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Biomimetic Solar Photocatalytic Reactor for Selective
Oxidation of Aromatic Alcohols with Enhanced Solar-Energy
Utilization

Jingjing Qin, Jiahao Li, Kaibin Chu, Guozheng Yang, Leiqian Zhang, Xuemeng Xia,
Pengyang Xuan, Xin Chen, Bo Weng, Haowei Huang, Yujie Chen, Wei Fan, YinBo Zhu,
HengAn Wu, Feili Lai,* and Tianxi Liu*

Low utilization of solar energy remains a challenge that limits photocatalytic
efficiency. To address this issue, this work proposes a bionic solar
photocatalytic reactor (BSPR) for efficient selective oxidation of aromatic
alcohols. A biomimetic phototropic hydrogel is prepared by coupling
chlorine-doped polypyrrole (Cl-PPy) and poly(N-isopropyl acrylamide)
(PNIPAm) to maximize light-harvesting efficiency automatically, allowing the
BSPR to maintain high catalytic levels throughout the day. Molecular
dynamics simulations are used to unveil the understanding of the fast
photoresponsive behavior of Cl-PPy/PNIPAm from a molecular level, while
COMSOL simulations are conducted to follow the macroscopically
phototropic mechanism of BSPR. Attributing to the existence of PdS/S
vacancies riched ZnIn2S4 nanocomposite in the top flower-shaped hydrogel,
the BSPR displays a special function for efficiently photocatalytic oxidation of
aromatic alcohols under solar illumination (yield of 4-methoxybenzaldehyde:
479.5 μmol g−1 h−1; selectivity: 68.8%). Two possible reaction pathways are
identified as follows: photogenerated holes can attract aromatic alcohols
directly and generate aromatic aldehydes; photoexcited electrons oxidize O2

to ·O2
− can also react with the adsorbed aromatic alcohol. This study

presents a promising paradigm that explores opportunities for enhanced
utilization of light energy, offering a novel approach to maximize its efficiency
in practical applications.

1. Introduction

The self-adaption abilities of biological systems in nature (e.g.,
mimosa pudica, sunflower, flytrap, etc.) are promoting the
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emergence of various smart materials,[1–4]

that can change their structures, prop-
erties, and functions autonomously to
respond to the innocuous stimuli (e.g.,
heat, pH, light, electricity, etc.) in their
surrounding environments. In particular,
light-responsive smart materials allow flex-
ible manipulations at remote distances,[5–7]

which are mainly driven by the intelligent
composites of photothermal absorber and
temperature-sensitive material for efficient
photothermal conversion and thermally
induced phase transition, respectively.[8–9]

For the fabrication of these intelligent
composites, the main task is to find suit-
able temperature-sensitive materials that
can satisfy the requirements of diverse
temperature ranges. Up to now, the most
commonly used temperature-responsive
materials include poly(N-isopropyl acry-
lamide) (PNIPAm), 2(dimethylamino)ethyl
methacrylate, 4-(3-Acryloyloxypropyloxy)-
benzoesure 2methyl-1,4-phenylester), and
some other composites.[10–12] Among them,
PNIPAm-based hydrogel can undergo a
heat-induced conformational transition
from a water-soluble coiled structure to a
water-insoluble globular structure above its

lower critical solubility temperature (LCST, ≈32 °C), result-
ing in the massive loss of confined water in the network of
PNIPAm-based hydrogel with its notable volume reduction and
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shape deformation.[13–16] Therefore, the photosensitive behav-
iors of PNIPAm-based hydrogel are closely related to the pho-
tothermal conversion efficiency/rate of the photothermal ab-
sorbers inside the PNIPAm-based hydrogel that can trigger
the deswelling/swelling behavior of PNIPAm hydrogel by con-
verting the absorbed light energy into thermal energy.[17] In
this regard, abundant species of photothermal absorbers have
been put forward, including graphene oxide, MXenes, polyani-
line, and polypyrrole (PPy), and have been applied in the light-
responsive smart materials (particularly in the PNIPAm-based
hydrogels).[18–22] PPy stands out due to its strong near-infrared
absorption, high photothermal property, and good photostabil-
ity. Recently, Yu et al. demonstrated a rationally designed hy-
brid gel with an interpenetrating network formed by hydrophilic
chloride-doped polypyrrole (Cl-PPy) and NIPAm,[23] which pos-
sesses a superior ability to release water upon illumination due to
the presence of Cl-PPy nanoparticles. The interpenetrating net-
work can also increase the gel/air interface area and act as a water
channel during the water release process. However, hydrogel is
still not suitable for light-driven applications due to its low cross-
link density, which puts new requirements on the reasonable
construction of light-responsive PNIPAm hydrogel with suitable
structures.

The light-responsive smart materials can be used in various
applications, such as drug delivery, tissue engineering, sensors,
soft robotics, and artificial muscles, which makes them essen-
tial support for developing artificial smart systems.[24,25] In our
recent works, we first put forward a new application of light-
responsive smart materials as a photocatalytic reactor system
(namely “biomimetic sunflower”) inspired by sunflower that can
capture sunlight spontaneously and utilize the light energy for
photocatalysis maximumly.[26] However, this “biomimetic sun-
flower” is still suffering from the drawbacks of slow response
to light and long recuperation time. c, reducing response time
and recovery time are prerequisites for optimizing their solar
energy utilization efficiency. By facilitating swift adjustments to
the direction of sunlight and minimizing the required time for
restoring the initial orientation, the biomimetic sunflower sys-
tem can enhance its adaptability to changes in light, thereby effec-
tively capturing sunlight and maintaining optimal performance.
Therefore, it is urgent to develop a second-generation biomimetic
photocatalytic system that can work under sunlight irradiation
with high sensitivity to the change of light direction and quick
shape recovery behavior, resulting in the full utilization of light
energy.
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As another main component in the biomimetic photocatalytic
system, the photocatalyst itself determines the efficiencies di-
rectly for various photocatalytic reactions, such as the production
of hydrogen peroxide, hydrogen evolution, selective oxidation of
amine, and oxidation reaction of aromatic alcohol.[27–30] Among
them, the photocatalytic oxidation reaction of aromatic alcohol
to aromatic aldehyde is of great industrial significance, because
aldehydes and their derivatives are essential building blocks for
producing fine chemicals.[31] With the emergence of abundant
efficient photocatalysts (e.g., metal oxides, metal sulfides, metal-
free materials, etc.), the photocatalytic process can be realized
under an economical and green condition.[32–35] To improve the
light absorption characteristics and decrease transport pathways
for photoexcited holes/electrons to the photocatalyst surface for
efficient alcohol oxidation, the emergence of 2D semiconductors
has opened up one effective approach owing to their unique prop-
erties of highly specific surface area, outstanding charge-carrier
separation rate, and excellent conductivity.[36–39] ZnIn2S4 (ZIS) is
a typical semiconductor that has received extensive attention in
the field of photocatalysis due to its various morphologies (e.g.,
nanotube, nanosheet, and nanoflower), tunable bandgap (2.06–
2.85 eV), and excellent photo-stability.[40,41] Nevertheless, the pho-
tocatalytic property of ZIS nanosheets is still confined by the
rapid recombination of photo-excited charge carriers.[42,43] One of
the most effective ways to overcome this obstacle is to introduce
defect structures or co-catalysts in ZIS nanosheets.[44,45] Zhang
et al. reported S vacancies (Vs), as electron traps, to prevent ver-
tical transport of electrons and concentrate electrons near the Vs
area, which are beneficial to enhancing the absorption of visi-
ble light and improving the photocatalytic activity significantly.[46]

Additionally, the photocatalytic process may also be modulated
by selecting suitable co-catalysts.[47] Based on previous studies,
PdS is regarded as a suitable co-catalyst that can provide abun-
dant active sites and improve electron transfer efficiency during
the oxidation reaction.[48,49] However, the wide usage of PdS as a
co-catalyst is still restricted by its poorly stable structure and eas-
ily agglomerated behavior, which is necessary to be solved by a
suitable method for preparing stable PdS nanoparticles.

In this study, we developed a novel bionic solar photocatalytic
reactor (BSPR) that can not only track the light automatically but
also utilize solar energy maximally. To achieve the phototropic
behavior of BSPR, Cl-PPy was incorporated with PNIPAm hy-
drogels that exhibited not only excellent photothermal conver-
sion property but also phase transition capabilities. As a result,
the phototropic hydrogel possessed high response and recovery
rates, enabling maximum light capture at various irradiation an-
gles. By introducing Vs into ZIS and depositing PdS nanopar-
ticles, a highly effective nanocomposite photocatalyst was pro-
duced and incorporated at the top of BSPR. This resulted in
improved separation of photogenerated electron–hole pairs, ex-
panded light absorption spectra, and increased oxidation activity
toward aromatic alcohols. This work demonstrates an effective
way to make full use of solar catalysis.

2. Results and Discussion

Inspired by the sunflower in nature, we designed and fabricated
a second-generation BSPR. As illustrated in Figure 1a, the BSPR
consists of a hydrogel column and a flower-shaped hydrogel at
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Figure 1. a) Schematic illustration for the preparation of BSPR. b,c) SEM images of the PP and CP hydrogel. d) The light-responsive behavior of the
BSPR. e) Photographs of the BSPR at different zenith angles of incident light.

the bottom and top parts, respectively. In particular, the hydro-
gel column is composed of Cl-PPy and PNIPAm, which is pho-
totropic due to the inhomogeneous deformation of the hydrogel
column under illumination. Additionally, flower-shaped hydro-
gel is made up of PdS/Vs riched ZIS (PdS/Vs-ZIS) (vide infra)
and PNIPAm. As the stress-strain curve of BSPR shown in Figure
S1 (Supporting Information), a fracture strain value of 14.4%
demonstrates the stable connection between Cl-PPy/PNIPAm
(CP) hydrogel and PdS/Vs-ZIS/PNIPAm (PP) hydrogel. The pho-
totropism enables the flower-shaped hydrogel perpendicular to
the light source spontaneously, thereby maximizing sunlight ab-
sorption. The microstructures of the PP hydrogel and CP hydro-
gel were observed by scanning electron microscopy (SEM) tech-
nique. As depicted in Figure 1b, the PP hydrogel is composed of
a 3D porous PNIPAm backbone without any observation of ag-
glomerated PdS/Vs-ZIS nanosheets, indicating that the PdS/Vs-
ZIS nanosheets are dispersed well inside the PP hydrogel. From
the enlarged SEM image and corresponding energy dispersive

spectroscopy (EDS) elemental mappings of PP hydrogel (Figure
S2, Supporting Information), it can be observed that the PdS/Vs-
ZIS nanosheets are embedded within the polymer framework
uniformly to prevent the aggregation of PdS/Vs-ZIS nanosheets.
As demonstrated in the SEM image of CP hydrogel (Figure 1c),
the Cl-PPy nanoparticles (Figures S3 and S4, Supporting Infor-
mation) are embedded into the pore walls of PNIPAm hydrogel.
As the enlarged SEM image and corresponding EDS elemental
mappings of CP hydrogel shown in Figure S5 (Supporting Infor-
mation), the Cl-PPy nanoparticles are anchored on pore walls of
the PNIPAm, indicating the successful preparation of CP hydro-
gel. This 3D framework of CP hydrogel is beneficial for the pen-
etration of water into its internal space, which is essential for the
realization of its photoresponsive behavior. Figure 1d and Figure
S6 (Supporting Information) demonstrate that the BSPR displays
reversible bending and recovering behaviors. The upright BSPR
can bend to a 90° angle by 24 s irradiation. After turning off the
light, the 90°-bent hydrogel column can return to its initial state
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Figure 2. Phototropic mechanism of the BSPR. a) Thermal-stimulated volume shrinkage (at 45 °C) and recovery (at 20 °C) in water. b) Corresponding
snapshots for the molecular structures of PNIPAm (top) and CP hydrogel (bottom) at 290 and 320 K. c) RDFs of C─H in PNIPAm and CP hydrogel
obtained from the MD simulations under different temperatures. d) The time-dependent temperature at different sites of the BSPR. e) Schematic
illustration for the phototropism mechanism of BSPR.

within 14 min. With more details displayed in Figure 1e, Figure
S7 and Movie S1 (Supporting Information), the BSPR can sepa-
rately adapt to the irradiations from various zenith angles (e.g.,
50°, 70°, and 90°) and azimuth angles. These results indicate that
BSPR has a wide response range, as well as a rapid response and
recovery rate.

The phototropic behavior of the BSPR can be attributed to the
inhomogeneous deformation caused by the locally high temper-
ature of the BSPR induced by the effective photothermal process.
As shown in Figure S8 (Supporting Information), a significant re-
duction in hydrogel volume occurs with the increase in external
temperature. This is because the PNIPAm hydrogel undergoes
the change from a hydrophilic state to a hydrophobic state when
the ambient temperature exceeds its LCST (≈32 °C), leading to
an obvious volume contraction. The presence of the Cl-PPy com-
ponent enables the CP hydrogel to exhibit good photothermal
conversion ability and results in a rapid photoresponsive func-
tion of PNIPAm hydrogel. Furthermore, the incorporation of Cl-

PPy component will also affect the phase transition of hydrogel.
As displayed in Figure 2a, the shrinkage and recovery rates for
both PNIPAm and CP hydrogels are analyzed under different
temperatures (45 and 20 °C). The CP hydrogel achieves an ob-
vious shrinkage to 33% of its original size within 4 min at 45 °C,
which can also return to its original volume quickly by immers-
ing it in water at room temperature. However, the PNIPAm hy-
drogel only changes to 52% of its initial size with a longer time
of 10 min as compared to that of CP hydrogel, indicating the in-
troduction of Cl-PPy component in CP hydrogel can promote the
shrinkage of the hydrogel. To further unveil this phenomenon,
the phase transition processes of PNIPAm hydrogel and CP hy-
drogel were simulated by molecular dynamics (MD) calculations
at 290 and 320 K, correspondingly. As illustrated in Figure 2b,
both PNIPAm and CP hydrogel undergo conformation transition
from coil states (290 K) to globule states (320 K) due to their hy-
drophilic to hydrophobic conversion. Meanwhile, the changes in
hydrophobic interactions can also be quantified as the number
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of contact between the C of PNIPAm chain and the H of water,
provided by analyzing the radial distribution functions (RDFs)
of PNIPAm chain in water at different temperatures (290 and
320 K).[23] The RDFs of C─H in Figure 2c show temperature de-
pendences, where the intensities for the first peaks decrease grad-
ually with the increase of temperature from 290 to 320 K (more
details are shown in Table S1, Supporting Information). In par-
ticular, the height for the first peak of RDFs of the CP hydrogel at
320 K decreases by 0.20, which is larger than the decrease of PNI-
PAm (0.15), suggesting that the as-introduced Cl-PPy nanoparti-
cles can promote the desolvation of PNIPAm. Other results also
support this conclusion. Similarly, the conformational changes of
the PNIPAm chain can also be quantified based on the number of
contacts between the C atoms in the backbone and the C atoms of
the CH3 groups on the isopropyl side chain of PNIPAm. The re-
sults shown in Figure S9a (Supporting Information) also demon-
strate temperature dependence in the RDFs between C atoms,
with overall higher values at 320 K than those at 290 K. This is be-
cause, at higher temperatures, the chain mostly collapses, leading
to more frequent contacts between C atoms than those at lower
temperatures. In comparison to 290 K, the first peak of CP at
320 K increases by 205, which is higher than the increase of the
first peak in PNIPAm from 290 to 320 K (68). Furthermore, by
statistically analyzing the end-to-end distances of the chains, the
changes in PNIPAm and CP chains can be further compared. As
shown in Figure S9b (Supporting Information), the results indi-
cate that the end-to-end distance of PNIPAm decreases by 11.0 Å
at 320 K, while the CP chain decreases by 14.7 Å. The above re-
sults indicate that the addition of Cl-PPy can promote the col-
lapse of PNIPAm chain, and lead to rapid photoresponse and
recovery rate of BSPR. To understand the phototropism mech-
anism of BSPR better, the temperature variations at two sides of
CP hydrogel were recorded using thermocouples under illumi-
nation. As shown in Figure 2d, the temperature on the front side
of CP hydrogel rises to 38.2 °C within 12 s, whereas the tem-
perature at the back side of CP hydrogel remains ≈29.5 °C (be-
low the LCST). COMSOL Multiphysics simulation was carried
out to simulate the temperature distributions for several critical
states of the BSPR during the phototropic process. As shown in
Figure 2e, the phototropic process of the BSPR is achieved by the
built-in feedback loop with three typical steps of detecting, bend-
ing, and tracking processes (particularly, the tracking step is a
dynamic balancing process). When the BSPR is illuminated with
light from one side, the temperature on its irradiated side rises
rapidly above the LCST (≈32 °C) of PNIPAm hydrogel due to the
excellent photothermal conversion of Cl-PPy component, while
the temperature on its back side still remains below the LCST.
This simulation result corresponds well with the tested temper-
ature variations in Figure 2d. Consequently, the network of CP
hydrogel shrinks asymmetrically and results in the quick bend
of BSPR toward the light. Once the BSPR has overbent, it expe-
riences a self-shadowing state that results in decreased tempera-
ture on the front side ultimately. This triggers a natural hydrogel
recovery mechanism, leading to automatic repetition of the cycle.

Phototropism is an essential prerequisite for BSPR to capture
sunlight continuously and enable efficient conversion of light en-
ergy. The photocatalytic ability of BSPR is mainly determined by
the photocatalyst incorporated in the flower-shaped hydrogel (PP
hydrogel), which was obtained by introducing Vs and depositing

PdS nanoparticles on ZIS nanosheets toward photocatalytic ox-
idization of aromatic alcohols. The crystal structures of the as-
prepared ZIS and Vs-ZIS nanosheets were analyzed by using
X-ray diffraction (XRD) method. The diffraction peaks for both
ZIS and Vs-ZIS nanosheets observed in Figure S10 (Support-
ing Information) are in good agreement with a hexagonal struc-
ture of ZIS (JCPDS No. 72–0773). These diffraction peaks are
located at 21.4°, 27.9°, 30.7°, 39.5°, 47.4°, 52.3° and 55.8°, cor-
responding to (006), (102), (104), (108), (110), (116), and (202),
respectively.[50] The transmission electron microscopy (TEM) im-
age of the obtained Vs-ZIS nanosheets shown in Figure S11 (Sup-
porting Information), consists of abundant ultrathin nanosheets.
The specific thicknesses of ZIS and Vs-ZIS nanosheets are ≈1.82
and 1.60 nm, respectively, from their atomic force microscopy
(AFM) images (Figure S12, Supporting Information), indicat-
ing the presence of Vs would reduce the thickness of the ZIS
nanosheets. After loading slight PdS nanoparticles on the sur-
face of Vs-ZIS nanosheets via the photodeposition method, the
Vs-ZIS nanosheets are decorated with abundant ultrafine PdS
nanoparticles (nanoparticle size of ≈10 nm) uniformly, lead-
ing to the generation of PdS-1/Vs-ZIS (“1” indicates the added
amount of Pd is 1 wt. % of the weight of Vs-ZIS) nanocompos-
ite (Figure 3a). The EDS elemental mappings of the PdS-1/Vs-
ZIS (Figure 3b) show that the elements of Zn, In, and S are dis-
tributed in PdS-1/Vs-ZIS nanocomposite homogeneously. Mean-
while, Figure 3b further confirms that the main element compo-
sition of the nanoparticle on the Vs-ZIS nanosheets is predom-
inantly Pd. The X-ray photoelectron spectroscopy (XPS) spec-
trum of Pd 3d in PdS-1/Vs-ZIS is shown in Figure S13 (Sup-
porting Information). The binding energies of Pd 3d5/2 and Pd
3d3/2 are 337.0 and 342.2 eV, respectively, which are consistent
with the characteristics of Pd2+. Additionally, the high-resolution
transmission electron microscopy (HRTEM) image of PdS-1/Vs-
ZIS nanocomposite presented in Figure 3c illustrates clear lat-
tice fringes of 0.32 and 0.23 nm, which belong to (102) plane of
ZIS and (202) plane of PdS,[36,47] respectively. To be noted, no
characteristic diffraction peaks for PdS phase can be observed in
the XRD pattern of PdS-1/Vs-ZIS (Figure S10, Supporting Infor-
mation), which is ownned to the low loading amount and ho-
mogeneous dispersion of ultrafine PdS nanoparticles in the Vs-
ZIS nanosheets. The above-mentioned results collectively con-
firm the successful loading of PdS nanoparticles on the surface
of Vs-ZIS nanosheets.

Moreover, electron paramagnetic resonance (EPR), inductively
coupled plasma mass spectrometry (ICP-MS), and XPS meth-
ods were carried out to confirm the existence of Vs in Vs-
ZIS nanosheets. As shown in Figure 3d, the Vs-ZIS exhibits a
much sharper EPR signal at a g-value of 2.003 than that of ZIS,
which indicates the existence of abundant vacancies in Vs-ZIS
nanosheets. From the ICP-MS results in Table S2 (Supporting In-
formation), the atomic ratios of Zn, In, and S in ZIS and Vs-ZIS
nanosheets are 1:2.2:3.7 and 1:2.3:2.8, respectively, demonstrat-
ing that the Vs-ZIS contains abundant Vs instead of Zn vacancies.
XPS spectra are obtained to analyze chemical compositions and
chemical states. As compared to ZIS, the binding energy values
of S 2p peaks (S 2p1/2 and S 2p3/2) in Vs-ZIS shift negatively, as
shown in Figure S14 (Supporting Information). In particular, the
binding energy values of S 2p in Vs-ZIS (163.00 and 161.85 eV)
are lower than those in ZIS (163.18 and 162.01 eV), which is due

Adv. Funct. Mater. 2024, 34, 2311214 © 2023 Wiley-VCH GmbH2311214 (5 of 10)

 16163028, 2024, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202311214 by U
niversity O

f Science, W
iley O

nline L
ibrary on [09/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 3. a) TEM image, b) HAADF-STEM image and corresponding EDS elemental mappings, and c) HRTEM image of PdS-1/Vs-ZIS nanocomposite.
d) EPR spectra of ZIS and Vs-ZIS nanosheets. e) Pd K-edge XANES profiles of Pd foil, PdS-1/ZIS, and PdS-1/Vs-ZIS. The inset in (e) shows the magnified
near-edge structures of different catalysts. f) FT-EXAFS spectra of Pd K-edge and g) Wavelet transform of EXAFS spectra at Pd K-edge for Pd foil,
PdS-1/ZIS, and PdS-1/Vs-ZIS. h) UV–vis absorption spectra and i) bandgap energies of ZIS, Vs-ZIS, PdS-1/ZIS, PdS-0.5/Vs-ZIS, PdS-1/Vs-ZIS, and
PdS-2/Vs-ZIS. j) Band diagram of the PdS-1/Vs-ZIS photocatalyst.

to the low-coordinated S element in Vs-ZIS. The above results
indicate that an excess of thioacetamide can lead to the genera-
tion of abundant Vs on ZIS nanosheets. This is because the ex-
cessive thioacetamide can adsorb on the surface of the primary
nanocrystals to hinder the growth of the crystals partially and re-
sult in the formation of a Vs-rich structure.[50,51] To investigate
the coordination structure of the Pd atom, X-ray absorption near-
edge structure (XANES) spectroscopy was recorded. As shown in

Figure 3e, the absorption edge of PdS-1/Vs-ZIS shifts positively
based on the curve of PdS-1/ZIS, demonstrating that the valence
state of Pd in PdS-1/Vs-ZIS is higher than PdS-1/ZIS. Fourier-
transformed X-ray absorption fine structure (FT-EXAFS) spectra
and corresponding fitting parameters at the Pd K-edge for vari-
ous samples are displayed in Figure 3f and Table S3 (Supporting
Information), respectively. The Pd─S bonds with lengths of 1.87
and 1.84 Å and coordination numbers of 2.35 and 2.53 can be
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observed in the PdS-1/ZIS and PdS-1/Vs-ZIS nanocomposites,
respectively. The presence of Vs in Vs-ZIS nanosheets would lead
to a reduced Pd─S bond length and an increased coordination
number in PdS-1/Vs-ZIS on account of the redistributed charges
around the Vs. The wavelet transforms (WT) of EXAFS spec-
tra of PdS-1/ZIS and PdS-1/Vs-ZIS (Figure 3g) show the max-
imum values of PdS-1/ZIS and PdS-1/Vs-ZIS locate at 7.1 and
7.5 Å−1 in the k space, respectively, which correspond to the Pd─S
bonds.[52] These values are completely different from that of the
Pd foil at 10.1 Å−1. To go further, ultraviolet–visible diffuse re-
flectance spectra (UV–Vis DRS) were employed to explore the op-
tical absorption characteristics of ZIS, Vs-ZIS, PdS-1/ZIS, PdS-
0.5/Vs-ZIS, PdS-1/Vs-ZIS, and PdS-2/Vs-ZIS. As illustrated in
Figure 3h,i, the ZIS has an absorption edge at ≈454 nm, whereas
the PdS-1/Vs-ZIS exhibits a stronger visible light absorption edge
at 484 nm. Based on Tauc plots, the calculated bandgap ener-
gies for ZIS, Vs-ZIS, PdS-1/ZIS, PdS-0.5/Vs-ZIS, PdS-1/ZIS and
PdS-2/Vs-ZIS are 2.73, 2.71, 2.57, 2.65, 2.56, and 2.66 eV, respec-
tively, indicating that PdS-1/Vs-ZIS has the most excellent ab-
sorption capability of visible light.

Furthermore, the flat-band potentials (EFB) of ZIS, Vs-ZIS,
PdS-1/ZIS, PdS-0.5/Vs-ZIS, PdS-1/Vs-ZIS, and PdS-2/Vs-ZIS
were determined using Mott–Schottky measurement. Figure
S15 (Supporting Information) shows the positive slopes of the
obtained curves are consistent with those of typical n-type
semiconductors.[33] Based on the above-measured results in
Figure 3h and Figure S15 (Supporting Information), therefore,
the band structures of ZIS, Vs-ZIS, PdS-1/ZIS, PdS-0.5/Vs-ZIS,
PdS-1/Vs-ZIS, and PdS-2/Vs-ZIS can be evaluated and summa-
rized in Table S4 (Supporting Information). The EFB values of
the ZIS, Vs-ZIS, PdS-1/ZIS, PdS-0.5/Vs-ZIS, PdS-1/Vs-ZIS, and
PdS-2/Vs-ZIS are measured to be −0.47, −0.49, −0.67, −0.71,
−0.82, and −0.86 V (vs Ag/AgCl), respectively. Based on these
values, the conduction band (CB) positions of ZIS, Vs-ZIS, PdS-
1/ZIS, PdS-0.5/Vs-ZIS, PdS-1/Vs-ZIS, and PdS-2/Vs-ZIS are es-
timated to be −0.37, −0.39, −0.57, −0.61, −0.72, and −0.76 V,
respectively. The band structure of the PdS-1/Vs-ZIS photocata-
lyst is shown in Figure 3j. To further reveal the impact of Vs and
introduced PdS nanoparticles on charge separation and trans-
fer, steady-state photoluminescence (PL) spectra are employed
in Figure S16 (Supporting Information). As the broad peak at
450 nm results from the photo-generated electron–hole recombi-
nation, the lower peak intensity of Vs-ZIS than that of ZIS verifies
the satisfied charge separation of Vs-ZIS. In addition, an appro-
priate amount of existing PdS nanoparticles can further reduce
the intensity of the emission peak. When an excess amount of
PdS nanoparticles is loaded, however, the intensity of the emis-
sion peak increases slightly, indicating that an excess of PdS
would promote the recombination of photo-generated electron–
hole pairs.

To further evaluate the photocatalytic activity of various
samples (ZIS, Vs-ZIS, PdS-1/ZIS, PdS-0.5/Vs-ZIS, PdS-1/Vs-
ZIS, and PdS-2/Vs-ZIS), the photocatalytic oxidation of 4-
methoxybenzyl alcohol (4-MBA) was carried out as an ex-
ample under xenon lamp (300 W) irradiation for 4 h. As
shown in Figure 4a, the Vs-ZIS exhibits a higher yield of 4-
methoxybenzaldehyde (4-MBAL) (176.7 μmol g−1 h−1) than that
of pristine ZIS (90.0 μmol g−1 h−1). When PdS nanoparticles
were loaded on ZIS nanosheets, the yield of PdS/ZIS was 5.4

times that of pristine ZIS. In addition, with the dopant of PdS
nanoparticles, the production rates of 4-MBAL over PdS/Vs-ZIS
display significantly increasing trends. In particular, among var-
ious PdS/Vs-ZIS nanosheets with different PdS contents, the
PdS-1/Vs-ZIS possesses not only the highest 4-MBAL yield of
484.2 μmol g−1 h−1, but also the highest selectivity of 68.6% Be-
sides, the main by-product from the photocatalytic oxidation of
4-MBA is detected as 4-methoxybenzoic acid with a selectivity of
30.5% (Table S5, Supporting Information). Nevertheless, an ex-
cessive amount of PdS in PdS/Vs-ZIS leads to a decline in per-
formance. For instance, in the case of PdS-2/Vs-ZIS, the selec-
tive photocatalytic oxidation of 4-MBA to 4-MBAL results in a re-
duced yield of 320.2 μmol g−1 h−1 and a decreased selectivity of
53.1%. There are two reasons for the reduction in the photocat-
alytic performance of PdS-2/Vs-ZIS. On the one hand, it can be
observed that an excess of PdS nanoparticles hinders the sepa-
ration of photo-generated charge-carrier pairs from the PL spec-
tra (Figure S16, Supporting Information), thereby reducing the
photocatalytic performance. On the other hand, an excess of PdS
agglomerates on the Vs-ZIS nanosheets (Figure S17, Support-
ing Information), further reduced the number of activity sites for
the oxidation reaction. Furthermore, other aromatic alcohols of 4-
nitrobenzyl alcohol (4-NBA), 4-chlorobenzyl alcohol (4-CBA), and
benzyl alcohol (BA) were also employed as reactants to check the
selective photocatalytic oxidation properties of various catalysts.
The results indicate that PdS-1/Vs-ZIS exhibits the best photo-
catalytic performance in terms of yield and selectivity. As shown
in Figure S18 (Supporting Information), the PdS-1/Vs-ZIS can
maintain an impressive 91.2% of its initial activity after seven
successive reaction cycles, demonstrating its excellent recycling
stability for potential practical application. The results in Table S6
(Supporting Information) indicate that the catalytic performance
of Pds-1/Vs-ZIS ranks at a moderately high level.

Subsequently, PdS-1/Vs-ZIS was utilized as a photocatalyst
in BSPR to evaluate its autonomous light-harvesting ability of
BSPR. The UV–vis absorption spectrum of PP hydrogel in Figure
S19 (Supporting Information) and PdS-1/Vs-ZIS in Figure 3h
exhibit similar absorption band structures, indicating that the
integration of PdS-1/Vs-ZIS and PNIPAm cannot affect the ef-
fective absorption and utilization of light energy by PdS-1/Vs-
ZIS. Thanks to the 3D porous structure of the hydrogel, solute
molecules can diffuse and transport through the interconnected
pores and channels of the hydrogel efficiently, enabling effective
interaction between PdS-1/Vs-ZIS and reactants. Building upon
this, some BSPRs form adaptive photocatalytic systems that al-
low for the maximum harvesting of solar energy. As shown in
Figure 4e and Movie S2 (Supporting Information), the yields for
photocatalytic oxidation of 4-MBA to 4-MBAL are examined at
different irradiation angles. To be noted, the 3D porous structure
for the PP hydrogel (Figure 1b) is beneficial to facilitating mass
transport through abundant channels and the adsorption of re-
actant during photocatalysis. As the angle of incidence increases
from 0° to 90°, the yield for 4-MBAL production decreases from
486.5 to 159.5 μmol g−1 h−1 in the control sample (the photocat-
alytic reactor without phototropic ability). However, the photocat-
alytic activity of the BSPRs can still remain at a high level. At 0°

incidence angle, the photocatalytic oxidation of 4-MBA achieves
a yield of 479.5 μmol g−1 h−1 with a selectivity of 68.8%. Mean-
while, at 90° incidence angle, the yield and selectivity are reduced
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Figure 4. Photocatalytic oxidation of a) 4-MBA, b) 4-NBA, c) 4-CBA, and d) BA over different catalysts with a reaction time of 4 h. Here, A, B, C, D, E, and
F represent ZIS, Vs-ZIS, PdS-0.5/Vs-ZIS, PdS-1/Vs-ZIS, PdS-2/Vs-ZIS, and PdS-1/ZIS, respectively. e) Schematic diagram of an adaptive photocatalytic
system for photocatalytic oxidation of aromatic alcohol. f) The yield for the photocatalytic 4-MBAL production of BSPR and control sample at different
incident angles.

to 427.1 μmol g−1 h−1 and 64.3%, respectively. These results indi-
cate that the phototropic behavior of the BSPRs is beneficial for
light-harvesting to achieve maximum light utilization toward the
photocatalytic process.

To reveal the reaction mechanism, the potential active species
that are responsible for aromatic alcohol conversion were ana-
lyzed by a series of controlled experiments, where carbon tetra-
chloride (CCl4), methanol (CH3OH), isopropyl (IPA), and 1,4-
benzoquinone (BQ) were used as scavengers to trap the photo-
generated electron (e−), hole (h+), hydroxyl radical (·OH), and
superoxide radical (·O2

−), respectively. As displayed in Figure 5a,
the addition of CH3OH and BQ would lead to the reduced pho-
tocatalytic yields of 4-MBAL to 275.2 and 163.0 μmol g−1 h−1,
respectively, which confirm that the photogenerated holes and
·O2

− can act as the active centers and participate in the photocat-
alytic reaction. The addition of IPA shows a negligible influence
on the production of 4-MBAL and demonstrates the weak role of
·OH in photocatalysis. Remarkably, the introduction of the CCl4
scavenger would still result in a high yield of 4-MBAL, indicating
the direct oxidation of 4-MBA to 4-MBAL by photoexcited holes.

Furthermore, the utilization of CCl4 as an electron scavenger in
the reaction system impeded the formation of ·O2

−, while still
achieving a higher yield compared to utilizing BQ as an ·O2

−

trapping agent. This can be attributed to the prevented recom-
bination of photogenerated electrons and holes by the addition
of CCl4, leading to an increased efficiency of the photoexcited
holes for photocatalysis.[53] The EPR technique was further ap-
plied to discriminate the transient radical species. 5, 5-dimethyl-
1-pyrroline-N-oxide (DMPO) was used to detect the ·O2

− radical
and carbon-centered radical with CH3OH and N2-saturated water
as solvents, respectively. As shown in Figure 5b, the EPR signal of
·O2

− can be well observed in the presence of DMPO and proves
the generation of ·O2

− upon photoexcitation of PdS-1/Vs-ZIS in
the system, which is due to the well-matched standard potential
of O2/·O2

− (−0.33 eV vs NHE)[32] and CB of PdS-1/Vs-ZIS (Table
S4, Supporting Information). It is noted, that no apparent EPR
signal is detected in the dark, suggesting that the formation of
radical species is closely dependent on light exposure. Besides,
it is theoretically possible to produce singlet oxygen (1O2) dur-
ing the reaction. However, no signal of singlet oxygen (Figure 5c)

Adv. Funct. Mater. 2024, 34, 2311214 © 2023 Wiley-VCH GmbH2311214 (8 of 10)

 16163028, 2024, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202311214 by U
niversity O

f Science, W
iley O

nline L
ibrary on [09/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 5. a) The photocatalytic conversion of 4-MBA over PdS-1/Vs-ZIS by adding different scavengers. EPR detections of formed b) DMPO-·O2
−, c)

TMP-1O2, and d) carbon-centered radical for PdS-1/Vs-ZIS under dark and light irradiation. e) The proposed reaction mechanism for photocatalytic
selective oxidation of aromatic alcohol to aromatic aldehyde.

can be detected in both dark and light conditions, indicating its
absence in the reaction. These results demonstrate that ·O2

− is
the main radical species for photocatalytic oxidation. Moreover,
carbon-centered radicals produced in the process of 4-MBA oxi-
dation can also be detected under light (Figure 5d), indicating that
carbon-centered radical is an intermediate for the 4-MBA trans-
formation in the photocatalytic process. Thus, a possible reaction
mechanism for the photocatalytic oxidation of aromatic alcohols
has been proposed in Figure 5e, which consists of two pathways:
i) photo-generated holes can attract aromatic alcohols directly and
generate aromatic aldehydes; ii) rapid oxidation of O2 to ·O2

− oc-
curs via photoexcited electrons that can react with the adsorbed
alcohol radical cation (activated by the generated holes) on the
catalyst surface to produce 4-MBAL.

3. Conclusion

A BSPR system was developed to enhance the efficiency of pho-
tocatalytic oxidation of aromatic alcohols by optimizing light-
harvesting and modulating the electronic structures of photo-
catalysts. The bottom of the BSPR features a PNIPAm hydro-
gel column incorporated with Cl-PPy, enabling fast and adap-
tive phototropic behavior. Molecular dynamics simulations were
employed to analyze the conformational transition of hydrogel
molecules, as well as the role of Cl-PPy in facilitating the de-
formation and shape recovery process of the hydrogel column.
COMSOL calculations were also conducted to elucidate the pho-
toinduction mechanism and heat distribution in different stages

of the phototropism process. Additionally, the introduction of
PdS nanoparticles and Vs enhanced the photocatalytic oxidation
efficiency of aromatic alcohols by improving charge carrier sep-
aration and expanding the absorption of PdS/Vs-ZIS nanocom-
posite. Furthermore, the incorporation of PdS-1/Vs-ZIS into the
flower-shaped hydrogel atop the BSPR demonstrated efficient
catalytic activity in the transformation of aromatic alcohols into
aromatic aldehydes. The results demonstrate the consistently
high catalytic efficiency of the BSPR at different zenith angles,
providing a novel approach for utilizing light energy in catalysis.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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