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ABSTRACT. The ecological transition requires the development of carbon capture and utilization
technologies powered with renewable energies. Direct solar conversion of CO; in
photoelectrochemical cells is a promising approach to produce syngas, en route to fuels and
chemicals. We report here on a dyad based on a Ru-based metallorganic dye and a
tetraazamacrocyclic cobalt catalyst grafted on NiO to form efficient molecular photocathodes for
CO-rich syngas production (ratio CO/H> > 80:20) from a CO»-saturated aqueous bicarbonate
buffer. After integration with a BiVO4/CoPi photoanode in a tandem photoelectrochemical cell in
a Z-scheme configuration, syngas could be produced from CO; water with Faradaic efficiencies
of 62% and 14% for CO and Ha, respectively under visible light and in the absence of any applied

bias, equating to a solar to fuel conversion efficiency of 1.3 1072 %.
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Beyond achieving a global reduction of carbon dioxide (CO;) emissions, transforming this
greenhouse gas into valuable chemical feedstocks is one major challenge to meet the 2015 Paris
agreement target and contribute to mitigate climate change. Production of carbon-based fuels and
commodity chemicals from CO> indeed represents a unique way to move away from the use of
fossil resources and establish a circular carbon economy.! In Nature, conversion of CO, into
carbohydrates — chemical fuels for living organisms — is achieved using sunlight as sole energy
source, thanks to a complex photosynthetic machinery integrating key components for light
harvesting and multielectronic redox catalysis.? This fascinating process provides guidelines to
develop artificial photosynthetic devices for the direct sunlight-to-fuels conversion, with CO»
conversion in photoelectrochemical cells (PECs) being one attractive approach.’* One class of
such integrated devices assemble two photoelectrodes in a tandem configuration replicating the Z-
scheme of natural photosynthesis.> To implement them more easily, each photoelectrode is
developed and optimized independently, i.e. under a three-electrode setup configuration. There
are, however, several constraints on the selection of an effective combination of photoelectrodes
to perform the reaction of interest under unassisted (electrical bias-free) conditions; the most
critical one is certainly that they should both operate at the same current and at the same potential
under irradiation, also in the same electrolyte conditions (nature, pH...). Great achievements were
made over the last years with photoanode materials such as BiVO4 driving photoelectrochemical
water oxidation at onset potentials as low as +0.2V vs RHE, i.e. ~1V below the thermodynamic
potential of 1.23V vs RHE.%7 With a bandgap of 2.4 eV, BiVOs can indeed absorb a large portion
of visible light and it is stable in aqueous solution at pH values close to neutrality. On the
photocathode side, however, reducing CO; with sunlight at such positive potentials is highly

challenging. In this respect, a dye-sensitized approach offers greater flexibility than low band-gap
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inorganic semiconductors to design photocathodes active over a wide range of potentials
few proof of concept examples for wumnassisted CO> reduction in tandem dye-sensitized
photoelectrochemical cells (DS-PECs) were recently made with photocathodes assembling

molecular thenium!? or ruthenium'>-1°

catalysts with a ruthenium tris-diimine light-harvesting unit.

On the other hand, molecular cobalt complexes are attractive catalysts for solar fuels
production.!”2° Photoelectrochemical CO» reduction was achieved with p-type silicon
photocathodes functionalized with a cobalt bis-terpyridine catalyst; yet, mixed organic/aqueous
electrolytes are required for catalysis to be selective over proton reduction.?!?? In contrast, a cobalt
quaterpyridine catalyst anchored onto a p-type Cu(In,Ga)Se:> (CIGS) semiconductor electrode
proved to be highly active and selective for CO production in fully aqueous medium.? In both
cases (p-Si and CIGS) however, the onset potentials at which photocurrents are generated are not
positive enough to allow efficient coupling with a water oxidation photoanode under bias-free
conditions. Cobalt phthalocyanine catalysts were also successfully employed,**?* and are the basis
of the sole example of unassisted photoelectrochemical CO; reduction driven by molecular cobalt
catalyst, reported by the group of E. Reisner with a wireless device (artificial leaf).?® In this context,
expanding and diversifying the range of effective molecular cobalt catalysts appears to be a
promising strategy for designing efficient photoelectrochemical devices. This motivated us to
investigate the light-driven CO> reduction activity of the tetraazamacrocyclic complex
[Co(N4sH)CL]" (CoN4H),>"28 the electrocatalytic activity for CO, reduction of which was recently
reexamined by the group of McCrory.* Following the approach we have previously developed for

photoelectrochemical hydrogen production,’*-32

we report here the first synthesis of a covalent
dye-catalyst assembly RuPs-CoN4H together with the aqueous photoelectrochemical activity of

the corresponding NiO-based photocathode (Figure 1) in a three-electrode configuration. The



demonstration of photocurrents reaching —100 pA.cm™2 at +0.2V vs RHE allowed to successfully
assemble this photocathode with a BiVO4/CoPi photoanode, for syngas production from water and

CO3 in a functional tandem DS-PEC under bias-free conditions.
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Figure 1. Structure of CoN4H and schematic representation of the NiO-based photocathode based on the
molecular dyad RuPs-CoNsH.

Photocathode preparation and characterization. The dyad RuP4C¥-CoN4H was synthesized by a
stepwise procedure based on a copper-catalyzed azide-alkyne cycloaddition (CuAAC) coupling
between the alkyne-substituted RuP4OF-EPIP* complex and the 4-azido-2,6-diacetylpyridine
precursor, followed by the template synthesis of the tetraazamacrocyclic cobalt catalyst CoN4H*
(full synthetic details in SI, Schemes S1-2, Figures S1-2). The RuP4C¥-CoNs dyad was
spectroscopically (Figure S3) and electrochemically (Figure S4) characterized in solution prior to
the hydrolysis of the phosphonate anchoring groups and the sensitization of homemade
mesoporous NiO films.

Photoelectrochemical activity of the dye-sensitized NiO photocathode was first assessed under
a three-electrode configuration setup in a COz-saturated aqueous NaHCOs3 solution (50 mM, pH
6.6) as electrolyte.” Linear sweep voltammograms (LSV) were recorded from +1.2 V to —0.2 V
vs. RHE under chopped-light IR-filtered AM 1.5 G irradiation (Figure 2). Under irradiation, the

RuPs-CoNsH-sensitized NiO films start exhibiting cathodic photocurrents at ~+1.0 V vs. RHE,



ie 1.1 V more positive than the thermodynamic potential. Remarkably, the photocurrent density
exceeds —100 pA.cm2 (dark current substracted) at potentials more negative than +0.2 V vs. RHE
(Figure 2). Both the onset potential and photocurrent density values are significantly higher than
the ones previously reported for related dye-sensitized photocathodes active in aqueous media,

which range from a few pA.cm™ to a few tens of pA.cm™ at much more negative applied

potentials 310 13-16
Applied potential (V vs RHE)
0—0.4 -02 00 02 04 06 08 1.0
I
I
|
cg-\ '50' :
E |
< : !
2 WY
100+ il U
J U
Juvs
L : scan direction
150 1 — :

-0.8 ' -d.6 ' -d.4 ' -0|.2 ‘ 0?0 . 0?2 . 04
Applied potential (V vs Ag/AgCl)
Figure 2. Linear sweep voltammogram of a NiO electrode sensitized by RuP4-CoN4H in a CO,-saturated
50 mM NaHCOs; aqueous solution at pH 6.6 under chopped light AM 1.5 G solar irradiation (IR filtered).
The blue and red dashed lines indicate the equilibrium potentials for H/H, (0 V vs RHE) and CO,/CO

(—0.11 V vs RHE), respectively.

To confirm the origin of the observed photocurrents, three hours chronoamperometric
experiments were conducted under continuous light irradiation at an applied potential of +0.19 V
vs. RHE (—0.40V vs Ag/AgCl) in a CO»-saturated electrolyte;** the compounds formed in the
headspace (CO, H») and in the electrolyte (HCOOH) were quantified at the end of the run (Tables
1 & S1). Under these fully aqueous electrolyte conditions, the process is remarkably highly

selective toward CO; reduction, with CO being the main carbon-based product formed (47 =7 %



F.E.co; 9 £2 % F.E.i2; ratio CO/Hz > 80:20) and a turnover number (TONco) of 110 according to
the Co loading of 2.8 nmol.cm 2 determined by ICP-AES. In contrast, when a N»-saturated aqueous
electrolyte was used, similar photocurrents and charge densities were recorded (Figure S6), but H»
is the main product (Tables 1 & S1) with only traces of CO detected (< 5% F.E.), likely originated
from CO; released from the bicarbonate buffer. Control experiments using either pristine or RuPs-
DAP-sensitized NiO films displayed significantly lower photocurrents compared to the RuP4-
CoN4H photocathode (Figure S5); moreover, only traces of CO were detected in the absence of
the CoNsH catalyst at the surface of the film (Table 1). These results clearly support a cobalt-
based mechanism for the observed activity. Of note, low to significant amounts of HCOOH were
also produced, including in control experiments performed with pristine NiO electrode or in the
absence of added COs». This indicates that formate is not produced via a mechanism involving the
CoN4H catalyst but rather thanks to Ni-based active sites generated at the NiO surface.

Table 1. Photoelectrochemical performances of the different photocathode assemblies (selected
examples; see Table S1 for full set of data). Chronoamperomeric measurements were recorded
under continuous irradiation (IR-filtered simulated AM 1.5 G solar irradiation) for 3 hours in a
CO»-saturated aqueous NaHCO:s electrolyte (pH = 6.6) at an applied potential of +0.19 V vs RHE

(—0.4 V vs Ag/AgCl). Amounts of CO (nco), H2 (nn2) and HCOOH (nncoon) produced are given
in nmol.cm™.

Charge Nco nH2 NHCOOH CO/H,
Photocathode ™ 5 a1 (BEeo) (FEw) | (FEmcoon) | ratio
. I I 23
Nio 1 (2%) (2%) (38%) -
. 2 8 33
NiORuP4-DAP 32 (1%) (5%) (20%) o
. 307 61 60 '
NiO[RuP:-CoN,H | 143 @2%) % % 83:17
NiOJRuP,-CoN:H o8 15 154 50 001
(n0 COz)* (3%) (31%) (10%) :

a- Np-purged electrolyte.

Of note, although a high photocurrent is recorded at the beginning of the three-hour

chronoamperometric measurement, a fast decrease is observed over time (Figure S5). In addition,



post-operando quantification by ICP-AES of the Co present at the surface of the electrode revealed
a significant percentage of loss during the course of the experiment (85 % for two independent
experiments). Phosphonate grafting is reported to be stable in aqueous solutions below pH 5
whereas optimized conditions for photoelectrochemical CO» reduction require to work in near-
neutral electrolytes. The loss of activity is therefore very likely due to the release of the dyad in
the electrolyte solution, as previously observed for related phosphonate-based dye-sensitized
photocathodes.'® 3! Strategies reported to effectively increase the stability of the phosphonate
anchoring, typically by ALD deposition of a thin layer of oxide*® or by embedding the molecular
components in a polymer matrix,'® will have to be implemented in the future to prevent the

deactivation of the photocathode.

Photoelectrochemical activity in a tandem cell configuration. The photoelectrochemical
performances of NiO|RuPs-CoNsH, with notable photocurrents recorded at high positive onset
potential under near-neutral pH electrolyte conditions, makes this photocathode an excellent
candidate to be assessed in a tandem cell configuration, in the absence of any additional electrical
bias. We selected a BiVO4|/CoPi photoanode able to achieve water oxidation and deliver the
electrons and protons consumed at the photocathode to reduce CO.. BiVO4 photoanodes were
prepared via electrodeposition of BiOI onto a FTO glass substrate, followed by introduction of the
[VO(acac):] (acacH = acetylacetone) vanadium precursor and thermal annealing according to the

procedure previously reported by Le et al.¢

A layer of CoPi water-oxidation cocatalyst was
deposited onto the ~900 nm thick BiVOq film, using an electrodeposition procedure adapted from
Nocera et coll.’’

The photoelectrodes were introduced into a custom-made photoelectrochemical cell (Figure S7)

in a true tandem configuration (Figure 3a). We tested various configurations regarding the choice



of the photoelectrode to be placed first in the optical path and the direction of illumination. We
kept a configuration where the two photoelectrodes are facing each other in order to optimize ion
migration. Best results were obtained when the NiO|RuP4+-CoN4H photocathode was placed in
front of the BiVO4|CoPi photoanode. In this configuration, the photocathode is back-illuminated
while the photoanode is front-illuminated. A Nafion® proton exchange membrane was fitted at
the middle point of the space between the photoelectrodes to equally divide the working volume
into two compartments. With both photoelectrodes in place, linear sweep voltammograms were
independently recorded for the photoanode and the photocathode in a three-electrode configuration
setup, in an aqueous NaHCO3 solution (50 mM, pH 6.6) as electrolyte and under simulated solar
irradiation. Under these conditions, cathodic photocurrents are generated from +0.80 V vs RHE at
the photocathode; on the other hand, anodic photocurrents are generated from +0.35 V vs RHE at
the photoanode shaded by the photocathode (Figure S8). The plot of the absolute current densities
obtained with photoelectrodes of 3.0 cm?, versus the applied potential (Figure 3b) shows more
clearly that both electrodes are active on a same range of potentials, which is a prerequisite for
testing them together in a tandem configuration; from the intersection of the curves, an operating
photocurrent of 123 pA is predicted to be generated at an operating potential of +0.44V vs. RHE
in a two-electrode configuration setup.
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Figure 3. (a) Schematic representation of the photoelectrodes in the tandem photoelectrochemical
cell. (b) Linear sweep voltammograms (absolute current values obtained from 3.0 cm?
photoelectrodes) of the NiO|RuP4-CoNsH photocathode (blue line) and of the BiVO4|CoPi
photoanode (red line) recorded under light irradiation conditions shaded by the photocathode and
the membrane; the intersection between the red and blue photocurrent curves corresponds to the
expected operation potential under a tandem cell configuration. (c) 3 hours chronoamperometric
and chronopotentiometric measurements recorded in the tandem cell configuration (the potential
was measured at the cathode). Conditions: CO;-saturated aqueous 50 mM NaHCOs3 at pH 6.6
under AM 1.5G light irradiation, scan rate 10 mV.s"!. See Figure S9 for details about the
monitoring of the performances.

The photoelectrochemical activity in the tandem cell configuration was then measured with a
bipotentiostat setup where both the current running through the system and the potential of the
photocathode (short-circuited with the photoanode) were simultaneously recorded (a detailed
description can be found in Figure S9). Of note in this configuration, the current was measured
with the photocathode set at 0 V vs the potential of the photoanode used as both reference and
counter electrode so that no additional electrical bias was applied to the system.*® When switching
on the light, an initial photocurrent of 111 pA is generated at a recorded operating potential of
+0.48V vs. RHE (Figure 3c). These two values are very close to the ones predicted from the
individual characterization of both photoelectrodes, confirming the viability of the bipotentiostat

setup employed here as a direct method to continuously monitor the performances of the system

10



working in a true tandem cell configuration. The photocurrent decreases steadily over time,
reaching 65 pA for an operating potential of +0.46 V vs RHE after 30 min, and 30 pA for an
operating potential of +0.43 V vs RHE after three hours. This decay in performances parallels the
evolution of the photocathode performances over time, as described above. At the end of the three-
hour experiment, 1381 nmol CO and 319 nmol H, were produced with Faradaic efficiencies of
62% and 14%, respectively (CO/H; ratio of 82:18; see Table S2 and Figure S10 for triplicate
measurements); the high selectivity of NiORuP4+-CoN4H for CO> over proton reduction is thus
fully preserved in the tandem cell setup operating at +0.48V vs. RHE. This production of CO and
H, corresponds to an overall solar-to-fuel conversion efficiency (nstr) of 1.3 1072 % (see SI for
details), thus close to the highest values of 1.7 102 % and 4.8 102 %, so far reported for two
unbiased tandem DS-PECs assembling a BiVO4/CoOx photoanode with NiO|pRu-poly-Ru-Rucat
photocathodes integrating the ruthenium-based Ru(bpy)(CO):Cl> catalyst.!>!¢ Of note, in this
study, electropolymerization of the Ru dye molecules at the surface of the NiO film drastically

increased the stability and therefore the performances of the device.

Pursuing the research efforts on the integration of molecular CO; reduction catalysts in
photoelectrochemical devices is essential to eventually contribute to the development of atom-
saving, cost-effective and sustainable energy conversion processes. In this study,
photoelectrochemical CO: reduction was demonstrated for the first time with a dye-sensitized
photocathode based on a molecular cobalt catalyst, the tetraazamacrocyclic complex CoN4H.
Remarkable performances were achieved for the production of CO:-neutral syngas in fully
aqueous electrolyte, with photocurrent densities among the highest so far reported for molecular-

based photocathodes and a high positive onset potential (+1V vs RHE) for photoelectrochemical

11



activity. The latter feature was instrumental to couple this photocathode with a BiVO4-based
photoanode for water oxidation in a tandem photoelectrochemical cell functional under non-biased
conditions. This paves the way towards the use of dyes exclusively made of earth-abundant
elements as well as surface engineering strategies to optimize the molecular loading in order to

further increase the performances.
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