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ARTICLE INFO ABSTRACT

Keywords: Photocatalytic water splitting can convert solar energy into hydrogen, which has important implications for
Photocatalytic hydrogen evolution reducing dependence on fossil fuels. Constructing heterojunctions is a universal method for facilitating charge
Zn,GeOy4

transfer, but the poor interface matching limits its charge separation and photocatalytic activity. Here, a metal-
nickel bridging (nickel interlayer) NiO-Ni-ZnpGeO4 photocatalyst with well interface matching is designed
through a partial oxidation strategy. Structure and in situ Raman characterization demonstrate that the nickel
interlayer substantially optimizes interface matching and causes the first-order phonon mode transfer from the
first-order longitudinal wave to the first-order transverse wave, which implies that NiO acts as the site for
hydrogen production and violent surface reaction. Therefore, the nickel interlayer provides a charge transfer
channel for carrier separation. Meanwhile, density functional theory calculations prove an optimal hydrogen-
oxygen bond-breaking process with 36 % barriers decrease obtained via the effect of nickel interlayer. As a
result, NiO-Ni-ZnyGeO, shows the photocatalytic hydrogen production rate of 206.6 pmol g~ h™!, which is over
8 times greater than that of ZnyGeOy. This study offers a new approach for designing heterojunctions with well-

Metal-nickel bridging
Charge separation
Interface matching

matched interface and efficient charge separation.

1. Introduction

Photocatalytic water splitting to hydrogen (Hy) is considered the most
efficient means of resolving the present global energy and environmental
crisis. In recent years, metal oxides have emerged as promising photo-
catalysts due to their stability, abundant availability, and non-toxicity,
making them widely used in photocatalytic water splitting applications
[1-3]. Among typical metal oxides [4-6], ZnyGeO4 (ZGO) is a promising
photocatalytic material because of its high carrier mobility and conduc-
tivity [7-9]. However, severe carrier recombination limits photocatalytic
performance of individual ZGO [10-12].

The construction of ZGO-based heterojunctions is thought of as an
effective way to increase carrier separation and photocatalytic activity.
For instance, monometallic cocatalysts, e.g., gold (Au), platinum (Pt),
silver (Ag) [13-15] and base metals such as nickel (Ni) and iron (Fe), are

commonly used to improve photocatalytic performance via providing
active sites for surface reactions and enhancing carrier migration effi-
ciency [16-18]. In addition, integrating ZGO with energy band structure
matching semiconductors can induce the directional transfer of photo-
generated carriers and facilitate charge separation [19], which have also
been widely used to boost catalytic activity [20-22]. Wang et al.
enhanced the photocatalytic Hy production performance of ZGO by
constructing ZGO/ZnS intimate heterojunction [13]. Hou et al. enhanced
the photoinduced carriers’ separation and transfer efficiency in ZGO by
combining it with CdS, thereby boosting its photocatalytic performance
[23]. Hou et al. further reported that by re-conjugating ZGO to ZnO
(heterojunction) and depositing metals (Cu, monometallic cocatalysts)
on the surface, ZnO/ZnyGe04-Cu exhibited enhanced light absorption
and prevented electron-hole pair recombination, which greatly promoted
the photocatalytic performance [24]. However, the limited interface
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Fig. 1. Synthesis of the Ni-ZGO, NiO-Ni-ZGO and NiO-ZGO nanorods.

matching in ZGO-based heterojunctions continues to result in substantial
carrier recombination [25-27]. Therefore, developing a ZGO hetero-
junction photocatalyst with a well-matched interface remains a key sci-
entific challenge for efficient photocatalytic water splitting.

In this study, we construct a metal-nickel bridging (nickel interlayer)
NiO-Ni- ZGO photocatalyst through the partial oxidation strategy. The
partial oxidation of NiO from Ni generates a well-matched interface be-
tween ZGO and NiO, while the unoxidized Ni serves as a carrier migra-
tion bridge to facilitate photogenerated carriers transfer and separation.
The synergistic change of the first-order phonon mode with the hydroxyl
group (water) in the in situ Raman characterization reveals that, in the
NiO-Ni-ZGO, NiO acts as the site for hydrogen production, while ZGO
primarily provides carriers. In addition, the metal-nickel interlayer
significantly reduces the photoinduced carrier transfer resistance and
obtains barrier decrease during photocatalytic H, evolution process. As a
result, NiO-Ni-ZGO exhibits a lot of increase in photocatalytic Hy evo-
lution compared with single ZGO, outperforming previously reported
ZGO-based photocatalyst.

2. Experimental procedures
2.1. Reagents

Germanium oxide (GeOs, 99.99 % metal basis), zinc chloride (ZnCls,

98 % AR), and sodium hydroxide (NaOH, 96 %) were purchased from
MACKLIN (Shanghai Macklin Biochemical Co., Ltd). Nickel chloride
hexahydrate (NiCly-6H20, 99 % AR) was purchased from RHAWN. All
chemicals were used as received without further purification. Deionized
water (~18.25 MQ cm) was used throughout this study.

2.2. Methods

2.2.1. Synthesis of the Ni-ZGO nanorods

During a typical experiment, GeOs, ZnCl,, NaOH, and NiCly-6H20 were
added to 30 mL of water in turn, and their specific amounts are shown in
Table S1. After 30 min of magnetic stirring, the mixture was transferred to
a 50 mL Teflon-lined autoclave, where the reaction was sustained at 200 °C
for 16 h and finally cooled naturally to room temperature. Next, the
mixture was centrifuged twice each with water and absolute ethanol to
completely remove residues and other impurities. The washed mixture was
then fast vacuum dried in the oven at 80 °C for 24 h, where the product
was dried completely, and their edges were coarsened.

2.2.2. Synthesis of the NiO-Ni-ZGO and NiO-ZGO nanorods

NiO-Ni-ZGO and NiO-ZnyGeO4 (NiO-ZGO) were obtained via further
processing based on Ni-ZGO. In general, Ni-ZGO was heat treated in the
muffle furnace at 200 °C, where NiO-Ni-ZGO was prepared, and 270 °C,
where NiO-ZGO was formed, for 12 h, respectively (Fig. 1).



R. Zou et al.

. NiO-Ni-ZGO B

Transactions of Materials Research 1 (2025) 100006

| ——Ni0-ZGO ~ZnGe0, | J [NI0-ZGO Ni 2p N-O') K [Ni0-ZGO Os

——NiO-Ni-ZGO  + NiO Ni 2Ry, NIO 2p,, | L L f
~ ——Ni-ZGO N e o TN 4|
s i & |NiO-Ni-ZGO heO | 8 NiO-Ni-ZGO
~ | 1 i veeee b ae Ni 2p . NiO 2 P32 )
% % j/2 r\;j|2p1/2 [ : P32 ; % NIperipheryQ
c < p o :
O Q= )
2 < |Ni-ZGO _ Ni-O | €
N Ni 2p,, Ni2py, Ni 2psp |1 2Pys

25 50 75 873 864 855

Two Theta (Degree)

Binding Energy (eV)

Binding Energy (eV)

Fig. 2. Morphology and structure characterization of NiO-Ni-ZGO, NiO-ZGO and Ni-ZGO. (A) TEM image of NiO-Ni-ZGO and (B) the partial enlargement of A. (C)
HRTEM image of NiO-Ni-ZGO. (D-H) TEM mapping of NiO-Ni-ZGO. (I) XRD pattern of NiO-Ni-ZGO, NiO-ZGO and Ni-ZGO. (J) Ni 2p spectra of NiO-Ni-ZGO, NiO-ZGO

and Ni-ZGO, and (K) O 1s spectra of NiO-Ni-ZGO, NiO-ZGO and Ni-ZGO.
2.3. Characterization

Transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) images were obtained by using FEI Tecnai G2 F20 (USA). TEM
mapping images were performed with an EDAX Phoenix X-ray spec-
trometer (USA), and scanning electron microscope (SEM) images were
characterized via Zeiss Sigma. X-ray diffraction (XRD) patterns were
obtained from Kratos (XRD-7000) with Cu K, (A = 1.54178 A) radiation
to examine the chemical compositions in the scan range of 10-100° at the
scanning speed of 3° per minute. The Raman spectra were measured via a
RENISHAW Raman spectrometer in conjunction with a companion 532
nm laser. X-ray photoelectron spectroscopy (XPS) patterns were acquired
on Kratos AXIS Ultra DLD, equipped with a monochromatized Al K, (hv
= 1486.6 eV) to characterize the chemical composition. Electrochemical
impedance spectroscopy (EIS) patterns, Mott-Schottky (MS) plots (CHI-
760E, CH Instruments Inc, USA), and amperometric current-time (I-T)
curves (Zennium-E, ZAHNER, German) were carried out in a 0.5 M so-
dium sulfate solution at room temperature with a classical three-
electrode system containing a platinum plate as a counter electrode, a
silver chloride reference electrode, and the sample as the working elec-
trode (AM 1.5 G Xe lamp). Before the test, the sample was immersed in
sodium sulfate solution for a period to obtain stable open-circuit poten-
tial. Photoluminescence (PL) spectra were examined via a PL spectrom-
eter (FLS 980) and the excitation wavelength was 294 nm. Time-
resolution photoluminescence (TR-PL) spectrum was examined via the
FLS920 fluorescence spectrometer (Edinburgh Instruments) and the

emission wavelength was 530.5 nm. UV-vis diffuse reflectance spec-
troscopy (UV-VIS-DRS) patterns were measured on PerkinElmer
LAMBDA 850+

2.4. Photocatalytic water splitting measurements

The photocatalytic water splitting measurements were conducted in a
sealed online reactor (Perfectlight Limited, China). In a general process,
10 mg prepared powder samples were dispersed in 45 mL water, fol-
lowed by 5 mL of methanol (AR) and 1.55 pL 8 wt% chloroplatinic acid
solution dropwise with ultrasonication and continue for a period until
homogeneous. The dispersed solution was then poured into the reactor,
and the vacuum began immediately after the reactor was installed until
the barometer had shown stability. The light irradiation was provided via
a PLS-SXE300 Xe lamp (Perfectlight Limited, China) with a standard AM
1.5 G filter, which could output about 100 mW cm ™2 light density and
was calibrated by an optical power meter. Using high-purity nitrogen as
the carrier gas, we qualitatively detected the hydrogen produced by
decomposition with GC-2014C (SHIMADZU, Japan) gas chromatograph
equipped with column and thermal conductivity detector (TCD) for more
than 6 h in each test.

2.5. In situ Raman characterization

In a typical in situ Raman characterization, 10 mg prepared powder
samples were dispersed in 45 mL water, followed by 5 mL of methanol
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Fig. 3. Performance of photocatalytic water splitting

to produce hydrogen via NiO-Ni-ZGO, Ni-ZGO, and
NiO-ZGO. (A) Cumulative hydrogen production under
long-term test conditions of NiO-Ni-ZGO (red), Ni-
ZGO (green), and NiO-ZGO (blue). (B) Average
hydrogen production rate of NiO-Ni-ZGO (red), Ni-
ZGO (green), NiO-ZGO (blue), and ZGO (orange).
(C) Hydrogen production during the 6-h cycle of NiO-
Ni-ZGO (red), Ni-ZGO (green) and NiO-ZGO (blue).
(D) Raman spectra of NiO-Ni-ZGO before and after
reaction.
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(AR) with ultrasonication, and continued for a time interval until ho-
mogeneous. A certain amount of the above mixture solution was drop-
wise in a sandwich reaction system consisting of two slides, which were
then placed flat on the stage. The choice of the illumination system was
consistent with that of photocatalytic water splitting measurements.
Raman measurements were conducted using an inVia (RENISHAW, UK)
Raman detector. It should be noted that the illumination system should
be kept at a distance from the sandwich reaction system, and the path of
light should be parallel to the slide, in other words, perpendicular to the
Raman laser (532 nm, RL532C50, RENISHAW, UK), which must be
maintained maximum strength during the whole characterization.

3. Results
3.1. Catalyst synthesis and characterization

For preparation of the NiO-Ni-ZGO heterojunction photocatalyst, a
two-step procedure was adopted (Fig. 1). Initially, the basic ZGO con-
taining metal Ni (Ni-ZGO) was synthesized by sodium hydroxide-assisted
hydrothermal co-deposition. Subsequently, the surface Ni metal was
partially oxidized via thermal oxidation to form NiO-Ni-ZGO (details in
the methods section). Both ZGO and Ni-ZGO displayed a nanorod
structure, as clearly shown in Fig. S1. NiO-Ni-ZGO exhibited a multi-
prism morphology with regular geometry as evidenced by transmission
electron microscopy (TEM) images (Fig. 2A and B). Meanwhile, high-
resolution transmission electron microscopy (HRTEM) images of NiO-
Ni-ZGO revealed lattice fringes of 0.23, 0.24, and 0.41 nm, which
could be attributed to the (010), (111), and (300) lattice planes of Ni,
NiO, and ZGO, respectively, demonstrating the successful formation of
NiO-Ni-ZGO (Fig. 2C) [5,10]. Notably, Ni was surrounded similarly to a
bridge and wrapped up via both ZGO and NiO. Fig. 2D-H presents the
TEM mapping diagrams of the sample, where the elements O, Zn, and Ge
were evenly distributed. With further increase in the oxidation degree of
Ni-ZGO, one could see that Ni-ZGO completely transformed into
NiO-ZGO, where Ni disappeared, and only lattice fringes for NiO and
ZGO could be observed (Figs. S2 and S3). The X-ray diffraction patterns
of Ni-ZGO, NiO-Ni-ZGO, or NiO-ZGO only exhibited the characterization

peaks of Zn,GeO4 (JCPDS No. 11-0687), which could be ascribed to the
low content of Ni (Fig. 2I) [5,9].

We further investigated the detailed interfacial interactions of NiO-
Ni-ZGO. X-ray photoelectron spectroscopy (XPS) is an efficient method
to study the interfacial electronic structure among Ni-ZGO, NiO-Ni-ZGO,
and NiO-ZGO (Fig. 2J, K and Figs. S4A-D). At the beginning, four distinct
Ni characteristic peaks were found in the Ni 2p XPS spectrum of Ni-ZGO,
namely, the Ni 2p;/5 nickel containing characteristic peak located at
874.3 eV, the Ni 2p;,5 and Ni 2p3,» nickel metal characteristic peaks
located at 868.3 and 859.7 eV, and the Ni-O 2p3/» nickel connected to
ZGO characteristic peak located at 853.6 eV (Fig. 2J, green line) [5,28].
As oxidation progressed, NiO characteristic peaks of Ni 2p; /5 and Ni 2p3 2
located at 872.5 and 861.4 eV could be observed in the Ni 2p XP1S
spectrum of NiO-Ni-ZGO, while the characteristic peak of nickel metal
located at 867.8 eV indicated the existence of the Ni bridge wrapped up
via both ZGO and NiO (Fig. 2J, red line) [28]. With further oxidation, a
unique NiO 2p; /5 characteristic peak located at 870.5 eV appeared in the
Ni 2p XPS spectrum of NiO-ZGO (Fig. 2J, blue line), which replaced the
nickel metal characteristic peak in NiO-Ni-ZGO, indicating that Ni-ZGO
was completely oxidized. Similarly to Ni 2p, the XPS spectra of O 1s
were obtained. In Ni-ZGO, three distinct peaks appeared at 532.5, 531.1,
and 529.6 eV, representing O (Ni-Ozgp), vacancy oxygen (Vp), and
material-O (Ozgo), respectively (Fig. 2K, green line) [29]. As oxidation
proceeds, it could be observed in NiO-Ni-ZGO that the O (NiperipheryO)
peak located at 533.3 eV appeared, ascribing to oxidation of the surface
nickel metal (Fig. 2K, red line). As the oxidation further deepened, the O
(NiperipheryO) peak in NiO-Ni-ZGO split, forming the peak representing O
(NiO) located at 532.8 eV (Fig. 2K, blue line) [5,29], which was due to
complete oxidation so that the oxygen acting on nickel oxide was also
associated with the metal in ZGO.

3.2. Photocatalytic hydrogen evolution performance

The photocatalytic hydrogen evolution of NiO-Ni-ZGO, NiO-ZGO, and
Ni-ZGO under Xe lamp (A > 340 nm, AM 1.5 G) with methanol (10 vol%)
as sacrifice agent and platinum (8 wt%) as cocatalyst is shown in Fig. 3A.
All three samples demonstrated linear and consistent hydrogen
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Fig. 4. Optical and electrochemical characterization of NiO-Ni-ZGO, Ni-ZGO, and NiO-ZGO. (A) UV-vis diffuse reflectance spectrum of NiO-Ni-ZGO, Ni-ZGO, and
NiO-ZGO. (B) EIS Nyquist plots (the additional bias voltage was applied to cancel out the open-circuit voltage), and (C) photocurrent responses under the Xe lamp (AM
1.5 G) of NiO-Ni-ZGO, Ni-ZGO, and NiO-ZGO. (D) PL spectra excited at 295 nm of NiO-Ni-ZGO, Ni-ZGO, and NiO-ZGO.

production over time, indicating stable and reliable hydrogen evolution
rates. The average hydrogen productivity of NiO-Ni-ZGO (206.625 pmol
g~ ! h™!) was much higher than those of Ni-ZGO and NiO-ZGO (110.609
and 3.229 pmol g ! h™1), especially over 8 times that of ZGO (Fig. 3B, S5
and Table S2).

In addition, NiO-Ni-ZGO also exhibited good hydrogen production
and structural stability. It maintained a hydrogen production rate
consistently around 200 pmol g1 during the 6-h cycle, with no signifi-
cant decline, demonstrating its excellent resistance to photo-corrosion
and environmental stability (Fig. 3C, red line). In contrast, NiO-ZGO
exhibited negligible hydrogen production during the 6-h cycle (Fig. 3C,
blue line). This was evident in long-term monitoring, where the pro-
duction rate remained nearly constant and close to the X-axis (Fig. 3A,
blue line), as well as in individual cycle monitoring, where fluctuations
were minor and centered around the X-axis (Fig. 3C, blue line). In
addition, the performance of Ni-ZGO was somewhere between NiO-Ni-
ZGO and NiO-ZGO (Fig. 3A-C, green line). Fig. 3D shows the Raman
spectra of NiO-Ni-ZGO before and after the reaction, where the peak
region from 700 cm ™! to 850 em™! (Zn-O-Ge stretching around 750
em™'; Zn-0-Ge bending around 800 em ™) represented the characteristic
peaks of ZGO. The peak region from 300 cm ™! to 600 cm™' corre-
sponding to NiO was almost invisible due to the low Ni content. No
apparent change was observed in the Raman spectra of NiO-Ni-ZGO
before and after the reaction, proving that the NiO-Ni-ZGO possessed
excellent stability.

3.3. Optical and electrochemical performance

An important part of research on photocatalytic performance is op-
tical and electrical characteristics of photocatalysts. The sample was
evaluated for light absorption capacity by UV-VIS-DRS. NiO-Ni-ZGO
exhibited a slight redshift and stronger degree absorption compared to
Ni-ZGO and NiO-ZGO (Fig. 4A). Fig. 4B illustrates the electrocatalytic
impedance spectra (EIS) of these materials, showing that NiO-Ni-ZGO

exhibited the lowest impedance due to the Ni bridging, indicating su-
perior conductivity. This result confirmed that NiO-Ni-ZGO's good
interface matching significantly enhanced carrier transfer efficiency. This
was further evidenced in Fig. 4C, where NiO-Ni-ZGO demonstrated both
the highest photocurrent densities.

The charge separation efficiency was calculated to be 69.7 % for the
NiO-Ni-ZGO sample (see Note 1 in Supporting information). In addition,
the photoluminescence spectroscopy (PL) shows that the lowest PL in-
tensity of NiO-Ni-ZGO, compared with NiO-ZGO and Ni-ZGO, proving
the highest carrier separation efficiency in NiO-Ni-ZGO (Fig. 4D).
Furthermore, the charge separation kinetics of these materials was
detected by time-resolved photoluminescence spectroscopy (TR-PL),
where the lifetime (t) of NiO-Ni-ZGO were 2.930 ns, close to 2 and 8
times higher than that of NiO-ZGO (1.881 ns) and Ni-ZGO (0.392 ns)
(Fig. S6). This demonstrates the excellent interfacial carrier pass-through
efficiency of NiO-Ni-ZGO. Its superior interface matching significantly
enhances carrier capture and consequently improves decomposition
efficiency.

3.4. In situ Raman study

The in situ Raman spectra were conducted to elucidate charge
migration kinetic during the photocatalytic process (Fig. 5). In in situ
Raman, the photocatalytic reaction solution was sandwiched between
two slides, with the Raman laser perpendicular to the slides and the Xe
lamp (AM 1.5 G) parallel to the slides. The Raman peak region from 700
em™! to 850 cm™! (Zn-O-Ge stretching around 750 cm’l; Zn-0-Ge
bending around 800 cm™?) represented the characteristic peaks of ZGO
(Fig. $7), and the region of 300-600 cm™! corresponds to the first-order
phonon modes of Ni-O, whereas the range of 300-450 cm ™! was the first-
order transverse wave region of Ni-O (1TO), and the range of 450-600
em ™' was the first-order longitudinal wave region of Ni-O (1LO)
(Fig. 5A1, B1, C1) [30]. After the reaction began, unlike the 1LO declined
only in Ni-ZGO and the 1TO declined only in NiO-ZGO, the vibration
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Fig. 5. In situ Raman characterization and experimental mechanism studies, i.e., in situ Raman full spectra of Ni-ZGO (A), NiO-Ni-ZGO (B), and NiO-ZGO (C). (A1, B1,
C1) and (A2, B2, C2) were locally amplified in situ Raman spectra of (A, B, C), respectively. The orange lines indicated when the light had not been turned on, and the
light pink lines indicated when the light had just been turned off. When illuminated, the interval between the two lines was 5 min. The Raman laser was 532 nm.

mode of first-order phonons in NiO-Ni-ZGO changed from 1LO to 1TO,
which indicates that a large and obvious energy change (giving and
dissipating) occurred only on the surface of NiO-Ni-ZGO during the
photocatalysis process [7,30]. Therefore, NiO of NiO-Ni-ZGO was the site
for hydrogen production. Meanwhile, we also observed the characteristic
peak region of hydroxyl group (-OHywager) of water at 3300-3600 cm ™2,
with significant variations in peak intensity, indicating that water mol-
ecules were split via photocatalyst and left -OHyaer (Fig. 5A2, B2, C2),

which was the key precondition for hydrogen to be produced [7]. The
energy change represented by the change in the first-order phonon (from
1LO to 1TO) pattern was used by the free hydrogen ions (H + water,
corresponding to -OHyyater) to aggregate around the NiO and produce
hydrogen. Therefore, from the perspective of in situ Raman, the presence
of Ni bridge in NiO-Ni-ZGO enabled it to have better peak characteristics
during the photocatalysis process, and carriers to shuttle between NiO
and ZGO more efficiently and participate in a large number of reactions
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on the surface. The presence of Ni bridge greatly improved the carrier
migration efficiency.

3.5. Reaction mechanism

The photocatalytic Hy evolution process and the corresponding Gibbs
free energy were further calculated via density functional theory (DFT)
(Fig. 6A). In this study, photocatalytic water splitting could be divided
into four steps from the point of view of water molecules [31-33]. The 1st
step was the contact between water molecules with the surface of ma-
terial. The 2nd step was to transfer photogenerated carriers to the
hydrogen ion endpoint. The 3rd step was to strip the hydrogen ion, i.e.,
the hydrogen-oxygen (H-O) bond breaking. The 4th step was the gen-
eration of hydrogen. These 4 steps correspond to the *H,0, *H-OH, *H +
OH, and Hy* steps, as shown in Fig. S8 [34]. The rate determining step
(RDS) of ZGO-based photocatalytic process was the H-O bond-breaking
step after carrier migration. At the RDS, NiO-Ni-ZGO exhibited a lower
energy barrier with the value of 0.62 eV, which was 20.5 %, 25.3 %, and
36.7 % lower than those of ZGO, NiO-ZGO, and Ni-ZGO. This indicates
that the Ni layer optimized the electronic structure of Ni-NiO, which
made NiO a more efficient active site for photocatalytic H evolution.

To characterize the conduction band (CB) position of the material, the
Mott-Schottky test was performed, and the results are shown in Fig. S9.
By extrapolating the tangents of the Mott-Schottky curves recorded at

various frequencies, the intersection points on the X-axis could be
determined. The conduction bands of ZGO and NiO were —1.90 and
—0.63 eV (vs. Reversible Hydrogen Electrode, RHE), respectively. In
combination with the above characterization, a possible carrier migra-
tion process of NiO-Ni-ZGO was depicted in Fig. 6B, where ZGO and NiO
both crossed the band gap required to photocatalytic water splitting well
(vs. RHE, Fig. S10). Compared with NiO-ZGO and Ni-ZGO (Figs. S11A
and B), Ni bridge, as the charge transfer channel, improved the carrier
separation and migration efficiency in NiO-Ni-ZGO (Fig. 6B), resulting in
a more intense and efficient photocatalytic reaction on the surface of
NiO-Ni-ZGO, which was also confirmed by the conversion of first-order
phonon vibration mode from 1LO to 1TO (Fig. 5B1).

Therefore, combined with the RDS results and band structure, a
feasible hydrogen production mechanization could be illustrated
(Fig. 6C). Under light irradiation, photogenerated electrons and holes
were simultaneously excited on both the CB and the VB of the NiO part
and the ZGO part of the NiO-Ni-ZGO. Then, benefitted from the Ni
bridging as charge transfer channel, the photoinduced electrons migrated
from CB of ZGO to Ni, then accumulated at CB of NiO for H, evolution.
Meanwhile, the photoinduced holes at VB of NiO transferred through the
Ni bridging to VB of ZGO and consumed by sacrifice agent CH3OH. The
Ni bridging successfully optimized the contact matching between NiO
and ZGO, promoting charge separation, whereas electronic structure of
Ni-NiO was also modified and lowered H-O bond-breaking barrier,
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resulting in great increase in photocatalytic activity.
4. Conclusion

In conclusion, we designed a partial oxidation strategy to obtain a
NiO-Ni-ZGO heterojunction photocatalytic material with the interfacial
metal Ni as an electron transfer bridge. Compared to ZGO, Ni-ZGO and
NiO-ZGO, NiO-Ni-ZGO exhibited superior photoelectrochemical perfor-
mance, with hydrogen production rates increasing by over 8 times
(206.6 pmol g’1 h~1) and demonstrated excellent stability (66 h). The in
situ Raman characterization revealed that the metal nickel interlayer acts
as an effective bridge, which enhanced the carrier flow efficiency. DFT
calculations pointed out that the presence of metal nickel could reduce
the energy requirement up to more than 36 % at the critical step of the
reaction. This study provided a new idea for improving the hetero-
junction with a poor matching degree and realizing the efficient ZGO
photocatalytic water splitting to produce hydrogen.
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