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structuring via dual atom
modification for an efficient photoanode†

Xiaodong Wang,‡a Huijuan Zhang,‡ab Chuanzhen Fenga and Yu Wang *ab

Efficient carrier separation is important for improving photoelectrochemical water splitting. Here, the

morphology modification and band structure engineering of Ta3N5 are accomplished by doping it with

Cu and Zr using a two-step method for the first time. The initially interstitially-doped Cu atoms act as

anchors to interact with subsequently doped Zr atoms under the influence of differences in

electronegativity. This interaction results in Cu,Zrg–Ta3N5 having a dense morphology and higher

crystallinity, which helps to reduce carrier recombination at grain boundaries. Furthermore, the gradient

doping of Zr generates a band edge energy gradient, which significantly enhances bulk charge

separation efficiency. Therefore, a photoanode based on Cu,Zrg–Ta3N5 delivers an onset potential of

0.38 VRHE and a photocurrent density of 8.9 mA cm−2 at 1.23 VRHE. Among all the Ta3N5-based

photoanodes deposited on FTO, a Cu,Zrg–Ta3N5-based photoanode has the lowest onset potential and

highest photocurrent. The novel material morphology regulation and band edge position engineering

strategies described herein provide new ideas for the preparation of other semiconductor nanoparticles

to improve the photoelectrochemical water splitting performance.
Introduction

Photoelectrochemical (PEC) or electrocatalytic (EC) water split-
ting, exploiting sunlight or electricity to convert water into
hydrogen and oxygen, are effective ways to respond to growing
global energy and environmental issues related to fossil fuel
consumption.1–7 The photoelectrode, which absorbs sunlight to
generate carriers, is the core of PEC systems.8,9 Despite a great
deal of effort having been devoted to investigating photo-
electrodes with high sunlight-to-electron conversion efficiency,
there are still many issues with photoelectrodes.10,11 Specically,
trap states at grain boundaries,12 bulk recombination,13 high
onset potential14 and low photocurrent15 hinder the realization
of a semiconductor for water splitting. Therefore, the develop-
ment of photoelectrodes with excellent PEC performance is
desirable.

Photoelectrodes for PEC water splitting should possess
several important properties, including a small band gap to
guarantee long-wavelength light absorption, efficient charge
separation and catalytic activity. Tantalum nitride (Ta3N5), an n-
type semiconductor material, is one of the most promising
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photoanode materials for PEC water splitting.16–18 However,
pure Ta3N5 exhibits inferior PEC water splitting performance,
although theoretically it can produce a maximum photocurrent
density of 12.9 mA cm−2 under standard sunlight
irradiation.19–21 Some effective strategies, such as foreign atom
doping,22,23 morphological modication24,25 or interface
engineering,26–28 have been developed to optimize the perfor-
mance of PEC water splitting, but the photocurrent of the
photoelectrode deposited on FTO is far below the theoretical
value.29–33 This phenomenon is primarily related to poor carrier
transport and severe trap states at grain boundaries. In partic-
ular, when operating at a low bias potential, carrier transport is
highly susceptible to potential barriers within the conduction
path and easy recombination at grain boundaries. Therefore, it
is crucial to focus on improving the separation efficiency of the
carriers. Constructing a built-in electric eld is an effective way
to improve charge separation.34,35 In the conventional built-in
electric eld construction, heterojunctions or homojunctions
are mostly effective for enhancing carrier separation. However,
there are still some conceivable deciencies that need to be
properly considered.36,37 On the one hand, it is difficult to create
an effective heterojunction due to the mismatched energy levels
between two semiconductors without generating a low interface
defect density. Although Ta3N5 heterojunctions have been re-
ported in the literature, the processes used to synthesize these
materials are cumbersome and the inhibition of deep level
defects is limited.26 On the other hand, most synthesis methods
for doping a material with foreign atoms to obtain homoge-
neous junctions, such as the dual-source electron-beam
© 2024 The Author(s). Published by the Royal Society of Chemistry
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evaporation deposit method and nitriding at a high tempera-
ture,34,38 require intricate experimental conditions, which
increase costs and the difficulty of synthesis. Additionally,
heteroatom doping results in the lattice expansion of the pris-
tine semiconductor, creating lower crystallinity and a smaller
grain size, which leads to carrier recombination at grain
boundaries.12 As a consequence, a new strategy needs to be
proposed to prevent the grain boundaries from inuencing the
charge transfer properties and to improve the bulk carrier
separation efficiency. To the best of our knowledge, there is no
report on modifying the morphology and bandgap structure of
a semiconductor through dual-heteroatom doping.

Herein, we report for the rst time the preparation of Cu and
gradient Zr co-doped Ta3N5 (Cu,Zrg–Ta3N5) using a two-step
synthesis strategy. Due to the electronegativity difference
between Cu and Zr, the interstitially doped Cu serves as an
anchor site for subsequent interaction with Zr, which modies
the morphology of Ta3N5. Additionally, the incorporation of Zr
affects the bandgap position. Therefore, a simplied linear
pressure-assisted method is used to achieve gradient Zr doping,
which bends the band structure of Ta3N5 to form a built-in
electric eld. Experimental results reveal that the doping of
Cu and gradient Zr suppresses the intrinsic defect-related and
grain boundary recombination of Ta3N5. Additionally, the
gradient Zr doping allows electrons to rapid transfer to the
surface of Cu,Zrg–Ta3N5, resulting in an onset potential of 0.38
VRHE, which is approximately 0.27 VRHE lower than the onset
potential of pristine Ta3N5 (∼0.65 VRHE). The photocurrent
density at 1.23 VRHE is 8.9 mA cm−2, which exceeds that of all
Ta3N5-based photoanodes deposited on FTO. These results
demonstrate that the sequential doping of two types of atoms
can change the morphology of the base material, and that
gradient doping can alter the bandgap structure and improve
the performance of the photoanode.
Experimental
Preparation of pristine Ta3N5

Ta2O5 (99.99%, Shanghai Adamas Reagent Co., Ltd.) was well
mixed with 0.5 mmol of Na2CO3 (99.5%, Wako Pure Chemical
Industries, Ltd.) viamechanical grinding in an agate mortar for
0.5 h. The mixture was then heated to 900 °C for 15 h at a ramp
rate of 10 °C min−1 under an ammonia stream (ow rate: 120
sccm). The nitridation duration of 15 h was determined by the
complete transition of the intermediate phase, NaTaO3 to
Ta3N5. Aer being allowed to cool to room temperature natu-
rally, the sample was rinsed with water at 65 °C and dried under
vacuum at 40 °C for 5 h.
Preparation of Cu-doped Ta3N5 (Cu–Ta3N5)

The starting materials Ta2O5 and Cu(NO3)2$3H2O (Kanto
Chemical Co., Inc.) were well blended (5.3, 5.8, 6.4, 6.9, 7.5
at% doped). Then, the mixture was annealed in air at 650 °C
for 0.5 h to prepare pure oxide precursors. The annealed oxide
precursors were mixed with a ux of 0.5 mmol Na2CO3 via
mechanical grinding in an agate mortar for 0.5 h. For
© 2024 The Author(s). Published by the Royal Society of Chemistry
nitridation, the mixed powder was placed into an alumina
boat in a furnace and was subsequently heated under an NH3

ow of 120 sccm at 900 °C for 15 h at a ramping rate of 10 °
C min−1. Aer being allowed to cool to room temperature
naturally, the sample was rinsed with water at 65 °C and dried
under vacuum at 40 °C for 5 h.

Preparation of Zr-doped Ta3N5 (Zr–Ta3N5)

The starting materials Ta2O5 and ZrO(NO3)2$2H2O (Kanto
Chemical Co., Inc.) were well blended (0.62, 0.78, 0.90, 1.08,
1.25 at% doped). Then, the mixture was annealed in air at 650 °
C for 0.5 h to prepare pure oxide precursors. The annealed oxide
precursors were mixed with a ux of 0.5 mmol of Na2CO3 via
mechanical grinding in an agate mortar for 0.5 h. For nitrida-
tion, the mixed powder was placed in an alumina boat in
a furnace and was subsequently heated under an NH3 ow of
120 sccm at 900 °C for 15 h at a ramping rate of 10 °C min−1.
Aer being allowed to cool to room temperature naturally, the
sample was rinsed with water at 65 °C and dried under vacuum
at 40 °C for 5 h.

Preparation of gradient and homogeneous Zr-doped Cu–
Ta3N5 (Cu,Zrg–Ta3N5; Cu,Zrh–Ta3N5)

The Cu,Zrg–Ta3N5 powder was synthesized by heating Cu–Ta3N5

powder with ZrO(NO3)2$2H2O powder (0.90 at% doped).
Specically, the Cu–Ta3N5 was well mixed with ZrO(NO3)2$2H2O
powder. Then, the mixture was annealed in air at 650 °C for
0.5 h to prepare pure oxide precursors. The annealed oxide
precursors were mixed with a ux of 0.5 mmol of Na2CO3 via
mechanical grinding in an agate mortar for 0.5 h.

The mixture was placed in a simplied linear pressure-
assisted reactor under an NH3 atmosphere. Firstly, the
temperature was increased to 900 °C (10 °C min−1), and then
linearly pressurized from 0.12 MPa at a rate of 0.01 MPa every
10 min for 280 min, resulting in the formation of Cu,Zrg-doped
Ta3N5. Aer being allowed to cool to room temperature natu-
rally, the sample was rinsed with water at 65 °C and dried under
vacuum at 40 °C for 5 h. Cu,Zrh–Ta3N5 was synthesized in the
same way, but not under simplied linear pressure, and under
an NH3 ow of 120 sccm at 900 °C for 15 h at a ramping rate of
10 °C min−1.

Preparation of photoanodes via an electrophoretic deposition
method

All tested photoanodes were prepared via an electrophoretic
deposition method (EPD) on conducting FTO glass supports.
EPD was carried out in acetone (50 mL) containing the as-
prepared samples (40 mg) and iodine (10 mg), which was
dispersed by sonication for 10 min. Two FTO electrodes (1.6 × 2
cm2) were immersed parallel in the solution at a distance of 10
mm, and 15 V bias was then applied between the electrodes for
3 min using a potentiostat (PARSTAT 2263, Princeton Applied
Research). The coated area was controlled to be ca. 1.6 × 1.0
cm2. The electrode was dried in air at room temperature. The
average thickness of the as-prepared samples deposited on FTO
was 3.0 mm under the EPD conditions.
Chem. Sci., 2024, 15, 896–905 | 897
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Preparation and loading of the NiCoFe–Bi co-catalyst

The preparation and loading of the NiCoFe–Bi co-catalyst was
based on previous literature.39 Specically, the as-prepared
electrodes were transferred to an Ar-purged solution contain-
ing 2 mM NiSO4$6H2O (99.99% metals basis, Chengdu Chron
Chemical Co., Ltd.), 0.5 mM Co(NO3)2$6H2O (99.99% metals
basis, Aladdin) and 0.8 mM FeSO4$7H2O (99.95% metals basis,
Aladdin) in 0.25 M potassium borate (K2B4O7$4H2O) buffer at
pH 10. The photo-assisted electrodeposition was performed in
a three-electrode conguration with Ag/AgCl as the reference
electrode and a Pt wire as the counter electrode. The NiCoFe–Bi

co-catalyst was electrodeposited onto the electrodes at
a constant current density of 20 mA cm−2 over a period of 10 min
under AM 1.5 G simulated sunlight. Aer the deposition, the
electrodes were rinsed with deionized water.
Characterization methods

The morphologies and microstructures of the samples were
characterized by eld emission scanning electron microscopy
(FESEM, JEOL, JSM-7800F, 15 kV) and transmission electron
microscopy (TEM; FEI Talos F200X). Energy dispersive X-ray
(EDX) spectroscopy elemental mapping was conducted under
the TEM with an annular dark-eld (ADF) detector. X-ray
photoelectron spectroscopy (XPS) analysis was performed
using a Thermo Scientic ESCALAB 250Xi instrument with
monochromatic Al Ka radiation (225 W, 15 mA, 15 kV). All
binding energies were referenced to the C 1s peak (284.8 eV)
arising from adventitious carbon. The crystal phase was exam-
ined by powder X-ray diffraction (XRD, PANalytical X'Pert
Powder with Cu Ka radiation). UV-visible (UV-vis) diffuse
reectance spectra were recorded on a UV-vis spectrophotom-
eter (UV-3600, Shimadzu, Japan). Ultraviolet photoemission
spectroscopy (UPS) measurements were carried out on an
ESCALAB 250Xi spectrometer with He I resonance lines (21.22
eV). The steady-state photoluminescence (PL) spectra (excited
by 420 nm illumination) were recorded on a spectrouorometer
(FLS1000, Edinburgh Instruments) equipped with both
continuous (450 W) and pulsed xenon lamps. The time-resolved
transient photoluminescence decay (TRPL) spectra were recor-
ded on a spectrophotometer (Fluorolog-3, Horiba Scientic)
using a 450 W xenon lamp. The surface photovoltaic properties
(SPV) of the samples were tested using a surface photovoltage
test system (CEL-SPS1000). The Ta, Cu and Zr concentrations in
the Cu- and Cu,Zrg-doped Ta3N5 were determined using
inductively coupled plasma-atomic emission spectroscopy (ICP-
AES; Icap 6300 Duo, Thermo Scientic). The oxygen and
nitrogen contents of the synthesized Ta3N5 were determined
using an oxygen–nitrogen combustion analyzer (Horiba, EMGA-
620W).
Photoelectrochemical measurements

The PEC performance of the samples was investigated via
a controllable reaction system (CEL-PAEM-D8, CEAULight,
China) with a volume of approximately 150 mL. A commercial
solar simulator (S500RE7, CEAULight, China) was used for
898 | Chem. Sci., 2024, 15, 896–905
irradiation of the photoanodes with a light intensity (1 sun at
AM 1.5 G) of 100 mW cm−2. The measurements were carried out
in 1.0 M KOH (pH 13.6) aqueous solution under a three-
electrode system on an electrochemical workstation (BioLogic
SP-200). The temperature of the electrolyte was maintained at
10 °C using a constant temperature water bath during the PEC
test. The as-prepared samples were used as the working elec-
trodes (photoanode), Pt wire as the counter electrode, and a Hg/
HgO electrode as the reference electrode, respectively. To
prevent the back reaction and the light scattering effect of the
generated H2 bubbles, the Pt cathode chamber and the photo-
anode chamber were separated using a Naon 117 membrane.
The photocurrent was recorded under simulated solar light
while sweeping the potential in the positive direction at a scan
rate of 0.01 V s−1. All the measured potentials versus a Hg/HgO
reference electrode were converted to the potentials versus RHE
according to the Nernst equation. The Applied Bias Photon-to-
current Efficiency (ABPE) was calculated from the current–
potential curves under AM 1.5 G illumination using the equa-
tion ABPE = [J × (1.23 − Vapp)/Plight] × 100%, where Vapp is the
applied potential versus RHE, J is the photocurrent density
under AM 1.5 G light and Plight is the irradiance of the simulated
sunlight (100 mW cm−2). The incident photoelectron conver-
sion efficiency (IPCE) for each wavelength was determined
using the following formula: IPCE = (1240J)/(lIlight) × 100%,
where l is the wavelength of incident light (nm), J is the
photocurrent density (mA cm−2) under the illumination wave-
length (l), and Ilight is the intensity of incident light (mW cm−2).
The IPCE spectra were measured using a monochromatic light
source (PLS-SXE300) in the wavelength range from 360 to
650 nm with a 10 nm interval at 1.0 V versus RHE in 1 M KOH.
The intensity of the monochromatic light was measured using
a calibrated reference cell (CEL-FZ-A). Chronoamperometry
measurements (steady-state photocurrent curves) were carried
out at a potential of 1.0 V versus RHE under AM 1.5 G simulated
sunlight (100 mW cm−2). Electrochemical impedance spectra
(EIS) were collected on the workstation at an open-circuit
voltage under light illumination in a frequency range from
0.1 Hz to 100 kHz. Mott–Schottky plots were obtained at an AC
frequency of 1.0 kHz at an amplitude of 0.01 V in the dark. Gas
production was detected using a gas chromatograph (Aulight
GC-7920) equipped with a thermal conductivity detector (TCD)
and a ame ionization detector (FID).

Results and discussion

In order to determine the optimal doping levels of Cu and Zr for
subsequent experiments, we rst measured the oxygen
production of photoanodes with different heteroatom doping
amounts. The amounts of oxygen produced by NiCoFe–Bi/Cu–
Ta3N5/FTO and NiCoFe–Bi/Zr–Ta3N5/FTO photoanodes, which
were held at 1.0 VRHE in 1 M KOH under AM 1.5 G simulated
sunlight for 1 h, are shown in Fig. S1.† The gure displays
a volcano-like shape and reveals that the optimal doping level
ratios of Cu and Zr are ∼6.4% and ∼0.9%, respectively. There-
fore, these two values were used as the doping levels for
subsequent experiments. It is difficult to achieve gradient
© 2024 The Author(s). Published by the Royal Society of Chemistry
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doping using the most commonly employed synthesis method,
normal atmospheric nitridation (Fig. S2†). In order to realize
gradient doping, a simplied linear pressurized gas-assisted
process can be used.40,41 High-angle annular dark-eld scan-
ning transmission electron microscopy (HAADF-TEM) was
employed to study the morphology and elemental distribution
of Cu,Zrg–Ta3N5. The morphology of Cu,Zrg–Ta3N5 (Fig. 1a) is
more compact than that of pristine Ta3N5 (Fig. S3†). The
elemental mapping of Cu,Zrg–Ta3N5 shows that Ta, N and Cu
are uniformly distributed in the nanoparticles, while the
distribution of Zr gradually increases from the inside to the
outside. The line-scan EDS prole (Fig. 1e) results obtained
along the cyan dotted-line from the Cu,Zrg–Ta3N5 nanoparticles
(Fig. 1a) are consistent with the elemental mapping images. As
shown in Fig. 1b, the observed lattice fringes with an inter-
planar spacing of 0.366 nm were assigned to the (110) plane of
Ta3N5.

As shown in Fig. 1c, the crystal structures of the Cu,Zrg–
Ta3N5 nanoparticles and control samples (pristine Ta3N5, Cu–
Ta3N5) were characterized by X-ray diffractometry. All the
samples show diffraction patterns consistent with a single
phase of Ta3N5 (JCPDF no. 79-1533), which indicates that the
crystal structure was not changed by Cu or Cu,Zr co-doping.
More importantly, Cu2O, ZrO2, ZrON2 and NaTaO3 impurity
phases were not observed in our sample. Furthermore, carefully
examining the magnied diffraction peaks of the (110) facet
(Fig. 1d) reveals a shi in the diffraction peaks to lower angles
Fig. 1 (a) HAADF-STEM image of Cu,Zrg–Ta3N5 and the corresponding E
Cu,Zrg–Ta3N5 and the corresponding FFT pattern; (c) XRD spectra of Ta
Cu–Ta3N5 and Cu,Zrg–Ta3N5 (110) diffraction peaks; (e) the correspondin
wide-scan survey XPS profiles of Ta3N5, Cu–Ta3N5 and Cu,Zrg–Ta3N5.

© 2024 The Author(s). Published by the Royal Society of Chemistry
for all samples. The shis in the (110) XRD peak positions of the
various Ta3N5 are ascribed to the substitution of Ta5+ (radius: 64
pm6) by Ta3+ (72 pm6)/Cu2+ (73 pm6)/Zr4+ (72 pm6) as well as the
substitution of N3− (146 pm6) by O2− (140 pm6). Substitutions of
atoms with a larger ionic radius would shi the XRD peak
position to a lower angle, while a smaller radius would result in
a shi to a higher angle, respectively. The lower angle of the
(110) peak generated by the pristine Ta3N5 compared with that
of the standard is primarily due to the presence of Ta3+ ions. A
shi in the (110) peak to lower angle presented in Cu–Ta3N5

compared with pristine Ta3N5 is due to the foreign cations (i.e.,
Cu2+ ions) incorporated into Cu–Ta3N5. However, the angle shi
of Cu–Ta3N5 is very small compared to that of pristine Ta3N5,
which may be due to Cu–Ta3N5 containing more ON defects
compared to pristine Ta3N5. Cu,Zrg–Ta3N5 displays the same
(110) peak position as pristine Ta3N5, most probably as a result
of the formation of a greater number of ON defects in the former
(Tables S1 and S3†). In addition, studies in the literature have
proven that ON can increase the carrier concentration and
promote carrier transfer,3,39 thus more ON in samples will
improve PEC performance. Meanwhile, the diffraction peaks of
Cu,Zrg–Ta3N5 become narrower and of higher intensity than
both those of Cu–Ta3N5 and pristine Ta3N5, suggesting that the
gradient incorporation of Zr enhanced crystallinity. The grain
size obtained by applying the Scherrer equation to the (110)
peak of Cu,Zrg–Ta3N5 is the largest of all the samples (Table
S4†).42 Studies in the literature have conrmed that the grain
DS elemental mappings images of Cu,Zrg–Ta3N5; (b) HRTEM images of

3N5, Cu–Ta3N5 and Cu,Zrg–Ta3N5; (d) the zoomed-in image of Ta3N5,
g line-scan EDS profile obtained along the cyan dotted-line from (a); (f)

Chem. Sci., 2024, 15, 896–905 | 899
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size of thin lms affects PEC properties.43 However, subsequent
PEC testing in this study conrmed that the grain size of
nanoparticles also affects the performance. The XPS wide-scan
spectrum shows the apparent signals of the elemental Cu and
Zr (Fig. 1f). The presence of Cu and Zr ions was veried from the
high-resolution XPS spectra of samples (Fig. S4 and S5†). The
presence of Ta3+ ions was veried from the Ta 4f XPS spectrum
of pristine Ta3N5 (Fig. S7†).

We synthesized Cu,Zrg–Ta3N5 nanoparticles using a simpli-
ed linear pressure-assisted method. The Cu,Zrg–Ta3N5

nanoparticles exhibited a distinct morphology compared to
pristine Ta3N5, Cu–Ta3N5, Zr–Ta3N5 and Cu,Zrh–Ta3N5. As
presented in Fig. 2a–e, pristine Ta3N5, Cu–Ta3N5, Zr–Ta3N5 and
Cu,Zrh–Ta3N5 show porous structures compared to Cu,Zrg–
Ta3N5. It is worth noting that the morphologies of Zr–Ta3N5

and Cu–Ta3N5 are similar to that of pristine Ta3N5, indicating
that doping Cu or Zr alone do not change the morphology of
Ta3N5. The morphology of Cu,Zrh–Ta3N5, however, is different
to those of pristine Ta3N5 and Ta3N5 doped with Cu or Zr alone,
and it can be seen that the number of holes decreases (Fig. 2e).
This is because interstitially doped Cu acts as an anchor point,
and aer Zr doping, interaction between Cu and Zr occurs due
to the difference in electronegativity.44 Nevertheless, the
morphology of Cu,Zrh–Ta3N5 is also different from that of
Cu,Zrg–Ta3N5. The morphology disparity observed between
Cu,Zrg–Ta3N5 and Cu,Zrh–Ta3N5 particles can be attributed to
the gradient doping of Zr, which gradually enhances the
interaction between Zr and Cu from the outside in. This results
in Cu,Zrg–Ta3N5 exhibiting a denser morphology compared to
the other samples. The Brunauer–Emmett–Teller (BET) test
results further corroborate that Cu,Zrg–Ta3N5 has fewer pores
and its morphology is different from the other samples
(Fig. 2f).
Fig. 2 SEM images of (a) Cu,Zrg–Ta3N5; (b) pristine Ta3N5; (c) Cu–Ta3N
Ta3N5, Cu–Ta3N5, Zr–Ta3N5, Cu,Zrh–Ta3N5, and Cu,Zrg–Ta3N5. In the sam
pores than (a).

900 | Chem. Sci., 2024, 15, 896–905
High-resolution X-ray photoelectron spectroscopy (XPS) data
were employed to elucidate the valence states and chemical
environment of the as-synthesized materials. The high-
resolution Cu 2p spectra are exhibited in Fig. S4.† Notably,
Fig. S4† reveals an interesting nding that Cu is present in the
sample not only in the form of Cu2+, but also as Cu+. The
presence of Cu+ in all Cu-doped Ta3N5 can be explained by the
oxidation of Ta3+ ions by Cu2+, which is why Ta3+ disappears
when Ta3N5 is doped with Cu. However, the content of Cu+ is
reduced and Cu2+ increased when Zr is incorporated into Cu–
Ta3N5, regardless of uniform or gradient doping. This
phenomenon can be explained by the difference in electroneg-
ativity, which causes electrons to transfer from Cu+ (1.163) to
Zr4+ (1.610).45 Electron transfer was further conrmed by the
presence of Zr3+ in the Zr 3d XPS spectrum etched for 0 s
(Fig. S5a†). We further performed XPS depth-prole analysis of
Cu,Zrg–Ta3N5 by means of argon sputtering, as shown in
Fig. S5b and S6.† With an extension in the sputtering time, the
peak area ratio of Zr3+ rst increases and then decreases, while
the peak area of Zr3+ in Cu,Zrh–Ta3N5 remains almost
unchanged (Fig. S8†). This proves that the interaction between
Cu and Zr is continuously enhanced. The O 1s XPS spectra in
Fig. S7a† show two typical peaks at approximately 530.2 and
531.4 eV, which are attributed to lattice oxygen (TaOx species)
and a surface-absorbed oxygen species, respectively.34 The Ta 4f
peak could be tted to three doublets (Ta 4f7/2–Ta 4f5/2) with
a spin–orbit splitting of 1.9 eV and a xed area ratio of 4 : 3
(Fig. S7b†). The binding energy of the Ta 4f7/2 components were
23.6, 24.5, 26.0 eV, corresponding to Ta3+, Ta3N5 and tantalum
oxynitride (TaOxNy).46 The proportions of Ta3+, Ta3N5 and
TaOxNy among the total Ta species in pristine Ta3N5 were esti-
mated to be 12.5%, 85.8% and 1.7%, respectively. However,
with Cu or Cu/Zr doping, the Ta3+ completely disappears, and
5; (d) Zr–Ta3N5 and (e) Cu,Zrh–Ta3N5; (f) BET surface area of pristine
e size red circle, (b–d) exhibit more pores than (e), but (e) shows more

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the proportion of Ta3N5 is considerably increased (Table S3†).
The N 1s peak at ∼396.6 eV in Fig. S7c† corresponds to Ta–N
binding. Additionally, a shi in the peaks of Cu–Ta3N5 and
Cu,Zrg–Ta3N5 is observed, demonstrating Cu or Cu/Zr have
successfully doped.

To investigate the impact of Cu or Cu/Zr doping on the band
gap structure, ultraviolet photoelectron spectroscopy (UPS) and
ultraviolet-visible (UV-vis) spectroscopy were conducted to
manifest the band edge positions of pristine Ta3N5, Cu–Ta3N5

and Cu,Zrh–Ta3N5. By subtracting the cut-off energies for the
secondary electrons from the He I excitation energy (21.22 eV),
the Fermi levels (EF) of pristine Ta3N5, Cu–Ta3N5 and Cu,Zrh–
Ta3N5 are −3.92, −4.10 and −4.37 eV, respectively (Fig. 3a). The
UPS spectra reveal that the valence bands of pristine Ta3N5, Cu–
Ta3N5 and Cu,Zrh–Ta3N5 are 2.05, 1.89 and 1.94 eV below their
Fermi levels, respectively (Fig. 3b). The UV-vis results show that
the absorption of Cu–Ta3N5 and Cu,Zrh–Ta3N5 is weaker than
that of pristine Ta3N5 when the wavelength exceeds 600 nm
(Fig. 3c). This is indicative of a lower density of defects caused
by the reduced Ta5+ species or nitrogen vacancies.47 The Tauc
Fig. 3 (a) UPS spectra of Ta3N5, Cu–Ta3N5 and Cu,Zrh–Ta3N5; (b) the z
spectra of Ta3N5, Cu–Ta3N5 and Cu,Zrh–Ta3N5; (d) Tauc plots of the U
absorption coefficient; ħ, Planck's constant; v, photon frequency. The do
edges; (e) band diagrams of Ta3N5, Cu–Ta3N5 and Cu,Zrh–Ta3N5 determ
band; VB, valence band; EF, Fermi level; (f) room temperature PL emissi
curves of Ta3N5, Cu,Zrh–Ta3N5 and Cu,Zrg–Ta3N5; (h) SPV spectra of Ta

© 2024 The Author(s). Published by the Royal Society of Chemistry
plots of the UV-vis spectra in Fig. 3d manifest that the optical
band gaps of the pristine Ta3N5, Cu–Ta3N5 and Cu,Zrh–Ta3N5

are 2.06, 2.08 and 2.10 eV, respectively. The low-valence cations
(Cu2+ and Zr4+) doped in Ta3N5 would require the formation of
VN and/or ON (Table S1†) to compensate for the imbalanced
charge.48,49 Therefore, the valence band may partially be
hybridized with O 2p orbitals with a lower electronic potential,
leading to the enlarged band gap aer Cu or Cu/Zr doping.50

Combined with the UV-vis, UPS and Tauc data, the energy band
positions of the pristine-Ta3N5, Cu–Ta3N5 and Cu,Zrh–Ta3N5 are
shown in Fig. 3e, which are consistent with the M–S plot results
(Fig. S9†). Detailed values are summarized in Table S2.† As
shown in Fig. 3e, the Fermi energy level of Cu, Zrh–Ta3N5 is
much lower than those of pristine Ta3N5 and Cu–Ta3N5. This
nding conrms that gradient doping can tailor the band
structure, thereby enhancing carrier separation.34,35 The pho-
toluminescence (PL) emission spectra of pristine Ta3N5, Cu,Zrh–
Ta3N5 and Cu,Zrg–Ta3N5 are shown in Fig. 3f. The pristine Ta3N5

exhibits a quenched characteristic PL peak between 700 and
850, which is attributed to a strong defect-related
oomed-in image of the gray dashed line in (a); (c) UV-vis absorption
V-vis absorption spectra of Ta3N5, Cu–Ta3N5 and Cu,Zrh–Ta3N5. a,

tted lines show the extrapolation of the linear portion of the absorption
ined from UPS and UV-vis absorption measurements. CB, conduction
on spectra of Ta3N5, Cu,Zrh–Ta3N5 and Cu,Zrg–Ta3N5; (g) TRPL decay

3N5, Cu,Zrh–Ta3N5 and Cu,Zrg–Ta3N5.
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recombination.29 Notably, the disappearance of defect-related
recombination in Cu,Zrh–Ta3N5 and Cu,Zrg–Ta3N5 conrms
the positive effect of the Cu/Zr doping. The intensity of the PL
emission spectrum, however, is signicantly reduced aer Zr
gradient doping, indicating that the gradient Zr bends the band
structure to facilitate the separation of photogenerated charges.
Time-resolved PL (TRPL) spectroscopy was performed to study
the carrier kinetics in various photoanodes (Fig. 3g). The tted
parameters for different Ta3N5 samples are listed in Table S5,†
where s1 and s2 are the defect-related photogenerated carrier
trapping and electron–hole recombination from the conduction
band to the valence band, respectively.51 As shown in Table S5,†
the PL decay of the pristine Ta3N5 is mainly caused by defect-
related recombination, while the defect-related recombination
is slightly suppressed in Cu,Zrh–Ta3N5. In contrast, both the s1
and s2 values of Cu,Zrg–Ta3N5 are greater than those of pristine
Ta3N5 and Cu,Zrh–Ta3N5. Importantly, the decreased s1 ratio of
Cu,Zrg–Ta3N5 implies that gradient-doping of Zr further
inhibits the defect-related recombination. In addition, the
electron–hole recombination lifetime of Cu,Zrg–Ta3N5 is much
longer than that of pristine Ta3N5 and Cu,Zrh–Ta3N5, suggesting
that gradient doping with Zr improves carrier separation capa-
bility. We also used surface photovoltaic (SPV) spectral data to
advance the understanding of the surface separation/transfer
ability of carriers for different samples (Fig. 3h). The signal of
Cu,Zrg–Ta3N5 is markedly enhanced relative to those of Cu,Zrh–
Ta3N5 and pristine Ta3N5, indicating accelerated carrier
separation/transfer of Cu,Zrg–Ta3N5. The rapid carrier separa-
tion and transfer is conducive to the negative shi in the onset
potential, which was conrmed in the subsequent PEC tests.

In response to the issue of the sluggish oxygen evolution
kinetics of Ta3N5, a NiCoFe–Bi oxygen evolution co-catalyst layer
was deposited on the surface of the photoelectrodes.39,52 We
deposited pure NiCoFe–Bi on FTO to demonstrate its excellent
oxygen evolution reaction (OER) properties. As shown in
Fig. S10,† NiCoFe–Bi/FTO exhibits excellent OER performance
and stability. To advance our understanding of the importance of
NiCoFe–Bi in the enhanced OER performance of Cu,Zrg–Ta3N5,
electrochemical-impedance-spectroscopy (EIS) and chopped I–T
tests at 1.0 VRHE were carried out. Obviously lower resistance
between photoanode and electrolyte was observed, indicating
that co-catalyst modication is necessary to enhance the charge
transfer kinetics between the photoanode and electrolyte
(Fig. S11†). Furthermore, the greatly enhanced photocurrent
demonstrates the importance of NiCoFe–Bi in improving this
property (Fig. S12†).53,54 The SEM images of Cu,Zrg–Ta3N5

deposited on FTO and NiCoFe–Bi adhering to Cu,Zrg–Ta3N5 are
shown in Fig. S13.† It can be seen that Cu,Zrg–Ta3N5 is uniformly
deposited on FTO, while NiCoFe–Bi is also uniformly adhered to
Cu,Zrg–Ta3N5. Due to the gradient bandgap structure resulting
from the gradient doping of Zr in Cu,Zrg–Ta3N5, electrons are able
to transfer quickly to the surface of the photoanode to generate
a photocurrent at a low bias (depicted in Fig. 4a). Steady-state
photocurrent testing under low bias conditions was conducted
(Fig. 4b). A steady photocurrent density of ∼20 mA cm−2 was
generated at 0.38 VRHE, demonstrating a low onset potential for
the Cu,Zrg–Ta3N5 photoanode. To the best of our knowledge, this
902 | Chem. Sci., 2024, 15, 896–905
is better than the results of other Ta3N5-based photoanodes
deposited on FTO (Fig. 4f). Linear-sweep voltammetry (LSV) was
employed to study the PEC activity of Cu,Zrg–Ta3N5, and the
corresponding control sample results are also shown in Fig. 4c
and S14a.† Apparently, the doping of foreign elements enhances
the photocurrent density of Ta3N5. The ll factor of the J–V curves
was also substantially improved. This phenomenon indicates that
foreign ion doping signicantly inhibits defect-related recombi-
nation, which is consistent with the PL and TRPL results.
Compared to pristine Ta3N5 with a value of ∼2.2 mA cm−2, Cu–
Ta3N5 and Cu,Zrh–Ta3N5 exhibit values of ∼6.5 mA cm−2 and
∼6.7 mA cm−2, respectively; however, Cu,Zrg–Ta3N5 achieves the
highest photocurrent density of ∼8.9 mA cm−2 at 1.23 VRHE. To
the best of our knowledge, a photocurrent density of ∼8.9 mA
cm−2 is the highest value reported upon depositing Ta3N5 on FTO
(Fig. 4f). Additionally, as shown in Fig. 4c and S14a,† compared to
pristine Ta3N5, Ta3N5 doped with foreign ions exhibits a lower
onset potential. The onset potential of Cu,Zrh–Ta3N5 (∼0.43 VRHE)
is negatively shied compared to Cu–Ta3N5 (∼0.5 VRHE), which is
due to the incorporation of Zr.49 Notably, when Zr is gradient-
doped into Cu–Ta3N5, not only is there a cathodic shi in the
onset potential, but also the photocurrent density is signicantly
enhanced relative to that of Cu,Zrh–Ta3N5. This can be ascribed to
the gradient doping of Zr forming a gradient bend band structure
that enhances carrier separation. Owing to the high photocurrent
density, low onset potential and high ll factor, the Cu,Zrg–Ta3N5

photoanodes reached a maximum ABPE of 3.5% (Fig. 4d and
S14b†), which compares favorably with the previous literature on
Ta3N5-based photoanodes, to the best of our knowledge.34,55,56

This demonstrates the exceptional performance of Cu,Zrg–Ta3N5

for PEC applications. Fig. S15† shows the IPCEs of pristine Ta3N5

and Cu,Zrg–Ta3N5. The IPCE onset wavelength of pristine Ta3N5

and Cu,Zrg–Ta3N5 are around 600 nm, corresponding to a band
gap of ∼2.1 eV. The value of Cu,Zrg–Ta3N5 (maximum value 72%)
is signicantly higher than that of pristine Ta3N5, implying that
gradient Zr doping enhances the charge carrier separation/
transfer efficiency. The oxygen production of the Cu,Zrg–Ta3N5

photoanode at 1.0 VRHE under AM 1.5 G was determined by gas
chromatography (Fig. 4e). The continuous evolution of oxygen
with a faradaic efficiency (FE) of close to 100%manifests that the
high and stable photocurrent is primarily used for oxygen
production rather than for other side reactions.

Photoanode stability is another crucial criterion by which to
evaluate the PEC performance. The stability of the Cu,Zrg–Ta3N5

photoanode in 1 M KOH was tested under 1 sun at 1.0 VRHE

(Fig. 4g and S14c†). The steady-state photocurrent density was
stable for 180 min for Cu,Zrg–Ta3N5, which is consistent with
the J–V curve at 1.0 VRHE shown in Fig. 4c. The photocurrent
density of Cu,Zrg–Ta3N5 still remained at 86% of the initial
value aer 10 h (Fig. S16†). Although pristine Ta3N5, Cu–Ta3N5

and Cu,Zrh–Ta3N5 demonstrated stable currents initially, their
performance was not sustainable over time. Aer only 30 min,
the photocurrent of pristine Ta3N5 abruptly dropped, while the
stabilities of Cu–Ta3N5 and Cu,Zrh–Ta3N5 were also limited to
just 67 and 88 min, respectively. The stability of the Cu,Zrg–
Ta3N5 photoanodes aer 3 h was studied in more detail. As
shown in Fig. S17a,† there was no obvious change in XRD
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic diagram of carrier migration and separation under simulated sunlight and bias; (b) steady-state photocurrent of the
NiCoFe–Bi/Cu,Zrg–Ta3N5/FTO photoanode under low applied potentials; (c) J–V curves of Ta3N5, Cu,Zrh–Ta3N5 and Cu,Zrg–Ta3N5 photo-
anodes with a NiCoFe–Bi co-catalyst in 1 M KOH under AM 1.5 G simulated sunlight; (d) ABPE of the photoanodes calculated from the J–V curves
in (c); (e) amount of oxygen evolved from the NiCoFe–Bi/Cu,Zrg–Ta3N5/FTO photoanode under an applied potential of 1.0 V versus RHE; (f)
comparison of the photocurrent and onset potential between our NiCoFe–Bi/Cu,Zrg–Ta3N5/FTO and other Ta3N5-based photoanodes
deposited on FTO. The left vertical axis represents the photocurrent at 1.23 VRHE, while the right vertical axis represents the onset potential of the
comparison sample; (g) steady-state photocurrents of Ta3N5, Cu,Zrh–Ta3N5 and Cu,Zrg–Ta3N5 with a NiCoFe–Bi co-catalyst at 1.0 V versus RHE
under AM 1.5 G simulated sunlight.
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patterns, indicating that Cu,Zrg–Ta3N5 exhibits excellent
stability. The SEM image illustrates that Cu,Zrg–Ta3N5 retains
its morphology aer stability testing (Fig. S17b†). The XPS
results aer the durability tests were not signicantly different
from those before the reaction, which also provided strong
evidence for the stability of the photoanode (Fig. S18†). The
outstanding structural stability of the Cu,Zr–Ta3N5 photo-
anodes may be attributed to two reasons: (1) Zr is co-doped with
ON;44 (2) gradient doped Zr and interstitial doped Cu generate
a gradually increasing interaction. Contrastingly, the XPS and
SEM results of pristine Ta3N5 exhibit a clear chemical state
change and structural collapse (Fig. S19 and S20†).
Conclusions

In summary, Ta3N5 nanoparticles with Cu and gradient Zr
doping were prepared using a two-step method. We found that
© 2024 The Author(s). Published by the Royal Society of Chemistry
due to the difference in electronegativity, interstitially doped Cu
acts as an anchor site to interact with Zr. Therefore, the
morphology of the Cu,Zrg–Ta3N5 becomes more compact, and
the compact morphology reduces the combination rate of
carriers at the grain boundaries, which is conducive to
improving the PEC performance. In addition, as doping Zr can
alter the band edge positions, a Zr gradient-doping method was
proposed to modify the band structure of Ta3N5, which
enhanced the separation of carriers. Due to the gradual increase
in the doped Zr content from the inside out, the interaction
between Zr and Cu increased from the outside in, resulting in
a denser morphology of Cu,Zrg–Ta3N5 compared to that of
Cu,Zrh–Ta3N5. The resultant Cu,Zrg–Ta3N5 possesses superior
structural stability and exhibits extraordinary PEC performance.
The use of co-doping to modify the morphology and engineer
the band structure paves the way for other nanoparticle semi-
conductor light absorbers to improve PEC performance.
Chem. Sci., 2024, 15, 896–905 | 903
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