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ABSTRACT: Design of a novel sensitized NiO photocathode
with wide visible light absorption and good stability is of great
significance for photoelectrochemical hydrogen evolution.
Inspired by recent reports on novel photocatalytic hydrogen
evolution systems based on semiconductor quantum dots
(QDs) and earth-abundant inorganic metal ion, we demon-
strate the fabrication of an effective and stable photocathode
by CdTe QDs and nickel ion. This photocathode showed good
activity and stability for photocatalytic H, evolution (10.38
umol) at a low overpotential of 92 mV, in which the Faradaic
efficiency was almost 100% under visible light irradiation for
30000 s. Characterized by X-ray photoelectron spectroscopy,
X-ray powder diffraction and high-resolution transmission
electron microscopy, the active site of photocathode in

producing hydrogen by water splitting was found to be NiS@QDs. Then a possible mechanism of NiS@QDs for

photoelectrochemical hydrogen evolution was proposed.
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B INTRODUCTION

Solar driven splitting of water into molecular hydrogen and
oxygen represents one of the most promising approaches to the
use of solar energy. It is still greatly challenging to develop a
robust, inexpensive, and efficient solar water splitting system."”
Photoelectrochemical (PEC) cells are useful devices designed
for the chemical process of generating hydrogen via electrolysis
of water under irradiation of sunlight. In general, PEC devices
are composed of two different photoelectrodes, photocathode
and photoanode, where reduction and oxidation of water occur
with response to sunlight. This provides an ideal and feasible
scheme for solar driven overall water splitting.”* As to the
photocathode, although intensive research progresses have
been made,”~"” to develop efficient and stable photocathodes
that can successfully serve practical needs is still of great
challenge and significance.

Nickel oxide is an intrinsic nonstoichiometric p-type
semiconductor with wide bandgap (E, = 3.6-4.0 eV),
exhibiting good thermal and chemical stability. In dye sensitized
solar cells, NiO as a hole conductor sensitized by dye molecules
is widely used."* In the PEC water splitting for hydrogen
generation, several dye-sensitized NiO photocathodes were
reported.'”'>"> Limited by the nature of organic dye, the
wavelength range of excitation light is narrow and the overall
conversion efficiency of solar energy is low. In addition, organic
dye is easily oxidized and dye sensitized NiO photocathode is
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unstable in the presence of oxygen. Therefore, design of a novel
sensitized NiO photocathode with wide visible light absorption
range and good stability is of great significance for PEC
hydrogen evolution.

Compared with organic dye, quantum dots (QDs) have
attracted widespread interest because their quantum confine-
ment effect and broad and intense absorption spectra in the
visible light region such as cadmium telluride (CdTe).'*"
Recently, Richard Eisenberg’s and Li-Zhu Wu’s Group'®'*™**
respectively reported their novel photocatalytic hydrogen
evolution systems based on semiconductor QDs and inorganic
metal ion (Ni** or Co®). Up to now, these earth-abundant
inorganic photocatalysts are among the most attractive visible-
light-driven hydrogen evolution catalysts for their unprece-
dented activity and stability. However, one concern regarding
these works, as well as many other studies that have been
conducted for the light-driven generation of H,,**** is the need
for a sacrificial electron donor. As known, nonsacrificial overall
water splitting is the eventual goal in this field, and the
performance of these QDs decides that they cannot make water
oxidation for providing electron. Hence, it is highly desired to
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propose a novel strategy for making best use of these
remarkable photocatalysts in water splitting.

Therefore, a combination of QDs-sensitized NiO photo-
cathode and inorganic metal ion could be considered as a good
way to visible-light-driven hydrogen evolution. Inspired by
these progresses, this work reports on the fabrication of an
effective and stable photocathode based on NiO/QDs and
nickel ion. First, this photocathode as a working electrode has
shown predominant activity and stability. Then, the factors that
played the catalytic role in the experiment were explored. The
absence of any of the components, QDs, Ni** ions, over-
potential, or visible light, resulted in no or low H, evolution. A
possible photocatalytic mechanism of NiS@QDs on the
improvement of the photoelectrocatalysis hydrogen evolution
was proposed.

B EXPERIMENTAL SECTION

Fabrication of NiO/QDs Photocathode. NiO films were
fabricated by a hydrothermal method on ITO substrates and sintered
at 300 °C. The CdTe QDs stabilized by 3-mercaptopropionic acid
(MPA) employed in this study were synthesized following an earlier
published report.'” These MPA-CdTe QDs were deposited onto NiO
films which was used as a p-type semiconductor fundus by immersing
the film in an aqueous MPA-CdTe QDs solution (pH = 10) for 12 h.
After the NiO film was soaked in the QDs solution, the film turns
yellow in color, confirming the attachment of the MPA-CdTe QDs.

Characterization. UV—vis absorption spectra were recorded with
a Shimadzu TU-1901 spectrophotometer. Scanning electron micros-
copy (SEM) was performed on an S-4800 (Hitachi, Japan) and
operated at an accelerating voltage of 1.0 kV. X-ray diffraction (XRD)
patterns were taken on a Bruker D8 Focus under Cu Ka radiation at
(1 = 1.5406 A). The amount of H, was characterized by GC analysis,
which was performed with a FULI GC9790 using a 5 A molecular
sieve column and a thermal conductivity detector. The X-ray
photoelectron spectroscopy (XPS) measurements were performed
on an PHI 5000 VersaProbe (UIVAC-PHI, Japan) spectrophotometer.
The high-resolution transmission electron microscopy (HRTEM)
image was collected on a JEM-2100 transmission electron microscope
(JEOL, Japan).

Measurement of Photoelectrochemical Properties and
Hydrogen Generation from PEC. All of photoelectrochemical
properties were probed using the three-electrode system that was
linked with a CHI600 electrochemical workstation (Shanghai, China)
and a 300 W xenon lamp with light filter (>400 nm) as the visible light
source. The working electrode was a NiO electrode or NiO/QDs
electrode (1.0 cm X 1.0 cm active area on 1.0 cm X 2.5 cm ITO). An
aqueous Ag/AgCl electrode in 3 M KCl and a Pt wire were employed
as the reference and counter electrode, respectively. The three-
electrode system for H, evolution was processed at the overpotential
of 0.092 V vs RHE in the electrolyte (pH = 6), which was composed
of hexamethylenetetramine (C4H;,N,, 0.30 M), potassium chloride
(KCl, 0.20 M), and hydrochloric acid (HCl, 0.10 M) in water and
NiCl,-6H,0 (1.0 X 107> M) aqueous solution which mixed uniformly.
For comparison, the electrolyte (pH = 6) containing hexamethylene-
tetramine (C4H;,N,, 0.30 M), potassium chloride (KCl, 0.20 M), and
hydrochloric acid (HCl, 0.10 M) in water (without nickel ion) was
also used. Prior to irradiation, the electrolyte was deaerated by
bubbling gas mixture (80% N, and 20% CH,) for 20 min. Methane
was used as the internal standard for quantitative gas chromatograph
analysis. The photocurrent density response was measured by
chronoamperometry under on—off illumination cycles. And the
current—voltage characteristics were measured by linear sweep
voltammetry. The method of PEC H, evolution was bulk electrolysis
with coulometry which records the accumulation of charge quantity
and photocurrent in the process of the reaction. Faradaic efficiency was
calculated using the following equation:
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Faradic efficiency (%)
= [100 X H, produced (mol) X 2 x 96485 (C-mol™")]
/charge passed during electrolysis (C)

For assessing the stability of the NiO/QDs photocathode,
experiments were carried out in air saturated electrolyte (0.10 M
KCl) at the overpotential of 0.3 V vs Ag/AgCl

B RESULTS AND DISCUSSION

The absorption spectrum of MPA-CdTe QDs is shown in
Figure. 1. It can be seen that the absorption peak of obtained
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Figure 1. UV—vis absorption spectra of MPA-CdTe QDs.

sample at 490 nm is observed. And the diameter of MPA-CdTe
QDs was estimated to be 2.04 nm by empiric formula.”® MPA-
CdTe QDs is adsorbed on a NiO film by covalent attachment
through the carboxylic acid group.'* For the NiO/QDs
electrode, the photocurrent density was 26 pA-cm™> and the
dark current density was only 1.63 uA-cm™2, whereas little
visible light response from the blank NiO electrode was
observed under the same conditions (Figure. 2A). It is clear
that the origin of the photocurrent lies in the excitation of
MPA-CdTe QDs. From the current—voltage response of the
NiO/QDs electrode (J—V curves, Figure. 2B), the photo-
current density was remarkably higher than the dark current
density. These results proved that MPA-CdTe QDs as a
photosensitizer linked with the NiO film. And the adsorption of
QDs was also demonstrated by scanning electron microscopy
(SEM), which shows SEM images for unsensitized NiO sample
and MPA-CdTe QDs sensitized NiO sample, respectively
(Figure S1). Figure Sla shows the pristine NiO structures on
the ITO substrate, which were grown as a porous honeycomb
structure on the ITO surface. After the adsorption of CdTe, the
surface of the NiO electrode became rugged as show in Figure
S1b. The morphological changes of the NiO structure reveal
that some QDs attached onto the surface of the NiO porous
honeycomb structure. The surface compositions of the NiO/
QDs electrode were determined by X-ray photoelectron
spectroscopy (XPS). Figure S2a shows the scan survey spectra
for the NiO/QDs electrode. The positions of Cd 3d;,, and Cd
3ds, peaks for NiO/QDs electrode (Figure S2b) were at about
410.8 and 404.2 eV, which confirmed that Cd element existed
mainly in the form of Cd*" on the sample surface. Figure S2c
shows the Te 3d peak, which presented the binding energies of
Te 3ds/, and Te 3d;, peaks at 572.6 and 583.1 eV, respectively.
According to previous studies,”® the Te 3d peak corresponds to

Te—Cd bonds.
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Figure 2. (A) Photocurrent density of blank NiO and NiO/QDs
response to on—off cycles under light illumination at —0.222 V vs Ag/
AgCl in an air saturated pH = 6.0 buffer solution; (B) current—voltage
characteristics of NiO/QDs under illumination and dark in an air
saturated pH = 6.0 buffer solution.

The high stability of photocathode should be important for
the practical application of the PEC cell. To assess the stability
of QD-sensitized photocathode, experiments were carried out
in air saturated electrolyte (0.1 M KCl). The photocurrent kept
stable over a 3 h illumination (Figure. 3). We also tested the
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Figure 3. Current—time curves of NiO/QDs photocathode under
light illumination at —0.3 V vs Ag/AgCl in air saturated electrolyte
(0.10 M KCl).

stability for 20 times by J—V curves. Within the scope of
scanning from 0 to —0.9 V vs Ag/AgCl, the -V curves showed
that the photocurrents had a little change that could be ignored
(Figure S3). These results indicated that a stable photocathode
was successfully fabricated.

Then, the photocathode was employed in a three-electrode
and sealed PEC for H, evolution. Experimental results showed
that the amount of H, evolution was 2.05 gmol, which was
produced with 0.4 C of cathodic charge, corresponds to ~100%

2431

Faradaic efficiency for 10000 s of irradiation at the over-
potential of 0.092 V.

To determine the factors that played the catalytic role in the
experiment, a set of contrast experiments were carefully
conducted. When the photocathode was not sensitized by
MPA-CdTe QDs, only the NiO film was irradiated by a 300 W
Xe lamp with a UV cutoff filter (A > 400 nm) in a pH = 6.0
buffer solution with 1 X 10~ M NiCl,-6H,0. The unmodified
NiO films showed small photocurrent response in the visible
region (line a in Figure SA), and no hydrogen was detected at
—0.092 V vs RHE (Figure 4), confirming that the MPA-CdTe
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Figure 4. Comparison of the amount of H, evolution under different
reaction conditions for 10 000 s. (A) NiO/QDs as working electrode
in a pH = 6.0 buffer solution with 1 X 107> M NiCl,-6H,O under light
illumination at 0 V vs RHE (without overpotential); (B) NiO/QDs as
working electrode in a pH = 6.0 buffer solution with 1 X 107> M
NiCl,-6H,0 in the dark at —0.092 V vs RHE (without light); (C) NiO
as working electrode in a pH = 6.0 buffer solution with 1 X 107 M
NiCl,-6H,O under light illumination at —0.092 V vs RHE (without
QDs); (D) NiO/QDs as working electrode in a pH = 6.0 buffer
solution under light illumination at —0.092 V vs RHE (without Ni**);
(E) NiO/QDs as working electrode in a pH = 6.0 buffer solution with
1 X 107 M NiCl,-6H,0 under light illumination at —0.092 V vs RHE.

QDs are responsible for the hydrogen generation. When the
photocathode was sensitized by MPA-CdTe QDs, the NiO/
QDs photocathode was irradiated by a 300 W Xe lamp with a
UV cutoff filter (4 > 400 nm) in a pH = 6.0 buffer solution and
the photocurrent exhibited modest increase because QDs
enhanced the efficiency of photon harvesting (line b in Figure
SA). And 0.15 umol hydrogen, which was produced with 0.089
C of cathodic charge, corresponds to 32.5% Faradaic efficiency
(Figure 4). However, when the photocathode was sensitized by
MPA-CdTe QDs, the NiO/QDs photocathode was irradiated
by a 300 W Xe-lamp with a UV cutoff filter (4 > 400 nm) in a
pH = 6.0 buffer solution with 1 X 107> M NiCl,-6H,0, the
photocurrent showed substantial growth (line c in Figure SA).
And the hydrogen production quantity could reach 2.05 pmol,
which increased almost 13 times than the buffer solution
without NiCl, (Figure 4). These experiments indicated that
both QDs and NiCl, are necessary to produce hydrogen by
water splitting under visible light irradiation. Similarly, the -V
curves also showed wide difference (Figure SB). Then, other
control experiments in the absence of either overpotential or
visible light were conducted for hydrogen production by water
splitting, and the results showed no hydrogen generated
(Figure 4). So, QDs, nickel ion, overpotential, and visible light
are all essential to produce hydrogen by water splitting.

To examine further the reproducibility and mechanism of the
photocathode in the PEC, one continuous irradiation cycle was
performed (Figure S4). During the course of the 60000 s
experiment, as high as 10.38 ymol H, was produced, which was
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Figure S. (A) Photocurrent density response to on—off cycles under
light illumination at —0.222 V vs Ag/AgCl in a pH = 6.0 buffer
solution; (B) current—voltage characteristics under light illumination
for samples in a pH = 6.0 buffer solution. For both panels A and B, (a)
NiO as working electrode in a pH = 6.0 buffer solution with 1 X 107
M NiCl,-6H,0; (b) NiO/QDs as working electrode in a pH = 6.0
buffer solution; (c) NiO/QDs as working electrode in a pH = 6.0
buffer solution with 1 X 10~ M NiCl,-6H,0.

produced with 2.013 C of cathodic charge, and corresponds to
99.5% Faradaic efficiency (under irradiation 30000 s).
Although there is still no precise standard to compare the
performance of reported PEC hydrogen evolution photo-
cathodes because of the difference on photocathode materials
and hydrogen generation conditions. According to the key
parameters summarized in Table S1, it can be found that our
photocathode was among the robust photocathodes for
photoelectrochemical production of H,.'”"*'¥*"7>* When the
60000 s experiment finished, the photocathode gradually
turned from yellow to black. However, no change of the
electrode color was observed in the control experiments
without Ni**. From Figure S4, it is clearly observed that the
kinetics of H, generation vary during the course of the
experiment. The slopes of the three periods are different.
Evidently, some reaction about nickel ion occurred on the
surface of the NiO/QDs photocathode in the PEC process.
Because of the sources of measurement error, such as the error
in measuring the gas flow rate or the error in gas quantity
measurement by the GC, there are little gaps between the
actual value and theoretical value.

Recently, Z.-J. Li et al. have proposed that their artificial
photocatalytic systems for H, evolution was formed by an in
situ deposition of cobalt ion or nickel ion on QDs.'** In this
work, the black substance structure could also be a new
composition, which is different from CdTe and NiO. To
confirm this assumption, XPS of S and Ni on electrode were
characterized in detail.
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Before irradiation, the S 2p spectrum of the MPA-CdTe QDs
could be well fit with one doublet with S 2p,,, peaking at
162.85 eV and S 2p;, at 161.91 €V (Figure SS). These binding
energies demonstrate the existence of chemical bonds between
the thiols of MPA and the cadmium ions on the surface of the
CdTe QDs. After irradiation, the S 2p doublet shifted to a
lower binding energy, which suggests that illumination caused
changes to the coordination situations for S from the MPA. A
new doublet peak at 162.48 eV for S 2p,/, and at 161.25 eV for
S 2p;/, implied that irradiation leads to the decomposition of
MPA to CdS.* Thus, the photodecomposition process resulted
in changes in the chemical properties of the photoelectrode.

Additionally, the Ni signals from the composition were
detected (Figure S6). Because the metal ions can bind to the
hanging bond ($*7),** we speculated there would be a small
amount of nickel ions present on the QDs. Really, before
irradiation, the Ni 2p spectrum of NiO could be well fit with Ni
2p3,, at 855.2 and 853.6 eV, which agrees well with the pattern
of NiO.”® After irradiation, a Ni 2p, , weak peak at ca. 853 eV*°
was observed, which demonstrated the existence of chemical
bonds between the thiols of MPA and the Ni** from electrolyte.
The high-resolution TEM micrograph of the composition is
given in Figure S7, which supports the formation of NiS
composition at QDs (NiS@QDs).

To determine further the exact chemical composition after
irradiation, the XRD patterns of NiS@QDs are presented in
Figure S8. As shown, the diffraction patterns of CdS (JCPDS
Card No. 01-0647) and NiS (JCPDS Card No. 02-1443) were
observed, corresponding to the HRTEM image, which
supported the formation of NiS composition at QDs (NiS@
QDs). Because of the aggregation of the CdTe QDs and the
partial decomposition of MPA during illumination, the
diffraction patterns of CdTe QDs was not detected, but the
HRTEM image (Figure S7) supported that CdTe QDs were
attached to the NiO films. The typical lattice plane distance of
3.52 A is identical to that of CdTe QDs.

The accurate cognition of NiS@QDs composition will help
us understand the mechanism in photoelectrocatalysis hydro-
gen evolution. The principle of NiO/QDs film as a photo-
cathode for the water splitting reaction is presented in Scheme
1. When visible light is bombarded on the surface of NiO/QDs,
the hole—electron pairs generate (eq 1.1). The holes in the
valence band can be delivered to the NiO semiconductor
through the carboxylic acid group, and consumed by the
external circuit, which reduced the chance of electron—hole
recombination. On the other hand, upon irradiation by visible
light, the hanging bonds (S*7) and the cadmium ions
distributed on the surface of the QDs to form few CdS (eq
1.2), together with CdTe as photosensitizers. And the other
hanging bonds (S*”) coordinate with Ni** ions intimately to
form NiS (eq 1.3) as the real catalytic unit NiS@QDs for H,
generation. The photogenerated electrons in the conduction
band of QDs can be easily transferred to the surface of NiS@
QDs, which also prevents the recombination of electron—hole
pairs of QDs. And then, the electron transfer from conduction
band of QDs to the NiS@QD:s results in the reduction of H to
H, (eq 1.4). The NiS that forms on the QDs surface during the
PEC experiment enhances the kinetics of hydrogen generation.
Just recently, NiS has been developed as an eflicient cocatalyst
for hydrogen evolution.”’~** Excess Ni** ions in the solution
would be helpful to avoid the dissociation of Ni** from the
catalyst and to increase the working lifetime of the catalyst.
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Scheme 1. Ilustration of the Working Principle of QDs
Sensitized NiO Film as a Photocathode for Water Splitting
Reaction under Visible Light Illumination

ITO NiO NiS@QDs

AHN "SA A / [1DU2)0g

QDs NiS@QDs

Nio
NiO/QDs + hv — NiO/QDs (ecy~ + hyg") (1.1)
Cd** + 8 4+ hv — CdS (12)
Ni*" + $*7 + hv — NiS (13)
ecy + H' e /2H, (1.4)

B CONCLUSIONS

In summary, we demonstrated a robust and stable QDs-
sensitized photocathode that sustained solar-driven hydrogen
generation illuminated by visible light. At a low overpotential,
the photocurrent response of the photocathode was steady over
several hours and the performance of hydrogen generation
achieved high efficiency, which corresponded to a Faradaic
efficiency of almost 100%. The formation of NiS@QDs
composition during illumination transferred the electron
rapidly and enhanced the activity of hydrogen generation.
This work has opened a promising way to developing efficient
and durable photocathodes for PEC hydrogen generation and
would pave the way toward the implementation of tandem solar
cells.
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