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Nickel-Zinc Hydroxide-Orchestrated Nitrogen-Doped Carbon/
Bismuth Vanadate Nanosheet Aerogels Power 24 Hour Solar-to-
Hydrogen Systems
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Abstract

Ring-opening polymerization (ROP) affords a powerful driving force for the large-scale assembly of polymer precursors and
photo-induced charge channels via incorporating aromatic repeat units into the polymer main chain. Herein, a range of
monolithic aerogels were constructed based on the polymerization of a branched benzoxazine monomer, in which few-layer
BiVO4 nanosheets were embedded within nitrogen self-doped carbon aerogels (NC). The resultant hierarchically structured
NC/BiVOys aerogels exhibited high specific surface area, ultralow density, and high electrical conductivity. The polymerization
of the branched benzoxazine monomer facilitated direct and tight contact between NC and BiVOs, contributing to the
generation of structural disorder (as evidenced by '°F Ad and X-ray Pair Distribution Function (PDF) analysis) and thus
enabling more efficient storage of reactive ions in the photocatalytic system. As a proof-of-concept demonstration, we
assembled an integrated system where solar cells incorporating the 3D monolithic NC/BiVOs aerogels charged rechargeable
Ni-Zn batteries utilizing a zinc-doped nickel-based cathode (Nig.9sZno.05(OH)2.0), achieving a stable output voltage of 1.89 V.
The solar-charged batteries enabled the system to operate not only during the day (via direct solar power) but also at night (via
energy released from the batteries), resulting in a 24 h continuous, fully solar-powered uninterrupted overall water-splitting
system.

Keywords: Ring-opening polymerization; Nitrogen self-doped carbon aerogels; BiVO4 nanosheets; Structural disorder; Ultrahigh
photoreactivity.

Received: 09 August 2025; Revised: 24 October 2025; Accepted: 21 November 2025

Article type: Research article.

1. Introduction energy demand as well as promoting the share of solar energy

Solar energy that shines upon the earth is thousands of times
higher than the energy currently consumed by humanity,
thereby furnishing a dependable energy foundation for the
long-term utilization of sunlight-driven catalytic reactions.!!?]
With in-depth research on solar energy, researchers have
gradually recognized that solar energy cannot only be directly
transformed into chemical energy through photocatalytic
processes, but can also be transformed into thermal energy and
electrical energy to initiate different kinds of catalytic
reactions. Solar cells play a crucial role in the electrification of
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f or electricity production.>! Water splitting is a fast and cost-
effective strategy for converting and storing intermittent solar
or electric energy in the form of hydrogen and oxygen
chemicalfuels.[*#] Sole photocatalytic water splitting has great
limitations due to the intermittent nature of sunlight, while sole
electrocatalytic reaction inevitably uses electricity derived
from the power grid, leading to high costs and environmental
pollution.®!% Therefore, the design and development of fully
solar-powered uninterrupted overall water-splitting systems
for hydrogen generation are highly desirable yet greatly
challenging.

Photocatalytic reactions have a high dependence on light
and usually require light of specific wavelengths to activate
the catalysts. The proportion of the part that can be effectively
utilized by photocatalysts is relatively small, resulting in a low
utilization rate of solar energy. Particular catalysts show high
catalytic activities for the hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER) for water splitting at a
high-driving voltage of 1.8-2.0 V, which is much higher than
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the minimal thermodynamic water-splitting potential of 1.23
V.1 Monoclinic BiVO4 has increasingly become one of the
leading actors for photocatalytic water splitting owing to its
narrow band gap (2.4 eV), high thermal stability and good
photocatalytic capability for H, evolution.!'>!s] However, the
practical application of pure BiVOy is still dissatisfactory due
to the poor transport and the easy recombination of the
photoinduced carriers.l'*!”) Moreover, the powdered BiVO,
nanoparticles inevitably tend to agglomerate, not only in the
preparation process of BiVOs photocatalyst, but also in the
eventual repeated recycling treatment. Monolithic aerogel
photocatalysts, a new booming style nicknamed the “solid air”,
have stood out in photochemical synthesis and green energy
production industry.['$"I The distinctive characteristics of
monolithic aerogels include chemical inertness, ultra-light
weight (< 0.2 g cm™), high specific surface area (500-1500 m?
g, high-porosity (> 90% v/v), high macroscopic operability
and recoverability.?) The appearance of monolithic aerogels
has stimulated the development of wvast numbers of
mechanically stable and multi-functional photocatalytic
materials at an industrial scale. High-voltage batteries can
effectively drive overall water splitting.

When there is no light at night or insufficient indoor
lighting, photocatalytic reactions will be greatly limited.
Luckily, Ni-Zn batteries can just make up for this shortcoming,
and the photocatalytic reaction can be replaced easily to keep
the HER and OER processes going.?!>’1 As a feasible energy
supply, Ni-Zn batteries play a highly important role in
electrocatalysis for overall water splitting due to their high
output voltage of=1.75 V and long-term safety. However, the
main bottleneck in the development of Ni-Zn batteries for this
purposeis low specific capacity due to the lack of a high-
performance Ni-based cathode, making self-driven water-
splitting devices difficult to achieve.?*%"]

In this work, we demonstrate an integrated system where a
solar cell powers water splitting during the day and
simultaneously charges a Ni-Zn battery. The stored energy in
the battery then powers the water splitting at night, enabling
truly uninterrupted 24-hour operation. Large-scale monolithic
aerogels derived from phenolic resin were prepared based on
the ring-opening polymerization of a branched benzoxazine
monomer, in which layered BiVO4 nanosheets was embedded
with nitrogen self-doped carbon aerogels (NC). The resultant
hierarchically porous NC/BiVOj4 aerogels had high specific
surface area (758.54-929.21 m? g!), ultralow density (0.13-
0.27 g cm®) and high electrical conductivity (31-58 S cm™).
The polymerization of three functional benzoxazine monomer
and the gelation of polybenzoxazine in DMF allowed for direct
and tight contact of NC and BiVOs, contributing to the
structural disorder of the hybrids. NC/BiVOj4 decorated Ni-Zn
alkaline batteries. Crucially, ultra-dense NC/BiVOj4-coated
Co-free Ni-based aerogel cathodes were assembled for
practical Ni-Zn batteries with solar passivated emitter and rear
cell (PERC) to achieve fully solar self-driven overall water
splitting, which demonstrated day and night (24 h) HER and
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OER without interruptions or degradation. As the sustainable
energy input, the role of PERC is to charge the rechargeable
Ni-Zn batteries for energy storage so as to provide a steady
voltage for electrocatalysis during the night. Hence, this work
reforms the traditional photocatalytic reactions, representing
an important step in the sustainable development of green and
renewable energy management.

2. Experimental

2.1 Materials

4,4,4-(Ethylidene)trisphenol (A.R.), Bi(NO3);-5H,O (A.R.),
toluene (A.R.), phenylamine (A.R.), NH4VO;3; (A.R.), N,N-
dimethylformamide (DMF), chloroform (A.R.), sodium
hydroxide (A.R.), Co(NOs3),-6H,O (A.R.), paraformaldehyde
(95%), hydrochloric acid and dichloromethane (A.R.) were
purchased from Sinopharm Chemical Reagent Co., Ltd, China.
All the pharmaceuticals and solvents were used as received
without further purification.

2.2 Fabrication of monomers and aerogels

2.2.1 Synthesis of tri-functional benzoxazine monomer
The benzoxazine monomer was prepared by Mannich
reaction.”! Toluene (100 mL), aniline (2.73 g, 0.03 mol),
paraformaldehyde (1.98 g, 0.066 mol), and 1,1,1-tris(4-
hydroxyphenyl) ethane (3.0 g, 0.01 mol) were added to a three-
necked flask. The flask was placed in an ice bath and the
mixture was magnetically stirred for 0.5 h. Then the flask was
transferred to an oil bath and the oil was heated to 110 °C. The
mixture was continuously refluxed until no water was expelled
by azeotropic distillation. The resultant solution was poured
into a single-necked flask. The solvent in the solution was
removed by rotary evaporation. The residue was purified by
extraction using chloroform as the extraction agent. The NaOH
aqueous solution (0.1 M) was used to remove the excess
paraformaldehyde. Finally, the organic phase was dried with
anhydrous Na;SOs (3.00 g). The product (tri-functional
benzoxazine monomer TBOZ) was obtained after successively
the filtration (to remove anhydrous Na,SOs), the rotary
evaporation (to remove chloroform) and drying under vacuum
at 50 °C for 36 h.

2.2.2 Synthesis of few-layer BiVO4 nanosheets

Into a 100 mL beaker were added 5.0 g Bi(NO3)3-5H,0, 5 mL
oleic acid (OA) and 5 mL oleylamine (OLA) under vigorous
stirring to form a homogeneous solution A. Into another 100
mL beaker were added 4.90 g vanadyl acetylacetonate and 10
mL acetylacetone under vigorous stirring to form a
homogeneous solution B. Then the solution A was poured into
the solution B under vigorous stirring to form a mixed solution
with the Bi/V molar ratio of 1/1. The obtained mixture was
transferred into a 100 mL teflon-lined stainless steel autoclave,
and kept in an oven at 200 °C for 3 h. After the reaction, the
autoclave was cooled to room temperature. The resultant raw
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product was purified by centrifugation at 10,000 rpm for 20
min, washed with water (5 mL), and ethanol (5 mL) three times,
then dried at 100 °C for 4 h. The pristine BiVO4 nanoparticles
were collected. Finally, into a 100 mL beaker were added 1.0
g of the above BiVO4 nanoparticles and 60 mL acetone under
ultrasonic vibration to form homogeneous BiVOys colloids. The
homogeneous BiVO; colloids were then subjected to freeze
drying at -80 °C for 24 h to obtain the dried BiVO4 nanosheet
powder.

2.2.3 Synthesis of N i0,95Zn0,05(OH)2,0

Typically, into a flask were added NiSO4-6H>O (0.95 mol),
ZnS04-6H,0 (0.05 mol) and Milli-Q water (>18 MQ cm) to
form a solution of 1.0 M. The mixed solution was placed in an
oscillating shaker to ensure good mixing. Then NaOH (1.0 M)
and NH4OH (0.25 M) were added as the chelating agents
separately and dropwise gradually into the above solution. The
reaction proceeded smoothly at 60 °C for 8 h under normal
pressure. After the coprecipitation reaction, the powders were
filtered and washed with Milli-Q water several times to
remove impurities. After dried at 80 °C for 12 h,
Nio.95Zn0.05(OH)2.0 nanoparticles were collected.

2.2.4 Synthesis of NC/BiVOy4 aerogels

The synthesis of NC/BiVO4 aerogels involved a sol-gel
process followed by pyrolysis. Briefly, the TBOZ monomer
(carbon and nitrogen source) and BiVO4 nanosheets were co-
dispersed in DMF with acetic acid as a catalyst. Upon heating,
the ring-opening polymerization of TBOZ occurred, forming a
polybenzoxazine gel network that encapsulated the BiVO4
nanosheets. The resulting wet gel was aged, supercritically
dried, and finally carbonized to convert the polymer into
nitrogen-doped carbon, yielding the monolithic NC/BiVO4
aerogel. The polymerization of TBOZ (PBZ), the gelation and
the aging of the hybrids were involved in the synthesis of
NC/BiVOs aerogels. Into a flask A were added TBOZ (3 g) and
DMF (30 mL). Into a flask B were added the pristine BiVO4
nanosheets (3 g), acetic acid (10 mL) and DMF (30 mL). The
mixture in flask A was mixed with the mixture in flask B. Then
the resulting mixture was poured into a tinfoil mold. The tinfoil
mold was transferred into a vacuum drying oven to conduct the
gelation process (120 °C, 120 min) and the aging process
(120 °C, 120 min). Subsequently, the residue in the tinfoil
mold was washed with DMF and acetone, respectively, and
dried by supercritical drying, leading to the formation of the
wet gels. Finally, the temperature programmed heating process
was performed to obtain the dried aerogels: 130 °C (1 h),
140 °C (1 h), 150 °C (1 h), 200 °C (1 h), 300 °C (1 h) and
450 °C (1 h). The dried aerogels are nitrogen self-doped
carbon/BiVOy aerogels, which are marked as NC/BiVOs-10,
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where NC refers to the nitrogen self-doped carbon aerogels
and 10 indicates that the initial TBOZ:BiV O ratio is 10 wt%.
The yields of the prepared NC/BiVO4-10 and NC/BiVO4-40
aerogels were 89.2% and 89.7%, respectively.

2.2.5 Synthesis of NC/BiVO4-coated Nio.95Zno.05(OH)2.0
aerogels

To obtain NC/BiVOs-coated Nig.95Zno.0s(OH)2.0 aerogels, 5.0 g
of the as-synthesized Nig9sZn0.05(OH)2.0 were added
simultaneously with TBOZ ahead of the preparation of
NC/BiVOy aerogels. The remaining synthesis steps remained
the same as 2.2.4. The obtained product was marked as
NC/BiVO4x@Nio.95Zn0.0s(OH)2.0. The synthesis details for
NC/BiVO4x@Nio.95Zn0.05(0OH)2,0 were summarized in Table
1.

Table 1: Gelation and aging time for the tri-functional
benzoxazine monomer derived NC/BiVO4 monolithic acrogels.

Sample code Monomer weight Gelation time Aging time

percent (%) (min) (min)
NC/BiVOs- 5 220 250
10@Nio.95Zn0.05(OH)2.0
NC/BiVOs- 20 120 120
40@Nio.95Zn0.05(OH)2.0

2.2.6 Assembly of aqueous Ni-Zn batteries

Prior to cell assembly, the electrode materials were pretreated.
The as-prepared NC/BiVO4-x@Nio.95Zno.05(OH)20 aerogel
served as the cathode, which was rinsed with deionized water
and dried under nitrogen to remove surface impurities,
ensuring a clean electrode surface. Zinc plates were used as the
anode: after mechanical polishing to remove the oxide layer,
they were activated by immersion in 0.1 M dilute sulfuric acid
for 30 seconds, followed by rinsing with deionized water and
drying. The pretreated NC/BiVO4-x@Nio.95Z10.05(OH)2.0
aerogel cathode and zinc anode were placed face-to-face with
an effective area of 1 cm?, separated by a glass fiber membrane
to maintain an electrode spacing of approximately 1 mm. The
electrolyte was a ZnO-saturated 3 M potassium hydroxide
(KOH) solution, prepared by adding excess ZnO powder (1-2
g/100 mL) to 3 M KOH, stirring for 24 hours, and filtering to
ensure saturated Zn?* concentration. Assembly was conducted
in an argon-filled glovebox (H>O < 0.1 ppm, O2 < 0.1 ppm) to
prevent contamination from atmospheric CO, and moisture.
After sealing, the battery was left to stand for 12 hours to allow
the electrolyte to fully infiltrate the electrode materials before
electrochemical testing.

Based on the aqueous Ni-Zn batteries prepared by the
above method, which can serve as energy storage units, they
were further combined with a PERC solar module and a water
electrolysis cell to construct a complete integrated solar-driven
water-splitting system. The specific connection method and
operation control of the system are as follows:

The integrated solar-driven water-splitting system was
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constructed by connecting a PERC solar module to two Ni-Zn
batteries connected in series, and the water electrolysis cell. A
double-pole double-throw (DPDT) switch was used to control
the operational mode: in the 'DAY" position, the solar module
powered the electrolyzer and charged the batteries
simultaneously; in the 'NIGHT' position, the batteries
discharged to power the electrolyzer independently.

2.3 Characterizations

The morphology and microstructural characteristics of the
synthesized aerogels were studied by SEM (Nova
NanoSEM50) and TEM (Talos F200X S/TEM) measurements.
The diffraction properties and further crystal structure were
studied by a X-ray diffractometer (Bruker D8 ADVANCE)
equipped with a Cu Ka radiation (A = 0.154178 nm). X-ray
photoelectron spectroscopic (XPS) measurements were
conducted on a X-ray photoelectron spectrometer equipped
with a monochromatised Mg Ka X-ray source (AXIS Ultra, hv
= 1283.3 eV). Raman spectra were collected on a Raman
spectrometer (Jobin-Yvon HR 2000) to investigate the
scattering features of the aerogels. The porous characteristics
of the synthesized aerogels were investigated based on N
adsorption/desorption  experiments (77 K) wusing a
Micromeritics ASAP 2050 instrument. The specific surface
areas, the pore size distribution and pore volumes of the
synthesized aerogels were examined by the Brunauer-Emmett-
Teller (BET) method. UV-Vis absorption spectra were
collected using a  UV-2600i  spectrophotometer.
Photoluminescence (PL) spectra were collected at room
temperature using a nanometerics (RPM Blue) luminescence
spectrometer.

2.4 Photoelectrochemical measurements

A BAS Epsilon Electrochemical workstation was used for the
photoelectrochemical measurements. A three-compartment
electrochemical cell was included in the workstation, namely
the platinum foil, the Ag/AgCl electrode and the aerogels-
coated foil, respectively. The NC/BiVOs aerogel-containing
electrodes were prepared according to the following steps. Into
a 50 mL beaker were added poly-vinylidenefluoride (PVDF,
0.05 g), dimethyl formamide (DMF, 5 mL), acetylene black
(0.02 g) and the NC/BiVOy aerogel (0.1 g) under vigorous
stirring for 10 h to form a fine suspension. Then the suspension
was transferred into a foil via spin-coating. The formed film
electrode was dried at 80 °C for 24 h to get rid of the DMF
solvent. The photocurrent (i)-time (t) curves were collected
under open circuit potential in ultrapure water. A 300 W Xe
lamp was used as the light source. The electrochemical
impedance spectroscopy (EIS) measurement was also
performed under open circuit potential in ultrapure water. The
test frequency ranged from 1 MHz to 0.01 Hz. The AC voltage
amplitude was 5 mV. The linear sweep voltammograms (LSV)
measurement was investigated using the H>O» solution (10
mM) as the electrolyte. The scanning potential ranged from 0.5
V to -0.9 V vs. SCE. The scanning rate was 5 mV/s.
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2.5 NMR spectroscopy experiments

Solution state 'H and '*C NMR spectra were conducted on a
Bruker Avance 400 MHz spectrometer at room temperature
with CDCI; as the deuterium reagent. Chemical shifts (8, ppm)
of the tested chemicals were recorded using tetramethylsilane
as the internal standard.

The solid-state '°F NMR spectra were collected on a Bruker
Avance Neo spectrometer. Sample preparation was performed
in an argon-filled glovebox: approximately 20 mg of dried
aerogel powder was accurately weighed, and a 1 M
NEtBF4/acetonitrile solution (with a volume 120% of the total
pore volume estimated from nitrogen adsorption data) was
added using an equal-volume impregnation method. The
sample was sealed and equilibrated for 24 hours to ensure
uniform distribution of the electrolyte within the pore channels.
The impregnated powder was then packed into a 2.5 mm ZrO»
rotor and sealed. Hexafluorobenzene (CsFs, 6 = -164.9 ppm)
was used as a secondary reference, and the spectra were
acquired using a high-power 'H decoupled single-pulse
sequence to record the characteristic chemical shifts of the
electrolyte within the pore channels.

2.6 X-ray pair distribution function

The ex-situ X-ray total scattering data was measured on a
Riguku D/MAX2550 diffractometer equipped with a Mo K-a
source (A = 0.7107 A). The XRD measurements were carried
out in transmission geometry at 25 °C. The samples used were
placed in Kapton capillaries in advance. An empty Kapton
capillary was also tested as the background. PDFGetX2 was
used to collect the data for PDF patterns, namely G(r).
Renorma lised PDFs, namely g(r), are calculated according to
the Eq. (1):27

G(r)=4nrpo(g(r)-1) (M

in which po indicates the number density of the structure model
for the calculation function.

2.7 Photocatalytic hydrogen peroxide (H20:) evolution
The photocatalytic H,O, generation was conducted in a
custom-built reactor: 50 mg of catalyst, 40 mL of ultrapure
water, and 10 mL of isopropanol (hole sacrificial agent) were
mixed, with high-purity O continuously purged (20 mL min-
1, followed by stirring and irradiation under visible light (300
W xenon lamp with a 420 nm cutoff filter). The reaction
temperature was maintained at 25 £ 1 °C. The HxO;
concentration was determined by the titanium oxysulfate
colorimetric method: 1 mL of the reaction solution was taken
at regular intervals, centrifuged to remove the catalyst, and 0.5
mL of the supernatant was added to 1.0 mL of TiOSO4 reagent
(0.5 g dissolved in 50 mL of 1 M H»SOs). After standing for
10 minutes for color development, the absorbance was
measured at 405 nm and quantified according to a standard
curve (linear range 0-100 pM). This method avoids the
interference of isopropanol in potassium permanganate
titration. The number of electron transfers (n) was measured
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by a rotating ring-disk electrode (RRDE, Pt ring-GC disk,
collection efficiency N=0.28) in O,-saturated 0.1 M phosphate
buffer (pH 7.0). In this case, the H>O> molecules generated on
the disk will be oxidized to O, leading to the change of the
generated photocurrent, including the disk current (Zzs) and
the ring current (/ying). According to the detected luisk and Zying,
as well as the collection efficiency of the RRDE experiment
(N=0.28), the electron transfer number (n) can be calculated
using the Eq. (2):1*

4Idisk

- aisk 2
Laisk + laisk /N @)

2.8 Photocatalytic HER and OER

The photocatalytic overall water splitting without sacrificial
agents was evaluated in a closed gas circulation system: 50 mg
of catalyst and 50 mL of ultrapure water were added to the
photoreactor. After degassing by argon bubbling for 30
minutes, the system was irradiated under visible light (300 W
xenon lamp with a 420 nm cutoff filter), maintaining the
temperature at 25 °C. The generated gases (H> and O») were
quantitatively analyzed at regular intervals (e.g., hourly) by an
online gas chromatograph (GC-TCD, 5A molecular sieve
column, Ar carrier gas at 50 mL min™'), and the H»/O> molar
ratio was monitored (expected to be =2:1). The oxygen origin
from water splitting was confirmed by H,'30 isotope labeling
experiments (97 atom% '30) combined with GC-MS detection
of 80, (m/z = 36). Dark reactions were used as controls to
exclude non-photo-driven processes. The apparent quantum
efficiency (AQE) at a specific wavelength (e.g., 420£10 nm)

was calculated based on the hydrogen evolution rate:”!
AQE= [(2*Number of evolved hydrogen molecules)/ Number
of incident photons]*100% 3)
where the coefficient 2 corresponds to the stoichiometry of the
overall water splitting reaction: 2H,O — 2H,+ O,.

3. Results and discussion
The fabrication strategy for the phenolic resin-derived
monolithic NC/BiVO4@Nio.0sZno.0s(OH)20 aerogels 1is
illustrated in Schemes 1, 2. Tri-functional benzoxazine
monomer TBOZ was produced by the Mannich reaction
(Schemes 1). Polybenzoxazine (PBOZ) was subsequently
fabricated upon the thermal curing reaction, leading to the
assembly of three-dimensional (3D) cross-linked networks.
The formation of the tri-functional benzoxazine monomer
TBOZ (Scheme la) and its ring-opening polymerization
reaction (Scheme 1b) were the basis for the architecture of the
phenolic resin derived monolithic aerogels (NC/BiVOs). As
illustrated in Scheme 2, BiVO4 nanoparticles were synthesized
via a hydrothermal process using OA and OLA as surfactants
to facilitate Bi**/VO4* ion transfer. The nanoparticles were
then dispersed in acetone under sonication and freeze-dried,
inducing restructuring into nanosheets through disassembly
and reassembly. A range of PBOZ derived monolithic aerogels
were constructed through acetic acid-catalyzed ring-opening
polymerization of a branched benzoxazine monomer (TBOZ)
and sol-gel processes at a large scale, in which layered BiVO4
nanosheets were embedded in the pores of nitrogen self-doped
carbon aerogels (NC).

The chemical structure of TBOZ was confirmed by 'H

, 0 a
2
Mannich condensation
+ HCHO — 3 '/Nj
N_N
TPHTA
O Nfannlch condensatlon O ‘
CH3
TPHTA
TBOZ

g\

N"O
O CH, Curing
—_—
g

@

TBOZ

Scheme 1: (a) Synthetic pathway for the benzoxazine monomer and (b) its ring-opening polymerization reaction.
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Scheme 2: The fabrication process of the phenolicres in derived monolithic aerogels.

NMR spectrum (Fig. 1a) and '3C NMR spectrum (Fig. 1b).
Then the monomer and the pre-prepared BiVO4 nanosheets
were proceeded acetic acid-catalyzed polymerization under the
solution of acetic acid and DMF. After the gelation and aging
processes under high temperature, abundant nitrogen self-
doped carbon aerogels (NC) embedded into the layers of the
BiVO4 nanosheets, leading to the generation of hierarchical
porous NC/BiVOs4 monolithic aerogels. The fabrication
strategy was time-efficient and easily large-scale, allowing for
a simple regulating of density and porosity by modifying the
ratio of TBOZ monomer to acetic acid catalyst. The resultant
Nig.95Zn9.0s(OH)2.0-coated hierarchically porous NC/BiVOs
aerogels (NC/BiVO4@Nio.95Zn0.05(OH)2.0) had high specific
surface area (758.54-929.21 m? g!), ultralow density (0.13-
0.27 g cm?) and high electrical conductivity (31-58 S ¢cm™)
when the concentration of TBOZ ranging from 10 to 40%. The

nanostructure of the NC/BiVO4@Nig.95Zn0.0s(OH)20 acrogel
was studied by SEM (Fig. 1¢) and TEM (Figs. 1d-g). The
aerogel was highly fluffy, which was built by numerous
ultrathin lamellae with the thickness of about ten to several ten
um. As a result of the stacking and crossing of these ultrathin
lamellae, regularly distributed porous structure was formed.
The elemental distribution mapping (Figs. 1h, 1, j)
demonstrated that the surface of
NC/BiVO4@Nio.95Zn0.0s(OH)2.0 was indeed rich in C, despite
that the C signal was weaker than that of Bi and V.

Fig. 2a presents the XRD patterns of the phase purity
information of the aerogels, as well as the pristine few-layer
BiVOs4 nanosheets and Nig.9sZno.0s(OH)2.0. All the diffraction
peaks of the pristine Nig.osZno.os(OH)2 go perfectly with the
standard XRD pattern of hexagonal B-Ni(OH); (Fig. S1). It is
clear that the width of the peaks for few-layer BiVOy increase

h
19

a

218

6.02
6.05
219
207
213

Ar-H
———
O-CHz2-N
l Ar-CH2-N

1

\

Fig. 1: Molecular and microstructural analysis of TBOZ and the aerogels. (a) 'H NMR and (b) 1*C NMR spectra of TBOZ; (¢) SEM
image, (d) typical TEM image, (e, f) HRTEM images, and SEM-EDS elemental mapping images showing the distribution of Bi (g),
V (h), Ni (i) and Zn (j) elements in the NC/BiVO4-40@Nio.95Zn¢.05(OH)2.0 acrogel.
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Fig. 2: Phase composition, molecular vibrations and pore structure. (a) XRD patterns of the NC/BiVO4-10@Nip.05Zn.05(OH)2.0,

NC/BiVO4-40@Nip95Zng0s(OH)20 acrogels and the pristine

BiVO4 nanosheets; (b) Raman spectra of the NC/BiVOs-

10@Nio.05Zn0.05(OH)2.0, NC/BiVO4-40@Nio.95Zng.0s(OH)2.0 aerogels, the pristine BiVO4 nanosheets and NC; (c) FT-IR spectra of the
NC/BiV04-40@Nip.95Zng.05(OH)2 0 acrogel, the pristine BiVO,4 nanosheets and NC; (d) Nitrogen adsorption—desorption isotherms of

the NC/BiVO4- 1 O@Nio,gszno,os(OH)z,o, NC/BiVO4-40@Nio,9szno,

0s(OH)20 aerogels and the pristine BiVO4 nanosheets; (¢) Pore size

distribution of the NC/BiVO4-10@Nio.95Zn¢.0s(OH)2.0 and NC/BiVO4-40@Nio.95Zn0.0s(OH)2.0 acrogels; (f) A magnification of the
pore size distribution for the NC/BiVO4-10@Nig.95Zn¢.05(OH)2.0 and NC/BiVO4-40@Nig.95Zn0.0s(OH)..0 aerogels ranging from 0-10

nm.

slightly, indicating that its crystal size becomes smaller and the
crystallinity is lower than those of the bulk BiVO4 (Fig. S2)
due to the decrease of the number of layers. The characteristic
peaks of the nitrogen self-doped carbon aerogels (NC) (27°),
NC/BiVO4-10 and NC/BiVO4-40 are shown in Fig. S3 and Fig.
S4. The diffraction peaks of the pristine BiVO4 nanosheets are
similar to aerogels, indicating that the incorporation of the
nitrogen self-doped carbon aerogels (NC) does not damage the
crystal phase of the BiVO4 nanosheets. The difference of the
diffraction peaks for both aerogels is that the characteristic
peak at 27° can hardly be detected for NC/BiVOjs-
10@Nig.95Zn0.05(OH)2.0 as a result of the relatively low amount
of NC.

The Raman spectra of the monolithic aerogels, the pristine
NC and BiVO4 nanosheets are shown in Fig. 2b. There are two
distinct characteristic peaks for the pristine NC, namely the D-
band (1352 ¢cm™) and the G-band (1586 cm™").5% The relative
high intensity of the G-band for the NC/BiVOs-
40@Nio.0sZnoos(OH)20  aerogel  indicated  that the
graphitization concentration of the NC content in the
NC/BiVO4—40@Ni0_9521’10,05(0]‘1)2,0 aerogel was higher than
that in the NC/BiVO4-10@Nio.95Zn¢.0s(OH)2.0 aerogel, owing
to the higher gelation and aging temperature in the
polymerization of TBOZ. The characteristic peaks at 211, 322,
365, 712, and 826 cm’' indicate that the pristine BiVO4
nanosheets belong to a monoclinic phase.l*!l The characteristic

Engineered Science Publisher

peaks of NC and BiVO4 still existed in the aerogels,
demonstrating that NC/BiVOs aerogels were successfully
prepared.

The chemical structure of the as-synthezised aerogel, the
pristine NC and BiVOj4 nanosheets were examined by FT-IR
spectra (Fig. 2¢). There were four clear characteristic peaks for
the pristine NC, namely the stretching vibration peaks of -OH
(3440), C=C/C=0 (1630), C-O-C (1052) and —COO (1393),
respectively.l*?! With regards to the pristine BiVO4 nanosheets,
the characteristic peak at 755 cm-1 was indexed to the
stretching vibration of V-O. The broad band at 3441 cm™! was
corresponding to the stretching vibration of the HoO molecules
adsorbed on the surface of the BiVOs nanosheets. The
dominated characteristic peaks of NC and BiVO4 nanosheets
were observed and no impure peaks existed in the NC/BiVOs-
40@Nio.95Zn0.05(OH)2.0 aerogel, indicating that NC has been
successfully bonded to the BiVO4 nanosheets.

The pore structure characteristics of the monolithic
aerogels and the pristine BiVO4 nanosheets were investigated
by N2 nitrogen adsorption-desorption isotherms (Fig. 2d).
Typical IV isotherms were observed for both aerogels,
suggesting that not only micropores (<2 nm), but also
mesopores (2-50 nm) existed in the aerogels. The major N»
adsorption behavior over the NC/BiVOy aerogels occurred at
arelatively low pressure (<<0.1), which demonstrated that both
aerogels had high microporosity. The BET specific surface

Eng. Sci., 2025, 38, 1887 |7


https://www.espublisher.com/

Review article

Engineered Science

o

a
Lur\m_mkﬁn_gju_ A\

o
[T

NC/BiVO,-40@Ni, ,.Zn

0.85<"'0.05

(OH),

Intensity (a. u.)
Intensity (a. u.)

NC/BIVO,-10@Ni, ,,Zn, .(OH), mNC/EiVO;‘U@N.-qu”:OQ(OH), Cc
!

W / A
—

NC/BIVO,-10@Ni, ,.Zn, .(OH),

600 800
Binding Energy (eV)

0 200

d Bi 4f

B

A

400 1000

NC/BIVO,-10@Ni, .zn, (oH) €

\

Zn, ,.(OH)

0.95<" '0.05 2

Intensity (a. u.)
Intensity (a. u.)

NC/BIVO,-40@Ni
A A

NC/BIVO,-40@Ni, , Zn, ,.(OH), |

Cis
N A
R\ 3
8
_ — — = ~ _
I‘-‘WNCIB'VOﬂiO@N‘ossznnDE(OH)? g NC/BIVO,-40@Ni, ,.Zn, ,.(OH),
\ s s
£ A
395 400 405 410 280 285 200 295
Binding Energy (eV) Binding Energy (eV)
O1s NC/BIVO,-10@Ni, g.Zn, ,(OH), f v 2p NC/BiVO,-10@Ni, ,,Zn, ,,(OH),

A

Intensity (a. u.)

NC/BIVO,-40@Ni, ,.Zn, .(OH),

159 162 165 168

Binding Energy (eV)

156 526 528

g NC/BIVO,-10@Ni, ,,Zn, ,,(OH)

2

NC/BiVO,-40@Ni, ,.Zn, ,.(OH),

Intensity (a. u.)

880 875 870 865 860 855 850 845

Binding Energy (eV)

530
Binding Energy (eV)

. . . . . -
518 520 522 524 526

Binding Energy (eV)

532 534 T s

NC/BIVO,-10@Ni, ,.Zn, ,.(OH), Zn 2p,,

nzp,

NC/BiVO,-40@Ni, ,.Zn,

0.95<"'0.05

(OH),

Intensity (a. u.)

1050 1045 1040 1035 1030 1025 1020 1015
Binding Energy (eV)

Fig. 3: XPS survey spectra and high-resolution elemental analysis. (a) XPS survey spectra of the NC/BiVO4-10@Nig.95Zn0.05(OH)2.0
and NC/BiV04-40@Nip.95Zng.05(OH)2.0 acrogels; (b) high-resolution N 1s, (c) C 1s, (d) Bi4f, (e) O 1s, (f) V2p, (g) Ni 2p and (h) Zn

2p spectra of the NC/BiVO4-40@Nio.95Zn0.05(OH)2.0 aerogel.

areas (Sger) of the pristine BiVO4 nanosheets and the
monolithic aerogels were calculated to be 28.38, 758.54 and
929.21 m? g''. The much higher BET data and the detailed pore
size distribution information (Figs. 2e, f) indicated that both
aerogels remained opened channels. On one hand, it endowed
the aerogels with abundant active adsorption sites; On the
other hand, these opened pores were beneficial to the transport
and storage of the adsorbents and the adsorbents, as well as the
release of the generated gas in the photocatalytic reactions.
The element composition of the aerogels and the chemical
states of each element were examined by XPS. The survey
XPS spectra (Fig. 3a) of the aerogels indicate that there are N,
C, Bi, OV, Zn and Ni in the aerogels, as compared with that of
NC/BiVO4-10 and NC/BiVO4-40 (Fig. S5). The percentages
of the N, C, Bi, V, O, Zn and Ni components on the surface of
both aerogels were listed in Table 2. The high resolution N 1s
spectrum of NC/BiVO4-40@Nig.95Zno.0s(OH)2.0 aerogel (Fig.
3b) can be fitted to three peaks situated at 401.02 eV, 400.05
eV and 398.56 eV, which are corresponding to the quaternary
N, tertiary N and sp’-hybridized nitrogen, respectively.’!
Likewise, three peaks located at about 284.6, 286.3 and 288.1

8| Eng. Sci., 2025, 38, 1887

eV are present in the C 1s fine spectrum of C s (Fig. 3c),
corresponding to the three different bonding mode of C-C, C-
O and C=0, respectively.?”) Two clear peaks (158.4 and 163.3
eV) are observed in the high resolution spectrum of Bi 4f (Fig.
3d), which are indexed to Bi 4f7/2 and Bi 4f5/2, respectively.*]
Both the Bi 4f7/2 and the Bi 4f5/2 species have a valency of
+3. The high resolution O 1s spectrum of NC/BiVOs-
40@Nip.95Zn0.05(OH)2.0 aerogel (Fig. 3e) can be deconvolved
into two peaks situated at 529.5 and 531.7 eV, corresponding
to the lattice oxygen of layered Bi>O,?" species and the H,O
molecules adsorbed on the surface of the aerogel, respectively.
The high resolution V 2p spectrum of NC/BiVOs-
40@Nig.95Zn0.05(OH)2.0 acrogel (Fig. 3f) involves a sharp peak
at 516.5 eV and a broad peak at 524.1 eV, which are indexed
to V 2p3/2 and V 2p1/2, respectively.**) Both the V 2p3/2 and
V 2pl/2 species have a valency of +5. The high resolution
Ni2p and Zn 2p spectra were shown in Fig. 3g and Fig. 3h,
respectively. These data directly demonstrated that nitrogen
self-doped carbon aerogels had been successfully introduced
into the BiVO4 nanosheets.

The light-trapping performance of the monolithic aerogels,
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Table 2: The percentage of each element in the NC/BiVO4-10@Nio.95Zn0.05(OH),.0 and NC/BiVO4-40@Nio.05Zn0.0s(OH),.0 aerogels.

Element percentage (%)

Samples
N C Bi \ O Ni Zn
NC/BiVOs-10@Nio.95Zn0.05(OH)2.0 1.33 6.85 35.54 8.67 10.88  34.69 2.04
NC/BiVO4-40@Nio.95Zn0.05(OH)2.0 4.75 21.66 28.48 6.95 8.72 27.81 1.63

and the pristine BiVO4 nanosheets were evaluated by UV-vis
absorption spectra (Fig. 4a). Apparently, the incorporation of
the nitrogen self-doped carbon aerogels in the layered structure
of BiVO4 nanosheets significantly promoted the light
adsorption properties of the photocatalysts over the entire light
radiation wavelength. Moreover, the absorption peak
generated a red shift after the ratio of TBOZ monomer was
increased in the NC/BiVOy aerogels. According to the Tauc's
plot, optical band gap energy (Eg) of the pristine BiVO4
nanosheets and the monolithic aerogels was calculated to be
2.40, 2.27 and 2.09 eV, respectively (Fig. 4b). It was obvious
that the introduction of NC into BiVO4 nanosheets could
narrow the band gaps of the hybrids and stimulate the effective
utilization of visible light with low energy and further the
enhancement of the photocatalytic efficiency. The UPS spectra
of the pristine BiVO4 nanosheets and the monolithic aerogels
were shown in Fig. 4c. Based on the linear intersection method,
the maximum valence band (Evg) of the pristine BiVOs
nanosheets, the NC/BiVO4-10@Nig.95Zno.0s(OH)20 and the
NC/BiVO4-40@Nio.95sZno.05(OH)2.0 aerogels was determined

to be 2.36, 2.16 and 1.69 eV, respectively. Therefore, the
minimum conduction band (Ecg) of the pristine BiVOs
nanosheets, NC/BiVO4-10@Nio.9sZnoos(OH)20 and the
NC/BiVO4-40@Nig.95Zn0.05(OH)2.0 aerogels was -0.40, -0.11
and -0.035 eV (vs. vacuum), respectively, according to the
formula E;, = Eyp - Ecs. Consequently, the energy level
diagram of the pristine BiVO4 nanosheets, the aerogels was
clearly present in Fig. 4d. On one hand, the conduction bands
of NC/BiVO4—IO@Nio,gszno,os(OH)z,o and the NC/BiVO4—
40@Nig.95Zn0.05(OH)2.0 acrogels are above the reduction level
for HO to H; on the other hand, the valence band of
NC/BiVO4—10@Nio,952n0,05(OH)2,0 and the NC/BiVO4—
40@Nig.95Zn0.05(OH)2.0 aerogels are under the oxidation level
for H>O to H>O; or O».

Therefore, these properly distributed bands of the as-
synthesized NC/BiVOy4 acrogels are beneficial for the transfer
of electrons and holes, respectively, in this way endowing the
NC/BiVOs aerogels with the ability of both the water reduction
and oxidation.

The  as-synthesized  NC/BiVO4@Nig.95Zno.0s(OH)2.0
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Fig. 4: Photoelectric properties and band structure characterization. (a) UV-vis absorption spectra of the NC/BiVOs-
10@Nio.95Zn¢.05(OH)2.0, NC/BiVO4-40@Nig 95Zn9 0s(OH)2.0 acrogels and the pristine BiVO4 nanosheets; (b) (ahv)? versus hv curve
of the NC/BiVO4-10@Nio.95Zn0.05(OH)2.0, NC/BiVO4-40@Nio95Zno05(OH)20 aerogels and the pristine BiVO4 nanosheets; (c)
Ultraviolet photoelectron spectroscopy (UPS) of the NC/BiVO4-10@Nio.95Z10.05(OH)2.0, NC/BiVO4-40@Ni.95Zn¢.05(OH)2.0 acrogels
and the pristine BiVO4 nanosheets and (d) Band structure diagram for the NC/BiVO4-10@Nig.95Zng.os(OH)2.0, NC/BiVOs-
40@Nio.95Zn0.05(OH)2.0 aerogels, in comparison with the pristine BiVO4 nanosheets.
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Fig. 5: Electrode behavior, device configuration and electrochemical performance. (a) Discharge behavior toward the as-synthesized
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40@Nio.95Zn0.05(OH)2.0 aerogel. (c) GCD curves of the Ni-Zn battery. (d) Areal energy and power densities of the Ni-Zn battery. (e)
Charge-discharge curves of the Ni-Zn batteries connected in series.

aerogels can perform well in the electrochemical reaction

under strong alkaline electrolyte (KOH, 1 M). As shown in Fig.

5a, the NC/BiVO4-40@Nio.95Zn0.05(OH)2.0 electrode exhibits
favorable discharge performance with current densities
ranging from 2 to 12 mA cm. Obviously, the capacity of the
NC/BiVO04-40@Nio.05Zn0.0s(OH)2.0 electrode is as high as 18.4
mAh cm? at a current density of 2 mA ¢cm and maintains 14.9
mAh ¢cm as the current density raises to 12 mA c¢cm2. The
assembled Ni-Zn battery is illustrated in Fig. 5b, in which the
NC/BiVO4-10@Nig.95Zn0.05(OH)2.0 acrogel and the Zn plate is
used as the cathode and the anode, respectively. High charge
and discharge plateaus can be observed in the GCD curves
under different current densities (Fig. 5c). It is worth
mentioning that an impressive areal capacity of 12.4 mAh cm
2 can be acquired for the as-assembled Ni-Zn battery,
substantially outperforming most previously reported aqueous
batteries.?”! As shown in Fig. 5d, both the areal energy and the
power densities of the as-assembled Ni-Zn battery are
outstanding. The energy density for our device is as high as
12.1 mWh c¢cm™ at a current density of 2 mA ¢m. Moreover,
the single Ni-Zn battery can be integrated in series so as to
obtain higher operating voltages for practical applications (Fig.
Se).

A set of integrated device is illustrated in Fig. 6a, in which the
solar passivated emitter and rear cell (PERC) is used to charge
the assemble Ni-Zn battery. The open-circuit voltage of the
PSSC device is as high as 9.9 V. Besides, its short-circuit

10 | Eng. Sci., 2025, 38, 1887

current is 12.2 mA under AM 1.5 illumination (Fig. S6). It can
be clearly observed that PERC has excellent stability (Fig. 6b).
Apparently, the charging plateaus of the Ni-Zn battery kept
rising as the light intensity increased (Fig. 6¢). After solar
charged by PSSC, a voltage of 2.14 V could be aquired for the
assembled Ni-Zn battery (Fig. 6d). In addition, it could be
galvanostatically discharged to 1.57 V with a current density
of 2 mA cm in 3024000 s. Given the impressive bifunctional
catalytic activities observed, the steady-state polarization
curve for overall water splitting of NC/BiVOs-
40@Nig.95Zn0.05(OH)2.0 aerogel was measured (Fig. 6¢), which
exhibited a current density of 21.5 mA ¢cm with an external
bias of 1.741 V. Such a solar-charged Ni-Zn battery is expected
to drive overall water splitting without interruption. Besides, a
potential of 1.772 V is required to attain a current density of 50
mA cm-2, which shows that a clear voltage difference (AV)
between the HER (Fig. 6f) and OER (Fig. 6g). These
comparisons suggest the practical application of our solar-
charged Ni-Zn battery.

As illustrated in Fig. 7a-b, the self-driven solar-powered
uninterrupted overall water-splitting device achieves 24-hour
operation via a dual-mode system, which integrates a PERC
module (or PSSC, as referenced) and fully solar-charged Ni-
Zn batteries. Specifically, during the daytime (0-12 h), the
PERC module-featuring a high open-circuit voltage of 9.9 V
(Fig. So6)-fulfills two key functions: it not only provides
sufficient potential to drive the electrolyzer but also charges
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Fig. 6: Performance of Ni - Zn battery (PERC - charged) and aerogel catalysts under AM 1.5 Illumination and in 1 M KOH. (a)
Schematic illustration of the assembled Ni-Zn battery charged by PERC. (b) Open-circuit voltage and short-circuit current of PERC
irradiated by AM 1.5 illumination for 12 h. (¢) Ni-Zn battery charged under different light intensities for the same duration of
illumination. (d) Light-charge and galvanostatic discharge performance of the solar-charged Ni-Zn battery. () Polarization curves of
NC/BiVOs-10@Nig.95Zng.0s(OH)2.o for overall water splitting in 1 M KOH solution at a scan rate of 5 mV s (inset: diagram of overall
water splitting). Polarization curves of NC/BiVO4-10@Nio.95Zn¢.05(OH)2.0 for HER (f) and OER (g).

two series-connected Ni-Zn batteries (with a nominal voltage in the voltage-time curves of Fig. 7e.

of ~3.6 V). The series connection between the PERC module When entering the nighttime (12-24 h), the system
and the two Ni-Zn batteries during this period is clearly seamlessly switches to the pre-charged battery pack (note: the
depicted in Fig. 7c; specific data further confirm that the PERC PERC module cannot charge the batteries at night due to
device maintains a stable bias of 2.13 V across the two- insufficient sunlight, which corrects the prior statement). At
electrode overall water-splitting device for 12 hours, as shown this stage, the battery pack delivers a stable discharge
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Fig. 7: Day-night solar hydrogen production system and energy storage integration. Fully solar-powered water-splitting system
working non-stop during day (a) and night (b). (c) Voltage-time curve of self-driven overall water splitting powered by a PERC (0-
12 h) and (d) two series-connected solar-charged Ni-Zn batteries (12-24 h). (e) Charging curve of two series-connected Ni-Zn

batteries charged by a PSSC (0-12 h) and (f) the discharging curve of the Ni-Zn batteries during the self-driven overall water-splitting
process (12-24 h).
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voltage-specifically, a working voltage of 2.07 V for the water-
splitting device (Fig. 7d)-which is adequate to sustain the
water-splitting process. This is evidenced by the constant
operating voltage observed in Fig. 7d. Additionally, the
corresponding discharge curve in Fig. 7f further indicates that
the Ni-Zn batteries can maintain a stable discharge plateau
throughout the night, thereby demonstrating that the assembled
rechargeable Ni-Zn batteries are capable of storing sufficient
solar energy.

With regards to the photocatalytic activities of the as-
synthesized aerogels, no any sacrificial agent or cocatalyst was
used in the photocatalytic water dissociation. Under the
irradiation of the Xe lamp (300 W) for 10 h, 30.5 and 57.8
umol H» could be detected by gas chromatography (GC) over
the aerogels, respectively (Fig. 8a). Nevertheless, only 4.8
umol H; could be detected for the pristine BiVO4 nanosheets.
ObViously, NC/BiVO4-40@Niogszno‘os(OH)z‘o exhibited the
fastest rate of H, production among all the samples. The
overall photocatalytic water splitting performance of
NC/BiVO4-IO@Nio,gszno,os(OH)z_o and the NC/BiVOg4-
40@Nig.95Z10.05(OH)2.0 was compared in Fig. 8b and Fig. 8c,
respectively. The evolution of O, was still quantified by GC
(Fig. S7). The evolution rates of H, and O, over NC/BiVO4-
IO@Nio,gszno,os(OH)z,o and NC/BiVO4-
40@Ni0,95ZH0,05(OH)2,0 were 3.05 (Hz), 1.50 (02), 5.78 (Hz),
2.85 (0O2) umol h'!, respectively. That is, the NC/BiVOa-

40@Nio.95Zn0.05(OH)2.0 aerogel still maintain the highest level
of H, and O, production, and the evolution rates of H, and O»
are almost stoichiometric ratio (2.03). During the whole water
splitting reaction, no other gas (such as CO; or N») could be
monitored by GC, suggesting that the aerogels had not been
decomposed by the light irradiation and photocatalytic water
splitting process. The water dissociation rate over the
NC/BiVO4-40@Nig.95Zno.0s(OH)2.0 aerogel still maintained
high level even after 35 cycles (Fig. 8d), which demonstrated
that the designed aerogels had good cycling stability. The
slight decrease of H, and O, evolution rates may primarily due
to the loss of the aerogel during the cyclic test. The good
stability of the advanced NC/BiVO4@Nio.05Zno0s5(OH)2.0
monolithic aerogels was ascribed to its structural stability (Fig.
S8). AQE is an effective parameter to evaluate the
electron/hole interaction in the photocatalytic H, evolution.
The AQE of the aerogels and the pristine BiVO4 nanosheets
for H; evolution was depicted in Fig. 8e. It can be seen that the
AQE value of all the samples decreased with the increase of
the irradiation wavelength. The AQE value of NC/BiVOs-
40@Nip.95Z1n0.05(OH)20 at 380 and 400 nm was 12.8% and
9.7%, respectively. After the irradiation wavelength was
increased to A = 450 nm, the AQE value reached 11.5%, which
was about 13 times higher than the pristine BiVO4 nanosheets
(0.88%). When the irradiation wavelength was above 600 nm,
the AQE rapidly declined to zero for all the samples.
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Fig. 8: Photocatalytic performance. (a) Photocatalytic H> evolution over the NC/BiVO4-10@Nio.95Zn.05(OH)2.0, NC/BiVOy4-
40@Nip.95Zn0.05(OH)2.0 aerogels and the pristine BiVO4 nanosheets under visible light irradiation (300 W Xe lamp (A > 400
nm)); Time-gases output relationship over (b) NC/BiVO4-10@Nig.95Zn0.05(OH)2.0 and (c) NC/BiVO4-40@Nig.95Zn9.05(OH)2.0
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The H20, molecules are one of the important reactive
species in the photocatalytic O, reduction reaction over the
NC/BiVOys aerogels. The clear UV-vis absorption situated at
436 nm demonstrated that H»>O, was generated in the
NC/BiVOs4 photocatalytic system (Fig. 9a). Figs. 9b, ¢ further
indicated that the NC/BiVO4—10@Ni0‘952n0,05(OH)2‘0 and
NC/BiVO4-40@Nio.05Zno.0s(OH)2.0 aerogels exhibited better
photocatalytic activity than that of the pristine BiVOs
nanosheets. The detailed H>O, production amounts in 24 h

over the BiVO4 nanosheets, NC/BiVOs-
10@Ni0_9szn0_05(OH)2_0 and NC/BiVO4—
40@Nig95Zn00s(OH)20 were 48, 377 and 413 pmol g,

respectively (Fig. 9d). The LSV curves in Fig. 9¢ showed that
the current density of NC/BiVO4-40@Nig.95Zn0,05(OH)2.0 was
highest than that of NC/BiVO4-10@Nio.95Zn0.0s(OH)2.0 and the
BiVOs  nanosheets, suggesting  that NC/BiVOs-
40@Nig.95Zn0.05(OH)20 had an excellent catalytic ability in
H>0, degradation. The photocurrents increased linearly with
the increase of light intensities, indicating no back reactions
occurred in the photocatalytic O, reduction process (Fig. 9f).

of pore structural order on photocatalytic H, and O» evolution
(Fig. 10a). There were two resonances in the °’F NMR spectra
of the electrolyte-saturated aerogels and the pristine NC. One
resonance situated at about -150 ppm are corresponding to “ex-
pore” anions, while the other resonances situated at lower
chemical shifts are corresponding to “ex-pore” anions.?s! The
detailed difference value between these two resonances (Ad)
involved was shown in Fig. 10b, which indicated that the
introduction of BiVO4 nanosheets into the pores of carbon
aerogels increased the structural disorder of the hybrids. The
structural disorder degree followed the orders: NC/BiVOs-
40@Nig.05Z19.05(OH)20 >NC/BiVO4-10@Ni.95Zn0.0s(OH)2.0
>the pristine NC. The results of PDF patterns of the hybrids
were also consistent with the ”F NMR spectra (Fig. 10c¢).
Comparing the X-ray PDF pattern of the aerogels and the
pristine NC, we found that the local structural disorder
governed the photocatalytic performance, with more
disordered carbons with smaller ordered domains exhibiting
higher yields of H, and O,. The exsitu NMR measurements
detected the concentration of in-pore cations and anions under

According to the current-light intensity curves, the value of different charging voltages (Fig. 10d). It was apparent that not

Liing/laisk 1s nearly the same under different ®, contributing to
the determination of n (n = 2). Therefore, it can be confirmed
that the CB electrons of NC/BiVO4-40@Ni.95Zn0.05(OH)2.0
aerogel can reduce O through two-electron process to form
H,0,: O, + 2H™ + 2e— H,0,.

In order to clarify the synergistic effect between N-doped
carbon and BiVO4 and the wide variations in photocatalytic
performance of the as-synthesized aerogels, solid-state '°F
NMR spectroscopy assay was conducted to study the influence
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only the cation uptake capacity but also the anion uptake
capacity of the aerogels increased with the raise of the applied
cell voltage. Importantly, the more disordered carbon in
NC/BiVO4-40@Nip.95Zn0.05(OH)2.0 showed agreater capacity
to adsorb and store ions than the more ordered carbon
(NC/BiVO4-10@Nio.05Zn0.05(OH)2.0), suggesting that aerogels
with smaller ordered domains gave rise to better photocatalytic
performance.
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Fig. 9: Photocatalytic H.O: production and electrocatalytic ORR performance. (a) The generation of H>O, monitored by UV—vis
absorption spectra in the catalytic system of the NC/BiVO4-10@Nio.95Zn0.05(OH)2.0, NC/BiVO4-40@Nig.95Zn0.05(OH)2.0 aerogels and
the pristine BiVO4 nanosheets; Time-resolved adsorption spectra of H,O; solution in the catalytic system of (b) the NC/BiVOs-
40@Nio.05Zn0.05(OH),.0 aerogel and (c) the NC/BiVO4-10@Nig.95Zn¢.0s(OH)2.0 aerogel; (d) H,O, production amount in the catalytic
system of the NC/BiVO4-10@Nig.95Zng 05(OH)2.0, NC/BiVO4-40@Nig.95Zn0.05(OH)2.0 acrogels and the pristine BiVO4 nanosheets; (¢)
The LSV curves for the NC/BiVO4-10@Nig.95Zn0.05(OH)2.0, NC/BiVO4-40@Nig.905Zn0.0s(OH)2.0 aerogels and the pristine BiVO4
nanosheets; (f) RRDE collection measurements for oxygen reduction reaction catalyzed by the NC/BiVO4-40@Nio.95Z10.05(OH)2.0
aerogel. The NC/BiV04-40@Nig.95Zno 0s(OH)2.0 acrogel can achieve almost the same electron transfer number (n~2)under different
light intensity.
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The above characterization reveals a definitive structure-
activity relationship. The polymerization behavior of the
TBOZ monomer, regulated by its initial concentration, directly
determines the microstructural disorder of the resultant NC
matrix. A higher degree of disorder, as evidenced by '’"F NMR
and PDF analysis, creates a more favorable environment for
the adsorption and storage of reactive ions, such as OH™. This
enhanced ion storage capacity at the catalyst interface plays a
pivotal role in promoting the separation of photogenerated
charge carriers by facilitating the surface reaction kinetics,
thereby leading to the dramatically improved photocatalytic
performance observed in the NC/BiV04-40 aerogel.

The mechanical stability of bulk aerogel photocatalytic
materials is of great significance in practical applications, as it
ensures the structural integrity of materials in dynamic
environments such as water flow scouring and vibration,
avoids the decay of catalytic activity and engineering failures
caused by fragmentation, and serves as a key prerequisite for
realizing their large-scale applications in water treatment, air
purification and other fields. Compressive stress-strain curves
at 50% strain (Figs. 1la, b) for the monolithic aerogel
photocatalysts NC/BiVOs4-10@  Nig9sZnoos(OH)20 and
NC/BiVO4-40@ Nio.osZno.os(OH)20 after different cycles
revealed their resilience to repeated reactor handling and fluid

flow. Initially, stress increased with strain, indicating elastic
behavior; with progressing cycles, stable stress and high curve
overlap demonstrated strong fatigue resistance and minimal
irreversible damage, enabling the materials to maintain
mechanical integrity under dynamic "compression-release"
and fluid flow, thereby reducing fracture risk. The compressive
stress-strain curves after 50 cycles (Figs. 11a, b) show high
overlap with the initial cycles, and the calculated strength
recovery ratio remained above 95% for both aerogels (Figs.
llc, d and Table S1), demonstrating exceptional fatigue
resistance.

Both materials exhibited strength recovery rates >95%
upon stress release (Figs. 11c, d). Creep tests under 1 kPa stress
(Figs. 1le, f) showed rapid deformation to stable strains at
25°C, 50 °C, and 100 °C with no discernible creep over 1 hour.
Elastic strains were 0.75%, 1.39%, and 1.88% for NC/BiVOs-
40@ Nio.95Zno.05(OH)2.0 and 2.37%, 3.44%, and 3.68% for
NC/BiVO4-10@  Nig.95Zn0.05(OH)2.0 the respective
temperatures; complete recovery with zero residual strain
confirmed structural stability across this range. Collectively,
these results demonstrate the materials' capability to withstand
repeated reactor operations and fluid dynamics in practical
applications.

at
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Fig. 12: Suppressed carrier recombination and enhanced charge separation efficiency. (a) PL spectra, (b) EIS Nyquist plots and (c)
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PL spectra can be employed to evaluate the photo-induced
carriers trapping and recombination efficiency in the
NC/BiVO4—10@Ni0_9szno,05(0H)2,o and NC/BiVO4—
40@Nio.95Zn0.05(OH)2.0 aerogels, as well as the pristine BiVO4
nanosheets (Fig. 12a). A wide PL speak was observed ranging
from 400 to 480 nm for the pristine BiVO4 nanosheets.¢
Nevertheless, the intensity of PL signal over the NC/BiVOs-
10@Ni0_9szn0_05(OH)2_0 and NC/BiVO4—
40@Nig.95Zn9.0s(OH)20 aerogels dramatically decreased,
which indicated that the separation efficiency of the photo-
induced carriers (electrons and holes) was significantly
enhanced, especially the NC/BiVO4-40@Nig.95Zn0.05(0OH)2.0
aerogel. The smallest semicircle in the EIS Nyquist plot of the
NC/BiVO4-40@Nig.9sZn0.05(OH)20 aerogel among the
samples further verified this point (Fig. 12b). Generally, a
smaller semicircle indicated that there was a faster interfacial
electron transfer in the NC/BiVOy aerogels, contributing to a
more effective separation of the photo-induced electrons and
holes. The photocurrent-time curves of the NC/BiVOjs-
10@Ni0‘9szn0,05(OH)2‘0 and NC/BiVO4-
40@Nip.95Zn0.0s(OH)2.0 acrogels, as well as the pristine BiVO4
nanosheets were shown in Fig. 12c. It can be seen that the
photocatalysts maintain photostability after 120 s
photoelectrochemical tests and achieve the photocurrent
densities of 0.87, 0.58 and 0.41 mA cm? for NC/BiVOs-
40@Nio.95Zn0.0s(OH)20, NC/BiVO4-10@Nio.95Zn0.05(OH)2.0
and the pristine BiVO4 nanosheets, respectively, owing to the
anchoring of an optimal ratio of the nitrogen self-doped carbon
aerogels in the layered structure of BiVO4 nanosheets.

As shown in Fig. 12d, the introduction of BiVOs
nanosheets into the pores of carbon aerogels increased the
structural disorder of the hybrids, which governed the
photocatalytic reactivity, with more disordered carbons with
smaller ordered domains exhibiting greater adsorption for -
OH- ions, leading to higher yields of H, and O». Irradiated by
the visible light, the e in the VB of BiVO4 was excited into the
CB, while the h* was left behind in its VB. As an e acceptor,
NC would accept the e from the VB of BiVOa. The transferred
e would participate in the water reduction reaction. Besides,
water reduction reaction occurred under the trigger of the
migrated h* on the surface of BiVOs, leading to the generation
of O, and H»0;. There is no doubt that the excellent
photocatalytic performance of overall water splitting reaction
for the NC/BiVOy4 aerogels cannot be divorced from the
effective transfer and separation of e and h*, owing to their
particular geometric construction and strong adsorption
capacity for -OH" ions.

4. Conclusion

In summary, a range of phenolic resin derived hierarchical
porous monolithic aerogels was constructed at a large scale
based on the ring-opening polymerization of a branched
benzoxazine monomer, in which few-layer BiVO4 nanosheets
was embedded with nitrogen self-doped carbon aerogels (NC).
The resulting NC/BiVOs aerogels had macro-, meso-, as well

16 | Eng. Sci., 2025, 38, 1887

as micropores, and high specific surface area (758.54-929.21
m?> g!). The intrinsic electronic and band structure of
NC/BiVOs aerogels can be tuned by the polymerization of
three functional benzoxazine monomer and the gelation of
polybenzoxazine in DMF. The optimized 3D NC/BiVOs-
40@Nig.95Zn0.05(OH)20 monolithic aerogel exhibited the
highest photocatalytic H, evolution capacity (230.41pmol g!
h") via a two-electron pathway, which was 65 times higher
than that of the pristine BiVO4(3.55 umol g-' h'!). Based on the
as-synthesized electrode active species, we successfully
assembled solar cells incorporating 3D monolithic NC/BiVO4
aerogels decorated Ni-Zn batteries with a stable output voltage
of 1.89 V. The solar-charged rechargeable Ni-Zn battery could
run not only during the day but also at night, leading to a 24 h
well-run fully solar-powered uninterrupted overall water-
splitting system. We believe that using such uninterrupted
solar-to-hydrogen conversion and storage systems could
provide important opportunities for the development and
application of renewable energy, which will accelerate the
sustainable development of green energy management.
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