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Single NP collision electrocatalysis uncovers the composition-
dependent intrinsic activity of the methanol oxidation reaction
(MOR) at industrial current densities, bypassing mass transfer limitations. Density functional theory (DFT) calculations highlight
the Pt—Ru synergistic effect in optimizing MOR performance. This study, for the first time, integrates ultrafast precision synthesis
with single NP electrocatalysis, providing a new framework for the development of highly efficient catalysts.
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he performance of catalysts is crucial in energy pristine surfaces (citrate capped),’* high monodispersity, and
conversion and storage." Traditional research methods tunable composition, to advance the application and develop-
often focus on catalyst nanoparticle (NP) ensembles, but they ment of this technique.
struggle to accurately reflect the real catalytic behavior of single In recent years, advanced ultrafast high-temperature syn-
NPs.” Due to macroscopic effects and mass transfer limitations, thesis techniques have provided innovative pathways for large-
these methods inherently struggle to precisely evaluate scale NP materials preparation,b which are able to regulate the
catalytic performance.”® Therefore, studying the catalytic composition of the particles while ensuring a consistent
behavior of single NPs can provide more accurate guidance particle size. Coupled with high-resolution characterization
for catalyst design and optimization.”~” techniques, these methods have provided reliable support for
The single NP collision technique offers a new approach for studying  the composlistilc;n—structure—performance relation-

ships of nanocatalysts. These techniques have significantly
expanded the range of single-metal species and multimetallic
element combinations and ratios that can be synthesized,
creating an unprecedentedly vast nanomaterials library.'”'® To
date, studies converting metal NPs synthesized by such
techniques into colloidal NPs with near-pristine surfaces,
high monodispersity, and tunable composition through
ultrasonic exfoliation have not been reported. Scanning

uncovering the essence of catalytic reactions, enabling real-
time monitoring and precise measurement of the catalytic
activity and kinetic properties of single NPs.”~” This technique
requires extremely high standards for the size, composition,
and surface cleanliness of NPs, demanding uniformity across
samples.”” However, conventional colloidal synthesis methods
often rely on long-chain stabilizers,"”"" which, although they
can regulate NP properties, obscure active sites and limit their
application in single NP collision electrocatalysis. Despite

nearly two decades of development in single NP collision Received: March 8, 2025
electrocatalysis,12'13 research materials are still predominantly Revised: ~ May 6, 2025
focused on a few metals (e.g, Ag, Au, Pt) and metal oxides Accepted: May 7, 2025

(e.g, RuO, and IrO,) protected by loosely capped, short-chain Published: May 9, 2025

citrates."* Therefore, there is an urgent need to develop an
efficient, colloidal NP preparation method that yields near-
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Figure 1. Preparation and characterization of colloidal Pt,Ru;_, NPs. (a) Schematic of colloidal NP synthesis: metal salt precursors are loaded onto
CA-CNFs, followed by pulse Joule heating and ultrasonic exfoliation to generate monodispersed colloidal Pt,Ru,_, NPs. (b, c) TEM and HAADF-
STEM images of colloidal Pty ¢Ruy,4 NPs. (d) EDS elemental mapping of colloidal Pty sRu,, NPs. (e, f) Size distributions of colloidal Pt,¢Ru,, NPs
determined by TEM (the source of the TEM statistical graph is shown in Figure S9a—d) and DLS. (g) UV—vis spectroscopy showing the temporal

stability of colloidal Pty4Ru,, NPs.

electrochemical cell microscopy (SECCM) is an effective
technique in the field of electrocatalysis, with low background
and high spatiotemporal resolution, enabling high-resolution
measurements of the electrochemical properties of NPs at the
single-particle level, providing insights into local environments
and reaction dynamics that cannot be obtained with traditional
methods and providing a unique platform for studying the
intrinsic activity of individual NPs."”*°

In this context, we propose an innovative strategy that
combines ultrafast high-temperature precision synthesis with
ultrasonic exfoliation, using Pt,Ru,_, as a model system. This
approach enables the rapid preparation of colloidal NPs with
desired properties that were previously difficult to achieve. By
integrating single NP collision electrocatalysis with density
functional theory (DFT) calculations, we systematically
elucidate the relationship and underlying mechanisms between
composition and activity at the single NP level.

Figure la shows the preparation process of colloidal
Pt.Ru,_, NPs. Metal salt precursors were loaded onto CO,-
activated carbon nanofibers (CA-CNFs) in proportion,
followed by pulse Joule heating to form high-density,
monodispersed NPs@CA-CNFs. Ultrasonic exfoliation and
filtration then produced colloidal NPs with nearly exposed
surfaces, citrate-capped. CA-CNFs with high-density defects
exhibited excellent precursor-loading capacity (Figures S1 and
S2). Using pulse Joule heating (Figure S3), nine types of
Pt,Ru,_, NPs@CA-CNFs were synthesized (Figures S4 and
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SS). Inductively coupled plasma optical emission spectroscopy
(ICP-OES) confirmed that the elemental molar ratio matched
the feeding amounts for Pt,Ru,_, NPs@CA-CNFs (Table S1).
Additionally, X-ray photoelectron spectroscopy (XPS; Figure
S6) analysis of Pt,,Ru, ; NPs@CA-CNFs, Pt, ;Ru,, NPs@CA-
CNFs, and Pty ;Ruy s NPs@CA-CNFs further verified that the
surface elemental molar ratios of the catalysts are consistent
with the ICP-OES results (Table S2), indicating that the
surface composition of the catalysts is identical to their bulk
composition. X-ray diffraction (XRD) patterns (Figure S7)
showed that the Pt,Ru;_, NPs@CA-CNFs maintained a face-
centered-cubic (FCC) structure with no phase separation
observed, while high-resolution transmission electron micros-
copy (HRTEM) images (Figure S8) revealed the (111) plane
as the dominant facet at both the particle edge and center.
Overall, such characterizations confirm that the synthesis
method effectively produced Pt.Ru;_, NPs@CA-CNFs with
uniform size and tunable composition, with exposed surface
facets that align with the bulk facets.

The preparation of stable monodispersed colloidal NPs is a
prerequisite for evaluating the electrocatalytic performance of
Pt,Ru,_,, NPs. Colloidal Pty (Ru,, NPs were characterized as a
representative sample. Transmission electron microscope
(TEM; Figure 1b) and scanning electron microscope (SEM;
Figure S9) images showed that Pty cRuy, NPs were spherical,
uniformly sized, and free of carbon fiber fragments. The
HRTEM image (Figure 1c) also revealed a dominant (111)
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Figure 2. Interface design and characterization of the analytical electrode. (a) Schematic of the preparation of NS-CFE. (b, c) SEM and AFM
images of NS-CFE. (d) XPS N 1s spectrum of NS-CFE. (e) Comparison of Raman spectra between CFE and NS-CFE. (f) Oxidative transient
signals of Ag NPs colliding with NS-CFE and their size distribution; the inset shows a representative current transient.

crystal plane, revealing that the dominant crystal plane of the
NPs was retained after ultrasonic exfoliation. The energy-
dispersive X-ray spectroscopy (EDS) elemental mapping
confirmed the uniform distribution of Pt and Ru, with the
elemental molar ratio matching the feedstock (Figures 1d and
S10). EDS line scan analysis (Figure S11a and S11b) further
indicates that the molar ratio of elements in both the surface
and bulk phases is in agreement with the feedstock ratio
(Figure Sl1c), with no significant segregation observed. SEM
(Figure S9), TEM (Figure le), and dynamic light scattering
(DLS; Figure 1f) measurements indicated consistent NP sizes
in both solid and liquid phases, matching the size of Pty (Rug,
NPs@CA-CNFs. Ultraviolet—visible (UV—vis) spectroscopy
(Figure 1g) demonstrated good stability of the colloidal
Pty ¢Rug, NPs. These characterizations confirm the successful
synthesis of colloidal Pt,Ru,_,, NPs with uniform shape, size,
and consistent exposure of crystal facets, making them suitable
for subsequent single-particle collision electrocatalysis.

The chemical inertness of analytical electrodes and their
adhesion to individual NPs are crucial for efficient single NP
analysis.”’ To address these challenges, we developed a
nitrogen-skinned carbon film electrode (NS-CFE). Figure 2a
shows the preparation process: CFE** was electrochemically
modified with polyethylenimine via cyclic voltammetry (CV;
Figure S12a), then pyrolyzed at 1173 K to form NS-CFE.>* A
cross-sectional SEM image (Figure 2b) showed a 300 nm
carbon layer, while an atomic force microscopy (AFM) image
(Figure 2c) revealed surface roughness of less than 1 nm,
confirming NS-CFE’s adequate thickness and smoothness. XPS
(Figure 2d) showed peaks at 398 eV (pyridinic-N) and 401 eV
(pyrrolic-N), confirming nitrogen incorporation. Raman spec-
troscopy (Figure 2e) reveals a higher I/I; ratio for NS-CFE,
indicating increased carbon defects due to nitrogen doping.”
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In a collision experiment with 20 nm Ag NPs, NS-CFE
detected numerous oxidative transients (Figure 2f), while no
signals were observed without Ag NPs (Figure S12b). In
contrast, CFE detected only low-frequency signals (Figure
S12c). The average Ag NP sizes on NS-CFE and CFE were 20
+ 8 nm and 12 + 4 nm, respectively, based on integrated
charge.”* The size measured on NS-CFE aligns with TEM
results (Figure S12d), while the smaller size on CFE likely
reflects weak adhesion, causing elastic collisions. These
findings confirm that NS-CFE improves Ag NP adhesion,
enabling complete oxidation of single colliding NPs.
Colloidal Pt,Ru;_, NPs and highly adhesive NS-CFE were
prepared, and their electrocatalytic activity for the methanol
oxidation reaction (MOR) was studied using SECCM as a
function of composition (Figures 3a and S13). The method
employed a functionalized macro-electrode interface with high
bandwidth, low noise, and sufficient mass transfer for
individual NPs (under kinetic control). Strong adhesion
between NPs and NS-CFE eliminated elastic collisions and
electrical contact resistance. Figure 3b shows a high-sampling
CV of Pty4Ruy, NPs colliding with NS-CFE, revealing
transient MOR signals at high potentials, indicating the
“switch-on” and “switch-off” processes.” The small active area
of single NPs causes the MOR onset potential to be higher
than that of bulk materials. Single NP collisions with different
compositions were evaluated using i—t curves at the same
potential. Figures 3c—e show MOR current events and
statistical data (peak current and integrated charge distribu-
tions) for Ru, Pt, and Pt;,Ruy, single NPs, with results for
other compositions in Figure S14. Transient signals were
recorded at a 100 kHz sampling rate with 1 kHz low-pass
filtering (time resolution ~ 1 ms). Statistical analysis (Figure
S15) showed transient durations exceed 10 ms, ensuring
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Figure 3. MOR measurements of Pt,Ru,_, single NPs. (a) Schematic of the MOR for Pt,Ru,_, single NPs colliding with NS-CFE based on
SECCM. (b) Typical high-sampling CV of Pt,Ru,, single NP collisions, compared with the control experiment without NPs. (c—e) i—t curves,
typical current events, and statistical distributions of peak current and integrated charge for Ru, Pt, and Pty4Ru,, single NP collisions.

accurate peak current measurements, with distribution
matching that of catalytic activity (as discussed later).
Integrated charge, being less time-resolution-dependent, is
better suited for quantifying transient signals. Control
experiments (Figure S16) showed no current events without
methanol or NPs. CA-CNFs were also used as a control
experiment to show that CA-CNFs had no interference with
the collision signal of colloidal Pt,Ru,_, NPs (Figure S17).
Despite strong adhesion, current pulses may arise from surface
poisoning or NP detachment. A single Ru or Pt NP was
deposited onto carbon nanoelectrodes (Ru/Pt NP@CNE) and
tested with ferrocene methanol oxidation (Figures S18 and
S19), confirming that deactivation was resulting from surface
poisoning, while electrical connection between NPs and CNE
remained intact.

The traditional methods for measuring ensemble NPs are
limited by mass transfer rates, making it difficult to accurately
quantify intrinsic electrocatalytic activity. To address this
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challenge, we leveraged the high mass transfer properties of
single NPs, enabling precise evaluation of the activities of NPs
with different compositions (Figure 4a). Additionally, the
smooth surface of single NPs, achieved through ultrahigh-
temperature synthesis, allows their microscopic area to be
approximated as the geometric surface area. This feature
provides a reliable foundation for accurate activity assessment.
The real current density (j.) and turnover frequency (TOF)
of nine Pt,Ru,_, single NPs for MOR (calculation details in
the methods) showed that catalytic activity increases and then
decreases with Ru content, and Pty,Ruy; PtysRuy, and
Pty Ruy s exhibited the best performance. DFT calculations
reveal Pt—Ru synergistic effects on MOR activity and
intermediate adsorption Surface models of Pt—Ru alloys with
varying Ru ratios were generated (Figure S20), and the most
stable surfaces were selected for adsorption energy and
electronic structure analysis (Figures 4b and S21, S$22). CO
and OH adsorption energies indicate MOR activity; high-
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Figure 4. Composition-related MOR intrinsic activity and DFT calculations. (a) Real current density (j..) and turnover frequency (TOF) on
Pt,Ru,_, single NPs for MOR. (b) Adsorption configurations of CO and OH on the surfaces of Pt,;Ruy 3, PtosRug,, and Pty sRug;. (c) Adsorption
energies of CO and OH on the surfaces of Pty ;Rug, Pty ¢Ruy 4 and Pty sRuy. (d) Differential charge density distributions of OH adsorbed on the
surfaces of Pty,Ruy;, PtycRug, and PtysRuys. (e, f) Projected density of states (PDOS) of CO and OH adsorbed on the surfaces of Pty,Ruys,
Pty¢Rug,, and PtysRugs. (g) MOR free energy profiles for Pty,Rugs, PtosRug,, and Pty sRugs.

performance catalysts show strong OH and weak CO
adsorption.”® Pty¢Ruy, has the weakest CO and strongest
OH adsorption (Figures 4c and $23), reducing CO poisoning
and promoting intermediate transformation. Charge density
difference and Bader charge analysis support this, with
PtysRuy, showing the strongest OH charge transfer and
weakest CO charge transfer (Figures 4d and $24—526). Figure
4e,f compares the projected density of states (PDOS) of OH
and CO adsorption on Pty;Ruy 3, Pty¢Rug,, and Pty sRugs. The
d-band center relative to the Fermi level (Ep) reflects
intermediate adsorption strength and electronic structure.”®
Pty¢Ruy, has the highest d-band center after OH adsorption,
enhancing Ru—O bonding. Crystal orbital Hamilton popula-
tion (COHP) analysis confirms this, with PtysRu,, showing
the highest negative integrated COHP value (Figure S27).
After CO adsorption, Pty4Ru, has the lowest d-band center,
facilitating *CO removal through synergistic oxidation. The
transition state energy barrier for the rate-determining step
(*CHO + *OH — *HCOOH)” is lowest for PtyRuy,,
indicating superior reaction kinetics (Figures 4g and S28),
consistent with results in Figure 4a. DFT calculations highlight
the importance of optimizing the Pt—Ru alloy ratio for
enhancing MOR activity.

Our work introduces a novel strategy that merges ultrafast
precision synthesis and ultrasonic exfoliation to create colloidal
Pt.Ru,_, catalysts with tunable compositions, exceptional
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monodispersity, and near-pristine surfaces. This approach
overcomes a long-standing challenge in the synthesis of
colloidal NPs for single NP collision electrocatalysis. Tradi-
tional methods often rely on long-chain stabilizers that obscure
active sites, limiting their application. In contrast, our method
produces NPs with tunable compositions and uniform sizes
while maximizing the availability of active sites. This
innovation enables the study of catalytic behavior at the single
NP level, providing unprecedented insights into the intrinsic
activity of MOR at industrial current densities, bypassing mass
transfer limitations. The integration of single NP collision
electrocatalysis with DFT calculations further reveals the Pt—
Ru synergistic effects in optimizing MOR performance,
highlighting the importance of alloy composition in enhancing
catalytic activity.

This study demonstrates a new paradigm for identifying
advanced multicomponent electrocatalysts by combining
ultrafast precision synthesis with single NP collision electro-
catalysis. The ability to rapidly screen catalysts with different
compositions significantly accelerates the discovery process,
offering valuable insights for the design of next-generation
electrocatalysts with enhanced performance. Our findings not
only address critical challenges in colloidal catalyst synthesis
but also provide a comprehensive framework for understanding
the relationship between composition and activity at the single
NP level, as well as the underlying mechanisms.
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