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This paper reports on the template-assisted synthesis of Pt-based catalysts featuring a porous structure.
The influence of various gadolinium precursors on the synthesis of Pt—Gd oxide catalysts is systematically
investigated, with the objective of optimizing their crystalline structure and correlating it with their per-
formance in the oxygen reduction reaction (ORR). Transmission electron microscopy analyses reveal
complex morphological features, while synchrotron radiation experiments, combined with an innovative
and robust approach based on the Debye Scattering Equation (DSE), enable a more accurate correlation
between the electrochemical performance and the actual morphology of the catalysts. Although this
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work does not claim the development of a breakthrough catalyst, the observed ORR activity is compar-
able to that of commercial benchmarks (e.g., TKK). More importantly, it underscores the value of DSE-
based XRD analysis as a statistically rigorous and complementary technique for nanoparticle morphology
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1 Introduction

Proton Exchange Membrane Fuel Cells (PEM-FCs) are efficient
energy devices used in both portable and stationary systems.
While PEM-FCs demonstrate high energy conversion
efficiency, their widespread adoption is hindered by the high
cost of the catalytic materials used." Both the cathodic and
anodic compartments of PEM-FCs require catalysts because
the oxygen reduction reaction (ORR, O, + 4H' + 4¢~ — 2H,0)
and to a lesser extent Hydrogen Oxidation Reaction (HOR, H,
— 2H" + 2¢7) are kinetically slow processes.>*

Platinum on carbon (Pt/C) catalysts are the most commonly
used to accelerate the reaction rates of the ORR, but the
reliance on platinum presents a significant barrier to the com-
mercialization of PEM-FCs, as it accounts for approximately
70% of the total cost of the system.* Consequently, research
efforts are focused on two main approaches to facilitate
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characterization, offering significant advantages over conventional TEM in this context.

PEM-FC commercialization: (i) developing new catalysts based
on non-platinum group metals (non-PGM), such as iron-nitro-
gen single-site catalysts,””” cobalt, and nickel materials;*** or
(ii) improving the electrochemical performance of platinum-
based catalysts.”® The goal of the latter approach is to reduce
the amount of platinum needed while maintaining catalytic
activity, thereby lowering costs.

The catalytic performance of platinum can be enhanced
through what are known as the “ligand effect” and the “geo-
metric effect”.'* These effects are induced by incorporating a
second element such as gadolinium, yttrium, scandium,
nickel, iron, or cobalt into the platinum crystal structure. The
ligand effect involves a change in the electronic configuration
of the platinum due to its interaction with the added tran-
sition or rare-earth element. The geometric effect, on the other
hand, refers to the alteration of the interatomic distances
between platinum atoms on the surface, caused by differences
in atomic size between platinum and the second element.
These two effects adjust the orbital energy of the d-band of Pt,
which in turn modifies the adsorption energy and thus its
catalytic activity,'>®

According to literature, the bulk alloyed forms of Pt;Gd and
Pt;Y are among the most stable face-centered cubic (fcc)
alloys. Electrochemical studies on platinum-rare-earth alloys
have demonstrated exceptionally high ORR activity and
stability."®>' However, the synthesis of these alloys presents

This journal is © The Royal Society of Chemistry 2026
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significant challenges, particularly due to the slow reduction
of Y*" and Gd*" to their metallic forms (Y° and Gd°), as indi-
cated by their standard reduction potentials. This makes the
production of Pt;Gd and Pt;Y particularly difficult.>®

Attempts to synthesize Pt,Y/C alloy nanoparticles via a
simple, low-cost chemical reduction method using NaBH,, fol-
lowed by thermal treatment at 350 °C, have resulted only in
the formation of PtY,0; nanoparticles (NPs) rather than the
desired metallic alloy.”® The most effective methods for synthe-
sizing platinum-yttrium metallic alloys, such as (co-)sputter-
ing deposition in an ultra-high vacuum (UHV) chamber, are
based on metallurgical techniques. However, these methods
are both expensive and difficult to implement in a standard
chemical laboratory setting. Similarly, the synthesis of Pt;Gd
involves complex, costly procedures that are unsuitable for
scalable production. As a result, even if some promising syn-
thetic strategies were proposed in the literature,*** research-
ers have shifted focus toward the synthesis of platinum-metal
oxide (Pt-MO,) catalysts.>>>” Numerous studies in the litera-
ture report that PtY,0;/C catalysts exhibit specific and mass
activities that are 1.3 and 1.6 times higher, respectively, than
those achieved with commercial Pt/C catalysts.”®*® A similar
trend is observed with gadolinium-based catalysts; for
example, PtGd,O3/carbon with a 25 wt% platinum loading has
demonstrated performance comparable to that of Pt/C TKK
catalysts with 50 wt% platinum content.>

A recent study investigated a series of Pt,Gd/C nano-
structured electrocatalysts synthesized via the carbodiimide
complex route, where the Pt/Gd ratio was systematically varied.
The findings revealed that the Pt/Gd ratio significantly influ-
ences the crystalline structure, particle size, near-surface
chemistry, and consequently, the electrochemical performance
towards the ORR.**

Herein, we aim to explore the correlation between different
gadolinium precursors (GdCl;, Gd-acetylacetonate, and Gd-
acetate), synthesis temperatures, and ORR performance when
utilizing a solid-state synthesis approach. Notably, in the syn-
thesized Pt-Gd materials, gadolinium predominantly exists in
its oxide form. Subsequent acid leaching removes residual
gadolinium, which initially served as a template influencing
the morphology and dimensions of the platinum nano-
particles. Different gadolinium precursors result in varying
nanoparticle sizes and shapes, with Gd-acetylacetonate
proving most effective in promoting optimal Pt nanoparticle
growth during synthesis. This process ultimately yields a cata-
lyst with enhanced performance. To thoroughly investigate the
relationship between the synthesis parameters and ORR
activity, we employed synchrotron wide-angle X-ray total scat-
tering (WAXTS) experiments, coupled with advanced data ana-
lysis using the Debye Scattering Equation (DSE).*>*! This
method allowed us to examine the correlation between the
specific surface area (SSA) and ORR performance in detail, as
also shown in a related study.?” These findings underscore the
power of X-ray total scattering techniques when used to corre-
late catalytic performance with the properties of complex com-
posite materials exhibiting inhomogeneous dispersion.
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2 Materials and methods
2.1 Chemicals

Vulcan XC72 (C) (Fuel Cell Store), Pt(u) acetylacetonate (Sigma
Aldrich, >99.9%), Nafion® (Sigma Aldrich, 5 wt% in EtOH), Gd
(m) acetylacetonate hydrate (Sigma Aldrich, >99.9%), Gd(u)
acetate hydrate (Sigma Aldrich, 99.9%), Gd(m) chloride hexa-
hydrate (Sigma Aldrich, >99%), HCIO, (Fluka, Traceselect®
67-72%), H,SO, (Fluka, Traceselect® >95%), NOCHROMIX®,
(Sigma Aldrich-Glass-Cleaning Reagent), Pt/C Tanaka standard
(TEC10V50E), and acetone (Fluka, HPLC grade) were used as
received without further purification. Alpha Gaz O, and Argon
were supplied by Air Liquid at the highest available purity
(>99.99%).

2.2 Instrumentation

X-ray photoelectron spectroscopy (XPS) measurements were
performed with a Thermo Scientific ESCALAB QXi spectro-
meter employing a monochromatic AlKa X-ray source (1486.6
eV) with a spot size of 650 pm x 200 pm circa. Survey scans
were measured in a binding energy range of 0-1350 eV with a
constant pass energy of 100 eV, at 1.0 eV per step, with a dwell
time of 50 ms. High resolution spectra were recorded using a
constant pass energy (20 eV), at 0.1 eV per step, with a dwell
time of 50 ms. Peak fittings were performed in the framework
of the Avantage software after background correction with the
smart-background function implemented in the same software
using pseudo-Voigt functions for the synthetic peaks. The Pt 4f
spectrum of a sputter-cleaned Pt(111) sample was used to
determine the fitting parameters for the metallic contribution
(FWHM = 0.79 eV, L/G mix product 76.6%, tail mix 61.98%, tai
height 0.13%, tail exponent 0.0334). The Pt 4f peak was fitted
according to the parameters of Table S2. For Gd 4d photo-
emission peak, the °D component was deconvoluted using the
fitting parameters (intensity and energy separation, Table S3)
derived for pure Gd metal by Gupta and coworkers.*?

Thermogravimetric analysis (TGA) was performed using a
Q50001IR (TAWaters) on 3 mg samples at a heating rate of 10 °C
min~* from 100 °C to 1000 °C in a N, environment to deter-
mine the thermal stability. Transmission electron microscopy
(TEM) images were obtained by using a FEI Tecnai G2 trans-
mission electron microscope operating at 100 kV. Inductively
coupled plasma mass spectrometry analysis (ICP-MS) for the
determination of the Pt content was carried out with an
Agilent Technologies 7700x ICP-MS (Agilent Technologies
International Japan, Ltd, Tokyo, Japan). A Microwave Digestion
System (CEM EXPLORER SP-D PLUS) was used for the acid
digestion. The ICP-MS instrument was equipped with an octo-
pole collision cell operating in kinetic energy discrimination
mode used for the removal of polyatomic interferences and
argon-based interferences.

2.3 Catalysts synthesis

PtGdO, NPs@C were synthetized by solid-state synthesis at
high temperatures in a reducing atmosphere.>*** Pt(acac), is
the fastest reduction platinum precursor, it shows a very low
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decomposition temperature.”” Pt(acac), and Gd precursors
were dispersed in ethanol and stirred until the complete dis-
solution, after carbon was added to the solution to obtain a
final Pt(0) loading of 30%. Generally, in a typical synthesis
35.5 mg of Pt(acac), was mixed with ca. 10 mg of Gd precursor
and 46 mg of carbon in 15 mL of ethanol. The precursor solu-
tion was sonicated at room temperature for 2 h, and after dried
for 12 h at 80 °C. The precursor powder was, also, ground in an
agate mortar to obtain a very good distribution and mixing and
transferred in a quartz boat for the synthesis. The PtGdO, pre-
cursor powder was treated in a tubular furnace (Carbolite, UK)
at high temperature under a H,/N, combined atmosphere with
a flow of 2 scem and 28 scem, respectively. Before starting the
heat treatment, the furnace was purged by fluxing only N,
(using a flow of 30 sccm) for 1 h at room temperature (r.t.).
Then the temperature increased until 100 °C and was kept con-
stant for 1 h, at the same time, H, was gradually fluxed into the
quartz tube to the desired ratio (2 sccm), and the N, flow was
decreased at 28 scem. This step is crucial for the complete de-
sorption of water and oxygen species from the powder precur-
sors. Then, the temperature was allowed to increase to the temp-
erature synthesis and kept constant for 5 h. Eventually, the
furnace was allowed to cool down to r.t., while the H, flow was
switched off, allowing only N, to flow inside the reactor.

The catalysts were transferred to a double-necked flask con-
taining 100 mL of H,SO, 1 M solution. The resulting solution
was stirred for 1 h at room temperature. Afterwards, the cata-
lyst was filtered with a nylon nanometric filter (GVS, nylon
0.2 pm, 47 mm membrane diameter) and carefully washed
with 500 mL of ultra-pure water. Finally, drying in an oven at
80 °C overnight.*®

2.4 Electrochemical set-up and characterization

Cyclic Voltammetries (CVs) and Linear Sweep Voltammetries
(LSvs) with Rotating Disk Electrode (RDE) were recorded in 0.1
M HCIO;, in a classic three-electrode cell at 25 °C by using a
Biologic SP-300 potentiostat/galvanostat. An RDE with a glassy
carbon (GC, 5 mm diameter tip, geometric surface area
0.196 cm?®, Biologic) and a Pt ring (Amel instruments for
Electrochemistry) were used as working (WE) and counter elec-
trode (CE), respectively. GCs were preliminarily polished using
diamond pastes (3 pm, 1 pm, and 0.25 pm). The reference elec-
trode, to which all reported potentials are referred, was an
RHE, which was prepared before each electrochemical charac-
terization. The PtGdO, catalysts were characterized as thin film
drop casted on the GC-RDE. The ink was drop casted using a
platinum loading of 15 ug ecm™2. The ink was formulated for
drop casted ca. 12-15 pL on the GC RDE, in a typical experi-
ment 1.25 mg of PtGdO,@C catalysts, 0.1 mL of isopropanol,
1.1 mL of water and 3 pL of Nafion® was mixed for 30 minutes
and sonicated for 3 h, after the ink was drop casted in the GC
electrode surface and allowed to dry under rotation at 500 rpm
at room temperature. The HClO, electrolyte solution was
purged with Ar before each measurement, whereas for the
ORR test, the electrolyte was bubbled with high-purity Oxygen
for at least 30 min to ensure O, saturation.>®’

4302 | Nanoscale, 2026, 18, 4300-4311

View Article Online

Nanoscale

The PtGdO,@C catalysts were first electrochemically acti-
vated by performing 100 voltammetric cycles at 50 mV s*
between 0.05 V and 1.2 V vs. RHE or until stable cyclic voltam-
mograms (CVs) were obtained. The ORR activity was deter-
mined by recording Linear Sweep Voltammograms (LSVs) at a
scan rate of 20 mV s and a rotation rate of 1600 rpm between
0.05 V vs. RHE and 1.1 V vs. RHE, in O,-saturated electrolyte.
To analyze only the ORR current, the LSV with RDE polariz-
ation curves were corrected by subtracting background surface
oxidation and capacitive processes. This involves subtraction
of the background CV recorded in the Argon saturated electro-
Iyte (obtained using the same experimental parameters, i.e.,
scan speed, rotation rate, potential window) from the ORR
polarization curves; in all the electrochemical analysis the IR
drop was compensated by positive feedback. The electro-
chemical area (ECA) was calculated by the coulometry of the
hydrogen under-potential deposition (H,pq), using a charge of
210 uC em™2 using the CV recorded in Argon saturated electro-
lyte solution at different scan rate. The CVs in Argon saturated
electrolyte were recorded in the range 0.00-1.00 V vs. RHE
using a scan rate of 50 mV s'. The ORR activity was evaluated
using the kinetic current calculated using the LSV with RDE at
20 mV s and 1600 rpm.***® The ECA was calculated using
the following formula:

FCA — —Qupd (1)
q X mp¢
The kinetic current density ji, was determined using a rotat-
ing electrode rotated at 1600 rpm. The current density was
taken at 0.9 V versus RHE*® and corrected by mass transfer,
according to
, :jlim X Jo.9vvs. RHE (2)

Jk

Jlim — J0.9vvs. RHE

The catalyst activity was evaluated considering the mass
activity and the specific activity obtained through the following
equation:

Jk
MA = 3
— (3)
sa=—J (4)
ECA X mp

The statistical errors associated with the electrochemical
parameters were determined from the standard deviation com-

puted on nine independent values and/or by error
propagation.
2.5 WAXTS measurements

WAXTS measurements were performed at the X04SA-MS beam-
line of the Swiss Light Source (Paul Scherrer Institut, Villigen,
CH).*® The beam energy was set at 22 keV; operational wave-
length 1 = 0.563291 A was determined by measuring the
silicon powder standard sample NIST 640c. Samples were
loaded in a 0.3 mm diameter glass capillary and WAXTS data
were collected in transmission mode in the 0.07-19 A™' Q

This journal is © The Royal Society of Chemistry 2026
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range (where Q = 4z sin /4, 20 is the scattering angle), using a
single-photon counting silicon microstrip MYTHEN III detec-
tor. A separate measurement of the Vulcan XC 72 was per-
formed. The transmission coefficient of the samples was
experimentally determined by measuring the direct and trans-
mitted beams, whereas that of the glass capillary was calcu-
lated from the certified composition and wall thickness of the
capillary. Separate air and empty capillary scattering measure-
ments were collected. Raw data were corrected for systematic
errors and absorption effects; the extra-sample contributions
to the scattering pattern, i.e. the scattering from the capillary
and the sample environment, were subtracted. The reduced
WAXTS data containing only the sample scattering pattern
were analyzed through the total scattering approach based on
the Debye scattering equation (DSE). DSE-based refinements
were performed in the 2-19 A™" Q range.

2.6 The Debye scattering equation (DSE) method

The Debye scattering equation®”*"*! enables the computation

of the total X-ray scattering pattern in the reciprocal space of
randomly oriented NPs from the distribution of interatomic
distances within atomistic models. The simulated scattering
pattern is calculated as:

N

1Q) =Y _fi(Q)%0+2 > fQSK(QTHQ)Ti(Q)oj0

Jj=1 J>i=1

sin(Qdj)

" (Qdy)
(5)

where Q = 4z sin 6/ is the magnitude of the scattering vector, 1
is the radiation wavelength, f; is the X-ray atomic form factor of
atom j, d;; is the interatomic distance between atom i and j,
and N is the number of atoms in the NPs. T and o parameters
refer to the thermal atomic displacement and site occupancy,
respectively. The first summation accounts for the contri-
bution of the zero distances of each atom from itself, whereas
the second summation accounts for the non-zero distances
between pairs of distinct atoms. The DSE modeling is carried
through a bottom-up approach within the DebUsSy Suite.*'**
Populations of atomistic models of nanocrystals of spherical
shape at increasing size are generated according to one
(Diameter) growth direction. Gaussian sampled interatomic
distances and pseudomultiplicities are encoded in databases
used to simulate the scattering pattern through the DSE.** The
calculated scattering pattern is generated by the weighted sum
of the patterns from each atomistic model according to their
number fraction within a lognormal size distribution law. The
calculated pattern is refined against the experimental one
minimizing the difference using a simplex algorithm and
refining a number of adjustable structural and microstructural
parameters in the model. The number-based average size and
size dispersion of a lognormal distribution function are opti-
mized. The isotropic atomic thermal displacement (Debye-
Waller B factor) is also refined. The goodness of fit (GoF, the
square root of reduced y?) is the statistical descriptor used to
evaluate the agreement between calculated and experimental
patterns. The WAXTS pattern of the Vulcan-XC72 was separ-
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ately measured and added as an additional phase in the DSE
analysis and used as background, accounting for the X-ray
scattering of the carbon support within the analyzed samples.

2.7 The atomic pair distribution function method

PDF represents another approach to the analysis of X-ray total
scattering data, providing the probability of finding pairs of
atoms separated by a distance r in real space.** This method is
particularly suited to investigate the short-range order of amor-
phous and nanostructured materials, extracting structural
information without any assumption on periodicity. Difference
PDF is here applied to the amorphous-like trace that has been
added as a background (together with the WAXTS pattern of
the Vulcan-XC 72) during the DSE refinement, compensating
the difference between the calculated and experimental pat-
terns and modeled through a polynomial function. The ana-
lyzed trace was calculated in the reciprocal space as the differ-
ence between the total background and the WAXTS signal of
the carbon support. The total scattering structure function
S(Q) was calculated using PDFgetX3,** then the atomic PDF is
obtained through the sine Fourier transform of the reduced
total scattering structure function F(Q) = Q[S(Q) — 1] as:

Qmax
6 =2 " a0 - siniondo (6)
where Q = 4z sin 0/4 is the magnitude of the scattering vector.
Omin = 1.9 A™* was set equal to that used for the DSE analysis
and Qpax = 18.0 A™! was determined by the experimental
setup. Despite the experimental setup is not specifically tai-
lored for PDF data acquisition (instead it is optimized for the
DSE approach) and the Q. value is slightly lower than that
obtained from proper PDF experiments, the main structural
correlations within the material can be reliably extracted.*®

3 Results and discussion
3.1 TGA as guidance for the synthesis temperatures

PtGdO, NPs were synthesized via solid-state reduction using a
tubular furnace. The precursor, Pt(acac),, was combined with
commercial Carbon Black (Vulcan XC72) and three different
gadolinium sources: GdCl;-6H,0 (PtGdO,1-T), Gd(acac);-H,O
(PtGdO,2-T) and Gd(ac);-xH,0 (PtGdO,3-T), where T indicates
the synthesis temperature (acac = acetylacetonate, ac = acetate).
The synthesis was conducted at different temperatures for
5 hours in an H,/N, atmosphere (6.7% of H,), where hydrogen
acted as the reducing agent. The chosen temperatures were
based on the degradation temperatures (Tqes) of the gadoli-
nium precursors determined via thermogravimetric analysis,
as shown in Fig. 1.*

A common feature across all TGA profiles is a distinct peak
near 100 °C, more pronounced in the hydrated gadolinium
precursors compared to the anhydrous Pt(acac),. This peak
corresponds to the release of water molecules. Regarding the
Pt catalyst precursor, its mass decreases significantly between
150 °C and 250 °C, consistent with the literature,*®*° thus

Nanoscale, 2026, 18, 4300-4311 | 4303
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Fig. 1 Thermogravimetric analysis for the Gadolinium salt precursors,
GdCl; blue line, Gd(acac)s red line and Gd(ac)s green line and for the Pt
(acac), purple line. For simplicity, the water molecules are not indicated
in the legend nomenclature. The decomposition process was evaluated
for (a) weight vs. temperature and (b) derivative weight vs. temperature.

excluding the decomposition of the Pt as a critical factor for
the synthesis. However, the presence of water in the hydrated
molecules may influence the reactions occurring at tempera-
tures above 100 °C.

For instance, GdCl;-6H,0 exhibits two distinct stages of
water loss between 25 °C and 200 °C (blue line in Fig. 1), as
described in the following reactions:*°

Gdcl; - 3H,0 — GdCl; - 2H,0 + H,0 | (8)

At higher temperatures, between 200 °C and 275 °C, hydro-
lysis occurs, forming anhydrous gadolinium salts. This leads
to the production of gadolinium oxychloride through the fol-
lowing intermediate steps:

(11)

A reaction peak between 300 °C and 400 °C corresponds to
the dechlorination of residual anhydrous salts, resulting in the
formation of GdOCI:

Gdcl; - H,0 — GdOCI + 2HCI |

GdCl; - 6H,0 — GdOCI + 2HCI | +5H,0 | (12)

However, complete dechlorination occurs only at tempera-
tures above 800 °C, according to literature.”

Temperatures above 600 °C were avoided to prevent damage
to the carbon support, which degrades above this threshold.”?
Consequently, the synthesis temperatures were selected as
360 °C, to examine the temperature range associated with the
dechlorination of the residual anhydrous salt, and 600 °C, the
maximum applicable temperature, to evaluate its effects on
particle size and catalytic activity while avoiding damage to the
carbonaceous substrate.

For Gd(ac);-H,0, the green line in Fig. 1a shows the charac-
teristic TGA profile,>*>* where dehydration occurs at 100 °C.
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Additional decomposition mechanisms occur between 200 °C
and 500 °C, with the final step involving the transformation:

(Gd0),CO; — Gd,0; + CO, | (13)

This suggests using 400 °C for synthesis to achieve the
desired Pt-GdO, material.

Finally, the complex decomposition behaviour of Gd
(acac);xH,O (red line in Fig. 1) shows minor weight losses
below 150 °C due to adsorbed and coordinated water. Multiple
decomposition events, marked by two broad peaks in the
derivative weight plot between 190 °C and 500 °C,>> support
selecting 500 °C as the optimal synthesis temperature for this
precursor mixture. The different synthesis conditions are sum-
marized in Table 1.

To address the potential presence of undesired species,
such as Cl™ ions from GdCl;-6H,0 precursor or other possible
byproducts, an acid treatment was applied to the synthesized
samples. This procedure was implemented based on literature
recommendations, where similar composite materials were
treated to remove contaminants.>* The goal of the acid treat-
ment was to eliminate residual chloride ions and any other
impurities that may affect the performance or the stability of
the composite catalysts including superficial Gd,O0;. The
treated samples were labelled by adding an “A” after the name
of their untreated counterparts to indicate the acid treatment.

Both the treated and untreated samples were subjected to
detailed electrochemical and morphological characterization.

3.2 Morphological characterization

Each sample was morphologically analysed using TEM charac-
terization, revealing complex and notable features. For
instance, the synthesis conducted with GdCl; resulted in a
homogeneous dispersion of small metal NPs on the carbon
support, with an average size ranging 3-15 nm. Additionally,
some agglomerates were observed, reaching up to approxi-
mately 100 nm in diameter, as clearly shown in Fig. 2a and
represented by the light blue bar in Fig. 2g. At lower tempera-
tures, a similar dispersion with reduced agglomeration was
achieved, as depicted in Fig. S1a and c.

When Gd(acac); was used at 500 °C, the resulting nano-
particles displayed a comparable dispersion but without sig-
nificant agglomeration (Fig. 2b and h). This observation
suggests that the gadolinium ligand plays a distinct role in the
synthesis process. Conversely, the catalyst synthesized with
Gd(ac); exhibited not only a broad size distribution but also
very large agglomerates exceeding 100 upm, which were
excluded from the dispersion analysis (Fig. 2c and i). Notably,

Table 1 Synthesis temperatures for PtGdO,X catalysts synthesized
using Pt(acac), as Pt precursor

Pt precursor Gd precursor Temperature (°C)

PtGdO,1-T  Pt(acac), GdCl;-6H,0 360, 600
PtGdO,2-T Gd(acac);-xH,O 500
PtGdO,3-T Gd(ac);-xH,0 400

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 TEM images for the pristine sample obtained at higher tempera-
tures (a) PtGdO,1-600; (b) PtGdO,2-500; (c) PtGdO,3-400; TEM images
for the same samples after the acid treatment temperature (d) PtGdO,1-
600A; (e) PtGdO,2-500A; (f) PtGdO,3-400A; dimensional distribution
for (g) PtGdO,1-600; (h) PtGdO,2-500; (i) PtGdO,3-400 before (lighter
color) and after the acid treatment (darker color).

this result was obtained despite the synthesis being conducted
at one of the lowest temperatures, reinforcing the hypothesis
that Gd precursors actively influence nanoparticle growth and
agglomeration. These observations are consistent with pre-
vious reports, where the nature of the precursor or coordinat-
ing ligand was shown to strongly influence nucleation and
growth phenomena. In particular, in solid-state reactions,
specific ligands or precursors can confine metal species and
suppress uncontrolled particle growth. For example, the
thermal decomposition of the bimetallic compound [Fe(2,2"-
bipyridine);][PtClg] on graphene oxide (GO) leads to homoge-
neously alloyed FePt nanocrystals, whereas in the absence of
bipyridine ligands the individual Fe®* and PtCls>~ species
cannot be effectively anchored, resulting in non-uniform
metallic domains.>® Likewise, metal oxide precursors such as
cerium nitrate, when combined with Pt acetylacetonate,
enhance metal-support interactions and act as a confinement
medium, limiting Pt nanoparticle agglomeration and growth,
as confirmed by in situ synchrotron diffraction coupled with
DSE analysis. Collectively, our results align with these findings
and further confirm that the chemical nature of Gd precursors
plays a decisive role in dictating nanoparticle nucleation,
growth, and agglomeration behavior.>”

To enhance nanoparticle activity, as supported by prior
research,’” the samples were treated with sulfuric acid to
remove potentially inactive oxide species and expose active
sites. This treatment leads to a significant reduction in NP size
across all samples, as shown in Fig. 2d-f, with sharper size dis-
tributions illustrated in Fig. 2g-i for PtGdO,1-600, PtGdO,2-

This journal is © The Royal Society of Chemistry 2026
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500, and PtGdO,1-400, respectively. An exception was observed
for PtGdO,1-360, where the nanoparticle dimensions
remained unchanged (Fig. S1b and c). The acid treatment
leads to less homogeneous structures, which are associated
with improved electrocatalytic performance relative to the
untreated samples. In light of that, a more statistical and
complementary characterisation was carried out using DSE
analysis.

3.3 Synchrotron WAXTS measurements and DSE analysis

WAXTS measurements were performed on the acid-treated
samples (PtGdO,1-600A, PtGdO,2-500A, PtGdO,3-400A) to
achieve a detailed characterization of Pt NPs in terms of struc-
ture, morphology, and size. WAXTS data were analysed
through the Debye Scattering Equation (DSE) method, accord-
ing to a recently developed modelling approach for Pt NPs on
carbon supports.****>” The experimental WAXTS pattern of
the Vulcan XC72, separately measured, was added as a model
component and scaled to the total scattering pattern of the cat-
alysts, together with the DSE modelling of the Pt NPs. The
latter is computed through the DSE from a population of ato-
mistic models of isotropically shaped Pt NPs generated using a
spherical model at increasing size according to one growth
direction (diameter D), with a diameter step size of 0.3 nm.
The Pt FCC unit cell, with cell parameter a = 3.9235 A, was
used as a building block for NP construction. The computed
WAXTS pattern was optimized, against the experimental one,
by refining the lattice parameters, the average size (D), and
size dispersion (oD), according to a lognormal distribution
law, and the isotropic atomic displacement parameters
(Fig. 3). The WAXTS traces of samples PtGdO,1-600A and
PtGdO,3-400A show a peculiar peak shape for the Pt phase,
consisting of relatively sharp peaks and pronounced peak tails,
typical of a population of NPs largely polydispersed in size.

The DSE computation of one single population of Pt NPs
with a lognormal size distribution law, even though largely
polydispersed, could not account for the experimental fea-
tures. Therefore, a bimodal size distribution was required to
account for such size dispersion, and it has been modelled by
introducing a second population of Pt NPs as a model com-
ponent, with refinable average size and size dispersion (using
a lognormal distribution). Refined size and size dispersion for
samples PtGdO,1-600A and PtGdO,3-400A highlight the occur-
rence of a large fraction of small NPs (<5 nm) and long tails of
lognormally distributed populations of NPs accounting for few
larger particles, whose mass is not negligible despite the low-
frequency distribution (Fig. 3, Table 2). The relative mass frac-
tion of the two populations of Pt NPs was also refined.

The need to introduce a secondary population to describe
the WAXTS profile arises from the observation that, following
acid leaching, not all large nanoparticles exhibited the
expected size reduction as indicated by TEM analysis. This dis-
crepancy underscores the value of WAXTS, which enables a
more statistically robust assessment of particle size. Unlike
TEM, which can provide a limited and potentially unrepresen-
tative view of size and morphology, WAXTS offers a more com-
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Fig. 3 WAXTS data (black) of PtGdO,1-600A (a), PtGdO,2-500A (b), and
PtGdO,3-400A (c) samples and best DSE fit (green); WAXTS traces of
the Vulcan XC72 and the polynomial function used as model com-
ponents in the WAXTS-DSE analysis are also displayed. Inset: Pt NPs size
distribution derived from the DSE analysis.

prehensive characterization. Furthermore, the use of DSE
enhances this capability by enabling the analysis of complex,
multi-phase samples.

As observed in previous case studies, all the samples
show a significant amount of diffuse scattering that is not
accounted for by model components, evidenced by a very
broad, amorphous-like feature contributing to the whole scat-
tering pattern.

32,46,57
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Such a contribution was modelled by adding a polynomial
function as a background component to the model and scaled
to the WAXTS experimental patterns together with the experi-
mental trace of the Vulcan XC72 and those of the computed
DSE signal of 1 (PtGdO,2-500A) or 2 (PtGdO,1-600A, PtGdO,3-
400A) populations of Pt NPs. The Atomic Pair Distribution
Function analysis of the polynomial function (Fig. S3) was cal-
culated to investigate the nature of the scattering com-
ponent.** The G(r) curves show a peak at ~2.76 A, compatible
with the shortest Pt-Pt distance in metallic clusters, suggesting
the possible occurrence of sub-nanometer Pt clusters within
the samples,®® contributing to the X-ray scattering pattern
described through the polynomial function, as also observed
in recently published articles.*****” Additionally, considering
that the polynomial function is not optimized for a difference
PDF analysis, we cannot rule out the possible contribution to
the diffuse scattering of Pt oxides (possibly at the surface of Pt
NPs), considering the non-negligible concentration of Pt oxi-
dation states revealed by XPS analysis (Table S1). This contri-
bution could be tentatively evidenced by modulations observed
in the PDF signals at 1.9-2.3 A and 3.2-3.5 A, compatible with
Pt-O bond length and Pt-Pt first distances in Pt oxide
structures.>®

Results on the number- and mass-based size distribution of
Pt NPs were used to calculate the total specific surface area of
the Pt NPs populations weighted for their relative mass frac-
tion, neglecting aggregation effects between NPs. SSA has been
shown to be particularly relevant as a descriptive parameter
that can be effectively compared to the specific activity of the
sample,>*®” as shown in the next paragraph. Results of the
DSE analysis of WAXTS data are collectively reported in
Table 2.

3.4 XPS analyses and characterization

XPS analyses were performed on both treated and untreated
samples synthesized at the highest temperatures, to investigate
the chemical states of Pt and Gd, as well as the overall surface
composition. Fig. 4a presents the survey spectra of the most
relevant catalysts, showing characteristic photoemission peaks
for Pt 4f, Gd 4d, C 1s, and O 1s. It is evident that acid-treated
samples do not evidence any Gadolinium signal (Fig. 4b). The
Pt 4f photoemission region was deconvoluted into four distinct
components (Fig. 4d and e and Figures S4d-i), with the Pt 4f,
peaks located at 71.0-71.1 eV, 71.6-71.8 €V, 72.7-72.9 eV and

Table 2 Results from the DSE analysis of the WAXTS data of PtGdO,1-600A, PtGdO,2-500A, and PtGdO,3-400A. Number-based average diameter
(D) and size dispersion (6D) of spherical Pt NPs according to a lognormal distribution law. Relative mass fraction of the two Pt NPs populations
(when used), specific surface area (SSA) of Pt NPs populations, and total specific surface area of the sample weighted for the relative mass fraction
of Pt NPs populations. Refined cell parameters and goodness of fit (GoF) of the best DSE fit are also reported

D (nm) oD (nm) Mass fraction % SSA (m* g™") SSA¢or (m* g™") Cell (A) GoF
PtGdO,1-600A 2.9 1.6 78.9 57.2 46.9 3.9212 5.66
PtGdO,1-600A 27.8 8.5 21.1 8.4 3.9224
PtGdO,2-500A 1.6 0.4 100 151.7 3.9215 2.54
PtGdO,3-400A 2.0 0.7 72.4 111.5 84.2 3.9223 6.84
PtGdO,3-400A 11.4 7.3 27.6 12.6 3.9214
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Fig. 4 (a) XPS surveys for the PtGdO, catalysts, (b) magnification of the Gd 4d photoemission region. (c) Relative Pt amount as derived from the

fitting of the Pt 4f peak for samples PtGdO,1-600A, PtGdO,2-500A and PtGdO,3-400A. Pt 4f region and deconvolution for (d) PtGdO,2-500 and (e)

PtGdO,2-500A, (f) Gd 4d region and deconvolution for PtGdO,2-500.

73.8-74.0 eV corresponding to Pt°, Pt”, Pt**, and Pt**, respect-
ively. The metallic Pt contribution was fitted using an asym-
metric peak shape, which is essential for accurately describing
the photoemission process of metallic Pt 4f and hence for
reliably quantifying the oxidized species. The asymmetric tail
was modeled based on parameters obtained from the Pt 4f
spectrum of a sputter-cleaned Pt(111) reference sample. The
binding energy of Pt** 4f,, peak is consistent with the pres-
ence of Pt(OH),, while the Pt*" is more likely associated to
Pt0,.°° For a good fitting all samples required a further peak,
labelled as Pt°*, located at circa +0.5-0.7 eV from the Pt° peak.
A review of the literature reveals that this component, typically
observed at +0.5-1.0 eV relative to the Pt° peak, has been pre-
viously identified in both in situ and ex situ XPS studies.®’ ®°
This shift is commonly attributed to chemical interactions
between platinum and chemisorbed species, primarily carbon-
and oxygen-containing groups as well as sub-stochiometric
oxides and Pt-oxide clusters. Metallic Pt° was the predominant
species across all samples (Table S1 and Fig. 4c). A correlation
emerged between the specific surface area of the Pt crystallite
and metallic platinum amount. Samples presenting lower SSA,
thus larger nanoparticles, (PtGdO,1-600, PtGdO,1-600A,
PtGdO,1-360, and PtGdO,1-360A, Table 3 and Table S1) exhibi-
ted similar and the highest concentrations of Pt°. Conversely,
samples with smaller SSA (PtGdO,2-500 and PtGdO,2-500A)
displayed the lowest metallic platinum content, indicating
greater surface oxidation. Samples PtGdO,3-400 and PtGdO,3-
400A, which featured more broadly distributed nanoparticle
sizes, showed intermediate levels of Pt® content. Notably, acid

This journal is © The Royal Society of Chemistry 2026

treatment consistently led to a slight reduction in the relative
amount of Pt°, accompanied by an increase in the concen-
tration of oxidized Pt species.

XPS reveals the presence of Gadolinium in all the untreated
samples (Fig. 4b). The Gd 4d doublet is characterized by a
large FWHM. As van der Laan and co-authors have shown,®”*®
this phenomenon arises from multiplet splitting caused by the
interaction between the 4d core hole and the 4f electrons,
leading to the formation of °D and ’D final ionic states. The
peak centered at 143.0 eV corresponds to °D final state and
was deconvoluted into five components (Fig. 4f and Figures
S4a-c), each associated with total angular momentum
quantum numbers J = 6, 5, 4, 3, 2, respectively (where J is
related to the 4d-4f coupling as previously described®”).
Considering the fitting results for samples PtGdO,1-600,
PtGdO,2-500 and PtGdO,3-400, the binding energies of these
components—141.8 (+0.1) eV, 142.8 (+0.1) eV, 143.9 (+0.1) eV,
144.8 (+0.1) eV and 145.7 (+0.1) eV—are in very good agree-
ment with the values reported by Gupta et al.*’ for a Gd,O;
thin film on Si. This confirms that Gd is always present in the
form of Gd,O;3. The peak centered at 148.7 (+0.1) eV corres-
ponds to the "D final state and was fitted by a single peak.

3.5 Electrochemical characterization

The PtGdO, catalysts were electrochemically characterized
before and after acid treatment to assess the impact of the
treatment on catalytic activity toward the oxygen reduction
reaction and compare these findings with morphological
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Table 3 Electrochemical data obtained from cyclic voltammetry and liner sweep voltammetry with RDE at 20 mV s~* and 1600 rpm in O,-saturated

0.1 M HCIO,

ECA Eqp ljo.gv s. RHE| MA SA SSA
Samples Gd salts m®g™! V vs. RHE mA cm™ Ag! mA cm™ m® g™’
TEC10V50E 34+3 0.867 + 0.005 2.00 = 0.06 (20 + 1) x 10 0.27 £ 0.01
PtGdO,1-360 NoAcd GdCl; 33+4 0.81 £ 0.01 1.64 = 0.07 (11+2)x10 0.22 + 0.02
PtGdO,1-360A Acd GdCl; 36+4 0.85 = 0.02 2.6 £0.2 (18 + 4) x 10 0.49 + 0.05
PtGdO,1-600 NoAcd GdCI3 32+9 0.847 + 0.007 1.8+£0.1 (12+1)x10 0.36 + 0.05
PtGdO,1-600A Acd GdCl; 46 £5 0.86 = 0.01 2.2+0.2 (14 + 1) x 10 0.32 £ 0.03 46.9
PtGdO,2-500 NoAcd Gd(acac); 49+7 0.851 + 0.005 2.7+0.2 (18+2)x10 0.37 + 0.04
PtGdO,2-500A Acd Gd(acac), 51+4 0.877 + 0.006 3.5%0.5 (23+3)x10 0.46 £ 0.07 151.7
PtGdO,3-400 NoAcd Gd(ac); 38+1 0.864 + 0.001 2.6+0.4 (12+3)x10 0.45 + 0.02
PtGdO,3-400A Acd Gd(ac); 26+1 0.85 + 0.01 1.7+0.3 (17 £2)x 10 0.35 £ 0.07 128.7

characterizations. Electrochemical data for the PtGdO, cata-
lysts are summarized in Table 3.

Fig. 5a shows cyclic voltammetry curves recorded at 50 mV
s™' in 0.1 M HCIO, for the most active catalysts: PtGdO,1-
6004, PtGdO,2-500A, and PtGdO,3-400A. CV curves for the
untreated and acid-treated samples are compared in Figures
S2a and c. The CV profiles of the PtGdOy catalysts exhibit well-
defined H, adsorption/desorption peaks and low capacitive
currents, indicating high purity and electrochemical stability.

Among the tested samples, PtGdO,2-5004, synthesized with
Gd(acac)s, exhibits the highest kinetic current, with a half-wave
potential of E;, = 0.877 + 0.006 V vs. RHE. This is 15 mV
higher than other synthesized samples and significantly
exceeds the E;,, of the pristine material value (0.851 + 0.008 V
vs. RHE, Table 3). LSV comparisons of untreated and acid-
treated samples across various synthesis temperatures are
shown in Figure S2b and d.

The histogram in Fig. 5d highlights the improvement in
electrochemical performance, in terms of mass activity and
specific activity, after H,SO, washing. This improvement is

[)]
o

PtGdO, 1-600A
—— PtGdO,2-500A /

o 1 o
5 £ 2 PtGdO,3-400A /
: 0 i —— TEC10V50E )/
= = € = /
=7 PtGdo,1-6008| I, -4
PtGdO,2-500A 5
N PGAO,3-400A ) )
-3 —— TEC10V50E -6 N —
00 02 04 06 08 1.0 02 04 06 08 10

Evs.RHE/V

Evs.RHE/V

Fig. 5 (a) Cyclic voltammetry at 50 mV st in Ar-saturated electrolyte;
(b) LSV at RDE: v = 20 mV s~ and » = 1600 rpm in O, saturated 0.1 M
HClOy; (c and d) mass activity and specific activity extracted from RDE
data at 20 mV s~ and 1600 rpm.
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likely due to reduced NP size and removal of residual Gd. The
highest-performing catalyst, PtGdO,2-5004, synthesized at
500 °C with Gd(acac);, displayed the best catalytic activity due
to its very small NPs.

The catalytic activity trends, expressed as E;, and mass
activity, after acid treatment are as follows: PtGdO,2-500A
(230A g7') > PtGdO,3-400A (172 A g™%) > PtGdO,1-600A (174 A
g™ ") ~ PtGdO,1-360A (176 A g~'). However, specific activity
follows a different trend after acid treatment. In fact, it
decreases due to the overall increase of the electrochemical
active area compared to the kinetic current: PtGdO,1-360A
(494 pA cm™2) > PtGdO,2-500A (456 pA cm ™) > PtGd0O,3-400A
(350 pA cm™?) > PtGdO,1-600A (316 pA cm™2). Catalysts with
uncontrolled NP size and low surface density exhibited the
lowest activities and limiting current densities.

Correlating the trends observed before and after acid treat-
ment, as well as comparisons across synthesis temperatures,
proved challenging when relying solely on TEM. Unfortunately,
the low statistical representation provided by transmission
electron microscopy is insufficient to fully capture the com-
plexity of platinum nanoparticles unless complemented by
other techniques. To address this limitation, XRD analysis is
proposed as a method to quantify the exposed platinum

280
_ 240 -
o)
<
:( 200+ PtGdO,2-500A\
= 160 -
PtGdOy3-400A
120 PIGAOK1-600A .

60 80 100 120
SSA,,/ m?g™

Fig. 6 Comparison between the specific activity and the specific
surface area calculated with the DSE.

40 140
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surface area, particularly for catalysts containing large plati-
num agglomerates. By interpreting the XRD spectra using the
DSE, it becomes possible to calculate the specific surface area
of the platinum nanoparticles. This approach also allows for
the identification of unusual structural features, such as stack-
ing faults or porosity, which may otherwise go unnoticed.

As shown in Fig. 6 and Table 3, a clear correlation is
observed between the specific catalytic activity and the calcu-
lated SSA. This provides a more statistically robust method for
linking catalytic performance to morphological characteristics.
The findings highlight the significance of the WAXTS-DSE ana-
lysis for evaluating catalysts with variable size distributions,
reinforcing its importance in accurately assessing the real
efficiency of the catalysts.

4 Conclusions

This study investigates the effect of different gadolinium precur-
sors on the nucleation and growth of Pt-carbon -catalysts,
demonstrating that the size of the resulting Pt nanoparticles is
strongly influenced by the choice of precursor. XPS analysis con-
firmed the formation of Gd,0;, which was completely removed
during the acid activation process to enhance the Pt active
surface area. The two precursors, Gd(acac);xH,O and Gd
(ac)3xH,0, drive the formation of smaller Pt nanoparticles,
highlighting the potential of employing different Gd com-
pounds to tailor the catalyst nanostructure and enhance its per-
formance. Through WAXTS characterization and DSE analysis, it
was possible to unravel the complex structure of the samples by
calculating a specific parameter, SSA, which accounts for all
the Pt phases present. This surface-sensitive parameter showed
a strong correlation with the catalytic activity of the samples
toward the ORR. On the other hand, no residual strain effect
was evidenced by DSE analysis after the Gd,O; leaching.

Among the various catalyst morphologies, the PtGdO,2-
500A sample, synthesized using Pt(acac), and Gd(acac);, and
subjected to acid treatment, exhibited the highest ORR activity
in a conventional electrochemical cell.
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