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High-efficiency photoelectrochemical hydrogen
generation enabled by p-type semiconductor
nanoparticle-decorated n-type nanotube arraysf

Lan Sun,*® Zhi Wu,? Siwan Xiang,? Jiangdong Yu,? Yingying Wang,? Changjian Lin®
and Zhiqun Lin*®

TiO, nanotube arrays (TNTAs) were decorated with NiO nanoparticles via a sequential chemical bath
deposition (CBD) approach to yield NiO@QTNTA photoanodes. In sharp contrast to pure TNTAs,
NiO@TNTAs displayed increased absorption and decreased photoluminescence. Interestingly,
NiO@TNTA photoanodes exhibited a higher photoelectrochemical activity for hydrogen production than
pure TNTAs. The incident-photon-to-current-conversion efficiency (IPCE) of the optimized NIO@TNTA
photoanode was calculated to be 62.8%, and remarkably, the maximum hydrogen production rate
reached 37.8 umol h™! cm™2, approximately 5.0 times faster than pure TNTAs. Such markedly enhanced
photoelectrochemical efficiency can be attributed primarily to the efficient separation of photogenerated
charge carriers at the p—n junction of the two dissimilar semiconductors, that is, p-type NiO and n-type
TiO,, in conjunction with the implementation of nanosized NiO particles with large surface area which
enables a shortened charge transfer distance and in turn increased probability of reaction of charge

rsc.li/rsc-advances carriers with water molecules.

Introduction

Hydrogen generation via photocatalysis or photoelectrocatalysis
using solar light has garnered much attention as it represents
a potentially scalable means of storing solar energy in the form
of clean and renewable hydrogen fuel.”” Notably, solar
hydrogen generation is accompanied by a largely positive
change in Gibbs free energy, and thus it is an uphill reaction
and a large amount of photogenerated electrons and holes tend
to recombine during this process. Clearly, the effective charge
separation and transport is of key importance in determining
solar hydrogen generation efficiency.* As an n-type semi-
conductor, TiO, has been widely used as a photocatalyst in
hydrogen generation.*® When TiO, is irradiated by UV light,
electrons and holes are generated. The photogenerated elec-
trons reduce water to form hydrogen in a certain photocatalytic
system while the photogenerated holes oxidize water to produce
0,. Owing to their large internal surface, excellent controlla-
bility and chemical stability, self-organized TiO, nanotube
arrays (TNTAs) fabricated by electrochemical anodization of
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high purity Ti foil have found a wide range of applications such
as photoelectrolysis of water splitting,®® dye-sensitized solar
cells,® and photocatalytic degradation.'* However, photo-
catalytic H, production efficiency using TiO, is limited due to
high recombination rate of photogenerated electron-hole pairs.
In addition, the utilization of solar energy by TiO, accounts for
only approximately 3-5% of the entire solar spectrum due to its
wide bandgap (i.e., 3.2 eV for anatase and 3.0 eV for rutile).
Thus, in recent years modifying TNTAs, for example, by depo-
sition of noble metals,”” dye sensitization,”® metal cation
doping,** carbon and nitrogen doping,''® to yield improved
photocatalytic activity has attracted considerable interest.
Nevertheless, effective separation and transport of charge
carriers to achieve efficient photocatalytic hydrogen production
remains challenging.

Recently, constructing heterostructured photocatalysts have
been extensively investigated and proven to be a particularly
promising approach to improve photocatalytic hydrogen
evolution efficiency.’® Combining two different types of semi-
conductors with well-matched energy levels may facilitate the
collection of photogenerated electrons and holes at the
respective semiconductor surfaces, and thus enhance the
separation of photogenerated charge carriers.”” Over the past
decades, a rich variety of semiconductor materials, including
ZnO, Fe,03, BiVO,, CdS, C;N, and Cu,0, have been applied to
form heterostructures with TiO,."* Among various semi-
conductors, a p-type semiconductor NiO has received
increasing attention due largely to its unique applications in
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many areas such as catalysis," battery anode,* electrochemical
super capacitors.”*** NiO has an indirect bandgap of approxi-
mately 3.55 eV, and its conduction band lies above that of TiO,,
which is energetically favorable and renders the photogenerated
electrons to transfer from the conduction band of NiO to that of
TiO,. Notably, p-n junctions form at the interface when
coupling n-type TiO, with p-type NiO. This induces an internal
electric field that facilitates the separation of photogenerated
electrons and holes.” Photocatalytic activity depends sensitively
on the particle size and shape.** In a photocatalytic reaction
there are three main processes: (i) absorption of photons to
form electron-hole pairs; (ii) separation and migration of pho-
togenerated carriers; and (iii) surface chemical reactions.’ It is
important to note that the faster the photogenerated charges
transfer to surface to be involved in chemical reactions, the
lower the probability of charge recombination is. Thus, the
particle size plays an important role in the separation process of
photogenerated charge carriers. For nanosized particles,
a shorter distance is needed for photogenerated electrons and
holes to migrate to the respective reaction sites on the surface,
thereby leading to a decreased probability of electron-hole
recombination.

Herein, we report highly efficient photoelectrocatalytic
hydrogen generation achieved via a rational design of a p-n
junction by impregnating nanosized NiO particles within well-
ordered TiO, nanotube arrays (TNTAs). One-dimensional
TNTAs composed of vertically oriented nanotubes were
synthesized via three-step electrochemical anodization to
reduce the structure disorders and defects. Subsequently, NiO
nanoparticles with an average diameter of 7-10 nm were
uniformly deposited within electrochemically anodized TNTAs
through sequential chemical bath deposition. The resulting
heterostructured NiO nanoparticles-decorated TNTAs (ie.,
NiO@TNTAs) were first employed for solar hydrogen produc-
tion. Interestingly, under the optimized preparation condition
for NiIO@TNTAs, its hydrogen generation rate reached 37.8
umol h™* em ™2, representing a 5-fold enhancement over that of
pure TNTAs. Moreover, NIO@TNTAs exhibited an excellent
stability over a period of 25 h. The enhanced photocatalytic H,
evolution efficiency can be ascribed to the synergy of the
promoted charge separation at the p—n junction composed of p-
type NiO and n-type TiO, and the effective charge transport
rendered by the implementation of NiO nanoparticles with
large surface area.

Experimental section
Preparation of TiO, nanotube arrays (TNTAs)

Highly ordered TiO, nanotube arrays (TNTAs) with a regular
porous surface topology were fabricated by a facile three-step
electrochemical anodization of Ti foils (0.1 mm thick, 99.5%
purity) according to our previous report.>* An three-step elec-
trochemical anodization was carried out in ethylene glycol
solution containing 0.3 wt% NH,F and 2 vol% H,O at room
temperature using Ti foil as a working electrode and platinum
as a counter electrode, yielding highly ordered TiO, nanotubes.
In the first-step anodization, Ti foil was anodized at 50 V for 5 h.
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As-anodized Ti foil was then ultrasonically rinsed in acetone to
strip the formed TiO, nanotubular layer from the Ti substrate.
Subsequently, the second-step anodization of Ti substrate was
performed at 50 V for 3 h to allow for the further growth of
nanotubes and then ultrasonicated again to remove the
resulting TiO, nanotubes. Finally, the third-step anodization
was conducted on the exposed Ti foil at 50 V for 5 min, forming
1.2 um-thick TiO, nanotube arrays situated on Ti foil. After
rinsed with DI water and dried in air, as-prepared amorphous
TiO, nanotube arrays were annealed to yield anatase crystalline
phase at 350 °C for 2 h in air at the heating and cooling rates of

5°C min~*.

Synthesis of NiO@TNTAs

NiO nanoparticles were incorporated in TNTAs by sequence
chemical bath deposition (CBD) technique. Briefly, 0.2 M
NiCl,-6H,0 ethanol solution and 0.2 M NH,OH ethanol solu-
tion were prepared as precursor solutions. In a typical deposi-
tion cycle, TNTAs were immersed successively in NiCl,-6H,0
ethanol solution for 2 min and then in NH,OH ethanol solution
for the same amount of time. Between each immersion step,
samples were rinsed with ethanol adequately to remove the
excess ions in TNTAs. Such immersion was repeated for several
cycles (i.e., 5,10, 15 and 20). Upon the completion of deposition,
samples were rinsed with DI water and dried in air. As-prepared
samples were annealed in air at 550 °C for 1 h at heating rate of
5°C min ! to facilitate crystallization.

Characterizations and measurements

The morphology and structure of samples were characterized
using field emission scanning electron microscope (FE-SEM,
Hitachi S4800) and transmission electron microscopy (TEM,
JEM 2100). The crystal phase and chemical composition of
samples were identified by X-ray diffraction (XRD, Philips,
Panalytical X'pert, Cu Ko radiation (A = 1.5417 A)) and X-ray
photoelectron spectroscopy (XPS, VG, Physical Electrons
Quantum 2000 Scanning ESCA Microprobe, Al Ko radiation),
respectively. All XPS spectra were referenced to the C 1s peak at
284.8 eV from the adventitious carbon. UV-vis diffuse reflection
spectroscopy (DRS) was recorded using a Varian Cary-5000
spectrophotometer. Photoluminescence (PL) spectra were ob-
tained using fluorescence spectrophotometer (Hitachi F-7000)
with xenon lamp as excitation source (A = 370 nm) at room
temperature.

Photocurrent measurements were performed in a three-
electrode experimental system using a 263A potentiostat/
galvanostat with an M5210 lock-in amplifier/chopper setup
(using a chopper frequency of 34 Hz) connected to an SBP 300
grating spectrometer with an LHX 150 W Xe lamp as the source
of illumination. As-prepared samples were used as a working
electrode with a Pt foil as a counter electrode and a saturated
calomel electrode (SCE) as a reference electrode in 0.5 M KOH
electrolyte. The incident-photon-to-current-conversion effi-
ciency, IPCE, at different wavelengths was determined from the
short circuit photocurrent, I;., monitored at different excitation

This journal is © The Royal Society of Chemistry 2017
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wavelength, A, to compare the photoresponse of samples using
the following equation®®

1240 x I

IPCE =
A X T

x 100
where I;, is the incident light intensity.

The photoelectrocatalytic activity was investigated by moni-
toring the evolution of H, in the PEC cell containing 2 M
Na,CO; and 0.5 M ethylene glycol solution using a three-
electrode system composed of the samples as a working elec-
trode, a platinum sheet as a counter electrode, and a silver
chloride electrode (Ag/AgCl) as a reference electrode, respec-
tively. A LHX 300 Xe lamp (PLS-SXE300, Beijing Bofeilai Tech-
nology Co, Ltd) was employed as the simulate solar light source

with a light intensity of 320 mW cm ™.

Results and discussion

Highly ordered TNTAs were synthesized via a three-step elec-
trochemical anodization of Ti foil. Subsequently, NiO nano-
particles were incorporated into the crystallized TiO, nanotubes
by sequential chemical bath deposition (S-CBD) method,
yielding NiO@TNTAs. The morphologies of TiO, nanotube
films were examined using field-emission scanning electron
microscope (FESEM). Fig. 1a and b show representative top and

Fig. 1 (a) Top and (b) cross-sectional views of SEM images of pure
TiO, nanotube arrays (TNTASs). (c) Top and (d) cross-sectional views of
FESEM images of NiO nanoparticles-decorated TNTAs. (e) TEM image
of NiO nanoparticles-decorated TNTAs, and (f) the corresponding
HRTEM image of NiO nanoparticles.
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cross-sectional views of SEM images of as-synthesized TNTAs,
respectively, after a three-step anodization (see Experimental
section). Highly ordered tubular nanostructures are clearly
evident. These vertically aligned nanotubes have an average
inner tube diameter of 50 nm, tube wall thickness of 25 nm, and
tube length of 1.2 um. NiO nanoparticles were deposited into
TNTAs via S-CBD for 5, 10, 15 and 20 cycles, respectively. The
corresponding top-view SEM images are shown in Fig. S1.}
Obviously, NiO nanoparticles were found to deposit effectively
on the surface of TNTAs with a uniform size distribution as the
immersion process of S-CBD increased from 5 to 15 cycles
(Fig. S1a—ct). However, a further increase of immersion up to 20
cycles led to the agglomeration of NiO nanoparticles (Fig. S1d¥).
Importantly, well-ordered nanotubular structures retained,
suggesting that the NiO nanoparticle deposition process did not
alter the integrity of TNTAs. The best uniform dispersion of NiO
nanoparticles with an average nanoparticle diameter of 7-
10 nm was achieved from 15 cycles of CBD process. The top and
cross-sectional views of FESEM images of NIO@TNTAs after 15-
cycle immersions are displayed in Fig. 1c and d, respectively. It
is clear that the surface of NiO@TNTAs is clean, and the
diameter and wall thickness of the tube are approximately
50 nm and 25 nm, respectively (Fig. 1e), which is consistent with
the SEM observation. NiO nanoparticles were homogeneously
situated on the surface and the wall of TNTAs (Fig. 1e and f). The
lattice spacing of 0.241 nm matches the inter-planar spacing of
(101) crystallographic plane of NiO.

The elemental compositions of NiO@TNTAs were analyzed
by X-ray photoelectron spectroscopy (XPS) (see Experimental
section in ESIf). As shown in Fig. 2a, NIO@TNTAs samples
contain Ti, O, Ni, and C elements. The carbon peak can be
attributed to adventitious hydrocarbon from the XPS instru-
ment. Fig. 2b depicts a high-resolution scan of XPS spectrum of
Ni 2p region, which can be fitted into four peaks at 855.65 eV,
861.82 eV, 873.41 eV, and 879.63 eV. The binding energies of
855.65 eV and 861.82 eV correspond to Ni 2p;/,, and the binding
energies of 873.41 eV and 879.63 eV are attributed to Ni 2p;,,,
indicating the existence of NiO.”””® From the high-resolution
XPS spectrum of O 1s shown in Fig. 2c, it can be seen that
oxygen on the sample surface exists in the forms of metal oxide
with the binding energies of 529.50 eV and 530.42 eV. The peak
at 529.50 eV can be ascribed to O in TiO,, and the peak at
530.42 eV is associated with O in NiO nanoparticles.?®** The
XRD pattern of NiIO@TNTAs clearly shows the diffraction of
TiO, nanotubes and Ti foil with a diffraction peak of NiO (101)
at 20 = 37.2° (ref. 30) (Fig. S27). We note that the intensity of
NiO peak was rather weak due to the limited amount of well-
dispersed NiO nanoparticles on TNTAs.

Fig. S31 compares UV-vis diffuse reflectance spectra of
NiO@TNTAs and pure TNTAs samples, respectively. Clearly,
all NIO@TNTAs samples displayed red-shifts in absorbance
and increased absorption intensity. The absorption edge of
pure TNTAs at approximately 390 nm (ca. 3.2 eV) can be
assigned to the intrinsic bandgap absorption of anatase TiO,.
It is interesting to note that the absorption range of
NiO@TNTAs was gradually extended up to 550 nm as the
immersion cycles of CBD process increased. Such an extension

RSC Adv., 2017, 7, 17551-17558 | 17553
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Fig. 2 (a) XPS spectrum of NiO@TNTAs samples prepared by the CBD
process for 15 cycles. (b—c) High-resolution XPS spectra of (b) Ni 2p
and (c) O 1s, respectively.

may be owing to the reason that the overlap of Ti (d) orbit of
TiO, and Ni (3d) orbit of NiO forms a new energy band in the
TiO, bandgap, which decreases the energy gap between Ti (d)
and O (p) orbitals in TiO,, and in turn enables the adsorption
of visible light.**** The extension slightly decreased after
the optimal 15-cycle deposition (i.e., 20 cycles) due to the
agglomeration of NiO nanoparticles. However, under visible
light irradiation, the composite showed negligible photocur-
rent (Fig. S4f). No enhanced photocatalytic efficiency was
observed in visible light region. This indicates that the red
shift in the optical absorbance does not translate to the visible
light photoelectrochemical activity.
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The separation of photogenerated electron-hole pairs was
evaluated by measuring the photocurrent. Fig. 3 shows the
current-voltage (I-V) and the current-time (/-¢) characteristics
of pure TNTAs and NiO@TNTAs. In Fig. 3a, the photocurrent of
bare TNTAs electrodes was negligible. After the deposition of
NiO nanoparticles, photocurrent density of NiO@TNTAs
increased with increasing bias potential ranging from —0.8 V to
1.0 V as a result of the separation of the photogenerated elec-
tron-hole pairs. As shown in Fig. 3b, the photocurrent density
of pure TNTAs was measured under 0.6 V bias vs. Ag/AgCl to be
0.35 mA cm™ 2 when irradiated. The photocurrent densities of
the NiO@TNTAs prepared via 5, 10, 15 and 20 cycles of CBS were
0.43, 1.14, 2.04, 0.55 mA cm ™2, which was approximately 1.2,
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Fig. 3 Current—voltage characteristic (a) photocurrent response (b)
and incident photon-to-current conversion efficiency (IPCE) (c) of
pure TNTAs, NiO@TNTAs prepared via 5, 10, 15 and 20 cycles of CBS
(denoted NiO@TNTAs-5C, NiO@TNTAs-10C, NiO@TNTAs-15C and
NiO@TNTAs-20C, respectively) measured in 0.5 M KOH in a photo-
electrochemical (PEC) cell.
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3.3, 5.8, 1.6 times of that TNTAs, respectively. The enhanced
photocurrent could be ascribed to the decoration of NiO into
the TNTAs system, resulting in a higher separation efficiency of
the photogenerated charges. Fig. 3c compares the incident
photon-to-current conversion efficiency (IPCE) spectra. It is
clear that NiO@TNTAs samples exhibited a significantly
enhanced performance in comparison with pure TNTAs. A
maximum IPCE of 62.8% at the wavelength of 365 nm was
achieved for the NIO@TNTAs electrode prepared by S-CBD for
15 cycles, reflecting a nearly 3-fold increase compared to that of
pure TNTAs (17.3%).

The interfacial properties between the electrode (i.e., TNTAs
and NiO@TNTAs) and the electrolyte were scrutinized by
electrochemical impedance spectroscopy (EIS) measurements.
Fig. 4 shows the Nyquist plots of the TNTAs and NiO@TNTAs
under dark and light irradiation. The inset is the corre-
sponding equivalent circuit and Rs, R.. and CPE represent
solution resistance, charge-transfer resistance and electronic
double-layer capacitor, respectively. A semicircle in the
Nyquist plot at high frequency represents the charge-transfer
process, while the diameter of the semicircle reflects the R.
Clearly, the arches for NiO@TNTAs both in the dark and under
irradiation were much smaller than those of TNTAs, implying
that the decorated NiO nanoparticles on TNTAs significantly
enhanced the electron mobility by inhibiting the recombina-
tion of electron-hole pairs.

It is well known that photoluminescence (PL) spectrum
reflects the separation and recombination processes of photo-
generated electron-hole pairs in semiconductor materials. To
further verify the charge separation behavior and charge sepa-
ration efficiency of NIO@TNTASs, PL spectra were measured (see
Experimental section). In comparison with pure TNTAs,
NiO@TNTAs exhibited a much lower PL intensity (Fig. 5). A low
PL intensity signifies a long lifetime of photogenerated charge
carriers with an enhanced separation of electrons trapped.*
Thus, the largely quenched PL intensity suggested that NiO
nanoparticles-decorated TNTAs greatly reduce the recombina-
tion rate of electron-hole pairs and consequently promoted the
charge separation of photogenerated carriers, leading to
a markedly enhanced photocatalytic activity.

50
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Fig.4 Electrochemical impedance spectra of TNTAs and NiIO@TNTAs
in the dark and under Xe lamp irradiation.
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Fig. 5 PL spectra of TNTAs and NiO@TNTAs samples prepared after
modified NiO nanoparticles by different cycles of CBD process.

To evaluate the photoelectrocatalytic activity of the
NiO@TNTAs, the photoelectrochemical water splitting effi-
ciency was then evaluated at a potential of 0.6 V versus Ag/AgCl
in 2 M Na,CO; and 0.5 M ethylene glycol in the PEC cell under
Xe lamp (100 mW cm™?) illumination (see Experimental
section). Fig. 6a shows the hydrogen production rates of TNTAs
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Fig. 6 (a) Hydrogen generation rate of TNTAs and NiO@TNTAs
nanocomposites as photoanodes and Pt foil as cathodes at 0.6 V vs.
Ag/AgCl with 2 M Na,COs3 and 0.5 M ethylene glycol solution in the
PEC cell under Xe lamp (320 mW cm™2) illumination. (b) Cycling
hydrogen generation curve of the NiO@TNTAs electrode prepared by
S-CBD for 15 cycles.
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and NiO@TNTAs prepared via 5, 10, 15 and 20 cycles of CBS.
The pure TNTAs showed a very low evolution rate of hydrogen
(6.5 umol h™" c¢m™?) because of the rapid recombination
between the conduction-band electrons and the valence-band
holes. In sharp contrast, intriguingly, after the incorporation
of NiO nanoparticles into pure TNTAs, in good correlation with
the results of IPCE, the rate of hydrogen generation of
NiO@TNTASs prepared by S-CBD for 15 cycles reached 37.8 pmol
h™ em™?, which is approximately 5.0 times faster than that of
pure TNTAs. With a further increase of the immersion cycles,
the rate of hydrogen generation of NiO@TNTAs decreased to
10.2 umol h™* em™2. This is not surprising because NiO nano-
particles aggregated and restricted the transfer of photo-
generated charge carriers, as noted above. It is noteworthy that
the NIO@TNTAs electrode was remarkably stable and did not
deteriorate with time (Fig. 6b). Even the fifth cycle was per-
formed, no reduction in the rate of hydrogen production was
observed.

The enhanced photoelectrochemical efficiency and pho-
tocatalytic activity of hydrogen production can be attributed
primarily to the p-n junction effect formed by decorating p-
type NiO on n-type TiO, nanotube surface. A schematic
diagram of energy band structure and electron-hole pair
separation at the p—n junction composed of p-type NiO and n-
type TiO, is illustrated in Fig. 7. The Fermi energy levels of n-
type TiO, lies closer to its conduction band, and the Fermi
energy level of p-type NiO situates near to its valence band.*
When placing these two types of semiconductors in contact,
the electron transfers from TiO, to NiO, and the hole trans-
fers from NiO to TiO, due to the carrier diffusion between
NiO and TiO, until the thermal equilibration is reached,
forming a constant Fermi energy.>»** Such carrier diffusion
process makes p-type semiconductor NiO region negatively
charged, while TiO, region has the positive charge. Thus, an
inner electric field is built-up at the interface.*® Under illu-
mination, the photogenerated electron-hole pairs transfer in
the opposite direction driven by the inner electric field, i.e.,
the photogenerated holes at the valence band of TiO, flow
into NiO and then were consumed by the sacrificial reagent,
while the photogenerated electrons on NiO move to TiO, and
then transfer to the Pt counter electrode, where H, evolution

Pt sheet NiO@TNTAs

p-type NiO n-type TiO,

Fig. 7 Schematic illustration of charge transfer process between p-
type NiO and n-type TiO,.
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takes place.”® Consequently, the photogenerated electron-
hole pairs are efficiently separated, resulting in enhanced
photocatalytic activity, as corroborated by the PL measure-
ments (Fig. 5). In addition, the implementation of NiO
nanoparticles possessing high specific surface area is
advantageous as they offer the increased active sites and
shortened pathway for photogenerated charge carriers to
migrate to the surface of electrode, which raise the proba-
bility of reaction of photogenerated electrons and holes with
water molecules, and thus increase photocatalytic H, gener-
ation rate. Meanwhile, NiO nanoparticles can also act as
holes traps and collectors, promoting the separation of
photogenerated charge carriers.>*%”

Conclusions

In summary, highly ordered one-dimensional NiO@TNTASs
heterostructures comprising well-dispersed p-type NiO nano-
particles decorated on electrochemically anodized n-type TiO,
nanotube arrays were crafted by simple yet effective sequential
chemical bath deposition technique. Heterostructured
NiO@TNTAs was then exploited as an active and stable elec-
trode for hydrogen generation. The optimized NiO@TNTASs
displayed an IPCE of 62.8% at 365 nm, which is nearly 3 times
higher than that of pure TNTAs. Moreover, an impressive
hydrogen production rate of 37.8 umol h™" em ™2 was achieved,
representing approximately 5-fold enhancement over pure
TNTAs. This highly efficient photoelectrocatalytic hydrogen
generation may be a direct consequence of effective separation
of photogenerated charge carriers enabled by the formation of
p-n junction between p-type NiO and n-type TiO,, and the use of
nanosized NiO particles that render a shortened charge transfer
distance and thus an increased probability of reaction of
charges with water molecules. Clearly, crafting of p-n junction
may stand out as a simple yet robust route to the improved solar
energy conversion involving TiO, by effectively addressing the
limiting factors described above.
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