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Solar photocatalytic hydrolysis of hydrogen is one of the most important ways to solve energy and
environmental problems. Rational design and modulation of interfaces in S-scheme heterojunctions still
present significant challenges for solar hydrogen production. Herein, a novel 2D/3D hierarchical
graphdiyne/CoAl,O4 (GCA) S-scheme heterojunction was successfully constructed by coupling
graphdiyne (GDY) nanosheets onto porous CoAl,O4 nanoflowers. GDY was synthesized by a cross-
coupling reaction and ultrathin 3D porous CoAl,O4 nanoflowers were transformed from CoAl-LDH. This
unique 3D hierarchical porous structure of CoAl,O4 nanoflowers not only provides a larger specific
surface area, sufficient active sites and enhanced light harvesting, but also significantly reduces the
aggregation of GDY. Notably, hierarchical GCA-15 shows an exceptional photocatalytic hydrogen
production rate of 5009.28 pmol g~ h™ under visible-light irradiation, which was 4.78 times higher than
that of pristine CoAl,O4. This excellent photocatalytic activity can be attributed to the synergistic effect
of the formed S-scheme heterojunction between GDY and CoAlLO, and the 2D/3D hierarchical
architecture. In situ irradiated XPS, UPS and DFT unveil the S-scheme electron transfer for GDY/CoAl,Og,.
The work functions and charge density difference further indicate the electrons transferring from GDY to
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1. Introduction

The effective utilization of solar energy through photocatalysis
technology can address contemporary environmental issues
and energy crises." However, practical development faces
significant challenges due to the low efficiency of single pho-
tocatalysts.”> The low efficiency of a single photocatalyst
primarily stems from the delicate balance between light
absorption and redox capability.® Specifically, narrow bandgap
photocatalysts necessitate broad spectrum absorption of solar
light, whereas wider bandgap photocatalysts require additional
energy to drive photocatalytic reactions.* Meanwhile, the rapid
recombination of photogenerated electrons and holes due to
strong coulombic forces is also a major challenge.® Further-
more, Zhang et al. took an energy dissipation perspective,
delving deep into the inherent reasons for the low efficiency of
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based S-scheme heterostructures for photocatalytic hydrogen production.

individual photocatalysts by referencing the processes occur-
ring in dye molecules after light absorption. Photogenerated
electrons and holes undergo processes akin to those outlined in
the Jablonski diagram. These decay processes, including
vibrational relaxation, lead to energy losses, posing a challenge
to achieving full 100% energy utilization.® In order to overcome
these limitations and improve the photocatalytic activity of
individual photocatalysts, a lot of research has been carried out
in the fields of morphology control,” doping,® and hetero-
structure construction.” Among them, S-scheme heterojunction
photocatalysts can establish an internal electric field (IEF),
effectively combining two or more photocatalytic properties,
enhancing the absorption and utilization of solar energy and
achieving much higher directional transmission rates of pho-
togenerated carriers.' This greatly enhances the efficiency of
separating photogenerated carriers, thereby expediting the
photocatalytic reaction process."® Therefore, the rational design
and preparation of efficient and stable S-scheme heterojunction
photocatalysts hold great significance for enhancing photo-
catalytic performance and advancing photocatalytic technology.

The development and application of carbon materials have
consistently been a prominent subject of scientific research.™
Emerging carbon materials encompass fullerenes,"” carbon
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nanotubes,” graphdiyne® etc. Compared to other carbon mate-
rials, initial research on GDY was primarily centered around
theoretical calculations and simulations. In 2010, Li et al. first
successfully synthesised a graphdiyne film on copper surfaces
using hexadecynyl benzene, and the synthesis and functionali-
zation of GDY were set in motion.* GDY represents a novel 2D
carbon nanomaterial, composed of sp-C hybrid states or
carbon-carbon triple bonds (C=C) that arise from sp-hybrid-
ization.” In essence, the molecular configuration of GDY is
defined using the bonds involving sp-C and sp>-C hybrid states.
This results in GDY exhibiting characteristics such as high
conjugation, a linear structure, and the absence of cis-trans
isomers in the sp-hybridized carbon bonds.” These properties
make GDY possess uniform pores, with a pore size of 0.55
nanometers and a pore density of 2.5 x 10~° um™?, an appro-
priate bandgap, a large surface area, and a multi-layered
structure, among other distinctive features.'® These character-
istics facilitate the exposure of numerous active sites and
provide space for molecular diffusion. Therefore, GDY has been
extensively studied in the field of photocatalysis. GDY can be
artificially synthesized, and it is easily amenable to doping and
functionalization through chemical methods. This has spurred
the active involvement of numerous researchers in the study of
this novel carbon material. Recently, our team substituted Cul
for copper foil in the synthesis of GDY and conducted research
on the application of the synthesized GDY in S-scheme heter-
ojunction photocatalysts, for example, GDY/g-C3N,;-Vy," ZIF-
67@GDY/Cul*® etc. These results strongly demonstrate the
possibility of constructing S-scheme heterojunctions with GDY
materials.

Recently, bifunctional semiconductor materials have
become a hot research topic due to their unique physico-
chemical properties.”” Among them, three-dimensional (3D)
hierarchical structures consisting of nanoribbons, nanorods,
nanosheets, etc. are usually considered potentially promising
candidates for photocatalysts, because the assembly of their
building blocks can generate a large number of micro/
nanopores, which can facilitate the diffusion and transport of
molecules therein, thus enhancing the photocatalytic activity.
Therefore, the design and construction of novel semiconductor
hierarchical structures are important for realizing efficient
photocatalysts. Layered double hydroxides (LDHs) are a type of
two-dimensional brucite-like material, with their interlayer
region composed of various divalent and trivalent metal
cations. Due to their advantages such as tunable band gaps,
cost-effectiveness, and environmental friendliness, LDHs have
garnered widespread attention in the field of heterogeneous
catalysis.”® Compared with other layered double hydroxides,
CoAl-LDHs exhibit excellent hydrogen production performance
in photocatalytic hydrogen evolution due to their content of
Co>" ions that can promote the rapid dissociation of water
molecules, which leads to the release of H.' Nevertheless, the
swift recombination of photogenerated charge carriers on CoAl-
LDH surfaces significantly hampers their energy conversion
efficiency, and the larger bandgap also limits their light
response range to the ultraviolet region."” By calcination at
temperatures above 500 °C, LDHs can be topologically
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transformed into a mixture of metal oxides and spinel, giving
them even better stability, a suitable bandgap and superior
optoelectronic properties.”®" It is important to highlight that
the atoms in the spinel structure are densely packed and well-
stabilized, leading to excellent thermal stability, which
ensures that structural integrity and stability are maintained
even at elevated temperatures. Lv et al. employed a thermal
treatment method to convert thin 3D flower-like CoAl-layered
double hydroxides into ultrathin flower-like 3D porous spinel
CoAl,0,-750. These CoAl spinel catalysts demonstrate remark-
able stability and enhance the efficiency of photocatalytic CO,
reduction.?® Furthermore, the microstructure of materials is
closely related to their properties. Therefore, the design of 3D
nanopore structures emerges as an effective approach to
achieving the efficient separation of photogenerated charges
and broadened absorption spectra.”*® In contrast to block or
sheet structures, 3D macroporous structures exhibit a slow
photon effect, capable of retarding and capturing incident light
at specific wavelengths, thereby enhancing the light absorption
efficiency of 3D materials.”® Considering the advantages of
three-dimensional hierarchical structures of CoAl,0, nano-
flowers with ultrathin nanosheets, a hierarchical S-scheme
heterojunction was rationally designed by coupling CoAl,O,
with GDY nanosheets looking forward to achieve higher charge
separation efficiency for photocatalytic water splitting.

Herein, we have successfully synthesized a novel hierarchical
2D/3D GDY/CoAl,0, S-scheme heterojunction by coating 2D
GDY nanosheets onto the 3D porous spinel CoAl,0, nano-
flowers through physical mixing. The microstructure of GDY/
CoAl,0,, the charge transfer mode, etc. were explained in detail
by specific characterization. In addition, the strong coupling
interaction between GDY and CoAl,0, was confirmed by
density-functional theory calculations and in situ XPS and fol-
lowed an S-scheme charge transfer pathway. Through careful
optimization of the structure and precise control of the inter-
face, the GCA-15 heterojunction exhibits exceptional photo-
catalytic H, evolution performance, which is 4.78 times higher
compared to pure 3D porous CoAl,0, nanoflowers under
visible-light irradiation. This work not only provides insights
into the design of an S-scheme heterojunction with a three-
dimensional hierarchical structure, but also provides multi-
functional materials for environmental and energy utilization.

2. Results and discussion

The synthesis process of the porous CoAl,O, nanoflowers and
2D/3D GDY/CoAl,0, heterojunction is shown in Fig. 1. The
ultrathin nanosheet-assembled porous nanoflower micro-
sphere CoAl,O, hierarchical architecture was first prepared
through a simple annealing method. Co(NOj3),-6H,O and
Al(NOs);-9H,0 are employed as sources of Co>" and AI** ions,
respectively. Urea serves as a pH buffer and an antioxidation
agent to prevent the oxidation of Co**.?* The CoAl-LDH nano-
flower are synthesized by heating the mixture at 90 °C for 5 h.
Following that, calcination of CoAl-LDHs resulted in the
formation of ultrathin porous CoAl,0, nanoflowers. Impor-
tantly, GDY nanosheets were synthesized via a Glazer-Hay

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic of the fabrication process for CoAl,O4 nanoflowers and the 2D/3D GDY/CoAlLO4 heterojunction.

coupling reaction employing Cul as the catalytic substrate (Fig.
S1+t). Finally, the hierarchical 2D/3D GDY/CoAl,O, hybrids were
obtained by coupling CoAl,O, with varying proportions of GDY
via physical mixing.

2.1 Structure and morphology analysis

X-ray diffraction (XRD) was used to analyze the bulk-phase
structural characteristics of GDY, CoAl-LDHs, annealed
porous CoAl,O0, nanoflowers and GCA-X. Fig. 2a shows
a diffraction peak for pure GDY at 23°, characterized by its
broad and weak nature, corresponding to the (002) crystal plane
of the amorphous carbon material.** After calcination, the CoAl-
LDHs underwent a transformation into a CoAl,0, spinel
structure (JCPDS no. 44-0160). Notably, four distinct peaks at
31.1°, 36.8°, 59.1°, and 65.0° correspond to the (220), (311),

(511), and (440) diffraction planes, respectively.” Distinct
characteristic peaks exclusive to CoAl,O, were observed in the
GCA-15 sample, indicating that the incorporation of GDY does
not disrupt the crystalline structure of CoAl,O,. It's noteworthy
that no characteristic peaks associated with GDY were detected
in the GCA-15 sample, possibly due to the low loading of GDY
and the relatively small diffraction peaks. Fig. 2b depicts XRD
patterns of GCA-X composites with different GDY contents
(10%, 15%, 20%, 25%, and 30%). All GCA-X samples exhibit
similar diffraction peaks, and no additional peaks are observed
across all composites, affirming the high purity of the catalysts.

Fourier transform infrared spectroscopy (FTIR) is utilized for
spectral analysis of GDY, CoAl,0,, and GCA to determine the
types of compounds and molecular structures present in the
samples by analyzing the peak positions. As depicted in Fig. 3a,
the observed vibrational peaks at 841 cm™ ', 1369 cm ™', and

(@ GCA-15 (b)
= ” - GCA-30
c ) . o, CoaLO,| Z L -
S w—— o S rarpueani e ' GCA-25
g CoAlLLDH| > N
= L i Ay e = Moot "
Z | o s z GCA-20
g — GDY &‘; Coh vl o
—_ (002) Lol SR GCA-15
CoAL0, JCPDS (44-0160)
= s = = & = 8
= 51 228 &3 * GCA-10
20 40 60 80 10 20 30 40 50 60 70 80

2-Theta (degree)

2-Theta (degree)

Fig. 2 (a) XRD patterns of GDY, precursor CoAl-LDHs, annealed CoAl,O,4 and GCA-15; (b) GCA-X samples.
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Fig. 3 FTIR spectra of (a) GDY, (b) CoAl,O4 and (c) GCA-15.

1595 cm ™' of the pure GDY sample originate from the stretch-
ing vibrations of C-C/C-O bonds and the skeletal vibrations of
the aromatic ring.* The band located at 2183 cm ™' can be
imputed to C=C stretching vibrations, verifying the successful
synthesis of GDY. These specific vibration frequency bands at
1685 cm !, 2848 cm !, and 2913 cm ' correspond to the
presence of C=0, C-C and -CH,, respectively.” It's worth
noting that the peak at 2358 cm™' is due to the symmetric
stretching vibration of carbon dioxide in the air.** To provide
further insight into the bond types within GDY, a Raman test
was performed (Fig. S21). The Raman spectrum of GDY reveals
distinct peaks at 1361 cm ' and 1577 cm '. These peaks
correspond to the first-order scattering of the E,, mode, repre-
senting the in-phase stretching vibration of the sp”> carbon
lattice (referred to as the G band) within the aromatic ring and
the vibrational motion of the sp® carbon domain (known as the
D band). Furthermore, the peaks observed at 2039 cm ™" and
2175 cm™ ! are attributed to the oscillations of the conjugated
diacetylene chain (-C=C-C=C-)."* These findings provide
strong evidence for the successful synthesis of GDY.

In Fig. 3b, the FT-IR spectra of CoAl,O, catalysts are pre-
sented. The stretching frequencies at approximately 700 cm ™"

8546 | J Mater. Chem. A, 2024, 12, 8543-8560

in the CoAl,O, catalysts are attributed to vibrations related to
M-O, Al-0O, and M-O-Al bonds, with M representing either Al or
Co." The distinct peaks observed at approximately 557 cm™*
and 656 cm ™' are characteristic vibration modes of CoAl,O,.
These vibrational bands correspond to the CoO, and AlOg¢ units
which constitute the CoAl,O, structure, providing evidence that
the transformation of CoAl-LDHs into spinel-structured
CoAlL,O, occurs post-calcination.”?® The FT-IR results align
with the findings from XRD analysis. In Fig. 3c, the distinctive
aromatic ring peak specific to GDY is observed and the char-
acteristic peak attributed to CoAl,O, is also present. This
observation result indicates that the introduction of GDY has
not altered the inherent chemical bonds of CoAl,O,, further
substantiating the successful synthesis of the GDY/CoAl,O,
sample.

Surface structures and morphologies of GDY, CoAl,0, and
GCA-15 were analyzed utilizing SEM and TEM. As illustrated in
Fig. 4a, the synthesized GDY displays a clearly defined stacked
lamellar structure with no apparent curling at the sheet edges.
This observation underscores the uniformity and continuity of
the GDY nanosheets.'® Fig. 4b displays the SEM image of CoAl-
LDHs, revealing a hierarchical 3D flower-like structure

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 SEM images of (a) GDY, (b) CoAl-LDHs, (c and d) CoAl,O4 and (e) GCA-15; HRTEM images of (f) CoALO,4 and (g) GCA-15; elemental

mappings (h—k) of the area in (e) for GCA-15.

characterized by 2D nanosheet petals. Even after the annealing
process (as depicted in Fig. 4c), the formed CoAl,0, structure
continues to maintain the 3D flower-like hierarchical architec-
ture of CoAl-LDHs (Fig. S3a-df). Annealing also generates
a considerable number of pores within the thinner 2D nano-
sheet petals (Fig. 4d). This nano-sized flower structure features
numerous open spaces and a significantly expanded active
surface area, contributing to the enhancement of photocatalytic
performance.*® Furthermore, Fig. S4t provides a more intuitive
representation of the thickness changes in CoAl-LDH nano-
sheets after calcination. Post-calcination, the thickness of
CoAl, O, becomes thinner, which contributes to the faster
facilitation of electron conduction.***® From Fig. 4e and S3e, f,{
it is obvious that GCA as a whole exhibits a flower-like shape,
and the GDY nanosheets are dispersed on the surface of the
nanoflower-like structure. Notably, the nanoflower structure
retains its porous characteristics, indicating that during the
physical stirring process, the overall morphology of the CoAl,O,
porous nanoflower is successfully integrated into GCA, and the
introduction of GDY does not destroy its basic morphology.
Furthermore, an in-depth analysis of the crystal structure and
morphology of CoAl,0, and GCA-15 was carried out using
HRTEM. As shown in Fig. 4f, it is clear that there are two lattice
spacings of 0.45 nm and 0.27 nm on CoAl,0,, corresponding to
the (111) and (220) crystal planes, respectively. Additionally, the
presence of pores is observed, highlighted by red dashed lines.
As shown in Fig. 4g, the HRTEM image of GCA-15 displays
distinct interface separation. The left side of the red dashed line
exhibits an amorphous nature, consistent with the character-
istics of GDY, while the right side matches the crystal structure
observed in Fig. 4f, which is that of CoAl,0,. Consequently, it
can be concluded that GDY is closely integrated with CoAl,O,.

This journal is © The Royal Society of Chemistry 2024

Furthermore, the elemental mapping structure (Fig. 4h-k)
reveals the presence of four elements (Co, Al, O and C) in
a uniform distribution within the GCA-15 sample, providing
further confirmation of the successful synthesis of the GCA
photocatalyst.

X-ray photoelectron spectroscopy (XPS) was employed to
examine the atomic valence states and surface chemical
composition of GDY, CoAl,0,, and GCA-15. It's essential to
underscore that the robust coulombic attraction between the
atom outer electrons and its nucleus has a profound impact on
the element electron binding energy.”” Simultaneously, an
increase in an element binding energy indicates a decrease in
electron density, resulting in electron loss from the atom.
Conversely, a decrease in binding energy indicates an increase
in electron density. Consequently, variations in binding energy
directly influence the direction of carrier migration within the
photocatalyst.’® The high-resolution Co 2p XPS spectrum of
CoAl,0, (Fig. 5a) can be deconvoluted into two spin-orbit split
components and two vibrational satellites. The binding ener-
gies for Co 2p3/, and Co 2p,,, in CoAl-LDHs are 779.31 eV and
794.48 eV, respectively. These values align with the XRD results,
affirming the presence of Co** in the tetrahedral site within the
CoAl,O, spinel structure, where Co>" is bonded to four equiv-
alent O*>~ atoms to create CoO, tetrahedra that share corners
with twelve equivalent AlOg octahedra.”®**?* Simultaneously,
Co®" species are generated within CoAl,O4. The XPS spectra of
Al 2p (Fig. 5b) reveal a singlet peak at a binding energy of 72.5 eV
for CoAl,O,, which can be attributed to the presence of Al**ions
occupying octahedral sites. These Al** ions are bonded to six
equivalent O®~ atoms, forming AlOs octahedra that share
corners with six equivalent CoO, tetrahedra and edges with six
equivalent AlOg octahedra.”® In the O 1s spectrum of CoAl,O,

J. Mater. Chem. A, 2024, 12, 8543-8560 | 8547
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Fig. 5 (a) Co 2p XPS spectra of CoALO4 and GCA-15; (b) Al 2p; (c) O 1s and (d) C 1s XPS spectra of GDY and GCA-15.

(Fig. 5c), three distinguishable peaks at 529.25 eV, 530.27 eV,
and 531.7 eV can be discerned. These peaks are attributed to
lattice oxygen (Oy,), vacant oxygen (O,), and adsorbed oxygen
(Oaas)->*?° The adsorbed oxygen (O,qs) in CoAl-LDHs primarily
originates from the adsorption of oxygen on the metal
hydroxide surface. The O,q4s believed to be generated from
surface bound water or adsorbed oxygen.* In addition, the C 1s
peak of GDY is located at 284.06 eV and 285.24 eV, corre-
sponding to C=C (sp?) and C=C (sp), respectively.?* As
observed in Fig. 5a-d, the binding energies of Co 2p, Al 2p and O
1s in the GCA-15 composite shift to higher energy levels in the
absence of light compared to CoAl,0O,. In contrast, the binding
energy of C 1s in GCA-15 composites consistently shifts to lower
energy levels compared to GDY, suggesting electron migration
from CoAl,O, to GDY.

The specific surface area, pore size distribution, and pore
volume of GDY, CoAl-LDH, CoAl,O, and GCA-15 were deter-
mined through N, adsorption and desorption experiments. The
adsorption-desorption isotherms, along with relevant data, are
presented in Fig. 6 and Table 1. It is evident from the figure that
all samples exhibit type IV isotherms accompanied by typical
type H3 hysteresis curves, indicating the presence of irregularly
shaped mesoporous pores across the samples. The specific
surface areas of GDY, CoAl-LDH, CoAl,O, and GCA-15 are

8548 | J Mater. Chem. A, 2024, 12, 8543-8560

measured at 12.62 m> g~ ', 21.51 m> g™, 24.84 m* ¢~ " and 26.94
m” g, respectively. The difference in specific surface area
between GDY and CoAl-LDH is due to their own material
properties and the small specific surface area of smaller parti-
cles.?*** The BET surface area of CoAl,O, is higher than that of
CoAl-LDH, which is due to the high temperature annealing that
creates pores on the two-dimensional nanosheets. Moreover,
the BET surface area and pore size of GCA-15 exceed those of
single GDY and CoAl,O,. The larger surface area and pore size
of the GCA-15 heterojunction provide abundant surface active
sites for photocatalytic reactions, thereby enhancing both the
adsorption capacity and visible light absorption across the
entire system.** Consequently, the elevated specific surface area
of the GCA-15 catalyst serves to bolster the performance of
photocatalytic H, reduction.

2.2 Photocatalytic activity and stability

Photocatalytic hydrogen evolution experiments were performed
using TEOA aqueous solution (15 v/v%, pH = 9) as the sacrificial
reagent and eosin Y (EY) as the photosensitizer under visible
light irradiation.** As can be seen in Fig. 7a, pure GDY and
CoAlL, 0, show very low activities of 2.03 pmol and 31.73 pmol,
respectively, and the photocatalytic activity is significantly
increased after GDY coupling with CoAl,O,. As shown in Fig. 7b,

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 N, adsorption—desorption isotherms of (a) GDY, (b) CoAl-LDH, (c) CoAl,O4 and (d) GCA-15 samples (inset images are the corresponding

pore size distribution curves).

with the increase of GDY loading, the hydrogen production of
all the GDY/CoAl,O, composites showed a remarkable increase
over 5 h. A maximum hydrogen production of 5009.28 pmol g~ *
h™' was obtained over GCA-15, which was 4.78 times higher
than that of CoAl,O,. However, the hydrogen production activity
gradually decreased with the loading of excess GDY, which may
be due to the excess GDY leading to the intensification of
agglomeration and the reduction of the active area for hydrogen
production.”*® The doubling of hydrogen production by GCA-X
verifies that GDY and CoAl,0, do not carry out the photo-
catalytic hydrogen production reaction independently. Instead,
there exists a mutually advantageous positive interaction,
enhancing the catalyst hydrogen evolution capability.*®> The

amorphous GDY exhibited numerous unsaturated bonds and
abundant defects, which resulted in a disordered structure that
increased the presence of active sites, thereby promoting
surface reaction kinetics. Due to the advantages of the
combined crystalline/amorphous, 2D/3D, and hierarchical
architecture of GDY/CoAl,O,, the recombination of electron-
hole pairs was significantly reduced, and the aggregation of
GDY nanosheets was also prevented.*® In addition, the nano-
sheet petals of porous CoAl,0, provided a larger surface area to
the reaction system, which promoted carrier transfer and
further improved the photocatalytic hydrogen production
performance of GCA.*>'*% Fig. S57 illustrates the comparison of
hydrogen evolution activity between floral and non-floral

Table 1 Sger, pore diameter, and pore volume of GDY, CoAl-LDH, CoAl,O,4 and GCA-15

Samples Sger (m* g™ Pore volume (cm® g™ *)* Average pore size (nm)*
GDY 12.62 0.03 9.21
CoAl-LDH 21.51 0.11 18.24
CoALO, 24.84 0.13 19.34
GCA-15 26.94 0.14 18.05

“ Total pore volume taken from the N, adsorption volume at a relative pressure (P/P,) of 0.99.

This journal is © The Royal Society of Chemistry 2024
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CoAl,O, structures. It can be observed that the floral structure
of CoAl,0, exhibits higher hydrogen evolution activity, which
further underscores the positive influence of the 3D hierar-
chical structure on photocatalytic activity. Additionally, the
mapping results of the non-floral CoAl,O, are provided in
Fig. S6.1 Table S1f provides a comparative analysis of GDY-
based composites for photocatalytic H, evolution activity. This
comparison serves to underscore the superior performance of
GDY/CoAl,0, in photocatalysis.

8550 | J Mater. Chem. A, 2024, 12, 8543-8560

At various pH values in the sacrificial reagent environment
(Fig. 7¢), a notable enhanced hydrogen evolution ability is
observed for GCA-15, particularly at pH 9-11. The highest
hydrogen evolution activity was achieved at pH = 10 and dimin-
ished when it exceeded this. This result can be attributed to the
lower content of free protons in the higher pH system, which is
unfavorable for the reaction. Meanwhile, the protonation of TEOA
at lower pH levels results in a reduction of its electron donor
capacity.®® Fig. 7d depicts the hydrogen production outcomes of
GCA-15 using different EY quantities. As the EY content in the

This journal is © The Royal Society of Chemistry 2024
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solution increases, the hydrogen evolution activity initially
increases and subsequently decreases. The highest H, production
rate of 6787.74 umol g ' h™" is attained when 20 mg of EY is
introduced. This result suggests that the photocatalytic activity
may be influenced by its polymerization state, and the participa-
tion of excited electrons in photocatalytic hydrogen evolution
varies with distinct EY concentrations.*** At lower EY content,
there are insufficient free dye molecules in the solution to effec-
tively partake in electron transfer and adhere to the active inter-
face. Conversely, an excessive dye concentration can result in self-
quenching of the excited dye molecules, leading to a reduction in
incident photons and consequently decreasing the hydrogen
evolution activity.* Fig. 7e presents the results of cyclic hydrogen
evolution experiments for GCA-15, aiming to observe its stability.

The experiments started from the second cycle, with each
cycle involving the addition of 10 mg of EY. The results reveal
that hydrogen production remains stable for 5 hours during
cycles 1, 3, and 5, while it significantly decreases during cycles 2
and 4. This decline is primarily attributed to the degradation of
EY under visible light irradiation. Additionally, continuous
TEOA depletion and protonation of certain active centers may
also serve as influencing factors.*> Moreover, the stability of the
composite photocatalyst was confirmed by the minimal
changes observed in the XRD pattern (Fig. S71) of GCA-15 before
and after the photocatalytic reaction.

Zeta potential is a measure of the strength of mutual repulsion
or attraction between particles. The zeta potential diagrams for
GDY, CoAl,0, and GCA-15 samples are presented in Fig. S8, with
values of —7.18 mV, —18.65 mV and —51.23 mV, respectively. The
zeta potential of GCA-15 samples is notably more negatively
charged compared to GDY and CoAl,O,. This difference can be
attributed to the sonication process during GCA-15 preparation,
which resulted in the exfoliation of GDY and CoAl,O, nanosheets.
This exfoliation increased the number of active sites on the
surface of GCA-15, thereby enhancing its photocatalytic activity.
Simultaneously, the increased electronegativity of the GCA-15
surface enhances its ability to adsorb protons (H'), leading to
a tighter binding between protons and the surface, which
contributes to the photocatalytic hydrogen production reaction.*

Additionally, the impact of various calcination temperatures
on the hydrogen production activity of CoAl-LDHs. As shown in
Fig. 7f, the photocatalytic hydrogen production activity of
CoAl, O, at 750 °C (1269.80 umol g~ * h™") was higher than that
of 650 °C (935.40 pmol g * h™") and 850 °C (1056.55 pmol g~
h™). The outstanding performance of CoAl,O, at 750 °C can be
attributed to several factors. During the calcination process, the
catalyst porous structure enhances light absorption and enables
multiple light reflections. Meanwhile, its large surface area
provides an abundance of active sites for the reaction system.*
Lastly, the ultra-thin nanosheets expedite the migration of
charge carriers, effectively preventing the recombination of
photogenerated charge carriers.>

2.3 Optical properties and electronic structures

The ability of a material to absorb light has an important
influence on its photocatalytic performance. Therefore, the

This journal is © The Royal Society of Chemistry 2024
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optical properties of GDY, CoAl,0, and GCA-X were explored by
UV-Vis diffuse reflection spectroscopy (UV-Vis DRS). As shown
in Fig. 8a, the spectral curves of all the catalysts show an
extremely strong light trapping ability in the range of 300-
700 nm, which is related to their black color properties.
Furthermore, the energy bands of GDY and CoAl,O, are ob-
tained by extrapolating the (a#v)’>~hv curve to the x-axis using
the Tauc diagram and Kubelka-Munk technique.**** As shown
in Fig. 8b and c, the extrapolated band energies for GDY and
CoAl,0, are 1.79 eV and 1.69 eV, respectively. In addition, the
type of GDY and CoAl,0, semiconductor is determined from the
Mott-Schottky curves, and its energy band structure is further
calculated to better analyze the carrier dynamics of GCA-X.
Fig. 8d and e illustrate the Mott-Schottky curves of GDY and
CoAl,0, at 500 Hz, where both GDY and CoAl,O, show negative
slopes, indicating that both GDY and CoAl,O, are n-type semi-
conductors.* The flat band potentials (Eg,) of GDY and CoAl,O,
are —0.78 V and —1.38 V, respectively. In n-type semi-
conductors, the conduction band potential (Ecg) is generally
0.1-0.2 V more negative than the flat band potential.***¢
Utilizing the formula Exgg = Ecg + 0.241 V, the specific Ecp
positions for GDY and CoAl,O, were —0.64 V and —1.24 V versus
the normal hydrogen electrode (NHE). Consequently, it can be
inferred that the valence band potentials (Eyg) for GDY and
CoAl,O, were 1.15 V and 0.45 V versus NHE, as determined
using the formula: Eyg = Eg + Ecg.”” Finally, the detailed band
structures for GDY and CoAl,O, are illustrated in Fig. 8f.

2.4 Charge separation and electron transfer

In situ irradiated XPS was performed to examine the direction of
charge carrier transfer within the GCA-15 heterojunction, con-
firming the existence of an S-scheme heterojunction.*® Earlier,
alterations in elemental binding energies were discussed in
non-in situ XPS, indicating a direct association with electron
density. Therefore, the alterations in binding energy of GCA-15
were examined through in situ irradiated XPS, and the results
are illustrated in Fig. 9. The binding energies of Co 2p, Al 2p,
and O 1s in GCA-15 under light irradiation experienced
a noticeable shift to lower energy levels compared to CoAl,O, in
the absence of light (Fig. 9a-c). Conversely, in the C 1s spec-
trum, CoAl,O, shifted towards higher energy levels under illu-
mination. The results presented above indicated that CoAl,O,
exhibits an elevated electron charge density under light irradi-
ation, which implies that photogenerated electrons were
transferred from GDY to crystalline CoAl,0,4, resulting in
a reduced binding energy. Therefore, the aforementioned
results offer evidence of the formation of an S-scheme hetero-
junction between GDY and CoAl,0,.*

Ultraviolet photoelectron spectroscopy (UPS) is capable of
capturing information about interactions among valence elec-
trons in the vicinity of the atomic Fermi energy level. As a result,
it allows for the determination of the electron transfer pathway
between GDY and CoAl,0,.”° As illustrated in Fig. 10a and b, the
work functions of GDY and CoAl,0, are determined using the
formula @ = v - (Epermi — Ecutofr), Where hv represents the
photon energy, Erermi is the high kinetic energy starting edge,

J. Mater. Chem. A, 2024, 12, 8543-8560 | 8551


https://doi.org/10.1039/d4ta01140f

Published on 26 de febrer 2024. Downloaded on 6/2/2026 7:15:09.

View Article Online

Journal of Materials Chemistry A Paper
() (b)
— GCA] 3-
=
=
3., S _ GCA2S -
3 GCA20 | 2, ]
= <
< GCA-15 S
n e
5 GCA-10
[72] 1 "
2 CoALO,
GDY
T T r 0 T T T T
400 500 600 700 1.6 2.0 24 2.8 3.2
Wavelength (nm) Bandgap (eV)
© 2.44(d)
1.69 eV
0 T T T T 0-0 T T
1.8 24 3.0 3.6 -1.0 -0.5 0.0 0.5
Bandgap (eV) Potential (V vs. SCE)
2.04(€) 27
5.1 -1.24 eV
2 1.6 =) N cB
VE [ \ | : = 1 \’__/% -0.64 eV
) 4 Z. 1 € CB
8 -0.5
o 124 4 E~=1.69 ¢V \/
S Z 0
- h* VB
g 0.8 % is —— E=1.79 eV
a = 0.45eV ) >
O 044 = 1 §
0.4 § =
/ S 154 L15eV
0.0 +—<—— . . A
-1.5 -1.0 0.5 0.0 0.5 2 CoALO, GDY

Potential (V vs. SCE)

Fig. 8 (a) UV-vis diffuse reflection spectroscopy spectra of GDY, CoAlLO4 and GCA-X; the (ahv)? vs. photo energy curves of (b) GDY and (c)
CoAlL,O4; Mott-Schottky plots of (d) GDY and (e) CoAl,Oy; (f) band structures of the GDY and CoAlL,O4 samples.

and Ecyor is the low kinetic energy cutoff edge (with Av = 21.22
eV), whose values are calculated to be 6.59 eV for GDY and
4.40 eV for CoAl,0,4, respectively.”** Thus, the above data
suggest that GDY has a lower Fermi level compared to CoAl,O,
and infer a charge transfer route at the GCA-X interface. When
GDY comes into contact with CoAl,O,, free electrons naturally
migrate from CoAl,O,, characterized by a higher Fermi energy
level, to GDY, which has a lower Fermi energy level, which
results in the establishment of an internal electric field from
CoAl, O, to GDY.**

8552 | J Mater. Chem. A, 2024, 12, 8543-8560

The peak intensity of steady-state photoluminescence
spectra can indicate the energy of electron-hole pair recombi-
nation after photoexcitation. Therefore, the efficiency of GDY,
CoAlL,0, and GCA-X photogenerated carrier separation was
tested using steady-state photoluminescence (PL) spectroscopy
under 480 nm excitation.”® As shown in Fig. 11a, the pure EY
solution exhibited the highest fluorescence intensity at 540 nm.
The gradual decrease in fluorescence intensity upon addition of
catalyst is attributed to the interaction between the catalyst and
EY molecules. However, pristine GDY and CoAl,O, still retain

This journal is © The Royal Society of Chemistry 2024
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high PL emission intensity, which is mainly attributed to the
strong recombination of photoelectrons and holes. The photo-
luminescence intensity of GCA-15 reaches the lowest among all
catalysts, which implies that the photo-induced electron-hole
pair recombination is suppressed, and the establishment of the
GDY/CoAl,O,4 S-scheme heterojunction is advantageous for the
improvement of charge separation efficiency. Furthermore,

time-resolved photoluminescence (TRPL) spectra unveiled that
the GCA-15 composite had a significantly shorter average elec-
tronic lifetime of 0.32 ns compared to GDY (1.04 ns) and
CoAl,0, (1.01 ns) (Fig. 11b and Table 2). These shorter lifetimes
indicate effective charge separation and improved electron

transmission efficiency.
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Fig. 10 UPS spectra of (a) GDY and (b) CoALLO4.
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It is widely acknowledged that the separation, migration and
recombination of photoexcited electrons and holes are pivotal
factors in photocatalytic reactions, exerting significant influ-
ence on the analysis of the system mechanisms.*” To further
explore the photovoltaic characteristics of these composites,
transient photocurrent-time spectroscopy and electrochemical
impedance spectroscopy (EIS) were employed to characterize
and analyze GDY, CoAl,0,, and GCA-X nanocomposites. The
quick recombination of photogenerated carriers in GDY and
CoAl,0O, results in lower photocurrent intensity. Conversely, the
photocurrent response increases significantly with GDY incor-
poration, and the composite photocatalyst demonstrates
exceptional photocurrent density when the CoAl,0, addition is
at 15% (Fig. 12a). This indicates that the heterojunction inter-
face formed by GDY and CoAl,0, improves the transport,
migration, and separation of photogenerated charges.*® The
charge transfer resistance of electrode materials was investi-
gated through electrochemical impedance spectroscopy (EIS).
All samples exhibit semicircles in the high frequency region,

Table 2 TRPL decay parameters for EY, GDY, CoAl,O4 and GCA-X

GDY, CoAlLO,4 and GCA-X.

which corresponds to the charge transfer process. Generally,
a smaller Nyquist arc radius in electrochemical impedance
signifies reduced electron resistance for transport and migra-
tion, resulting in a notably higher photocarrier migration rate
(Fig. 12b).*® The inset of Fig. 12b displays an equivalent circuit
fitted to the Nyquist plot, comprising a bulk solution (R1),
a charge transfer resistor (R2), and a double layer capacitance
(CPE1).* When compared to the individual GDY and CoAl,O,
phases, the GCA-15 composite photocatalyst displayed signifi-
cantly reduced impedance and enhanced conductivity. This
reduction signifies a decrease in interfacial charge transfer
resistance, leading to improved electron transfer and favoring
photocatalytic reactions.™

Evaluation of electrochemical activities of GDY, CoAl,O,,
and GCA-X at applied potential is performed by linear scanning
voltammetry (LSV). In Fig. 12¢, GCA-15 shows a higher cathode
current compared to GDY and CoAl,0, at the same current
density. This indicates an acceleration in the separation and

transfer rate of photogenerated carriers, promoting

Pre-exponential

factors B% Average lifetime (t,,)? (ns)

Samples Lifetime (z) (ns)
EY =115 B =100 1.15
GDY 7, = 0.28 B, = 55.45 1.04
7, = 1.52 B, = 44.55
CoAlLO, 7, = 0.80 B, = 54.46 1.01
T, = 1.49 B, = 45.54
GCA-10 7, = 0.62 B; =91.43 0.67
T, = 3.02 B, = 8.57

GCA-15 7, = 0.30 By =92.52 0.32
7, =5.13 B, = 7.48

GCA-20 7, = 0.35 B; = 92.09 0.38
7, = 5.28 B, =7.91

GCA-25 7, = 0.40 B, =93.14 0.43
7, = 4.70 B, = 6.86

GCA-30 7, = 4.65 B, = 5.83 0.62
7, = 5.83 B, = 94.17
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photocatalytic hydrogen production.*® Tafel slopes provide
important information about the kinetics of photocatalytic
reactions and electron transfer processes. By analyzing them,
a deeper understanding of the properties of GDY, CoAl,O, and
GCA-X can be obtained. As demonstrated in Fig. 12d. The Tafel
slopes for GDY, CoAl,O, and GCA-15 are 123 mV dec™ ', 109 mV
dec™ ! and 47 mV dec ™, respectively. This calculation is based
on the formula (n = a +blog|j|), where 7 represents the over-
potential, » is the Tafel slope, and j denotes the current
density.”® The Tafel slope of GCA-15 indicates a more rapid
increase in the hydrogen evolution rate in the water splitting
reaction, further underscoring the exceptional hydrogen
production performance of the GCA-15 catalyst.**

2.5 Density functional theory (DFT) calculations

The electronic structures of GDY and CoAl,O,, including the
energy band structure as well as the density of electronic states,
have been investigated using DFT calculations (using the
generalized gradient approximation-Perdew-Burke-Ernzerhof),
thus revealing the electron transport properties of the material.
As seen in Fig. 13a and d, DFT optimization models were
established for GDY and CoAl,0,.°%** The simulated energy
band structures yielded theoretical bandgap E, values of
0.577 eV for GDY and 1.690 eV for CoAl,0, monolithic

This journal is © The Royal Society of Chemistry 2024

materials. Notably, the CoAl,O, value closely approximated the
experimental value. It's important to mention that the calcu-
lated bandgap of GDY (0.577 eV) is significantly lower than the
measured value (1.79 eV). This underestimation is a common
characteristic of the PBE functional, which tends to underesti-
mate the bandgap but doesn't affect the accuracy of other
calculated properties.®® Of secondary importance, the edge
electron pathways of the GDY conduction band (CB) and
valence band (VB) exhibit symmetry, suggesting that GDY
possesses characteristics of a second-order, two-dimensional
topological insulator.** Fig. 13c illustrates that GDY is
a typical semiconductor. The VB top of GDY contains electrons
mainly in the C 2p and C 1s states, with a predominance of
electrons in the C 2p state.** The density of states for CoAl,O,
surfaces in several spin orbitals and the states near the Fermi
energy level come predominantly from the Co, Al, and O ions.
The CoAl,0, VB and CB depend mainly on electrons from the
Co 3d, Al 3d and O 2p states. Among them, Al 3d and Co 3d play
a dominant role in the VB, while the CB is dominated by Al 3d
and O 2p.*® The above findings reveal the electronic orbital
states of GDY and CoAl,0,, which can help understand the
charge migration process and photocatalytic active sites.

To further ascertain the direction of electron migration
within the heterojunction, we estimated the work functions of
GDY and CoAl,0, through DFT calculations.” The work
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function is a key parameter used to characterize the electronic
properties of a material and its interaction with other materials
or the environment. In semiconductor photocatalytic hetero-
junction materials, a lower work function means that the elec-
trons within the semiconductor are more likely to migrate to the
other side.®® As shown in Fig. 14a and b, the work functions of
GDY and CoAl,0, with respect to the vacuum energy levels are
calculated to be 5.53 eV and 5.23 eV, respectively, consistent
with the pattern of change in the experimental values. The work
function values suggest that when a heterojunction interface is
formed between the two contacts, electrons from the CoAl,O,
nanosheet will migrate through the interface to GDY until an
equilibrium is established between the Fermi energy levels of
both components.®” In addition, the charge density differential
can present the difference in charge distribution near the het-
erojunction interface for more intuitive observation of the
electron transfer information within the heterojunction. In
photocatalytic heterojunction materials, a positive charge
density differentia indicates that the photogenerated electrons
are more inclined to move in a certain direction, which
contributes to the improvement of photocatalytic activity,
especially in the case of separation of photogenerated electrons
and holes. Therefore, by investigating the charge density
differentia in heterojunctions, it is possible to gain a deeper
understanding of the performance of photocatalytic materials
and optimize the heterojunction design. As shown in Fig. 14c,
a GCA heterojunction geometry model was established to
calculate the charge differential density. Among them, the
yellow region represents the accumulation of electrons and the
blue color represents the depletion of electrons, and it is not
difficult to see that in GCA, electrons are more inclined to
transfer from the GDY layer to CoAl,O, through the interface.
This charge transfer outcome suggests a robust electron
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coupling between CoAl,0, and GDY, with the electrons
primarily transferring from GDY to CoAl,O,. This result aligns
with the XPS results.

2.6 Possible photocatalytic hydrogen evolution mechanism

Hence, considering the analysis of the results presented above,
we propose a plausible S-scheme mechanism for the GDY/
CoAl,0, heterojunction (Fig. 15). The Fermi level of CoAl,0, is
relatively high, while that of GDY is relatively low. Thermody-
namically, when GDY forms a close interface with CoAl,O,,
electrons in CoAl,0, spontaneously migrate to GDY at the
interface until equilibrium in Ef is achieved. In this context,
CoAl,O, carries positive charges, whereas GDY exhibits negative
charges. As a result, an IEF is established with the direction
from CoAl,0, to GDY. Under sunlight irradiation, electrons in
the valence band (VB) of GDY and CoAl,0, become excited,
moving into their respective conduction bands (CBs) and
leaving holes in their respective valence bands (VBs). The
excited electrons in the conduction band (CB) of GDY combine
with the holes in the valence band (VB) of CoAl,O,, driven by the
internal electric field at the heterojunction interface. Subse-
quently, EY is photoexcited to a single excited state EY'" and
undergoes intersystem crossing to produce the more stable
EY*". EY®" is reduced and quenched by TEOA to form EY . The
electrons from EY are transferred to the CB of GCA-15 to
participate in the photocatalytic production of H,, while the EY
molecule returns to the ground state.** The holes in the valence
band (VB) of GDY are involved in the oxidation of TEOA, while
the photogenerated electrons accumulated on CoAl,O, actively
participate in the water splitting reaction. Based on the above
analysis, we proposed a possible photocatalytic hydrogen
production mechanism for GCA-X.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4ta01140f

Published on 26 de febrer 2024. Downloaded on 6/2/2026 7:15:09.

Paper

View Article Online

Journal of Materials Chemistry A

Vacuum level

-154

Electrostatic potential (eV)
s

- 15
% Vacuum level
~ 0-
=
= -151
2
© -30 1
="
2]
o= -451
<
>
& -60 1
-
S
2 =754
= -90 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
CoALO,
------------------ V ac lE_F
®=5.53 eV i ;
| R ®=5.23 eV o0 i/ "
E -l — 47" “
Ey
' B R
vh =
=k
SR
CoALO, COAIIOJKW
GDY Sox

Before contact After contact

Fig. 14 The calculated work functions of (a) GDY and (b) CoAl,Oy; (c) the charge density difference of GDY/CoAl,Oy4; the blue and yellow regions
represent the consumption and accumulation of electrons. (d) The charge transfer route at the interface of GCA-X.

Fig. 15 The charge transfer mechanism over the GDY/CoAl,O4 S-scheme heterojunction.

3. Conclusion

In conclusion, a hierarchical S-scheme 2D/3D GDY/CoAl,O,
heterojunction was synthesized using porous CoAl,0, nano-
flowers loaded with GDY nanosheets. The 3D porous CoAl,O,
nanoflowers possess ultrathin nanosheets by calcination
transformation of CoAl-LDHs. The porous structure provides

This journal is © The Royal Society of Chemistry 2024

a large amount of reactive surface area and abundant adsorp-
tion sites for the hydrogen production reaction, thus increasing
the efficiency of the photocatalytic reaction. The hierarchical
architecture of CoAl,0, nanoflowers with ultrathin nanosheets
can effectively enhance the charge separation and electron
transfer. More significantly, the exceptional photostable and
highest photocatalytic hydrogen evolution activity of 5009.28
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umol g~ * h™" were obtained over GCA-15, which is a 4.78-fold
increase compared to CoAl,O, alone. The excellent photo-
catalytic activity can be attributed to the coupling of GDY with
3D porous CoAl,O, leading to the rearrangement of the energy
band structure and the formation of tightly bonded S-scheme
heterojunctions, which promote the separation of photo-
generated carriers and interfacial electron transfer. In addition,
the hierarchical structure not only retains the properties of the
original lamellar unit structure, but the coupling effect with
GDY also confers a higher charge transport capability to the
hierarchical heterojunction material. Most importantly, the S-
scheme mechanism was verified by the UPS, DFT and in situ
irradiated XPS results. The charge density difference is even
more intuitive to confirm that the electrons are transferred from
GDY to CoAl,0,4 in GCA. This work provided a simple strategy
for design and construction of hierarchical graphdiyne-based S-
scheme heterostructures for photocatalytic hydrogen
production.
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