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Electrochemically reduced TiO, nanorod arrays (R-NRAs) have been
used for the first time to construct a self-powered, visible light blind
ultraviolet (UV) photodetector. The fabricated R-NRAs device
demonstrated superior photodetector performance with high
photon-to-current efficiency of up to 22.5% at an applied bias of 0 V.
The enhancement is attributed to a disordered surface layer which
greatly improves the charge separation and transfer efficiency at the
electrode/electrolyte interface.

UV detectors have been attracting substantial interest in recent
years due to their application in fire detection, optical
communication, environmental monitoring, UV astronomy,
etc."” Recent reports indicate that nanorod based detectors
show excellent responsivity due to their unique properties, such
as large surface-to-volume ratio and extended charge carrier
lifetime.*> However, these photodetectors typically require an
external bias to prevent the recombination of the photo-
generated charge carriers, and the response time is extremely
slow. The TiO, photoelectrochemical cell, which has the same
structure as the conventional DSSCs but without dye adsorp-
tion, has been proposed to serve as a new type of self-powered
photodetector with ultra-high responsivity and fast response
time.®” Therefore, one-dimension (1D) TiO, nanostructures
with wide bandgap (3.0 or 3.2 eV) and high stability may have
great potential applications in UV detection. In such devices,
electrode/electrolyte interface plays vital role in charge separa-
tion and transfer, and hence may drastically influence the
performance of the detectors.®™*°
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In the past few years, various strategies have been pursued to
improve the performance of UV detectors, such as surface
passivation and fabrication of heterojunctions.>™** For
example, it has been reported that TiO, nanowire coated with
a thin polymer layer could significantly block the leakage
current and hence induce extremely low dark current.” The
heterojunction structure with favourable band alignment has
been also proposed to contribute to the higher ultraviolet
sensitivity with enhanced photodetector performance.***>'¢
Clearly, these results from different strategies indicate that
formation of a surface overlayer directly affects the charge
separation and transfer.

The disordered TiO, with electronic defects may open up
a new avenue for promoting charge transfer."”** Recently, we
reported an electrochemical strategy for tuning the surface
structure of TiO, nanorod arrays (NRAs).? It was found that the
disordered surface layer not only improves the bulk charge
separation but also suppresses the charge recombination at the
electrode/electrolyte interface. In this work, such kind of TiO,
with disordered surface layer (R-NRAs) is used to fabricate self-
powered UV detector for the first time. Achievement of high UV
responsivity demonstrates that TiO, with disordered surface
layer is a desirable material for application in UV detector
devices. And the negative shift of the surface band structure by
the disordered surface layer is found to be responsible for
achieving efficient charge separation and transfer at the
electrode/electrolyte interfaces, hence dramatically improving
the performance of the UV detector.

The NRAs were fabricated by a hydrothermal method as
described in our previous work.” It can be seen from Fig. 1a and
b that the as fabricated nanorods were about 100-150 nm in
diameter and 3-3.5 pum in length, which were almost perpen-
dicular to the FTO substrate. The reduced NRAs (R-NRAs) were
prepared under —1.8 V (vs. SCE) in a typical three electrode
system. The SEM images and the UV-vis spectra of NRAs and
R-NRAs show no significant difference (Fig. S1, ESIT).

As shown in Fig. 1c, the HRTEM images of the NRAs indi-
cated that the nanorods are single crystalline and the lattice
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Fig.1 SEM images of NRAs from top view (a) and cross-section view
(b); HRTEM images of (c) NRAs and (d) R-NRAs.

fringes of 3.2 A and 2.5 A are attributed to the rutile (110) and
(101) crystal planes respectively, which are consistent with the
results from XRD pattern (Fig. S2, ESIT). After electrochemical
reduction, the nanorods of the R-NRAs are capped with
a disordered shell and the shell is about 4 nm (Fig. 1d). The
distances between the adjacent lattice planes of the shell are no
longer uniform, while the bulk shows well resolved (110) lattice
plane with typical rutile plane distance (Fig. S3t). The thickness
of the disordered layer can be tuned by varying the electro-
chemical reduction bias voltage and reaction time.*® Thus, we
speculate that the formation of the disordered surface layer is
due to the electrochemical reduction.

The J-V curves (Fig. 2a) show that the device has good
photovoltaic response. Two significant features were observed
from these curves: firstly, the short circuit current density (/) of
the R-NRAs device is 7.44 mA cm 2, which is 2.4 times of that of
the NRAs device (3.11 mA cm™?). Secondly, the open circuit
voltage (V,) of the R-NRAs is 0.16 V higher than that of the NRAs
device, which can be attributed to the negative shift of the Fermi
level of the R-NRAs compared to that of the NRAs (Fig. S4, ESIT).
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This allows rapid hole accumulation at the disordered surface
layer and prevent recombination of photoexcited charge
carriers in the nanorods.

The time-resolved photocurrent response of the NRAs and
R-NRAs devices were investigated over several switching
on/off cycles under weak illumination with 385 nm LED
(4 mW cm™?) at a bias of 0 V. As shown in Fig. 2b, the photo-
current of the R-NRAs device could reach 0.39 mA cm™> while
that of the NRAs device is about 0.24 mA ecm ™2 The uniform,
stable and rectangular-shaped current response of both devices
is an indication that the devices are stable within a certain time.
The corresponding current density rise and decay times are
presented in Fig. 2c. It can be seen that the rise time (the time of
dark current to 90% of maximum photocurrent) and decay time
(the time of photocurrent to 10% of maximum photocurrent) of
R-NRAs is less than 3 ms, smaller than that of 4 ms of NRAs. The
faster response of the device might be due to the promotion of
charge transfer by the electronic defects in the disordered
surface layer of R-NRAs."7*°

The photosensitivity of the device to 385 nm UV light was
measured under a series of irradiation power ranging from
0.03 to 85 mW cm™ > (Fig. S5, ESIt). As shown in Fig. 3a, the
photocurrents are almost linearly increased with the increase of
the illumination intensity, which suggests that the devices can
be used to sense the UV light intensity. The maximum respon-
sivity of the R-NRAs is more than 0.09 A/W while that of the
NRAs device is about 0.055 A/W. Moreover, the R-NRAs device
achieves a responsivity of more than 0.07 A W' under irradi-
ation power at the range of 1.5-85 mW cm™ >,

The UV selectivity of the devices were checked with IPCE and
the corresponding results are presented in Fig. 3b. It can be
seen that the spectral response of the two devices are in the
same range of 310-420 nm, which is due to the intrinsic
absorption edge of the TiO, that restricts the absorbed photons
to a minimum energy of 3.0 eV (Fig. S1, ESIt). But the R-NRAs
device shows much higher UV responsive efficiency than that
of the NRAs device. At the maximum responsive wavelength of
380 nm, the photon-to-current efficiency of the R-NRAs device is
ca. 22.5% while that of the NRAs device is only ca. 10.3%. These
results indicate that the photoconversion efficiency is improved
in the entire UV region.
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Fig.2 (a) J-V curves of NRAs and R-NRAs devices under 385 nm UV light illumination (90 mW cm™2); (b) current response of NRAs and R-NRAs
devices under on/off radiation of 4 mW cm~2 of 385 nm UV light; (c) the magnified curves showing the rise and decay edges of the current

response.
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Fig. 3 (a) The photocurrent response and the relative responsivity of
the NRAs and R-NRAs devices measured under 385 nm UV light illu-
mination; (b) IPCE of the NRAs and R-NRAs devices in the wavelength
range of 300-600 nm.

In order to better understand the superior responsivity of the
R-NRAs device, electrochemical independence spectroscopy
(EIS) has been applied to study the charge transfer properties at
the electrode/electrolyte interface. Fig. 4a shows the Bode plots
of the NRAs and R-NRAs devices tested under 385 nm LED light
illumination (4 mW c¢m™?) with a bias equal to V... The low
impedance of the R-NRAs device indicates that it has low charge
transfer resistance. The effective life time of electrons can be
calculated with the following approximate equation:**

1 1

®Wmin 27Tf min

Teff =~

where 7.4 is the effective life time of electrons, wn, is the
minimum angular frequency and f;, is the corresponding
frequency. The calculated 7.¢ of the NRAs and R-NRAs are 60 ms
and 197 ms, respectively. Apparently, the disordered surface
layer greatly extended the life time of electrons.

To gain better understanding on the charge transfer mech-
anism, the band structure analysis has been carried out. The
negative shift of the flat band position (Fig. S4, ESIt) indicates
that the conduction band of the disordered surface layer has
lower electron affinity than that of the bulk rutile. As revealed by
the same absorption edge positions of NRAs and R-NRAs in
UV-vis spectra (Fig. S1, ESIT), the valence band position of the
disordered surface layer should be more negative than that of
the bulk rutile. Moreover, large amounts of lattice disorder in
the surface layer could yield mid-gap states near the conduction
band and valance band.'® The increased visible region absorp-
tion may be stemmed from the electrons excited from the
shallow state energy levels in the disordered surface layer.*®
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Fig. 4 (a) EIS measurements under 385 nm UV illumination with a bias
of Vo (b) representation of the disordered surface layer approach for
UV detection.
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Hence, the migration route of the photogenerated charge
carriers in the R-NRAs device can be plausibly illustrated as
shown in Fig. 4b. Obviously, formation of such kind of stag-
gered band alignments may facilitate not only electron transfer
from the surface to the bulk of the TiO, but also hole accu-
mulated in the disordered surface layer. Moreover, the elec-
tronic defects in the disordered surface layer would promote the
hole conduction and sufficiently suppress the charge recombi-
nation." Overall, the R-NRAs with the disordered surface layer
can achieve more efficient charge separation and hence
enhance the responsivity and reduce the response time.

In summary, we have developed a self-powered, simple and
convenient UV detector which is consisted of TiO, nanorod
arrays with disordered surface layer (R-NRAs). The device shows
a high responsivity of more than 0.09 A/W under 385 nm UV
illumination at the intensity of 1.6 mW c¢m >. The dramatic
improvement of the performance of R-NRAs device compared to
that of the RNAs is due to the enhancement of charge separa-
tion and transfer at the electrode/electrolyte interfaces by the
negative shift of the surface band structure of R-NRAs, which is
caused by the introduction of the disordered surface layer. This
work demonstrates that surface properties of semiconductor
play an important role in its corresponding devices. Construc-
tion of disordered surface layer may greatly improve the charge
separation and transfer efficiency at the electrode/electrolyte
interface, which may be also a suitable strategy for the
assembly of TiO, based DSSCs and lithium ion batteries.
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