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Abstract
To elucidate the correlation between the catalytic properties of metal nanoparticles used in
polymer  electrolyte  fuel  cells  and  the  atomic  arrangements  of  such  nanoparticles,
high-energy X-ray diffraction measurements were conducted. Using the measured data as
a reference, Reverse Monte Carlo was performed on isolated finite-size spherical cluster
models to visualize the atomic arrangements of Pt and Pt3Co nanoparticles. In the Pt3Co

nanoparticles,  the  local  composition  of  the  nanoparticle  center  and  the  surface  region
differed.  The  tendency  of  Co  atoms  to  be  located  closer  to  the  surface  rather  than  the
center was confirmed. Furthermore, the atomic arrangements in the center of the Pt and
Pt3Co  nanoparticles  were  more  disordered  than  those  in  the  surface  region.  Thus,  we

clarified the difference in  the distribution of  atoms in the center  and surface regions by
creating a three-dimensional model of the atomic arrangement of the nanoparticles. The
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visualized  structural  model  can  contribute  to  the  development  and  performance  enhancement  of  nanoparticle
catalysts.

INTRODUCTION
In the bid to achieve carbon neutrality by 2050, fuel cells (FCs), which convert the energy of water

production from hydrogen and oxygen in the air into electricity, have been touted as potential power

generation devices for hydrogen utilization
[1]

. FC vehicles (FCVs) have recently been commercialized, and

polymer electrolyte FCs (PEFCs) have begun to be used as a power source for FCVs. PEFCs present

significant advantages, as they exhibit a high power generation efficiency and do not produce carbon

dioxide
[2]

. However, the commercialization of Pt nanoparticles, a precious metal, as catalysts for the

hydrogen and oxygen electrodes of PEFCs has been slow because of the high price of PEFCs for high-power

FCVs, which require a large amount of catalysts. In particular, the reduction reaction at the oxygen electrode

is slower than the oxidation reaction at the hydrogen electrode
[3,4]

. Furthermore, the large amount of Pt used

in the oxygen electrode hinders a reduction in PEFC costs. Pt catalysts with superior performance, i.e., high

oxygen reduction reaction activity and durability, are required to reduce the amount of Pt needed.

The nanoparticles used as catalysts in PEFCs are crystallites (diameters of approximately 1-5 nm) and are

characterized by a large proportion of interfaces. Thus, the structure and properties of the nanoparticles

differ from those of the bulk metal. The number of atoms in the surface layer of such small metal

nanoparticles is comparable to the number of atoms within the nanoparticles. Thus, it is important to

investigate the three-dimensional (3D) atomic arrangement of the entire nanoparticle to understand the

relationship between its atomic structure and catalytic properties.

To date, pair distribution function (PDF) analysis based on high-energy X-ray diffraction (HEXRD) has been

employed to examine the 3D atomic arrangements of metal nanoparticles that deviate from the

corresponding bulk crystal structures
[5,6]

. Furthermore, Reverse Monte Carlo (RMC) modeling
[7,8]

 based on

HEXRD data suggests that the atomic-scale structures of metal nanoparticles, such as Pt, Pd, Rh, and Ru,

exhibit clear structural disorder
[9-11]

. Conventional RMC modeling is not suitable for modeling the atomic

structure of nanoparticles because it assumes a homogeneous bulk metal. This is because, as the particle size

decreases, the ratio of surface to core atoms becomes significant. In addition to such structural approaches,

density functional theory (DFT) calculations have also been shown to provide valuable insights into catalytic

mechanisms
[12]

, highlighting the complementarity of experimental and theoretical analyses.

In 2013, Gereben and Petkov developed an RMC approach with nonperiodic boundary conditions

(NP-RMC). Since NP-RMC enables the modeling of samples confined to finite sizes such as nanoparticles, it

facilitates the analysis of structural differences between the core and surface. In particular, when the target

material functions as a catalyst, the reaction sites are located on the surface; therefore, understanding the

structural characteristics of the surface is crucial. Here, the 3D structural modeling of Pt and Pt
3
Co

nanoparticles was performed via the RMC simulations of isolated finite-size spherical cluster models without

periodic boundary conditions using HEXRD data to clarify the atomic arrangements associated with catalytic

properties.

MATERIALS AND METHODS
Sample preparation

A carbon-supported Pt catalyst (TEC10V30E, Tanaka Kikinzoku Kogyo) and a carbon-supported PtCo

catalyst (TEC36F52, Tanaka Kikinzoku Kogyo) were used as samples. Although they are commercial

products, it is important to investigate their structures, as they can serve as standard samples for evaluating
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various catalyst samples in the future. The powder samples were reduced in a reaction vessel filled with

high-purity hydrogen gas at room temperature for 30 min. The vessel was opened in a glove box under an Ar

atmosphere and the samples were loaded into a quartz glass capillary (diameter = 1 mm).

High-energy X-ray diffraction measurements

HEXRD measurements were performed at the BL04B2 beamline
[13,14]

 in SPring-8, Hyogo, Japan, to reveal the

local atomic configuration of the synthesized nanoparticle catalysts. The incident X-ray beam

(energy = 61.4 keV) was monochromated by the Si 220 reflection of a bent monochromator installed in the

beamline. The scattered X-ray photons from the sample powders were counted using four CdTe detectors

(X-123CdTe, Amptek) and three highly pure Ge solid-state detectors (GL0515, Canberra Industries) installed

at 8° intervals. The measurements were performed within a 2θ range of 0.3°-57°; thus, the maximum

momentum transfer Q
max

 was approximately 29.6 Å-1
. The coherent X-ray scattering intensity I

coh
 (Q) was

obtained by subtracting the X-ray absorption, Compton scattering, and contribution of the quartz capillary

from the raw X-ray scattering intensity. The structure factor S(Q) was obtained by normalizing the I
coh

 (Q)
[15]

:

where c
i
 and f

i
(Q) are the atomic concentration and X-ray atomic scattering factor of the i-th element in the

material, respectively. The PDF, g(r), was calculated using the Fourier transform of S(Q):

where ρ is the atomic number density, and r is the radial distance. The upper limit of the integral was Q
max

,

which was determined by the experimental conditions. The sequential analyses were executed with the

original software for the BL04B2 beamline.

Reverse Monte Carlo modeling

The atomic configuration of the nanoparticle catalysts was constructed via RMC modeling
[7 ,8]

 with

nonperiodic boundary conditions (NP-RMC)
[9,16]

 using the obtained S(Q) values. Table 1 summarizes the

structural information of the initial models of the Pt nanoparticles in TEC10V30E (average particle size of

3 nm, as observed via TEM) and Pt
3
Co nanoparticles in TEC36F52 (average particle size of 4 nm, as observed

via TEM). The initial model of the Pt nanoparticle was a sphere (diameter = 30 Å) cut from face-centered

cubic (fcc)-type bulk Pt with the space group Fm-3m and a lattice constant of 3.902 Å, as determined by XRD

analysis. The initial model of the Pt
3
Co nanoparticle was a sphere (diameter = 40 Å) cut from fcc-type bulk

Pt
3
Co with the space group Fm-3m and a lattice constant of 3.859 Å, as determined by XRD analysis. Figure 1

shows a snapshot of the initial atomic configurations. During the NP-RMC calculations, the nearest neighbor

cut-off distances were set to 2.4 Å for all the atomic pairs, Pt-Pt, Co-Co, and Pt-Co. The swapping of Pt and

Co atoms is allowed for Pt
3
Co nanoparticles. Two kinds of movements (atomic translational movement and

the exchange of different atomic pairs) enable the generation of configurations for the next MC step. The

trial ratio of exchanging positions to all trials to generate configurations was set to 30%. Furthermore, to

restrict the translational movement of the atoms to the area around the lattice points, fittings were

simultaneously performed for the low-r region of the g(r) and S(Q). Atoms constantly oscillate around their

equilibrium position, leading to the broadening of the Bragg and g(r) peaks in crystals. Thus, the effect of

atomic oscillations is incorporated into the fitting to the g(r) by convolving the Gaussian function with the

variance σ = 0.04 Å.

𝑆(𝑄) = 1 + 𝐼coh (𝑄) −
∑

𝑖 𝑐𝑖 | 𝑓𝑖 (𝑄) |2

|∑𝑖 𝑐𝑖 𝑓𝑖 (𝑄) |2
,

𝑔(𝑟) = 1 + 1
2𝜋2𝑟𝜌

∫ 𝑄max

𝑄min
𝑄{𝑆(𝑄) − 1} sin(𝑄𝑟)d𝑄,



Page 4 of 9 Mizuno et al. Microstructures 2026, 6, 2026045

Figure 1. Snapshot of the initial atomic configurations of a Pt nanoparticle in TEC10V30E (A) and a Pt3Co nanoparticle in TEC36F52 (B). 

White and blue spheres represent Pt and Co atoms, respectively.

Table 1. Structural information of the initial models of the Pt and Pt3Co nanoparticles

Sample TEC10V30E TEC36F52

Composition Pt Pt3Co

Lattice constant (fcc) 3.902 Å 3.859 Å

Number of atoms 959 (Pt: 959) 2315 (Pt: 1744, Co: 571)

Simulation diameter 30 Å 40 Å

The R
w
 value used usually in crystallography to characterize the goodness of the fit is calculated for the g(r)

and S(Q) data series, according to the formula:

where  and  are the experimental and calculation data, respectively. w
i
 is the weighting factor reflecting

the statistical quality of the individual data points
[11]

.

In this study, we focus on nanoparticles in a static environment similar to a vacuum or inert conditions.

However, during actual PEMFC operation, catalysts are exposed to a dynamic environment involving

oxidation, hydration, and potential structural rearrangements. Although reproducing such dynamic

environments using RMC is challenging, it is possible to discuss structural changes by performing similar

experiments and modeling on nanoparticles after exposure to these dynamic conditions.

RESULTS AND DISCUSSION
Figure 2 shows the S(Q) and g(r) obtained via HEXRD measurements. A broadened Bragg peak profile

corresponding to the nano-order crystallite size was confirmed for the S(Q) of both samples, and these

profiles corresponded to the fcc crystal structure. Similarly, the g(r) exhibited peaks corresponding to the
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Figure 2. Results of HEXRD measurements and NP-RMC fittings. Structure factors S(Q) of the Pt (A) and Pt3Co (B) nanoparticles, as well
as the pair distribution functions g(r) of the Pt (C) and Pt3Co (D) nanoparticles. The red, blue, and green marks represent the experimental
data, RMC-simulated data, and the differences between both, respectively.

interatomic distances of the fcc crystal structure. These peaks were separated from each other because of a

few disordered atomic configurations, such as the amorphous phase in the nanoparticles.

Figure 2 shows the S(Q) and g(r) of the final atomic configurations obtained via NP-RMC modeling. For

both samples, the goodness-of-fit indicator R
w
 for fitting to the S(Q) via NP-RMC modeling reached

22%-23%. Considering that the experimental S(Q) was consistent with the calculated S(Q), it is considered

that the obtained atomic arrangement of the nanoparticles had been well characterized. Figure 3A shows the

ratio of Co atoms as a function of the distance from the center of the nanoparticles to visualize the spatial

concentration distribution of the Pt
3
Co nanoparticles. This shows that Co atoms tend to be located on the

surface region of Pt
3
Co nanoparticles. The snapshot of the atomic arrangement model obtained via NP-RMC

modeling [Figure 3B] visually confirms the presence of many Co atoms on the nanoparticle surface. Through

an analysis of the spatial concentration distribution in the nanoparticles, we can determine the composition

of the surface region that contributes to catalytic reactions. Thus, atomic arrangement modeling via

NP-RMC can provide insights into the prediction of catalytic activity and durability from the viewpoint of

nanoparticle structure.

The neighboring distance distribution for the nanoparticle crystals was analyzed to characterize the disorder

of the atomic configuration. Thus, NP-RMC calculations were performed 10 times for each nanoparticle

under the same calculation conditions, and the neighboring distance distributions of the results were added

to improve the statistical accuracy. Figure 4 shows the neighboring distance distribution for the Pt and Pt
3
Co

nanoparticles based on the atomic configuration. For the Pt nanoparticles, the surface and internal atoms
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Figure 3. Ratio of Co atoms as a function of the distance from the center (A) of the nanoparticles. Snapshot (B) of the final atomic
configuration of the Pt3Co nanoparticles. White and blue spheres represent Pt and Co atoms, respectively.

Table 2. Neighboring distance distribution parameters for the Pt and Pt3Co nanoparticles

Pairs (Pt nanoparticles) Average distance FWHM

Pt-Pt (core) 2.75 Å 0.18 Å

Pt-Pt (surface) 2.75 Å 0.15 Å

Pairs (Pt3Co nanoparticles) Average distance FWHM

Pt-Pt (core) 2.73 Å 0.19 Å

Pt-Co (core) 2.72 Å 0.26 Å

Co-Co (core) 2.73 Å 0.20 Å

Pt-Pt (surface) 2.73 Å 0.16 Å

Pt-Co (surface) 2.72 Å 0.22 Å

Co-Co (surface) 2.73 Å 0.17 Å

were divided at 13 Å, and their distributions are shown in Figure 4. We divided the atoms into two categories

based on the distance from the surface to the second atomic layer (the boundary where the coordination

number becomes 12). For Pt
3
Co nanoparticles, the same was observed at 17 Å. Table 2 lists the average

distances and full width at half maximum (FWHM) values of the distributions. Here, the neighboring atoms

indicate 12 coordinating atoms in the fcc crystal structure. The average distance of the neighboring distance

distribution of the Pt nanoparticle was the same for the core and surface regions. Contrarily, the FWHM in

the core region was larger than that in the surface region. A similar trend was observed for the distribution of

the Pt
3
Co nanoparticles. For both Pt and Pt

3
Co nanoparticles, the structural disorder was observed to be

smaller on the surface than in the core. Comparing the distributions of the Pt and Pt
3
Co nanoparticles, the

FWHMs of the distribution of Pt
3
Co nanoparticles exceeded those of Pt nanoparticles both in the core and

on the surface. Thus, the Pt
3
Co nanoparticles in TEC36F52, which contain Co atoms, were observed to

exhibit a slightly more disordered crystal structure than the Pt nanoparticles in TEC10V30E.

An understanding of the atomic arrangement of the surface region will prove useful in the prediction of

catalytic properties since catalytic reactions occur on the surface of nanoparticles. This will facilitate an

evaluation of the catalytic activity and durability of nanoparticles using new variables, such as the
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Figure 4. Neighboring distance distribution of atoms in the Pt nanoparticles (A) and of internal (B) and surface (C) atoms in the Pt3Co
nanoparticles. For the Pt nanoparticles, the red and blue bars represent the distributions of internal and surface atoms, respectively.
Oppositely, for the Pt3Co nanoparticles, the red, blue, and green bars represent the Pt-Pt, Pt-Co, and Co-Co correlation distributions,
respectively.

composition of the surface region, disorder in the crystal lattice, and particle size, which is related to the

surface area. These variables can then be used to elucidate the structural features that strongly contribute to

the catalytic properties. We expect that the development of nanoparticle catalysts using HEXRD and

NP-RMC will be dramatically accelerated by establishing a technique for evaluating catalytic properties from

a microscopic viewpoint.

CONCLUSIONS
Here, Pt and Pt

3
Co nanoparticles were subjected to HEXRD measurements to clarify the correlation between

the local atomic configuration and catalytic activity. Furthermore, 3D atomic configuration models were

successfully constructed via NP-RMC modeling based on the experimental S(Q) and g(r). From the

structural model, features such as spatial concentration and atomic arrangement disorder were extracted. In

the Pt
3
Co nanoparticles, the dependence of Pt and Co concentrations on the distance from the center was

confirmed. Fewer Co atoms were observed in the center, and more Co atoms were observed near the surface.

NP-RMC modeling, which permits Pt and Co swapping, confirmed the difference between the core and

surface Co distributions. The distributions of the distance between neighboring atoms were derived from the

obtained models. For both Pt and Pt
3
Co nanoparticles, the distributions were slightly wider in the core

region than in the surface region, indicating that the atomic arrangement was more disordered in the core

region than in the surface region. Furthermore, the width of the distribution of the Pt
3
Co nanoparticles

exceeded that of the Pt nanoparticles, indicating that the disorder in the atomic arrangement of the Pt
3
Co

nanoparticles was due to the presence of Co atoms.

Nanoparticles are promising as catalysts because of their large surface area for chemical reactions. Here, the

atomic distribution of the surface region and the degree of disorder in the atomic arrangement were

successfully determined by modeling the atomic arrangement of nanoparticles via NP-RMC. This study

provides insights into the development of catalytic properties based on an understanding of the atomic

configuration of nanoparticles.
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