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ABSTRACT: Proton exchange membrane (PEM) fuel cells are highly efficient devices for the
conversion of chemical energy into electricity and are a promising candidate to sustain the growing
clean energy demands. However, tunability of the catalyst materials used in their electrodes is
necessary to meet specific applications and to address some of the major challenges of this
technology. In this work, we present a study on the effects of post-synthesis heat treatments on
tunable PEM catalyst materials, containing 30 wt.% Pt deposited on two different types of
engineered catalyst supports (ECS™) having different degrees of porosity and surface area. The
role of temperature and atmosphere on the properties of these catalyst materials was studied by
performing heat treatments at temperatures ranging from 400°C to 1000°C and in three different
atmospheres of 7% Hz/N»>, N», and Ar, followed by evaluation of the changes in Pt nanoparticle
and carbon support properties by a wide range of physicochemical characterization techniques.
The study showed that the temperature was the main driving force for the structural changes in the
catalyst material, while the different atmospheres affected the Pt surface oxidation state. This work
highlights the importance of studying catalyst properties during the stages of catalyst fabrication,

a topic that has not been extensively reported.



1. INTRODUCTION

High emissions of pollutants that are produced from fossil fuel-based energy generation have
triggered not only a climate and an environmental crisis but also a growing demand for clean and
efficient energy sources'-2. Polymer electrolyte membrane fuel cells (PEMFCs) are one of the most
advantageous solutions for clean energy applications due to their near-zero-emission, high
efficiency, low maintenance cost, and high energy density>>. The basic principle behind PEMFCs
is to produce electricity through the electrochemical reactions of hydrogen and oxygen (or air)
taking place in a membrane electrode assembly (MEA) by converting the chemical energy of the
hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR) into electrical energy,

with water as a byproduct*>

. The catalyst materials used in this technology have the essential role
of accelerating the rate of HOR at the anode and ORR at the cathode. Pt or Pt-based alloy
nanoparticles (NPs) distributed on a carbon support, in both the anode and the cathode, are the
PEMFCs state-of-the-art catalyst material®’. This is due to Pt’s low overpotential for HOR and
ORR and its stability in harsh PEMFC operating conditions, as well as the carbon’s large surface
area and good electronic conductivity. The Pt and carbon support interaction play a significant role
in the electrocatalytic properties of the catalyst material®’. However, the ORR at the cathode is a
slower reaction, compared to the HOR at the anode, and for this reason higher Pt loading at the
cathode is needed to compensate for the sluggish ORR kinetics'®. Fabrication of ORR catalysts
with high performance at scale is still a challenge that needs to be tackled to enable a marketable
increase of the energy generated from this technology. The tunability of the catalyst materials in
terms of catalyst support morphology, porosity, Pt catalyst distribution and loading is essential to

meet energy demands for specific applications!!!2,



Generally, the structure of the carbon supports is tailored to provide properties necessary to
improve the performance in a plethora of applications, such as fuel cells, hydrogen storage,
absorbent materials, batteries, supercapacitors, etc.!>. Due to their important role in fuel cells, a
number of studies have been focused on tuning the carbon properties for enhanced catalyst/support
interaction and fuel cell performance'2%. For example, Asset et al.'> demonstrated the influence
of the texture, structure, and chemistry of different carbon supports (carbon blacks, carbon
nanotubes, graphene nanosheets) in controlling the morphology, size, and Ni content of porous
hollow PtNi/C. They observed a decrease in the diameter of the catalyst NPs by increasing the
carbon mesopore surface area. In previous studies, Ismagilov et al'®. synthesized a variety of
amorphous “super-microporous” carbons (ASC), made from different organic precursors, for
PEMEFC platinum cathode catalysts. From their findings the catalysts supported on ASC performed
better in MEA than catalyst supported on conventional carbon black. More recently, Gu et al.!”
studied the effect of tunable porosity in mesoporous carbon used as the catalyst support for
enhanced PEMFC performance and improved durability. They showed that an optimal porosity
allows for better dispersion of the catalytic material and prevents catalyst agglomeration.
Similarly, by using a tunable porous carbon support, Marie et al.'® concluded that the structure of
the carbon support has a major role in the structure of the catalytic layer and the mass-transport
processes in PEMFC cathodes. Counterintuitively, they found that as the pore size of the carbon
support increases, the porosity of the resulting catalytic layer is reduced. This is due to the Nafion
penetration into the large pores of the carbon support provoking high proton resistance and mass-
transport losses in tested MEA. Later on, Ouattara et al.' further confirmed this effect by
controlling the carbon support architecture to reduce mass-transport voltage losses. They observed

that the carbon texture can significantly limit the gas diffusion process and the MEA performance.



1.2 reported on different carbon black supports with medium surface area (~400 m?/g)

Kaluza et a
showing better electrochemical stability than the commercial high-surface-area reference catalyst.
Besides the implementation of a mesoporous carbon network, changing the carbon graphitization
degree and functionalization or doping of the carbon sp? hybridized network (with elements like
nitrogen, sulfur, boron or other heteroatoms) are other avenues to tune the carbon support
properties and enhance its electrochemical behavior?' 2%, The addition of dopant atoms modifies
the electronic structure of the carbon matrix, the nucleation and kinetic growth of the catalyst NPs,
as well as the nature of the catalyst—support interactions, creating a more homogeneous catalyst
distribution and in some cases smaller catalyst particle sizes?*. A notable work by Kim et al.?
reported preparation of Pt NPs on functionalized and graphitized carbon support using in situ
grafting of the trifluoro-methylphenyl groups to enhance the durability and activity of the catalytic
material by means of a direct attachment of functional groups. The researchers found that the
obtained p-conjugated carbon structure resulted in a reduced contact resistance between Pt and
carbon and an improved dispersion of Pt NPs on the graphitized carbon surfaces. Urchaga et al.?’
revealed that, compared to commercial catalysts, Pt crystallite growth can be delayed by altering
the carbon surface with thiophenol groups during heat treatments at 200°C under a hydrogen
atmosphere. This resulted in improved Pt-to-substrate interaction, better Pt stability under a
hydrogen atmosphere, and lower loss of ECSA during electrochemical aging. In general, carbon
support for fuel cells can be modified by specific fabrication and post-treatment methods when
certain characteristics are required, such as precise carbon composition, enhanced graphitization
degree, desirable surface functionalities, optimal concentration and identity of surface defects,

specific pore size or design, high surface area, tailored morphology, among others?”-?%,



Pt NPs distribution on engineered and other carbon supports very much affects the catalyst
activity. As mentioned above, enhanced and high dispersion of small particles is desired for high
electrochemically active surface area (ECSA). However, Pt NP catalysts often experience
conditions that causes growth and agglomeration, either during catalyst synthesis or PEMFC
operation®®>!. This is a result of the size-dependent properties of nano-sized Pt catalyst, which are
different from the bulk macrostructures, and its inherent tendency to agglomerate and grow into
larger particle sizes driven (mainly) by reduction of high surface energy>?. The decrease of the
surface energy, induced by the NP growth, can slow the growth rate with time. Additionally, the
degradation mechanisms that these catalyst materials experience during PEMFC operation or after
lab-based accelerated stress tests have already been extensively studied. It is well known that
combined Ostwald ripening, Pt growth/agglomeration, Pt migration, Pt dissolution, and Pt** ion
transport, are the most predominant degradation mechanisms for Pt NPs in PEMFCs, inducing its
growth, reducing its ECSA and therefore lowering the PEMFC performance®*3*. However, it is
also important to study the phenomena and the factors that accelerate Pt growth and agglomeration
during the catalyst fabrication stages, especially when heat treatments are involved. The catalyst
synthesis approach, the carbon support characteristics and the heat treatment temperatures and
atmospheres can determine the resulting properties of the catalyst material and its catalytic
efficiency in PEMFC3*2®, Understanding the effect that these conditions have on the catalyst
material can help to better engineer catalyst NPs size and distribution, as well as carbon support
materials at large scale, and fabricate efficient, corrosion-resistant and durable catalysts. This can
be achieved by altering and enhancing the catalyst/support interaction and the physical
characteristics of the carbon support, such as the porosity and the degree of graphitization, as well

as the catalyst material, such as the size, distribution and morphology of the NPs, resulting in better



dispersed Pt NPs. An improved catalyst design would enable higher ECSA, electron transfer,
diffusion of chemical species and a decrease of the catalyst loading®’-®. Therefore, controlling the
size, dispersion, and morphology of Pt NPs during catalyst synthesis is a key factor to developing

enhanced PEMFC with improved performance.

Organic Pore & Particle Heat Engineered Catalyst
Precursors Forming Agents Treatment Supports

Figure 1. Schematic of Pajarito Powder’s VariPore™ process diagram, SEM image of catalyst
morphology and photography of catalyst powder [images reproduced with permission from

Pajarito Powder, LLC?°. Copyright (2023)]

In this research, we are focusing on commercial tunable carbon supports, namely Engineered
Catalyst Supports (ECS™), produced by Pajarito Powder, LLC, a manufacturer of advanced
catalysts materials for PEM and alkaline fuel cells and electrolyzers, see Figure 1. These ECS™
materials, made of inexpensive and available materials, are manufactured by the proprietary
VariPore™ process. This work investigated the sintering and agglomeration processes that take
place during post synthesis treatments. Specifically, we report our findings on the effect of heat
treatments and different atmospheres on controlling the physical characteristics of these catalysts,

like the carbon support morphology, catalyst surface chemistry, and the catalyst particle size

distribution. This understanding can help develop catalysts with enhanced activity and durability,



improving the fuel cell performance, extending the working life, and reducing the cost of fuel cells

for the most demanding applications, including heavy-duty fuel cell vehicle applications.

2. EXPERIMENTAL

2.1. Heat treatment:

Two different as-prepared catalysts, containing 30 wt.% Pt supported on two types of Engineered
Catalyst Supports ECS™ (Pajarito Powder LLC), namely ECS™ 3701 and ECS™ 4601, were
used in this study. Both powders were heat treated in three different atmospheres; and at a range
of temperatures. A tube furnace, Lindberg/Blue from Thermo Fisher Scientific with a super
OMEGACLAD™ Thermocouple and a quartz tube of 7.4 cm D x 121.9 L ¢cm (~5250 cm?) was
used to heat treat ~ 0.5 gr of the catalyst material. The heat treatment was performed at different
temperatures ranging from 400°C to 1000°C at a 10°C/min ramp rate and in three different
atmospheres, a 7% H2/N2 mixture, N2, and Ar for 1 hr at 0.5 scth flow rate. Ultra-high purity
(99.999%) N2 and Ar gases were used. Nz gas flow was used, for 30 min, to purge air from the
tube furnace and the powders before starting the heat treatments, and later to purge the treatment

gases from the tube once the heat treatments were finished.

2.2. Physicochemical Characterization:

X-ray diffraction (XRD): The characterization of the crystal structures and graphitic nature of

the samples was performed using XRD on a Rigaku MiniFlex 600 with mono-chromated Cu Ka
radiation (A = 1.5406 A) in a shallow sample dish. The crystallite sizes were estimated based on
the prominent facets of the crystallites and the width of their peak reflections in the spectrums. The

mean Pt crystallite sizes were calculated using Scherrer’s equation (see Equation 1), where £ is



the full width at half maximum (FWHM) of the diffraction peak in radians, and A =

0.15406 nm™*.

092
~ Bcos @

Scherrer’s equation Equation 1

CO Chemisorption: The calculation of the Pt metallic surface area was performed using carbon

monoxide (CO) as the adsorbate gas in pulse chemisorption. The experiment was conducted by
sending pulses of CO to a reactor until complete saturation of the catalyst sites was reached. The
amounts of CO chemisorbed selectively on Pt catalytic sites were measured on a Micromeritics
Autochem 2920 instrument and the analysis was performed at a temperature-programmed
reduction (TPR) 0f 473.15 K (200°C) and a pulse chemisorption temperature of 308 K (35°C) with
a flow rate of 50 cm® STP/min.

Raman Spectroscopy: The evaluation of carbon structure was conducted using a Thermo DXR?2

Raman spectrometer equipped with a 532 nm diode laser with a power of 6 mW and a 50 um
pinhole aperture for sample illumination and collection of the scattered photons. Five different
scans were collected from a 20 ml glass vial filled with catalyst powder. Standard background
subtraction was used to remove the glass vial contribution to the spectrum. The fitting of the
obtained Raman spectra considers the presence of two main first-order peaks, D1 and G. The
variation of their widths and relative intensities were used to characterize the degree of carbon
graphitization*!. To study and quantify the changes in the graphitization degree of the carbon
support structure after heat-treatments, the relative intensity ratios, R, of the integrated intensities
of the disorder-induced D1 and G Raman bands (Ip: and I) was used, see Equation 242, The Knight

and White equation was used to calculate carbon’s crystallite sizes, La*’, see Equation 3.



Relative intensity ratios _Ipg Equation 2
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N> _Physisorption: Catalyst porosity, pore size distribution and specific surface area were

analyzed using physical adsorption of nitrogen at the liquid-nitrogen temperature of 77 K (-196°C)
on a Micromeritics ASAP 2020 Accelerated Surface Area and Porosimetry Analyzer. Before
measurements and analysis, the samples were degassed at 573K (300°C) for 6 hr at vacuum. The
specific surface areas were acquired using the Brunauer—Emmett—Teller (BET) method, based on
a model of monolayer—multilayer adsorption, with a relative pressure range of ~0.1-0.15. Since
the BET model fails to accurately describe adsorption in micropores**, the volume and sizes of the
pores were calculated using the Barrett—Joyner—Halenda (BJH) method for the adsorption
branches. The maximum positions of the BJH curves were used to estimate pore-size distributions
and the volume of nitrogen adsorbed at a P/Po ~ 0.99 was used to calculate the total pore volumes.
A note that BJH and BET methods were used for the carbon surface evaluation because these are
the most traditional methods currently used to perform such evaluation***’. According to Borghi

etal.*®

gas adsorption is the customary technique of choice to characterize the porosity and specific
surface area of porous carbons. It allows the scrutiny of a wide range of pore sizes from micro to
macro pores (< 2 nm up to a few hundred nanometers), while the pore size distribution and the

total pore volume can be characterized using the BJH. However, it may not be possible to

accurately describe the sizes of micropores using methods based on the Kelvin equation such as



BJH. The quenched solid density functional theory (QSDFT) and non-local density functional
theory (NLDFT) method would be a more appropriate approach. These approaches assume the
corrugation of the carbon surface. Despite this, the BJH method is a good choice when the

identification of the porosity range is the main target for evaluation, as in our study.

Transmission Electron Microscopy (TEM): TEM was used to further investigate morphological

and structural characteristics of the catalyst materials and to analyze Pt NP dispersion and size
distribution. TEM was conducted in a Thermo Scientific™ TalosF200x200 kV D6329 XTwin
TEM, using bright field TEM (BF-TEM) mode. Before imaging, the samples were first dispersed
in 50 v/v % of isopropyl alcohol and distilled water, then ultrasonicated using a 2510R-DTH
BransonicR Ultrasonic Cleaner for 15-30 min (130 W, 40 kHz) and deposited on a 300 mesh lacey
carbon-coated Cu grid for TEM characterization, followed by drying for 30 min under an infrared
lamp. The TEM micrographs were used to calculate the average particle size distribution (PSD) of
the electrocatalysts metal from the number-averaged mean-particle size*. A total number of 200
Pt NPs was used to measure PSD by Fiji ImageJ and the mean particle size was calculated using
Equation 4, where dy is the averaged mean particle size and n; is the number of particles of size
d;. Additionally, Fast Fourier transform (FFT) was used to analyze the high resolution BF-TEM

using the Gatan microscopy suite, Digital Micrograph.

n n
Averaged mean particle size dy Z nldl/z n; quation

X-ray Photoelectron Spectroscopy (XPS): XPS was used to study the surface elemental and

chemical composition of as-received and post-treated materials. The measurements were

10



performed using a Scienta-Omicron HiPP-3 system equipped with an R4000 hemispherical energy
analyzer, calibrated to the Au 47> region at 83.95 eV of a sputter-cleaned Au foil. Measurements
were collected with high-voltage lenses in the swift acceleration operating mode. An Al Ka X-ray
source was operated at 300 W with a ~ 900 um spot size, and all core level spectra were taken at
a combination of a 200 eV pass energy and a 0.8 mm X 30 mm slit size resulting in an estimated
energy resolution of 0.6 eV. The analysis chamber pressure was maintained at a level below
5.0x107® mbar, while the analyzer pressure remained below 1x10~° mbar. Samples were mounted
on conducting carbon tape and therefore no charge referencing was necessary. Spectral processing
was performed using CasaXPS software, where a Shirley background was applied to the Pt 4f and

C 1s core levels.

3. RESULTS AND DISCUSSION:
Summary of all psychochemical characterization results for bare ECS™ materials, baseline
catalyst (as fabricated platinized catalyst, prior to heat-treatment) and heat-treated catalysts is

given in Table 1 and Figure 2.

Table 1. Physical and structural characterization.

FFT/TEM

XRD Pt E)él;]T)'“ Mect(a)llic BrfET BJH Pore BJH Pore TEM P‘I
M ¢ . | C?{:;al]t“e doo2- Surface RIaDr;mlzn S:r::e Volume Diameter Ptdy In:‘;\i.:;ar
ateria m;‘ spacing Area A (cm®/g) (nm) (nm) !
(om) @A) (m?/g) (m/g) : @d((;)u)
Bare ECS™ 3701 n/a 3.45 n/a 1.02 732 1.72 12.4 n/a n/a
0 ™
%‘;S/‘:;ZECS SOL 1 451 | 347 | 119 | 099 | 587 | 119 | 118 | 249 | 226
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il();/%};t(/)]ggswsml, 157 | 351 | 111 | 105 | 597 | 130 | 121 | 256 | nm
JORPUBCSTITOL | 536 | wm | 437 | 108 | els | 136 | 120 | 537 | 225
13\3"/6"58/PCC5TM ST0L ) 506 | 350 | 106 | 099 | 578 | 111 | 114 | 254 | wm
;2"/1“535)%@ ST0L1 470 | wm | 478 | 108 | 613 | 119 | 119 | 509 | 226
i(i‘)/gggfccsm ST0L ) 507 | 352 | 108 | 101 | 588 | 117 | 118 | 246 | wm
i(i‘)/fgg(i(ésm SOLV 463 | wm | 505 | 113 | 607 | 124 | 119 | 536 | 226
Bare ECS™ 4601 n/a 3.48 n/a 1.04 873 2.19 13.3 n/a n/a
SOWPUECSTAG0L | 169 | 351 | 1109 | 101 | 667 | 155 | 128 | 246 | 227
iIOT%gBt(/)EgSTM 460L 1 514 | 352 | 1008 | 102 | 658 | 137 | 117 | 268 | wm
iIOT%I%t(/)%OCCSTM 0L 51 | wm | 360 | 108 | 710 | 169 | 127 | 542 | 227
I{I(Z‘Vgggfccsm YO0L4 oy | 353 | 350 | 101 | 644 | 140 | 124 | 455 | wm
;%ggé%sm 460L 1 447 | wm | 147 | 108 | 666 | 159 | 128 | 487 | 228
Z‘f’/gggfccsm 0L o1 | 352 | oas | 101 | 618 | 143 | 129 | 289 | wm
iﬁgg(i%sm 460L 1 445 | wm | 642 | 107 | 650 | 154 | 124 | 562 | 228

Physical and structural characterization of bare ECS™ and 30%Pt /ECS™ catalysts, before and
after treatment. All values given in the table are average taken from 5 to 10 different measurements.
Symbols and abbreviations: Not applicable (n/a); Not measure (n/m); @Pt d(111) represents the
interplanar distance at the most prominent reflection on these Pt NPs.
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Figure 2. Column charts of physical and structural characterization plots of catalysts 30%Pt

deposited on ECS™, before and after treatment: (a) Crystallite sizes based on XRD at (220) Pt

interplanar spacing, (b) metallic surface area taken from CO chemisorption, (c) Raman intensity

ratios, (d) BJH porosity taken from N> physisorption, (¢) BET surface area taken from N

physisorption.

Before heat treatments in different atmospheres, a large set of ECS™ catalyst powders with

different Pt loadings were heat-treated at different temperatures from room temperature to above

1000°C in a 7% Ha2/N2 atmosphere. The Pt crystallite growth was measured from X-ray diffraction

(XRD) data with equation 1. No particular Pt growth was observed until 400°C. However, an
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accelerated growth rate was observed for all catalysts at temperatures > 500°C, see Figure 3. This
is in agreement with Bett et al.* who confirmed that for substantial Pt crystallite growth on carbon
support, temperatures exceeding 600°C in a hydrogen atmosphere are required. Based on these
results, the ECS™ catalysts of interest were heat treated between 400°C to 1000°C in different

atmospheres.

6.00 -
5.00 -
T 4.00 ~ W 20% Pt/ECS 3701
£
B
(%]
3.00 _
£ W 32% PI/ECS 3701
s
“n
5
2.00 -
40% Pt/ECS 3701
1.00 A
W 50% Pt/ECS 3701
0.00

Baseline 200 400 600 800 1000
Temperature (°C)

Figure 3. Crystallite size, based on (220) interplanar spacing, for Pt/ECS™ measured by XRD for

different Pt loadings (from 20% to 50%).

The XRD spectra of the heat-treated samples at different atmospheres in Fig. 4 (a-c) show
diffraction peaks at approximately 39°, 46°, 67°, and 81°, corresponding to Pt diffraction from
(111), (200), (220), and (311) planes, respectively>’. The bump around 25° corresponds to the
carbon plane (002)°!. Pt (220) reflection peak was used to calculate the Pt crystallite size because

its intensity is the least affected by the reflections of the carbon support which overlaps with the
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larger Pt (111) and Pt (200) Pt peaks®®. As expected, an increase in the Pt crystallite size is observed
as temperature increases for all atmospheres, see Table 1 and Figure 2(a). However, heat
treatments at 1000°C in 7% H/N; appear to have a stronger effect on Pt crystallite growth when
compared to N> or Ar. The presence of hydrogen not only increases the mobility of Pt NPs on the
carbon substrate but also the kinetics of the sintering and agglomeration®®*°. It was also observed
that Pt NPs growth was similar when these treatments were performed in both N> and Ar inert
atmospheres. Similar to XRD, CO chemisorption characterization for 30 wt% Pt ECS™ catalysts
showed a reduction of the Pt active metallic surface area pointing to the growth of the Pt NPs, see
Table 1 and Figure 2 (b). Furthermore, the small presence of carbon crystallinity observed as a
bump around 25° in the baseline samples and after 600°C heat treatments, was completely flattened
after heat treatments at 1000°C, independently of the atmosphere. At the same time, the measured
ECS™ interplanar spacing (doo2) at 25° of the baseline samples and 600°C heat treated ones did
not show considerable changes, with values around 3.50 A, after heat treatments at 600°C. From
the XRD data, it was not possible to measure doo2 samples after heat treatments at 1000°C due to
the absence of carbon-associated peaks, making a detailed evaluation of the carbon crystallite sizes
very difficult. Moreover, according to Franklin®?, doo> values ~ 3.35 A correspond to a single
(ideal) graphite crystal with the highest graphitization degree, while values ~ 3.44 A correspond
to turbostratic or randomly oriented graphene layers with the lowest graphitization degree.
However, Jia Ding et al.>® stated some carbon structures with a mean doo> larger than the
equilibrium of graphite can also exhibit at some level an ordered structure with a mixture of

S™ materials

graphitic and turbostratic stacking. In this research, the slight crystallinity of the EC
can be attributed to such a structure mixture. Whereas the noticeable decrease in ECS™

crystallinity can be related to the carbon decomposition under inert and reducing atmospheres at

15



1000°C during the 1 hr. long heat treatment. According to the literature, a continuous evolution of
CO2 and CO can be monitored when this type of carbon is exposed to a temperature range from
400°C to 1200°C>*. The oxidation of the ECS™ also weakens the bonding and anchoring force
between carbon and Pt nanoparticles, resulting in Pt nanoparticles detachment that can also lead

to considerable Pt crystallite growth and agglomeration?, observed in Table 1.

Table 2. ECS™ crystallite sizes.

Material La (nm) Material La(nm)
Bare ECS™ 3701 4.31 Bare ECS™ 4601 4.23
30%Pt/ECS™ 3701, Baseline 444 | 30%Pt/ECS™ 4601, Baseline 4.36
30%Pt/ECS™ 3701, HT 600°C 4.19 30%Pt/ECS™ 4601, HT 600°C 4.31
30%Pt/ECS™ 3701, HT 1000°C 4.07 30%Pt/ECS™ 4601, HT 1000°C 4.07
30%Pt/ECS™ 3701, N, 600°C 4.44 30%Pt/ECS™ 4601, N, 600°C 4.36
30%Pt/ECS™ 3701, N, 1000°C 4.07 30%Pt/ECS™ 4601, N, 1000°C 4.07
30%Pt/ECS™ 3701, Ar 600°C 4.36 30%Pt/ECS™ 4601, Ar 600°C 4.36
30%Pt/ECS™ 3701, Ar 1000°C 3.89 30%Pt/ECS™ 4601, Ar 1000°C 4.11

The Raman characterization was used to estimate the amorphization or graphitization processes
that might have taken place under the heat-treatment conditions. The Raman spectra for all samples
are almost identical, having similar G and D1 band peaks for the baseline and heat-treated samples,
see Figure 4 (d-f). The position of D1 peak (1350 cm™) is the result of an amorphous or disordered
carbon structure with structural imperfections and loss of symmetry, while G peak (1585 cm™)
represents the relative vibration of a more crystalline sp? hybridized carbon layers®>. The broad
hump in the second order region of the Raman spectra, between 2200 and 3400 cm’!, in these
amorphous carbons seems to slightly increase as the heat treatment increases up to 1000 °C.
According to literature, this feature observed in the Raman spectra of carbon (2400 and 3300 cm”
1), can be explained by the presence of a mix of smaller graphitic and amorphous peaks>®.

However, without precise information on the nature of the peaks involved in these increments, it

16



would be challenging to associate the increase with graphitization or amorphization processes.
Furthermore, the relative intensity ratios, R, show no obvious changes after Pt NPs dispersion on
the ECS™, see Table 1. This result implies no significant increment in the amount of defect sites
on the surface of the carbon support by the addition of Pt, as stated in the literature®’-%. Regarding
the effect of the heat treatments on the carbon support, the peak ratios of the D1 and G modes (see
Equation 2) for the ECS™ remained the same, around 1.00, after every heat treatment, implying
no considerable change in the carbon structure toward either amorphization or graphitization, see
Table 1 and Fig. 2 (c). These calculated D1 and G band intensity ratios are inversely proportional
to the carbon’s crystallite sizes, La, corresponding to the in-plane dimension of single crystalline
domains in graphite**, see Equation 3. Table 2 shows how the L, of bare ECS™ increases after Pt
addition, while a continuous reduction is observed as temperature increases in the heat treated
Pt/ECS™ samples. According to Marcinek et al.>® the decrease in L, can be accompanied by the
broadening and high-frequency shifts of the G band translating to a loss of the crystallites long-
range order and an increase in the point defect concentration.

Nevertheless, it must be emphasized that the interpretation of the Raman data is not
straightforward. Each of the D1 and G values mentioned here was obtained by averaging five
different Raman measurements obtained from different samples. While the shift values around the
D1 band remained almost invariable and centered around 1350 cm™! for all samples. The shifts
used to calculate the G band included values around 1585 cm™ as well as some values around 1600
cm’!, which are closer to the D2 (1610 cm™) band in the Raman spectrum®. D2 represents the
vibrational mode of disordered graphitic lattice-surface graphene layer that in many cases can
interfere with the interpretation of the G band and subsequent assessments on graphitization®'. This

suggests a transition in the ECS™ material from mildly graphitized to a more amorphous carbon

17



structure. This is also an indication of the different degradation mechanisms and rates that the
ECS™ can experience under the studied conditions, even though the variations in shift values
between 1585 cm™ to 1600 cm™ were independent of changes in temperature and atmosphere. The

S™ materials only corroborated the presence of a

detection of structural changes in these EC
relatively high density of site defect, inferred from the strong presence of D1 and D2 bands. This
highly disordered carbon structure can provide an adequate interface for Pt migration and Pt NPs
growth. However, the quantification of the carbon support structural qualities using D1, and G

band intensity ratios only provides very limited insight, especially regarding the origin and nature

of the structural defects.
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Figure 4. (a-c) XRD patterns for the baseline catalyst and heat-treated samples in (a) Ar, (b) N2
and (c) 7%H2/N2 atmospheres. Also, Raman spectra for the baseline catalyst and heat-treated

samples in (d) Ar, (e) N2 and (f) 7%H2/N> atmospheres.

Figure 5 shows the N> adsorption-desorption isotherms for the baseline and heat-treated
Pt/ECS™ samples compared to the bare (no Pt) 3701 and 4601 ECS™ powders. According to the

De Boer and Lippens category, they all displayed a type-IV isotherm, characteristic of strong
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mesoporosity with pore sizes between 2-50 nm®. Also, according to the International Union of
Pure and Applied Chemistry (IUPAC) the hysteresis loops suggest a combination of pore shapes
regarded as wedge-shaped pores formed by the piling of flaky particles and slit-shape pores usually
found in materials with lamellar structure. These hysteresis loops however, according to [IUPAC
classification, do not show well-developed cylinder-shaped pores that can better anchor Pt NPs
and prevent their agglomeration®>**. Nonetheless, the mesoporosity of these carbon supports can
function as a physical barrier to Pt NPs mobility and provide a good separation and encapsulation
of the NPs without losing accessibility to the Pt active sites. Moreover, the BJH plots from Figure
5 (inset) show a bimodal pore diameter distribution for all samples, with a sharp peak present
around 2-20 nm diameter, right at the mesopore scale, and a large hump at the macropore scale,

around 50-120 nm diameter. This mesopores are large enough to encapsulate the Pt NPs.
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Figure 5. N> adsorption/desorption isotherms and (inset) pore-size distribution for the bare (no Pt)

3701 and 4601 ECS™ powder, the baseline Pt/ECS™ catalysts and heat-treated samples.

Figure 5 (inset) demonstrates that ECS™

without Pt has larger pore volume and surface area as
well as a sharper pore-size distribution for both meso- and macropores (see Table 1 and Figure 2
(d-e)). However, the addition of Pt NPs tends to reduce, broaden, and flatten the hump representing
macroporosity, while the intensity of the mesoporosity peaks is reduced as well, but not drastically.
This reduction of macroporosity volume suggests that Pt NPs are more likely to be localized in the
macropores, rather than inside the mesopores. However, additional characterization, such as three-
dimensional (3D) TEM tomography, is needed to confirm this claim. Regarding the effect of the
heat treatments, the studied conditions did not seem to induce large changes in the surface areas

and porosity volume of the samples. The small variations in these values may be the result of

removal/addition of impurities and the increase of Pt NPs.
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Figure 6. BF-TEM micrographs of bare carbons (a) ECS™ 3701 and (f) ECS™ 4601. BF-TEM
micrographs include the corresponding PSD histograms of baseline 30% Pt/ECS™ (b) 3701 and
(g) 4601 catalysts. Heat-treated samples at 1000°C in 7%H2/N; for 30% Pt/ECS™ (c) 3701 and
(h) 4601 catalysts. Heat-treated samples at 1000°C in N, for 30% Pt/ECS™ (d) 3701 and (i) 4601
catalysts. Heat-treated samples at 1000°C in Ar for 30% Pt/ECS™ (e) 3701 and (j) 4601 catalysts.
For simplicity, only TEM data from these specific treatments are shown here, however, this
characterization was done on every sample after every heat treatment and the same trends were
observed. Images framed in black represent ECS™ 3701 and 30%Pt/ECS™ 3701, while images
framed in red represent ECS™ 4601 and 30%Pt/ECS™ 4601. The insets correspond to low

magnification imaging to represent NPs dispersion.

The BF-TEM micrographs at different magnifications are displayed in Figure 6 (a-j), illustrating
the NPs size changes under the heat treatment conditions. According to Asoro et al.** and
Moldovan et al.’!, the electron beam does not affect the sintering and coalescence of Pt NPs, hence
the changes in the Pt particle sizes is assigned to the heat-treatment. The TEM micrographs of the
bare ECS™, the baseline catalysts and the heat-treated catalysts at 1000°C can be seen in Figure
6 (a-j). The examination of bare ECS™ 3701 and 4601 structures with TEM, Figure 6 (a and f),
showed that the level of graphitization for ECS™ 3701 is very low for this amorphous carbon with
flake-like structures and undiscernible lattice fringes, while for ECS™ 4601 some small level of
graphitization was observed in the same flake-like structures. These subtle differences observed in
TEM cannot be observed in the Raman spectra because of the difference in the resolution of the
data acquired from both techniques. High resolution TEM (HRTEM) spatial resolution is <0.10

nm for Thermo Scientific™ TalosF200x200 kV and the spatial resolution for the Thermo DXR2
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Raman spectrometer is lower, when equipped with a 532 nm diode laser. No changes caused by

the beam were observed. When analyzing Pt/ECS™

powders, the structural changes of the heat-
treated catalysts at 400°C and 600°C were very minimal, similar to the small increase in crystallite
sizes observed from XRD. For that reason, emphasis was placed on comparing the baseline
catalysts only with the 1000°C heat-treated catalyst. Besides, under the TEM inspection, the Pt-
loaded ECS™ showed almost negligible changes after heat treatment. It can be concluded that the
ECS™ structural changes and loss of carbon crystallinity inferred from XRD and Raman mainly
occur in the interphase between the Pt NPs and the carbon support. This conclusion however can
be validated by performing identical location TEM on these specific locations of the catalyst

material®

. The TEM micrographs and the corresponding PSD histograms for the baseline Pt
loaded catalysts before heat treatments, Figure 6 (b and g), showed a homogenous and uniform
(Gaussian-type) distribution of Pt NPs with the same mean PSD (2.5 nm) for both 3701 and 4601.
After the heat treatments, Figure 6 (c-e and h-j), the histograms show a skewed Gaussian curve
toward larger NP sizes with a uniformly distributed PSD. An increase in the Pt average particle
size by a factor of 2 was observed for all samples after heat treatments at 1000°C, going from ~2.5
nm for the baseline catalyst to ~5nm. The mean particle size values measured by TEM are slightly
higher than those of the crystallite sizes by XRD measurements (see Table 1). This only indicates
the tendency for agglomeration of the Pt crystallites into NPs — one NP can be composed of just
one single crystal or a numerous crystalline domain (crystallites). The PSD does not seem to be
strongly affected by the different atmospheres, proving that temperature is the major driving force
for the Pt NPs growth. It was also noticed that as these Pt NPs grow, independently of the heat

treatment and atmosphere, the most prevalent facet of these Pt NPs was [111]. This was expected

because at high temperatures Pt NPs have a strong tendency toward [111]-oriented
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crystallographic facets, with faceting starting to occur at about 400°C>!'. Moreover, from the
histograms after heat treatments, the broadening of the PSD peak and the tail toward larger NP
sizes (~10 nm) is characteristic of NP growth by agglomeration®?. The increase of the mean particle
size with temperature can also indicate sintering by coalescence, with Pt NPs migrating on the
ECS™ to form clusters due to the degradation of not just the carbon support but also the Pt anchor
sites to ECS™ 3% Another proposed mechanism is Ostwald ripening, where the dissolution of
small Pt NPs is followed by its re-deposition on nearby and larger NPs, inducing the growth of the
later®!. In addition, Moldovan et al.’! suggests that the Pt NPs experience partial melting at > 600°C
leading to the formation of a highly mobile solid core NPs embedded in a liquid shell that wets the
support surface facilitating Pt NPs migration and agglomeration.

Under BF-TEM, the visual inspection of oxidation was not possible, however, this analysis was
performed by using FFT of the TEM micrographs. In addition, the goal was to determine if the
heat treatment in different atmospheres affects the predominant Pt crystalline phases. The analysis
was done on individual Pt NPs, to determine atomic interplanar spacing, see table 1. Figure 7 (a-
h) shows representative micrographs in which atomic resolution can be resolved in some NPs
along with their corresponding FFT patterns. For all samples, the FFT patterns of the Pt NPs reveal
d-spacing that mostly corresponds to the crystalline planes (111) reflections of metallic Pt (FCC
cubic structure) with also some presence of PtO> crystalline plane reflections at (310), (321) and
(222). From our calculations, it was also noticed three different trends in oxidation: the oxide phase
seemed to be more prevalent in the smaller Pt NPs (<2 nm), while in larger NPs (2 nm < PSD <
10 nm), both the oxide and metallic phases of Pt seem to coexist. However, in larger NPs (>10
nm) only the metallic phase was observed. This oxidation dependence on nanoparticle size was

also concluded by Banerjee et al.%, stating that Pt NPs with very small average particle sizes tend
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to exist as oxides only, and medium range particles exist as a core metal with a shell oxide
structure, while the largest NPs are mainly metallic. Additionally, Sellin et al.>* by studying the
reactivity and degradation process of the carbon substrate under controlled temperatures and
atmospheres similar to PEMFC operating at high temperatures. They stated that PtO surface
species are generated from the thermal decomposition of Pt(OH), at 150°C with H>O as a
byproduct. These Pt surface oxide species can then catalyze ECS degradation processes under air
and inert atmospheres by attacking the carbon at the interface between the Pt and the carbon

support.
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Fig 7. BF-TEM micrographs including insets of FFT patterns from a single NP (red dashed squares
and their corresponding magnification) for baseline 30% Pt/ECS™ (a) 3701 and (e) 4601 catalysts,
heat treated samples at 1000°C in 7%H2/N; for 30% Pt/ECS™ (b) 3701 and (f) 4601 catalysts,
heat treated samples at 1000°C in N» for 30% Pt/ECS™ (c) 3701 and (g) 4601 catalysts, heat
treated samples at 1000°C in Ar for 30% Pt/ECS™ (d) 3701 and (h) 4601 catalysts. Pt (111)
represented the most prominent reflection on these NPs, even though Pt (222), PtO> (420), PtO>

(200), PtO2 (111), PtO; (311), among others, were also observed but in lower intensity.
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Figure 8. High-resolution XPS Pt 4f spectra of 30% Pt/ECS™ 3701 at (a) 600°C and (b) 1000°C

and 30% Pt/ECS™ 4601 at (c) 600°C and (d) 1000°C in every studied atmosphere.

High-resolution XPS measurements provided confirmation and additional insights into the
surface composition of the treated catalyst materials. From our previous research?® it was
concluded that bare ECS™ materials did not undergo any significant changes in carbon speciation
(from analysis of C 1s spectra) after Pt NPs deposition, confirming that the addition of Pt NPs does
not significantly affect the ECS™ surface chemistry. Figure 8 (a-d) shows the high-resolution Pt
4f spectra background subtracted and normalized at the 4f7/2 peak maximum located at ~71.1 eV,
agreeing with reported values of the 47, component for metallic Pt®’. The XPS spectra revealed
that for both sets of samples supported on ECS™ 3701 and 4601, the untreated catalysts are much
more oxidized than the heat-treated ones. This is observed by peak width broadening indicative of
greater contribution from PtO 47, (~72.3 eV) and PtO> 4f7, (~73.1 eV) after heat treatments®®.
The mean PSD of these catalyst materials is small enough in diameter to be measured in entirety
by XPS, therefore the layer of oxide on the Pt surface (especially the baseline catalyst), have a
large contribution to the Pt signal compared to lesser amount of bulk metallic Pt. According to
Banerjee et al.*®®, the oxidized NPs are comprised of a metal core and an oxide shell so that the
overall average size of Pt NPs would be the sum of the Pt metal and the oxide shell thicknesses.
In addition, this can be correlated to our FFT analysis and the finding that the smaller particles
tend to be more oxidized. XPS characterization also indicated that for the ECS 3701 series, N2
treatment was the most effective at decreasing the oxidation of Pt NPs to metallic state. This
contradicts our expectation that the H>-containing atmosphere would be the most reducing one.

Such finding could be explained by a small difference in Pt NP particle size distribution between
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ECS 3701 treated in 7% H2/N; (having a broader PSD, with a higher contribution of small NP
shown in our FFT to be oxidized), compared to ECS 3701 treated in N> (having a narrower PSD
of NPs with mixed metallic and oxide state, as per our FFT analysis). However, more studies like
in situ TEM and electron energy loss spectroscopy (EELS) are needed to bolster our conclusion.
The decrease in the amount of oxidation from treatment seems to also yield a decrease in the total
amount of Pt surface area which is shown in the elemental Pt/C ratios in Figure 8 (a-d) derived
from the Pt 4f and C 1s core levels, and confirmed by CO chemisorption as agglomeration
increases with temperature. At 1000°C, N> and Ar are very similar in the amount of oxidation
removed and this high temperature also follows the trends seen at 600°C, where more oxidation
removed results in lower surface Pt. Lastly, in the overlays for the Cls, with similar maximum
peak positions in all samples (about 284.5 eV), there was a very minor shift to higher binding
energy in all treated powders compared to the untreated ones, less than 0.1 eV. This indicates that
the heat treatments are slightly increasing the amount of sp* carbon nature, attributed to a diamond-
like more amorphous carbon, and slightly decreasing the amount of sp?, characteristics of more
graphitic carbon. This way, XPS is giving a more nuance examination of the small changes

experienced by the carbon support that complements the XRD and Raman results.

4. CONCLUSION

In this research, heat treatments were performed on 30 wt% Pt catalysts supported on two
different types on Engineered Catalyst Supports, ECS™. Different temperatures ranging from
400°C to 1000°C were used in three different atmospheres, Ar, N> and a 7% H2/N> mixture. It was
concluded that, for these materials and under these conditions, the temperature is the main factor

controlling Pt NP growth, as shown by the increase in crystallite and particle size as a function of
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temperature. However, the gases used in the atmosphere served to prevent the oxidation of Pt NPs
during the heat treatments, as revealed by XPS, from which N; seemed to remove more oxygen
and to reduce the Pt NPs more effectively than the other two gases. Additionally, our FFT
calculation (from TEM micrographs) further revealed the effect of particle size on oxidation and
how the oxide phase tends to be more prevalent in smaller Pt NPs than in the larger ones. Regarding
the carbon support, the treatments did not produce any dramatic changes in the structure and
morphological characteristics of the carbon support as confirmed by Raman and N> physisorption

surface characterizations.
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