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Dye-sensitized photo-electrochemical cells (DS-PECs) form an emerging technology for the large-scale
storage of solar energy in the form of (solar) fuels because of the low cost and ease of processing of their
constitutive photoelectrode materials. Preparing such molecular photocathodes requires a well-controlled
co-immobilization of molecular dyes and catalysts onto transparent semiconducting materials. Here we
used a series of surface analysis techniques to describe the molecular assembly of a push—pull organic dye
and a cobalt diimine—dioxime catalyst co-grafted on a p-type NiO electrode substrate. (Photo)
electrochemical measurements allowed characterization of electron transfer processes within such an
assembly and to demonstrate for the first time that a Co' species is formed as the entry into the light-driven
H, evolution mechanism of a dye-sensitized photocathode. This co-grafted noble-metal free H,-evolving
photocathode architecture displays similar performances to its covalent dye—catalyst counterpart based on
the same catalytic moiety. Post-operando time-of-flight secondary ion mass spectrometry (ToF-SIMS)
analysis of these photoelectrodes after extensive photoelectrochemical operation suggested decomposition
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Introduction

The production of fuels via artificial photosynthesis is a prom-
ising solution for the storage of solar energy.” Among other
solar fuel technologies, photoelectrochemical cells (PECs)
couple light harvesting with fuel-forming catalysis in a single
device.” Dye-sensitized PECs (DS-PECs) are a particular class of
such devices that relies on molecular active components —
a catalyst and a photosensitizer - immobilized at the surface of
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design of optimized molecular DS-PEC components with increased robustness upon turnover.

transparent conductive electrode substrates, extending the
concept of (tandem) dye-sensitized solar cell (DSSC) tech-
nology.”™ In that frame, significant achievements have been
reported in the last four years regarding the preparation of dye-
sensitized photoanodes achieving water oxidation®*"*** as well
as photocathodes active for H, production®'*** or CO, reduc-
tion,*»** including their implementation in operating tandem
DS-PECs.>***? The development of dye-sensitized photoanodes
has reached milestones owing to surface engineering
approaches'** leading to improved light-harvesting and cata-
Iytic efficiencies, coupled to the comprehension of degradative
mechanisms* and their circumvention. In contrast, H,-evolving
photocathodes, which only came to light recently, are lagging
behind in terms of understanding and triggering factors that
govern their activity and are thus the weak part in the
construction of tandem DS-PECs. The challenging development
of these photocathodes has explored several architectures that
use either layer-by-layer,® supramolecular,'® covalent®**®
assemblies or co-grafting*®>*>%3*3¢ to couple a catalyst and a dye
on a suitable cathode substrate, typically p-type semiconducting
nickel oxide (NiO).*”** Among them, the co-grafting strategy has
proven effective to prepare photocathodes implemented in the
first operating tandem DS-PECs.'**° However, direct compar-
ison with other architectures has never been addressed in the
literature to date, and while detailed mechanistic information

Chem. Sci,, 2018, 9, 6721-6738 | 6721
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Fig.1 Schematic energy diagram of the NiOIRBG-174ICoc¢11p photocathode. See text for the estimation of energy levels at pH = 7. Potentials for
the redox couples of RBG-174 have been determined as described in ref. 48 from data found in ref. 40.

becomes available for co-grafted photocathodes based on FeFe
H,-evolving catalysts,*****¢ such information is still scarce on
these best performing architectures exploiting the popular
cobaloxime and diimine-dioxime cobalt -catalysts.'80>>2°
Finally, in-depth, including post-operando, molecular charac-
terization of such architectures is also lacking, although they
are direct prerequisites to further improve performance.

In this study, we developed and characterized a novel co-
grafted photocathode combining the organic push-pull dye
RBG-174 (Fig. 1), previously reported for p-DSSC applica-
tions,***® with a novel derivative of the cobalt diimine-dioxime
hydrogen-evolving catalyst [Co(DO)(DOH)pnBr,],** Coci1p,
bearing a terminal phosphonic acid anchoring group (Fig. 1).
Full characterization at the molecular level of the co-sensitized
NiO photocathode was achieved using a combination of X-ray
photoelectron spectroscopy (XPS), time of flight-secondary ion
mass spectrometry (ToF-SIMS), and UV-visible absorption
spectroscopy. Importantly, we use electrochemistry to describe
electron transfer processes and catalyst activation within mes-
oporous NiO films. Under visible light irradiation, the photo-
electrochemical generation of the reduced Co(i) state of
Cocy1p Was demonstrated, as an entry point into H, evolution
catalysis. This construction proved operational for photo-
electrochemical H, evolution under fully aqueous conditions
with performances similar to the previously reported covalent
dye-catalyst assembly design based on the same molecular
catalyst.”” Finally, we show here that ToF-SIMS surface analysis
is instrumental in identifying decomposition pathways of the
grafted molecular components.

Experimental part
Reagents and materials

Solvents, starting materials, and supporting electrolyte salts were
purchased from Sigma-Aldrich and used without further

6722 | Chem. Sci., 2018, 9, 6721-6738

purification, unless otherwise stated. F108 polymer and decyl-
phosphonic acid (C;oP) were purchased from Sigma-Aldrich.
Anhydrous NiCl, was purchased from Strem and stored in a glo-
vebox. Diethyl undec-10-yn-1-ylphosphonate (PgCoC=CH) was
purchased from Sikemia. N*-N*-(2-Azidopropane-1,3-diyl)
bis(butan-2-imine-3-oxime)  ((DOH),N;pn) custom-
synthesized by Provence Technologies according to our previ-
ously reported procedure.** [Co(DO)(DOH)pn|Br, and [Cu(DO)-
(DOH)N;pn(OH,)|(ClO,) were prepared following reported
procedures.”»** The synthesis of RBG-174 has been described
elsewhere.*® Dry dichloromethane and dry acetonitrile were ob-
tained by distillation on CaH, and kept under Ar. Unless other-
wise stated, all reactions in solution were performed at room
temperature under atmospheric conditions. Two types of NiO
substrates were used. Screen-printed NiO films (two layers, ~1.7
pum thick) were purchased from Dyenamo AB, Stockholm, Swe-
den.*® Alternatively, spin-coated NiO films (~0.5 um thick) were
prepared using F108-templated sol-gel chemistry as previously
described.”

was

Synthesis

Cuci1pee- [Cu(DO)(DOH)N;pn(OH,)](ClO,) (70 mg, 0.24 mmol,
1.0 equiv.; Fig. 2) and PgCoC=CH (108 mg, 0.24 mmol,
1.0 equiv.; Fig. 2) were introduced in 6 mL of a methanol/water
(2 : 1) mixture, without complete dissolution of the starting
materials. The mixture was flushed with Ar, and sodium ascor-
bate (43 mg, 0.22 mmol, 0.9 equiv.) and CuSO,-5H,0 (18 mg,
0.07 mmol, 0.3 equiv.) were added. The mixture was stirred at
room temperature for 2 days. The reaction mixture was concen-
trated. The crude mixture (containing the perchlorate salt of
Cucyipey) Was purified by flash chromatography on silica gel
using a gradient (39 : 1 to 8 : 2) of MeCN/aqueous KNOj; solution
(saturated solution diluted at 10%).>*>** The purified fraction
contains Cucyipge as a nitrate salt. MS (ESI+): m/z caled for Cye-
H,4,CuN,OsP 631.3; found 631.3 [M — OH, — NO; |". It was

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Synthetic pathway to the Coci1p phosphonic acid derivative.

dissolved in the minimum volume of MeOH and precipitated by
addition of an aqueous KPFg-saturated solution to yield Cucy1pge
(hexafluorophosphate salt) (86 mg, 48% yield; Fig. 2). HR-MS
(ESI+): m/z caled for C,¢H,,CuN,OsP 631.2667; found 631.2668
[M — OH, — PF, "

Cociipee- TO a solution of Cuciipre (220 mg; crude mixture
containing the perchlorate salt) in acetone (50 mL) was added
~5 equiv. of CoCl,-6H,0 (354 mg, 1.49 mmol, 5 equiv.). The
mixture was stirred under vigorous air bubbling at R.T. for 2
hours, left overnight under stirring and again under air
bubbling for 4 hours. The solvent was evaporated and the crude
was purified by flash chromatography on silica gel usinga 1: 0
to 8:2 gradient of MeCN/aqueous KNO; solution (saturated
solution diluted at 10%). The solid obtained was dissolved in
a minimal amount of MeOH and an aqueous NaBr-saturated
solution was added until a green compound precipitated.
After concentration to remove MeOH, the precipitate was
filtered and washed with several fractions of water before drying
under vacuum to yield the expected Cociipge compound as
a green powder (42 mg, 18% yield; Fig. 2). "H NMR (CD5CN, 300
MHz): ¢ (ppm) 19.28 (s, 1H, bridging H), 7.85 (broad s, 1H),
5.76-5.50 (m, 1H), 4.67-4.31 (m, 4H), 4.10-3.84 (m, 4H), 2.79-
2.62 (m, 2H), 2.59 (s, 6H), 2.54 (s, 6H) 1.78-1.61 (m, 4H), 1.60-
1.44 (m, 2H), 1.45-1.29 (m, 10H), 1.26 (t, 6H, J = 7.1 Hz). °C
NMR (CD;CN, 75 MHz): 6 (ppm) 177.9, 157.9, 148.8, 122.4, 62.1,
62.0, 58.6, 31.2, 31.0, 30.2, 30.0, 29.8, 29.8, 26.8, 26.2, 25.0, 23.3,
23.2,18.6,16.9, 16.8, 14.1. >'P NMR (CD;CN, 121 MHz): 6 (ppm)
33.30. MS (ESI+): m/z caled for CycH,,BrCoN,OsP 706.2; found
706.1 [M — Br~]". HR-MS (ESI+): m/z caled for Cy6H,,BrCoN,O5P
706.1886; found 706.1887 [M — Br .

Coci1p- CUcyipee (42 mg, 0.05 mmol, 1 equiv.) was dissolved
in 5 mL of dry DCM in an inert atmosphere. A solution of TMSBr
(46 pL, 0.35 mmol, 6.5 equiv.) in 2 mL dry DCM was added
dropwise. The mixture was stirred under Ar for 42 hours at R.T.
The solvent was removed under vacuum. 4 mL MeOH was
added and the reaction was stirred for 3 hours at R.T. The
solvent was removed under vacuum to give the expected Coci1p
as a green powder (37 mg, 94% yield; Fig. 2); "H NMR (CD;0D,

This journal is © The Royal Society of Chemistry 2018

300 MHz): ¢ (ppm) 8.54 (broad s, 1H), 5.94 (m, 1H), 4.78 (s, 2H),
4.76 (s, 2H), 2.86 (m, 2H), 2.71 (s, 6H), 2.58 (s, 6H), 1.83-1.52 (m
6H), 1.50-1.31 (m, 10H); bridging H observed in DMSO-d¢ at 6 =
19.27 ppm. *C NMR (CD;0D, 75 MHz): § (ppm) 179.1, 158.3,
126.6, 61.5, 54.6, 31.7, 31.5, 30.3, 30.2, 30.2, 30.1, 29.7, 25.0,
23.8, 23.8, 18.3, 13.8. >'P NMR (CD;0OD, 121 MHz): 6 (ppm)
31.69. MS (ESI+): m/z caled for C,,H3oBrCoN,OsP 650.1; found
650.3 [M — Br]"; MS (ESI-): m/z caled for C,,H;3Br,CoN,O5P
730.0; found 729.8 [M — H']". HR-MS (ESI+): m/z caled for
Cy2H30BrCoN,05P 650.1266; found 650.1260 [M — Br |". Elem.
anal. caled for C,,H39Br,CoN;OsP + 1.35H,0 + 1.05 NaBr: C,
30.60; H, 4.87; N, 11.35; found: C, 30.74; H, 4.81; N, 11.20.

Molecular grafting onto NiO films

Freshly prepared spin-coated NiO substrates were treated in an
ozone cleaner (Ossila E511) for 10 minutes just before dipping
into the sensitizing bath. Commercial Dyenamo substrates were
sintered under atmospheric conditions in a Harry Gestigkeit flat
titanium furnace operated with a Detflef Gestigkeit-
Programmer PR5 control board with the following tempera-
ture program: R.T. to 450 °C (30 min), 30 min at 450 °C. The
substrates were cooled to ca. 90 °C before dipping into the
sensitizing bath. Sensitization was performed in PTFE boxes
containing 10 mL of a Coc;4p Or a decylphosphonic acid (C;0P)
methanolic solution (0.5 mM; 5 pmol of compound). Between 3
and 6 electrodes were introduced in the same PTFE box. The
boxes were closed and the electrodes were left for 24 h under
orbital stirring. The electrodes were removed from the solution,
washed by dipping into pristine methanol for 10 min under
orbital stirring and dried with N,, to yield the Coc;1p-modified
(or C1oP-modified) electrodes.

For co-grafting, Dyenamo films were first sintered at 450 °C,
then cooled to ca. 90 °C and a first UV-visible spectrum of the
NiO electrodes (blank) was recorded. Then, the films were
heated again (ca. 90 °C) for 5 min. The electrodes were then
dipped in the grafting solution for 66 h under orbital stirring.
The films were removed from the solution, washed by dipping

Chem. Sci,, 2018, 9, 6721-6738 | 6723
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into pristine methanol for 5-10 min under orbital stirring and
dried with N, to give the NiOICoc;1p electrodes. A second UV-
visible spectrum of the sensitized NiO electrodes was recorded
at this stage. The plates were further dipped in PTFE boxes
containing 10 mL of a 0.5 mM RBG-174 (5 umol) methanolic
solution. The boxes were closed and the electrodes allowed to
sensitize for 2 h under orbital stirring. The films were removed
from the solution, washed by dipping for 10 min in methanol
under orbital stirring and dried with N, to yield the NiOIRBG-
1741Cocy1p electrode. A final UV-visible spectrum of the co-
sensitized NiO electrodes was recorded. NiOlICocq1p control
electrodes were kept after the first grafting stage. A distinct
procedure was used to co-sensitize spin-coated NiO substrates.
These substrates require ozone treatment before soaking over-
night in Cocq4p or decylphosphonic acid (0.5 mM, CH;OH)
solution, rinsed with CH;OH for 5 min and then soaked in RBG-
174 (0.5 mM, CH,Cl,) solution for 15 min. Reference NiOIRBG-
174 electrodes were prepared from Dyenamo NiO films sintered
with the temperature program described above, but allowed to
cool down to R.T. before sensitization. A first UV-visible spec-
trum of the pristine NiO electrodes was recorded. Then, the
plates were dipped into a 0.5 mM RBG-174 methanolic solution
(10 mL). The boxes were closed and the electrodes allowed to
sensitize for 2 h under orbital stirring. The films were removed
from the solution, washed by dipping into pristine methanol for
10 min (orbital stirring) and dried with N, to yield the NiOIRBG-
174 control electrodes. Finally, a UV-visible spectrum of the
sensitized NiO electrodes was recorded.

Physical measurements

NMR spectra were recorded at 298 K in 5 mm o.d. tubes on
a Bruker 300 spectrometer equipped with a QNP probehead
operating at 300.0 MHz for 'H, 75.5 MHz for **C and 121.5 MHz
for *'P. Chemical shifts reported in ppm are given relative to
TMS. 'H and **C NMR spectra were referenced internally to the
residual solvent resonance. *'P NMR spectra were calibrated
against an external 85% H;PO, reference or an internal H;PO,
85% reference by inserting a glass-sealed pipette tip filled with
85% H;PO, standard in the 5 mm o.d. tube containing a solu-
tion of the compound to be analyzed. Mass spectra were
acquired on a Thermo Scientific LXQ mass spectrometer
equipped with an electrospray source, at the SYMMES labora-
tory of INAC (CEA-Grenoble). Accurate mass measurements
(HRMS) were performed on a Bruker maXis mass spectrometer
by the “Fédération de Recherche” ICOA/CBM (FR2708) platform
and elemental analysis on a Thermofisher Scientific “Flash
2000” by the “Plateforme d'analyse pour la chimie” (GDS 3648,
Strasbourg). UV-visible absorption spectra of the plates were
recorded with an Agilent Technologies Cary 60 UV-Vis spec-
trometer. For each spectrum, a baseline corresponding to the
related underlying glass|FTO support was recorded and auto-
matically subtracted from the spectrum of the electrode.
Differential spectra were obtained by subtraction of spectra
prior and after sensitization with RBG-174. 2 m-long optic fibers
and coupling unit (Hellma) were used to measure spectra in the
glovebox. XPS analyses were performed with a VersaProbe II

6724 | Chem. Sci., 2018, 9, 6721-6738
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spectrometer from Physical Electronics using a high-resolution
monochromatic Al-K,, line X-ray source at 1486.7 eV. A fixed
analyzer pass energy of 23 eV was used for core level scans
leading to an overall energy resolution of 0.6 e€V. Survey spectra
were captured at pass energy of 117 e€V. The photoelectron take-
off angle was 45°, which provided an integrated sampling depth
of approximately 5 nm. All spectra were referenced against an
internal signature, typically by adjusting the C 1s (C-C/C-H)
level peak at a binding energy of 284.8 eV. When necessary, the
background was fitted by a 4™ order polynomial contribution
that was then subtracted to obtain background-subtracted
spectra. Time-of-Flight Secondary Ion Mass Spectrometry
(ToF-SIMS) were recorded on a Physical Electronics TRIFT III
ToF-SIMS instrument operated with a pulsed 22 keV Au' ion
gun (ion current of 2 nA) rastered over a 300 pm x 300 pm area.
An electron gun was operated in pulsed mode at low electron
energy for charge compensation. Ion dose was kept below the
static conditions limit. Data were analyzed using the
WinCadence™ software. Mass calibration was performed on
hydrocarbon secondary ions.

Electrochemistry

Electrochemical data were acquired with a Biologic VSP 300 or
a Princeton Applied Research Ametek PARSTAT 4000 potentio-
stat for measurements in the glovebox. Electrochemical
measurements were conducted in 3-electrode cells made of two
compartments separated by a porous glass frit or a Nafion® N-
117 (180 um, 0.90 meq g~ ' exchanging capacity) membrane in
the case of aqueous electrolytes. The working electrode was
a decorated or a pristine NiO electrode (Dyenamo). In one case,
the NiO electrode was covered by a galvanoplastic scotch tape
bearing a hole of 8 mm diameter to determine the electroactive
area (S = 0.5 cm?) and clamped against a 9 mm diameter hole in
the electrochemical cell, with an intercalary O-ring seal to
ensure tightness at the junction. In the other case, the electro-
active area was determined by applying a galvanoplastic tape at
the top of the mesoporous NiO part, which was dipped in the
electrolyte. The electrical contact was taken at the FTO part of
the electrodes. The reference electrode was made of a Ag/AgCl
wire dipped into a KCI 3 M aqueous solution, separated from
the supporting electrolyte by a Vycor® frit, and denoted below
as Ag/AgCl. The counter electrode was a titanium wire. The
working and reference electrodes were placed in the same
compartment and the counter electrode in the other one. A
NaCl 0.1 M aqueous solution (approx. pH 6.4) was used as the
supporting electrolyte for the electrochemical characterization
of the plates. The supporting electrolyte was degassed with
a flow of water-saturated N, for at least 10 min before the
measurements. The N, flow was removed from the solution but
left in the headspace of the cell for the duration of the experi-
ment. Cyclic voltammograms were typically conducted at a scan
rate of 10 mV s~ *. The potential of the reference electrode was
calibrated at the beginning and the end of each day in an
external electrochemical setup, using a glassy carbon electrode
(S = 0.196 cm?) and a platinum wire as working and auxiliary
electrodes, respectively. The calibration was realized with

n
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[K4Fe(CN)q] in either 0.1 M or 0.9 M potassium phosphate buffer
at pH 7 (ref. 44) and conversion of potentials against the Normal
Hydrogen Electrode (NHE) and the Reversible Hydrogen Elec-
trode (RHE) was performed as previously described.?* Spectro-
electrochemistry measurements were performed in a 1 cm X
1 cm x 4 cm quartz cell as the electrochemical cell, placed in
the beam of an Agilent Technologies Cary 60 UV-Vis spec-
trometer. The working electrode was a pristine or a decorated
NiO electrode and was set perpendicular to the analytical beam.
A Pt wire and a Ag/AgCl electrode served as counter and refer-
ence electrodes, respectively. The NaCl 0.1 M aqueous solution
was degassed with Ar prior to the measurements and a constant
flow of Ar was let in the headspace of the cell during the
acquisition. Chronoamperometric measurements at different
applied potentials were performed. UV-visible spectra were
acquired after 30 s of equilibration at the considered potential.
Spectro-photoelectrochemistry measurements were achieved on
functionalized spin-coated NiO electrodes in a glovebox. The
sensitized electrode was taken into the glovebox and measure-
ments were made in dry CH3;CN with 0.1 M nBu,NPF, (dried
overnight under high vacuum). The counter electrode was a Pt
wire and the reference was a leak-free Ag/AgCl (Multichannel
Systems). Potentials were referenced to NHE as previously re-
ported.*® Each potential was held for 5 min under irradiation.
Then the electrode was disconnected, irradiation was shut
down and a UV-visible spectrum was taken.

Photoelectrochemistry

The light beam was generated by a Newport ozone-free xenon
lamp operated at 280 W mounted with a Spectra-Physics 6123NS
liquid filter for elimination of IR radiation and a Spectra-Physics
59472 UV cut-off filter (A > 400 nm). Incident light flux on the
working electrode was calibrated at 50 mW cm™> (nearly
equivalent to 1 sun) with a Newport PM1918-R power-meter
coupled to a Newport 919-020-12 photodiode or with a New-
port Control 91150V photodiode/power-meter setup. A Jeulin
frequency generator was used to drive an automatic shutter via
a Newport electronic shutter controller to shine light at regular
intervals in the case of chopped-light measurements. Photo-
electrochemical measurements were conducted in a specifically
designed three-electrode cell made of two compartments sepa-
rated by a porous glass frit. The working electrode was a func-
tionalized or pristine spin-coated NiO substrate dipped in the
electrolyte. The electroactive area was determined by applying
galvanoplastic tape at the top of the mesoporous NiO film. The
working electrodes were irradiated from the front. A stream of
N, was bubbled in the electrolyte for at least 20 min prior to the
measurement, under stirring. Linear sweep voltammograms
were recorded at a scan rate of 10 mV s~ !, sweeping from anodic
to cathodic potentials. Before starting the experiment, the
cathodic compartment of the electrochemical cell was tightly
closed and the N, stream was stopped. The volumes of the
electrolyte and headspace in the cathodic part were typically ca.
4.0 mL and 1.3 mL, respectively. In a typical experiment, the
electrode was poised at the desired potential in the dark for 60 s
prior to irradiation. The electrolyte used was a MES (2-(N-

This journal is © The Royal Society of Chemistry 2018
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morpholino)ethanesulfonic acid) 0.1 M/NaCl 0.1 M aqueous
buffer at pH 5.5. GC analysis of the headspace was realized by
sampling 50 pL of the headspace with a gas tight syringe
through a silicone septum. The content of the syringe was
introduced into the injector of a Perkin-Elmer Clarus 500 gas
chromatograph equipped with a Porapack Q 80/100 column (6’
1/8") thermostatted at 40 °C and a TCD detector thermostatted
at 100 °C. The area under the H, peak relates to the concen-
tration of hydrogen in the headspace using a calibration curve
plotted from known concentrations of H,.

Results

Synthesis of a phosphonate-derivatized cobalt diimine-
dioxime complex

The phosphonate-derivatized Cocy1p complex was prepared
using the copper-catalyzed azide-alkyne cycloaddition (CuAAC)
of [Cu"(DO)(DOH)N;pn(OH,)](Cl0,)*® with the commercially
available alkyne linker PgCoC=CH featuring a terminal diethyl
ester phosphonate anchoring group. The resulting Cuciipge
complex (Fig. 2) was characterized by mass spectrometry before
cobalt substitution for copper in the diimine-dioxime coordi-
nation sphere.”” The crude mixture was purified by flash chro-
matography on silica gel using a mixed organic/aqueous KNO;
eluent. This procedure was previously employed for positively
charged substituted copper diimine-dioxime complexes.”**
Under these conditions, anation partially occurs and precipi-
tation with a saturated aqueous NaBr solution yielded the pure
Cociipre derivative containing axial bromide ligands. Final
deprotection of the diethyl ester phosphonate with TMSBr
afforded the phosphonic acid derivative Cociip with good
yields.

Preparation of functionalized NiO electrodes

Mesoporous NiO films were soaked in a 0.5 mM Cocy,p meth-
anolic solution to yield the NiOlCocy1p sensitized electrodes
(Fig. 3) as described in detail in the experimental part. Co-
sensitized NiOIRBG-174|Cocy1p €lectrodes were obtained using
a two-step procedure. Alternatively, decylphosphonic acid
(C1oP) was used as a cobalt-free Cocy;p mimic to obtain
NiOIRBG-174IC,,P control electrodes with similar surface
organization but no catalytic core (Fig. 3). For the sake of
comparison, we also prepared NiOIRBG-174 electrodes by
sensitization of the NiO substrates with RBG-174 only (Fig. 3).

XPS analyses of the electrodes

The XPS spectrum of NiOICoc,1p displays two peaks in the Co 2p
core level region (Fig. 4 and S4, S5). These peaks superimpose
on the top of a broad and intense signal at 765-790 eV present
in the pristine NiO spectrum (Fig. S3-S51) and likely assigned to
some of the LMM Auger lines of Ni.*® A polynomial background
subtraction was used to identify the contribution of the Co 2p;,
and Co 2py,, signatures (Fig. 4) of grafted Cocy,p centered at
780.8 and 795.6 eV, respectively. A signal in the 398-402 eV
range of the N 1s core level region (Fig. S61) corresponds to N
atoms present in grafted Cocy1p.*” The P 2p core level region

Chem. Sci,, 2018, 9, 6721-6738 | 6725
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evidences a peak centered at 131.8 eV (Fig. S61), which was
assigned to the phosphonate anchoring group.*®

The NiOIRBG-174 electrode displays a broad signal around
400 eV in the N 1s core level region (Fig. S61) which likely
originates from the nitrogen atoms of the triphenylamine***°
and naphthalene monoimide moieties in RBG-174. The peak
centered at 163.8 eV in the S 2p core level region correlates quite
well with the one evidenced for thiophene moieties in similar
TiO,-immobilized organic backbones.** This signal is hence
ascribed to the two sulfur atoms in RBG-174.

The NiO|RBG-174|Coc;p €lectrodes display an X-ray photo-
electron spectrum in the Co 2p core level region (Fig. 4) similar
to that of the NiOICoc;4p electrodes (Fig. 4) with two peaks at
780.6 and 796.6 eV. Also, the signature of the phosphonic acid
anchor of Cocyqp is observed (Fig. S6T) with a peak centered
around 132 eV in the P 2p core level region. The S 2p signal
assigned to the sulfur atoms of RBG-174 is also seen (Fig. S67).
The N 1s core level region displays a large peak at 398-402 eV
(Fig. S67T). This peak is likely a combination of the signatures
of the N atoms in Coc¢;,p and in RBG-174.

6726 | Chem. Sci,, 2018, 9, 6721-6738

ToF-SIMS analyses of the electrodes

The electrodes were further analyzed by Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS). This technique
probes the extreme surface of films to provide mass-related
molecular information at the monolayer level, and is thus
extremely relevant in the context of co-grafted electrodes. For
the NiOICoc;1p electrode, parts of the spectrum obtained in the
positive mode are shown in Fig. 5a and b. Even though no
molecular peak was detected, several characteristic secondary
ions were identified for the different parts of the molecule,
giving a trustful indication of the detection of the complete
Cocyp after grafting. Possible fragmentation pathways leading
to the main high mass characteristic peaks detected in the
positive mode are summarized in Fig. S7f. A set of peaks of
interest is located around m/z = 650 (Fig. 5a). In this set,
a contribution from Cocy;p minus its phosphonate group can be
identified, with a theoretical isotopic pattern exhibiting a major
peak at m/z = 650.068 (the peak is detected at m/z = 650.09) and
secondary ones at m/z = 648.070 (the peak is detected at m/z =
648.07) and 652.066 (the peak is detected at m/z = 652.09) ex-
pected to be in the 1/2/1 intensity ratio given the two main
isotopes of Br and a two Br-based composition (Fig. S77). Please
note that for the sake of clarity, ToF-SIMS detected m/z are given
with two decimal places while the exact m/z of the proposed
fragments for peak attributions are given with three decimal
places. By the subsequent loss of a Br~ ligand, joined contri-
butions can be detected in the set of peaks around m/z = 571,
more precisely at m/z = 569.14 and 568.12, respectively (Fig. 5b).
These contributions either imply deprotonation or an in-source
reduction of Co™ to Co™ during MS data collection. Interest-
ingly, a peak at m/z = 627.14 (Fig. 5a) was also observed and was
ascribed to the molecule without any Br~ ligand but containing
Ni and corresponding to the exact mass of 627.129 (Fig. S77).
This signature emphasizes a grafting on the NiO surface via the
phosphonate binding, which is also confirmed by the observa-
tion of fragments containing Ni, O and P in the negative mode
spectra ([NiPO4H]™ and [NiPOs;H,]” with exact mass 153.897,
resp. 170.899, detected at m/z = 153.88, resp. 170.90; Fig. S87).**
On the other hand, the set of peaks around m/z = 650 (Fig. 5a)

This journal is © The Royal Society of Chemistry 2018
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clearly exhibits intensity ratios still different from the ones ex-
pected for the contribution proposed above (Cociip minus
phosphonate). Another contribution can indeed be Cociip
minus one Br~ ligand that should display two major signatures
with exact mass of 650.127 and 652.124 in similar intensities
(due to the two main isotopes of Br and a one Br-based

This journal is © The Royal Society of Chemistry 2018

composition) (Fig. S7f). This fragment can further lose
a second Br~ ligand with deprotonation or in-source reduction
to Co" leading to peaks with exact mass of 570.201 and 571.208,
being detected at m/z = 570.13 and 571.17, respectively
(Fig. S71). These signatures are actually observed in the set of
peaks around m/z = 571 (Fig. 5b). This second fragmentation
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pathway might indicate a non-covalent grafting mode (H-
bonding of phosphonic acid groups or physisorption) for
a certain amount of Cocyp molecules. Of note, both fragmen-
tation pathways described above further lead to the same lower
mass fragment (Fig. S7t) corresponding to the molecule after
loss of one phosphonate and two Br™ ligands with exact mass of
489.227 and detected at m/z = 489.21 (Fig. S97). This fragment is
additionally split into a series of secondary ions by the stepwise
losses of CH, fragments, well correlated with the set of peaks

6728 | Chem. Sci,, 2018, 9, 6721-6738

with a m/z = 14 difference (peaks detected at 475.22/461.19/
447.19/433.18/419.15/405.15 in Fig. S9tf, exact masses are
given in Fig. S77).

The analysis at the NiOIRBG-174 electrode in the positive
mode displays noteworthy fragments at high molecular mass
(Fig. 5¢). A set of peaks in the m/z = 850-855 range (amongst
others a peak detected at m/z = 852.26) is a clear indication of
the molecular ion [RBG-174]" of exact mass = 852.233 (Fig. 5c).
This signature is direct evidence that the molecule is intact after

This journal is © The Royal Society of Chemistry 2018
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grafting. Additional peaks detected at m/z = 835.21 and 807.25
respectively correspond to the loss of a hydroxyl group from
a carboxylic moiety yielding the [RBG-174 - OH][" fragment (exact
m/z = 835.230) and to a further decarbonylation to give [RBG-174
- OH - COJ" (exact m/z = m/z = 807.235), as shown in Fig. S107.

The NiOIRBG-174ICoc;1p co-grafted electrode displays the
expected mixed set of peaks. First, the set of peaks detected at
m/z = 852.21 and 835.24 (Fig. 6a) are in line with the ones
observed on NiOIRBG-174 electrodes (Fig. 5c). On the other
hand, the peaks detected at m/z = 650.07, 627.11 and 569.14
(Fig. 6b and c) correspond to Cocy4p fragments (Fig. 5a and b).
Thus, the signatures of both RBG-174 and Coc;4p are detected at
the surface of the NiOIRBG-174|Coc,1p €lectrode.

UV-visible spectroscopy

The NiO background-subtracted spectrum of NiOIRBG-174 is
displayed as an orange line in Fig. 7. The signature of
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Fig. 7 UV-visible absorption spectra of the NiOIRBG-1741Coc11p
electrode after subtraction of the spectrum of the NiOICoc1p elec-
trode (red line), of the NiOIRBG-174 electrode after subtraction of the
spectrum of the pristine NiO electrode (orange line; left scale) and of
a solution of RBG-174g,, in CH,Cl, (purple dotted line; right scale).
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immobilized RBG-174 dye at the surface of NiO is a broad band
rising from ca. 580 nm, with a maximum at 360 nm and a marked
shoulder at 460 nm. Indeed, this feature fits well with the solu-
tion spectrum of the tert-butoxide protected analogue RBG-
174¢p, * (Fig. 7), taking into account the broadening of the UV-
visible signature commonly observed for organic photosensi-
tizers upon immobilization on transparent conducting
oxides.*** From the absorbance measured at the shoulder A
trode(449 nm) = 0.654 and the molar absorptivity of RBG-174p, at
442 nm (¢°°8°" = 27 100 M~ em "), we estimated the grafting
density of RBG-174 to be ca. 25 nmol cm ™2 using eqn (1):**

Aelectrode (A (esolulion) )

max

I's = -
lut;
1000 x esolution

(1)
where e245°™ is the maximum absorptivity of the compound in
solution and A%'**™9¢(}) the absorbance of the electrode at the
indicated wavelength.

The UV-visible spectrum of NiOIRBG-174/Coc4p is shown as
ared line in Fig. 7 after subtraction of the NiOICoc14p Spectrum
recorded on the same electrode prior to dying with RBG-174.
In that way, we picture the sole contribution of RBG-174.
Accordingly, a signature similar to NiOIRBG-174 is observed,
although with a 43% lower intensity at the shoulder, corre-
sponding to a grafting density estimated at I'gpg_174 = 10.4

nmol ecm™2.

(Spectro)electrochemistry of NiOICoc,;p electrodes

The cyclic voltammograms recorded at NiOlCocyqp and
NiOIRBG-174ICocy1p in NaCl 0.1 M aqueous electrolyte are
shown in Fig. 8. A reversible wave at 1 (Ep, + Epc) = —0.37 V vs.
NHE is observed on the NiOICo¢,,p electrode (Fig. 8a and S117).
This wave is not displayed on the blank electrode (Fig. S11}) and
is hence attributed to a redox couple introduced after sensiti-
zation with Cocyp. No major modification of the wave is
observed upon cycling, which points to a surface-immobilized
redox species.

UV-visible spectroelectrochemistry allowed this redox
process to be assigned to the Co™" transition in [Co(DO)(DOH)
pnBr,]. The UV-visible spectrum recorded at the NiOICoc11p
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electrode poised at a potential more cathodic than this process
(—0.84 V vs. NHE) indeed evidences a signature of the Co' state
of [Co(DO)(DOH)pnBr,],* with two broad peaks at ca. 573 and
708 nm (Fig. S121). This signal is not observed for the same
electrode poised at a potential anodic to the redox process
(—0.24 V vs. NHE) nor for the blank electrode (Fig. S127).

When the applied potential is cathodically swept, progres-
sive building of the Co' species is clearly monitored on the
difference UV/Vis spectra depicted in Fig. 9. The signature of the
formed surface-immobilized species is in very good agreement
with the one of the [Co'(DO)(DOH)pnL] complex® and
compares well with that previously reported for an ITO-grafted
similar cobalt diimine-dioxime complex.>® Assuming that the
molar absorptivity coefficient (e5\ m = 8300 L mol~* cm™?) of
[Co'(DO)(DOH)pn(CH;CN)] (Fig. S131) at peak maximum does
not vary significantly when shifting from MeCN to water, this
signature allowed us to evaluate the surface coverage in Coc11p;
we determined the surface loading I'cociip = 4.5 nmol cm ™
from the photoelectrochemically measured absorbance value
ANIOICOCHIP(601 nm) = 0.037 (Fig. 9) using eqn (1).%*

NiO is a p-type semiconductor and should behave as an
insulator at applied potentials negative to its valence band edge,
usually reported at +0.3 to +0.5 V vs. NHE at pH 7.%” To better
understand how Co' species can be electrochemically generated
below —0.37 V vs. NHE, the scan rate dependence of the signal
was studied (Fig. 8a) between 10 and 100 mV s~ . Actually, the
peak current linearly depends on the square root of the scan
rate (Fig. 8a, inset). This observation clearly rules out the
occurrence of an interfacial electron transfer process (for which
the current would linearly depend on the scan rate) and is
indicative of a diffusion-limited process likely occurring within
the thickness of the mesoporous electrode. Modelling the
process by a single electron transfer at the interface under

40
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Fig.9 Differential UV-visible spectra of a NiOICoc11p electrode poised
in a NaCl 0.1 M aqueous electrolyte at —0.44 (magenta line), —0.54
(pink line), —0.64 (red line), —0.74 (violet line), —0.84 (purple line) and
—0.94 (navy blue line) V vs. NHE, with subtraction of the spectrum of
the same electrode poised at —0.34 V vs. NHE under identical
conditions.

6730 | Chem. Sci., 2018, 9, 67216738

View Article Online

Edge Article

diffusion-limited conditions, the peak current might be related
to the scan rate » through the following equation:***>°

. 0.4462F3C,2 8?2
’pz = TDWPV (2)

where Cy, is the concentration of the redox species in the bulk of
the solution (in mol cm™?), D,,,, the apparent diffusion coeffi-
cient of the redox species (in cm”® s™'), S the surface of the
electrode (in cm®), R, F having their usual meaning and 7'= 298
K under the experimental conditions.

The experimental data could be fitted (inset in Fig. 8a) with
a linear function of slope: a = 2.0 x 10~ A> s V', The apparent
diffusion coefficient may thus be recovered as such:

aRT

Dyp= — 3
PP 0.4462F3 C, 282 3)

with Cj, the concentration corresponding in first approximation
to the concentration of grafted Cocy4p Within the NiO layer, i.e.
[Cociiplnio- [COci1p]Nio can be obtained from eqn (4) knowing
the surface coverage in Cociip (I'cocizp = 4.5 nmol cm’Z) and
the thickness [ of the NiO film (I = 1.75 pm):

I'cq
[Cocplnio = — 7 ©

We thus estimated an apparent diffusion coefficient of
Dapp = 4.4 x 10~° em? s™'. This value ranges two orders of
magnitude higher than that expected for a charge transport
limited by the diffusion of counter-ions to species grafted on
mesoporous semi-conducting films.** We will propose an
alternative interpretation of this value in the Discussion section
(vide infra).

(Spectrophoto)electrochemistry at the dye-catalyst co-grafted
NiOIRBG-174ICo¢1p electrode

The cyclic voltammogram recorded at a NiOIRBG-174/Coc11p
electrode in the cathodic region is shown in Fig. 8b. An elec-
trochemical signature at ca. —0.40 V vs. NHE fits well with that
observed for the Co™ couple of Cocyyp (—0.37 V vs. NHE) at
NiOICoci1p electrodes. The electrochemical addressability of
the attached cobalt diimine-dioxime complex is thus retained
in the presence of RBG-174. We further investigated if the
presence of the photosensitizer could enable light-driven elec-
trochemical reduction of the Cogy1p to the Co' state when the
electrode is poised at a potential anodic to the Co™" couple. The
NiOIRBG-174ICocy1p electrode poised at —0.4 V vs. Ag/AgCl
(—0.3 V vs. NHE)* in MeCN features a band centered at
475 nm on the UV-visible spectrum (Fig. 10) indicating the
presence of a Co" complex immobilized onto the electrode
surface.” When the potential is set further downward to —0.7 V
vs. Ag/AgCl (—0.6 V vs. NHE) the band centered at 475 nm
vanishes and the broad signal characteristic of the Co' state
appears between 500 and 880 nm (Fig. 10) as shown above for
the NiOICocy4p electrode. Finally, we illuminated a NiOIRBG-
174/Cocy1p electrode poised at —0.3 V vs. NHE. The UV-visible
spectrum of the electrode clearly displayed the signature of
the Co' state of immobilized Cocy;p (Fig. 10). This observation

This journal is © The Royal Society of Chemistry 2018
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junction potential®®), —0.7 V vs. Ag/AgCl (—0.6 V vs. NHE, blue line) with
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Ag/AgCland —0.4 V vs. Ag/AgCl (—0.3 V vs. NHE) under light irradiation
(red line) with subtraction of the spectrum of the same electrode
poised at —0.4 V vs. Ag/AgCl in the dark, in CHzCN nBuysNPFg 0.1 M
electrolyte.

demonstrates that the NiOIRBG-174|Cocqp €lectrode can be
used as a photoelectrode converting photon energy into elec-
trochemical potential and enabling electron transfer between
the NiO support and the catalyst uphill to the (dark) electro-
chemical equilibrium.

Photo-electrocatalytic activity of NiOIRBG-174/Coc11p
photocathode

The NiOIRBG-174ICoc;1p electrode was analyzed by linear sweep
voltammetry (LSV) performed in MES 0.1 M/NaCl 0.1 M aqueous
electrolyte at pH 5 without and with chopped visible light irradi-
ation (A > 400 nm). A photocurrent was observed throughout the
potential range from ca. 0.65 to —0.05 V vs. RHE (Fig. 11a) with
maximum photoresponse at 0.1 V vs. RHE. Chronoamperometry
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was performed to ascertain the magnitude and stability of the
photocurrent at applied potentials relevant for solar-assisted H,
generation (Fig. 11b and S147). At 0.54 V and 0.34 V vs. RHE,
stable but low cathodic photocurrents of 0.1 and 1.0 pA cm™ > were
observed, respectively (Fig. S14t). At 0.14 V vs. RHE the photo-
current increases significantly to give —8 pA cm > and then decays
slightly over 5 minutes (Fig. 11b). The control NiOIRBG-174/C,,P
electrode without the catalytic cobalt center showed almost no
photocurrent under identical conditions (Fig. 11b and S151).
Chronoamperometry at 0.14 V vs. RHE was performed under
continuous irradiation for 2 hours at the NiOIRBG-174/Co¢q1p
electrode (Fig. S16t). The electrode produced H, with a faradaic
efficiency (FE) of 9.3% =+ 1.5. By contrast, the NiOIRBG-174IC,,P
control electrode produced only a trace of H, (FE 0.7% =+ 1.2).

Discussion

We recently reported on the activity of a dye-sensitized photo-
cathode built by immobilization of a molecular dyad on meso-
porous NiO. The dyad was composed of a push-pull organic
photosensitizer and the [Co(DO)(DOH)pnBr;,] catalytic core.”” This
photocathode was proven operative to generate H, under photo-
electrochemical conditions in aqueous media. Charge transfer
properties within this dyad are of great interest to understand how
such architecture enables H, evolution and are being currently
investigated. However, the preparation of such dyads is syntheti-
cally challenging. In an alternative approach to decrease synthetic
complexity and deconvolute effects of the photosensitizer and the
catalyst on the activity, we turned our attention to the design of
a co-grafted electrode using the same cobalt diimine-dioxime
catalyst. Phosphonate moieties are efficient anchors on trans-
parent conducting oxides (TiO,, ITO)**** and their utilization to
attach molecular catalysts onto NiO has been recently reported.”***
As such, we prepared Cocyip, @ phosphonate derivative of the
[Co(DO)(DOH)pnBr,] complex, starting from commercial
PEtCoC=CH phosphonate (Fig. 2) and the previously reported
[Cu(DO)(DOH)N;pn(OH,)|CIO0, complex using Cu-catalyzed
alkyne-azide coupling.®** Further exchanging copper(u) for
cobalt(n) coupled to air oxidation to the Co(m) state** allowed us to
isolate Cocy4p after deprotection of the phosphonic esters.

b)
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(a) LSVs at the NiOIRBG-174ICoc11p electrode with (red line), without (black line) or with chopped (blue line) light irradiation recorded at

a scan rate of 10 mV s~ and (b) current densities vs. time at NiOIRBG-1741Cocysp (blue line) and NiOIRBG-174IC,oP (black line) electrodes poised
at 0.14 V vs. RHE under chopped light irradiation, in MES 0.1 M/NaCl 0.1 M aqueous electrolyte at pH 5.5.
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Coci1p readily grafts onto mesoporous NiO electrodes, as
demonstrated by XPS analysis. The recorded Co 2p3,, signature
(Fig. 4) is in good agreement with those reported for similar
cobalt diimine-dioxime complexes grafted on ITO or
MWCNTs.”*” The presence of N and P in the backbone of
Coca1p is also observed by XPS (Fig. S61) and partially matches
XPS characterization made on a different phosphonated
[Co(DO)(DOH)pn] complex reported by Reisner and
coworkers.*” Overall, the XPS analysis is well correlated with
a surface of NiO decorated with Cocq1p.

To give stronger evidence for the structural integrity of the
molecules upon grafting, functionalized electrodes were also
characterized with a surface-specific molecular mass spectro-
metric technique, namely ToF-SIMS.** Although the Cociip
molecular peak was not detected (ToF-SIMS does not system-
atically give the detection of the molecular fragment), high mass
specific signatures of all functions of the molecule are strong
indicators for the grafting of intact Cocyyp. In addition, the
observation of secondary ions containing Ni, O and P (Fig. S8t)
supports that a fraction of Cocyp is grafted on the NiO surface
through stable Ni-O-P bonds, as previously reported for model
phosphonic acid derivatives at TiO, surfaces®® and for Ru-
trisdiimine photosensitizers onto NiO films.** Moreover, the
detection of the preserved high mass molecular ions of both the
dye and the catalyst at the co-grafted electrode indicates that the
co-sensitization process alters neither the chemical structure of
the catalyst nor that of the dye. This observation is additional
evidence for a successful co-immobilization process.

Phosphonate grafting proved stable enough to allow elec-
trochemical investigations of the interface in near-neutral
aqueous electrolytes. Cyclic voltammetry revealed a reversible
system at —0.37 V vs. NHE (Fig. 8a and S11}), which was
correlated with the Co™ event by UV-visible spectroelec-
trochemistry (Fig. 9). The UV-visible signature of the reduced
species of this couple matches well with that observed for
cobalt(1) diimine-dioxime complexes in solution (Fig. S137) or
on ITO electrodes.* The reversibility of the Co™" wave and the
observation of the Co' state further indicates poor intrinsic
catalytic activity of the NiOICoc;1p electrode for H, evolution at
neutral pH. This is in agreement with cobalt diimine-dioxime
complexes, which are active at mildly acidic pH values but not at
pH 7.* Nevertheless, a closer examination of the conduction
process within the NiOICocyqp architecture showed that the
Co™ process is diffusion-limited with an apparent diffusion
coefficient of 4.4 x 10~® em® s™'. Such a value is about two
orders of magnitude higher than that observed for species
adsorbed within mesoporous semi-conducting films for which
the charge transport is limited by the physical diffusion of ions
from the electrolyte throughout the film to ensure electro-
neutrality.® This value thus rules out a conduction process
through the NiO electrode, in line with the insulating behavior
of this substrate in the electrochemical potential window (NiO
valence band edge around 0.37 V vs. NHE at pH 7 (ref. 57) and
band gap energy of ca. 4 eV (ref. 66)). By contrast, apparent
diffusion coefficients in the same order of magnitude have been
reported for charges hopping at the surface of n-type (TiO,) or
insulating (ZrO,, Al,03) mesoporous films®” or metal organic
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frameworks (MOFs)**® deposited onto conductive glass and to
which redox probes were attached. We postulate that a similar
process of electron hopping between Co centers immobilized
along the insulating NiO layer is responsible for the conduction
observed at NiOICo¢,1p under our electrochemical conditions.
To the best of our knowledge, this behavior has not been
characterized for metal-based complexes grafted at the surface
of NiO, although a self-exchange mechanism between neigh-
boring C343 molecules grafted on NiO was proposed by
Hammarstrom and coworkers to explain the kinetics of the
photo-electrochemical processes in another series of co-grafted
H,-evolving photocathodes.”***”® Taken together, these results
confirmed that the Co' state, which is the entry point to the HER
catalytic cycle under appropriate conditions, could be reached
at NiOICoc;1p, thus paving the way to photoelectrocatalytic
studies.

With that aim, we co-grafted Cocy,p and the RBG-174 organic
photosensitizer onto NiO. XPS (Fig. 4 and S61) and ToF-SIMS
(Fig. 6) analyses of NiOIRBG-174ICoc,p clearly support the
presence of both entities on the co-grafted electrode. In
particular, fragments assigned to grafted Cocy1p (m/z = 650.07,
Fig. 6b) and RBG-174 (m/z = 852.21 and 835.24, Fig. 6a)
demonstrate that their molecular structures are retained on
NiOIRBG-174lCo¢q1p €lectrodes. These results hence validate
the straightforward co-grafting approach to obtain dye-catalyst
hybrid electrodes, which was also used by others,* but for
which in-depth molecular characterization of the final archi-
tecture was lacking. Under the grafting conditions used, the dye
loading of NiO|RBG-174ICoc;1p electrodes was estimated from
UV-visible spectroscopy to be 43% of that observed at model
NiOIRBG-174 electrodes (Fig. 7), confirming that a substantial
fraction of surface anchoring sites is occupied by Cociip
moieties.

The photoelectrochemical activity of NiOIRBG-174|Coc;1p
electrodes was assessed in aqueous buffer (pH 5.5) under
conditions similar to those used previously to characterize our
covalent dye-catalyst construct.”” The onset of cathodic photo-
currents is ca. +0.65 V vs. RHE, this reflects the potential from
which light-driven hole injection into the NiO can occur. This
potential lies within the NiO valence band, the edge of which is
estimated at ca. 0.46 V vs. RHE at pH 5.5 by a Nernstian pH
correction of the potential determined at pH 7.°” However, the
maximum steady-state photocurrents are only reached at lower
potential (0.14 V vs. RHE, Fig. S14at) and chopped-light pho-
toelectrochemical measurements at 0.54 and 0.34 V vs. RHE
display strong negative and positive transient current spikes
when the light is switched on and off, respectively. We note that
such transient current spikes are not observed on control
NiOIRBG-174IC,(P electrodes suggesting that these peaks arise
from the possibility of accumulating electrons on the cobalt
centers. Although a detailed study of the dynamics of such
a light-driven process is beyond the scope of this study, the
observation of distinct behaviors depending on the applied
potential is likely in line with the existence of two populations of
holes™ with distinct dynamics™ at the surface of NiO nano-
particles. In terms of photocurrent densities, the performance
of co-grafted NiOIRBG-174|Cocy,p €lectrodes is close to those of

n
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reported covalent constructs based on the same catalytic
centers®**® and compares well to other NiO-based molecular
photocathodes."*>** Long-term chronoamperometry measure-
ments under irradiation allowed us to correlate the photocur-
rent with H, evolution with an overall faradaic yield of 10%,
a value in line with previous reports for other molecular
photocathodes.*****> Reasons for such a low faradaic efficiency
are related to the reduction of traces of O, trapped in the
mesoporous NiO material as well as to the partial reduction of
the NiO support itself. The latter hypothesis was previously
assessed by us®* and was recently confirmed by Simonov and
coll.”

The operating mechanism of the NiOIRBG-174/Coc;4p photo-
cathode is shown in Fig. 1 with a Co' intermediate being the
entry into the H, evolution catalytic cycle.** To verify that such
an intermediate could be formed under photo-electrochemical
conditions, we performed spectro-photoelectrochemical
measurements at various applied potentials (Fig. 10) and in the
absence of available protons that would drive the system into
catalysis. First, spectroelectrochemical measurements in the dark
showed that the broad absorption band between 550 and 800 nm
(Fig. 10) corresponding to the Co' form of the catalyst is only
generated at a quite negative potential (—0.7 V vs. NHE) and that
the Co" form dominates at —0.3 V vs. NHE (i.e. ~0 V vs. RHE
under the conditions used during photoelectrochemical
measurements). Second, we observed the same UV-visible
signature after 5 min of irradiation with visible light with the
electrode held at the same potential (—0.3 V vs. NHE), confirming
the generation of a Co' intermediate. Remarkably, this signal has
a lifetime of several minutes at least under the open-circuit
conditions used for the UV-visible measurements. Such a life-
time for the reduced intermediate should likely enable it to
undergo protonation and experience further reduction so as to
produce the Co™ hydride species required for H, evolution to
proceed.**

Overall, these data demonstrate that photocathode archi-
tectures based on a co-grafted dye and catalyst can be as effec-
tive as those based on covalent dye—catalyst dyads. Whatever the
architecture, all molecular photocathodes reported so far suffer
from stability issues and display significant loss in activity over
prolonged photoelectrolysis operation. To gain more insights
into the degradation mechanisms responsible for the loss in
activity we undertook a post-operando ToF-SIMS characteriza-
tion. We took care here to make a fair but cautious interpreta-
tion of data as there are no reference ToF-SIMS spectra for the
chemical structures related to possible degradation routes.

We first observed that the relative intensity of all signals
attributed to Cociip and RBG-174 fragments in the positive
mode was lower on post-electrolysis electrodes (Fig. S171) than
on pristine ones, which points to partial detachment of dyes
and catalysts from the surface, as previously noted for similar
photocathodes in the literature.*** Still, after photo-
electrocatalytic activity we observed the signals corresponding
to intact RBG-174 (m/z = 852.19; Fig. S17at) and a dichloride
derivative of Coc;1p (Fig. S18at) at m/z = 642.19 (Fig. S17b¥).
Secondary ions containing Br~ ligands are also significantly less
observed in the negative mode spectrum recorded post-
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electrolysis (see for example the group of peaks at m/z = 79-
81 in Fig. S191 at significantly lower intensity, with the peak
detected at 78.96 being furthermore related to PO;~ of exact
mass 78.958), in line with previous studies indicating
displacement of axial halide ligands in the lower oxidation
states of cobalt diimine-dioxime complexes and replacement by
chloride anions after completion of the catalytic turnover.*"

Concerning Coci1p, comparing positive mode spectra
(Fig. S2071) shows that the relative intensity between the peak
detected at m/z = 489.22 (cleavage in o of the phosphonate
moiety) and those at lower masses characterized by the
successive losses of CH, fragments (a series of peaks at m/z from
475 to 377 described in Fig. S71) changes upon activity. As an
example, the [m/z = 489.22]/[m/z = 447.10] intensity ratio is
going from ~4.3 (£0.4) before operation to ~0.9 (£0.2) in the
post-operando characterization. This observation points that the
cleavage of the P-C bond becomes less favored compared to that
of C-C bonds in the aliphatic chain, for Cocy4p retained on the
post-activity electrode. Such a result can be tentatively explained
by the preferable retention upon activity of Cocy1p being tightly
bound to NiO and the leaching of physisorbed Coc;1p species.
Another significant point is the apparition of several new frag-
ments in the negative mode spectrum (m/z = 250.05 and 277.09;
Fig. S217). These fragments were tentatively assigned to struc-
tures for which the triazole ring of Coc;1p underwent reductive
hydrogenations and further cleavage (Fig. S18bt). Although the
1,2,3-triazole ring is reported to be resistant to hydrolysis,
oxidation, reduction, or other modes of cleavage,” these
observations could indicate that it might be prone to degrada-
tion under the photoreductive conditions generated here,
leading to a loss of active grafted Cocy1p complexes. Although
the extent of the degradation cannot be easily quantified with
this technique, we speculate that such loss of catalytic cores
probably plays a substantial role in the decrease of activity
during catalysis. Given the versatility of the alkyne-azide
coupling click reaction for the construction of photoactive
systems,>>**7¢%° this observation also calls for a dedicated study
elucidating the factors and mechanism governing such a pho-
toreductive degradation of triazole rings. Obviously, this will
require the design and synthesis of model systems that can be
studied in homogeneous solution under visible-light irradiation
with a range of spectroscopic techniques.®

Regarding RBG-174, compared to the molecular peak, lower
mass fragments (at m/z = 835.20 and 807.18) are less detected
after activity (Fig. S17at). As an example, the [m/z = 852.19]/
[m/z = 835.20] intensity ratio increases from ~1.2 (£0.1) before
operation to ~2.1 (+0.2) in the post-operando characterization.
As for Cocy1p, this observation might indicate that the retained
RBG-174 underwent a modification of its binding mode upon
turnover, which further influences the bond strength within the
carboxylic acid anchoring group, and leaching of physisorbed
RBG-174 entities. Some degradation of the RBG-174 dye struc-
ture is also observed post-operando. Namely, peaks detected at
m/z = 240.03 and 242.01 (Fig. S227) could illustrate a possible
cleavage at the triphenylamine moiety while a peak at m/z =
398.06 (Fig. S231) was attributed to a fragment of the dye
cleaved at the dithiophene unit (Fig. S18ct). The observation of
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such degradative pathways is of main note given the widespread
use of organic dyes based on triphenylamine and thiophene
units in DS-PEC applications.®™*°

In a broader context, photoelectrode materials for direct
sunlight-driven water splitting in photoelectrochemical cells
need to fulfil three main characteristics: efficiency, stability and
cost-effectiveness.*> Many options are available regarding the
light-harvesting material: extended inorganic phases, molecular
species or a hybrid combination of both as investigated here
with dye-sensitized photoelectrodes. The same applies to cata-
lysts, which can be purely inorganic materials or molecular
entities, including enzymes.

As far as photosensitive units are concerned, crystalline
inorganic semi-conductors, such as Si***®* and group III-V
semi-conductors (InP, GaP or GalnP, to quote only a few),”*
generate very high photocurrent densities and can be used in
photoanodes or photocathodes. However, these highly effi-
cient photovoltaic materials are generally expensive and all are
quite unstable when operated in the presence of aqueous
electrolytes. These materials therefore require efficient
protection against corrosion, which comes with a cost.®**°
Metal oxides like o-Fe,O3;, WO; or BiVO, are also widely
considered as visible light-harvesting materials for photo-
anodes®®* because of their low cost and good stability in
aqueous electrolytes and despite the comparatively lower
photocurrent densities they can reach. By contrast, this class
of light-harvesters is less developed for photocathode mate-
rials. Indeed, the heavily investigated visible-light absorbing p-
type metal oxides Cu,O and CuO suffer from photocorrosion
issues, unless properly protected.’”>*® Alternative options are
thus explored today, for example with tungsten selenide.®***°
The approach consisting of sensitizing semi-conductors with
organic dyes - the so-called dye-sensitized photoelectrode -
combines the low-cost of the latter approach with the
tunability of molecular compounds to enhance the light-
harvesting properties of the material. A fourth approach
relies only on organic semi-conductors that are cost-effective,
produce high photocurrents™ % but also display limited
stability during photoelectrocatalysis. Clearly, it is too early to
pick a winner within these four approaches towards photo-
electrochemical water splitting. Moreover, other effective
solutions can emerge from efforts directed to solving current
limitations of these approaches, just as the photovoltaic
perovskite technology originated from attempts to develop
more stable dye-sensitized solar cells.****

The development of dye-sensitized photoelectrodes for
water splitting is without doubt the youngest of these
approaches. Capitalizing on the DSSC technology that exploits
ultra-fast charge injection from molecular dyes into the n-type
transparent semi-conducting TiO,, dye-sensitized photo-
anodes for O, evolution rapidly reached photocurrent densi-
ties at the mA cm > level.****-** By contrast, dye-sensitized
photocathodes were first reported in 2012 (ref. 16 and 17)
and only a few operative systems have been described so
far,'1%519 which still display low photocurrent densities (tens
of pA cm™?), limited faradaic yields and short-term stability.
Indeed, such photocathodes have been mostly constructed on

6734 | Chem. Sci., 2018, 9, 6721-6738

View Article Online

Edge Article

a NiO support. The low conductivity of NiO and the presence
of intra-bandgap states that favour recombination processes
are intrinsic limitations for photocurrent generation in such
architectures.*®****** Indium tin oxide (ITO), a transparent
conducting oxide (TCO) with improved charge-transport
properties, can be used to solve this issue.>”*'*'** Also, novel
p-type transparent materials are currently investigated.
Namely delafossites CuGaO, (ref. 32) and CuCrO, (ref. 35)
already proved promising to increase photocurrent densities
as well as to shift the onset photocurrent potential by a few
hundreds of millivolts. Surface treatments are also instru-
mental in efficiently passivating surface trap states and
enhancing photocurrent generation."®** With such knowl-
edge, the design of novel dyes absorbing a larger portion of the
solar spectrum and of faster, more stable, catalysts will even-
tually allow progress towards higher performances for dye-
sensitized photocathodes.

These strategies are also supported by a clearer view on the
mechanisms and limitations of the approach, as addressed in
this work, and proposals to circumvent them. In particular, the
origin of the low faradaic efficiency towards HER observed here
and in previous studies engaging NiO-based photocath-
odes>*>7 is related to the reduction of traces of O, trapped in
the mesoporous NiO film and to partial reduction of NiO itself.
The latter hypothesis, initially proposed by us,* was recently
confirmed by Simonov and colleagues.” If higher photocurrent
densities are reached, these competitive processes may become
minor phenomena. However, solutions may as well come from
smart coverage of the NiO substrate using atomic layer depo-
sition (ALD) of passivating oxides or alternative surface treat-
ments, including non-hydrolytic sol-gel deposition,™* already
exploited to enhance performances of other metal oxide-based
photoelectrodes.”® Interestingly, ALD was proven successful
to stabilize the grafting of molecular dyes and catalysts onto
TCO.>*'” ToF-SIMS data gained in this study actually demon-
strate that the phosphonate moiety of Cocy4p is firmly bound to
the NiO support, confirming data gained from the grafting of
Ru-based dyes by phosphonate anchors on the same support.*®
Nevertheless, post-operando measurements indicate partial
leaching of phosphonate-attached species, which calls for
additional stabilization of this specific linkage. So far, TiO, and
Al,O; are the most widely used passivation/stabilization layers
deposited by ALD, although the former has n-type character'®
and the latter displays poor stability in basic aqueous media.**®
Research in this area should thus focus on the atomically
precise deposition of materials that will be redox-neutral, or of
p-type nature and stable under aqueous conditions on the long
term." A final point regards the intrinsic durability of the
molecular components themselves during turnover. In this
study, we highlight for the first time the degradation of the
triazole ring under photoreductive aqueous conditions as well
as possible cleavages of the push-pull organic dye. Here again,
ALD coating can provide a solution, namely through the
“mummy” strategy developed by T. J. Meyer and coworkers** in
which the whole molecular components are embedded into the
deposited layer. In addition, our findings may also guide the
development of more stable molecular dyes and catalysts by
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introducing a requirement for resistance to reductive condi-
tions in the early design of chemical structures for dye-
sensitized photocathodes.

Conclusion

Two main types of architectures for H,-evolving dye-sensitized
photocathodes have been described so far, depending on
whether the catalytic moiety is directly grafted on the trans-
parent conducting oxide substrates or not. This study allows for
the first time to benchmark these two architectures based on
the same catalytic moiety under similar conditions. At this
stage, we cannot conclude on the superiority of one or the other
strategy as far as the photocathode performance is concerned.
Clearly, the co-grafting strategy offers more flexibility regarding
the possibility to tune surface ratios between the dye and cata-
lyst and is much less demanding in terms of synthesis allowing
the easy combination of various dye and catalyst structures. In
that respect, we add with this study a new phosphonate deriv-
ative of a cobalt diimine-dioxime catalyst, Cocy1p, that can be
grafted on the surface of transparent conducting oxides and
extend the short list of such graftable H,-evolution catalyst
derivatives.'>?*?¢*712> Qur study also evidences the prominent
role of the cobalt catalytic core in H, evolution catalyzed under
photoelectrochemical reduction. We have shown that under
applied potentials typically used for molecular photocathodes
the cobalt catalyst is reduced from Co™ to Co" without light.
However, at potentials positive of 0 V vs. RHE, irradiation is
essential to produce the Co(i) state and enter the catalytic cycle.
In addition, we present the first use of ToF-SIMS to characterize
a co-grafted molecular photocathode and diagnose the fate of
the molecular component after extended turnover. Importantly,
a significant fraction of both dye and catalyst were found to be
present at the surface of the electrode after 2 h photo-
electrolysis, consistent with the observation that the photo-
electrode was still active after such a period of operation. ToF-
SIMS was also key to identifying possible decomposition path-
ways of the dye and the catalyst, providing rationale for the
observed decay in activity and now allowing for the design of
new molecular components with increased robustness upon
turnover.
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