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Hydrocyclone-enhanced scalable
photocatalytic hydrogen generation, from
macroscale turbulence to nanoscale reaction
dynamics

Danhui Yang1, Yizhou Yang 1, Fanghe Zhou1, Zhuofan Deng1, Chuanjie Cui 2,
Jianping Li 3 , Pengbo Fu 1, Mingze Ma4, Wenjie Lv1, Zhengdai Zhang1,
Xuejing Yang 1 & Hualin Wang1

Photocatalytic hydrogen production faces barriers to industrialization,
including inadequate light absorption and limited mass/momentum transfer
at scale. Integrating external hydrocyclones into photoreactors is a promising
solution, yet the multiscale complexity of hydrocyclone-driven hydrogen
generation impedes mechanistic understanding and rational system design.
Herein, we build a scalable hydrocyclone-based photoreactor that achieves
270mL/h hydrogen yield and 5.26% solar-to-hydrogen efficiency under simu-
lated sunlight, as 4.5 times higher than static conditions. We develop a hier-
archical multiscale model combining computational fluid dynamics, solid
mechanics and density functional theory, which connects macro-scale
hydrocyclone flow strain to atomic-level photocatalytic processes. Here, we
show that shear stress-induced nanoscale lattice restructuring of the catalyst
modulates photoexcitation pathways, triggers a threshold-activated catalytic
amplification effect, and identifies an optimal flow rate of 20-30 L/min. These
findings reveal a multiscale force–chemical coupling mechanism linking
reactor-scale hydrocyclone flow fields to lattice-scale strain-driven catalytic
enhancement, guiding large-scale photocatalytic hydrogen production.

In the pursuit of renewable energy utilization and carbon neutrality,
photocatalytic hydrogen production has emerged as a promising
approach for generating green hydrogen through sustainable
processes1–3 While significant progress has been made in laboratory
settings,4 industrial deployment remains the crucial next step toward
achieving global decarbonization goals,5,6 This transition requires
efficient, large-scale reactor systems, leading to the development of
various reactor configurations, including slurry,7 tubular,8 fluidized
bed,9 and panel10 designs. Among these configurations, panel systems

have achieved notable success with 100m² demonstration facilities,
marking an important advancement from laboratory research toward
practical applications.11 Despite such promising progress, photo-
catalytic hydrogen technologies universally face scalability challenges
at larger scales: mass transfer inefficiencies,12 suboptimal light
utilization,13 and catalyst deactivation during extended operation.14

These limitations arise primarily from the traditional geometric simi-
larity scale-up paradigm,15,16 This approach requires maintaining geo-
metric similarity while enlarging reactor dimensions, but fails to
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account for the non-linear scaling behavior of heat and mass transfer
phenomena, resulting in deteriorated performance as reactor size
increases.17 Therefore, developing large-scale reaction systems based
on alternative scale-up strategies hasbecome essential for overcoming
these inherent scaling limitations, unlocking the industrial potential of
photocatalytic hydrogen production, and ultimately enabling the
commercial deployment of artificial photosynthesis technologies for
sustainable energy applications.18

Hydrocyclone technology offers a promising alternative scale-up
approach,19 employing a fundamentally different numbering-up
strategy.20 Unlike conventional reactors that rely on geometric enlar-
gement, hydrocyclones achieve large-scale processing capacity
through parallel arrangement of multiple units, allowing for linear
superposition of individual unit performance while maintaining
operational efficiency.21 This approach offers significant potential for
minimizing scale-up effects in large-scale photocatalytic hydrogen
production applications. Originally developed for particle classification
and separation,22 hydrocyclones have evolved into powerful process
intensification devices for enhancing reaction and mass transfer pro-
cesses, with applications extending to absorption,23 sludge activation,24

heat exchange,25 synthesis,26,27 and catalysis,28,29 However, despite
broad adoption as separation units, hydrocyclones are seldom treated
as active reactors: systematic exploitation of their high-shear and
negative-pressure core to drive hydrodynamic-chemical (force-chemi-
cal) coupling for catalytic enhancement remains scarcely addressed.
Against this backdrop, the intense swirling flow and high shear forces
within hydrocyclones provide an ideal platform for implementing
strain engineering strategies at the catalyst level.30 These mechanical
forces cause lattice distortions, which alter the electronic structure,31

enhance surface active site reactivity, and modify charge-transfer
properties in catalytic material,32 thereby improving overall catalytic
performance. Despite this potential, realizing the full benefits of this
strain-enhanced approach faces a significant theoretical bottleneck:
the absence of a comprehensive multiscale modeling framework cap-
able of bridging macroscale fluid dynamics (>10−1m) with nanoscale
electronic phenomena (<10−8m). This gap persists because current
strain engineering focuses narrowly on material-scale modifications,
such as introducing defects to manipulate microscopic stress.33 Such
single-scale approaches overlook the essential hierarchical coupling
from reactor-scale hydrodynamics to molecular-level electronic struc-
ture, creating a major barrier to the rational design and scale-up of
hydrocyclone-based photocatalytic systems.

Here, we present a scalable hydrocyclone-based photoreactor for
photocatalytic hydrogen production and establish the corresponding
multiscale modeling framework. Using pre-synthesized spherical
TpPa-COF supported Pt NPs (Pt–COF) photocatalysts, our hydro-
cyclone flow field implementation achieves a 4.5-fold enhancement in
hydrogen production efficiency compared to static systems, with
stable solar-to-hydrogen energy conversion over 42 h of continuous
operation. In this work, we develop a comprehensive hierarchical
multiscale modeling framework for hydrocyclone reactors using a
force-chemical multiphysics approach that systematically integrates
experimental observations with theoretical modeling. This framework
bridges the scale gap from macroscopic fluid dynamics to nanoscale
electronic phenomena, revealing the key cross-scale mechanisms in
hydrocyclone-flow photoreactors and elucidating the intricate inter-
play between macroscale fluid-induced forces and nanoscale catalyst
electronic structure. By systematically linking computational fluid
dynamics at the macroscale, continuum mechanics at the mesoscale,
and quantum mechanical analysis at the nanoscale, where each scale
provides boundary conditions for the subsequent level, we uncover
the mechanism by which mechanical forces enhance catalytic perfor-
mance through lattice distortions and improved charge separation
(Fig. S1). These mechanistic insights provide guidance for scaling
hydrocyclone reactors and a versatile framework for designing other

large-scale photocatalytic systems. Our work enriches the concept of
strain engineering, shifting from traditional, single-scale material
modifications to integrated control of multiscale phenomena. We
demonstrate that macroscopic force fields can be systematically
engineered to boost catalytic performance, supporting the develop-
ment of scalable hydrogen production.

Results
Reaction performance of hydrocyclone-based photocatalytic
hydrogen production reactor
The three-dimensional layout of the hydrocyclone-based photo-
catalytic hydrogen production system is shown in Fig. 1a, along with a
sectional view of the internal structure of the reaction chamber (more
details about the reactor can be found in Fig. S2 and S3). The hydro-
cyclone photocatalytic reactor operating continuously at a flow rate of
40 L/min in is shown in Fig. 1b, while the hydrogen collecting process
using an airtight syringe at intervals of 30minutes can be viewed
through Supplementary Movie 1. The apparatus contains two primary
circulation loops: a cooling water loop and a photocatalytic fluid loop.
In this system, the coolingwater loop,maintained constantly at 4 °C by
the cooling water circulator, ensures stable temperature control for
the reactor. The reaction solution was able to maintain a stable tem-
perature of 30± 1 °C with the help of a cooling system to exclude local
thermal effects (Fig. S4). The photocatalytic fluid loop includes the
hydrocyclone reaction chamber and associated circulation piping,
which together contain a total of 18 L catalyst-containing liquid. The
hydrocyclone reaction chamber is fabricated from 316 stainless steel
and consists of a 200mm cylindrical section (height=200mm) tran-
sitioning into a conical section with a 30° apex angle, terminating in a
25mm underflow orifice. Two tangential feed inlets are positioned
along the chamber wall to induce a high-intensity hydrocyclone flow,
while a dedicated outlet at the top of the chamber facilitates hydrogen
collection. A 500W long-arc Xenon lamp is centrally mounted within
the reactor and is housed within an AM1.5G-filtered glass enclosure to
simulate solar irradiation. During operation, the fluid pump provides
the driving force for hydrocyclone flow generation, ensuring vigorous
mixing and enhanced momentum and mass transfer. Compared to
typical laboratory-scale hydrocyclone reactors (typically 10–50mm
diameter, 0.1–2 L volume),34 our 200mm diameter system with 18 L
processing volume represents a significant scale-up achievement.
Furthermore, the modular design enables further scaling through
parallel arrays or proportional enlargement, providing clear pathways
for industrial deployment.

Using a hydrocyclone-based photocatalytic reactor, we con-
ducted the systematic studyon the relationship between fluidflow rate
and hydrogen evolution performance under a fixed catalyst loading
concentration of 30mg/L (Fig. 1c). As the flow rate increased from0 to
40 L/min, the hydrogen yield rose steadily from 2.71 ± 0.18mmol/h at
0 L/min to 12.03 ± 0.27mmol/h at 40 L/min, corresponding to 4.5
times the initial yield. Based on hydrogen production data at 40 L/min,
the apparent quantum yield (AQY) at 420 nm was calculated to be
12.7%. We also performed measurements and evaluated hydrogen
production at a fixed flow rate of 40 L/min across various catalyst
concentrations, through the hydrocyclone-based photocatalytic reac-
tor (Fig. S5). As the catalyst concentration increased, the overall
hydrogen evolution rate rose but ultimately plateaued at higher
loadings. Meanwhile, the catalyst utilization efficiency, improved
initially and reached a peak of 22.35mmol·h-1·g-1 with the catalyst
loading of 30mg/L, followed by a decline at higher concentrations.
From a practical perspective, excessive catalyst loading not only raises
operational costs but also poses a risk of clogging the circulation
system.35 Consequently, 30mg/L was selected as the optimal catalyst
concentration for further experiments.

We conducted on-off cycling experiments of the hydrocyclone at
variousflow rates to verify the impact of the hydrocycloneflowfield on
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hydrogen production (Fig. 1d). The pale yellow and pale blue regions
each represents one full on-off 3 h cycle of the hydrocyclone, during
which hydrogen production was recorded every 30min. The cyan-
colored curve denotes the baseline, where the hydrocyclone remained
off throughout the entire experiment. The hydrogen production
recorded under hydrocyclone on-off cycles at flow rates of 10, 20, 30,
and 40 L/min are shown as the four additional curves above the base
line. Notably, the hydrogen production rate exhibited a marked
response to the hydrocyclone: its presence significantly enhanced
hydrogen evolution, whereas its absence rapidly restored the system
to baseline levels. Furthermore, we performed a control experiment at
40 L/min with the hydrocyclone but without illumination. Under these
dark conditions, the hydrogen yieldwasnegligible, demonstrating that
the energy input is originated from light rather than mechanical
pumping. At a flow rate of 40 L/min, the long-term stability of the
photocatalytic system was verified through a 42 h (12-cycle) test, with
each cycle lasting 3.5 h (Fig. 1e). The hydrogen yield remained highly
stable, exhibiting only about a 9.5% decline from the 1st to the 12th
cycle. When compared with recent state-of-the-art systems (Fig. S29
and Table S3)(,11,36–45), our design overcomes the common trade-off
between hydrogen production rate and photocatalytic efficiency.
According to the IEA and U.S. DOE, a minimum of 5% STH is required
for solar H2 to compete economically with conventional energy tech-
nologies—an objective that planar-reactor configurations have yet to
meet.46 In contrast, the hydrocyclone flow regime presented here
delivers markedly enhanced photon utilization and clearly demon-
strates strong potential for commercial deployment.

Characterization of Pt-loaded COF catalysts
We selected Pt-loaded TpPa-COF particles due to their exceptional
suitability for photocatalytic applications. TpPa-COF is characterized
by its high porosity, tunable bandgaps, periodic organic frameworks,

and broad visible-light absorption, which collectively contribute to its
outstanding performance. Previous researches have demonstrated a
scalable and economically-viable emulsion polymerizationmethod for
fabricating spherical TpPa-COF particles with tunable morphological
characteristics.47 This optimized protocol achieves single-batch yields
at the gram scale while preserving stringent control over particle
architecture, thereby addressing the critical catalyst supply chain
requirements for sustained pilot-scale experimental operations. Pt-
COF particles were prepared through the Schiff base reactions of 1,3,5-
triformylphloroglucinol (Tp) with p-phenylenediamine (Pa) and sub-
sequent photodeposition of Pt nanoparticles (NPs) onto the COF fra-
mework (Fig. 2a and Fig. 2b). To further elucidate the chemical nature
of the Pt NPs deposited on the COF surface, we conducted a series of
structural and spectroscopic characterizations. As shown in Fig. 3c,
TEM images reveal well-dispersed Pt NPs on the COF substrate. By
controlling the light-deposition reaction time, both the sizes and
densities of the Pt NPs can be effectively tuned. EDSmapping (Fig. S6)
shows a uniform distribution of Pt, and the representative catalyst
contains ~1 wt% Pt. This loading is consistent with AC HAADF-STEM
images (Fig. 2d), which reveal 10-20nm Pt domains dispersed on the
COF surface. High-resolution TEM (HRTEM) measurements (Fig. 2e)
show a lattice spacing of 0.23 nm,matching the (1 1 1) crystallographic
plane of metallic Pt.

The comparisonbetweenpowderX-raydiffraction (XRD)patterns
of pristine COF and Pt-loaded COF (Fig. 2f) confirm that the minor Pt
loading does not alter the primary crystalline phase of the COF.
Meanwhile, the high-resolution X-ray photoelectron spectroscopy
(XPS) spectra of N 1 s and Pt 4 f (Fig. S7) provide further evidence for
the existenceofmetallic Pt in the sample. TheN 1 s spectrumdisplays a
strong peak at 399.4 eV and a weaker one at 402.8 eV, corresponding
to C-NHx groups and π-excitations, respectively.48 In the Pt 4 f region,
peaks at 71.6 eV and 74.9 eV are attributed to Pt-Pt bonds in metallic
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Fig. 1 | Hydrocyclone-enhanced photocatalytic hydrogen evolution. a Device
layout of hydrocyclone-based photocatalytic hydrogen production reactor.
bHydrocyclone-based photocatalytic reactor in operation. cHydrogenproduction
comparison at a fixed catalyst concentration of 30mg/L under different flow rates.
The red arrow indicates an overall 4.5-fold increase in hydrogen evolution as the

rotating flow rate increases. The error bars in the figure were calculated using data
from three parallel experiments. d Hydrocyclone on-off cycling experiment at a
catalyst concentration of 30mg/L under varying flow rates, with each cycle running
for 1.5 h on and 1.5 h off, repeated three times. e Long-term operation test of the
hydrogen production device, continuously running for 42h.
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Pt0. Complementarily, FTIR spectra of Pt-loaded and pristine COFs
(Fig. 2g) confirm the key framework functional groups, and in parallel
solid-state 13 C NMR verifies successful COF formation with char-
acteristic β-ketoenamine linkages (Fig. S8). Finally, N2 sorption/BET
analysis (Fig. S9) reveals a surface-area decrease upon Pt loading (from
964.0 to 475.9 m2/g), consistent with partial micropore blocking by
deposited Pt NPs.

To further elucidate the behavior of catalyst microparticles in
fluid and to reveal the meso- and micro-scale evidence underpinning
our theoretical framework, we collected random liquid samples from
the reactor after 24 h of continuous operation. As shown in Fig. 2h, the
primary peak is centered at ~0.6 μm (highlighted in yellow), corre-
sponding to individual catalyst particles freely dispersed in the liquid.
Meanwhile, the secondary peaks spanning 2μm–30μm(highlighted in
green) signify larger agglomerates. Volume-weighted PSDs of the
reaction slurry at 8, 16, and 24 h (Fig. S10) show a time-dependent
increase in single/small-agglomerate fractions and a decrease in large
agglomerates, indicating that the hydrocyclone’s high-shear, rapid
recirculation suppresses agglomeration. This suppression is consistent
with the sustained performance observed over extended operation.
TEM images (Fig. 2i) directly capture these aggregates in the liquid
phase, illustrating that several to dozens of spherical particles can
stack together—under the influence of fluid flow—into larger agglom-
erates. Concurrently, XRD (Fig. S11) and XPS analyses (Fig. S7) con-
ducted prior to and following extended hydrocyclone operation
revealed no occurrence of new phases or discernible binding energy

shifts, thereby substantiating the structural and chemical stability of
the Pt-COF. The above observation results reveal the macroscopic
movement of the particles driven by external fluids and the micro-
scopic characteristics of TpPa-COF catalysts. However, it remains
essential to perform further analysis based on multi-scale theoretical
model to construct the connection between the two across scales.

Multiscale modeling: from reactor flows to lattice distortion
To elucidate the multiscale force-chemical interactions bridging the
macroscopic reactor flow dynamics with the nanoscale electron-hole
separation phenomena, a comprehensive investigation of particle
motion and deformation patterns within the hydrocyclonic field is
imperative. However, given the inherent challenges in direct tracking
of micrometer-scale catalyst dynamics, hydrogel spheres were
employed as tracer particles to enable qualitative assessment of fluid
shear-induced deformations under hydrocyclonic conditions. The
sodium-alginate polymer tracers were density-matched to the catalyst
particles. Because their elastic modulus is lower than that of the COF
particles, they permit qualitative evaluation of shear-induced defor-
mation in the hydrocyclone while maintaining catalyst-like flow
behavior.49 These tracer particles were strategically introduced into a
transparent scale-matched hydrocyclone (structurally identical to the
operational system) operated at 40 L/min, enabling direct visual
trackingof their translational-rotational kinematics andmorphological
evolution via high-speed photogrammetry (Fig. 3a; and Supplemen-
tary Movie 2).
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Figures 3b, c present high-speed camera snapshots of the tracer
particles as they enter the cylindrical section and subsequently the
conical section of the hydrocyclone, where they are entrained by the
central low-pressure zone. In the cylindrical section, the particles
remain near the hydrocyclone wall, experiencing minimal fluid shear

forces; hence, the particle retains a nearly spherical shape with negli-
gible deformation. Under the influence of gravity along the vertical
axis, their overall motion follows a helical downward path. Upon
transitioning into the conical section andbeing capturedby the central
low-pressure zone, the particles begin to ascend. At this point, their
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tangential velocity increases sharply, exposing them to intensified
shear forces and centrifugal effects. Consequently, the particles
undergo pronounced elongation, transforming into an ellipsoidal
shape of which the major-axis diameter is ~1.6 times that observed in
the cylindrical section. These high-speed imaging results offer direct
qualitative evidence of the tensile deformation experienced by parti-
cles within the flow field.

Building on the high-speed imaging experiments with tracer
spheres, we next establish how forces transfer from the macro-scale
flow field to the meso-/micro-/nano-scale lattice of the catalyst. To
capture this force-transmission pathway, we adopt a hierarchical
multiscalemodeling framework, wherein the hydrocycloneflowfield is
analyzed in four scales: (i) macro-scale (>10−1m), representing the
overall dimensions of the hydrocyclone; (ii) meso-scale (10−5 ~ 10−1m),
encompassing aggregated particle clusters; (iii) micro-scale (10⁻8∼10⁻5

m), focusing on individual particles; and (iv) nano-scale (<10−8m),
probing lattice-level phenomena. The hierarchical multiscale method,
frequently employed in mechanics, partitions a structure into distinct
scales so that simulation outcomes at one scale can serve as boundary
conditions or material parameters for the next.50 A multiscale
approach becomes essential when micro- or nano-scale properties
significantly influence macro-scale performance, and when physical
processes acrossdifferent scales strongly interact or couple.51 Here, we
extend this methodology to a force-chemical coupling system,
wherein the microstructural features of the catalyst markedly affect
the macro-scale hydrogen production rate. Consequently, the hier-
archical model provides a coherent framework to bridge observations
from the hydrocyclone flow field at the reactor level down to the cat-
alyst lattice interactions at the nano-scale level.

At themacro-scale level (Figs. 3d, e), the coupled computational
fluid dynamics-discrete element method (CFD-DEM) approach is
employed to simulate the motion and forces acting on catalyst
agglomerates in a two-phase flow systemconsisting of amacroscopic
fluid field and aggregated particle clusters. Using this integrated
CFD-DEM framework, we constructed a hydrocyclone model mir-
roring the actual reactor geometry at an inlet flow rate of 40 L/min.
Figure 3d depicts the cross-sectional view of the fluid velocity dis-
tribution in the reactor. The area outlined by the orange dashed box
represents the primary reaction zone of the photocatalytic process.
The central white rectangle denotes the optical filter cover, which
serves to protect the light source and simulate the solar spectrum.
Based on flow field data and particle size distribution analysis, an
aggregate model was established and coupled with the flow field
model to simulate the dynamic behavior of aggregated particle
clusters within the hydrocyclone. This approach enables the visuali-
zation of particle velocities within the primary light absorption
region. Evidently, particles adjacent to the reactor wall demonstrate
significantly higher tangential velocities, reaching up to 0.60m/s,
while those near the lamp cover exhibit substantially reduced
mobility. A pronounced particle accumulation is observed sur-
rounding the lamp cover, attributed to the trapping mechanism of
the central low-pressure vortex. Figure 3f quantitatively illustrates
the temporal evolution of both the average rotational velocity (Vavg)
and the average force (Favg) acting on particles within this domain.
Under simulated conditions at 40 L/min, the combined effects of
swirling flow shear forces yield an average particle spin rate of
3.4 × 105rad/s with a concurrent hydrodynamic force of 1.8 × 10−6N.
These derived Favg values are subsequently implemented in our
hierarchical multiscale framework, informing the subsequent
mesoscale particle agglomeration model.

At themeso-scale level (Fig. 3g), the force FM = Favg is applied as a
boundary condition on the particle agglomeration. A representative
region with 119 sub-particles was selected as a Representative Volume
Element (RVE) for the meso-scale finite element modeling (FEM).52

According to the principle of work balance between the macro-scale

and meso-scale, we have:

Z
ΩM

FM � uMdΩ=
Z

Ωm
σm : ∇umesodΩ ð1Þ

where ΩM is the macro-scale domain, FM is the macro-scale force
vector, uM is the macro-scale displacement field, Ωm is the meso-scale
domain, σm is the meso-scale stress tensor, umeso is the meso-scale
displacement field, ∇umeso is the displacement gradient tensor at the
meso-scale, and “:” denotes the double-dot product (tensor contrac-
tion) between two second-order tensors.

At the micro-scale level (Fig. 3h), we employed micromechanics
theory to calculate the displacement field umicro xð Þ of one single catalyst
particle. The meso-scale displacementumeso Xð Þ computed at the upper
scale is taken as the average boundary condition for the micro-scale
model. The totalmicro-scale displacementfield, umicro, is thus composed
of the large-scale mean displacement plus a small-scale perturbation:

umicro xð Þ= umeso Xð Þ+u* xð Þ ð2Þ

where u* xð Þ is the small-scale displacement perturbation that captures
local microstructural deformation.

Finally, at the nano-scale level (Fig. 3i), an ab initio molecular
dynamics (AIMD) model was constructed. The lattice expansion dis-
placement, unano, can be derived from the micro-scale displacement
by.

unano yð Þ=umicro xð Þ+∇umicro � y� xð Þ ð3Þ

where unano yð Þ is the nano-scale displacement field, ∇umicro is the
displacement gradient at the micro-scale, and (y� x) denotes the
relative position vector from x to y.

This multiscale formulation effectively quantifies lattice distor-
tion through Newtonian potential field simulations, yielding unano of
2.13 Å under hydrodynamic flow conditions at 40L/min. By employing
this hierarchical and multiscale scheme, the macro- and meso-scales
are connected through the flow field, the meso- and micro-scales via
strain transfer, and the micro- and nano-scales through displacement.
Crucially, the formulation establishes an explicit load-transfer pathway
from reactor-scale hydrodynamics (CFD-DEM) to nanoscale lattice
states (density functional theory, DFT): hydrodynamic velocity/pres-
surefields definemesoscopic stress boundary conditions (FEM), which
are propagated as resolved strain/displacement fields to the atomistic
model. As a result, themethod specifies the strain conditions imposed
on the AIMD lattice model, enabling a detailed exploration of how
lattice deformation influences photocatalytic hydrogen evolution.

Lattice restructuring under strain and photocatalysis
enhancement
To help better understanding the atomic-scale origin of strain-induced
photocatalytic enhancement, we use density functional theory calcu-
lations, which are interpreted to provide qualitative trends rather than
quantitative predictions under catalytic operating conditions. Con-
ventional ground-state DFT band structures (Fig. S13) and densities of
states (Fig. S14) show that Pt NPs loading introduces abundant hybrid
states near the Fermi level (close to the valence-band maximum) as
well as isolated in-gap levels, these states initiate HER by providing
electron-accepting sinks at the COF-Pt junction. To further rationalize
the experimentally observed strain-enhanced activity, we performed
hierarchical multiscale modeling to quantify the strain-transmission
pathway from themacroscale to thenanoscale. Figure 4aquantifies the
peak hydrodynamic shear forces acting on catalyst particles in the
hydrocyclone, revealing a two-order-of-magnitude increase from
3.7 × 10−9N at 10 L/min to 1.8 × 10−6N at 40L/min, accompanied by a
concomitant rise in particle strain. Crucially, Fig. 4b bridgesmultiscale
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lattice distortion mechanisms by mapping flow-induced particle dis-
placement fields. At flow rates spanning 10-40 L/min, the maximum
single-particle displacement increases from 0.68 Å to 2.13 Å, directly
quantifying hydrocyclone-induced tensile strain accumulation. The
pronounced flow-rate dependency of the strain confirms localized
stress concentration at catalyst edges, which is a critical prerequisite
for the tensile lattice distortions observed in AIMD simulations.

To elucidate the influence of strain on the molecular structure of
the COF, we investigated the crystal stability and the chemical envir-
onment changes of catalytic sites under the strain. Informed by prior
work on few-atom Pt ensembles in photocatalysis, we model the COF-
Pt junction using a Pt4 interfacial surrogate to resolve site-specific,
strain-sensitive electronic responses at under-coordinated motifs,
rather than reproducing the global morphology of >10 nm Pt (1 1 1)
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particles This surrogate is chemically relevant and computationally
tractable, and it preserves the polarization physics central to our
photoinduced mechanism.53 Specifically, we constructed a theoretical
model of a TpPa-COF loaded with a Pt4 NPs and performed AIMD
simulations (Supplementary Movie 3) for biaxial lattice strain ratios
varying from 0% up to 11%, which corresponds to a maximum lattice
elongation of ~2.6Å. Key strain points during the AIMD simulation
(Fig. 4c) reveals howCOF structure changes during the lattice strainΔd
increasing from 5% (1.13 Å) to 9% (2.13 Å). It has been demonstrated
that by tracking the evolution of Pt’s positional coordination, it is
possible to ascertain that initially, Pt atoms predominantly adopt a
Pt–N coordination configuration (with an average Pt-N bond length of
~2.1 Å). consistentwith κ2- (N,O) binding of theCOF linker.Under 5% in-
plane strain, the Pt4 NPs undergoes a gradual ligand rearrangement
toward Pt–C coordination (average Pt-C bond length ≈ 2.0 Å), con-
sistent with the evolving interfacial environment (Fig. S15). When Δd =
11%, the COF aromatic ring network fractures (Fig. S16). The potential
energy (Fig. S17) and conserved quantity traces (Fig. S18), together
with the time-resolved Pt-N/Pt-C bond-length fluctuations (Fig. S19),
quantify these strain-dependent transitions. This alteration in coordi-
nation field can significantly impact the photocatalytic hydrogen
production. Fig. S20 reveals that, at the ground state, the differential
charge density shows a net electron transfer from the Pt4 NPs to the
COF, corresponding to a built-in electric field, which then can be
beneficial for subsequent electron transfers from COF to Pt upon the
photophysical processes.53

Based on the configuration obtained by the AIMD simulation, we
performed time-dependent DFT (TD-DFT) calculations under the
Tamm-Dancoff approximation (TDA) to probe strain-dependent pho-
toexcitationdynamics by comparing twometa-stable configurations at
5% strain and 7% strain (Fig. 4d),54,55 Targeting the experimentally
identified UV-vis absorption (500–550 nm, 2.25–2.48 eV; Fig. S21)
governing photocatalytic efficiency, we analyzed the highest oscillator
strength states: ES243 at 5% strain (2.38 eV) and ES220 at 7% strain
(2.29 eV), which dominated the light absorption within each spectral
section. Electron-hole pair analysis (Fig. 4e) revealed a critical transi-
tion in excitation mechanisms between these states. For the 5%-
strained configuration (ES243) with intact Pt-N coordination, the sys-
tem exhibited a hybrid charge-transfer/local excitation (CT/LE) char-
acter, where partial electron transfer occurred from COF phenyl rings
to Pt NPs alongside residual LE in the COF framework. Under 7% tensile
strain, the Pt coordination environment shifts from initial Pt-Nσ-bonds
to strain-stabilized Pt-C coordination accompanied by interfacial π*
orbital hybridization between Pt NPs and the COF scaffold. The
strained state (ES220) displayed complete ligand-to-metal charge-
transfer (LMCT) behavior with full spatial charge separation: holes
localized on COF ligands and electrons concentrated at Pt sites.
Additionally, we analyzed pristine TpPa-COF and a low-strain Pt-COF
(3%) referenceand foundpredominantly local excitations in both cases
(Fig. S22). Thus, Pt loading is necessary to provide electron-acceptor
states, whereas tensile strain amplifies the separation; together they
couple to enable efficient electron-hole splitting. Subsequently, the d-
π hybridization between Pt and COF stabilizes this carrier separation
lifetime, thereby greatly enhancing the photocatalytic performance.
Moreover, reconstruction for the coordination of Pt under the strain

remarkably minimizes the exciton recombination losses, resulting in
the enhanced photon utilization.

To connect the excited-state picture with steady-state reactivity,
we first examined the εd descriptors under strain (Fig. S23). As shown
in Fig. S24(a), εd increases approximately linearly with strain up to ~7%,
but turns over at 9%. In the same strain range, ΔGH co-varies with εd
broadly consistent with the classic d-band picture. Notably, the ~7%
case deviates from the linear trend: although εd is upshifted, ΔGH

becomes larger (Fig. S24b). These results indicate that, while the d-
band descriptor tracks the activity trend at modest strain, it becomes
insufficient at larger strain. Therefore, it is necessary to provide more
direct evidence via thermodynamic H-adsorption calculations on Pt
sites. Further theoretical studies reveal that, the enhancement of the
photocatalytic performance is attributed to the hydrogen adsorption-
desorption behavior changes by the strains. First, ESP calculations
(Fig. S25) demonstrate that the potential HER-active sites are located
on the surfaces of the Pt NPs. Crystal Orbital Hamilton Population
(COHP) analysis (Fig. 4f and S26) demonstrates a 31% reduction in Pt-H
bond strength (ICOHP: −1.34 eV at 5% strain to −0.92 eV at 7% strain),
which is originated from the more crowded d-orbital on Pt due to the
electron transfer, consistent with the improved charge transfer under
higher strain. This bond-weaken directly facilitates hydrogen deso-
rption, as evidenced by free-energy calculations across five strained
configurations (Fig. 4g). While the unstrained system exhibits exces-
sive hydrogen binding (ΔGH = −0.61 eV), progressive lattice expansion
raises ΔGH to an optimal −0.32 eV at 7% strain. The attenuated Pt-H
interactions, together with the amplified electron supply to Pt sites by
LMCT charge separation benefit desorption kinetics and hydrogen
adsorption capacity toward enhanced performance.

We then performed a comparative measurement of photo-
catalytic performance with controlled flow condition by hydrocyclone
cycling (Fig. 4h). Precisemodulation of flow rates (10–40 L/min) elicits
a threshold-activated catalytic amplification effect, where hydrogen
evolution rates surge by 59% (8.0 to 12.7mmol/h) within the 20–30L/
min regime, coinciding with the optimal shear-induced lattice
restructuring window. In contrast, subcritical (10–20 L/min:
+1.3mmol/h) or saturated (30–40 L/min: +1.9mmol/h) flows yield only
marginal gains. It confirms that hydrodynamic shear dynamically
reconfigures Pt surface coordination on catalyst particles, synchro-
nously aligning interfacial strain fields to expedite charge separation
and amplify photocatalytic hydrogen generation. Building on the
established multiscale mechanism of hydrocyclone-enhanced photo-
catalytic hydrogen generation, we envision an industrial-scale system
scaled up 100-fold with 300 transparent hydrocyclones in parallel,
demonstrating the remarkable scalability of this technology (Fig. S30).
The compact system occupies only 10 m2, utilizing industrial waste
pressure to deliver photocatalyst-laden feed solution at 240 m3/h
without additional electrical power requirements. Solar irradiation
concentratedbyFresnel lenses is transmitted throughopticalfibers for
synchronous illumination, while the feed pressure generates intense
turbulent shear that significantly enhances mass transfer and photo-
catalytic efficiency. This configuration can potentially achieve 27 L/h
hydrogen production through efficient centrifugal gas-liquid separa-
tion. Compared to conventional plate-type reactors, this
hydrocyclone-based system can demonstrate superior efficiency

Fig. 4 | Hierarchical multiscale mechanism of lattice restructuring and HER
enhancement. a Variations in the maximum hydrodynamic forces exerted on
catalyst particles within the hydrocyclone under different flow rates. b Simulated
displacement fields for a single catalyst particle under flow-induced shear forces.
c AIMD simulated structural reshaping of the COF support under incremental
tensile strain, while brown, cyan, red, purple, and silver spheres represent C, H, O,
N, and Pt atoms respectively.dCalculatedmolar absorption spectra. The cyanband
indicates the experimentally strongest absorption window, and the purple bar

highlights the excitation state with the highest oscillator strength within this band.
e TDDFT-calculated electron-hole redistribution upon lattice distortion, where
areas in cyan represent electron density increase and yellow represent holes. The
blue arrow indicates the direction of electron migration. f COHP analysis of Pt–H
bonding in the 7% lattice-distorted configuration. g Reaction free energies for H
adsorption at the top site of the Pt NPs under different lattice strains.
h Reproducible hydrogen production rate enhancement (20→ 30 L/min) across
three operational cycles.
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through its compact footprint and enhanced mass transfer char-
acteristics inherent to cyclonic flow patterns.

Discussion
In this work, we first analyzed the mechanism of the macroscopic flow
field in the cyclone inducing the microscopic strain of the catalyst
through CFD-DEM simulations, finite element modeling, and AIMD
simulations. Combined with DFT calculation, we analyzed the changes
in photocatalytic performanceunder strain, discovering that the shear-
induced lattice strain is the key driving forceof the threshold-activated
surge in hydrogen evolution rates. We constructed a hydrocyclone
based photocatalytic reactor based on the intrinsic correlation fra-
mework model of cyclone-excited photocatalysis. The results showed
that at the optimal rotational speed, the hydrogen production rate of
270mL/h and anSTHefficiency exceeding 5%canbe achieved. Overall,
our integrated experimental-theoretical approach has established a
powerful blueprint for the process intensification design of scalable
photocatalytic reactors tailored for large-scale industrial hydrogen
production, thereby enabling the optimization of industrial-scale
hydrogen production processes under continuous flow operation.

Methods
Synthesis of photocatalysts
All reagents and solvents utilized in the synthesis were of analytical
grade andusedwithout further purification unless otherwise specified.
The synthesis of 1,3,5-triformylphloroglucinol (Tp) was performed
under an inert atmosphere by adding 90mL of trifluoroacetic acid
(CF3COOH) to a mixture of hexamethylenetetramine (15.098 g,
108mmol) and phloroglucinol (6.014 g, 49mmol). The reaction mix-
ture was heated at 100 °C for 2.5 h, followed by the addition of 150mL
of 3M hydrochloric acid (HCl) and continued heating at 100 °C for an
additional hour. After cooling to room temperature, the mixture was
filtered through Celite and extracted with dichloromethane. The
organic layer was dried over anhydrous magnesium sulfate, filtered,
and concentrated via rotary evaporation to yield a yellow powder. This
crude product was purified by sublimation at 150 °C to obtain a white
solid. The product was characterized by ¹H NMR (400MHz, CDCl3, δ):
~13.770 (3H, s), ~9.817 (3H, s) ppm.

TpPa-COF was prepared in an aqueous surfactant/polymer
medium.56 Briefly, cetylpyridinium bromide (CPB, 15mL, 1mg·mL−1)
was placed in a 50mL round-bottom flask and agitated at 500 rpm.
Polyvinylpyrrolidone (PVP, 40mg) was then dissolved in this solution,
followed by the addition of Pa (24mg, 0.225mmol) after 10min of
stirring. In parallel, Tp (31.5mg, 0.15mmol) was sonicated in dichlor-
omethane (3.5mL) to form a clear organic phase, which was subse-
quently introduced into the aqueous phase by dropwise addition at
0.5mL·min−1. The biphasic mixture was maintained under stirring at
ambient temperature for 1 h to afford a red emulsion. The productwas
isolated by centrifugation (11000 rpm, 20min) and rinsed three times
with methanol (30mL) and tetrahydrofuran (30mL). Finally, the col-
lected red solid was dried under vacuum at 100 °C for 12 h, yielding
45.5mg of TpPa-COF (95.3% yield).

To prepare the Pt-COF, 100mg of TpPa-COF was dispersed in
100mL of chilled deionized water (5 °C), followed by the addition of
754μL of H2PtCl6 solution (3981.7mg·L−1). The suspension was stirred
vigorously and irradiated under full-spectrum light (≥ 350 nm,
100mW·cm−2) for 1 h. The resulting dark red solid was collected by
filtration and washed with deionized water until the filtrate reached
neutral pH. The product was vacuum-dried at 60 °C to afford Pt-COF
(82.3mg, 82.3% yield).

The tracer particles were synthesized by directly dropping
sodium alginate solution into a calcium lactate solution, where cross-
linking occurred. By controlling the stirring speed during droplet
formation, the resulting tracer particles were maintained at ~3mm in
diameter,with ameasured density of 1.40 g/cm3. In contrast, the actual

catalyst particles have a density of 1.63 g/cm3 (measured via a degas-
sing method). However, when considering the binary packing of cat-
alyst particles in solution, the solid volume fraction in the aggregated
state is ~64%. Given that the true density of the catalyst material—
measured via a densimeter—is 1.63 g/cm3, the resulting aggregate
density is around 1.40 g/cm3, aligning closely with the density of our
tracer particles. In addition, the tracer microspheres possess a rela-
tively low Young’s modulus to allow clear observation of deformation.

Characterization
Powder X-ray diffraction (XRD) patterns were recorded using a Rigaku
Ultima IV system to elucidate the catalysts’ crystallographic structures.
Morphological and microstructural features were investigated via
scanning electron microscopy (SEM, Zeiss Gemini 300) and transmis-
sion electron microscopy (TEM, Tecnai G2 F20), respectively. Ele-
mental composition and chemical states were determined by X-ray
photoelectron spectroscopy (XPS) on a PHI 5000CESCA spectrometer
equipped with Al Kα radiation (1486.6 eV); the C 1 s peak at 284.8 eV
served as the reference for binding energy calibration, enabling both
qualitative and quantitative elemental analyses. Fourier-transform
infrared (FTIR) spectroscopy (Bruker Vertex 70) was employed to
identify surface functional groups, and UV-vis absorption spectrawere
measured using a Shimadzu UV-3600 spectrophotometer.

Photocatalytic measurements
A typical photocatalytic hydrogen production experiment and sub-
sequent data collectionwere conductedusing the hydrocyclone-based
reactor developed in this work. First, a precursor solution was pre-
pared by dispersing 540mg of catalyst in 500mL of ultrapure water,
together with 317 g (1.8mol) of ascorbic acid as a sacrificial agent; the
mixture was sonicated for 1 h. The reactor was then rinsed with 10 L of
ultrapure water for 30min and drained. Afterward, 17.5 L of ultrapure
water and the precursor solutionwere introduced into the reactor, and
the pump flow rate was set to 40Lmin−1 under continuous N2 purging.
Coolingwater at 5 °Cwas circulated for 60min. Subsequently, the light
source was switched on and the N2 supply was stopped, establishing a
slight positive pressure inside the reactor. Every 30min, a gas-
sampling syringe was inserted into the top sampling port; upon
opening the port valve, the syringe was allowed to fill to the 20mL
mark under the reactor pressure, after which the valve was closed and
the syringe removed. Gas samples were analyzed using a GC7920 gas
chromatograph equipped with TCD and FID detectors (Ar as carrier
gas). All experiments were performed in triplicate.

Headspace definition and calibration
Prior to each run, the reactor is completely filled with the preset feed
solution (~20 L prepared in advance) while the circulation pump is
operated at a low flow rate to remove residual bubbles, until overflow
occurs and the internals are fully liquid-filled. We then open the bot-
tom drain valve and withdraw 500mL of liquid using a calibrated
volumetric cylinder, which defines a fixed gas headspace of V_HS =
500mL ± 5mL.

Sampling and analysis
At a given time tk , we sample 1mL of the headspace using a gas-tight
microsyringe and record the headspace absolute pressure Pk from the
in-line gauge and the temperature Tk . The sample is injected into the
gas chromatograph, and the H2 mole fraction yk is obtained from a
calibration curve. The instantaneous moles of hydrogen in the head-
space are computed with the ideal-gas relation:

nk H2

� �
=

Pk � PH2O
Tk

� �� �
VHS

RTk
× yk

ð4Þ
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where PH2O
ðTkÞ is the saturatedwater-vapor pressure at Tk and R is the

gas constant. The 1mL sampling volume is <0.2% of VHS; we correct Pk

and yk for this removal in the data reduction.

Yield and rate over extended operation
Measurements are taken every 30min. The cumulative hydrogen yield
over any interval is evaluated as the telescoping sum of headspace
increases:

NH2
tj

� �
=
Xj

k = 1

nk H2

� �� nk�1 H2

� �� � ð5Þ

and the average production rate over ½tk�1, tk � is
rk = ðnk � nk�1Þ=Δt. To prevent saturation and to maintain consistent
sensitivity, operation is organized into 3.5 h cycles (8 analyses per
cycle). At the end of each cycle, the headspace is purged with Ar for
10min to reduce residual H2; the first analysis of the next cycle defines
the new baseline (n0 � 0). The hydrogen removed during purge is
accounted for by closing the material balance on each cycle.

Temperature test
A temperature probe mounted on the reservoir recorded the bulk
liquid temperature every 30min. With the chiller supplying cooling
water at 4 °C, the illuminated reactor maintained a stable bulk tem-
perature of 30 ± 1 °C. Representative temperature-time traces from
three independent runs (September 18, 22, and 25, 2025) show that
thermal steady state is reached within ~2 h after start-up and exhibits
no drift during extended operation.

Computational methods
A two-phase flow model was established to simulate a liquid (water)
and solid (catalyst agglomerates) system (Table S1). The average
agglomerate particle size was set to 40 µm. An inlet boundary condi-
tion of velocity-inlet was employed, while the overflow and underflow
were defined as outflow boundaries. Turbulence intensity at the inlet
(4.3%) was estimated using the empirical correlation I = 0.16(ReD)

−1/8.
Non-equilibrium wall functions were applied to the reactor walls to
capture near-wall effects. The hydrocyclone fluid domain was con-
structed in SOLIDWORKS 2022 (Dassault Systemes, France), and
meshing and CFD simulations were conducted using ANSYS Fluent
(2020R, ANSYS, USA).

In a representative hierarchical multiscale modeling workflow,
discrete element method (DEM) simulations revealed a maximum
contact force of 1.8 × 10−6N exerted on the agglomerates. This value
was then used in ABAQUS to build a 40 µm “micro-cluster,” composed
of COF particles with a bulk Young’s modulus of 5 GPa and a Poisson’s
ratio of 0.3.57 The micro-cluster porosity was set to 0.5, resulting in an
effective Young’s modulus of 1.75 GPa and a Poisson’s ratio of 0.27 for
the overall agglomerate (obtained via homogenization theory). Under
a tensile load of 1.8 × 10-6N, the cluster exhibited a maximum surface
displacement of ~1.75 Å. A 3 µm zone at the cluster surface was then
extracted as an RVE comprising 120 primary particles (each 600 nm in
diameter). Imposing the 1.75 Å displacement on the RVE revealed a
local displacement of 2.13 Å in individual catalyst particles.

For atomic-level calculations, AIMD simulations were carried out
using CP2K’s Quickstep module under an unrestricted Kohn-Sham
(UKS) scheme. The BASIS_MOLOPT, BASIS_MOLOPT_UCL, and
GTH_POTENTIALS libraries were employed for basis sets and pseu-
dopotentials. Self-consistent field (SCF) convergence was enforced at
1 × 10−6 with an orbital transformation method and conjugate gradient
minimizer. The exchange-correlation interaction was described by the
Perdew-Burke-Ernzerhof (PBE) functional, and the density cutoff was
set to 400Ry with a relative cutoff of 60 Ry across four MGRID levels.
Molecular dynamics were performed under an NVT ensemble at 330K

using a 1 fs time step, each configuration running for 1000 steps before
incrementally expanding the lattice by 2% biaxially. This cycle con-
tinued until the COF ring fracture, indicated by a pronounced energy
fluctuation, at which point the simulation halted.

Additional standard calculations were conducted with the Vienna
Ab initio Simulation Package (VASP).58 A plane-wave cutoff energy of
450eV was used, with a convergence criterion of 0.01 eV/Å. The
Perdew-Burke-Ernzerhof (PBE) functional within the Generalized Gra-
dient Approximation (GGA) framework handled exchange-correlation
interactions.59 For geometry optimization, a 2 × 2 × 1 k-mesh was uti-
lized, while density of states calculations employed a 6×6×1 k-mesh.
Post-processing was performed with Multiwfn (version 3.8).60 Con-
vergence test data are shown in Fig. S27.

In this work, the apparent quantum yield (AQY) at 420 nm is cal-
culated from the ratio of photogenerated hydrogen molecules to
incident photons as.

AQY %ð Þ= 2 ×NH2

Nphotons
× 100 ð6Þ

where NH2
is the number of generated hydrogen molecules, Nphotons is

the number of incident photons, and the factorof 2 arises from the two
electrons needed for one H2 molecule. For the purpose of illustration,
please refer to the calculation example, which can be found in the
supplementary information.

The solar-to-hydrogen (STH) efficiency, used for device-level
energy accounting in scaled hydrogen-production reactors, is deter-
mined by the ratio of the energy stored in the produced hydrogen to
the incident solar energy, expressed as

STH=
rH2

×EH2

Psun × S
ð7Þ

where rH2
is the hydrogen production rate,EH2

is the energy content of
hydrogen, Psun is the solar energy flux, and S is the irradiated area.61

For the thermodynamics of the HER, we calculate the Gibbs free
energy ΔGH* :

ΔGH* = EH* � Esurface �
1
2
EH2

+ΔEZPE +ΔUð0 ! TÞ � TΔSH ð8Þ

where EH* is the total energy of the catalyst surface with an adsorbed
hydrogen atom, Esurface is the total energy of the pristine catalyst sur-
face, EH2

is the total energy of gas-phase H2, ΔEZPE is the zero-point
energy correction, ΔU(0→T) is the 0→T thermal internal-energy
correction, T is the temperature, and ΔSH is the entropy change upon
H adsorption. All thermodynamic corrections were performed using
VASPKIT to ensure accurate zero-point energy and entropic
contributions.62 Detailed data are presented in Table S4.

Data availability
All data supporting the findings of this study are available from the
source data. The relevantDFToptimised structures are provided in the
Supplementary Data 1. Source data are provided with this paper.
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