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ARTICLE INFO ABSTRACT

Keywords: Designing nanoscale photocatalysts to improve photocatalytic efficiency is a popular research topic. However,
2D lamellar membrane for wide application and friendly environment, achieving good dispersion and multiple recycling of photo-
N4a nochannels catalysts at the nanoscale remains challenging. Herein, a general bottom-up assembly method is proposed for
E;?f; catalyst designing a class of two-dimensional lamellar membranes (2DLMs) for photocatalytic applications. A bismuth

oxychloride (BiOCl) nanosheet (BN) was used as a demo photocatalyst to construct a 2DLM via self-stacking. The
designed BiOCl membrane (BM) exhibited excellent physical properties including flexibility, mechanical strength
(tensile strength = 15.75 MPa, fracture strain = 0.056%), and translucence, as well as superior photocatalytic
performance with excellent recycling stability and reusability. The photocatalytic hydrogen evolution perfor-
mance of BM was 2.5-fold that of BN particles dispersed in an aqueous solution. Further theoretical calculations
revealed that a BM with appropriately sized nanochannels can accelerate water transport, and the main hori-
zontal channel size of the BM (3.13 nm) is very close to the size of the ideal water transport nanochannel.
Furthermore, the confined internal space reduces the number of hydrogen bonds for water molecules within the
nanochannels, thereby enhancing the interfacial reaction rate and photocatalytic efficiency. This study presents a
simple bottom-up assembly method to design photocatalysts with further improved performance.

Hydrogen evolution

1. Introduction

Photocatalytic technology is considered an effective way to convert
solar energy into green fuel and degrade pollutants for environmental
remediation. Photocatalytic reactions typically include four main pro-
cesses, namely, light harvesting, charge separation, charge migration,
and surface reactions [1]. Various methods have been widely applied to
improve the efficiency of the above four processes, such as adjusting the
particle sizes, loading cocatalysts, and constructing heterojunctions [2],
thereby improving the efficiency of the photocatalysts. Most contem-
porary, photocatalysts exist as nanomaterials, and scientists are
constantly pursuing smaller photocatalyst particles. Increasing the spe-
cific surface area can expose active sites by reducing the particle size of

the photocatalyst, improving the surface reaction rate [3]. However, it
will be limited by the quantum confinement effect of size, thus
increasing the bandgap and affecting the photocatalytic efficiency [4].
Moreover, in practical applications, nanoscale photocatalysts in a solu-
tion are difficult to disperse, recover and reuse, thereby causing envi-
ronmental pollution [5]. Therefore, finding a way that can not only
improve the photocatalytic efficiency but also solve the issues caused by
nanoscale photocatalyst it will be a welcomed development.
Contemporary nanomaterials can be divided into three categories
based on the number of dimensions, including zero-dimensional (0D)
quantum dots/nanoparticles, one-dimensional (1D) nanofibers/nano-
wires/nanorods/nanotubes, and two-dimensional (2D) nanoplates/
nanosheets [6,7]. All these nanomaterials with different dimensions
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exhibit unique properties owing to their different size effects. For
example, 0D nanomaterials have the largest specific area and adjustable
electronic and optical properties but agglomerate easily, whereas 1D
nanomaterials are favorable for the rapid long-distance transmission of
photogenerated electrons along the longitudinal dimension of nano-
crystals [8-10]. 2D photocatalytic nanomaterials, including metal ox-
ides [11], graphitic carbon nitride (g-C3N4) [12], black phosphorus (BP)
[13], transition metal carbides/nitrides (MXenes) [14], transition metal
dichalcogenides [15], metal-organic framework (MOF) [16], etc., have
attracted significant research interest owing to their large specific area,
high density of exposed active sites and unusual surface chemistry
properties [17]. In recent years, based on polymers, biopolymers, min-
erals and other matrix materials, nanomaterials have been constructed
into membrane [18,19] or film materials [20,21] via methods such as
electrostatic spinning [22], vacuum filtration [18], electrospray [23],
and solution casting [24], to achieve the functional combination of
nanomaterials on the membrane and solve the issues of nanoscale
photocatalysts. In addition, a lamellar membrane as a 2D materials can
be self-assembled by stacking nanosheets under van der Waals (vdW)
forces, hydrogen bonding, n-n interactions, and so on [25], which
contain interlayer capillaries (horizontal channels) formed between
neighboring nanosheets and gaps (vertical channels) formed between
the edges of the nanosheets [26,27]. These nanochannels interconnect
to form numerous fluid transport pathways. To enter the nanochannels,
the fluids are converted from the bulk to a nanofluid as they pass
through the nanochannel [28]. In contrast, the transport behavior of
fluids in nanochannels is significantly different from that at the
macroscale [29]. Compared with bulk water, the speed of water flowing
through the nanochannels is significantly higher. Geim et al. first found
that the nanocapillary networks within a graphene oxide (GO) lamellar
membrane were filled with monolayer water under ambient conditions,
while the capillary-like pressure provided sufficient flow to allow un-
impeded permeation of water [30]. Furthermore, molecular dynamics
(MD) simulations were conducted to study the water transport behavior
of the 2D nanochannels. Chen et al. investigated the mechanism of water
transport in 2D nanochannels and evaluated the interfacial interactions
between water molecules and GO using MD simulations. The results
showed that the water flux increased with increase in the interlayer
spacing, and there was an optimal interlayer spacing for the interfacial
interaction between water molecules and GO [31]. Moreover, the
interlayer spacing of the lamellar membrane exhibited excellent
adjustability [32]. To date, various methods have been adopted to
regulate the interlayer spacing of lamellar membranes, including surface
modification of 2D materials [33], intercalation of molecules or nano-
materials [34,35], and construction of heterojunction [36].

In addition, the high surface-to-volume ratio of nanochannels in the
lamellar membrane provides a larger contact area for the fluid [37],
while the interlayer spacing significantly influences the
surface-to-volume ratio of nanochannels, and the length of nanochannel
extends the distance and time for chemical reactions. Raidongia et al.
studied the effects of the interlayer spacing and length of the nano-
channel on chemical reactions, and the results showed that the reaction
rate increased with decrease in the channel interlayer spacing and in-
crease in the channel length [38]. Similarly, 2D nanochannels have been
used in applications such as lithium-ion batteries [39] and super-
capacitors [40] because of their large contact area and accelerated fluid
transport. In addition, the characteristics of the water in the nano-
channels are different from those in the bulk phase. Owing to the
nanochannel confinement, the number of hydrogen bonds with adjacent
water molecules is usually lower than that in the bulk phase [29,41],
which changes the hydrogen bonding state of water molecules and
makes it easier for them to escape [42]. Therefore, lamellar membranes
with nanochannels constructed using 2D materials have the advantages
of ultra-fast water transfer, high surface-to-volume ratio, and confined
water with weak hydrogen bonds, providing unprecedented possibilities
for increasing photocatalytic performance by promoting the surface

Renewable and Sustainable Energy Reviews 168 (2022) 112767

reaction rate. However, there have been no relevant reports of nano
photocatalysts designed as two-dimensional lamellar membranes
(2DLMs) for photocatalytic hydrogen evolution (PHE). The lamellar
membrane also has excellent structural stability and flexibility [43],
which would endow it wide application and scope good recycling.

Bismuth oxychloride (BiOCl) is a typical 2D metal oxide photo-
catalyst with a unique layered crystal structure comprising alternating
[BigOz]2+ layers and Cl™ slabs. It generates an internal electric field
perpendicular to the alternating layer, promoting the directional
movement of photogenerated electrons and holes [44]. Over the past
few years, BiOCl has been extensively explored in a variety of photo-
catalytic applications including water splitting [45], pollutant removal
[46], carbon dioxide reduction [47], nitrogen fixation [48], and so on
[49,50]. As a typical 2D nanomaterial, BiOCl has been used as a func-
tional material to prepare composite membranes with other substrates
for evaporation [51], decontamination [52], and separation [53].
However, the photocatalytic performance of these membranes is
affected by the substrates used, such as polymers and cellulose.

In this study, a traditional BiOCl nanosheet (BN) synthesized as a
demo photocatalyst was used to construct a 2DLM by vacuum filtration.
The resultant showed that BiOCl membrane (BM) self-assembled layer-
by-layer by BN to form a directional arrangement structure, that con-
tains abundant nanochannels (main horizontal channel size 3.13 nm)
and possesses good flexibility and mechanical strength. MD simulations
and finite element analysis were also used to confirm that a reasonable
design of 2DLM with a specific size of nanochannels was advantageous
for ultrafast transport of water within the nanochannels. Moreover, the
number of hydrogen bonds exhibited by a confined water molecule
within the nanochannels is lower than that in the bulk phase, which
makes it easier for water molecules to get rid of the other water mole-
cules and increases the probability of collision with the photocatalyst.
Benefiting from the synergy of rapid mass transfer and confined water,
the interface reaction between the photocatalyst and water is improved,
so the PHE performance of BM is 2.5-fold that of individually dispersed
BN particles in an aqueous solution. 2DLM constructed by nano photo-
catalyst shows further superior photocatalytic performance and advan-
tages in terms of recovery, reuse, and wider application. In addition, the
preparation method is simple, inexpensive, and easily scalable. The
strategy of designing a BM with nanochannels to improve photocatalytic
performance under rapid mass transfer and confined water can be
potentially reflected and extended to all nano photocatalysts.

2. Experimental section
2.1. Materials

All the chemical reagents were of analytical grade and used without
further purification. Bismuth nitrate (Bi(NO3)3-5H20), sodium chloride
(NaCl), polyvinylpyrrolidone (K30, PVP) and D-mannitol were pur-
chased from Sinopharm Chemical Reagent Co., Ltd, China.

2.2. Samples preparation

BN was synthesized according to the hydrothermal methods pro-
posed in previous studies [54,55]. Bi(NO3)3-5H20 (1 mmol) and PVP
(0.400 g) were dissolved in 25 mL of a D-mannitol solution (0.1 mol/L)
and stirred vigorously for 10 min. Then, 5 mL of a saturated NaCl so-
lution was slowly added to the above mixture to obtain a uniform white
suspension. After stirring for another 10 min, the mixture was trans-
ferred to a 45 mL Teflon-lined stainless-steel autoclave, was heated at
160 °C for 3 h, and then was cooled naturally to room temperature. The
solid powder collected by centrifugation and washed six times with
deionized water to remove residual ions. The final products were ob-
tained via freeze-drying.

BM was prepared by thoroughly stirring 30 mg BN particles and 7 mL
deionized water for 10 min to form a suspension, followed by ultrasound
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for 45 min, this was repeated at least five times. Subsequently, upon
vacuum assistance, the resulting BN suspension was slowly filtered
through a porous substrate (Celgard 3501, 0.22 pm pore size, Celgard,
USA) to form a membrane with a diameter of 3.8 cm. Finally, the BM
was obtained by naturally drying and removing from the substrate.

2.3. Characterization

The crystal structures of the as-prepared samples were determined
using X-ray diffraction (XRD) on a diffractometer (Ultima IV, Rigaku,
Japan) with Cu-Ka radiation (A = 1.5418 A) at 40 kV and 40 mA. The
tensile test was carried out using a universal testing machine (Instron
3342, Instron, USA) at 25 °C, and the samples were tailored to a width of
1 cm and a length of 3 cm. The morphology was studied using field
emission scanning electron microscopy (FE-SEM, Regulus 8100, Hitachi,
Japan) with 5.00 kV scanning voltage and transmission electron mi-
croscopy (TEM, FEI Talos F200x G2, Thermo Fisher, USA). UV-Vis DRS
was recorded on a UV-vis spectrophotometer (UV-2600, Shimadzu,
Japan) with BaSOy, as a reference. The transient photocurrent response
was measured using an electrochemical workstation (CS310H, Corrtest,
China) with a 300 W xenon lamp (FX300), a platinum plate, and Ag/
AgCl (saturated KCl) (SCE) as the counter electrode and reference
electrode, respectively. The surface areas and pore sizes were deter-
mined using analyzer (BELSORP-mini II, Microtrac BEL, Japan) in liquid
nitrogen at a temperature (77.3 K). Photoluminescence (PL) spectra
were obtained using a fluorescence spectrophotometer (SHIMADZU RF-
5301PC, Shimadzu, Japan) at room temperature. Time-resolved photo-
luminescence (TRPL) spectra were carried out using transient-steady
state fluorescence spectrometer (FLS1000, Edinburgh, UK). Ultraviolet
photoelectron spectroscopy (UPS) and valence-band XPS (VB-XPS) was
characterized using X-ray photoelectron spectroscopy (ESCALAB250xi,
Thermo Fisher, USA). Raman spectra were obtained on a Raman spec-
trometer (HORIBA HR Evolution, Horiba, Japan) using 532 nm laser
excitation.

2.4. Photocatalytic reaction

The PHE experiments were carried out in a closed gas circulation
system (Labsolar-6A, Beijing Perfectlight Technology, China) with a
300 W xenon lamp as the light source. Either BM fixed to the scaffold or
BN powder was dispersed in 100 mL of an aqueous solution containing
10 mL of triethanolamine (TEOA) in a Pyrex reaction cell (Fig. S1).
Before irradiation, the closed gas circulation system was degassed to
exorcise internal air. The amount of evolved hydrogen was determined
using an online gas chromatograph (GC-7890, TCD, Agilent, USA) where
Ny was used as a carrier gas. The recycling stability and reusability were
also evaluated by the cycling runs. The reaction was conducted for 60 h,
and the aqueous solution was changed every 6 h to ensure the same
reaction conditions.

2.5. Molecular dynamics simulation

To study the molecular-level diffusion of water molecules inside
nanochannels among the BN, MD simulations were performed using the
Large Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
package [56]. The interatomic interactions in the simulated system were
described by the consistent-valence force field (CVFF), and the CVFF
parameters were directly obtained from BIOVIA materials studio [57].
The long-range Coulombic force was calculated using the Ewald sum-
mation method based on the particle-particle particle-mesh algorithm.
The cut-off radius of long-range interactions was 12.5 A. To simplify the
simulations, only two layers of BN were used to build the nanoscale
channel and their dimensional parameters were 10.50 x 4.28 x 0.39
nm?, To explore the effect of nanochannel size on water diffusion, four
nanochannels with diameters of 1.47, 2.95, 3.69, and 5.16 nm were
modeled, where the numbers of water molecules placed in the
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nanochannels were 1000, 2000, 3000, and 4000, respectively. The time
step was set as 1.0 fs. The system was relaxed under NPT (500 K, 1 atm)
and NVT ensemble with Nose-Hoover thermostat was applied to main-
tain the system at 500 K. The last simulation time of 3.0 ps was recorded
to analyze water diffusion inside the nanoscale channels.

2.6. Finite element method

The transport of water in one nanochannel with capillary force as the
driving force was simulated using the finite element method imple-
mented in COMSOL Multiphysics. The liquid motion is governed by the
two-phase flow dynamic equation, namely the Cahn-Hilliard equation:
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where u is the fluid velocity (m/s), y is the mobility (m3~s/kg), A is the
mixing energy density (N), and ¢ (m) is the interface thickness param-
eter. The y variable is referred to as the phase field help variable. The
following equation relates the mixing energy density and the interface
thickness to the surface tension coefficient:
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The multiphysics coupling feature defines the density (kg/m>) and
viscosity (Pa-s) of the mixture to vary smoothly over the interface by
using:

P=py+ Puir —P.)Vi2 C))
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where the single-phase water and air properties are denoted as the
subscripts of w and air, respectively. Vy, is the volume fraction of water.
The Navier-Stokes equations describe the transport of mass and mo-
mentum for fluids with constant density. The Navier-Stokes equations
state:
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where p denotes the density (kg/mg), p is the dynamic viscosity (Ns/m?),
p denotes the pressure (Pa). Fy; is the surface tension force acting at the
air/water interface. To account for the capillary forces, it is crucial to
introduce the term of surface tension in the model:

Fy=GVgp (3

2 —1 A

where ¢ is the phase field parameter, and G is the chemical potential (J/
3
m°).

3. Results and discussion
3.1. Characterization of BN and BM

The fabrication process of BM is shown in Fig. 1(a). The BN particles
were evenly dispersed in water under ultrasonication to obtain a BN
suspension solution, and then BM was formed by vacuum filtration. The
crystallinity and phase purity of BN and BM were confirmed by XRD
analysis, as shown in Fig. 1(b), and the tetragonal phase of BiOCl with
lattice parameters of a = 0.3891 nm and ¢ = 0.7369 nm (JCPDS No. 00-
0066-0249) was well indexed. The (001) peak intensity of BM is much
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Fig. 1. Preparation and characterization of BN and BM. (a) The fabrication process of BM. (b) XRD pattern, (c) XPS spectra, high-resolution XPS spectra of (d) Ols

and (e) Bi 2f of BN and BM.

higher than that of BN, indicating the ordered stacking of BN into BM,
while the BN powder exhibits a disordered arrangement [58].

The X-ray photoelectron spectroscopy (XPS) survey spectra and high-
resolution XPS spectra of O 1s, Bi 2f, Cl 2p, and C 1s of BN and BM are
shown in Fig. 1(c-e) and Fig. S2, respectively. As evident from the XPS
survey spectra, Bi, Cl, O and C elements were present in both BN and BM
(Fig. 1(c)). The high-resolution XPS spectra of BN shows three peaks
located at 529.6, 531.4, and 532.5 eV (Fig. 1(d)) in the O 1s spectrum
corresponding to lattice oxygen, absorbed oxygen atoms at the vacancy
sites, and surface absorbed oxygen, respectively [59]. Moreover, the two
additional peaks (158.7 and 164.1 eV) of the low binding energy result
from the partial reduction of Bi>* to Bi®™* by the oxygen vacancy [60]
(Fig. 1(e)). In the spectra of BM, the O 1s peak shifted to a lower binding
energy, while the peaks of Bi®*t 4f5,5 and 4f7/» at 160.1 and 165.4 eV
exhibit a slight blue-shifting and a significantly reduction in the in-
tensity of the two additional peaks compared with BN, indicating that

-5
2 et

o
o

the oxygen vacancy concentration is reduced during the self-stacking
[471.

The free-standing BM can be easily detached from the porous sub-
strate and its digital photographs are shown in Fig. 2(a and b). The BM
could be easily folded without breakage (Fig. 2(a)), showing good
flexibility. As shown in Fig. 2(b) and Fig. S3, the slightly yellowish
membrane is also translucency. To determine the stability of the BM in
an aqueous solution, the BM was immersed in either water or TEOA (10
vol%) aqueous solution, as shown in Fig. 2(c). BM remained intact
without any loosening after six days of immersion in either water or
TEOA aqueous solution, showing good stability [43]. As shown in Fig. 2
(d), the BM exhibited a tensile strength of 15.75 MPa and a fracture
strain of 0.056%. Moreover, the inset of Fig. 2(d) shows that the
free-standing BM (1 cm width and 6.46 pm thick) can lift a weight of 20
g, which is mechanically robust. The interlayer forces of the lamellar
membrane play an important role in maintaining its structure and

BM

Tensile Stress (MPa)

0.02 003 004 005

Strain (%)

0.06

Fig. 2. Digital photograph of (a) folded and (b) unfolded of BM. (c) Immersed in water or TEOA for 0 day and 6 days of BM. (d) Typical stress-strain curves of BM

(inset: the photograph of BM holds 20 g counterweight).
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mechanical strength. Compared to the BN sample, the —~OH stretching
band of BM is shifted to a lower wavenumber and the matching defor-
mation band is slightly shifted to a higher wavenumber (Fig. S4), con-
firming the formation of hydrogen bonds between the BiOCI nanosheets
[60,61] and endowing BM with good mechanical strength and stability.
Their excellent physical properties, including good flexibility, mechan-
ical strength, and translucency, are suitable for a wide range of
applications.

Fig. 3(a-f) shows the morphology of BN and BM. Most BiOCl exhibit a
square shape with a diameter of approximately 250 nm (Fig. 3(a and b)).
BM comprises a BN arranged layer-by-layer in an orderly manner with
vertical channels between the edges of the BN (Fig. 3(c)) and a flat
membrane surface (Fig. 3(d)). The cross-sectional SEM images of BM in
Fig. 3(e and f) shows that the lamellar membrane was assembled by the
directional stacking of BN with thickness of approximately 6.46 pm
(Figs. S5(a and b)), and exhibits successive 2D nanochannels. The top
view HRTEM images of BN shows a lattice spacing of 0.27 nm corre-
sponding to the (110) atomic plane, where O atoms are densely arranged
perpendicular to the (001) surface (Fig. 3(g, 1)). The side view HRTEM
images of BN show a lattice spacing of 0.74 nm corresponding to the
atomic stacking of [Bi202]2+ slabs (Fig. 3(h, j)) [62]. Moreover, the
thickness of the BN is about 10.7 nm (Figs. S5(c and d)), which is
approximately 15 times thicker than a BiOCl monolayers [63].

3.2. Optical and photoelectrochemical properties

The optical and photoelectrochemical properties of semiconductors
significantly influence their photocatalytic performance. UV-vis DRS
spectra were used to study the photo-absorption properties of BN and
BM, as shown in Fig. 4(a) and Fig. S6(a), revealing that the photo-
absorption curves of BN and BM are similar. The band gap energy (Eg)
near the optical absorption edge was obtained from tangent lines to the
curve of the square root of the Kubelka-Munck (K-M) function versus
absorbed light energy [64]. In Fig. 4(b) and Fig. S6(b), BN and BM are
similar in term of Eg (3.32 eV) [55]. However, samples with E; larger
than 3.10 eV (400 nm) can effectively absorb ultraviolet light but not
visible light. Furthermore, to determine the influence on the Eg by
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changing the number of BiOCl layers caused by the self-stacking of BN,
the E; values with different number of BiOCI layers were calculated
using first-principles calculations, and the results show that the Eg are
the almost insensitive to the layer numbers (Fig. S7) [65].

The separation and kinetic behavior of the photogenerated electrons
and holes in BN and BM were investigated using SPV measurements
[66]. Positive signals indicated the migration of photogenerated holes to
the surface, whereas negative signals indicated the migration of pho-
togenerated electrons to the surface. The intensity of the SPV signal
indicates the separation efficiency of photogenerated electrons and
holes. As shown in Fig. 4(c), the SPV signals of BN and BM rarely change,
indicating that the separation efficiencies of photogenerated electrons
and holes in the two physical arrangements are nearly the same.

Furthermore, a transient photocurrent response was performed to
investigate the separation and transfer processes of photogenerated
electrons and holes in the liquid [67]. Fig. 4(d) and Fig. S8 shows the
photocurrent density curves of the samples under intermittent light
irradiation. The photocurrent density of BM increased significantly by
approximately 1.9-fold that of BN, which indicates that BM is favorable
for the separation and transfer of photogenerated carriers in the liquid.
PL and TRPL techniques have been applied to further investigate the
recombination behavior of photogenerated carriers (e” and h™) [47]. As
shown in Fig. 4(e), wherein the PL spectra of BN and BM were obtained
by excitation at 375 nm, it is obvious that BN shows slightly weaker PL
emission intensity than that of BM, indicating a lower photogenerated
carrier recombination [68,69]. Furthermore, the PL spectra of BN and
BM was deconvoluted into three main emission peaks located at 433.4,
461.1 and 507.1 nm, which are indexed to Cl vacancy, isolated Vp;"
defects, and triple vacancy associates Vp;""V3Vgi", respectively [44].
Notably, the PL intensity of the Cl vacancy and isolated Vp;" defects of
BN are weaker than that of BM, indicating that it can effectively inhibit
photogenerated carrier recombination, which is also verified by the XPS
results that show different vacancies for BN and BM. Generally, a shorter
average lifetime (t,yg) indicates a faster recombination rate of photo-
generated carriers [70]. As shown in Fig. 4(f), the Tayg values of BN and
BM were calculated to be 4.29 and 3.03 ps, respectively, which suggests
that the photogenerated carriers in BN possess lower recombination

Fig. 3. SEM images of (a, b) BN and (c, d) BM. (e, f) cross-sectional SEM images of BM. (g, i) top view and (h, j) side view HRTEM images of BN, (k) intensity profiles
in image (i) and (j), respectively. Schematic illustration of BiOCl surface atomic structures is also shown in image (j) (red: O atoms, purple: Bi atoms, reseda:

Cl atoms).
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efficiency than BM due to the reduction of vacancies during
self-assembly of BiOCl nanosheets into lamellar membranes [47].

Moreover, the energy band structure was investigated using UPS and
VB-XPS. The work functions (®) of BN and BM were measured and
calculated by UPS, in which helium Ia was used as the ultraviolet light
source (hv = 21.22 eV) [71]. As show in Fig. 4(e), BN and BM have the
same binding energy of Fermi level edge (Ef) and secondary electron
cutoff edge (E.), and the Ef and E. are 0.96 and 16.07 eV, respectively.
The work functions of BN and BM can be estimated using formula ® =
hv + E. - Ef [72]. The work functions of BN and BM were calculated to be
6.11 eV. The energy difference between the Fermi level (Eg) and vacuum
energy level of BN and BM is 6.11 eV. The valence-band maximum
(VBM) of BN and BM was further determined using VB-XPS. The results
show that the energy difference between the Er and VBM is 1.43 eV [73].
As a result, the energy level of VBM in BN and BM is determined to be
7.54 eV vs. vacuum level, corresponding to the reversible hydrogen
electrode of 3.1 eV [72]. Combined with the E; and Mott-Schottky plots
(Fig. S9), the energy band structure and REDOX potentials of BN and BM
are shown in Fig. 4(f). The CB potentials with less than 0 V (vs. NHE) and
valence band (VB) potentials with more positive +1.23 V (vs. NHE) of
both BN and BM comply with the requirements of potentials for splitting
water into hydrogen [74]. In the PHE process, the proton (H") of water
is reduced to hydrogen (Hz) by the photogenerated electron (e™) in the
CB, while the photogenerated hole (h™) is trapped by the sacrificial
electron donor (TEOA) to prevent the recombination of e~ and h*, thus
improving the PHE efficiency [75,76].

3.3. Nanochannel sizes and water state

To study the type and size of nanochannel in BM, nitrogen
adsorption-desorption isotherms were performed and are shown in
Fig. 5(a), where the isotherms curves closely resemble the “type IV” with
a type H3 hysteresis loop [74], indicating the formation of slit-like
mesopores in the lamellar membrane [77]. The BET specific surface
area of BN and BM are 11.367 and 6.495 m2.g ™1, respectively (Fig. S10
(a)).

As shown in Fig. 5(b), the pore size distribution diagram indicates
that there are abundant mesopores in the range of 1.9-2.8 nm and
6.3-47.5 nm as horizontal or vertical channels in BM. Meanwhile, the
main dimensions of the horizontal channels in the BM were further
determined by small angle X-ray scattering (SAXS), as shown in Fig. 5
(c), wherein an intense diffraction peak can be detected at approxi-
mately 20 = 2.28°, corresponding to d-spacing of 3.87 nm under Bragg’s
law [78]. Furthermore, a small diffraction peak at 20 = 9.8° is observed,
as shown in Fig. 5(d), indicating that the d-spacing is approximately 0.9
nm. The diameters of nanochannels can be estimated by deducting the
thickness of [Bi202]2+ slabs (0.74 nm) from the d-spacing to give 3.13
nm and 0.16 nm [58,79].

Moreover, the thickness of the lamellar membranes was accurately
controlled by the loading capacity of BN. The XRD pattern, cross-
sectional SEM image, and calculated average porosity with different
thicknesses of the BM are shown in Figs. S11-S12 and Table S1,
respectively, as Supplementary Information, respectively. The results
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curves in the energy region of O-H stretching for BM and BM-wet.

showed that the thickness of the BM only slightly influenced the struc-
ture of the 2D nanochannel.

In general, water molecules exhibit different characteristics under
the confinement of nanochannels compared with those in the bulk
phase. Raman spectroscopy was used to confirm the existence of
different states of the water molecules [42]. According to the literature,
the O-H stretching depends on hydrogen bond, and the stronger the
hydrogen bond, the lower the Raman shift [80]. These, O-H stretching
peaks are classified into two types of modes, that is, water molecules
with four hydrogen bonds (free water (FW), two-proton and
two-electron pairs with adjacent water molecules) and weakly or
non-hydrogen-bonded water molecules (intermediate water (IW), where
the hydrogen bonds of water molecules have been partially or
completely broken) [42,81,82]. Raman spectra of BM and BM soaked in
deionized water (BM-wet) were fitted through Gaussian function. As
shown in Fig. 5(e), the Raman spectrum of BM-wet was deconvoluted
into four peaks, corresponding to FW (peaks at 3215 and 3397 cm™ 1)
and IW (peaks at 3512 and 3632 cm’l), respectively [42,81,82]. The
peaks of BM at 3512 and 3632 cm™* correspond to the symmetric and
asymmetric stretching of weakly hydrogen bonded H,O molecules [81],
respectively, which indicates that the hydrogen bond of IW is enhanced
by the effect of -OH on the BiOCI surface. According to Raman spectra,
the molar ratio of IW to FW (IW:FW) obtained from BM and BM-wet
were calculated to be 0.37 and 0.45, respectively. In contrast, the IW:
FW ratio of pure water and BN-wet are only 0.27 and 0.34 (Fig. S13).
These results reveal that the number of hydrogen bonds with adjacent
confined water molecules in the BM is lower than that in the bulk phase
[29,41,83], which changes the hydrogen bonding state of water [32,42].

3.4. MD simulation and finite element analysis

The molecular-level diffusion of water molecules in the BM was
studied using MD simulations. There are two types of the nanochannels

with diameter 3.13 and 0.16 nm obtained in the above calculation. One
with 0.16 nm is difficult to pass through because the diameter of the
water molecule is approximately 0.4 nm. To explore the effect of
nanochannel size on water diffusion, nanochannels with diameters 1.47,
2.95, 3.69, and 5.16 nm are modeled. As denoted by the relative density
distribution of the water molecules in Fig. 6(a) and Fig. S14, water
molecules were evenly distributed in the nanochannels with diameters
over 2.95 nm [84]. When the nanochannel diameter is 1.47 nm, there
are double layers of water molecules between BN and the relative den-
sity near BN is higher because of the hydroxyl group on the surface of
BiOCl. Moreover, as the channel diameter increased, the relative density
of water molecules decreased owing to the loss of the surface-to-volume
ratio within the nanochannels [32]. The radial distribution function
(RDF) was calculated to describe the state of the water molecules (Fig. 6
(b) and Fig. S15). It is observed that water molecules in the BM nano-
channel with different diameters have similar RDF peaks and g(r) for the
first hydration layer increases with the decrease in nanochannel diam-
eter, indicating more densely packed water molecules in the nano-
channels [85].

As in the finite element simulation shown in Fig. 6(c and d), the
nanochannels made of BN were simplified into a single 2D nanochannel.
The length of the single nanochannels was set as L, = 50 nm, and the
nanochannel diameter D, ranged from 1 to 10 nm. As reservoir with L,
=10 nm and D; = 20 nm was used to supply the liquid particles source.
The contact angle was set as 6 = 31/8 to indicate a hydrophilic surface.
The results show that at the entrance of the nanochannel, owing to the
capillary force, a large amount of water is sucked into the nanochannel,
resulting in a higher velocity. The surface tension provides the pressure
difference between the inside and the outside. Interestingly, the pressure
difference for different diameters is consistent with our MD simulation
results. It is speculated that the pressure difference may also be related
to the diffusion coefficient.

Based on the above MD simulation and finite element analysis, it is
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evident that the capillary force provides the power to promote the rapid
transport of water in 2D nanochannels, and the water diffusion coeffi-
cient is different for different nanochannel diameters. Consequently, the
design and construction of a BM with nanochannels of approximately
3.13 nm are the most ideal for rapid water transport.

3.5. PHE performance and enhancement mechanism

Under the 300 W Xe light source, the PHE performances of BN and
BM were conducted as shown in Fig. 7(a). Surprisingly, the PHE per-
formance of BM was 2.5-fold that of BN particles were individually
dispersed in aqueous solution containing water and triethanolamine.
Furthermore, the apparent quantum yield (AQY) for hydrogen genera-
tion by BN and BM were calculated to be 0.195 and 0.76% at 365 nm,
respectively (Fig. S16). The recycling stability and reusability of BM
were investigated by the cycling PHE experiment, and the results are
shown in Fig. 7(b). The PHE performance of the BM remained constant
after 10 cycles for 60 h. The XRD spectra of the BM before and after ten
PHE cycles are shown in Fig. S17, and there was almost no obvious
change in the crystal structure, implying that the BM with 2D nano-
channels exhibited outstanding recycling stability and reusability.

As shown above, the self-stacking of BN results in the formation of
horizontal and vertical nanochannels, which are interconnected to
realize the transfer of water. The MD simulation and finite element
analysis also confirmed that the 2DLM with a specific size of

nanochannels is beneficial for the ultra-fast transport of water within
nanochannels. Under simulated sunlight irradiation, the photocurrent
density of BM increased significantly by approximately 1.9-fold that of
BN, which demonstrates that BM is favorable for the separation and
transfer of photogenerated carriers in the liquid. Because the nano-
channels promote the transfer of the electrolyte, photogenerated carriers
have better transfer at the contact interface between BiOCl and the
electrolyte and suppress electron-hole recombination. The confining
effect of nanochannels on water reduces the number of hydrogen bonds
with adjacent water molecules, which allows water molecules to escape
from other water molecules and form hydrogen ions. Therefore, the
synergistic effect of the nanochannels and confined water increases the
collision between the water molecules and BM, thus accelerating the
interface reaction between photogenerated electrons and hydrogen ions.
As a result, the PHE performance of BM was 2.5-fold that of BN particles
were dispersed in aqueous solution. The mechanism of 2DLM enhancing
PHE is illustrated in Fig. 7(c).

4. Conclusion

A general bottom-up assembly strategy for the synthesis of BM is
described from nanosheets by vacuum filtration. The BM was success-
fully constructed by self-stacking of BN with a directional arrangement,
which possesses abundant horizontal and vertical nanochannels.
Compared to BN, BM shows excellent recycling stability, which is
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beneficial for the recovery and reuse of photocatalytic materials. In
particular, the PHE performance of the constructed BM was 2.5-fold that
of BN particles individually dispersed in aqueous solution owing to the
ultra-fast water transport inside nanochannels with a specific size, as
revealed by the MD simulation and finite element calculations. In
addition, the assembled BM also possesses excellent flexibility, me-
chanical strength (tensile strength = 15.75 MPa, fracture strain
0.056%), and even translucency. This contribution sheds light on the
bottom-up assembling of 2D lamellar membrane with nanochannels
beyond nanosheet photocatalyst, bring in extra consideration, including
mass transfer and water states in confined space. This principle can
potentially be extended to other types of nanosheets for photocatalysts,
enabling the general design of photocatalysts based on 2D lamellar
membranes with nanochannels.
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