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A B S T R A C T   

Metal–carbon interaction plays a fundamental role in tuning the electrocatalytic behavior of metal nanoparticles 
(NP). The aim of this study is to emphasize the effective synergy between sulfur doping and the porous structure 
of the carbon support on the Pt NPs morphology and dimension. Thiophenic-like defects exert a metal-support 
interaction that affects Pt NPs nucleation and growth and their catalytic activity versus the oxygen reduction 
reaction (ORR), which makes them promising candidates for the cathode side of PEMFC. Pt NPs defectivity, size, 
and size dispersion were asserted by using synchrotron wide-angle X-ray total scattering and advanced data 
analysis. The analyses confirm a mutual correlation between the carbon surface area and the density of sulfur 
groups with the Pt-specific surface area and with their electrocatalytic properties. The catalytic activity for ORR 
reaches its peak when a balance is struck between the mesoporosity and the sulfur functionalization of the carbon 
support.   

1. Introduction 

Proton exchange membrane fuel cells (PEMFCs) are a well- 
established electrochemical technology and are commercially avail-
able as chemical sources of electricity used in various applications, with 
a primary focus on hydrogen-powered vehicles [1]. The cathode side of 
a PEMFC is where a significant portion of polarization loss occurs due to 
the high activation overpotential of the oxygen reduction reaction 
(ORR), which is a multistep reaction with a reaction rate several orders 
of magnitude slower than that of the corresponding H2 oxidation [2]. 
Commercial PEMFCs employ platinum as the catalyst for the ORR due to 
its nearly optimal adsorption energy for the oxygen species involved in 
this process. However, the use of platinum catalyst significantly con-
tributes to the overall cost of a PEMFC stack. The cost of platinum 

catalysts can potentially be reduced to 1% of the total cost of a fuel 
cell-powered passenger electric vehicle through large-scale production, 
which typically leads to cost reductions for manufactured systems. 
However, since the cost of platinum catalysts is primarily a material 
cost, it does not decrease with the increasing number of fuel cell systems 
produced per year. Consequently, there are two main approaches to 
address this challenge: (i) reducing the amount of platinum-based 
catalyst used, or (ii) completely replacing platinum with a cheaper 
catalyst, yet equally active and durable [3–5]. 

The interaction of Pt nanoparticles with carbon supports was found 
to be a viable way to increase the catalytic activity and stability of the 
metal [6]. The basis of the metal-carbon interaction is the presence of 
topological and structural defects as well as heteroatom functional 
groups such as nitrogen or sulfur, that break the perfect symmetry of a 
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graphene layer, providing preferential nucleation and growth sites for 
metal nanoparticles [7,8]. Metal-support interactions can affect the 
catalytic activity for ORR by influencing the morphology and di-
mensions of nanoparticles, inducing strain on NPs caused by lattice 
mismatch, and altering the electronic structure through charge transfer 
processes [9–13]. Among the different available supports, carbon ma-
terials represent a versatile solution for Pt NPs, because they are good 
electronic conductors, possess good chemical and thermal stability, can 
be easily functionalized, and their pore structure and surface area can be 
modified opportunely with the use of templating agents and/or post 
functionalization [14]. The functionalization of carbon supports in-
volves the introduction of heteroatoms, such as nitrogen, phosphorus, 
boron, and sulfur, through a process commonly referred to as doping. 
Many examples of carbon materials have been proposed in the literature 
(e.g. mesoporous carbon, graphene, and carbon nanohorns or nano-
tubes), exploiting their properties such as surface area, pore distribution, 
graphitization, and doping, which can modify NPs formation [15–22]. 
Among various heteroatoms, sulfur is one of the most fascinating doping 
elements capable of establishing a distinct metal-support interaction 
with Pt NPs [19,23]. It was observed that Pt NPs on sulfur doped carbon 
catalysts exhibited high activity towards the tetraelectronic ORR. The 
catalytic activity notably increased with the degree of sulfur doping of 
the carbon support, driving the nucleation and growth of very small (<
2 nm) and dispersed platinum nanoparticles (NPs) [19]. Cheng et al. 
pointed out that S doping enhances the coordination and electronic 
structure of Pt species through an already enhanced Pt-N bonding. This 
induces electron deficiency in adjacent C and N atoms, reinforcing the 
metal-support interaction [24]. Furthermore, as observed by different 
authors in the literature, the robust bonding between metal and sulfur at 
the interface can significantly enhance the adhesion strength between 
the metal and the sulfur-doped carbon (S-C) support. This, in turn, re-
sults in exceptional resistance to sintering even at elevated temperatures 
as high as 1100 ◦C [23,25–27]. Choi et al. in collaboration with K. 
Mayrhofer, also observed that a sulfur-doped carbon structure, specif-
ically a highly curved three-dimensional network of graphene nano-
ribbons, has the ability to stabilize a relatively high loading of platinum 
(5 wt%) in the form of atomically dispersed Pt atoms able to catalyze a 
two-electron ORR pathway producing H2O2, rather than the conven-
tional four-electron ORR pathway producing H2O [28]. The exceptional 
influence of the sulfur functional group on Pt NPs anchored on the 
carbon support was observed in several other papers and extended to 
other reactions of industrial importance including the electro-oxidation 
of methanol [29], glycerol, and formic acid [30]; the chemoselective 
hydrogenation of halogenated nitroarenes [31], and even for enhancing 
the photocatalytic hydrogen evolution reaction at Pt/g-C3N4 where the 
sulfur doping can optimize the band structure and provide a more 
reactive site for C3N4 [32]. 

Based on the findings from the literature and our own experience in 
doping mesoporous carbons [20,33–37], modifying their textural 
properties [14], and investigating how these factors can influence the 
catalytic properties of platinum nanoparticles [19–21], this study 
demonstrates, through synchrotron wide-angle X-ray total scattering 
(WAXTS) experiments coupled to advanced data analysis through the 
Debye Scattering Equation (DSE) [38,39], the impact of sulfur doping 
and the micro-mesoporous structure of the carbon support on the for-
mation, growth, surface strain, and ultimately, the catalytic activity of 
platinum nanoparticles. Pt NPs are grown on sulfur-doped mesoporous 
carbons (SMC) with different densities of sulfur functional groups (2 <
wt% S < 11) and different textural properties induced by steam treat-
ment at high temperatures. DSE method was used for the in-depth 
characterization of Pt nanoparticles deposited on SMC supports [38, 
39], providing a quantitative description of the atomic-scale and 
nanometer-scale features such as size, shape, lattice strain, and struc-
tural defectiveness. Specifically, WAXTS combined with DSE is used to 
model the influence of sulfur doping and steam treatment on the Pt NPs 
properties and in turn to assess how they synergistically affect the 

performance of Pt NPs versus ORR [40,41], 

2. Experimental section 

Five different Pt-SMC catalysts were synthesized and characterized 
along with a Pt/C Tanaka standard (TKK) employed as a reference 
electrocatalyst. Detailed descriptions of materials and chemicals 
employed, electrocatalyst synthesis and characterization methods are 
reported in supporting information. In brief: catalysts were synthesized 
by depositing Pt nanoparticles onto an SMC carbon support (Figure S1). 
Before Pt deposition, the carbon support underwent a steam treatment at 
850 ◦C with varying exposure times for each support, from 0 to 60 min, 
and the corresponding catalysts, after Pt deposition, are named in 
accordance Pt-SMC_StX (X = 0, 5, 20, 40 and 60 min of steam treat-
ment). The steam treatment results in a gradual reduction of sulfur 
content, accompanied by an increase in surface area and modulation of 
the micro-mesopore structure. Therefore, SMC_StX carbon supports 
differ in terms of a gradual decrease in the density of sulfur functional 
groups and a gradual increase in surface area and mesopores, which lead 
to a different nucleation and growth of Pt NPs resulting in Pt NPs of 
different size and shape. It is worth to stress that this is a multivariable 
approach and Pt NPs size, sulfur content, and pore size cannot be varied 
independently but they are the result of the synthesis procedure, for 
which the variable is the steam treatment. 

Pt-SMC_StX catalysts were electrochemically characterized in a 
three-electrode configuration cell, using a potentiostat/galvanostat 
Biologic SP-300. The catalysts were tested in a 0.1 M HClO4 solution at 
25 ◦C. A glassy carbon inert electrode (5 mm diameter, geometric sur-
face area 0.196 cm2) was used as a working electrode. A graphite bar 
was used as the counter electrode and a reversible hydrogen electrode 
(RHE) was used as the reference electrode. The catalysts were electro-
chemically characterized as a thin film, drop-casted on the working 
electrode. The catalyst ink was formulated for a single drop cast of 
approximately 12 μL, obtaining a final platinum loading on the electrode 
of 15 μg cm− 2. The ink composition was prepared as follows: 2.2 mg of 
nanocomposite sample was added to 1.1 mL of H2O milli-Q grade, 0.1 
mL of isopropanol and 1.2 μL of Nafion solution and the resulting sus-
pension was ultrasonicated for 2 h at 25 ◦C. The catalysts are then 
carefully drop-casted onto a clean GC surface and allowed to dry under 
rotation using a rate of 400 rpm at room temperature. The electrolyte 
was purged with Ar before each measurement, while for the ORR test, 
the electrolyte was bubbled with high-purity O2 gas for at least 30 min to 
ensure O2 saturation. The catalysts were activated by performing 100 
voltammetric cycles at 100 mV s− 1 between 0.0 V and 1.2 V versus RHE 
or until stable cyclic voltammograms (CV) were obtained. Catalytic 
activity versus ORR was evaluated by recording linear sweep voltam-
mograms (LSV) at a scan rate of 20 mV s− 1 from 1.05 V to 0.05 V and 
turning back to 1.05 V vs. RHE, in the electrolyte saturated with O2, 
using the RDE technique. For the kinetic elaboration, only the return 
segment is taken into account and subtracted from the background 
surface oxidation and capacitive processes using the CV recorded in the 
Ar-saturated solution obtained with the same experimental parameters 
(i.e., scan speed, rotation rate, potential window). 

The electrochemical platinum surface area (EPSA) was calculated 
from carbon monoxide (COstrip) desorption regions using a charge of 410 
μC cm− 2. The EPSA for the Hupd was evaluated by recording several CV 
at different scan rates 100 mV s− 1, 50 mV s− 1, 20 mV s− 1, and 5 mV s− 1 

in argon saturated solution. On the other hand, the EPSA from the COstrip 
is measured at 20 mV s− 1. The electrochemical surface area (ECSA) was 
calculated using the following formula: 

ECSA =
EPSA
mPt

(1) 

The kinetic current density jk was determined using a rotating disk 
electrode at ω = 1600 rpm. The current density was taken at 0.9 V 
versus RHE and corrected by mass transfer, according to the 
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Koutecký–Levich equation 

jk =
jlim × j0.9Vvs.RHE

jlim − j0.9Vvs.RHE
(2) 

The mass activity (MA) and the specific activity (SA), are determined 
according to the following equations: 

MA =
jk

mPt
(3)  

SA =
jk

EPSACOstrip

(4)  

Where EPSACOstrip is obtained from the CO stripping measurements. All 
electrochemical measurements were recorded with the iR-drop 
compensation. 

The durability of the catalyst was tested in accelerated stability tests 
by cycling potentials in the range 0.6÷1.1 V (vs RHE) in 0.1 M HClO4 
saturated with O2 at a scan rate of v = 0.5 V s− 1; CV at 50 mVs− 1 and 
LSV with RDE at 20 mV s− 1 and 1600 rpm were recorded after every 
1000 voltammetric cycles and the results were compared with the 
standard TKK under the same conditions. 

3. Results and discussion 

The elemental analysis on Pt-SMC_StX confirmed the different sulfur 
concentrations depending on the steam treatment time exposition 
(Table 1) [19,42]. Specifically, the sulfur concentration in Pt-SMC_StX 
decreases from 10.04 wt% to 1.97 wt% increasing the steam treatment 
time in SMC from 0 to 60 min (Fig. 1a). Sulfur functional groups are 
known to produce multiple effects: (i) doping of the carbonaceous ma-
terial and (ii) a porogenic action [34]. The presence of sulfur in the Pt/C 
Tanaka standard is not unexpected since even commercially available 
carbons, such as carbon black and Vulcan XC-72, may contain small 
amounts of sulfur contamination (less than 1%). ICP-MS revealed a 
platinum concentration very close to the theoretical value (30%), with a 
discrepancy against the nominal value of c.a. 3%. 

In the prepared samples, it was observed that the surface area in-
creases with longer steam treatment times, as evaluated by using 
isothermal nitrogen adsorption/desorption analysis at 77 K (Table 1). 
The results revealed an increase in surface area of almost 500 m2 g− 1 

going from Pt-SMC_St0 (1103 m2 g− 1) to Pt-SMC_St60 (1674 m2 g− 1) 
(Fig. 1a). Figure S2a shows the nitrogen adsorption/desorption iso-
therms for Pt-SMC_StX catalysts. The increase in nitrogen adsorption is 
due to the increase in mesopore volume, as shown in Table 1. Figure S2b 
compares the nitrogen adsorption/desorption isotherms of SMC_St5 
before and after Pt deposition. It is evident that the presence of Pt 
nanoparticles only minimally affects the surface area, with a slight 
reduction in N2 uptake in the mesopore region, while the micropore 

region remains mostly unchanged. This indicates preferential nucleation 
and growth of Pt nanoparticles inside mesopores rather than micro-
pores, with the consequent partial occlusion of the pore network. 
Figure S3 shows the pore dimensional distribution for the different Pt- 
SMC_StX catalysts and Pt/C. The micropore surface area remains con-
stant with the increment of the steam time treatment; instead, the 
mesopore external surface area increases from 957 m2 g− 1 to 1478 m2 

g− 1 passing from the untreated catalyst to Pt-SMC_St60. A similar trend 
was observed for the volume of micropores and mesopores. 

Fig. 1 reports also the TEM images for Pt/C and Pd-SMC_StX cata-
lysts, which show the presence of solid spherical carbon particles, where 
pores are visible as ordered aligned channels achieving a loosely packed 
nanostructure. The pores are specular replicas of the mesostructured 
silica P200 used as templating agents [33]. The carbon particles show a 
dimension from 150 nm to 300 nm, with a sponge structure that cor-
responds to the pore channels. Figure S4f shows as an example the SEM 
images for the carbon SMC_St20. TEM analysis also clearly shows small 
Pt NPs firmly embedded within the carbon support and inside the pores, 
whereas some larger nanoparticles randomly form on the surface of the 
carbon sphere, as confirmed by SEM analysis (Figure S4), in particular 
for Pt-SMC_St0 and Pt-SMC_St5 (Figure S4a and b). The size distributions 
of the Pt NPs were obtained by calculating the dimension of ca. 300 
randomly distributed NPs on the carbon surface (the TEM imagines for 
each sample used for the distribution dimension are illustrated in 
Figure S5). For Pt/C, the mean Pt NP size diameter is centered at ca. 
2.7 nm. For the set of Pt NPs on sulfur doped supports, the particle size 
ranges from 2.2–2.7 nm in the SMC with higher sulfur content and lower 
surface area (St-0 and St-20) to 3.3–4.7 nm in SMC that has higher 
surface area and lower sulfur content (St-40 and St-60). The critical size 
of the clusters (nucleus with the same probability of growth and disso-
lution), and therefore the particle dimensions, depends on the electronic 
interaction with the support [40]. This effect on particle size can be 
attributed, on one hand, to how much high is the density of sulfur 
functional groups, which facilitate more extensive nucleation of plat-
inum clusters while maintaining smaller nuclei in a stable state. On the 
other hand, the increase in mesopore size tends to reduce the confine-
ment effect of the pores on the growth of Pt NPs. 

Raman investigation of Pt-SMC_StX was performed to obtain infor-
mation about the structural composition, which could influence the 
catalytic activity. Figure S6 shows the Raman spectra of the prepared 
catalysts deconvoluted with four components: D1, D3, D4, and G. Fig. 1b 
shows the ratio between the area of the band D against the area of the G 
band for the different catalysts, while Table S1 collects all the decon-
volution parameters. All the spectra are normalized to the maximum of 
the G band and vertically shifted for clarity. The two intense bands 
observed at approximately 1600 cm− 1 and 1350 cm− 1 are the graphitic 
G band and the defect D1 band, respectively, where the D1 band is 
related to the disorder and carbon defects [37]. The sulfur-doped 

Table 1 
Chemical, morphological, and textural properties of platinum on sulfur-doped carbon catalysts.   

S[a] Pt[b] S[c] Smicro
[d] Smeso

[e] Vmicro
[f] Vmeso

[g]  

wt% wt% m2 g− 1 m2 g− 1 m2 g− 1 m2 g− 1 m2 g− 1 

Pt/C 0.75 ± 0.04 49 ± 2 218 ± 11 65 ± 3 153 ± 8 0.030 ± 0.002 0.038 ± 0.002 
Pt-SMC_St0 10.04 ± 0.5 27 ± 1 1103 ± 55 146 ± 7 957 ± 48 0.014 ± 0.001 0.86 ± 0.04 
Pt-SMC_St5 9.12 ± 0.5 28 ± 1 1278 ± 64 138 ± 7 1140 ± 57 0.045 ± 0.002 0.77 ± 0.04 
Pt-SMC_St20 5.34 ± 0.3 26 ± 1 1489 ± 74 94 ± 5 1395 ± 70 0.098 ± 0.005 0.98 ± 0.05 
Pt-SMC_St40 3.46 ± 0.1 29 ± 2 1510 ± 76 121 ± 6 1389 ± 69 0.187 ± 0.009 1.38 ± 0.07 
Pt-SMC_St60 1.97 ± 0.1 29 ± 2 1674 ± 84 196 ± 10 1478 ± 74 0.37 ± 0.02 2.8 ± 0.1  

[a] Elemental weight% from elemental analysis after Pt deposition. 
[b] Pt content [wt%] determined by ICP-MS. 
[c] BET specific surface area. 
[d] Micropore Surface Area. 
[e] Mesopore surface area. 
[f] Micropore volume. 
[g] Mesopore Volume. 
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carbons show a Raman peak position and a D1/G ratio borderline be-
tween Stage 1 and Stage 2 in the Ferrari-Robertson classification [43]. In 
stage 1, the SMC is made up of graphitic nanocrystals distributed in a 
graphitic carbon structure, and the cluster dimensions are described by 
the Tuinstra-Koenig equation, where C (532 nm) = 4.4 [44]. 

ID

IG
=

C(λ)
La

(5)

In stage 2, the SMC could be described as graphitic nanocrystals 
immersed in an amorphous carbon matrix structure. The relationship 
between ID/IG is described by a modified Tuinstra-Koenig equation that 
binds the intensity ratio in a quadratic dependence with the size of the 
nanocrystals (La), where C′ (514 nm) = 0.0055 [35,44]. 

ID

IG
= C′(λ) × L2

a (6)

Table S1 and Fig. 1b report the physical properties in terms of the 
D1/G band ratio, cluster dimension, and crystallite dimension for all Pt- 
SMC_StX catalysts. The D3 band is attributed to amorphous carbon, and 
its intensity decreases as the steam treatment increases, eventually 
reaching a constant D3/G value across all Pt-SMC_StX samples. In fact, 
the steam treatment is responsible for reacting with the amorphous 
portion of the carbon support, resulting in the enlargement of mesopores 
and consequently increasing the proportion of the graphitic component. 
The D1/G ratio exhibits a maximum value in the Pt-SMC_St20 catalyst 
and subsequently decreases, indicating the highest level of defectivity in 
the SMC_St20 support. This observation suggests that in SMC_St20 there 
is a balance between the density of sulfur functional groups and meso-
pore content, which are both responsible to afford the maximum 
defectivity of the catalyst support. Longer steam treatments reduce 
defectivity by eliminating a portion of the sulfur functional groups and 
amorphous carbon in general. On the other hand, shorter steam treat-
ments can lead to further oxidation of the carbon support. And last, D4 is 
commonly assigned to the presence of polyenes or ionic impurities; the 
D4/G band shows a minimum in Pt-SMC_St20. Pt-SMC_St20 shows the 
lowest carbon cluster dimension, evaluated according to the Tuinstra- 
Koenig equation, in stage 1. The crystallite dimension gradually de-
creases from Pt-SMC_St0 (2.5 nm) passing to a minimum for Pt- 
SMC_St20 and gradually increases again for Pt-SMC_St60 (2.03 nm), 

The XPS survey scans are presented in Figure S7a, while the high- 
resolution measurements for the Pt 4 f and S 2p signals are reported in  
Fig. 2 and Figure S7, respectively. The Pt 4 f peak is fitted with 3 com-
ponents: the first at lower B.E. is assigned to metallic Pt, whereas the less 
intense components, centered at 72.1 and 73.2 eV, are assigned to 
oxidized species of Pt(II) and Pt(IV) [45]. It is worth noting that the Pt(0) 
component increases passing from Pt-SMC-St0 to Pt-SMC-St60 and a 
corresponding decrease in the amount of Pt(OH)2 and PtO2 is observed 
(Fig. 2g). Regarding the S 2p signal (Figure S7), although the spectra 
appear a bit noisy, two distinct contributions can be observed at 
approximately 164 and 168 eV, which can be respectively assigned to 
thiophene S (S2− ) and to a more oxidized species (-SOx) [46]. On the 
other hand, in Fig. 2h it is possible to observe a gradual increase in a 
relative percentage of the thiophene group from Pt-SMC-St20 to 
Pt-SMC-St60 and a corresponding progressive decrease in the concen-
tration of the -SOx groups. This clarifies that the steam treatment affects 
predominantly the oxidized sulfur and therefore it guides not only the S 
content but also the S chemical form. 

4. The DSE analysis of Pt-SMC_StX catalysts 

The total scattering approach based on atomistic models, as 
employed here, is more suited to investigate amorphous and nano-
crystalline materials, being able to equally treat both Bragg and diffuse 
scattering under a unified modelling that can account for size, size dis-
tribution, shape and structural defectiveness. In this sense, it is a more 
powerful, informative, and precise method than the Rietveld analysis. 
The development of the model for the WAXTS-DSE analysis is reported 
and comprehensive described in SI, in addition, the results on the 
structural and microstructural features from the DSE fit for all samples 
are reported in Table 2. Results are also graphically displayed in Fig. 3 
for the sample Pt-SMC_St0, taken as an example, whereas those related 
to all the other samples are collected in the SI. Table 2 also reports the 
average estimate lattice strain determined by the refinement of the bulk 
Pt lattice parameter (a=3.9235 Å). The relative cell contraction is in the 
range of 0.06÷0.1%, in agreement with other previously published data 
[47]. Microstrain (ε) has been introduced to account for the 
angular-dependent peak broadening and the best fit has been obtained 
for ε in the range of 0.3÷0.4% for all the samples (Fig. 3, a′). In addition, 

Fig. 1. a) Correlation between the sulfur content, the surface area, and the steam treatment time, b) Dx/G band ratios for the synthesized Pt-SMC_StX. (c-h) TEM 
images for c) Pt/C; d) Pt-SMC_St0; e) Pt-SMC_St5; f) Pt-SMC_St20; g) Pt-SMC_St40 and h) Pt-SMC_St60. (further TEM images are reported in SI). 
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Fig. 2. XPS spectra analysis of Pt 4f components of a) Pt/C; b) Pt-SMC_St0; c) Pt-SMC_St5; d) Pt-SMC_St20; e) Pt-SMC_St40; f) Pt-SMC_St60, g) Relative Pt con-
centrations in % of Pt-SMC_StX samples compared to those in Pt/C and h) relative S concentrations in % of Pt-SMC_StX samples. 
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Table 2 reports the mass-based average size and dispersion for the 
bivariate prismatic populations of Pt NCs, being parameters more 
representative for largely polydispersed populations. Instead, the 
number-based average size and dispersion, which are more comparable 
with information retrieved from the analysis of TEM images, are re-
ported in Table S2. 

The size distribution function is graphically represented by a 2D map 
of the bivariate lognormal distribution of Dab and Lc for the population of 
Pt NCs, where the mass fraction is given in color code (Fig. 3b). The 
average Dab and Lc are calculated from projections onto the corre-
sponding axis. For Pt-SMC_St20 and Pt-SMC_St40 samples, the model 
included a second population of spherical nanocrystals (NCs), for which 
the “large” size and low dispersion account for a few large particles 
occurring in the samples but exceeding the maximum size of the size 
distribution of prismatic NCs. This choice was adopted to describe the 

peculiar shape of the Pt Bragg peaks, for which a sharp contribution was 
required, as evidenced in the best fit reported in the SI. Given the modest 
contribution to the whole scattering pattern of these spherical pop-
ulations, the size and dispersion were kept fixed during the refinement, 
whereas their relative mass fraction has been scaled within the DSE 
analysis. 

Comparing different samples, the average size, and distributions of 
the prismatic NCs populations are significantly different among the 
catalysts, clearly confirming a different nucleation and growth 
depending on different support, even though each sample is character-
ized by largely polydispersed populations. The large polydispersity and 
the correlation angle between the two growing directions account for a 
significant amount of isotropically shaped NCs (for comparable Dab and 
Lc), as observed also by TEM images, as well as for markedly elongated 
NCs with a preferential growth direction along the 111. The average 

Table 2 
Structural and microstructural parameters derived from the best DSE fits for the Pt-SMC_StX samples.    

Dab (nm) σDab (nm) Lc (nm) σLc (nm) c_corr AR SSA (m2g− 1) a (Å) ε mass fraction SSA (m2g− 1) GoF 

Pt-SMC_St0 P  4.36  2.00  8.49  3.93  0.88  1.9  73.7  3.921  0.004  1  70.8  2.246 
Pt-SMC_St5 P  4.91  2.35  15.85  7.22  0.80  3.2  59.3  3.920  0.003  1  59.3  4.354 
Pt-SMC_St20 P  2.64  0.93  1.18  0.42  0.93  0.4  175.5  3.919  -  0.98  172.4  1.663 

S  20.00  0.15  14.0  3.923  0.003  0.02 
Pt-SMC_St40 P  2.56  0.91  6.47  1.71  0.96  2.5  102.0  3.921  0.003  0.92  94.7  2.833 

S  20.00  0.15  14.0  3.925  0.003  0.08 
Pt-SMC_St60 P  7.22  4.01  36.75  18.77  0.30  5.1  43.1  3.921  0.004  1  43.1  6.520 

Note: 3 samples are modeled through a single population of prismatic (P) Pt NCs, whereas the remaining two are through a double spherical (S)/ prismatic (P) 
population model. Here are reported the mass-based average size of bivariate (Dab, Lc) and univariate (Dab, in the case of the spherical populations) size distributions, 
their size dispersions (σDab, σLc), the correlation between growth directions in bivariate populations (c-corr), the average aspect ratio AR=Lc/ Dab, the specific surface 
area SSA for each population and the total SSA weighted for the populations mass fraction for each sample, the average lattice parameter a of the f.c.c. Pt structure, the 
microstrain parameter ε, and the G.o.F of the DSE fit. 

Fig. 3. a) Graphical output of the DSE analysis for the Pt-SMC_St0 sample. WAXTS pattern (black dots) and best fit (green line); the cyan line is the WAXTS pattern of 
the SMC support used as an additional background phase, the blue line is the polynomial component added to the background function, the red line is the difference 
between the calculated and experimental patterns. a′), G.o.F. of refined DSE fit vs. microstrain ε, the best fit is obtained for ε = 0.004. b) the 2D map of the bivariate 
lognormal size distribution of Pt NCs where the mass fraction is given in color code; average Dab and Lc are calculated from projections onto the corresponding axis. c) 
PDF of the polynomial curve (blue) added to the background function in the DSE analysis and of the DSE simulated scattering pattern of Pt NCs (green). d) volcano- 
like correlation between Pt SSD, as determined by DSE analysis, with respect to the sulfur percentage normalized by the volume of mesopores. 
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estimate of the particle elongation is provided by the aspect ratio (Lc/ 
Dab) as reported in Fig. 3b. The anisotropic shape of Pt NCs may be 
caused by their nucleation and growth within the confined space pro-
vided by the pore system of the SMC support. A similar effect was 
already observed also for Pt NCs deposited on nanoporous silica [47]. 
For each sample, information from the DSE analysis on the size, 
morphology, and number- and mass-based size distribution of Pt NCs 
were also used to calculate the total specific surface area (neglecting 
aggregation effects between NCs) of the entire population of Pt NCs (Pt 
SSA, Fig. 3). By examining the size of the prism-shaped particles, it 
becomes evident from the data presented in Table 2 that the sample 
Pt-SMC_St20 possesses the smallest dimensions in terms of Dab and Lc, 
whereas Pt-SMC_St60 possesses the biggest dimensions that align well 
with TEM analysis. Furthermore, a plot illustrating the Pt SSD, as 
determined by DSE analysis, in relation to the sulfur volumetric density 
(i.e., the sulfur percentage normalized by the volume of mesopores), 
reveals a clear volcano-like correlation (Fig. 3d). This correlation un-
derscores how sulfur functionalization and mesoporous volume exert 
opposing influences on the dimensions and morphology of the Pt 
nanoparticles. This leads back to Fig. 1a, where it can be seen that there 
is a balance between sulfur functionalization and surface area matching 
the Pt-SMC_ST20 sample. Lastly, the polynomial function, which was 
added as a model component to the background function to account for a 
scattering contribution not described by the model (Fig. 3a), shows the 

typical broad modulation of an amorphous phase. Interestingly, the 
polynomial functions among different samples show similar features. 
The PDF analysis was then applied to these functions to investigate the 
nature of the scattering component. The G(r) curves Fig. 3c for sample 
Pt-SMC_St0 (see SI for the other samples) clearly show a peak at 1.76 Å, 
compatible with the shortest Pt-Pt distance. As for comparison, the G(r) 
calculated from the DSE simulated pattern of Pt NCs is also reported 
(Fig. 3c), showing the superimposition of the peak at 1.76 Å, together 
with peaks related to the longer-range structural correlation of Pt NCs. 
This provides the possible attribution of the polynomial function, 
occurring in all the samples, to the scattering contribution of 
sub-nanometre Pt clusters (being detected only in the first Pt neighbors) 
or to the occurrence of an amorphous shell covering the Pt nano-
crystalline phase. 

In conclusion, it can be inferred that the size distributions by TEM 
and DSE are comparable by considering the number-based distribution, 
even Pt SSA is determined by mass-based distribution. Both size distri-
butions are provided by the DSE analysis (conversion from one to the 
other by considering the mass of each particle). Thus, for largely poly-
disperse population few large particles have a non-negligible weight in a 
mass-based distribution, moreover, XRD is a mass-sensitive technique. 
The DSE provides sizes that are averaged over millions of nanocrystals, 
thus, investigating the whole sample (also inside large clusters not 
investigated by TEM), results are much more statistically representative 

Fig. 4. Electrochemical data in 0.1 M HClO4 for Pt-SMC_StX catalysts. a, b) CVs recorded at 50 mV s− 1 in Ar purged electrolyte, c) LSVs recorded at 20 mV s− 1 and 
1600 rpm in O2-saturated electrolyte, d) Tafel plot limited to the kinetic region, e) specific activity and Pt SSA as a function of sulfur doping, f) 3D plot, the cor-
relation between the specific activity, the carbon surface area and the sulfur concentration; Pt-CB is the standard benchmark as reported in literature [48]. 
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than TEM counting, carried out on a limited, albeit substantial, quantity 
of particles. On the other hand, the quantification of few large particles 
together with the much more abundant smaller ones provide a clear 
view on the SSA of the sample that can be correlated to the reactivity, 
indeed sample inhomogeneity exists, and it must be considered. In this 
view, TEM counting has the merit of focusing on the small particles 
much more relevant for the catalytic activity, providing information on 
the size and aggregation within the sample. Indeed, the DSE is sensitive 
on nanocrystalline domains (that may or may not coincide with the 
particle size) but is completely blind on particles aggregation. 

5. Electrochemical kinetic analysis 

The electrochemical activity was evaluated using cyclic and linear 
sweep voltammetry techniques in 0.1 M HClO4 electrolyte purged with 
argon or saturated with oxygen. On the base of DSA analysis, it is 
reasonable to assert that the catalytic activity is due to the small 
prismatic-shaped particles rather than to large spherical ones. Fig. 4a 
shows the CV at 50 mV s− 1 in an argon-purged solution, for different Pt- 
SMC_StX catalysts. The CV curves exhibited characteristic regions 
associated with platinum-based materials: i) PtOx formation and strip-
ping at a potential greater than 0.65 V vs. RHE, ii) double layer capac-
itive current between 0.3 V and 0.65 V vs. RHE, and iii) hydrogen 
adsorption/desorption zone below 0.3 V vs. RHE. In particular, the Pt- 
SMC_St5 and Pt-SMC_St20 catalysts showed the highest hydrogen 
adsorption/desorption peaks. Fig. 4b revealed a similar adsorption/ 
desorption region between Pt-SMC_St20 and commercial Pt/C, while Pt- 
SMC_St60 exhibited a significantly weaker signal. Below 0.2 V versus 
RHE, the cyclic voltammograms displayed a double peak at 0.095 V vs. 
RHE and 0.134 V versus RHE, corresponding to hydrogen adsorption at 
different Pt facets. The EPSA and the relative ECSA are calculated from 
the CO stripping measurements (Figure S15). Table 3 summarizes the 
electrochemical results obtained for the Pt-SMC_StX catalysts. Among 
the synthesized samples, Pt-SMC_St5 and Pt-SMC_St20 exhibited the 
highest EPSA (1.88 cm2 and 1.54 cm2, respectively) and ECSA (64 m2 

g− 1 and 52 m2 g− 1, respectively). However, these values do not surpass 
the EPSA and ECSA of standard Pt/C. Despite having a smaller electro-
active area, Pt-SMC_St0, Pt-SMC_St5, and Pt-SMC_St20 demonstrated 
higher activity towards ORR than Pt/C, as clearly evident from Fig. 4c, 
and outperformed the other samples synthesized with longer steam 
treatment times (Figure S16). A straightforward approach to demon-
strate its superior activity is by comparing the extrapolated half-wave 
potential (E1/2) obtained from the linear sweep voltammograms at 
RDE in an O2-saturated 0.1 M HClO4 electrolyte (Fig. 4c and 
Figure S16). The E1/2 serves as an indicator to evaluate the catalytic 
activity of the ORR and varies in descending order of activity: Pt- 
SMC_St20 > Pt-SMC_St5 > Pt-SMC_St0 > Pt-SMC_St40 > Pt- 
SMC_St60 > Pt/C. A similar trend was observed when evaluating the 
mass transfer corrected kinetic current (ik in Table 3). Pt-SMC_St0 and 
Pt-SMC_St20 demonstrate also the best performance, in terms of specific 
activity and mass activity (1.21 mA cm− 2 / 551 A g− 1 and 
1.14 mA cm− 2 / 598 A g− 1, respectively), followed by Pt-SMC_St5 

(0.90 mA cm− 2 / 577 A g− 1). A specific comment is necessary to 
explain why Pt TKK despite the high active surface area, as matter of fact 
has lower E1/2 or ik at 0.9 V vs. RHE than Pt-SMC_StX (the same stands 
for SA and MA, see Table 3). This, apart from a catalytic film preparation 
procedure that may lead to values somewhat different from the best 
proposed in the literature (but this would in any case stands for all the 
samples) [48], is attributable to the higher density of thiophenic groups 
in Pt-SMC_StX, which can exert an electronic effect as already observed 
and confirmed in the literature as result of metal support interaction or 
Pt surface strain [19]. Tafel analysis of the electrochemical data ob-
tained by LSV was evaluated and is reported in Fig. 4d. Typical values of 
Tafel slope (Ts) for ORR at polycrystalline Pt electrodes in perchloric 
acid, range between 60 and 120 mV dec− 1, depending on factors such as 
anion adsorption, oxide layer formation, uncompensated resistance, and 
appropriate selection of boundaries for linear fitting. The similarity in 
Tafel slopes suggests that the reaction pathway and rate-determining 
step are comparable between the newly synthesized catalysts and the 
TKK standard. Pt/C exhibited a Tafel slope of 61 mV dec− 1 (0.85–0.95 V 
vs. RHE), consistent with literature reports. Pt-SMC_St20 and 
Pt-SMC_St5 displayed Tafel slopes of 62 mV dec− 1 and 58 mV dec− 1, 
respectively, indicating a low oxygen coverage on the Pt surface and 
faster kinetics for ORR compared to Pt-SMC_St40 and Pt-SMC_St60, 
which had a lower density of sulfur defects. 

By considering the results obtained from elemental analysis for sulfur 
content, BET for carbon surface area, and synchrotron X-ray total scat-
tering for Pt-specific surface area (Pt SSA) in an aggregated manner, a 
more comprehensive understanding of the kinetic results can be ach-
ieved. Firstly, if we compare the Pt SSA and ECSA (Tables 2 and 3), it 
seems that the data obtained from DSE analysis overestimated the Pt 
specific surface area with respect the one determined by CO stripping, 
but it is worth stressing that the former considers all the platinum pre-
sent in the sample mass not only the electrochemically active one. 
Notwithstanding, Fig. 4e demonstrated a good matching between SA 
and Pt SSA as a function of sulfur content and steam treatment time. This 
figure highlighted that Pt-SMC_St0 had fewer exposed Pt surface areas 
compared to Pt-SMC_St20, but in this case metal-support interaction 
exerts a predominant effect which positively affects the SA as pointed 
out by Brandiele et al. [19]. The greater Pt SSA in Pt-SMC_St20 was 
attributed to the optimal sulfur functional group density, which facili-
tates the nucleation of Pt nanoparticles and, at the same time, the size of 
mesopores in the carbon support limits the growth of the nucleated Pt 
nanoparticles. Furthermore, the increased mesoporous structure en-
hances the platinum-support contact and the exposure to electrolyte. In 
fact, the other synthesized samples with larger or smaller pore volumes 
did not prevent agglomeration and excessive growth of Pt NPs, resulting 
in nonoptimized catalysts in terms of Pt NP morphology. The relation-
ship between surface area (SA) and carbon surface area is visualized in 
Fig. 4f through a 3D plot. The plot reports also for sake of comparison 
the Pt/C standard analyzed in this work and the one reported from 
literature [48]. The plot illustrates the superior activity of Pt-SMC_StX 
catalysts with respect both the benchmarks. Furthermore, it points out 
that the decrease in sulfur content resulting from steam treatment is 

Table 3 
Electrochemical data were obtained from CVs in and LSVs with RDE (20 mV s− 1 and 1600 rpm) in 0.1 M HClO4 for the different electrode catalysts.   

EPSA[a] ECSA COstrip |jL| E1/2
[b] ΔE1/2 ik MA SA Ts  

cm2 m2 g− 1 mA cm− 2 V mV mA A g− 1 mA cm− 2 mV dec− 1 

Pt/C (TKK) 2.17 ± 0.07 74 ± 2 5.94 ± 0.1 0.867 ± 0.005 0 0.59 ± 0.03 211 ± 10 0.29 ± 0.01 62 ± 3 
Pt/C (TKK)[48]  99 ± 5     477 ± 42 0.49 ± 0.05  
Pt-SMC_St0 1.33 ± 0.08 45 ± 3 5.75 ± 0.2 0.906 ± 0.008 39 ± 2 1.62 ± 0.09 551 ± 31 1.21 ± 0.05 72 ± 3 
Pt-SMC_St5 1.88 ± 0.06 64 ± 2 5.82 ± 0.09 0.931 ± 0.005 64 ± 3 1.7 ± 0.1 577 ± 48 0.90 ± 0.05 58 ± 9 
Pt-SMC_St20 1.54 ± 0.04 52 ± 4 5.6 ± 0.06 0.934 ± 0.008 67 ± 3 1.76 ± 0.09 598 ± 31 1.14 ± 0.04 62 ± 8 
Pt-SMC_St40 1.02 ± 0.03 32 ± 1 6 ± 0.06 0.904 ± 0.007 37 ± 2 1.1 ± 0.06 374 ± 20 1.08 ± 0.03 68 ± 3 
Pt-SMC_St60 1.36 ± 0.05 46 ± 2 5.49 ± 0.03 0.889 ± 0.005 22 ± 11 0.8 ± 0.1 271 ± 39 0.59 ± 0.06 69 ± 9  

[a] values determined by CO stripping. 
[b] difference between the E1/2 of the Pt-SMC_Stx compared to the E1/2 of the Pt/C. 
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offset by an increase in the carbon structure. 
Summing up, SMC_StX carbon supports, differing in terms of a 

gradual decrease of sulfur doping and a gradual increase in surface area 
and mesopores, guide a different nucleation and growth of Pt NPs 
resulting in Pt NPs of different size and shape. While in a first approach 
this might imply a complex matching between morphology/structure 
and electrocatalytic activity, in reality DSE multiparameter analysis al-
lows a fine rationalization of the different properties of Pt nanoparticles 
(morphology and the statistic dimension), making catalytic activity 
easily interpretable based on the morphological/structural properties of 
the different distributions of Pt NPs. 

To investigate catalyst durability, accelerated durability testing 
(ADT) protocols are commonly employed to simulate the harsh condi-
tions encountered at the cathode of PEMFCs during operation. Pt- 
SMC_St5, Pt-SMC_St20, and Pt/C materials were electrochemically 
tested for 10000 CV cycles in an O2-saturated 0.1 M HClO4 electrolyte. 
Control CVs at 50 mV s− 1 and LSV with RDE at 20 mV s− 1 and 1600 rpm 
were collected each 1000 cycles. Fig. 5a and b show the LSV with RDE 
for the pristine material and after 1000, 5000, and 10000 cycles for Pt- 
SMC_St5 and Pt-SMC_St20, respectively. Fig. 5c and d report the varia-
tion of the mass activity and the specific activity during the ADT. Pt/C 
exhibited a slight increase in specific activity due to the enlargement of 
Pt nanoparticles to an optimal size for catalyzing the ORR [20,49]. After 
10000 cycles, the mass activity decreased by 6%, and at the same time, 
the specific activity result was almost unchanged. Despite the decrease 
in kinetic current during the ADT, the SA remains constant because the 
EPSA decreases with the same trend. The MA for Pt/C TKK decreases by 
6%, from 211 A g− 1 to 195 A g− 1. The stability of Pt-SMC_St5 is signif-
icantly less than Pt/C after ADT, because E1/2 results shifted by 30 mV 
towards more negative potentials, and the MA and the SA decreased by 
55% and 43%, respectively. Pt-SMC_St20 shows MA and SA diminution 
of 11% and 2%, respectively. The half-wave potential at 10000 cycles 
results in a decrease of 28 mV compared to the pristine catalyst. 
Notwithstanding the partial loss of mass activity, Pt-SMC_St20 is much 
more active and stable than Pt-SMC_St5 and the commercial reference 
Pt/C TKK. 

6. Conclusion 

Pt NPs were synthesized by adopting carbon support with a variable 
density of thiophene-like functional group and increasing mesopore 
volume and graphitization degree. Synchrotron wide-angle X-ray total 
scattering experiments coupled with advanced data analysis through the 
Debye Scattering Equation provided a quantitative description of the 
atomic- and nanometer-scale features such as size, shape, lattice strain, 
and structural defectiveness of Pt nanoparticles deposited on SMC_StX 
supports. 

According to DSE analysis, all the Pt NPs show a similar strain 
notwithstanding the different carbon support, therefore the sole strain 
cannot account for the different activity observed among the different 
catalysts. Conversely, the different porous structure and sulfur func-
tional group density were found to deeply affect the shape and dimen-
sion of Pt NPs, attesting to a scalable interaction between Pt NPs and the 
carbon support depending on the sulfur concentration. In fact, the Pt NPs 
size increases as the thiophenic functional group density decreases or 
when mesopore size increases, as confirmed also by TEM and BET 
analysis, respectively. Furthermore, DSE analysis provided information 
about the Pt specific surface area, which is in good agreement with the 
one determined by CO electrochemical stripping. In particular, the SSA 
shows a volcano-like trend, reaching a maximum in the Pt-SMC_St20 
sample, which shows the smallest particles thanks to a synergic bal-
ance between the maximum extension of the porous structure of the 
carbon (where the porosity drives the growth of the nanoparticles 
avoiding an excessive agglomeration) and the maximum allowable 
sulfur content. The synergic effect of sulfur and textural properties of Pt 
NPs affect also the activity and stability of Pt NPs finding in Pt-SMC_St20 
the best condition for obtaining the most active and at the same time 
stable catalyst. 

Therefore, the study demonstrated that the interaction between Pt 
NPs and the carbon support could be enhanced by adjusting the sulfur 
content or optimizing the growth of Pt nanoparticles on the carbon 
supports by the pore confinement effect. This was demonstrated by the 
Debye Scattering Equation method, which was fully supported by the 
typical material analysis techniques (TEM, Raman, BET, CV), but that 
can represent an innovative and solid protocol of investigation for a 

Fig. 5. Accelerated stability tests in O2-saturated 0.1 M HClO4: 0 cycles black line, 1000 cycles red line, 5000 cycles blue line, and 10000 cycles green line for a) Pt- 
SMC_St5 and (b) Pt-SMC_St20. (c) Variation of the mass activity and (d) of the specific activity for the tested catalysts. 
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broader range of nanosized electrocatalysts. 
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