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The design of metal-oxide-metal heterostructure photocatalysts is an effective and widely used approach to solve
global environmental problems. In this work, we designed and prepared a NiO-rich NiO-Ni heterostructure in an
N-doped carbon matrix as a photocatalyst using a simple chemical method for hydrogen evolution reactions. It
has an optimal photocatalytic hydrogen production rate of 1395 pmol. g~*. h™!, which is ~8 times higher than
that of Ni rich NiO-Ni (178 pmol. g~*. h™!). Combined experimental results demonstrate that such a good

performance benefits from the specific NiO-Ni interface, which could improve the utilization of sunlight and
charge separation efficiency. Moreover, this interface contributes to improved structural stability during the
photocatalytic reactions, ensuring superior catalytic performance. This work provides a new strategy for the
design and synthesis of efficient precious-metal-free heterostructure catalysts for photocatalytic hydrogen evo-

lution reactions.

1. Introduction

Hydrogen (Hy) has been regarded as a promising green and sus-
tainable energy source, offering an attractive alternative to traditional
fossil fuels [1-3]. Compared with conventional Hy production technol-
ogy, photocatalytic hydrogen evolution reaction (HER) is an environ-
mentally friendly route that is of great importance for new energy
utilization and environmental protection [4-7]. Several strategies have
been employed to enhance the photocatalytic efficiency, including
defect engineering, heterostructure construction with other semi-
conductors, nanostructure formation, and metal doping [8-11]. In order
to meet the specific needs of overall water splitting, such as having an
appropriate band gap, being able to separate and transfer photo-
generated electron-hole (e-h) pairs, being stable against photocorrosion,
and having a fast reaction rate, a wide range of catalysts are currently
being researched [12,13]. The most effective catalysts for HER are those
based on platinum (Pt), however their greater cost and scarcity make
them unfeasible for widespread use in HER [14]. As a result, for
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photocatalytic hydrogen evolution, the creation of an effective and
affordable semiconductor catalyst based on non-precious metals is
essential.

Non-noble 3d transition metals, like nickel (Ni), have been seen as
viable substitutes for Pt in HER, particularly in alkaline environments
[15]. In the meantime, it has been demonstrated that metal oxides can
quicken the water dissociation process. Compared to pure metals, metal
oxide/metal heterojunction-like structures exhibit increased HER ac-
tivity. Strménik and associates stated that under alkaline conditions, the
dissociation of HyO is a necessary step for HER and that metal-metal
oxide is a significant factor in the dissociation of water [16,17]. The
primary explanation for the enhanced catalytic performance toward the
HER has been proposed to be a synergistic electronic interaction be-
tween the metal and the oxide. Since NiO has a strong affinity for the
formation of adsorbed hydroxyl species, or OH,g4s, and H adsorption on
metallic Ni is preferred, NiO-Ni catalysts may hold the key to the
development of robust, active, and inexpensive catalysts. According to
research team Wang Yong, enhanced catalytic performance depends on
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the metallic Ni at the Ni-NiO interface [18]. Dong and others discovered
that the enhanced HER performance at the Ni-NiO interface is caused by
slightly oxidized Ni atoms rather than metallic Ni atoms [19]. Osh-
chepkov and associates discovered that the presence of NiO on the
metallic Ni surface causes a tenfold increase in the catalytic activity of Ni
[20]. Gong et al., demonstrated that while the HER activity of Ni/NiO
core-shell heterostructures is comparable to that of Pt, it deactivates
after 24 h [21]. NiO-Ni nanostructures have been mainly studied in the
field of electrocatalytic HER and their application in the photocatalytic
HER is very limited. It is still difficult to create a reliable catalytic system
for photocatalytic HER based on the NiO-Ni interface.

This work presents the preparation of NiO-Ni heterostructure within
a nitrogen doped carbon matrix using the Glycine-Nitrate-Process (GNP
method) in order to enhance the light trapping performance, encourage
electron separation from photogenerated charge carriers and decrease
charge carrier recombination. Photocatalytic hydrogen evolution from
water without a hole’s sacrificial agent and co-catalysts are achieved.

2. Experimental section
2.1. Materials

All reagents were analytical grade and used with none further puri-
fication. Milli-Q water was used throughout the work.

2.2. Preparation of NiO, NiO rich NiO-Ni and Ni rich NiO-Ni catalysts

Various nickel catalysts with different oxidation states were prepared
by GNP method [22,23]. Typically, 1 mol of nickel nitrate, Ni
(NO3)2.6H20 (Aldrich) was dissolved in a 10 mL of distilled water.
Glycine (Aldrich), corresponding to different glycine to nitrate ratios
(Glycine/Nitrate (G/N) ratios = 0.5, 1 and 2), was also dissolved sepa-
rately in a 10 mL of distilled water. All the solutions (nickel nitrate and
glycine) were mixed thoroughly by ultrasonicating for 2 min. The mixed
solution was then transferred to a crystallizing dish and the dish with its
contents was subjected to heating on a laboratory hot plate at a tem-
perature of about 200 °C. After complete evaporation of water, the
resulting viscous liquid ignited automatically giving rise to a fluffy mass.
This procedure was repeated for different G/N ratios. For convenience,
the as-synthesized catalysts are coded as GN-0.5 (NiO), GN-1 (NiO rich
NiO-Ni) and GN-2 (Ni rich NiO-Ni), respectively.

2.3. Material characterizations

X-ray diffraction (XRD) was performed using an X'Pert MPD
diffractometer (PANalytical) with Cu Ka radiation, in the 26 range from
20° to 90°, and using JCPDS database for reference. Transmission
electron microscopy (TEM) was performed at 200 kV with a thermionic
electron-source on a JEOL JEM-2100. Magnetizations (M) versus field
(H) measurements were made at room temperature up to a maximum
field of 10 kOe on a LakeShore vibrating sample magnetometer 7404
VSM. The Brunauer-Emmett-Teller specific surface area (Sggr), Pore
Volume (Vpore) and Pore Diameter (Dpore) Were determined from Nj
adsorption-desorption isotherms obtained at —196 °C (ASAP 2020,
Micromeritics, USA). The optical properties of the samples were
analyzed using a UV-Vis-DRS spectrophotometer (Perkin Elmer). The
Raman spectrum was obtained from a Raman microscope (Witec Alpha
300 RA) in the spectral range from 3600 cm ™! to 70 cm ™, using a green
laser with the excitation wavelength of 532 nm. X-ray photoelectron
spectroscopy (XPS) was obtained from a Thermo Scientific K-Alpha in-
strument (monochromatic Al K, radiation, Ephoton = 1486.6 €V). The
binding energy (B.E) in each case, that is, core levels and valence band
maxima were corrected using an internal reference peak of C 1 s peak
centered at 284.8 eV. Photoluminescence (PL) spectra of the sample-
water suspensions (1 mg mL 1) were recorded with a Synergy H1
microplate reader with monochromator optics (Bio-Tek, USA) at an
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excitation wavelength of 300 nm in 96-well microplates (Nunc) using
the top optics.

2.4. Photoelectrochemical measurements

All photoelectrochemical (PEC) measurements, impedance, Mott-
Schottky, and photocurrent response measurements were assessed in a
0.5 M Sodium sulfate (NazSO4) aqueous solution after being bubbled
with N3 gas for 30 min. The PEC measurements were carried out using a
standard three-electrode glass cell on potentiostat/galvanostat (Biologic
SP 200). A Pt rod and Ag/AgCl were used as the counter and reference
electrodes, respectively. The sample coated on Fluorine-doped tin oxide
(FTO) glass was used as the working electrode. A 300 W Xenon lamp was
used as the light source during PEC measurements, which ensured that
the effective irradiation area on the samples was 1.5 cm?. The poten-
tiostatic electrochemical impedance spectra’s (PEIS) were recorded at
an open-circuit voltage (OCV) within the frequency range of 100 kHz to
10 Hz with an ac amplitude of 10 mV. Manual internal resistance (MIR)
was employed to compensate for the 85% resistance of the electrolyte.
Photocurrent response tests were carried out with applied bias of —0.3 V
vs. Ag/AgCl and periodic 20s of illumination within 20s of light-off as
relaxation period in-between. Each experiment was performed in a total
of 180 s. Mott-Schottky measurements were performed using a standard
three-electrode glass cell with potentiostat/galvanostat (Biologic SP
200) with the same electrodes as for photocurrent response tests to
determine the flat band energy position. Linear sweep voltammetry
(LSV) was performed at —1.0 V to 0 V at a scan rate of 5 mV.s L.

2.5. Photocatalytic hydrogen production test

The photocatalytic Hy evolution reactions (HER) were carried out in
a 80 ml quartz round bottom flask at ambient temperature and atmo-
spheric pressure using mixing to achieve particle suspension. A com-
mercial solar simulator equipped with a Xenon arc lamp (300 W,
Newport) was used as a light source, as illustrated in Fig. S2. For pH 7,
the phosphate buffer solution was made using the Henderson-
Hasselbalch Eq. [24]. In short, 42.2 ml of 0.1 M KHyPO4 and 57.8 ml
of 0.1 M Ko;HPO4 were mixed together to obtain 100 ml phosphate buffer
solution of pH 7. In a typical photocatalytic experiment, 20 mg of
photocatalyst was suspended in 50 ml of phosphate buffer solution and
the suspension was sonicated for 30 min to obtain well-dispersed par-
ticle suspension. Before the light irradiation, the quartz flask was sealed
with rubber septum and purged with nitrogen flow for 30 min to remove
all oxygen. Eventually, the sealed flask was placed under light illumi-
nation. All the photocatalysts were subjected to 3 h light irradiation and
Hj; evolution was measured every hour periodically. The generated gas
composition was analyzed with a gas chromatography (GC,
SRI—8610C) equipped with thermal conductivity detector (TCD) and
high purity nitrogen was used as carrier gas.

The apparent quantum efficiency (AQE) was a significant piece of
evidence to evaluate the utilization factor of the solar light, and this was
calculated based on the following Eq. [25].

Number of reacted electrons

AQE (%) = 1
QE (%) Number of incident photons x 100

3. Results and discussion
3.1. Structural analysis of the catalysts

The X-ray diffraction (XRD) patterns of G/N-0.5, G/N-1, and G/N-2
are shown in Fig. 1b. For G/N-0.5, the diffraction lines at 37.0, 43.1,
62.6, 75.0, and 79.0° belong to the (111), (200), (220), (311), and (222)
planes of cubic nickel oxide, NiO (JCPDS: 01-089-7130). On the other
hand, along with NiO, reflections from metallic Ni are seen in case of G/
N-1, indicating that metallic Ni was in situ generated. The G/N-2
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Fig. 1. (a) Schematic diagram of the synthesis method of NiO and NiO-Ni catalysts from different G/N ratios. (b) Comparison of XRD patterns of as-prepared samples.
TEM images of G/N-1 (c-d) bright and dark-field image of the same region acquired by the Ni(111) reflection (e) high-resolution TEM visualization of the G/N-1 with

NiO-Ni interface and (f) SAED pattern of NiO and Ni.

samples corresponding to the (111), (200), and (222) planes of metallic
Ni (JCPDS: 04-0850) exhibited distinct peaks at 44.5, 51.8, and 76.4°.
Thus, XRD studies make it clear that the present GNP method gives
metal oxide/metal nanocomposites when the appropriate G/N ratios are
used during the combustion reaction. A detailed morphological study of
the G/N-1 sample was performed by transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM), as shown in Fig. 1c-e, which
demonstrates that, the sample consists of assembled nanostructures.
Furthermore, interfaces between NiO and Ni in many particles could
also be clearly seen by HRTEM (Fig. 1le). The well-resolved lattice
spacings of 0.19 nm and 0.22 nm, respectively, were clearly consistent
with the (111) crystal plane of metallic Ni and the (200) crystal plane of
NiO, which is in good agreement with the powder XRD patterns.
Selected Area Electron Diffraction (SAED) pattern depicted in Fig. 1f is
made up of bright rings that closely matched the nanostructures of NiO
and Ni, further proving the heterogeneous structure and interface
interaction of the NiO and Ni. Nitrogen adsorption/desorption isotherms
and pore size distributions were measured to further characterize the
structure of samples G/N-0.5, G/N-1 and G/N-2 (Fig. S1 and Table S1).
With increasing Ni content, the specific BET surface areas decrease from
30 (G/N-0.5) to 6 (G/N-1) and to 5 (G/N-2). This is plausible since the
agglomerated larger Ni particles have smaller specific surface areas than

the pure NiO. The pore size distribution diagram (Fig. S1, inset figure)
shows that all catalysts have a narrow pore size distribution with an
average pore diameter of ~3-4 nm, calculated by the BJH method. The
nitrogen physisorption experiments of the catalysts resulted in type IV
isotherms, a property of mesoporous materials [26]. The mesoporous
structure is helpful for the catalytic performance.

X-ray photoelectron spectroscopy (XPS) was used to ascertain the
surface oxidation states and chemical composition of the as-prepared
catalysts. Fig. 2a displays the sample’s wide range XPS spectrum and
demonstrates the elements Ni, O, N, and C’s presence. As depicted in
Fig. 2b, Ni 2p consists of two spin orbit doublets, which are character-
istic peaks of Ni2™/Ni° and two satellite peaks. Ni—Ni bonding is
responsible for the deconvoluted peaks of Ni 2p3,5 and Ni 2p; 5, and the
dominance of NiO is indicated by their binding energy difference of
~17.70 eV. The deconvoluted peaks at binding energies of 853.63 eV
and 855.42 eV are attributed to Ni 2p3 2, while the broad satellite peaks
at 860.55 eV and 879.05 eV strongly suggest the formation of a NiO-Ni
heterojunction on the surface of G/N-1 and G/N-2. The peaks at 871.18
eV and 873.53 eV are due to Ni 2p; /2, which can be assigned to metallic
Ni and metal oxide NiO. The results indicate that as the glycine content
increases, the amount of metallic Ni vacancies increases while the in-
tensity of the characteristic Ni peak increases. As can be seeninthe O 1s
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Fig. 2. XPS spectra (a) survey spectrum (b) Ni 2p (¢) O 1 s (d) N1 s (e) C1 s and (f) Raman spectra of as-prepared samples.

spectrum in Fig. 2c, the two peaks can be mainly attributed to the
metal-oxygen bond (529.23 eV), and the O—H species (531.14 eV),
respectively. As shown in Fig. 2d, the N—C bonds in the samples of G/N-
1 and G/N-2 are in the form of pyridinic N (398.9 eV) and graphitic N
(400.9 eV), while G/N-0.5 has no peaks in the same binding energy
range. Quantitative analysis of the XPS results shows that the atomic
ratios of N/C in G/N-0.5, G/N-1 and G/N-2 are 0%, 3.24%, and 5.34%,
respectively. It is noteworthy that the N/C content gradually increases
with increasing glycine content. The presence of N dopants in the
composites would increase the ability to interact with reactants and
cause high positive charge density on their neighbouring carbon atoms,
which could also contribute to the high activity of the G/N samples. The
C 1 s spectrum of G/N-1 shown in Fig. 2e, the peaks representing C—C at
284.6 eV, C—N at 286.0 eV, and C=0 at 288.0 eV. This could be because
of the strong interaction between NiO and the N-doped carbon matrix
[27-30]. Additional evidence from Raman analysis reconfirmed the
existence of NiO in the G/N samples (Fig. 2f) while the G/N-2 demon-
strated no peaks in the same region. Raman spectra revealed five unique
peaks at 200, 520, 729, 1106, and 1500 cm L. The longitudinal optical
(LO) one phonon (1P) band could be identified by the Raman spectral
peak at approximately 200 cm ™! and 520 cm L. The two-phonon (2P)
excitation in the 2TO mode was responsible for the peak at 729 em?,
the TO+LO mode was identified by the peak at 890 cm !, and the
longitudinal optical (2LO) two phonon (2P) band was identified by the
broad peak at 1106 cm™!. These peaks may correspond to the Ni—O
bond vibrational bands. It’s interesting to note that the two-phonon
band at approximately 1100 cm™! in the G/N-1 sample was more
intense than the two-magnon (2 M) band at approximately 1500 cm .
This difference in intensity could be explained by the presence of a
metallic Ni phase that contributes to a high hole concentration [31-33].

3.2. Magnetic properties
The magnetic characteristics of GN series samples were measured

using a vibrating sample magnetometer (VSM), with an applied mag-
netic field between —10 kOe to 10 kOe. Room temperature magnetic

measurements on the as-synthesized powder samples are shown in
Fig. 3. Magnetic hysteresis loop was not observed for G/N-0.5 suggesting
that their magnetic moments were low. The magnetization was found to
be saturated and the saturation magnetization (Ms) were determined to
be 4.90 emu. g~! and 31.8 emu. g7}, for the samples G/N-1 and G/N-2,
respectively and there was also a corresponding variation of the coer-
civity (Table S1). Based on results from the magnetic properties, we can
find that the magnetization and coercivity of GN samples are ascribed to
the generation of magnetic Ni nanoparticles [34]. Therefore, the large
difference in the value of saturation magnetization indicates the various
contents of metallic Ni in the obtained GN samples. In other words, the
as-prepared GN samples present the gradually enhanced metallic Ni
content with increasing the G/N ratios from 0.5 to 2.

3.3. Photocatalytic performance

All tested samples exhibit Hy production activity except G/N-0.5,
indicating the rapid recombination of photogenerated charges in pure
NiO, while photocatalysts G/N-1 and G/N-2 exhibit 4185 and 534 pmol.
g_1 Hp for 3 h under full spectrum illumination (Fig. 4a). The Hy evo-
lution rates of all photocatalysts are summarized in Fig. 4b. The
improved photocatalytic performance of G/N-1 is likely due to the
accelerated photocarrier separation caused by metallic Ni acting as an
electrons trap. Further, the introduction of metallic Ni into the metal
oxide NiO led to a significantly increased enhanced photocatalytic HER
activity. The Hy evolution rate of G/N-1 increased with increasing the
mass ratio of G/N. When the mass ratio of G/N reaches 1.0 (metallic Ni
content: 9.9%), the Hj evolution rate reaches the highest value of 1395
pmol.g~1.h™1, which is roughly eight times larger than that of G/N-2,
suggesting that excessive G/N ratio increases the relative content of
metallic Ni (70.3%) in G/N-2, which reduces the abundance of active
sites and HER efficiency. Consequently, increasing the activity of pho-
tocatalysts requires proper G/N ratios. Next, by fitting the Xenon lamp
with various bandpass filters, the photocatalytic HER activity of G/N-1
was examined under various irradiation circumstances. The apparent
quantum efficiencies (AQEs) of the G/N-1 sample at 360, 400, and 420
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nm were measured to be 1.850, 0.919, and 0.295, respectively (Fig. 4c).
As the wavelength increases, the AQE gradually decreases, which is
consistent with the trend of the UV-vis-DRS absorption spectrum of G/
N-1, indicating that the HER reaction is indeed initiated by light exci-
tation of the photocatalyst. Control experiments were performed in the
dark, and no H, was released, showing that the HER reaction is a photon-
driven process (Fig. S3, ESI}). The blank reaction without any catalyst
was carried out and it showed that no H, was produced, indicating that
the HER reaction is catalyzed by photocatalyst. Photostability is another
important factor for evaluating the performance of photocatalysts.
Fig. 4d and Fig. S5 (ESI}) compare the photoactivities of the G/N-1 and
G/N-2 samples after three cycles (3 h in one cycle) reactions. A slight
decrease in the photocatalytic Hy production rate of G/N-1 (7.5%) could

be observed after three cycles, while that of the G/N-2 dropped signif-
icantly by 89.7%. The XRD data, TEM and SEM images of the G/N-1
sample before and after the stability test are shown in Fig. S6 and
Fig. S7 (ESI}). A comparison of the XRD, TEM and SEM between fresh
and used GN-1 samples shows that the NiO-rich NiO-Ni is not aggregated
during the reaction process, indicating good stability. Those results
show that the hierarchical NiO-Ni interface dramatically increases both
the H; evolution activity, photochemical and structural stability. The
catalytic activity of our G/N-1 catalyst also shows superior performance
compared to other previously reported Ni-based photocatalysts (see
Table S4, Supplementary Information).
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sweep voltammetry (LSV) curves of samples G/N-0.5, G/N-1 and G/N-2.
The G/N-1 shows the lowest overpotential of ~0.83 V (vs reversible
hydrogen electrode, RHE) at a current density of 10 mA.cm™2, sug-
gesting that the formation of G/N-1 systems could significantly promote
the reduction of protons to Hy. Together with the photoelectrochemical
measurements and catalytic activity, the G/N-1 hybrids can be prom-
ising photocatalysts available for efficient proton reduction for Hy pro-
duction. These findings show that NiO-Ni interfaces significantly

3.4. Optical and electronic properties and photocatalytic mechanism

It can be seen from Fig. 5a that G/N-1 and G/N-2 exhibits a higher
absorption in the wavelength range of 200-850 nm compared to G/N-
0.5. With an increase in Ni content, the range of light absorption can
be expanded from the UV to the visible, indicating that metallic Ni can
effectively enhance the light absorption of the NiO-Ni composite. This

composite can then function as a heterojunction component to improve
light utilization at the NiO-Ni interface. In addition, the band gap values
of 2.80 (G/N-0.5), 2.60 (G/N-1) and 2.45 (G/N-2) can be obtained via
the linear fit in Fig. 5b. As illustrated in Fig.5c, the Photoluminescence
(PL) spectrum of G/N-0.5 exhibits a prominent peak at 385 nm. This
emission is caused by the excitonic recombination of electrons in the
conduction band with holes in the valence band of NiO, which occurs
close to the band edge. This outcome is in good agreement with earlier
reports on the PL of NiO [35,36]. Specifically, the PL intensity of the G/
N-1 and G/N-2 catalysts was much lower, indicating that an increase in
Ni metal content improved the separation efficiency of the photo-
generated charge carriers.

Based on the photoelectrochemical characteristics of the produced
photocatalysts, the transfer and separation of charge carriers are stud-
ied. As revealed in Fig. 5d, the photocurrent response of the G/N-1
sample is remarkably improved as compared to those of the bare G/N-
0.5 and G/N-2 samples, shows that the NiO-Ni interface remarkably
boosted the charge separation. It is worth mentioning that the photo-
response signals during the on-off cycles were highly reproducible,
indicating the structural and chemical stability of the tested samples.
The EIS method was used to examine the interfacial photophysical
properties of the prepared samples (Fig. 5e). The order of G/N-1 < G/N-
2 < G/N-0.5 is followed by the arc radius of the EIS-Nyquist plot,
indicating that the interface between the semiconducting metal oxide
and transition metal can improve the efficiency of charge carrier sepa-
ration. To further confirm the above results, Fig. S8 shows the linear

improve electron-hole pair separation and collection efficiency, which
in turn promotes an increase in the HER activity.

The flat band potential (Eg,) of the semiconducting material is ob-
tained by the nodal increment of the fitting a regular line at C™2 = 0. As
shown in Fig. 5f and g, the Eg, at 1.90, 0.75 and — 1.03 V for G/N-0.5, G/
N-1 and G/N-2 (vs. Ag/AgCl) are determined by the Mott-Schottky (M-S)
formula, which are converted to 2.10, 0.95 and — 0.83 V (vs. NHE),
respectively. G/N-0.5 and G/N-1 are shown to have a negative slope in
the Mott-Schottky plots, while G/N-2 has a positive slope. These results
suggest that G/N-0.5 and G/N-1 are p-type semiconductors, while G/N-2
is an n-type semiconductor. The flat-band potential (the X-intercept) of
p-type semiconductors is 0.2 eV greater than the valence band edge
(Eyp) potential, whereas the flat-band potential (the X-intercept) of n-
type semiconductors is 0.2 V greater than the conduction band edge
(Ecp) [37-39]. As a result, it was established that the final Eyg positions
for G/N-0.5, G/N-1, and G/N-2 were 2.30, 1.15, and 1.42 V vs NHE,
respectively. Next, using the formula Ecg = Eyp-Eg, the Ecg of G/N-0.5,
G/N-1, and G/N-2 were determined to be —0.5, —1.45, and — 1.03 V,
respectively [40].

As illustrated in Fig. 6a, the CB position of as-obtained G/N-1 up-
shifts 0.42 V than the G/N-2 sample, which represents the improved
thermodynamic driving force for photocatalytic proton reduction. A
potential reaction mechanism for the photocatalytic process is suggested
below, based on the analyses above: Ni nanoparticles use the surface
plasmon resonance (SPR) effect to produce hot electrons when exposed
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Fig. 6. (a) Schematic illustration of the energy band structure and (b) hot
electron injection from metal NPs to the CB of semiconductor and N-doped
carbon under light illumination.

to light. Furthermore, an interface or dielectric medium is needed for
SPR. For Ni metal nanoparticles, NiO and the N-doped carbon matrix can
function as a dielectric layer to promote surface plasmon generation.
Fig. 6b shows the schematic of the underlying photocatalytic HER
mechanism of the Ni-NiO/N-doped carbon matrix under light illumi-
nation. During Hy production, hot charge carriers are transferred to the
N-doped carbon matrix via the dielectric NiO layer in the first step.
Furthermore, when a semiconductor is chemically bound to a plasmonic
nanoparticle, it has been demonstrated that plasmon relaxation can
happen by the direct and efficient, simultaneous excitation and transfer
of e~ or h" from the metallic nanoparticle to the attached metal oxide
semiconductor. In addition, the enhancement of charge carrier
tunneling from the metal to the metal oxide semiconductor has been
facilitated by the existence of a thin dielectric layer [41,42]. Because the
surface of the NiO/N-doped carbon matrix comes into contact with HyO,
the (h™) oxidizes Ho0 and generates H'. Then, the (e”) reduces H' and
gathers it at the conduction band (CB) of the shell to produce H,. This
can be explained by the active adsorption site that exists in the N-doped
carbon matrix on the surface of the Ni-NiO/N-doped carbon matrix
structure. Such a result is in good agreement with the metallic Ni-based
catalyst’s or co-catalyst’s active and effective role in photocatalytic
water splitting to produce hydrogen [43,44]. Taken together, all the
above results certainly confirm that the NiO rich NiO-Ni within the N-
doped carbon matrix is an active, selective, and stable catalyst for
photocatalytic Hy production.

4. Conclusions

The hierarchical NiO rich NiO-Ni heterostructure in a nitrogen doped
carbon matrix was rationally designed and successfully demonstrated as
an efficient photocatalyst for the HER. Systematic characterization
confirms the existence of NiO and metallic Ni in the N-doped carbon
matrix and supports their role in promoting charge separation and

Applied Catalysis O: Open 194 (2024) 206997

enhancing light absorption. The NiO rich NiO-Ni heterostructure (G/N-
1) shows the highest Hy evolution activity (1395 pmol. g 1. h™!) and it is
~8 times higher than the Ni rich NiO-Ni heterostructure (G/N-2). The
interface between metal oxide and metal in the heterostructure, which
encourages the transfer of photoinduced charge carriers from metallic
Ni to NiO, is responsible for the increased HER activity. The findings also
highlight how crucial it is for the N-doped carbon matrix to contain both
Ni metal and oxide sites in order to achieve excellent and long-lasting
HER performance using a simple synthesis process. This study pro-
vides novel perspectives for the exploration and design of high-
performance photosynthesis components for solar energy conversion.
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