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CdSe quantum dots/molecular cobalt catalyst co-grafted open
porous NiO film as a photocathode for visible light driven H,
evolution from neutral water+

Peng Meng,* Mei Wang,** Yong Yang,* Shuai Zhang® and Licheng Sun®

An active noble-metal-free photocathode was fabricated by co-grafting water-soluble
thioglycolic acid-stabilized CdSe quantum dots and a molecular cobaloxime catalyst (CoP)
through chemical linkage on a p-type open porous NiO film. This photocathode was used as a
working electrode in a three-electrode cell, which displayed a photocurrent density up to 110
HA cm 2 at an applied potential of 0 V vs. NHE in 0.1 M Na,SO, solution at pH 6.8 upon
visible light illumination. The comparative studies showed that the open porous NiO/CdSe
electrode did display higher photocurrent density than that exhibited by an analogous planar
NiO/CdSe electrode made by doctor-blading a NiO paste. Long-time photoelectrolysis
experiments revealed that about 83% of photocurrent density remained after 3.5 h
illumination at —0.2 V vs. NHE. The open porous NiO/CdSe/CoP photocathode showed
considerably better current density and photocatalytic stability compared to the so-far
reported dye- or QDs-sensitized NiO cathodes with a cobaloxime catalyst chemically

attached or physically adsorbed on the electrode surface under similar conditions.
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Introduction

Envisaging the serious problems of energy shortage and CO, over-discharge, development
and utilization of sustainable and clean energy sources to reduce our reliance on fossil fuels
and to cut the CO, emission is an important, urgent, and challenging task facing the human
society.* One of the ideal and perpetual solutions to the global energy problem is conversion
of solar energy to conveniently usable and storable energy in the form of H—H bond by
solar-driven water splitting. To this holy aim, generally three technological approaches have
been pursued, namely mixed colloidal and/or molecular photocatalyst homogeneous systems,
photovoltaic (PV)/electrolyzers, and integrated photoelectrochemical (PEC) cells.** Among
these three approaches, the integrated PEC cell is a more promising way for large-scale H,
production in an aqueous solution from the perspective of efficiency, cost, and safety of the
solar-to-hydrogen conversion process. A PEC cell can be constructed with compatible
photoactive anodic and cathodic electrodes, to form a dual-illuminated tandem PEC cell, or
by integration of a light absorber-sensitized electrode, either a photoanode or a photocathode,
with a photo-inactive electrode, to build a single-illuminated PEC cell.>® Therefore,
development of photoanodes and photocathodes is a crucial prerequisite to the establishment
of robust, energy-efficient and cost-effective PEC cells for overall water splitting to H, and
0.

Since 2008, nickel oxide with good stability and transparency has been used as a wide
band gap p-type semiconductor for the fabrication of p-type dye-sensitized solar cells,”
while the NiO-based photocathodes used for the hydrogen evolution reaction (HER) have
received attention only in recent years.**® In the pioneer work, it was found that the organic
dye-sensitized NiO photocathodes with or without HER catalyst displayed low photocurrent
and poor stability in the HER.!*' Chemically bonding both a ruthenium

polypyridylchromophore and a cobaloxime catalyst to the NiO film, either with a cascade or
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a parallel linkage, provided more stable NiO-based photocathode, which displayed the
photocurrents of about 13-20 pA cm 2 at an applied potential of —0.2 V vs. NHE (the
potentials mentioned hereafter are versus NHE if not specially denoted) for the HER.*>® The
reason for the low activities of these sensitized NiO photocathodes may stem from several
factors: (i) the small hole diffusion coefficient in NiO,*?* (ji) the competition of the hole
injection from a sensitizer to the valence band of NiO with the fast recombination between
the reduced dye and the holes generated in NiO, and (iii) poor sensitizer loading dominantly
due to the low specific surface area of NiO. Some recent studies showed that compared to
dye-sensitized NiO photocathodes, the quantum dot (QD)-sensitized NiO cathodes exhibited
much larger hole diffusion coefficient.?** Semiconductor QDs with good photostability and
broad absorption spectral range in the solar spectrum are more promising light harvesting
alternatives to molecular chromophores for fabricating highly efficient and durable
photocatalytic systems. Although in recent years many hybrid systems comprising
semiconductor QDs and non-noble metal molecular catalysts have been reported to be active
and stable for photochemical H, production in the presence of sacrificial electron donors,?%°
there are very limited examples for the p-type semiconductor-based photocathode integrated
with a non-noble metal molecular catalyst.**° During the progress of this work, three reports
on the semiconductor QDs-sensitized p-type NiO photocathodes for the HER came out in the
literatures.'®?° One presents a CdSe QD-sensitized NiO photocathode without HER catalyst,
which displays a photocurrent lower than 20 pA cm 2 at the applied potential of 0 to 0.5 V
vs. Ag/AgCL.'® The other report describes a CdS-sensitized NiO photocathode.”® When a
cobaloxime catalyst was physically absorbed onto the surface of CdS-sensitized NiO, the

initial photocurrent of this electrode increased from 17.5 to 25 pA cm 2

at an applied
potential of about 0 V with an apparent photocurrent decay from the very beginning of

illumination, possibly due to escaping of the molecular cobalt catalyst from the surface of
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NiO to the solution.** Just before the submission of this paper, we found a report on the CdSe
QDs/NiO photocathode, which displayed a stable photocurrent density up to 60 pA cm 2 at an
applied potential of —0.1 V in a neutral medium under visible-light irradiation.?

In this communication, we report an efficient and stable photocathode comprising a
cobaloxime catalyst, CdSe QDs, and the open porous p-type NiO film for H, evolution from
neutral aqueous  solution (Fig. 1). The  molecular  cobalt  catalyst,
[CoCl(dmgH),(pyridyl-4-hydrophosphonate)]  (CoP, dmgH = dimethyloxime), was
covalently tethered through a phosphonate anchoring group to the surface of the NiO film
which was sensitized by CdSe QDs. The purpose is to speed up the electron transfer from the
conduction band (CB) of CdSe QDs to the catalyst and therefore to reduce the possibility of
recombination between the reduced QDs and the holes generated in NiO. Such a cobaloxime
catalyst and its analogues have previously been chemically linked to ruthenium
polypyridyl-sensitized TiO, particles,>* CdSe/ZnS core-shell QDs,** and to photo-inactive
cathodes.*** To our knowledge, there is only two examples of the photocathode that has a
cobaloxime catalyst chemically attached to a sensitized NiO film and displayed a
photocurrent density lower than 20 pA cm 2.**'® In the present work, we co-grafted a
cobaloxime catalyst and a light absorber through chemical bonds to the electrode surface. The
water-soluble thioglycolic acid (TGA)-stabilized CdSe QDs was used as light harvester, in
which the TGA functions not only as a capping ligand to protect QDs from aggregation but
its carboxylate also acts as an anchoring group of CdSe QDs onto the surface of NiO. The
open porous NiO was used to increase the real surface area of NiO,*” which would allow to
increase the loading amounts of sensitizer and catalyst, and therefore to enhance the light
harvesting and Hy-evolution efficiencies. The porous NiO/CdSe/CoP photocathode displayed
a photocurrent density of about 110 pA cm 2 at an applied potential of 0 V in neutral water

under illumination of visible light (A > 400 nm). The long-time illumination experiment at a
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controlled applied potential showed that the stability of the CdSe QD-sensitized NiO
photocathode with a covalently attached cobaloxime catalyst is considerably improved as

compared to the same photocathode but with a physically adsorbed cobaloxime catalyst.

—— - ———— -

Fig. 1 Schematic diagram of a photoelectrochemical cell, consisting of a photocathode with a
cobaloxime catalyst anchored to the CdSe QD-sensitized NiO film on a FTO glass substrate

and with a Pt wire as counter electrode for water splitting.

Results and discussion

First of all, a thermodynamic analysis of the redox properties of p-type NiO, CdSe QDs, and
cobaloxime catalyst was made. The estimated valence band and conduction band energy
levels of CdSe QDs are 1.30 and —0.97 V, respectively.®® The valence band of CdSe QDs is
much more positive than that of NiO (the reported values are in the range of 0.5 to 0.7 V)***°
and the conduction band of QDs is more negative than the reduction potentials of the
co'/co" (Ep = —0.15 V) and Co"/Co'(Eonset = —0.6 V) processes of the cobaloxime
complex,® indicating that both the hole injection from CdSe QDs to NiO and the electron

transfer from CdSe to the cobalt catalyst are thermodynamically favorable. An energy

illustration for the proposed working principle of the simultaneously CdSe-sensitized and

5
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cobaloxime-grafted p-type NiO photocathode is shown in Fig. 2. Upon illumination, CdSe
QDs absorb light and the electron in its valence band is excited to the conduction band. The
photogenerated holes in the QDs inject to the valence band of p-type NiO and finally move to
the counter electrode and the photogenerated electrons of the CdSe QDs transfer to the
nearby anchored cobaloxime complex, which catalyzes water reduction to H, at the cathode

when it is reduced to the Co' species.

NHE (V)
—+4-1.00
2H r2e > Hy g % 1 050
E -+ 0.00
1.23V hv a1
VB | 4+050
hy & 1
---------------------------------------- Soael - L1 00
H,O —1/20, + 26" + 2H'_LL,\ )5 ¢ *
CdSe' - ¢ T
CoP g 4+ +1.50
o CdSe QD g 1
NiO 2
NiO FTO

Fig. 2 An energy illustration for the electron transfer and hole injection at the simultaneously

CdSe-sensitized and cobaloxime-grafted p-type NiO photocathode.

The cobaloxime complex, (EtsNH)[CoCl(dmgH),(pyridyl-4-hydrophosphonate)], was
prepared according to the literature procedure.®* To increase the specific surface area of NiO
film, an open porous p-type NiO film on a FTO glass was fabricated using a recently reported
green solvothermal synthesis method.®’ In this study, CdSe QDs were formed and grafted on
the surface of the NiO cathode by two methods. One of the methods was to generate CdSe

QDs on the porous NiO film by repeating the successive ionic layer adsorption and reaction
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(SILAR) procedure.'®? The other method is the one-pot adsorption and reaction (OPAR) by
immersing the NiO film in an aqueous solution containing Cd(AcO),, Na;SeSOs3, and TGA in
a molar ratio of 1:16:0.22 at ~5 € for 2 d.*° In addition, we also tried to adsorb CdSe QDs on
the NiO surface by drop-casting or spin-coating the pre-synthesized colloidal CdSe QDs
solution onto the NiO film, but the resulting photocathodes displayed low photocurrents and
poor stability. Therefore, only the CdSe QD-sensitized NiO photocathodes that were

fabricated by the SILAR and OPAR methods were used for the further detailed studies.

Fig.3 (a) Top-view and (b) side-view SEM images of the prepared open porous NiO film on

an FTO glass.

The morphology of the prepared NiO film was characterized by scanning electron
microscopy (SEM). As shown in Fig. 3, the surface of FTO glass substrate is covered with a
layer of uniform films with a thickness of approximately 5.6 pum. The film is composed of
nanoflakes interconnected with each other to form an open porous network structure. Such an
open porous nanostructure allows easy access of electrolyte to the entire nanoflakes that

could increase the loading amounts of sensitizer and catalyst. The CdSe QD-sensitized NiO
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films prepared by the SILAR and OPAR procedures were characterized by SEM and
transmission electron microscopy (TEM). Figs. 4a and 4d show that after sensitized by CdSe
QDs the NiO film remains its porous nanostructure and the TEM images (Fig. 4) clearly
show that CdSe QDs have been grafted on the nanoflake surface of the porous NiO film by
both methods. Fig. 4b and the inset in Fig. 4a show that the distribution of CdSe QDs on the

18,23 and

NiO film made by SILAR procedure is not uniform, as reported in the literatures,
some apparent aggregated big clusters of CdSe QDs exist on the surface of the NiO
nanoflakes. In contrast, for the CdSe-sensitized NiO film that was prepared by the OPAR
method, CdSe QDs are uniformly dispersed on the NiO nanoflake surface as shown in Fig. 4e
and the inset in Fig. 4d. The EDX (Figs. S1 and S2) and the inductively coupled plasma
optical emission spectroscopic (ICP-OES) analysis give similar results for the loading
amounts of Cd?*, which were estimated to be 0.30 (Cd/Se = 0.99-1.19 mol/mol) and 0.12 mg
cm 2 (Cd/Se = 0.74-0.87 mol/mol) on the sensitized NiO film made by the OPAR and SILAR
methods, respectively. As presented in Fig. S3, the wavelength thresholds of the CdSe
QD-sensitized porous NiO film made by the OPAR and SILAR methods are 610 and 716 nm,
corresponding to the band gaps of 2.03 and 1.73 eV, respectively. The mean diameters (D) of
QDs were estimated to be 5.1 and 16.2 nm for the sample prepared by the OPAR and SILAR
procedures on the basis of the equations reported by Peng and coworkers.** The apparent red
shift of the absorption band edge and the large average particle size of the CdSe QDs on the

NiO film deposited by the SILAR method is consistent with its TEM images in Fig. 4b and

the inset of Fig. 4a.
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Fig. 4 (a and d) Top-view SEM images of the CdSe QD-sensitized porous NiO films (insets:
high magnification SEM images of a piece of nanoflakes); (b and e) TEM images of a piece
of nanoflakes; (c and f) High resolution TEM of the CdSe-sensitized NiO film; the samples
for (a)—(c) were made by the SILAR procedure and those for (d)—(f) were fabricated by the

OPAR method.

The CdSe QD-sensitized NiO electrode was immersed in a methanol solution of the
cobaloxime catalyst (1.0 mM) for 3 h under nitrogen atmosphere in the dark, followed by
washing with methanol and water, respectively, for several times and drying in vacuum at
room temperature. The as-prepared photocathode, NiO/CdSe/CoP, was stored under nitrogen
in the dark and ready for further photoelectrochemical testing. To determine the loading
amount of cobalt complex, the material on a FTO glass plate was completely dissolved in
aqua regia, which was analyzed by ICP-OES. The average values obtained from three
independently prepared samples show that the loading amount of CoP is about 3.08 nmol

cm 2, corresponding to the Co/Cd atomic ratios of about 3.08:2.67 for the NiO-CdSe-CoP
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cathode made by the OPAR method and 3.08:1.07 for the electrode fabricated by the SILAR
procedure.

The photoelectrochemical measurement was carried out in a standard three-electrode
cell, using bare porous NiO, NiO/CdSe, or NiO/CdSe/CoP as working electrode, a Pt wire as
counter electrode, and Ag/AgCl as reference electrode in a 0.1 M Na,SO,4 aqueous solution at
pH 6.8. A 300W xenon lamp equipped with a 4 > 400 nm cutoff filter was used to illuminate
the NiO-based sample electrode. The bare NiO is visible light inert and therefore it has a
negligible contribution to the photocurrent of the electrode. As shown in Fig. 5, the
photocurrent was generated upon the light on-off cycles of illumination on the NiO/CdSe
photocathodes in the PEC cell at an applied potential of 0 V. The instant response of the
photocurrent to the chopped illumination indicates the efficient separation of the
electron-hole pairs in the system induced by visible light. The NiO/CdSe photocathodes
prepared by the SILAR and OPAR procedures displayed similar photocurrent densities
(68-73 pA cm ) at an applied potential of 0 V, though the amount of CdSe QDs grafted on
the NiO film by the SILAR procedure is only about 2/5 of that anchored by the OPAR
method. The possible reason might be that the CdSe QDs were dominantly grafted on the top
layer of the NiO film which was prepared by the SILAR procedure, while the CdSe QDs
were homogenously distributed on the entire porous NiO film which was made by the OPAR
method. The light absorption efficiency of the CdSe QDs grafted in the inner layer of the
porous NiO film would be impaired.

To make a comparison, the NiO film electrode that was prepared by doctor-blading a NiO
paste on the surface of FTO glass plate was used to fabricate the CdSe QD-sensitized NiO
electrode by the OPAR method, which displayed a photocatalytic current density of 43 pA
cm 2 at an applied potential of 0 V upon illumination under identical conditions (Fig. S4).

The geometric photocurrent density of the CdSe QD-sensitized open porous NiO electrode at

10
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the applied potentials of 0 V is enhanced by a factor of about 1.7 as compared to that
displayed by the corresponding CdSe QD-sensitized planar NiO electrode, most possibly due
to the increase of the real surface area of the open porous NiO film. The CdSe QD-sensitized
NiO electrodes so far reported displayed the photocurrent densities of 20-60 pA cm ™2 at —0.1

to —0.5 V applied potentials.'*%

a b
——Ni0/CdSe (SILAR) at 0V vs. NHE ——NIO/CdSe (OPAR) at 0V vs. NHE
N 1504 __Nio/cdSe/CoP N 1504 — NiQ/CdSe/CoP on
£ £ ' off
on off o
E H O I U W N W
» 1004 2‘_‘ 100
= ‘@
: :
z z A1 r
S 50- o 50
3 3
0 § T T T T T T T T 0 E T T T T T T T T
0 400 800 1200 1600 0 400 800 1200 1600
Time/s Time /s

Fig. 5 Transient current responses of the photocathodes made by the SILAR (a) and OPAR
procedure (b) to on-off cycles of illumination on photocathodes at 0 V versus NHE in a

three-electrode PEC cell of 0.1 M Na,SO, solution at pH 6.8.

Upon illumination, the photocurrent densities of CdSe QD-sensitized porous NiO cathodes
grafted by CoP catalyst reached 104-110 pA cm 2 at 0 V, which is about 3-8 fold of those
observed for the dye-sensitized NiO cathodes with a cobaloxime catalyst chemically attached
or physically adsorbed on the electrode surface under the similar conditions.***° Furthermore,
we also made a reference electrode in which a cobaloxime catalyst without phosphonate
anchoring group was physically adsorbed on the CdSe QD-sensitized porous NiO film,
denoted as NiO/CdSe/Co. This photocathode displayed an initial photocurrent density of
about 100 pA cm 2 at 0 V upon illumination (Fig. 6a), which is comparable to that obtained

from the NiO/CdSe/CoP electrode containing covalently bonded cobaloxime catalyst; but the
11
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photocurrent density of NiO/CdSe/Co electrode quickly decreased to about 65 pA cm 2 in a
period of about 800 s, suggesting a nearly complete desorption of the cobaloxime catalyst
from the NiO/CdSe electrode. Similarly, a very recently reported photocathode with the same
cobaloxime catalyst physically absorbed on the surface of the CdS QD-sensitized NiO film
exhibited an initial photocurrent density of 25 pA cm 2 at an applied potential of 0 V upon
illumination, with a rapid decay in photocurrent.”® The chemical attachment of a HER
catalyst to the sensitized NiO electrode would expedite the electron transfer from CdSe QDs
to the neighboring anchored cobalt catalyst and therefore suppress the recombination of the
holes generated in NiO with the reduced CdSe QDs, leading to a more stable photocurrent
compared to the NiO/CdSe electrode with physically adsorbed cobalt catalysts.

The photoelectrochemical measurement was also carried out in a 0.1 M phosphate buffer
solution (PBS) at pH 6.8 under otherwise identical conditions. A high initial photocurrent
density over 200 pA cm 2 was attained for the porous NiO/CdSe/CoP electrode in PBS at an
applied potential of 0.2 V (Fig. S5a), which was quickly decreased to about 95 pA cm 2 in a
period of about 1000 s, while under the same conditions but in 0.1 M Na,SO, solution the
NiO/CdSe/CoP electrode displayed a stable photocurrent density around 110 pA cm 2 (Fig.
S5b). The decay of the photocurrent in PBS is possibly due to the fact that the phosphonate
linkage between the cobaloxime catalyst and NiO film is partially substituted by the
phosphate of buffer, resulting in the escape of the cobalt catalyst from the electrode surface to
the solution.

The results obtained from these comparative experiments indicate that the high
photocurrent density of the present NiO electrode stems from the broad visible light
absorption of CdSe QDs, the open porous nanostructure of NiO, and the direct chemical
linkage of the molecular cobalt catalyst to the electrode surface. For a convenient comparison,

Table 1 summarizes the photoelectrocatalytic data of our porous NiO/CdSe/CoP and

12
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NiO/CdSe/Co electrodes together with all reported photocathodes based on non-noble
molecular catalysts and/or p-type semiconductor, which shows that porous NiO/CdSe/CoP

electrode is the most active photocathode amount these electrodes.

a | - b
160 —N!O.-’CdSe.-:CoP at 0V vs. NHE 1607_ NiO/CdSe/CoP ~ —— NiO/CdSe
o a0, — NiQ/CdSe/Co S 1404 ——NiO/CdSe/Co — NiO
5 5 ]
SN T r—
3 100 > 1001
2 o] N 2 g0
g i 3 |
£ 601 5 607
g 40 3 409
20-\ L 204
RN _
0 T T T T T T T T 0 T T T T T T T T T T T T
0 400 800 1200 1600 0 2000 4000 6000 8000 10000 12000
Time /s Time /s

Fig. 6 (a) Transient current responses to on-off cycles of illumination on photocathodes,
NiO/CdSe, NiO/CdSe/CoP, and NiO/CdSe/Co, at 0 V versus NHE in a three-electrode PEC
cell of 0.1 M Na,SO, solution at pH 6.8. (b) Curves of photocurrent density versus time for
the prepared porous NiO-based photocathodes over 3.5 h illumination at an applied potential

of 0.2 V.
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Table 1 Comparison of different photocathodes in a three-electrode PEC cell for the HER

Page 14 of 20

Photocurrent density at Stability and Faradaic

Photocathode Conditions an applied potential (V fici Ref.
vs. NHE) efficiency
102 pAcm 2 at0V A 17% decay in current was
FTOlporous NiO-CdSe-CoP E': 2(;30 gnlq M N2;SO,, 106 pAcm 2at—0.1 V  observed over 3.5 h \F/)vfrslf nt
118 pAcm?at—0.2 V  illumination at 0.2 V
-~ i pH 6.8, 0.1 M Na,SOy, - Photocurrent decayed Present
FTOlporous NiO-CdSe-Co 7> 400 nm 100 pAcm “at0 Vv quickly work
. pH 6.8, 0.1 M LiCIO,, 0.01 <20 pAcm ?at0to
FTOINIO-CdSe M PBS, / > 420 nm 05V [18]
FTO|NiO-CdSe pH 6.8, 0.1 M Na,SOy, 4 > 2, Photocurrent is stable over
(CdSe: 0.3 mg cm?) 400 nm SOwREE " LY s tten e = C0
FTO|NiO-CdS 0.05 M Na,S0, 175pAcm 2at0 Vv [19]
FTOINiO-CdS-Cobaloxime  0.05 M Na,SO, 25 pAcem2at 0V gﬂi":ﬁ@“rre”t s [19]
FTOINiO-AlO,-OOCRuP- _ -2 Photocurrent is stable over
Cobaloxime PH 7 PBS, 2> 420 nm 19 pAcm “at0 v 2.5 h illumination at —0.1 V [15]
FTOI|NiO-Organic dye- 20-35pAcm 2at0to  Photocurrent gradually
Cobaloxime Al 7 [z 2 Sl N 02V decayed [14]
FTOINiO-Ru2P-Cobaloxime pH 7 PBS, > 400 nm 13 pAcm?at—0.2V [16]
AL . pH 7, 0.1 M Na,SO,, Over 4 h illumination:
e IO SIREmE ey 7> 420 nm 3.9 pAcm 2at 0V e
FTO|PS-b-P2VP-templated  pH 4.5, 0.1 M acetate _ )
NiO-Organic dye® buffer, A > 400 nm 10pAcemat+0.2V [13b]
™ ) pH 4.5, 0.1 M acetate - 2
E‘irg_lgsrgl;nljg?j/;egemplated buffer, A > 400 nm, 10 mM V200 uAcm “at+0.2 Photocurrent is stable [13b]
[Co(NH3)sCI]Cl,
200 nAcm % at 0.1 V ,
AulInP-[Fe,S,(CO)e] pH 7,0.1 M NaBF,, 3 M 263 nA cm=2 at —02 V Photocurrent is stable over 1 [30]

NaCl, 395 nm LED h illumination at 0.2 V

375nAcm?at-0.3 V
4PS-b-P2VP = polystyrene-block-poly-(2-vinylpyridine)

A controlled potential photoelectrolysis experiment of 0.1 M Na,SO, solution at pH 6.8
was carried out at an applied potential of —0.2 V under illumination to explore the stability
and efficiency of the porous NiO/CdSe/CoP photoelectrode for the HER. To have a steady
baseline and minimize the impact of background, the spectra were recorded after the
application of —0.2 V to the system for 1 h in the dark. The photocurrent of 120 pA cm 2 atan
applied potential of —0.2 V slowly decayed by about 17% during 3.5 h illumination (Fig. 6b).
The gas evolved during the experiment was confirmed by gas chromatography. The amount
of H; generated is 3.4 umol over 2-h illumination and in the meantime the cumulated charges
passed through the external circuit is 0.81 C, indicative of a Faradaic efficiency of 81% (Fig.

14
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S6). Under identical conditions, the corresponding NiO/CdSe/Co electrode displayed
comparable initial photocurrent density to the NiO/CdSe/CoP electrode, but the photocurrent
density dropped in 1400 s illumination to the level (~66 pA cm2) of the NiO/CdSe electrode
that has no cobalt catalyst. The CdSe QD-sensitized porous NiO photoelectrode with a
cobaloxime catalyst chemically linked to the surface of the NiO film is significantly more
stable than the dye- or QD-sensitied NiO electrode with a physically adsorbed cobaloxime
catalyst.***

The possible mechanism of the NiO/CdSe/CoP cathode is proposed in Scheme 1 according
to the related mechanistic studies of the CdSe QD-sensitized p-type NiO photocathodes used

in solar cells®??

and the cobaloxime catalyst used in the homogeneous H,-generation
systems.**** Upon illumination, CdSe QDs harvest visible light and the absorbed photons
trigger the excitation of electron from the valence band of CdSe QDs to the conduction band.
The photogenerated hole in the valence band of CdSe is injected to the valence band of NiO.
The hole at NiO combines then with an electron that is delivered by electrode, or transfers to
the counter electrode through the external circuit. According to the literatures, the hole
injection from the excited CdSe QDs to the attached NiO occurs on the picosecond
timescale,** while the direct electron transfer from the excited QDs to the cobalt(111) complex
takes place on the nanosecond timescale.*® Therefore it is mostly possible that the dominant
pathway is the hole injection from the excited CdSe” QDs to NiO followed by the electron
transfer from the reduced species, CdSe™ QDs, to the CoP catalyst to form Co" and then Co'

intermediates. In the subsequent dark reaction, the important Co™"-hydride intermediate might

be formed by the protonation of the Co' species. The further reactions of Co"'-H to form

molecular hydrogen may undergo by subsequent reduction and further protonation, leading to
heterolytic cleavage of the Co"—H bond (a heterolytic route), and/or by a bimolecular reaction

of two Co"" hydrides with homolytic cleavage of the Co"'—H bond (a homolytic route).
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Scheme 1 Proposed mechanisms for (top) the photoinduced hole injection and electron
transfer upon illumination and (bottom) the dark reaction of H, generation catalyzed by the

cobalt complex.

Conclusions

In summary, an efficient noble-metal-free photocathode was fabricated by chemically
co-grafted CdSe QDs and a cobaloxime catalyst to the surface of the open porous NiO film
on a FTO glass substrate. Upon illumination of visible light on the NiO/CdSe/CoP cathode, a
photocurrent density around 110 pA cm 2 was generated at an applied potential of 0 V in a
neutral aqueous solution. The activity of this photocathode is more than three times higher
than those reported to date for the dye- or QDs-sensitized NiO cathodes with a cobaloxime
catalyst chemically attached or physically adsorbed on the electrode surface under similar
conditions. This photocathode functioned in a neutral media for a long time and maintained
about 83% photocurrent (100 pA cm ) after 3.5 h illumination at an applied potential of —0.2
V, giving a Faradaic efficiency of about 81% for H, evolution. The enhanced activity and
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improved stability of the photocathode compared to the so far-reported NiO-based
photocathodes is ascribed to the good photophysical property of CdSe QDs, the open porous
nanostructure of NiO, and the stable chemical linkage of the molecular cobalt catalyst to the
electrode surface. The continuous work is focused on stably grafting other p-type
semiconductors of high carrier mobility and more efficient and robust HER catalysts to a

cathode to further enhance the device performance.
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