photocatalytic hydrogen production (Fig. 1). In such BHJ
photoelectrode constructs, light is harvested by the P3HT
component to form excitons that dissociate at the interface
between P3HT and PCBM. Photogenerated holes are then trans-
ferred to the supporting NiO electrode while photogenerated
electrons accumulate in the PCBM phase and then transferred to
the catalyst. We reasoned that conjugating the catalyst with a Cep
moiety in a structure such as 1 (Scheme 1) should allow to develop
favorable interactions between this fullerene moiety with PCBM
in P3HT:PCBM BHJ, thus ensuring the optimal interfacing of the
catalyst with the n-type domain of the junction.

Furthermore the first reduction potential of full-
erenopyrrolidines anchor (pCeo/pCeo~ = —1.05 V vs. Fc'/Fe in
CH,;CN/toluene mixtures)* is properly aligned with the Co(u)/
Co(1) reduction potential of the cobalt diimine-dioxime complex
(-1.11 V vs. Fc'/Fc in CH3CN for [Co(DO)(DOH)pnBr,] in
CH;CN),** thus allowing for a directional electron transfer from
the PCBM/Cg, domains toward the active catalyst.

1 was prepared through a Prato condensation between the
fullerene and an appropriately substituted cobalt diimine-
dioxime complex. The critical aspect of this synthesis was to use
a proper high boiling point solvent or combination of solvents,
able to solubilize simultaneously both the strongly apolar
fullerene and polar diimine-dioxime metal complex moieties
while allowing reaching the temperature needed to drive the
Prato condensation. 1 is obtained straightforwardly in 4 steps
form the previously described azido derivative 5% with an

NO;
_/>—<\ — — )
HO-N N O-N, N b O-N. N N=N
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Scheme 1 Synthesis of the cobalt diimine-dioxime — fullerene assembly 1; (a) Cu(ClO4),-6H,0, acetone, RT; (b) 4-ethynylbenzaldehyde,
N,N',N”,N”-pentamethyldiethylenetriamine, CuBr, MeOH, Ar, 50 °C, 3.5 h; (c) CoBr,, O,, RT, 2 h; (d) Ceq, sarcosine, toluene:1,2-dichloroethane

2:1, Ar, reflux, 5 h; inset: structure of nmep-pCep.
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overall yield of 9%. With the exception of compound 4 that was
recrystallized,* the purification of the different compounds was
done using flash chromatography, on silica, as described in
details in the experimental part. The overall low yield obtained
for this synthesis is likely due to the sluggish condensation
between the fullerene moiety and the cobalt complex. In brief,
following the previously established procedure for azido-dii-
mine-dioxime derivative functionalization, the copper complex
4 was prepared before being engaged in the copper catalyzed
Huisgen 1,3-dipolar cycloaddition to introduce the 4-for-
mylphenyl substituent.***® The latter derivative 3 was then
transmetallated with cobalt in presence of oxygen to obtain the
cobalt derivative 2, which was engaged in a Prato reaction to
couple the catalyst on the fullerene moiety. In addition to the 'H
NMR and MALDI-TOF mass spectra, the FTIR spectrum of the
product obtained from the condensation confirmed the
formation of the desired covalent diimine-dioxime cobalt -
fullerene assembly 1. As shown on Fig. Sia,f the absorption
band corresponding to the stretching mode of the C=O
(1688 cm ™) of the precursor 2 is lost while two new absorption
bands (1461 cm™ " and 1430 cm™ ') appear around the triazole
N=N stretching band (1451 cm ™). These two additional bands
can be assigned to the C-H bending modes of the newly formed
pyrrolidine ring,*” which are also observed in the FTIR spectrum
of the reference N-methyl-2-(4’-ethynyl)phenyl-3,4-
fulleropyrrolidine compound (nmep-pCsqo). Importantly the
strong absorption band corresponding to the stretching mode
of the C=N bonds of the Co-coordinated diimine-dioxime
ligand is clearly visible on the FTIR of 1 and 2 at 1513 cm ™"
and 1507 cm™ ', respectively indicating that the latter is
preserved during the Prato condensation.”” Other strategies
including the direct copper catalyzed Huisgen 1,3-dipolar
cycloaddition between copper- or cobalt-diimine dioxime azide
derivatives and an acetylene functionalized fullerene, or the
stepwise building of diimine-dioxime ligand on the fullerene

1 HA
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Fig. 2 Cyclic voltammograms for nmep-pCgq (blue), 2 (red) and 1
(black), recorded in a 0.3 mM CHzCN/1,2-dichlorobenzene 1:1 (v/v)
solution in the presence of 0.1 M of n-Bu4sNBF4, on glassy carbon (2 1.6
mm); scan rate: 100 mV s~1 All measurements were started after
equilibration at the open-circuit potential around —0.1 V vs. Fc*/Fc
with initial scan towards more negative potentials.
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did not succeed in our hands, likely due to the very limited
range of solvents able to solubilize the fullerene derivatives.
Alternatively, our attempts to react the free ligand 5 on 4-ethy-
nylbenzaldehyde via a thermal (microwave assisted) Huisgen
1,3-dipolar cycloaddition systematically resulted in the degra-
dation of the dioxime-diimine moiety under the high temper-
ature required to drive the condensation.®

Cyclic voltammograms of the covalent cobalt diimine-diox-
ime - fullerene assembly 1, the cobalt diimine-dioxime deriva-
tive 2 and nmep-pCqg*® are depicted in Fig. 2 and corresponding
differential pulse voltammetry (DPV) measurements for 1 and 2
are shown in Fig. S4.1 Obviously, the covalent assembly of the
two moieties results in a modification of the electrochemical
responses of both the cobalt diimine-dioxime and the fullerene
redox centers.

The quasi-reversible Co(i)/Co(u) couple can unambiguously
be identified at —0.62 V (CV) or —0.67 V (DPV) and —0.57 V (CV)
or —0.59 V (DPV) vs. Fc'’® in both the cobalt diimine-dioxime
complex 2 and the cobalt diimine-dioxime - fullerene
assembly 1, respectively. Coupling with the fullerene unit
therefore entails a 50 mV anodic shift for the standard potential
of the Co(m)/Co(n) redox couple. The second reversible redox
event occurs for 1 at —0.85 V (CV) or —0.86 V (DPV) vs. Fc™°,
which we tentatively assign to the Co(u)/Co() couple, the stan-
dard potential of which would be anodically shifted by 160 mV
compared to that measured in 2 (—1.01 V (CV) or —1.03 V (DPV)
vs. F¢'?). By comparison the reversible nmep-pCgo/nmep-pCeo’ ~
couple (—1.05 V vs. Fc''%) is observed at 40 mV more cathodic
potential and could correspond to the third broad redox event
observed for 1 at —1.15 V (CV) or —1.07 V (DPV) vs. Fc°. A
peculiar irreversible reduction process is observed at E,. =
—~1.3V(CV) or —1.2 V (DPV) vs. Fc°. Based on its shape, it could
be associated with desorption of some compound that has
adsorbed onto the electrode upon the preceding processes.** We
unfortunately failed in confirming these assignments spectro-
scopically. Indeed spectroelectrochemical measurements could
not help determining the nature of the redox center involved in
this second reduction wave due to the insoluble nature of the
reduced species and its immediate precipitations in all condi-
tions tested.

To investigate the H, evolution properties of 1, we turned to
CH;CN electrolyte in which the thermodynamical parameters
are tabulated*' and parent cobalt diimine-dioxime compounds
have been assessed.**** Compound 1 was deposited on glassy
carbon electrode at a surface concentration of 52 + 1 nmol
em 2. The cyclic voltammogram measured at such a modified
electrode in CH3CN displays three successive quasi-reversible
redox processes at —0.71 V, —1.11 V and —1.55 V vs. Fc¢"°
(Fig. 3). These waves reproduce the signals measured for 1 in
solution, with a ~20-40 mV cathodic shift likely associated with
the change of electrolyte composition.

Addition of 10 mM para-cyanoanilinium tetrafluoroborate as
a proton source in the medium triggers a catalytic wave with
half-wave potential of —0.62 V vs. Fc"’® (or —4.66 €V vs. vacuum
in Fig. 1, see ESIt). This process is significantly anodically
shifted with regards to the Co(u)/Co(1), reproducing the behavior
observed for the unfunctionalized [Co(DO)(DOH)pnBr,]

Chem. Sci., 2022, 13, 3857-3863 | 3859
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Fig. 3 Cyclic voltammograms for compound 1 deposited on a GC
electrode (@ 3 mm) recorded at 100 mV st in CHsCN (with 0.1 M of n-
Bu4sNBF,) in the absence (black) and in the presence (red) of p-cya-
noanilinium tetrafluoroborate (10 mM); the vertical dotted line indi-
cates the mid-wave potential of the catalytic process. Measurements
were started after equilibration at the open-circuit potential around
0 V vs. Fc*/Fc with initial scan towards more negative potentials.

complex under similar conditions. For this complex,*” as well as
for 2, the catalytic potential at the mid wave has been measured
at —0.82 Vvs. Fc™°. Thus, the presence of the fullerene moiety in
close proximity to the cobalt center lowers the overpotential
requirement for H, evolution by 200 mV. The latter is estimated
to 160 mV based on the equilibrium potential of the H'/H,
couple (—0.46 V vs. Fc”°)* in CH;CN with 10 mM para-cya-
noanilinium tetrafluoroborate as proton source, and ranks
amongst the lowest values for Earth-abundant molecular cata-
lysts for H, evolution.

To confirm the catalytic performance of 1 for H, evolution,
we measured the same modified electrode in 0.1 M aqueous
acetate buffer (pH 4.5) (Fig. 4 and S57). Under such conditions,
H, production could be quantified with 88% faradaic yield
during a 4 h chronoamperometric experiment performed at
—0.63 V vs. RHE (see the ESIt and ref. 42 for correspondence
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Fig. 4 Long-term chronoamperometric experiment at —0.63 V vs.
RHE in acetate buffer (0.1 M, pH 4.5) with concomitant H, quantifi-
cation (red trace in inset); the blue dots indicate the expected H,
amount for a 100% faradaic yield.

3860 | Chem. Sci, 2022, 13, 3857-3863

View Article Online

Edge Article

between potential measured in non-aqueous and aqueous
solvents). Considering the surface density of the electrochemi-
cally active complexes on the GC electrodes (~0.10 (£0.02) nmol
cm ™) obtained from the integration of the redox process
associated to the Co(m)/Co(un) couple, we can estimate the
maximum turnover number (TON) and turnover frequency
(TOF) of the electrochemically active centers for H, evolution.
We find TON, .« = 4.57 x 10° and TOF,.x = 317 s~ * which are
clearly higher than the values reported for a related material
based on covalently modified carbon nanotubes where the
observed TON and TOF reached 33 x 10° et TOF 2.2 s *
respectively.®® Taking a more conservative standpoint and
calculating the minimum TON and TOF values based on the
total quantity of catalyst deposited (52 £ 1 nmol cm™?) we still
find significant TON,;, = 8.79 x 10° and TOF;, = 0.6 s~
values, that demonstrate the stability and good activity of our
catalytic assembly.

These promising results prompted us to interface 1 to
a P3HT:PCBM BH]J so as to prepare a hybrid photocathode for
H, evolution. We tested various architectures: first, 1 was simply
spin-coated onto a preassembled P3HT:PCBM BH]. This
approach was not fully satisfactory since the dichlorobenzene
used to solubilize 1 resulted in the partial dissolution and
degradation of the BHJ in the FTO/NiO/P3HT:PCBM/1 archi-
tecture. Attempts to protect the BHJ with a spin-coated layer of
2,9-dimethyl-4,7-diphenyl-1,10-phenantroline (BCP) did not
prove successful. We then took advantage of the structural
similarities between 1 and PCBM and directly added 1 in the
P3HT:PCBM solution used to fabricate the BHJ. This yield the
FTO/NiO/[P3HT:PCBM+1] architecture in which the BH]J
contains fullerene domains including the cobalt catalytic
moiety. In all cases, the BH] was deposited on a compact NiO
layer that proved superior to alternate PEDOT:PSS layers.” This
photocathode was then tested for photoelectrochemical
hydrogen production in half-cell configuration in pH 4.5 acetate
buffer (0.1 M) with back irradiation with visible light (400 < A <
800 nm, 65 mW cm ™ ?). A photocurrent is observed from ca.
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Fig. 5 LSVs at FTO/NiO/[P3HT:PCBM+1] electrode with (red line),
without (black line) or with chopped (blue line) visible light (400 < 2 <
800 nm, 65 mW cm™2) recorded at a scan rate of 5mV st in 0.1 M
acetate buffer (pH 4.5).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Photocurrent densities measured under chopped visible light
(400 < 2 < 800 nm, 65 MW cm™) at an applied potential of 0.065 V vs.
RHE in 0.1 M acetate buffer (pH 4.5) for the following electrodes: FTO/
NiO (a), FTO/NiO/P3HT:PCBM (b) and FTO/NiO/[P3HT:PCBM+1] (c).

0.9 V vs. RHE throughout the potential range (Fig. 5) and
plateaus from 0.6 V vs. RHE. The Incident Photon to Current
Efficiencies (IPCE) values®*® measured for both FTO/NiO/
[P3BHT:PCBM] and FTO/NiO/[P3HT:PCBM+1] assemblies
(Fig. S6t) closely follow the absorption spectra of each film, with
maximum values at the maximum absorption (1,55 = 550 nm) of
P3HT:PCBM BH]J.

Chronoamperometry was performed to ascertain the
magnitude and stability of the photocurrent. Photocurrents of
35 uA cm™? are measured at 0.065 V vs. RHE (Fig. 6) that proved
stable over time. By comparison, a catalyst-free P3HT:PCBM
BH]J displays much lower photocurrents (~5 pA cm™?). Chro-
noamperometry was then performed under continuous irradi-
ation for 2 and 3.5 hours (Fig. S71), corresponding to charges of
195 and 385 mC cm ™ and faradaic efficiencies of 10.2 & 0.5 and
10.3 £ 0.5 for H, evolution, respectively. Such values are
comparable to other photocathodes constructions involving
similar cobalt diimine-dioxime catalysts.”*>* Although the
photocurrents measured here remain modest, they are 20-fold
higher than those measured for dye-sensitized photocathodes
based on the same catalytic moiety.”*** In terms of photocur-
rent density, our construction is also 10 times more efficient
than a P3HT/nmep-pCeo planar heterojunction functionalized
by a cobalt diimine-dioxime complex via in situ copper catalyzed
1,3-dipolar Huisgen cycloaddition.**** The latter photocathode
yielded maximum current densities of 3 uA cm™ 2. Hydrogen
evolution was not characterized as the product of the light-
driven process in that case, but it is also reasonable to grant
this construction with a ~10% faradaic efficiency, as observed
for all the other photocathode constructions involving similar
cobalt diimine-dioxime catalysts.**"*

Conclusion

The field of hybrid photoelectrodes combining molecular
catalysts and inorganic light-harvesting materials or vice versa is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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rapidly expanding.*»*~*® Indeed, molecular chemistry offers an
unmatched tunability in the design of highly selective and
active catalysts or light harvesting units, therefore opening new
horizons and versatility for photoelectrochemical cells. Organic
semi-conductors gathers advantages from both words, being
highly tunable and displaying high current densities when
formulated as planar®** or bulk®”*>** heterojunctions. Here we
show for the first time that such junction of organic semi-
conductors can be interfaced with molecular catalysts to yield
operating photoelectrodes. We could evidence a clear influence
of the strategy used to incorporate the catalyst into the devices,
which paves the way towards a rational approach for the inte-
gration of molecular catalysts into (or interfacing with) organic
BHJ, therefore opening the field to a large variety of chemical
reactions and more diverse working conditions.
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