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The consumption of fossil fuels creates energy shortage and
serious environmental issues, which limit the sustainable
development of the society. Solar energy is the most abundant
renewable energy in the world. However, solar energy needs
to be stored as chemical energy because of its low energy
density, uneven distribution, and discontinuous radiation.
Hydrogen is considered as a promising clean energy carrier
for the future.!! Solar water splitting produces hydrogen and
oxygen, meanwhile, hydrogen can recombine with oxygen to
produce water in a fuel cell and release the stored chemical
energy to electricity. This energy cycle will be an ideal zero-
carbon emission process. Since Fujishima and Honda origi-
nally reported that a TiO,-based photoelectrochemical cell
could be used to split water into hydrogen and oxygen in
1972, intensive research has been done to improve the
performance of the photoelectrochemical cell in the past forty
years. However, the solar energy conversion efficiency is still
low because of the intrinsic wide band gap of TiO,.’! It is
necessary to explore some materials with narrower band gaps
for high conversion efficiency.

In theory, a bias of 1.23 V is needed to split water into
hydrogen and oxygen. If overpotential and resistance loss
(about 0.6 V) are taken into account, a band gap with at least
1.8 eV will be necessary for a single material to split water,
which does not match the optimum band gap (1.2-1.4 eV) for
solar energy use by the Shockley-Queisser limit.!! A p-
n photoelectrochemical cell is a highly desirable approach to
overcome the limit by two-photon absorption.”® In this cell,
a n-type photoanode (for water oxidation) is directly con-
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nected to a p-type photocathode (for proton reduction). Thus,
a higher photovoltage can be obtained by assembling the two
narrow-band-gap materials. On the other hand, photocurrent
in a p-n photoelectrochemical cell is determined by the
photoelectrode with the lower photocurrent. To date, several
p-type semiconductor photocathodes with high solar photo-
current (dozens of mA cm~2) have been developed.” % Some
promising visible-light-responsive photoanode materials, such
as WO, BiVO 3191 Fe, 0,17 and Ta;Ns,['*2* have also
been studied by us and other researchers. Though different
methods, including ions doping,*!”) morphology control,!-?
heterojunction,®” %! and particle necking'>*! have been
used to improve the performance of a photoanode, all of these
photoanodes exhibit a much lower solar photocurrent (lower
than 4 mA cm 22131624 than the photocathodes, which is
a bottleneck for water splitting in a p-n photoelectrochemical
cell. Therefore, finding an efficient photoanode is a key step
in solar water splitting for hydrogen production.

Ta;Ns has a suitable band gap (2.1 eV) and band position,
which is considered as a promising photoanode for solar water
splitting without a bias. Thermal oxidation and nitridation of
a Ta foil is a very convenient and reproduceable method for
preparation of Ta;Ns,'*2!! but the Ta;Ns photoelectrodes
produced by this method indicated much lower performance
than those of the samples prepared by other methods.['*?*2
In this study, we prepared the Ta;Ns photoelectrodes by
a modified thermal oxidation and nitridation method and
found that the low efficiency of the Ta;N5 photoanode mainly
from serious recombination of photogenerated carriers in the
surface passivation layer of the sample. We obtained a high
solar photocurrent of 5.5mAcm? at 1.23V versus the
reference hydrogen electrode (RHE) on the Ta;Ns photo-
anode by facile thermal or mechanical exfoliation of the
surface recombination centers. To the best of our knowledge,
this solar photocurrent is the highest value among all
currently available Ta;Ns photoanodes.

The Ta foils were oxidized at different temperatures (550—
610°C) in air and then were nitrided at 850°C in NH; flow
(Figure S1). Interestingly, we observed that a thin surface
layer was exfoliated from the sample when the Ta foil was
oxidized at 590 or 610 °C and then nitrided. However, no such
surface exfoliation happened when the Ta foils were oxidized
at lower temperatures (550 and 570°C) and then nitrided. To
understand the surface thermal exfoliation process more
clearlyy, SEM was used to investigate the changes in the
morphologies of the samples prepared at different oxidation
temperatures. The surface of the Ta;Ns sample at 550
(Figure 1a) and 570°C (Figure 1b) are smooth and compact,
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Figure 1. SEM images of the Ta;N;/Ta electrodes at different oxidation
temperatures. The surface of Ta;N; at a) 550°C, b) 570°C, c) 590°C,
and d) 610°C. The surface of the exfoliated layer from Ta;N; at

e) 590°C and f) 610°C. The cross-section of Ta;N; at g) 570°C (SE
layer = surface exfoliation layer), h) 590°C, i) 610°C, and j) 550°C.

k) The surface of Ta;N; at 570°C after mechanical surface exfoliation
with scotch tape.

similar to the results in the previous study.'®?" For the Ta;Nj
samples at 590 and 610°C, a thin layer was exfoliated from the
surface after nitridation and a rougher surface with aggre-
gated Ta;Nj; particles was observed (Figure 1c¢, Figure 1d).
However, the surface morphology of the exfoliation layer
(Figure le, Figure 1f) is exactly similar to the surface
morphologies of the samples at 550 and 570°C. To further
investigate the reasons for surface thermal exfoliation (the
oxidation temperature or the thickness of the Ta,Oj film), we
also prepared Ta,Os at 550 °C for a longer time (1 hour) and at
610°C for a shorter time (5 minutes), and then nitrided Ta,O5
to yield Ta;Ns. We observed the surface exfoliation from the
sample at 550°C for 1 hour, whereas no surface exfoliation
from the sample was observed at 610°C for 5 minutes.
Therefore, the surface thermal exfoliation depends on the
thickness of the Ta,O;s film, not the oxidation temperature.
We found that the critical thickness of Ta,O5; was about 2.5 um
(Figure S2) for surface exfoliation. When the Ta,Os film is
thicker than the critical thickness, the surface layer will be
exfoliated after nitridation. A possible reason for the
exfoliation is analyzed as follows. The densities of Ta,Os
and Ta;N; are 82gem™ and 9.85 gem™, respectively.”!
When Ta,Os is nitrided into Ta;Ns, the volume shrinks,
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which leads to an increase of stress in the Ta;Ns layer. In
addition, the thicker the film, the larger is the stress.””’ When
the Ta,Ojs film is thicker than the critical thickness, the surface
layer will be exfoliated during the transformation from Ta,Os
to Ta;Ns since some large cracks form to release the high
stress in the film (Figure 1 g, 1 h, and 1i). In previous studies,
the Ta foils were only oxidized at 550°C for a shorter time (<
30 minutes),"®2! the thickness of the Ta,Os film was less than
the critical thickness, therefore, no surface thermal exfoliation
was observed by other authors.

Figure 2a indicates the photocurrent—potential curves of
the Ta;Ns samples at different oxidation temperatures, which
shows that the photocurrent increases with increasing oxida-
tion temperature of the Ta foils. However, the variation
relationship between photocurrent and oxidation temper-
ature is not linear (Figure 2b). The photocurrent at 1.23 V
versus RHE slowly enhances with the increase of oxidation
temperature from 550 to 570°C, then sharply increases from
570 to 590°C, and then slowly increases to 610°C. The results
indicate that 570°C is the critical knee point for the photo-
current enhancement. To understand the reason for nonlinear
changes of the photocurrent, the average crystal grain size
and relative electrochemical active area were calculated by
the Scherrer equation and Jaramillo’s method, respectively.”"
The results suggest that the grain sizes are very similar
(Table Sla) and that the sample at 570°C has the higher
relative electrochemical surface area (Figure S3). For a TazNj5
photoanode, the electrochemical surface area is higher, and
the photocurrent is higher.”!! However, the photocurrent of
the sample at 570 °C is much lower than that of the sample at
590°C. Therefore, the photocurrent jumping from 570 to
590°C does not result from better crystallinity or higher
surface area, but from the exfoliation of the surface layer.

To further verify the effect of the surface layer on the
photocurrent, we applied a facile mechanical exfoliation
method to remove the surface layer of the Ta;Ns sample at
570°C with scotch tape, which can completely exclude an
effect of temperature. After mechanical exfoliation, the Ta;N;
sample at 570°C exhibit a surface morphology (Figure 1k)
similar to the samples at 590 and 610°C (Figure 1c, Fig-
ure 1d) after thermal exfoliation. The photocurrents of the
Ta;N5 samples at 570°C before and after mechanical exfolia-
tion of the surface layer were investigated (Figure 2¢). The
photocurrent of the sample at 570°C after mechanical
exfoliation increased to a similar value to that of the sample
at 590°C (Figure 2b). We also used the same mechanical
exfoliation method to remove the surface layer of the thinner
Ta;Ns sample at 550°C, but there was no obvious enhance-
ment of the photocurrent because of the tight connection
between the surface layer and the under part (Figure 1j).
Alternatively, we removed the surface layer by etching Ta;Nj
in 40% hydrofluoric acid solution for 1 minute. After HF
treatment, a thin and smooth surface layer of Ta;N; was
removed, and the Ta;Ns particles were exposed (Figure S4).
The photocurrent of Ta;Ns at 550°C also increased after
surface treatment by HF solution (shown in Figure S5). These
results further confirm that the removal of the surface layer is
the main reason for the photocurrent enhancement. The
composition of the surface layer in different depths was
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Figure 2. a) Photocurrent—potential curves of the Ta;N;/Ta electrodes at different
oxidation temperatures (550-610°C). b) The photocurrent of samples at different
oxidation temperatures at 1.23 V versus RHE. c) Photocurrent—potential curves of

identify the emission peaks, photoluminescence
spectra of commercial Ta,O5; and Ta;N5 powders
prepared by nitridation of commercial Ta,O5; were
also measured and the results are shown in Fig-
ure S9. Two similar emission peaks are also
observed in the commercial Ta,Os powders,
whereas no peaks are observed for the Ta;Nj
powders.””l Therefore, the 510 nm and 610 nm
peaks may stem from the amount of residual O*~
in the surface passivation layer, which form
recombination centers of photogenerated carriers.
The EIS and PL results suggest that the density of
the surface recombination centers becomes less
after removal of the surface passivation layer,
which remarkably reduces recombination of pho-
togenerated carriers and enhances the photocur-
rent. According to the above discussion, a sche-
matic diagram of the photocurrent improvement
mechanism after thermal or mechanical exfolia-
tion is indicated in Figure 4. Recently, we also
found that surface pretreatment had similar effects
on the Mo-doped BiVO, and InGaN photoano-
des.P3 Therefore, the removal of surface recom-

the Ta;Ns/Ta electrodes at 570°C before and after mechanical exfoliation of the
surface layer. Electrolyte: Tm NaOH, light source: AM1.5G sunlight simulator

(100 mWem?).

investigated by X-ray photoelectron spectroscopy (XPS;
Tables S2-S4 and Figures S6-S7). The results show that the
surface exfoliation layer consists of a passivation layer (a thin
layer of Ta; N5 O, (<15nm) with Ta vacancies and O

impurities and a Ta;Ns layer. The composition
details are described in Supporting Information.
We used electrochemical impedance spectros-

bination centers can be a universal strategy to
improve the photoelectrochemical performance of
a photoelectrode.

In previous studies, Co(OH), surface loading
could significantly improve the photocurrent and photo-
stability of Ta;N; photoanodes.™*! Therefore, Co(OH), was
also used in this study to further improve the performance of
the sample. Taking Ta;N5 at 570°C, for example, after the
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tively simulated the R, values from the EIS
spectra in Figure 3a and b and the results are
shown in Figure S8. Under illumination, the R of
the sample sharply decreases after mechanical or
thermal exfoliation. Generally, the larger the R,
value, the slower is the interface charge trans-
fer.”*?! Therefore, the results suggest that the
interface charge transfer of photogenerated car-
riers becomes much faster after surface exfolia-
tion.

The slow interface charge transfer in the
samples with the surface layer is further verified
by photoluminescence spectra (Figure 3c). Two
emission peaks at about 510 and 610 nm are
observed in the samples. The photoluminescence
intensity decreases obviously after thermal or
mechanical exfoliation of the surface layer. To
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Figure 3. Electrochemical impedance spectroscopy and photoluminescence spectra
of the Ta;N;/Ta electrodes at 570°C (before and after mechanical exfoliation of the
surface passivation layer), the sample at 590°C and the sample at 610°C (after
thermal exfoliation). a) EIS in the dark. b) EIS under illumination. Potential: 1.6 V
versus RHE, electrolyte: Tm NaOH. c) Photoluminescence spectra with an excitation
wavelength of 330 nm.
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surface mechanical exfoliation, the photocurrent onset poten-
tial of the sample shifts negatively and the saturated photo-
current increases about 100% after Co(OH), loading (Fig-
ure 5a). However, without the surface mechanical exfolia-
tion, only the photocurrent onset potential shifts negatively,
the saturated photocurrent does not obviously increase after
Co(OH), loading. The results also suggest that the charge

~
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transfer of photogenerated carriers in the surface layer is
a limit step.

The photocurrent—potential curves of the Co(OH),-
loaded Ta;Ns samples at 550-610°C were measured and the
results suggested that the sample at 610°C had the highest
photocurrent (Figure S10). Figure 5b shows the photocurrent
of the bare Ta;N5 and Co(OH),-loaded Ta;Ns at 610°C, the
onset potential negatively shifts about 0.2 V and the saturated
photocurrent increases about 85% after Co(OH), loading.
The photocurrent onset potential after Co(OH), loading is
about 0.82 V versus RHE, which is close to the values (about
0.85 V versus RHE) reported by us and others.”™?! For a bare
Ta;Ns, photogenerated holes are accumulated on the surface
of the electrode because of slow interface charge transfer,
which leads to serious recombination and photocorrosion.
After Co(OH), is loaded on the photoelectrode as a water
oxidation electrocatalyst, photo-generated holes in Ta;Ns can
migrate to Co(OH), more quickly, which suppresses the
recombination and photocorrosion of the photoelectrode.
The solar photocurrent at 123V versus RHE is about
55mAcm™ from the photocurrent-potential curve. The
photocurrent at 1.23 V versus RHE was also further con-
firmed by an photocurrent-time curve, which excludes the
effect of capacitive current (Figure S11). The solar photo-
current was also calculated by integrating incident photon-to-
current efficiencies (IPCEs) with the standard solar spectrum

following Gratzel’s method to exclude the differ-
ence between the simulated AM1.5G light source
and the real solar spectrum.'®!”) The IPCE at

1.23 V versus RHE is about 50 % at 400-470 nm
(Figure 5c) and the photoresponse wavelength is
about 600 nm, which is close to the absorption
edge of Ta;Ns. The integrated photocurrent
(52 mAcm™, Figure S12) is very close to the
measured value, which suggests that the measured
solar photocurrent is reliable. In addition, we also
measured solar photocurrent in aqueous solution

at pH =13 to compare with the value in ref. [24],
a value of 5.2 mAcm2 at 1.23 V versus RHE was

d) obtained. The highest solar photocurrents at

1.23 V versus RHE for the Ta;Ns photoanode
have been previously reported as about
3.8 mAcm 2% Therefore, we have obtained
the highest solar photocurrent among all currently
available Ta;Ns photoanodes. The solar energy
conversion efficiency™*!! of the Co(OH),-loaded
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Ta;Ns photoanode is calculated as 0.51% at
1.06 V versus RHE from Figure 5b (shown in

Figure 5. a) Photocurrent—potential curves of the samples at 570°C, with and without
Co(OH), loading, before and after surface exfoliation, 1M NaOH, AM1.5G

(100 mWem™?) illumination. The photocurrent here is the difference value between
the photocurrent and the dark current. b) Measured AM1.5G (100 mWcm™?) photo-
current—potential curves of bare Ta;Ns/Ta and the Co(OH),-loaded Ta;Ns/Ta electro-
des at 610°C, 1M NaOH, scan rate: 10 mVs™'. c) IPCE at 1.23 V versus RHE of the
Ta;Ns/Ta electrodes at 610°C with Co(OH), surface loading. The IPCE action
spectrum was measured by steady-state photocurrent. d) Time courses of gas
evolution from the Co(OH),-loaded Ta;N; at 610°C in a two-electrode cell under
AM1.5G (100 mWcm™) illumination, 1M NaOH, the bias was 1.23 V. The area of the
Ta;N; was about 1 cm?. The inset shows the photocurrent-time curve under
illumination.
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Figure S14).

Moreover, stability and Faradaic efficiency for
a non-oxide photoanode are especially important.
They were measured and the results are indicated
in Figure 5d. The photocurrent of a Co(OH),-
loaded Ta;Ns photoanode at 610°C decreases
about 55% after 2 h of illumination. The photo-
stability of a photoelectrode depends on the light
intensity. A higher light intensity leads to a re-
duced stability.” H, and O, bubbles were
observed on the Pt cathode and the Ta;Ns photo-
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anode, respectively (Figure S15). The Faradaic efficiencies of
H, and O, are about 85 and 74 %, respectively. The Faradaic
efficiency of O, is 11 % less than that of H, because some
Ta;N; is oxidized by photogenerated holes. N, was released
during the Faradaic efficiency measurement, which suggested
that Ta;N5 was partially photocorroded. This result is also
verified by XPS measurements of Ta;Ns before and after the
Faradaic efficiency test (Figure S16). We have compared the
photostability and Faradaic efficiencies of the Co(OH),-
loaded Ta;Ns samples at 570°C (before the surface exfolia-
tion) and 610°C (after the surface exfoliation) under illumi-
nation with the same light intensity, and observed that
photostability and Faradaic efficiencies are similar for both
samples (Figure 5d and Figure S17). The results exclude the
possibility that the increase in the photocurrent by removing
the surface layer stems from the enhanced photocorrosion of
the Ta;Nj; electrode.

In summary, the photocurrent of Ta;N5 was improved
remarkably by thermal or mechanical exfoliation of the
surface recombination centers. This strategy can offer guid-
ance to improve photoelectrochemical performance of other
materials. After further modification of the electrocatalyst on
Ta;Ns, we obtained a solar photocurrent of 5.5 mAcm ™ at
1.23 V versus RHE, which is the highest value among all
currently available Ta;Ns photoanodes. Future work will be
carried out to shift the photocurrent onset potential nega-
tively and improve the photostability of this material for
practical applications.
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