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ABSTRACT

Small-sized nanoclusters exhibit catalytic activity in electrochemical reactions distinct from the bulk-like
properties of nanoparticles 2 nm or larger, yet their surfactant-free synthesis remains a formidable chal-
lenge. A scalable microchannel-confined synthesis method enables rapid, controlled formation of
1.12 nm Pt nanoclusters without additional surfactants. Kinetic control achieves a nucleation and growth
time of approximately 18.6 s, with heat transfer simulations confirming uniform temperature attainment
within 0.5 s. Half-cell and single-cell tests, corroborated by density functional theory (DFT) calculations,
demonstrate exceptional performance of these Pt nanoclusters in proton exchange membrane fuel cell
(PEMFC), achieving a mass activity 1.9 times that of commercial samples and a rated power density of
1.55 W cm~2. This method can employ multiple capillaries assembled into a capillary bundle to enable
parallel experiments, highlighting its scalability and potential to advance hydrogen-electricity conversion
technologies.

© 2025 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by

Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, Al

training, and similar technologies.

1. Introduction

Amid escalating climate change and energy crises, the develop-
ment of novel energy systems is imperative for sustainable human
progress. Hydrogen, a zero-carbon energy source with diverse ori-
gins, holds significant potential for applications in transportation,
industrial energy storage, and other sectors. PEMFC represents
the predominant technology for hydrogen-to-electricity conver-
sion and leads in automotive fuel cell applications [1,2]. Pt-based
catalysts, the sole commercially viable option for PEMFC catalysis,
constitute the primary cost component [3]| and are critical for
advancing PEMFC performance and expanding its applications [4].
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With breakthroughs in nanotechnology, Pt nanoclusters
approximately 1 nm in size have demonstrated superior perfor-
mance in the oxygen reduction reaction (ORR) compared to con-
ventional 2-3 nm Pt nanoparticles [5-11]. However, such small
Pt nanoclusters, particularly those with a certain crystalline struc-
ture, remain rare. When reduced to around 1 nm, these nanoclus-
ters typically consist of only 3-4 atomic layers. Their synthesis is
often complex and costly, requiring additional stabilizing additives
that can contaminate active sites and impair catalytic performance
[12-15].

Our previous studies have demonstrated that continuous flow
synthesis in millimeter-scale pipelines is an effective approach to
shorten synthesis time and enhance uniformity for Pt/C catalysts
[16]. In this work, Pt nanoclusters with an average particle size
of 1.12 nm were synthesized by confinement in hundred-micron-
scale capillaries. This reaction adopts an improved polyol reduction
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method without introducing additional surfactants [17,18]. The
reaction time in the heating zone is less than 20 s. The ultrafine
Pt nanoclusters exhibited superior performance in both rotating
disk electrode (RDE) and single-cell tests compared to 2-3 nm
samples, achieving a voltage of 0.67 V at a current density of
2 Acm~2 and 0.82 V at a current density of 0.3 A cm™2, surpassing
the Department of Energy (DOE) targets. This study confirms that
short-term confined synthesis effectively inhibits the growth pro-
cess of nanoparticles. The confined synthesis method is fully scal-
able, enabling production scale-up by increasing the number of
capillaries.

2. Experimental
2.1. Synthesis of Pt/C catalysts

Pt@CAP-120/C, Pt@CAP-135/C, and Pt@CAP-150/C were synthe-
sized in the reaction platform shown in Fig. 1a. The capillary used
had an inner diameter of 250 pum, was made of fused silica, and had
a length of 1.2 m. Compressed nitrogen gas was employed as the
pressure gas, with the inlet pressure maintained at 0.15 MPa. The
heater stage was set to 120, 135, and 150 °C to obtain three sets
of samples. The precursor solution was preheated in the reaction
tubing before being introduced into the system. For a typical
200 mL precursor solution, it consisted of 1.12 g of H,PtCls-6H,0
(Macklin, 99 %), 0.52 g of NaOH (Macklin, AR), and 200 mL of ethy-
lene glycol (Macklin, AR). The solution was sonicated for 20 min to
ensure uniform mixing before being transferred to the reaction
vessel for the reaction. Carbon black (Ketjen Black EC-600) was
sheared and dispersed in ethylene glycol, and the precursor solu-
tion was collected at the outlet after the reaction to yield a 50 %
Pt/C loading. After the reaction, excess nitric acid (Sinopharm,
65-68 wt%) was added to adjust the pH to below 1. The mixture
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was then allowed to settle, stirred, filtered, washed, and dried
overnight in a vacuum drying oven at 60 °C. Pt-NP/C was synthe-
sized in a reaction apparatus with an inner diameter of 3 mm using
our previously reported method [16]. The relevant reaction param-
eters correspond to the previously optimized conditions explored
in the 3 mm-diameter reaction tube. The precursor solution and
the Pt@CAP-120/C, Pt@CAP-135/C, and Pt@CAP-150/C samples
were consistent, and carbon black dispersed in ethylene glycol
was used to capture the precursor solution after the reaction. The
commercial Pt/C catalyst used was supplied by TANAKA.

2.2. Structural characterization

Conventional TEM characterization was performed using a
field-emission transmission electron microscope (FEI Tecnai G2
F20) operated at 200 kV. HAADF imaging and HR-TEM characteri-
zations of the Pt@CAP-120/C, Pt@CAP-135/C, Pt@CAP-150/C, and
Pt-NP/C samples were conducted using a Thermo Scientific Spectra
200 aberration-corrected transmission electron microscope to
more precisely determine their particle size and structural fea-
tures, with the measurements carried out at 200 kV. XRD measure-
ments were performed using a Bruker D8 Advance diffractometer.
XPS and VBS analyses were conducted using Shimadzu Axis Supra
instrument. X-ray absorption fine structure (XAFS) spectroscopy
was performed using the RapidXAFS 2 M. A Si(1 1 1) double-
crystal monochromator was employed, with the storage ring oper-
ating at 2.5 GeV and a top-up current of 250 mA. The photon flux
reached approximately 1 x 10'? photons s~! at 8.9 keV. The trans-
mission ionization chambers (Ip/I;) and a Vortex silicon drift detec-
tor (SDD) were used simultaneously for data acquisition. Each
spectrum was continuously recorded within 2 min (0.3 s per point,
energy step AE = 0.5-2 eV). A copper foil (K-edge = 8979 eV) was
measured simultaneously for energy calibration.
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Fig. 1. Synthesis mechanism of Pt nanoclusters. (a) Schematic diagram of the confinement synthesis platform. (b) Comparison of reaction temperature and heating time for Pt
nanoparticle synthesis via ethylene glycol reduction method [16,22-33]. (c) Thermal conduction simulation results of the synthesis platform. (d) Magnified view of the inlet
region in the thermal conduction simulation results; (e, f) Cross-sectional contour plot of the inlet region in the thermal conduction simulation results. The dy represents the

distance from the starting position of heating.
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2.3. Half-cell electrochemical measurements

Half-cell electrochemical tests were conducted using the CHI
760E electrochemical workstation (CHI Instruments) in a three-
electrode system. The working electrode was a glassy carbon elec-
trode with a diameter of 5 mm, the counter electrode was a Pt foil,
and the reference electrode was a saturated calomel electrode
(SCE). The electrolyte used was 0.1 M HClO4. The catalyst ink
was prepared by mixing 3 mg of catalyst, 200 pL of deionized
water, 40 pL of Nafion (5 wt%, DuPont), and 1760 pL of isopropyl
alcohol (Macklin, 99.9 %). The mixture was sonicated at a constant
temperature to ensure uniformity. A volume of 10.5 pL of the cat-
alyst ink was then drop-cast onto the surface of the glassy carbon
electrode and dried under rotation. The details of the electrochem-
ical test are presented in the Supporting Information (SI).

2.4. Single-cell electrochemical measurements

For single-cell testing, the catalyst coated membrane (CCM) was
prepared using an ultrasonic spraying method (Ultrasonic Systems,
PRISM-400 BT). The coating loading was determined using XRF
analysis (Horiba, MESA-50 V3/50KV3). The catalyst ink consisted
of Pt/C catalyst, PFSA ionomer dispersion Aquivion® (EW790,
5 wt%, Solvay), deionized water, and isopropyl alcohol, with the
ionomer-to-carbon ratio (I/C) fixed at 0.7. The ink was uniformly
mixed through shear mixing. The methodological details of the test
are presented in the SI.

3. Results and discussion
3.1. Micron-scale confined synthesis of Pt nanoclusters

Previous work utilized 3-mm stainless steel pipelines as reac-
tion vessels to synthesize Pt nanoparticles with an average particle
size of 1.9 nm [16]. This continuous flow synthesis approach
improved heat and mass transfer, reducing the reaction time from
4 h in traditional batch reactors to 10 min. Inspired by this “divide-
and-conquer” microchemical synthesis strategy [19-21], further
exploration was conducted to reduce the reaction control scale
and develop a novel method for the controlled synthesis of Pt
nanoclusters.

As depicted in Fig. 1a, this study employed micron-scale pipeli-
nes with a diameter of 250 pum. The reaction system was driven by
pressure, utilizing a simple and cost-effective setup comprising
only a gas source, a heating platform, and capillaries. Under pres-
sure, a precursor solution containing chloroplatinic acid and ethy-
lene glycol was introduced into the capillary and passed through a
heating zone. The resulting Pt-containing colloidal solution was
collected dropwise into an ethylene glycol solution dispersed with
EC-600 carbon support. Subsequent pH adjustment, washing, and
drying yielded a 50 % Pt/C catalyst. The heating platform was main-
tained at 120 °C, with an inlet gas pressure of 0.15 MPa. The total
reaction time from inlet to outlet was approximately 40 s, with the
heating zone reaction time being about 18.6 s. As shown in Fig. 1b,
both the reaction temperature and residence time were signifi-
cantly lower than those required for comparable polyol reduction
methods, highlighting the high heat transfer efficiency of the
micron-scale confined synthesis system (Fig. S1 in the SI).

Prior studies have established that shortening reaction time to
limit the nucleation and growth process is a viable kinetic control
strategy [30,34]. However, achieving uniform products typically
requires a reaction time far exceeding the thermal equilibrium
time of the system. As illustrated in Fig. 1c-f, heat transfer simula-
tions were conducted using FEM method based on realistic reac-
tion conditions. The results indicate that within 0.5 s of entering
the heating zone, the precursor solution uniformly reached the
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set reaction temperature of 120 °C. This thermal equilibrium rate
surpasses the 1-2 h required for flask or reactor-based reactions
and the 1 min needed for continuous flow synthesis [16], ensuring
uniform nucleation and growth of Pt nanoparticles within the 18.6-
second heating period. The model parameters are listed in Table S1
in the SI.

The significant potential of the micron-scale confined synthesis
method for synthesizing 1.12 nm Pt is attributed to the combined
effects of a lower reaction temperature, an extremely short reac-
tion time, a laminar flow field that reduces nanoparticle collision
and growth (with a Reynolds number less than 10), and a rapid
post-synthesis quenching process. When the capillary diameter
was increased, uniform nanocluster structures could no longer be
obtained (Fig. S2).

3.2. Structural characterization of Pt nanoclusters

Pt nanoparticles, designated as Pt@CAP-120, Pt@CAP-135, and
Pt@CAP-150, were synthesized using micron-scale pipelines at
120, 135, and 150 °C, respectively. Pt-NP was prepared in 3-mm
pipelines following our previously reported method [16]. As shown
in Fig. 2, the morphology of Pt nanoparticles obtained from
micron-scale and millimeter-scale pipeline reactions was charac-
terized using aberration-corrected transmission electron micro-
scopy (TEM). Particle size analysis of approximately 400
nanoparticles in Fig. 2a revealed that, in the absence of additional
surfactants, Pt nanoclusters synthesized at 120 °C had an average
particle size of 1.12 nm, with a significant proportion of sub-1-
nm nanoclusters (additional size distribution statistics for over
1000 nanoparticles from aberration-corrected TEM are provided
in Fig. S3 in the SI). At an elevated temperature of 135 °C, the aver-
age particle size increased to 1.51 nm, accompanied by a broader
size distribution. When the synthesis temperature was further
raised to 150 °C, the nanoparticles exhibited a tendency to coa-
lesce, forming pod-like structures (Fig. S4 in the SI). In contrast,
the average particle size of Pt-NP is 1.93 nm, consistent with the
prior reports.

As reported by Zhao, determining the ordering of surface atomic
arrangements in ~1 nm nanoparticles is extremely challenging,
particularly in organic synthesis systems [6]. Aberration-
corrected TEM characterization, shown in Fig. 2d-f, revealed that
Pt@CAP-120 nanoclusters consist of a few atomic layers with
ordered atomic arrangements, diverging from the conventional
icosahedral structure [35]. The Pt(1 1 1) crystal plane with a lattice
spacing of 0.226 nm was identified in all three samples. When
loaded onto EC-600 carbon supports to produce 50 % Pt/C catalysts,
X-ray diffraction (XRD) analysis confirmed a typical face-centered
cubic structure for Pt (PDF#97-005-2250), which is illustrated in
Fig. 2g and Fig. S5. The grain sizes derived from Rietveld refine-
ment of the XRD patterns were 1.3 nm for Pt@CAP-120/C, 1.6 nm
for Pt@CAP-135/C, and 1.6 nm for Pt-NP/C, consistent with TEM
size distribution trends. X-ray photoelectron spectroscopy (XPS)
indicated the presence of both Pt(0) and Pt(2+) states in all sam-
ples, shown in Fig. 2h, with the Pt 4f peak of Pt@CAP-120/C exhibit-
ing a shift toward higher binding energy, attributed to small-size
effects [36-38]. This shift further corroborates the particle size dif-
ferences among the samples. As shown in Fig. 2i, d-band center cal-
culations based on XPS valence band spectra revealed a lower d-
band center for Pt@CAP-120/C compared to Pt-NP/C, which weak-
ens the adsorption of oxygen intermediates by Pt, thereby facilitat-
ing the ORR.

X-ray absorption fine structure (XAFS) analysis was conducted
to elucidate the chemical state and coordination environment of
surface Pt atoms in the Pt@CAP-120/C sample. Fig. S6a compares
the normalized white-line intensity in the X-ray absorption near-
edge structure (XANES) region at the Pt L3-edge with that of refer-
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Fig. 2. Morphological and structural characterizations. Aberration-corrected HAADF-STEM images and ABF-STEM images of (a, d) Pt@CAP-120, (b, e) Pt@CAP-135, (c, ) Pt-NP.
The inset diagrams in (a-c) show the statistical results for particle size. (g) XRD patterns. (h) XPS spectra showing Pt 4f peaks. (i) Valence band spectra.

ence samples [39]. The results reveal a higher oxidation state of
surface Pt atoms in Pt@CAP-120/C, consistent with the surface oxi-
dation characteristics typically observed in ultrasmall Pt nanoclus-
ters with large specific surface areas [40]. Fig. S6b presents the k-
weighted Fourier transform spectra derived from extended X-ray
absorption fine structure (EXAFS) analysis, showing that Pt@CAP-
120/C mainly features a Pt-C/N/O coordination shell [41] and a
Pt-Pt coordination shell. Notably, the Pt-Pt bond length is slightly
shorter than that of Pt foil, which is attributed to the lattice con-
traction and surface strain commonly observed in small-sized Pt
nanoclusters [42,43]. Fig. S6c-e present the wavelet transform
(WT) analysis [44] of the Pt Ls;-edge EXAFS spectra for Pt@CAP-
120/C and standard samples, providing an intuitive comparison
of the differences in both k and R spaces.

3.3. Half-cell performance

Following size and structural characterization, the electrochem-
ical activity of the samples was evaluated through ORR half-cell
tests using a rotating disk electrode in 0.1 M HClO,4. All samples
were loaded onto glassy carbon electrodes at a fixed loading of
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40 pg cm™2. As shown in Fig. 3a, linear sweep voltammetry (LSV)
tests demonstrated that Pt@CAP-120/C exhibited superior electro-
chemical performance, achieving a half-wave potential of 0.924 V,
surpassing the 0.909 V of Pt-NP/C and exceeding commercial Pt/C
by 22 mV (Fig. S8 in the SI). The mass activity (MA) of Pt@CAP-120/
C at 0.9 V reached 348.70 A g5/, 1.9 times that of commercial Pt/C.
With identical carbon supports across the samples, Pt@CAP-120/C
achieved the highest electrochemically active surface area (ECSA)
of 109.28 m? gp!, outperforming Pt-NP/C and commercial Pt/C.
When normalized to specific activity (SA), Pt@CAP-120/C main-
tained superior performance. Durability tests, shown in Fig. 3c, d,
indicated that after 45,000-cycle accelerated stress test (AST),
Pt@CAP-120/C exhibited a half-wave potential decay of only
3 mV, with MA and ECSA reductions of 12.5 % and 19.8 %, respec-
tively, outperforming Pt-NP/C (Fig. S9 in the SI). These results high-
light the durability potential of Pt nanoclusters.

3.4. Single-cell performance

Single-cell testing is widely regarded as a more reliable method
for evaluating the practical application potential of catalysts, given
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Fig. 3. ORR Performance. (a) LSV curves. (b) MA and SA. (c) LSV curves of Pt@CAP-120/C during AST. The inset shows the CV curves during AST. (d) Changes in MA and ECSA of

Pt@CAP-120/C before and after 45,000-cycle AST.

the influences of mass transport, catalyst layer structure, and elec-
trolyte environment [45,46]. Three catalyst samples were applied
to proton exchange membranes via ultrasonic spraying and assem-
bled into PEMFC single cells for performance testing (Fig. S10 in the
SI), as illustrated in Fig. 4a. Building on previous work [16], where
Pt-NP/C outperformed conventionally prepared Pt/C catalysts, the
Pt@CAP-120/C sample achieved further improvements. Polariza-
tion and power curves for the three samples, tested under H,-Air
conditions, are presented in Figs. 4b, c. At a rated voltage of
0.65 V, Pt@CAP-120/C exhibited a power density of 1.55 W cm™,
surpassing the 1.45 W cm~2 of Pt-NP/C. In the low current density
(LCD) region, Pt@CAP-120/C achieved a voltage of 0.80 V at
0.4 A cm™ and approximately 0.82 V at 0.3 A cm2, exceeding
the DOE target of 0.8 V [47]. Even at a high current density of
2 A cm™2, Pt@CAP-120/C maintained excellent performance at
0.671 V, significantly outperforming Pt@CAP-135/C and Pt-NP/C.
When compared with state-of-the-art catalysts under similar
single-cell testing conditions (Table S2), Pt@CAP-120/C demon-
strates superior performance, highlighting its improved suitability
for practical applications.

Under H,-0, conditions, as depicted in Fig. 4d, the mass activity
at 0.9 V for Pt@CAP-135/C reached 266.35 A g5/, 2.16 times that of
Pt-NP/C. Activation overpotential, indicative of the electrochemical
activity of the catalyst layer, was analyzed using data at current
densities below 0.1 A cm™ to eliminate concentration overpoten-
tial effects, with high-frequency resistance (HFR) data obtained
in situ to correct for ohmic overpotential. Tafel curve fitting, shown
in Fig. 4e, revealed that Pt@CAP-120/C exhibited the smallest slope
of 58.96 mV dec”!, indicating superior electrochemical perfor-
mance. Electrochemical impedance spectroscopy (EIS) results, pre-
sented in Fig. 4f and Fig. S11, corroborated these findings, showing
comparable ohmic impedance across the samples but the lowest
charge transfer impedance for Pt@CAP-120/C. Durability was
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assessed through 30,000-cycle square-wave AST on Pt@CAP-120/
C. Figs. 4g, h present that no significant degradation was observed
within the first 10,000 cycles. After 30,000 cycles, the power den-
sity at the rated voltage was 1.17 W cm™2 remaining above
1.00 W cm™2. As shown in Fig. 4i, the mass activity at 0.9 V
decreased by 42 %, and voltage at 0.8 A cm~2 dropped by 34 mV,
both approaching DOE targets. In the LCD region at 0.3 A cm™2,
the voltage was approximately 0.78 V, close to the DOE
beginning-of-life (BOL) target.

Figs. S12 and S13 present post-full-lifecycle AST characteriza-
tions, including structural and EIS analyses. Due to Ostwald ripen-
ing [48,49], the average particle size of the nanoclusters increased
slightly, with most particles remaining in the 2-4 nm range, close
to the optimal size generally reported in the literature. Compar-
isons with commercial catalysts (Figs. S14 and S15) indicate that
Pt@CAP-120/C retains superior performance after cycling, particu-
larly at high current densities.

3.5. DFT calculations for Pt nanoclusters

Modeling and DFT calculations were performed on 1.12 nm
Pt@CAP-120 nanoclusters, synthesized via confined synthesis, to
clarify the mechanism driving their enhanced catalytic activity.
Fig. 5a illustrates the relaxed model and the ORR process; follow-
ing structural optimization, the Pt nanoclusters display an irregular
morphology while preserving a certain degree of crystalline order,
aligning with observations from spherical aberration-corrected
TEM. Fig. 5b, c present the Gibbs free energy profiles for various
reaction steps at 0 and 1.23 V for Pt@CAP-120 nanoclusters and
Pt-NP nanoparticles, respectively. The findings reveal that, in con-
trast to the prevalent (1 1 1) facet of larger nanoparticles, Pt@CAP-
120 nanoclusters display distinct adsorption properties and elec-
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Fig. 4. PEMFC Performance. (a) Schematic diagram of the PEMFC. (b) I-V polarization curves. (c) Power density plots. (d) MA and SA. (e) Tafel plots. (f) Nyquist plots at
0.2 Acm2. (g, h) I-V polarization curves and power density plots of Pt@CAP-120/C during AST. (i) Changes in MA and voltage at 0.8 A cm~2 of Pt@CAP-120/C before and after

30,000-cycle AST.

tronic structures [50]. The typical four-electron ORR process on Pt
catalysts generally involves the following four steps.

*+0,(g) + H" + e~ —OOH* (1)
OOH* + Hf + e~ —0* + H,0 (2)
O* + H* + e~ —OH* (3)
OH* + H* + e~ —H,0 (4)

This process entails the adsorption and desorption of three key
intermediates, OOH*, O*, and OH*, at active sites on the platinum
surface. As depicted in Fig. 5b, at 0 V, all ORR steps are exothermic,
releasing energy, with the conversion of OH* to H,O identified as
the rate-determining step (RDS). However, when the potential is
elevated to the equilibrium value of 1.23 V, certain steps transition
to endothermic, requiring energy input. For both Pt@CAP-120 and
Pt-NP samples, the rate-determining step (RDS) consistently
involves hydrogenation and desorption of OH* to form H,0. The
energy barrier for this step is notably lower in small-sized
Pt@CAP-120 nanoclusters (0.536 eV) than in conventional Pt-NP
(0.910 eV), mitigating strong adsorption of ORR intermediates on
Pt and thereby enhancing ORR catalytic activity.
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Nanoclusters approximately 1 nm in size typically exhibit cat-
alytic activity akin to large molecules, in contrast to the bulk-like
properties of nanoparticles 2 nm or larger [50,51]. Analysis of the
PDOS for both samples highlights modifications in the electronic
structure of small-sized Pt nanoclusters, clarifying the basis for
their enhanced catalytic activity [52]. Compared to Pt-NP,
Pt@CAP-120 shows a lower d-band center, corroborated by VBS
data in Fig. 2i, offering mutual validation. This shift suggests that,
relative to bulk nanoparticles, the antibonding orbitals formed by
coupling are reduced in energy, facilitating increased electron pop-
ulation in these orbitals. As a result, the strong adsorption of reac-
tion intermediates on Pt is diminished, lowering the energy barrier
for their desorption [53].To enhance result reliability, the d-band
center energies of 39 surface atoms in Pt@CAP-120 nanoclusters
were analyzed, with their frequency distribution shown in
Fig. 5e. Compared to the (1 1 1) facet of Pt-NP, 56.4 % of the surface
atoms in the nanoclusters exhibit lower d-band center energies,
resulting in superior catalytic active sites.

In Fig. 5f, the crystal orbital Hamilton population (COHP) and
integrated COHP (ICOHP) of the Pt-O bond in the OH-adsorbed
Pt@CAP-120 and Pt-NP structures were calculated to elucidate
how the cluster structure modulates the adsorption strength of
intermediates. The results show that, compared with Pt-NP,
Pt@CAP-120 exhibits fewer occupied Pt-O bonding orbitals after
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Fig. 5. DFT calculations of the ORR on Pt@CAP-120 and Pt-NP catalysts. (a) Atomic structure and ORR reaction process of Pt@CAP-120 nanoclusters (Voltage represents the
free energy barrier between different reaction steps). (b) Gibbs free energy diagram for ORR on Pt@CAP-120 and Pt-NP at 0 V. (c) Gibbs free energy diagram for ORR on
Pt@CAP-120 and Pt-NP at 1.23 V. (d) The projected electronic density of states (PDOS) for the d-band of Pt atoms in Pt@CAP-120 and Pt-NP. (e) Frequency distribution of d-
band center energies for surface atoms of Pt@CAP-120. (f) Crystal orbital Hamilton population (COHP) results. The red and green filled regions correspond to the bonding
orbitals of the Pt-O bond in Pt-OH, whereas the gray region represents the antibonding orbitals.

OH adsorption, particularly a reduction in Pt-O o-bonding elec-
trons, which is the main reason for the weakened adsorption. Fur-
thermore, Bader charge analysis was performed to clarify the
charge transfer during OH adsorption for both structures
(Table S3). The results indicate that the Pt atom in Pt@CAP-120
loses 0.183 |e”|, while that in Pt-NP loses 0.254 |e~|. This suggests
a weaker electronic interaction between Pt@CAP-120 and OH,
thereby alleviating the excessively strong OH adsorption on Pt.

3.6. Extended applications of the confined synthesis method

This confined synthesis approach demonstrates excellent scala-
bility. It deconstructs the traditional liquid-phase synthesis—typi-
cally carried out in flasks or reactors—into miniaturized,
capillary-based reaction units. Such a modular design enables pro-
duction scale-up by simply increasing the number of parallel cap-
illaries, without compromising the confinement effect or the
efficiency of mass and heat transfer. As illustrated in Fig. S16, a
capillary bundle reactor composed of more than 50 capillaries
was assembled, and the inset shows the fully reacted Pt colloidal
solution flowing out of the bundle. It should be noted that during
large-scale operation, further optimization of the heating configu-
ration may be required to ensure uniform temperature distribution
across all capillaries.
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4. Conclusions

This study introduces a novel technique for the confined syn-
thesis of 1.12 nm Pt nanoclusters within pipelines of 250 pm in
diameter, accomplished without the use of additional additives
or surfactants. Heat transfer simulations reveal that this synthe-
sis process achieves uniform thermal distribution in an excep-
tionally brief timeframe. The resulting Pt nanoclusters,
comprising only a few atomic layers, demonstrate exceptional
performance in both half-cell and single-cell evaluations, attain-
ing a rated power density of 1.55 W cm™2. This performance
exceeds that of previously reported Pt nanoparticles synthesized
via continuous flow methods, highlighting the potential of
micron-scale confined synthesis for advancing catalyst develop-
ment in PEMFC. DFT calculations substantiate that the small size
of these nanoclusters markedly enhances the ORR performance.
Looking ahead, further improvements in catalyst durability could
be realized through strategies such as carbon support modifica-
tion to anchor nanoclusters and enhancement of the SMSI effect,
ensuring optimal performance over the entire lifecycle. Beyond
Pt, this confined synthesis approach offers a versatile platform
for the preparation of nanocluster catalysts based on a variety
of elements, highlighting its broad potential in advancing
electrocatalysis.
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