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Surface state modulation has emerged as a promising strategy to reduce rapid carrier recombination in
photocatalytic reactions. However, surface states can paradoxically serve as indirect recombination
centers due to sluggish interfacial reaction kinetics. Herein, the charge separation function of Ni-
mediated surface states is reactivated via Z-scheme charge transfer engineering in Fe,Oz/CuQO
heterojunctions, where the surface states spontaneously accumulate photoinduced electrons for
efficient photocatalytic hydrogen production. Density functional theory (DFT) calculations reveal that Ni
heteroatoms introduce surface states proximal to the conduction band minimum of CuO, creating
electron-trapping configurations that facilitate the accumulation of photogenerated electrons. Surface
photovoltage spectra demonstrate that Ni-induced surface states function as electron trapping centers,
creating electron reservoirs that spatially decouple reduction sites from recombination sites. Time-
resolved surface photovoltage decay kinetics quantitatively resolve the electron capture process
occurring in the sub millisecond time scale, with carrier lifetimes prolonged to 4.72 ms with a 5-fold
enhancement. This interfacial electron reservoir effect enhances the photocatalytic H, evolution rate of
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1933.69 pmol g~ h™%, while maintaining 98% activity over 4 cycles. This work not only elucidates the
mechanism of transition metal dopants in regulating surface states but also provides a new paradigm for
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Introduction

As a crucial pathway for solar energy conversion, the core
challenge in photocatalysis lies in achieving efficient separation
of photogenerated charge carriers."”> Researchers have devel-
oped multidimensional strategies to optimize charge dynamics:
heterojunction engineering establishes interfacial electric field-
driven charge separation through band offset alignment;*
defect state modulation introduces intermediate bandgap states
via oxygen vacancies or dopants to trap charge carriers;>® and
noble metal cocatalysts facilitate electron enrichment through
Schottky barrier effects.” >

Surface states function as pivotal interfacial charge-exchange
platforms in photocatalytic systems,'>'* where their energy levels,
density-of-state distributions, and temporal evolution character-
istics govern the transport pathways and ultimate fate of photo-
generated carriers.”® Thermodynamically, surface states act as
“relay stations” for electron-hole pairs, modulating the competi-
tion between carrier recombination and migration through
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designing photocatalytic interfaces with dynamic electron accumulation capabilities.

selective trapping/release mechanisms.’®"” Kinetically, these

states regulate interfacial charge transfer rates via non-adiabatic
coupling effects.’®'® Conventional surface-state engineering
approaches typically employ defect-introduction strategies (e.g.,
controlled oxygen vacancy generation) or exogenous molecular
functionalization (e.g:, thiol ligand anchoring),?® primarily focus-
ing on creating deep-level localized surface states as charge
reservoirs.>' However, the surface states can paradoxically serve
as indirect recombination centers due to sluggish interfacial
reaction kinetics.”>** Therefore, an effective strategy is needed
to overcome this limitation and enhance the efficiency of photo-
catalysis. Z-scheme charge transfer engineering in Fe,O5;/CuO
heterojunctions effectively modulates the charge transfer
process,”*® thus enabling activation of surface states. Fe,O; is
an n-type semiconductor with a bandgap of approximately 2.0-2.2
eV. Its conduction band (CB) is located at about +0.3 V vs. NHE,
while the valence band (VB) lies at approximately +2.3 V, endow-
ing it with good visible-light responsiveness. CuO is a p-type
semiconductor with a bandgap of about 1.2-1.7 eV, its CB and
VB are positioned at roughly —0.3 V and +1.0 V, respectively. The
staggered alignment of their CB and VB edges satisfies the
energetic requirements for a Z-scheme heterojunction: electrons
in the CB of Fe,O; can recombine with holes in the VB of CuO,

Phys. Chem. Chem. Phys., 2025, 27,18927-18934 | 18927


https://orcid.org/0000-0002-3695-7563
https://orcid.org/0000-0002-9493-5258
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cp02648b&domain=pdf&date_stamp=2025-08-29
https://rsc.li/pccp
https://doi.org/10.1039/d5cp02648b
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP027036

Published on 01 September 2025. Downloaded on 10/29/2025 5:39:51 PM.

Paper

thereby preserving the strong oxidation capability of Fe,O; and
the strong reduction capability of CuO.

In this paper, the charge separation function of Ni-mediated
surface states is reactivated via Z-scheme charge transfer engi-
neering in Fe,03/CuO heterojunctions, where the surface states
spontaneously accumulate photoinduced electrons for efficient
photocatalytic hydrogen production. Density functional theory
(DFT) calculations reveal that Ni heteroatoms introduce surface
states proximal to the conduction band minimum of CuO,
creating electron-trapping configurations that facilitate the
accumulation of photogenerated electrons. Surface photovol-
tage spectra demonstrate that Ni-induced surface states func-
tion as electron trapping centers, creating electron reservoirs
that spatially decouple reduction sites from recombination
sites. Time-resolved surface photovoltage decay kinetics quan-
titatively resolve the electron capture process occurring in the
sub millisecond time scale, with carrier lifetimes prolonged to
4.72 ms with a 5-fold enhancement. This interfacial electron
reservoir effect enhances the photocatalytic H, evolution rate to
1933.69 pmol g~* h™', while maintaining 98% of its initial
activity over 4 cycles.

Materials and methods

All the chemicals used in this study were of analytical grade and
used without further purification. Iron(m) nitrate nonahydrate
(Fe(NOs3)3-9H,0), copper(u) chloride dihydrate (CuCl,-2H,0),
nickel(n) sulfate hexahydrate (NiSO,-6H,0), citric acid
(C¢HgO-), and urea (CH4N,O) were purchased from Sigma-
Aldrich Pte. Ltd. The water used throughout all experiments
was purified using a Millipore system.

Materials preparation

Fe,03/CuO heterojunctions were synthesized via a sol-gel
combustion method using citric acid as the chelating agent.
Specifically, 5 mmol CuCl,-2H,0, 10 mmol Fe(NO3);-9H,0, and
NiSO,-6H,0 (1%, 2%, and 4% molar ratio to iron) were dis-
solved in deionized water under magnetic stirring, forming
precursor solution. Then 15 mmol anhydrous citric acid was
added to the above solution, followed by magnetic stirring until
complete dissolution, and 7.5 mmol urea was subsequently
introduced into the mixture. The mixture was heated at 70 °C
under continuous stirring until transitioning into a viscous gel.
The gel underwent spontaneous combustion on a 170 °C
hotplate, accompanied by vigorous gas evolution, ultimately
yielding a dendritic black powder. After cooling, the combus-
tion product was ground and calcined in a muffle furnace at
500 °C for 3 h. The resultant powders were subjected to three
cycles of deionized water washing and drying. The final pro-
ducts were labeled as CFO500 (undoped), CFO500-1%Ni,
CFO500-2%Ni, and CFO500-4%Ni.

Materials characterization

The surface morphology and elemental composition of the
materials were analyzed using scanning electron microscopy
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(SEM, Zeiss Supra 55) coupled with energy-dispersive X-ray
spectroscopy (EDX). High-resolution transmission electron
microscopy (HRTEM) imaging and selected area electron dif-
fraction patterns were acquired using a Tecnai G2 F30 S-TWIN
transmission electron microscope operated at 200 kV. Crystal
structure characterization was performed by X-ray diffraction
(XRD) with 20 ranging from 10° to 80° at a scanning rate of
2° min . Optical properties were examined through UV-vis-NIR
spectroscopy spanning 200-2000 nm in wavelength. For surface
chemical analysis, X-ray photoelectron spectroscopy (XPS) mea-
surements were conducted on 5 x 5 mm pelletized samples
using monochromated Al K-o radiation (1486.6 eV), with charge
compensation achieved by a neutralization gun. XPS spectra
were collected in wide-scan (150 eV, 1 eV step) and narrow-scan
(30 eV, 0.05 eV step) modes, with binding energy calibration
referenced to the C 1s peak at 284.8 eV.

Photoelectrochemical and photocatalytic characterization

Photoelectrochemical measurements were conducted using an
Autolab workstation with a 500 W xenon lamp (100 mW cm ).
Working electrodes were fabricated by drop-coating 8 mg
photocatalyst dispersed in 3 mL ethylene glycol methyl ether
(30-min sonication) onto fluorine-doped tin oxide (FTO, 1 x
3 cm?), followed by drying at 90 °C and calcination under N, at
200 °C for 30 min (3 °C min~" ramp). Tests were performed in a
0.5 M Na,SO, electrolyte with Pt counter and Ag/AgCl reference
electrodes. Photocatalytic hydrogen evolution was evaluated by
dispersing a 10 mg catalyst in 9 mL H,O with 1 mL methanol
(N,-purged for 5 min), irradiated by a 500 W xenon lamp under
continuous stirring for 4 h. Evolved H, was quantified via GC-
2014 gas chromatography (TCD detector, N, carrier gas).

Surface photovoltage spectroscopy (SPS)

SPS utilized a lock-in amplifier-based system comprising a
CHF-XM500 xenon lamp, SBP500 monochromator (23 Hz mod-
ulation), SR830 lock-in amplifier (10 MQ input impedance),
SR540 chopper, and sample cell. Wavelength scanning pro-
ceeded from long to short wavelengths, with a UV cut-off filter
(A > 420 nm) applied for measurements >600 nm. System
calibration employed a Zolix DSI200 silicon detector to elim-
inate phase artifacts.

Results and discussion

The morphology and microstructure of the catalyst were ana-
lyzed using scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM). As shown in Fig. 1a and b, the
SEM images reveal that CFO500 consists of amorphous nano-
particles with rough surfaces. After nickel doping, no signifi-
cant morphological changes were observed. The presence of
Cu, Fe, and O elements, as well as Fe,0; and CuO, was further
confirmed by the elemental distribution maps in Fig. 1c-g. In
the high-resolution transmission electron microscopy (HRTEM)
images (Fig. 1h and i), the HRTEM image of the Fe,O3/CuO
heterojunction shows the interface between Fe,O; and CuO. The
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electron microscopy image of CFO500-2%Ni. (j) EDS spectrum of CFO500-2%Ni.

lattice spacings of 0.252 nm and 0.212 nm correspond to the
(110) and (113) crystallographic planes of Fe,O; (JCPDS 33-0664),
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(@) and (b) SEM images of CFO500 and CFO500-2%Ni. (c)-(g) Elemental distribution mapping images of CFO500-2%Ni. (h) and (i) HRTEM

with the crystallographic zone axis of Fe,O; being [-110]. The
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Fig. 2

(a) XRD patterns of CFO500, CFO500-1%Ni, CFO500-2%Ni and CFO500-4%N:i; (b) refined phase composition of CFO; (c) Ni 2p spectrum of

CFO500-2%Ni; (d) Cu 2p spectra of CFO500 and CFO500-2%Ni; (e) Fe 2p spectra of CFO500 and CFO500-2%Ni; (f) O 1s spectra of CFO500 and

CFO500-2%Ni.
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(200) and (111) crystallographic planes of CuO (JCPDS 65-2309),
with the crystallographic zone axis of CuO being [01-1]. The
composition of the Fe,0;/CuO heterojunction was confirmed by
energy dispersive spectroscopy (EDS) in Fig. 1j. The elemental
distribution and HRTEM image of CFO500 are shown in Fig. S1.

The crystal structure of the CFO catalyst was characterized
by powder X-ray diffraction (XRD). The XRD pattern of CFO is
shown in Fig. 2a. The diffraction peaks at 24.1°, 33.1°, 35.6°,
40.8°, 49.4°, 54.0°, 62.4° and 63.9° correspond to the (012),
(104), (110), (113), (024), (116), (214) and (300) crystal planes of
Fe,03 (JCPDS 33-0664), respectively. The diffraction peaks at
35.5°% 38.7°and 38.9° correspond to the (002), (111) and (200)
crystal planes of CuO (JCPDS 65-2309), respectively. These
results confirm the successful synthesis of CFO. To further
investigate this, structural refinements were performed on four
CFO samples with different nickel doping levels (CFO500,
CFO500-1%Ni, CFO500-2%Ni, and CFO500-4%Ni). The Rietveld
refinement results are shown in Fig. S2 and Table S1. The
absence of NiO peaks (Fig. 2a) indicates that Ni** has been
incorporated into the lattices of Fe,O3; and CuO. The content of
Fe,0; fluctuates between 66.29% and 84.27% due to nickel
doping. The changes in the contents of Fe,O; and CuO with
nickel doping are shown in Fig. 2b.

XPS characterization was performed on CFO500 and
CFO500-2%Ni samples to investigate the chemical states and
compositions of surface elements. All binding energies were
calibrated against the C 1s peak at 284.8 eV. The XPS spectra of
CFO materials (Fig. 2c-f and Fig. S3e) reveal all elements
associated with both CFO500 and CFO500-2%Ni. In Fig. 2c,
the Ni 2p spectrum of CFO500-2%Ni exhibits a main Ni** peak
at 855.23 eV (Ni 2ps/,) with a satellite peak at 861.99 eV. The Ni
2p,,» region displays a main peak at 872.53 eV and a satellite
peak at 877.78 eV. As shown in Fig. 2d, for CFO500, the Cu 2p,,
region exhibits a main peak at 953.08 eV and a satellite peak at
961.77 eV, while the Cu 2p;, region shows a main peak
at 933.95 eV (corresponding to Cu®") with satellite peaks at
943.42 eV and 940.69 eV. For CFO500-2%Ni, the Cu 2p4,, peaks
are observed at 953.96 eV (main) and 962.35 eV (satellite), and
the Cu 2ps,, main peak shifts slightly to 934.59 eV (Cu®*) with
satellite peaks at 944.01 eV and 941.38 eV. In Fig. 2e, the Fe 2p
spectrum of CFO500 exhibits two Fe 2p;, main peaks at
711.27 eV (Fe**) and 709.81 eV (Fe"), along with a satellite
peak at 718.82 eV. The Fe 2p,,, region shows a main peak at
724.39 eV and a satellite peak at 731.54 eV. For CFO500-2%Ni,
the Fe 2p;/, peaks shift marginally to 711.37 eV (Fe*") and
709.91 eV (Fe**), with a satellite peak at 718.95 eV. The Fe 2p,,
region shows a main peak at 724.48 eV and a satellite peak at
731.46 eV. Notably, the Fe**/Fe®" peak area ratio decreases from
2.3 (CFO500) to 2.0 after 2% Ni doping (CFO500-2%Ni).

XPS was employed to characterize pure CuO and Fe,O;
samples as shown in Fig. S3, aiming to verify interfacial
interactions and charge-transfer direction in Z-scheme systems.
The Cu 2p spectra of CuO display a Cu 2p,;;, main peak at
952.77 eV and a satellite peak at 961.80 eV, along with Cu 2p3,
peaks comprising a divalent-copper main peak at 933.46 eV
with satellites at 941.05 eV and 943.46 eV, and a monovalent-
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copper peak at 932.44 eV, yielding a Cu**/Cu" peak-area ratio of
2.3. In CFO500, the Cu** peak shifts to 933.95 eV, a 0.49 eV
positive shift relative to CuO, with the Cu>*/Cu” ratio increasing
to 4.9, indicating elevated high-valence copper and reduced
low-valence copper. The Fe 2p spectra of Fe,O; exhibit Fe 2p;,,
main peaks at 710.95 eV for Fe** and 709.62 eV for Fe*" plus a
satellite at 718.74 eV, and a Fe 2p,,, main peak at 724.25 eV with
a satellite at 730.96 eV, giving a Fe**/Fe** ratio of 3.5. For
CFO500, the Fe*" peak shifts to 711.27 €V, a 0.32 eV positive
shift versus Fe,O;, while the Fe*'/Fe*" ratio decreases to 2.3,
demonstrating increased low-valence iron and decreased high-
valence iron. These spectral changes confirm electron transfer
from CuO to Fe,03, resulting in more Cu*" and less Fe*".

Fig. 2f compares the O 1s spectra: for CFO500, peaks at
531.5 eV and 529.69 eV are attributed to surface chemisorbed
oxygen and lattice oxygen, respectively. In CFO500-2%Ni, these
peaks shift slightly to 531.60 eV (chemisorbed oxygen) and
529.77 eV (lattice oxygen). As shown in Table S2, the oxygen
vacancy contribution (fitted from O 1s spectra) increases from
23% in CFO500 to 35% in CFO500-2%Ni. This indicates that Ni
doping enhances oxygen vacancies on the surface, which can
act as active sites to trap photogenerated electrons and sup-
press charge recombination.>” As revealed by XPS depth profil-
ing of CFO500-2%Ni (Fig. S4), nickel is uniformly distributed
both inside and on the surface of the sample.

Fig. 3a shows the I-t curves obtained under a 500 W xenon
lamp alternating between on and off. As the nickel doping ratio
increases, the photocurrent response first decreases and then
increases. Among the materials with different doping ratios,
the enhanced photocurrent of CFO500-2%Ni (0.52 pA cm™?) is
attributed to Ni-induced surface states that facilitate electron
trapping and suppress recombination, followed by CFO500-
4%Ni (~0.5 pA cm™?), then CFO500 (~0.29 pA cm ), and
CFO500-1%Ni (~0.18 pA cm ?) has the worst response.
These curves also indicate that nickel doping can enhance
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the response signal and improve the electron-hole separation
efficiency of CFO500. In addition, after 4 ON/OFF light illumi-
nation cycles, the I-t curves of the four photocatalysts remain
consistent, indicating that they have good photoelectric stability.
Additionally, electrochemical impedance spectroscopy (EIS) was
employed to investigate the charge transfer behavior at the
interface between the photoelectrode and electrolyte (Fig. 3b).
Fig. 3b shows the impedance of the materials fitted with an
equivalent circuit, and the detailed fitting data are summarized
in Table S3. The equivalent circuit consists of two parts: one
represents the capture process of photogenerated electrons on
the material surface (Reap and Cpuni), and the other represents
the transfer process of photogenerated electrons from the
trapped states to the solution (R and Cg), where Cgs and R
denote the surface-state capacitance and charge transfer resis-
tance, respectively.”® Under light illumination, a higher C, value
indicates more efficient trapping of photogenerated carriers,
thereby suppressing their recombination; a lower R. value
corresponds to a smaller impedance semicircle radius, which
is favorable for charge transfer. The Cys value of CFO500 was
5.39 x 107° F, and it gradually increased with the increase in
nickel doping ratio. The CFO500-2%Ni sample exhibited a
significantly enhanced Cq value of 3.88 x 10~° F, demonstrating
greatly improved capability for trapping photogenerated carriers.
Moreover, CFO500-2%Ni showed the smallest R.; value of 5.25 x
10* Q, indicating the fastest charge transfer kinetics. These
results suggest that 2% nickel doping exhibits the best optical
response, which promotes photocatalytic hydrogen production.

Fig. 3c presents the Kubelka-Munk-transformed diffuse
reflectance spectra of the as-prepared samples. The light
absorption range of CFO includes ultraviolet light and part of
the visible light range. Through Tauc equation calculations, we
obtained the bandgap (E;) of CFO500-2%Ni as 0.88 eV
(as shown in Fig. S5). The positive slope of the Mott-Schottky
plots in Fig. 3d indicates that CFO before and after doping are
n-type semiconductors.

Surface photovoltage (SPV) spectroscopy and transient
surface photovoltage (TPV) were employed to investigate the
charge transfer behavior in CFO catalysts. Both techniques
reveal polarity-dependent responses: positive signals indicate
surface hole accumulation, while negative signals reflect elec-
tron migration to the surface. The amplitude of these signals
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demonstrates a direct linear relationship with charge separa-
tion efficiency. Notably, the SPV signal amplitude serves as a
direct metric for evaluating electron-hole pair separation effi-
ciency, where stronger signals correlate with enhanced charge
29732 Under 300-800 nm monochromatic illumina-
tion, the undoped sample displays a positive SPV signal as

dissociation.

shown in Fig. 4a. Ni doping induces a gradual polarity inversion
from positive to negative, demonstrating redirected electron
transfer from the bulk to the surface. This confirms Ni-derived
surface states act as electron traps, creating localized electron-
rich zones that suppress recombination and enhance charge
separation. CFO500-2%Ni exhibits the most pronounced nega-
tive SPV response, corresponding to optimal charge separation/
transfer efficiency. The SPV spectra of Fe,O; and CuO are
shown in Fig. S6a and b. As shown in Fig. 4b, TPV spectra
under 355 nm excitation reveal synchronized polarity inversion
with increasing Ni content, where 2% Ni doping generates the
strongest negative signal, which is consistent with SPV trends.
CFO500-2%Ni exhibits delayed peak response times versus
lower-doped counterparts, suggesting prolonged carrier life-
times. Intermediate 1% Ni doping exhibits time-dependent
signal inversion from positive to negative, reflecting progressive
electron trapping by surface states. Exponential decay analysis
(Table S4) confirms enhanced carrier lifetimes in CFO500-2%Ni
(4.72 ms) versus undoped CFO500 (0.9 ms), aligning with its
superior separation efficiency. It also resolves the electron
capture process occurring in the sub millisecond time scale,
with carrier lifetimes prolonged to 4.72 ms with a 5-fold
enhancement. The dynamic process of capturing electrons by
surface states requires a relatively long time, which can be
observed by modulating the frequency of the photovoltaic
voltage, as shown in Fig. 4c. When the testing frequency of
the photovoltaic voltage is reduced, the duration of a single
illumination cycle becomes longer, and the behavior of the
photogenerated charge over a longer time scale is captured.
Therefore, the photovoltaic response is negative, indicating
that photogenerated electrons are enriched on the material
surface by surface states for a long time. From Fig. Sé6c and d, it
can be seen that for the CFO500 sample, its surface photo-
voltage response is positive, indicating that the migration of
photogenerated holes to the surface dominates. For the
CFO500-2%Ni sample, its surface photovoltage response is
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Fig. 4 (a) SPV spectra of CFO; (b) TPV spectra of CFO; (c) SPV frequency spectra of CFO.
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negative, indicating that the migration of photogenerated
electrons to the surface dominates. No other processes were
directly observed for either sample. From Fig. S7, it can be
clearly seen that the electrochemical surface area of CFO500-
2% Ni is significantly higher than that of CFO500, indicating
that doping Ni can improve ECSA, which is beneficial for
enhancing the ability of surface states to capture charges.

In order to evaluate the catalytic activity, we conducted
photocatalytic hydrogen production experiments under simu-
lated solar light conditions. As shown in Fig. 5a, the sample
exhibited a substantial enhancement in catalytic performance
under 10 W ultraviolet irradiation (355 nm). Control experiments
revealed that the CFO500-2%Ni composite demonstrated optimal
catalytic yield, achieving 1933.69 umol g~ * h™. Fig. 5b illustrates
the photochemical evaluation conducted under a full-spectrum
irradiation system employing a 10 W LED lamp. The nickel-doped
CFO500 catalyst maintained a maximum catalytic yield of 104.63
pumol g~ * h™". This is consistent with the previous SPV results
showing that the surface of the CFO500-2%Ni material is enriched
with the most photogenerated electrons. The photocatalytic per-
formance of the material under UV light surpasses that under
visible light. Firstly, this is because of the very weak absorption in
the visible region, especially at wavelengths longer than 600 nm.
Secondly, frequency-modulated photovoltage spectra reveal that
under visible light, photogenerated holes migrate towards the
material surface, as this migration is detrimental to photocatalytic
hydrogen production. Finally, in the UV region, the surface
photovoltage response is negative, indicating that photogenerated
electrons migrate to the material surface, as this migration is
beneficial for photocatalytic hydrogen production. The hydrogen
production rates of Fe,O; and CuO under a 10 W LED light are
shown in Fig. S8. After four tests, the CFO500-2%Ni sample still
maintained a hydrogen production rate close to its original rate
without a significant decrease as shown in Fig. S9a and b,
indicating favorable hydrogen production stability. SEM and
XRD measurements were carried out for the sample after photo-
catalysis as shown in Fig. S9c and d. The retention of morphology
along with XRD characteristic peaks maintaining their positions
and relative ratios after stability testing confirms the good stability
of CFO during long-term photocatalysis. After the photocatalytic
reaction, the gas chromatogram of the products is shown in
Fig. S10. It can be seen that no other by-products were detected
besides the hydrogen product. The nitrogen peak in the
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Fig. 5 (a) The catalytic activity of gas products of different samples under
the illumination of a 10 W ultraviolet light with a wavelength of 355 nm; (b)
the catalytic activity of gas products of different samples under the
illumination of a 10 W LED light.
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chromatogram originates from the nitrogen gas introduced dur-
ing the photocatalytic process. Comparison of photocatalytic
hydrogen evolution reaction performance over various photocata-
lysts and reaction conditions reported in the literature is sum-
marized in Table S5.

Mott-Schottky plots, Tauc plots, and density functional
theory (DFT) calculations were conducted on CuO and Fe,03
to determine their band edge potentials and work functions, as
shown in Fig. S11, supporting the charge transfer mechanism.
Mott-Schottky plots for CuO and Fe,O; measured at 1000 Hz
are shown in Fig. S11a and b; the positive slope indicates
that Fe,O; is an n-type semiconductor, whereas the negative
slope confirms CuO as a p-type semiconductor. The flat-band
potential, determined from the tangent intercept of the Mott-
Schottky plots on the X-axis, is 0.66 V vs. Ag/AgCl for CuO
(reasonably approximating its valence band) and —0.26 V vs.
Ag/AgCl for Fe,O; (reasonably approximating its conduction
band). Fig. S11c and d show the Tauc plots derived from the
UV-vis DRS spectra of CuO and Fe,O3, revealing band-gap
values of 1.23 eV for CuO and 2.29 eV for Fe,0;. The conduction
band of CuO is thus calculated at —0.57 V vs. Ag/AgCl, and the
valence-band (VB) potential of Fe,O; at 2.03 V vs. Ag/AgCl.
Considering the relative VB edge positions, CuO and Fe,0;
form a Z-scheme heterojunction. Work function calculations
further confirm charge transfer between CuO and Fe,O; as
shown in Fig. S11e and f. With a work function of 5.445 eV for
Fe,0; exceeding that of CuO (4.722 eV), the Fermi level of Fe,03
is lower than CuO. Upon contact, charge transfer occurs with
electrons moving from CuO to Fe,0;, forming a built-in electric
field directed from CuO to Fe,O;. Consequently, under illumi-
nation, photogenerated electrons transfer from Fe,O; to CuO.
The above evidence supports the Z-scheme charge transfer
mechanism. Fig. 6 presents the charge transport mechanism
in Ni-doped Fe,03/CuO heterojunctions for photocatalytic
hydrogen production. The introduction of nickel atoms selec-
tively generates specific surface states on CuO, creating effi-
cient photogenerated electron trapping sites. This effect
originates from the effective establishment of a Z-scheme
charge transfer mechanism within the heterojunction: the
preferential annihilation of photogenerated holes in CuO with

photogenerated electrons in Fe,O; through interfacial
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Fig. 6 Diagram of the photocatalytic water cracking mechanism of
photocatalysts for CFO500 (a) and CFO500-2%Ni (b).
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recombination channels effectively blocks the carrier recombi-
nation pathway mediated by Ni-induced surface states. Density
of states analysis (Fig. S12) reveals that nickel doping induces
surface state energy levels precisely localized near the conduction
band minimum (CBM) of CuO, forming directionally aligned
trapping centers that are energetically matched with photogener-
ated electrons. Notably, the 2% nickel doping concentration
triggers a functional transformation of surface states and their
fundamental nature evolves from simple charge trapping sites to
dynamic electron storage media. This transformation optimizes
both the spatial distribution of carriers and their transport
kinetics, ultimately leading to significant enhancement of the
hydrogen evolution performance in the heterojunction system. In
the absence of Ni-doping, the Z-scheme charge-transfer engineer-
ing merely enables recombination of Fe,O; conduction-band
electrons with CuO valence-band holes to annihilate the latter,
yet the surface states themselves can still act as recombination
centers. This results in only limited charge accumulation at the
surface and consequently weak hydrogen-evolution activity. Upon
doping with 2 at% Ni, the Ni-mediated surface states are con-
verted into electron reservoirs, achieving a synergistic extension of
carrier lifetime and utilization efficiency, and thus markedly
enhanced hydrogen-evolution capability.

Conclusion

In summary, the charge separation function of Ni-mediated sur-
face states is reactivated via Z-scheme charge transfer engineering
in Fe,03/CuO heterojunctions, where photogenerated holes in
CuO are driven to the interface and recombine with photogener-
ated electrons in Fe, O3, effectively blocking the carrier recombina-
tion pathway mediated by surface states. The photocatalyst
exhibits excellent catalytic activity, which can be attributed to Ni
doping in the Fe,0;/CuO heterojunction inducing the sponta-
neous accumulation of photo-induced electrons in the surface
states, forming an electron reservoir that achieves a synergistic
enhancement of carrier lifetime and utilization efficiency. Specifi-
cally, the sample doped with 2% Ni achieved a hydrogen evolution
rate of 1933.69 umol g~ " h™", which is approximately 50 times that
of the original sample. This work not only elucidates the mecha-
nism of transition metal dopants in regulating surface states but
also provides a new paradigm for designing photocatalytic inter-
faces with dynamic electron accumulation capabilities.
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