W) Check for updates

Advanced Materials A DVANCED
MATERIALS

www.advmat.de

I RESEARCH ARTICLE

Tailored Surface Microenvironment of Molecular
Nanophotocatalysts for Boosting Photocatalytic Hydrogen
Evolution

Xueyan Liu! | KeWang? | Haiyang Huang' | Miaojie Ya! | ChaoLi® | ChengyangJiang'! | Hongxu Gu' |
Jing Qi' | GuoweiShi'’ | LongHu' | Fuxing Chu' | Shigiang Cheng' | Kunchi Xie? | Xiaobo Li* |
Teng-Teng Chen® | Yongzhen Wul? | Zhen Song? | Wei-Hong Zhu' | Weiwei Zhang">

IState Key Laboratory of Green Chemical Engineering and Industrial Catalysis, Key Laboratory for Advanced Materials and Institute of Fine Chemicals,
Shanghai Key Laboratory of Functional Materials Chemistry, Center of Photosensitive Chemicals Engineering, Feringa Nobel Prize Scientist Joint Research
Center, School of Chemistry and Molecular Engineering, East China University of Science and Technology, Shanghai, China | ?State Key Laboratory of
Chemical Engineering and Low-Carbon Technology, School of Chemical Engineering, East China University of Science and Technology, Shanghai, China |
3Department of Chemistry, The Hong Kong University of Science and Technology, Kowloon, Hong Kong, P. R. China | *State Key Laboratory of Precision and
Intelligent Chemistry, University of Science and Technology of China, Hefei, Anhui, China | >Guangxi Laboratory of Low-Carbon Technology and Green
Chemical Advanced Materials, Qinzhou, Guangxi, China

Correspondence: Zhen Song (songz@ecust.edu.cn) | Wei-Hong Zhu (whzhu@ecust.edu.cn) | Weiwei Zhang (zhangweiwei@ecust.edu.cn)
Received: 2 April 2026 | Revised: 29 May 2026 | Accepted: 25 June 2026

Keywords: organic nanophotocatalysts | photocatalytic hydrogen evolution | surface microenvironment | surfactants

ABSTRACT

Organic photocatalysts are an attractive platform for solar-to-chemical energy conversion, but their performance is often
constrained by bulk aggregation, poor light penetration, and rapid exciton recombination. Although surfactant-assisted
nanostructuring can help alleviate aggregation, surfactants are generally treated as passive stabilizers with little direct influence
on photocatalytic function. Here we show that surfactants can actively engineer the interfacial microenvironment of organic
nanophotocatalysts, leading to substantially enhanced photocatalytic hydrogen evolution. A donor-acceptor small molecule,
CNP90, is co-assembled with either hydrophilic polyethylene glycol (PEG) or amphiphilic Tween surfactants (Tween 20,
T20; Tween 80, T80) via nanoprecipitation to afford a series of tailored nanophotocatalysts. Although all surfactants improve
colloidal stability, T20/CNP90 exhibits markedly enhanced photoluminescence quantum yield and charge generation, leading
to a more than 16-fold increase in the hydrogen evolution rate to 520.17 mmol g~! h™!, among the highest values reported for
organic photocatalysts. Spectroscopic studies combined with molecular dynamics simulations reveal that T20 constructs an
amphiphilic interfacial microenvironment around CNP90, comprising a hydrophobic inner shell that suppresses nonradiative
recombination and a hydrophilic outer corona that promotes water access to catalytic sites. These insights establish surfactant-
driven microenvironment engineering as a powerful, low-cost, and generalizable paradigm for maximizing the performance of
organic photocatalysts.
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1 | Introduction

The escalating global demand for sustainable and renewable
energy has intensified efforts to develop advanced strategies
for solar-to-chemical conversion [1-6]. Photocatalytic solar fuel
production, which directly harnesses sunlight to drive chemical
transformations, has emerged as a promising route to alleviate
energy shortages and mitigate environmental challenges [7-
11]. Within this landscape, organic photocatalysts have attracted
considerable attention as a versatile class of light-harvesting
materials [7, 12-21]. Their strong visible-light absorption, highly
tunable band structures, and molecular design flexibility enable
precise control of optical and physical properties to meet specific
reaction requirements [21, 22]. Representative materials include
covalent organic frameworks (COFs), conjugated polymers, and
molecular assemblies [22-28]. Despite these advantages, organic
photocatalysts are often synthesized as microscale bulk aggre-
gates due to the typical use of large aromatic building blocks and,
in some cases, poorly controlled polymerization processes [22, 23,
29,30]. Such large particles can result in substantial losses in light
harvesting and exciton utilization, since light penetration depths
in organic semiconductors are typically limited to a few hundred
nanometers, while exciton diffusion lengths are often below 50
nm [31-34]. These intrinsic mismatches severely constrain the
photocatalytic performance [31, 32].

Nano-structuring organic materials into colloidal nanoparticles
is a recognized strategy to mitigate these issues by shortening
exciton migration distances to reactive interfaces, increasing the
exposure of active sites, and improving photocatalytic perfor-
mance [35-42]. However, because most organic semiconductors
are inherently hydrophobic and prone to re-aggregation in aque-
ous media, it is necessary to impart sufficient hydrophilicity
to obtain stable nanoparticulate photocatalysts. This is com-
monly achieved through main-chain or side-chain engineering
of the molecular building blocks [26, 43-45]. While effective,
such structural modifications often rely on complex, multistep
synthetic routes that are labor-intensive and time-consuming,
and may perturb intermolecular packing, limiting scalability and
reproducibility [46]. On the other hand, surfactant-assisted solu-
tion processing, via mini-emulsion or nanoprecipitation, offers a
simpler, broadly applicable route to fabricate nanophotocatalysts
while preserving their intrinsic electronic properties. In these
processes, surfactants play an essential role as stabilizers during
nanoparticle formation [47-49]. Nevertheless, the influence of
surfactants on photocatalytic activity remains quite controversial.
The prevailing practice is to remove surfactants after synthe-
sis, based on the assumption that insulating surface layers
hinder interfacial charge transfer [50-52]. In contrast, several
studies revealed that surfactants can enhance photocatalytic
performance by improving surface hydrophilicity or facilitating
cocatalyst loading [40]. This apparent dichotomy highlights a
critical knowledge gap, as the mechanistic roles of surfactants at
the catalyst-solution interface remain poorly understood.

Here, we address this controversy by constructing molecular
nanophotocatalysts with distinct surfactants and systematically
elucidating their effects on photophysical behavior and pho-
tocatalytic hydrogen evolution. Specifically, a donor-acceptor
(D-A) small molecule, 2,6-bis(4-cyanophenyl)-4-(9-phenyl-9H-
carbazol-3-yl) pyridine-3,5-dicarbonitrile (CNP90), was nano-

precipitated with either polyethylene glycol (PEG; hydrophilic
polymer) or the amphiphilic surfactants Tween 20 (T20) and
Tween 80 (T80, featuring longer hydrophobic chains) via solution
processing (Figure 1a). Compared with bare CNP90 assemblies,
incorporation of PEG or Tween can markedly improve colloidal
stability and dispersion without significantly perturbing the
molecular packing of the CNP90 core. Interestingly, we found
that T20 induces the formation of an amphiphilic interfacial
microenvironment on CNP90, in which the hydrophobic alkyl
chain of T20 protects the organic core of CNP90 from the aqueous
environment, suppressing its nonradiative recombination loss,
while the hydrophilic polyoxyethylene strengthens the water—
catalyst interfacial layer by modulating the hydrogen-bonding
network. This synergistic microenvironment engineering led to
more than a 16-fold enhancement in the hydrogen evolution
rate (HER), relative to bare CNP90, achieving a HER of 520.17
mmol g=' h™! under visible light irradiation, which surpassed
most reported organic photocatalysts. These findings uncover the
critical role of surfactant-induced interfacial microenvironment
regulation in organic nanophotocatalysts and establish a general
and facile strategy for enhancing photocatalytic performance.

2 | Results and Discussion

2.1 | Constructing D-A Structured Molecular
Nanophotocatalysts with Surfactants

Tween (polyoxyethylene sorbitan monolaurate) is an amphi-
pathic surfactant widely used in nanomaterial synthesis, which
consists of a hydrophobic fatty acid chain and hydrophilic poly-
oxyethylene segments. Here, we selected Tween 80 (C;5 oleate,
T80) and Tween 20 (C,, laurate, T20), which differ in hydrophobic
chain length, for nanoparticle synthesis together with a donor-
acceptor (D-A) structured small molecule, CNP90 (Figure S28).
For comparison, a fully hydrophilic polymer, polyethylene glycol
(PEG), was included as a reference. For preparing the nanopho-
tocatalysts, CNP90 was dissolved in acetone, while T80, T20, or
PEG was dissolved separately in water. The CNP90 solution was
then added dropwise into the surfactant or PEG solution under
continuous stirring, and the acetone solvent was subsequently
removed at elevated temperature (80°C). We note that all as-
synthesized samples, including bare CNP90, formed uniform
colloidal dispersions, exhibiting a clear Tyndall effect (Figure 1b,
inset). Zeta potential measurements showed similar values of
approximately —20 mV for all nanoparticles. However, after one
month of storage, bare CNP90 and PEG/CNP90 displayed visible
aggregation and sedimentation, while the samples containing T80
or T20 remained clear and stable with no significant change in
zeta potential.

To investigate the nanoparticle composition, the samples were
isolated and then subjected to vacuum dried. Fourier-transform
infrared (FT-IR) spectra exhibited a prominent absorption band
at approximately 2229 cm™ for all samples, corresponding to the
characteristic C=N stretching vibration of CNP90 (Figure Ic).
In the PEG/CNP90 system, although neat PEG exhibits -CH,-
stretching vibrations at ~ 2860 and 2884 cm™, these PEG signa-
tures were absent from the FT-IR spectrum of the PEG/CNP90
assemblies after extensive rinsing (Figure S1), indicating a weak
association between PEG and the CNP90. In contrast, the
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FIGURE 1 | Synthesis of CNP90 nanofiber with different surfactants. (a) Schematic illustration of the surfactant-assisted nanoprecipitation for
constructing CNP90-based supramolecular assemblies. CNP90 was co-assembled with PEG, T80, or T20 to generate nanophotocatalysts with different
core-shell structures. (b) Zeta potentials of CNP90, PEG/CNP90, T80/CNP90, and T20/CNP90 colloidal dispersions, measured immediately after
preparation and after 30 days of storage; insets show the corresponding digital photographs. (c) Fourier-transform infrared (FTIR) spectra of CNP90,
PEG/CNP90, T80/CNP90, and T20/CNP90 assemblies obtained by filtration. (d) Scanning electron microscopy (SEM) image of T20/CNP90 nanofibers
showing the fiber-like morphology; inset shows cryogenic transmission electron microscopy (cryo-TEM) images and high-resolution lattice fringes of

T20/CNP90 nanofibers.

characteristic carbonyl stretching vibration at 1721 cm™, origi-
nating from T80 and T20, persisted in the spectra of T80/CNP90
and T20/CNP90 after washing, accompanied by the methylene
symmetric and asymmetric stretching vibrations at 2852 and
2922 cm™!, respectively. The coexistence of these signature peaks
suggested the co-assembly of T20 and T80 with CNP90, and their
stronger association with the CNP90 nanofibers relative to PEG.

The morphology of these nanofibers was characterized by scan-
ning electron microscopy (SEM; Figure 1d and Figure S2) and
scanning transmission electron microscopy (STEM; Figure S3).
All samples exhibited similar fibrous morphologies. Compared
to bare CNP90 nanofibers, the introduction of the PEG or
Tween slightly reduced the average fiber length, as well as
the average height (Figure S4). Cryogenic transmission electron
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microscopy (cryo-TEM) images (insets of Figure 1d) revealed
well-defined lattice fringes within the nanofibers, with simi-
lar interplanar spacings of 1.58 and 1.61 nm for CNP90 and
T20/CNP90, respectively. These values are consistent with the
powder X-ray diffraction (PXRD) patterns of the freeze-dried
samples (Figure S5; 26 ~ 5.8°), indicating that the presence of the
surfactant does not significantly alter the crystalline assembly of
CNP90.

2.2 | Boosted Photocatalytic Hydrogen Evolution
Rate with T20

Photocatalytic experiments were carried out in aqueous solu-
tions, using in situ photo-deposited platinum (Pt) as a cocatalyst,
and ascorbic acid (AA) as the sacrificial agent (Figure S9). As
shown in Figure 2a, under visible light irradiation (> 420 nm),
bare CNP90 nanophotocatalysts produced 243.8 umol of H, in
5 h, corresponding to a hydrogen evolution rate (HER) of 48.8
pmol h™'. In comparison, introducing the hydrophilic polymer
PEG led to a modest improvement, yielding 462.9 umol of H, over
the same period. Notably, replacing PEG with the amphipathic
surfactant T20 resulted in a greatly enhanced H, production
of 3901.3 umol, corresponding to a HER of 780.3 umol h.
However, nanoprecipitation with T80, which possesses a longer
hydrophobic chain, led to a slight decrease in hydrogen produc-
tion (2504.1 umol, 500.8 umol h'). These results suggest that
the surfactants for nonprecipitation can profoundly influence
photocatalytic performance.

The concentration of T20 was found to influence photocat-
alytic activity as well. The HER exhibited a distinct volcano-
type dependence on T20 concentration (Figure 2b). Specifically,
increasing the surfactant concentration from 0 to 0.5 mg mL™!
led to a marked enhancement in hydrogen production, reaching
823.5 umol h™' at 0.5 mg mL™'. This gradual improvement
in photocatalytic activity can be attributed to the enhanced
encapsulation of CNP90 by T20, which shields CNP90 from the
polar aqueous environment and thereby suppresses nonradiative
recombination, as discussed below. Beyond this optimal point,
however, the HER gradually declined to 135.6 pmol h™' at 10
mg mL~!. This decline is likely due to the excessively high T20
concentration, which forms an overly dense surfactant layer
around CNP90, hindering reactant transport, such as sacrificial
donors and water, and suppressing interfacial charge transfer.
Under optimized conditions (1.5 mg CNP90 and 8 wt.% Pt; Figure
S7), T20/CNP90 nanofibers produced 3901.3 umol H, within 5
h, corresponding to a mass-normalized HER of 520.17 mmol g™
h~'—a 16-fold enhancement relative to bare CNP90 (32.51 mmol
g7! h™!). Under simulated one-sun illumination (AM 1.5G, 100
mW cm™), the T20/CNP90 nanofibers also delivered a high
HER of 244.44 mmol g™ h™' (Figure S8). To the best of our
knowledge, these HERs exceed those of most reported organic
photocatalysts, underscoring the critical role of surfactants in
enhancing photocatalytic performance.

The apparent quantum yield (AQY), reflecting the efficiency
of converting incident photons into hydrogen, was determined
for the optimized T20/CNP90 nanofibers. The AQYs at 400,
420, 450, and 500 nm (Figure 2c) were calculated to be 22.34%,
10.41%, 9.73%, and 0.80%, respectively. These values highlight the

effective light harvesting and charge utilization of T20/CNP90
across the UV-visible spectrum. The long-term stability of the
system was evaluated over seven consecutive photocatalytic
cycles (5 h each) under continuous visible-light irradiation
(Figure 2d). Bare CNP90 were found to show rapid decline,
accompanied by pronounced particle aggregation (Figure S10),
whereas T20/CNP90 maintained nearly constant activity over
at least 35 h. These results indicate that nanoprecipitation with
amphipathic surfactant T20 not only enhances photocatalytic
activity but also improves operational stability. After the photo-
catalytic reaction, FTIR, X-ray photoelectron spectroscopy (XPS),
SEM, and TEM analyses confirmed that T20/CNP90 retained its
chemical structure and morphology (Figures S11-S15), further
supporting its robust photostability.

We compare the photocatalytic performance of T20/CNP90
against some representative literature-reported photocatalysts
using five critical metrics: mass-normalized hydrogen evolu-
tion rate, photocatalyst dosage, hourly hydrogen productivity,
apparent quantum yield, and long-term stability (Figure 2e).
T20/CNP90 demonstrates comparable or superior performance
across all categories, most notably achieving high hydrogen
output at very low catalyst loadings. This contrasts with previous
studies, where high mass normalized HER values for nanopho-
tocatalysts were typically obtained only at low catalyst dosages,
resulting in limited overall productivity.

To minimize comparability issues arising from variations in
testing conditions across laboratories, we also benchmarked
the photocatalytic activity of T20/CNP90 against some state-
of-the-art organic photocatalysts under our experimental plat-
form, including F8BT, P3HT:PC,,BM, PM6:PC,BM, RC-COF-
1, and perylenetetracarboxylic acid (PTA) nanosheets (see
Supporting Information for details). These reference photocat-
alysts showed activities comparable to their literature values,
whereas T20/CNP90 significantly outperformed these photocat-
alysts (Figure 2f).

To assess the scalability of the champion nanophotocatalysts
T20/CNP90, a flash nanoprecipitation (FNP) technique was
employed for continuous flow synthesis [41] (Figure S16a). This
process enables facile scale-up of production, achieving a space-
time yield of 6 L h~!. As shown in Figure 2g, the FNP-produced
nanophotocatalysts demonstrated photocatalytic activity parallel
to that of stirring-based batch synthesis, achieving a remarkable
HER of 536.37 mmol g~' h™'. Furthermore, owing to the excellent
stability and dispersibility of the resulting colloidal dispersion,
they can be readily deposited onto nylon membranes. These
films delivered an outstanding hydrogen production rate of
483.83 mmol m~2 h™! as well (Figure 2h), representing a 14-fold
enhancement compared with films prepared from bare CNP90.
These results suggested that the strategy is readily translatable to
film-based devices.

Motivated by the pronounced enhancement in photocatalytic
activity achieved through T20-assisted nanoprecipitation, we
further evaluated the generality of this strategy across a range
of molecular and polymeric photocatalysts. A series of well-
established organic photocatalysts, including CNP, NPI, F8BT,
4CzPN, and PC, BM, were individually co-precipitated with T20.
In all cases, the HER was found to substantially improve, with
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FIGURE 2 | Photocatalytic hydrogen evolution performance. (a) Comparison of photocatalytic hydrogen evolution for CNP90, PEG/CNP90,
T80/CNP90, and T20/CNP90 nanofibers (1.5 mg photocatalyst, 25 mL H,0O, 0.20 M ascorbic acid, and 8 wt.% Pt as cocatalyst relative to CNP90). (b)
Hydrogen evolution of T20/CNP90 nanofibers synthesized with different T20 concentrations. (c) AQYs of the optimized T20/CNP90 nanophotocatalysts
measured at excitation wavelengths of 400, 420, 450, and 500 nm, respectively. (d) Long-term photocatalytic hydrogen evolution stability of T20/CNP90
under visible-light irradiation (ascorbic acid replenished every 5 h). (e) Radar plot comparing photocatalytic performance metrics, including catalyst
dosage, hydrogen evolution rate, stability, AQY, and overall HER. (f) Experimental comparison of hydrogen evolution activities of some state-of-the-art
organic photocatalysts. (g) Hydrogen evolution performance of T20/CNP90 synthesized via stirring nanoprecipitation (SNP) and flash nanoprecipitation
(FNP) methods. (h) Hydrogen evolution performance of a circular photocatalyst film (diameter: 4 cm) prepared from the colloidal solution. (i,j)
Photocatalytic hydrogen evolution across various organic photocatalysts. Detailed experimental procedures are provided in the Supporting Information
methods.
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enhancement factors ranging from 2- to 15-fold (Figure 2i).
These results highlight the broad applicability of T20-assisted
nanoprecipitation as an effective strategy for constructing highly
active nanophotocatalysts.

2.3 | Decreased Nonradiative Recombination Loss
and Enhanced Charge Generation

To evaluate how co-precipitation with surfactants affects the per-
formance of nanophotocatalysts, the water contact angles were
measured on the films fabricated from these nanocomposites.
As shown in Figures 3a and S6, bare CNP90 exhibited a water
contact angle of ~70°, which decreased to 13°, 33°, and 8° for
PEG/CNP90, T80/CNP90, and T20/CNP90, respectively, indicat-
ing a pronounced enhancement in surface hydrophilicity. In line
with this trend, T20/CNP90 showed more than a twofold increase
in water uptake compared to CNP90. The optical properties of
these colloidal dispersions were studied using UV-vis absorption
spectroscopy (Figure 3b). All samples exhibited a characteristic
charge-transfer (CT) absorption band centered at approximately
415 nm, primarily associated with electron donation from the
carbazole moiety to the cyano-substituted pyridine acceptor in
CNP90. Given that the nanofibers are assembled from ordered
CNP90 molecules, this absorption band likely contains contri-
butions from both intramolecular and intermolecular charge-
transfer interactions. PEG/CNP90, T80/CNP90, and T20/CNP90
exhibited slightly higher absorbance than bare CNP90, which
can be attributed to improved nanofiber dispersion due to the
incorporation of hydrophilic polymer or amphiphilic surfactants.
This interpretation is supported by the photographic inserts, in
which PEG/CNP90, T80/CNP90, and T20/CNP90 display supe-
rior colloidal stability and optical transparency (Figure 3b). The
optical bandgaps of these nanophotocatalysts are estimated to be
~2.5 eV from their absorption onsets (Figure S17). Mott-Schottky
(M-S) analysis (Figure S18) was employed to determine the
conduction band positions, which revealed a relatively negative
conduction band that are theoretically energetic to drive proton
reduction (Figure S19 and Table S1).

Photoluminescence (PL) spectroscopy was performed to probe
the excitonic properties of these nanocomposites (Figure 3c).
Under 405 nm excitation, pristine CNP90 exhibited weak emis-
sion centered at 663 nm, while PEG/CNP90 showed a slight
increase in PL intensity, consistent with its improved absorbance.
Remarkably, T80/CNP90 and T20/CNP90 exhibited ~4-fold
increases in PL intensity, respectively. In general, PL emission pri-
marily reflects the efficiency of radiative recombination of singlet
excitons and is influenced by molecular packing and microen-
vironment. Considering CNP90, T80/CNP90, and T20/CNP90
show similar crystallinity, the pronounced enhancement in the
surfactant-encapsulated samples likely arises from suppression
of nonradiative decay channels. To validate this, we quantified
radiative efficiency using photoluminescence quantum yield
(PLQY) measurements (Figure 3d). Different from PL intensity,
which depends on sample concentration, optical path length,
and instrumental settings, PLQY provides an absolute measure
of the fraction of absorbed photons re-emitted as fluorescence.
The measured PLQYs followed the same trend as the steady-state
PL spectra, with values of 1.2% (CNP90), 1.5% (PEG/CNP90), 2.6%
(T80/CNP90), and 3.1% (T20/CNP90). Time-correlated single-

photon counting (TCSPC) analysis was conducted to explore
the excited-state decay processes. By fitting with a triexpo-
nential decay function, the average PL lifetime of CNP90
nanofibers was calculated to be 6.34 ns, and it increased to 16.00
and 14.12 ns for the T80/CNP90 and T20/CNP90, respectively
(Figure 3e, Figure S20 and Table S2). These results indicate that
interactions between the Tween and nanoparticles could enhance
fluorescence by suppressing nonradiative exciton recombina-
tion, attributable to the formation of a surfactant-induced
hydrophobic microenvironment on the CNP90 surface (discussed
later).

Transient absorption spectroscopy (TAS) was employed to mon-
itor the evolution of photoexcited species. The characteristic
absorption band centered at ~870 nm is attributed to the
charge-transfer (CT) state [38]. In the presence of ascorbic
acid (AA), notably, the T20/CNP90 composite exhibits more
than a two-fold increase in CT signal intensity compared to
pristine CNP90, indicative of a substantially enlarged CT-state
population (Figure 3f-h). This enhanced CT signal is expected
to promote the generation of a greater number of polarons
in the T20 modulated system, facilitating the photocatalytic
hydrogen evolution reaction. To further probe the charge-
generation properties, electron paramagnetic resonance (EPR)
spectroscopy was performed using TEMPO as a spin probe.
The initial TEMPO spectrum, which displays a well-resolved
three-line pattern with resonance fields at 3352, 3370, and 3388
G, was recorded as the baseline. Upon illumination, photo-
generated electrons from the nanophotocatalysts can reduce
TEMPO, leading to quenching of its EPR signal; thus, the extent
of TEMPO quenching reflects the efficiency of charge-carrier
generation (Figure S22). As shown in Figure 3i, CNP90 and
PEG/CNP90 displayed only minor signal quenching after 5 min of
light irradiation, whereas T20/CNP90 and T80/CNP90 exhibited
substantially stronger quenching, suggesting that incorporating
T20 or T80 markedly increases electron generation. These results
are further corroborated by photoelectrochemical measurements:
photocurrent responses and electrochemical impedance spectra
indicated that T20/CNP90 and T80/CNP90 films produced higher
photocurrents and lower charge-transfer resistance than bare
CNP90 (Figure S21), confirming the enhanced photoinduced
charge generation.

2.4 | Engineered Microenvironment with a
Hydrophilic Exterior and Hydrophobic Interior

Surface microenvironment, which refers to the local physic-
ochemical conditions in the immediate vicinity of a photo-
catalyst, including local polarity, hydrophilicity/hydrophobicity,
water/reactant concentration, and interfacial accessibility, can
strongly influence exciton recombination, charge-carrier gen-
eration, and reactant transport in organic nanophotocatalysts
[53, 54]. To gain molecular-level insight into the cooperative
interactions between CNP90 and different surfactants, molecular
dynamics (MD) simulations were performed to investigate their
assembly configurations and structural evolution. Four model
systems were constructed: bare CNP90, CNP90 co-assembled
with PEG2000, T20, or T80, respectively (Figures 4a and S23a).
Interestingly, the T20/CNP90 system adopts a core-shell archi-
tecture, in which an ordered CNP90 assembly forms the inner

6 of 12

Advanced Materials, 2026

85U8017 SUOWILLIOD @A 11810 3|qed![dde 8Ly Aq peuenob e Sepo e YO ‘8sn JO s3I 10} ARIq1T8UIIUO AB]IM UO (SUOTPUOD-PUB-SWBH 00" A8 1M AReql1|Bu [UO//:SdNY) SUORIPUOD pUe Swiia | 8u1 88 *[9202/80/T2] Uo AriqiTauliuo (1M 'O Aisienun Buoy BuoH Aq T86E.eWPe/Z00T 0T/I0P/W0D A8 im Afeq 1 jeul U0 peouRApe;/ SNy Wo.j papeo|umod ‘9t ‘9202 ‘S607TZST



3 250 b2 ¢ CNP90
CNP90 Ad —CNP90
. CNP90 Dow M —— PEGICNP90 [ PEG/CNP90
<2004, 1o0/cNP90 Ads 3 TB0/CNP9O TBO/CNP90
> > ——T20/CNP90 ~ | [ T20/CNP90
&2 T20/CNPY0 Des 2 S
g 150 4 . o | | \ﬂi
g ! 5 W
"g‘_ 100 T .l § g —] Q
5 TR I 5
]
% 50+ Je 3 * o
= 50 Ce
04 T B e e
T T T T T 0 T T T T 1 ’ 1 N 1 N 1
0.0 0.2 0.4 0.6 0.8 1.0 300 350 400 450 500 550 500 600 700 800
F/Py Wavelength (nm) Wavelength (nm)
d e f 3
3 x26 | 10t PEG/CNFS0 — 2'2:’5 ; e
1 T80/CNP90 50 ps 200 ps
el » T20/CNP90 2 1000 ps 4000 ps
a — 7500 ps
_ s 42N
X 2+ 2 3 //\
< § 10°4 2— 1 A
o T
o I O 2 < i )
| % /
14 ol oo —
b =
1024 /
¥ CNP90 + AA
(I . . ‘ } : : 14 . . —
V\?g V\?o“‘ \A?gg S o 0 50 . 100 600 750 850 900
(@) O\O %0\0 «‘19\0 Time (ns) Wavelength (nm)
g 3 h i
2'3 ps ; ps s ?20‘:/‘2?\1;/:3%+AA Initial condition
——2ps ~—5ps ‘ﬁ 00 ° 2 o
20 ps 50 ps // &949% %Q%% w/\J\f——/\/\//\/“/v\/«
2 200 ps 1000 ps / 2 1 @v‘%% ~ \/\/—v‘j\ J\ CNPSO
' a 6%% a AN's o
< E: c
1 R £
) %%Q% = T8O/CNPYO
& PO Y
% % T20/CNP90
T20/CNP90 + AA Y e
-1 L T T T T 0 T T T T T T e T T T
600 750 850 900 0123 10 100 1000 3350 3375 3400

Wavelength (nm)

Time (ps)

Magnetic field (G)

FIGURE 3 | Photophysical and photochemical properties of nanophotocatalysts. (a) Water adsorption-desorption isotherms for CNP90 and
T20/CNP90 measured at 298 K; insets show the corresponding water contact angles. (b—e) UV-vis absorption spectra (b), steady-state photoluminescence
(PL) spectra (c, Aeye = 405 nm), photoluminescence quantum yields (PLQY) (d, Aex. = 405 nm), and time-resolved photoluminescence (TRPL) spectra
(e, Aexe = 405 nm) of CNP90, PEG/CNP90, T80/CNP90, and T20/CNP90. (f, g) Deconvoluted transient absorption kinetics of CNP90 and T20/CNP90
under 405 nm excitation in the presence of ascorbic acid (AA). (h) Deconvoluted transient absorption kinetics of CNP90 (probe wavelength 870 nm) and
T20/CNP90 (probe wavelength 885 nm). (i) Comparison of changes in EPR signal intensity of TEMPO upon addition of CNP90, PEG/CNP90, T80/CNP90,

and T20/CNP90 photocatalysts after 5 min of light illumination.

core, while T20 molecules adsorb onto the nanofiber surface to
create the outer shell. In this configuration, the hydrophobic
alkyl chains of T20 preferentially orient toward the CNP90 core,
whereas the hydrophilic poly (ethylene oxide) segments extend
into the surrounding aqueous phase. This arrangement is anal-
ogous to the micellar structure of T20, as the T20 concentration
is well above its critical micelle concentration (CMC, 0.06 mM
in water). In particular, the hydrophobic alkyl chain of T20 has
a strong affinity for the aromatic rings of CNP90, thereby facili-
tating the encapsulation of CNP90 within the micellar core. This

amphiphilic organization leads to a pronounced accumulation
of water molecules at the outer surface of the assembly, along
with a dense hydrogen-bonding network at the interface. By
contrast, the PEG/CNP90 system does not achieve complete or
uniform encapsulation of the CNP90 assemblies, likely due to the
fully hydrophilic nature of PEG, which possesses weaker affinity
toward CNP90.

Spatial distribution analysis of water molecules reveals distinct
local hydration environments in these systems (Figure 4b and
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FIGURE 4 | Molecular dynamics simulations. (a) Workflow of molecular dynamic simulations. The simulation box was filled with water molecules

in an amorphous cell to evaluate hydration and hydrogen-bonding behavior. (b) Left: spatial distributions of water molecules within 3.5 and 20.0 A of
the CNP90 assemblies. Right: spatial distributions of water molecules within 3.5 A of the CNP90 core and within 20.0 A of the T20/CNP90 composite.
(c) Quantitative analysis of water molecules within a 20.0 A radius of pristine CNP90 and its assemblies (PEG/CNP90, T80/CNP90, and T20/CNP90).
(d) Quantitative analysis of hydrogen bonds of CNP90, PEG/CNP90, T80/CNP90, and T20/CNP90 assemblies. (e) Quantitative analysis of the number
of water molecules within a 3.5 A radius of pristine CNP90 and the corresponding PEG/CNP90, T80/CNP90, and T20/CNP90 assemblies.

Figure S23b). Compared to bare CNP90, co-assembly with PEG
or Tween results in a substantial increase in water density in
the outer region (within ~20 A of the composite). Quantitative
analysis (Figure 4c) shows that the number of water molecules
in this region is nearly doubles, indicating that an enhanced
water accumulation around CNP90. Further examination of the

hydrogen-bonding network within the hydration layer shows that
the number of hydrogen bonds increases by factors of 8.1, 9.8,
and 10.8 for PEG/CNP90, T80/CNP90, and T20/CNP90, respec-
tively, relative to pristine CNP90. These results demonstrate
that co-assembly not only enriches interfacial water content but
also reorganizes the hydrogen-bonding network at the catalyst
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hydrogen evolution.

surface, both of which are likely to contribute to the enhanced
hydrogen evolution activity by facilitating the interfacial mass
transfer process (Figure 4d).

In contrast to the outer region, interestingly, the co-assembled
systems showed a pronounced depletion of water in the inner
region (<3.5 A) relative to pristine CNP90 (Figure 4b). This
effect is particularly prominent in the Tween-based assemblies,
where the number of internal water molecules decreases by
approximately 60% for T20/CNP90 (Figure 4e). These results
indicate that introducing T20 generates a hydrophobic inner
microenvironment that excludes water from the CNP90 nanofiber
surface. Such hydrophobic confinement provides a plausible
explanation for the enhanced photoluminescence observed in
Figure 3c.

Typically, excited states in organic semiconductors undergo
three competing pathways: radiative recombination, nonradia-
tive recombination, and charge separation for photocatalysis
[55, 56]. For D-A molecules, polar media can strongly solvate
the charge-transfer excited state, enhancing the solvent screening
effect and reaction field, which accelerates electron transfer and
promotes nonradiative recombination [57]. In protic solvents
such as water, excited molecules can also form hydrogen-bonded
complexes with surrounding water molecules, facilitating the
dissipation of excitation energy into solvent vibrational modes
and further enhancing nonradiative decay [58-60]. Herein, the
hydrophobic microenvironment created by T20 shields CNP90
from polar water, weakens charge-transfer-state solvation, and
suppresses water-mediated hydrogen-bonding interactions. Con-
sequently, nonradiative recombination is effectively inhibited,
allowing more excitons and excited-state energy to contribute
to light emission and charge generation. To further vali-
date this interpretation, PL measurements were conducted by
diluting an aqueous CNP90 colloidal solution with ethanol,
a less polar solvent. The fluorescence intensity increased by
approximately 1.5-fold compared with dilution in water, indi-
cating that reducing solvent polarity enhances the fluorescence
(Figure S24).

Moreover, we also evaluated the physically mixed T20/CNP90
nanofiber sample. Compared with pristine CNP90 nanofibers,
it showed enhanced photoluminescence, a longer fluorescence
lifetime, and improved photocatalytic activity (Figures S25-
S27). However, these enhancements were less pronounced than
those of the co-assembled T20/CNP90 sample, likely because
T20 only partially and nonuniformly adsorbs onto the pre-

formed CNP90 nanofibers through hydrophobic interactions.
For the T80/CNP90 system, although the longer alkyl chains
could generate a more densely packed hydrophobic interior
with reduced internal water content, the excessive insulating
alkyl chains may also hinder charge transport to the Pt co-
catalysts, leading to slightly diminished photocatalytic activity for
T80/CNP90.

Taken together, the introduction of amphiphilic surfactant T20
for nanoprecipitation exerts a profound influence on both the
photophysical properties and photocatalytic performance of
the molecular photocatalyst, as illustrated in Figure 5. Upon
co-assembly, the hydrophilic polyoxyethylene chains of T20
extend toward the aqueous phase, enriching water concentrations
at the catalyst surface and thereby increasing the availability
of reactants for the hydrogen evolution reaction. Meanwhile,
the hydrophobic hydrocarbon tail restricts water penetration
into the nanofiber interior, suppressing nonradiative recombi-
nation losses in CNP90 and enabling more efficient utilization
of photoexcited energy. In addition, the ordered assembly of
D-A structured CNP90 molecules provides an efficient elec-
tron-transport channel, facilitating charge migration and accu-
mulation. These synergistic effects collectively give rise to the
exceptional photocatalytic hydrogen evolution rate observed for
T20/CNP90.

3 | Conclusion

While surfactants are widely used in the synthesis of organic
nanophotocatalysts, their fundamental roles at the photocatalyst—
solution interface remain controversial and poorly understood.
Here, we demonstrate that nanoprecipitation of D-A molecule
CNP90 with the amphiphilic surfactant T20 not only improves
colloidal stability and dispersion, but also profoundly modu-
lates the photophysical properties of the nanophotocatalysts.
Compared to bare CNP90, the T20/CNP90 exhibits largely
enhanced photoluminescence quantum efficiency and charge
generation. These synergistic gains translate into more than a 16-
fold enhancement in the photocatalytic hydrogen evolution rate,
reaching 520.17 mmol g~! h™', which ranks among the highest
reported for organic photocatalysts (Table S3). Importantly, this
exceptional mass normalized activity is accompanied by high
absolute hydrogen production (Figure 2e), overcoming a common
limitation in nanophotocatalyst systems where high rates are
often attained only under low catalyst loadings and thus limited
overall output. Molecular dynamics simulations reveal that the
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introduction of amphiphilic Tween restructures the interfacial
microenvironment at the photocatalyst surface: its hydrophilic
moieties form an outer hydration layer that increases the active
sites for hydrogen evolution by adsorbing water, while its
hydrophobic segments assemble into an inner shell that shields
the nanophotocatalysts from polar water, thereby suppressing
nonradiative recombination losses. Beyond providing funda-
mental insight, this work establishes a simple, cost-effective,
and broadly applicable strategy for designing high-performance
photocatalytic systems using ubiquitous surfactants.

4 | Experimental Section

4.1 | Synthesis of Compound 4-(2-Cyanoacetyl)
Benzonitrile (a)

Sodium hydride (NaH, 60% dispersion in mineral oil, 497.7 mg,
12.4 mmol) was added to 100 mL of anhydrous acetonitrile. This
mixture was stirred at room temperature for 15 min, and then
4-Cyano-benzoic acid methyl ester (1.0 g, 6.2 mmol) was added
and reacted under N, at 60°C for 2 h. After cooling to room tem-
perature, the mixture was poured into HC1 (2 M) aqueous soliton
and extracted with ethyl acetate (50 mL). The aqueous layer was
further extracted with CH,Cl, (3 X 50 mL). The combined organic
layers were dried by anhydrous sodium sulfate and concentrated
in rotary evaporator. After evaporation, the crude materials were
subsequently purified by column chromatography using ethyl
acetate as an eluent to afford a (592.6 mg, 56%) as a pale-yellow
powder.

4.2 | Synthesis procedures for 2,6-bis(4-
cyanophenyl)-4-(9-phenyl-9H-carbazol-3-yl)
pyridine-3,5-dicarbonitrile (CNP90)

The CNP90 was synthesized using the Hantszch pyridine conden-
sation reaction with modifications. A reaction flask was charged
with a (3.0 mmol), 9-phenyl-9H-carbazole-3-carbaldehyde (b, 1.5
mmol), and ammonium acetate (7.5 mmol), then glacial acetic
acid (15.0 mL) was added. The reaction mixture was heated
to 110°C overnight. The result precipitates were filtered and
washed with methanol. Then, the solids were oxidized with
2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) in acetic acid
solution at 110°C for 1 h, followed by filtration and washing with
methanol. The solids were purified by column chromatography
using petroleum ether/ethyl acetate as eluent, giving the final
product as a yellow solid. 'H NMR (400 MHz, DMSO-d,): § 8.80
(d, J=1.8 Hz, 1 H), 8.33 (d, J = 7.7 Hz, 1 H), 8.32-8.20 (m, 4 H),
8.20-8.12 (m, 4 H), 7.93 (dd, J = 8.6, 1.9 Hz, 1 H), 7.74 (d, J = 5.8 Hz,
4 H), 7.66-7.58 (m, 2 H), 7.55 (ddd, J = 8.3, 7.1, 1.2 Hz, 1 H), 7.42
(dd,J=16.2,8.0 Hz, 2 H).

4.3 | Preparation of Nanophotocatalysts via
Stirring Nanoprecipitation

For CNP90, 3 mL of the stock solution was added dropwise into a
Tween (T20) aqueous solution (0.50 mg mL™) under continuous
stirring (1000 rpm) for 2 min. The residual acetone was removed

by heating the mixture in a water bath at 80°C, yielding a clear
colloidal dispersion.

To evaluate the generality of the T20-assisted nanoprecipitation
strategy, additional reported organic photocatalysts were
prepared following the same protocol. NPI (1,8-naphthalimide),
F8BT (poly(9,9-dioctylfluorene-alt-benzothiadiazole)), 4CzPN
(3,4,5,6-tetra(9H-carbazol-9-yl)phthalonitrile), CNP8, CNP36,
CNP90, CNP147 (pyridine-3,5-dicarbonitrile derivatives), and
other small molecules were dissolved in acetone (0.50 mg mL™)
as stock solutions prior to nanoprecipitation. PC,BM (0.50 mg
mL™! in acetone) emulsions were prepared by probe sonication
for 30 min, followed by heating at 80°C to remove residual
solvent.

4.4 | Flash Nanoprecipitation for Scaled-Up
Production

For flash nanoprecipitation (FNP), CNP90 was dissolved in
acetone (0.50 mg mL™") as the organic stream (stream 1). The
solution was introduced into a multi-inlet vortex mixer (MIVM)
together with three aqueous T20 streams (0.50 mg mL™; streams
2-4). Flow rates were set at 12 mL min~' for streams 1 and 2
and 44 mL min~! for streams 3 and 4 using digitally controlled
syringe pumps (Harvard Apparatus, PHD 2000). The process
yielded clear colloidal dispersions at ~25°C. Residual acetone
was removed by heating at 80°C in a water bath to afford stable
aqueous nanophotocatalyst dispersions.

4.5 | Photocatalytic Hydrogen Evolution
Measurements

Photocatalytic hydrogen evolution experiments were conducted
in an online glass system (Perfectlight-6A). Typically, a quartz
reactor was charged with colloidal solution (25 mL) containing
nanophotocatalysts, ascorbic acid, and a certain amount of Pt
as a cocatalyst using hexachloroplatinic acid as a Pt precursor.
The system was irradiated from the top using a 300 W xenon
lamp (Perfectlight PLS-SXE300D) with different filters. The
temperature of the reaction solution was maintained at 10°C by
circulation of ethanol. The evolved gases were detected on a gas
chromatograph (Shimadzu GC 2014C) with a thermal conductive
detector.
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