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Abstract: Proton exchange membrane fuel cells are anticipated to play an important role in decar-
bonizing the global energy system, but the performance of platinum (Pt) catalysts must be improved
to make this technology more economical. Studies have identified non-spherical Pt nanoparticles
on carbon supports as promising approaches to address this challenge. However, to realize the full
benefits of these strategies, the catalyst synthesis procedures must be successfully simplified and
scaled up, and the catalyst must perform well in half and full-cell tests. In this study, a surfactant-free
one-pot method is developed to synthesize non-spherical Pt nanoparticles on Ketjen Black carbon,
which is either non-treated (Pt/KB), acid-treated (Pt/KB-O), or nitrogen-doped (Pt/KB-N). The
catalysts are synthesized in both small and large batches to determine the effect of scaling up the
synthesis procedure. The nitrogen-doped carbon support shows a nearly identical morphological
structure with uniform distribution of non-spherical Pt nanoparticles for both small and large batches’
synthesis compared with non-treated and acid-treated carbon samples. The comparative oxygen
reduction reaction (ORR) activity shows that the Pt/KB-N prepared in small and large batches has
better ORR activity, which is likely caused by uniformly distributed non-spherical Pt nanoparticles
on the nitrogen-doped carbon support. All three catalysts show similar ORR durability, testing from
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oxygen reduction reaction (ORR), and optimizing the fuel cell electrodes to maximize
catalyst utilization.

Shape-controlled Pt nanostructures have potential to improve the activity and durabil-
ity of Pt in electrocatalytic applications. The quasi-spherical morphology of commercially
available Pt nanoparticle (NP) catalysts is suboptimal because its area-to-volume ratio and
intrinsic activity are lower than those of non-spherical structures [8,9]. Therefore, shape
control can potentially increase the electrochemically active surface area (ECSA), specific
activity (SA), and mass activity (MA) of the electrocatalyst. Shape-controlled structures
realize specific crystal facets (e.g., (100), (111), and (110)) on the nanoscale, altering the
catalyst’s chemical and electronic interactions and leading to controllable catalytic selec-
tivity and improved performance [10]. Examples of shape-controlled NP morphologies
that have been studied include cubes [11,12], octahedra [13], tetrahedra [14], and more
complex shapes with high-index facets [15]. In addition to close-packed NPs, one- and
two-dimensional structures such as nanowires have been characterized [16]. Many of these
studies report benefits such as high ORR activity, good durability against voltage cycling,
and preferential CO oxidation. Because of such promising properties, shape-controlled Pt
and Pt-alloy catalysts are being considered in actual PEM fuel cells [17-20].

To further improve its dispersion, stability, and electronic conductivity, as well as to
form sufficiently large pore structures for reactant mass transport, Pt is often deposited on
a much larger carbon substrate, creating a carbon-supported Pt catalyst (Pt/C). The carbon
support is a crucial component of the catalyst layer (CL) in a membrane-electrode assembly
(MEA). Most commercially available fuel cell catalysts employ carbon blacks (e.g., Vulcan
carbon and Ketjen Black) as the support [5], but graphitized carbon materials such as carbon
nanotubes, reduced graphene oxide, graphene nanoplates, and graphite nanofibers can also
be used [21]. Experimental studies show that the choice of carbon material impacts both the
activity and durability of the catalyst [22,23]. Furthermore, carbon can be functionalized
using methods such as oxidizing acid treatment [24-26] and nitrogen (or other heteroatom)
doping [5,27,28] to introduce surface groups that serve as nucleation sites for Pt NPs.
These functionalization methods are known to impact the carbon’s surface chemistry and
microstructure. For example, oxidation treatment introduces carboxyl groups onto the
surface, increasing its hydrophilicity [29], electronegativity [30], and adhesion force on
Pt [31], while degrading the carbon’s porous structure and surface area [26]. Meanwhile,
nitrogen doping alters the electronic interaction between Pt and carbon [30], and it may
affect the carbon’s surface area and hydrophilicity depending on what kind of carbon is
used [32].

Although many experimental and theoretical studies have verified the benefits of Pt
shape control and carbon support functionalization, few studies have addressed large-scale
production of advanced catalysts that use these strategies. Many catalysts reported in
the literature use samples no larger than a few dozen milligrams, which is insufficient for
commercial applications [33-36]. The synthesis of Pt/C can be difficult to simplify and
scale up without affecting the catalyst’s properties [33], especially for shape-controlled
catalysts, which are often synthesized using shape-controlling agents that need to be
removed from the catalyst surface [10]. Therefore, it would be advantageous to synthesize
these catalysts using methods that are easily scalable and avoid difficult-to-remove shape-
controlling agents.

Furthermore, the synthesis of shape-controlled catalysts in large quantities requires
careful control of conditions for the synthesis process, so shape-controlled Pt/C catalysts
are typically synthesized in two steps. The first step is to synthesize the shape-controlled
Pt NPs, and the second is to deposit the synthesized Pt NPs on the functionalized carbon
support [37]. In addition to increasing production costs for commercial applications, the
process of physically mixing Pt NPs and carbon may fail to bond the NPs strongly to
the carbon, adversely affecting the catalyst’s stability [37]. Substituting this process with
a one-pot synthesis method, wherein the Pt/C catalyst is formed directly from the Pt
precursor and carbon support, would be preferable. However, accurately controlling the
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Pt NP morphology using one-pot methods can be difficult; this is further complicated
when using functionalized carbon supports, as the surface chemistry affects the interaction
between the Pt precursor and carbon, changing the NP size and dispersion [38]. One-pot
synthesis of shape-controlled and carbon-supported Pt catalysts must be improved before
such catalysts can be deployed in large scale.

Finally, the good performance of advanced electrocatalysts in ex situ electrochemical
tests does not always translate into good performance in actual PEM fuel cells. The full
potential of these catalysts can only be unleashed when paired with an optimal CL structure,
which can efficiently transport gaseous reactants, liquid water, and ions to and from the
catalyst. CL optimization is recognized as an important research area for shape-controlled
Pt-based catalysts [9]. Carbon functionalization can play a role in improving PEM fuel cell
performance because the carbon support is an integral component of the CL. For example,
nitrogen groups in the carbon may promote a more uniform distribution of ionomer on
the catalyst surface [32,39], thereby minimizing oxygen and proton transport resistances in
the cathode CL. To date, few studies have tested shape-controlled catalysts with treated
carbon supports in a manner representative of practical applications, with aspects such as
scaled-up catalyst synthesis and MEA testing.

Therefore, the objectives of this study are to: (i) synthesize shape-controlled and
carbon-supported Pt catalysts in one step, using what is often referred to as one-pot
synthesis; and (ii) evaluate the effects of carbon support on the non-spherical Pt catalyst,
followed by a comparison of its performance when synthesized in both small and large
batches. The as-developed catalysts are characterized physically and electrochemically
for their performance and stability. Rather than simply aiming for the highest ECSA and
SA values based on electrochemical tests, the catalyst is developed in a manner suitable
for mass production and application in MEAs. The selected catalyst synthesis method
is a one-pot and surfactant-free solvothermal method that has previously been used to
produce various non-spherical Pt nanostructure catalysts [40]. To determine how well it
scales up, the catalyst synthesis is conducted in both small batches (a few dozen mg Pt) and
large batches (a few hundred mg Pt), with the latter corresponding to the size used in our
previous work [41].

2. Experimental Section
2.1. Materials and Chemicals

Ketjen Black EC-600JD carbon powder (AkzoNobel), hydrochloric acid (37%, Sigma-
Aldrich, St. Louis, MO, USA), sulfuric acid (95-98%, Sigma-Aldrich), nitric acid (70%, Cale-
don Laboratories, Georgetown, ON, Canada), chloroplatinic acid hexahydrate (>37.50%
Pt basis, Sigma-Aldrich), ethylene glycol (Fisher Scientific), N,N-dimethylformamide
(>99.8%, Sigma-Aldrich), sodium hydroxide (>97.0%, Sigma-Aldrich), ethanol (HPLC,
Sigma-Aldrich), Nafion (5% solution, Ion Power, New Castle, DE, USA), and perchloric
acid (70%, GFS Chemicals, Powell, OH, USA) are used as received. Nitrogen (99.998%),
argon (99.998%), and oxygen (99.993%) compressed gas cylinders are obtained from Linde.
Deionized water is supplied from our laboratory.

2.2. Carbon Treatment

All of the carbon supports used in this work are derived from Ketjen Black EC-600]D
carbon. Non-treated, oxidized, and nitrogen-doped carbon are denoted by KB, KB-O, and
KB-N, respectively (Figure 1). To prepare KB, 6 g of the carbon material is mixed with
800 mL of 2.5 M hydrochloric acid and then refluxed at 120 °C for 18 h. After cooling
overnight, the carbon is collected and heated again in 800 mL of deionized water (DIW)
at 120 °C for 8 h. The carbon is washed 3—4 times using DIW until it is approximately
pH-neutral and dried inside a temperature-controlled chamber at 85 °C to obtain the final
product. To prepare KB-O, 2 g of KB is mixed with 67 mL of 4 M sulfuric acid and 200
mL of 4 M nitric acid and then refluxed at 120 °C for 4 h. The carbon is washed and dried
as described above to obtain the final product. To prepare KB-N, 1.6 g of KB is dispersed
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in 100 mL of DIW, and 5 g dicyanamide is dissolved in 40 mL of hot DIW. After stirring
these together for 30 min, the mixture is heated at 180 °C for 20 h in an autoclave and then
washed repeatedly with DIW. Following this, the carbon is mixed into 75 mL ammonium
hydroxide and similarly heated at 180 °C for 20 h. Finally, the carbon is treated with N gas
at 900 °C to obtain the final product.

Oxidizing acid
Hydrochloric treatment
acid
Ketjen Black treatment
EC-600/D

Oxidized carbon
(KB-0)

Non-
functionalized
carbon (KB)

Nitrogen-doped

Nitrogen doping carbon (KB-N)

process

Figure 1. Summary of the three carbon supports prepared in this study.

2.3. Catalyst Synthesis

Non-spherical Pt NPs supported on carbon are synthesized using a modified one-pot
solvothermal synthesis method similar to those reported in previous studies [14,16,42]. In a
typical synthesis, 600 mg of sodium hydroxide is dissolved in 8 mL of ethylene glycol (EG)
and 12 mL of N,N-dimethylformamide (DMF). Following that, 100 mg of H,PtCls-6H,0 is
added to the flask, and the mixture sonicated for 20 min; then, 40 mg of carbon (KB, KB-O,
or KB-N) is added, and the mixture is sonicated for another 20 min. After stirring overnight,
the mixture is heated at 170 °C for 8 h under an N, atmosphere, followed by natural cooling
to room temperature. The catalyst is washed 3—4 times using DIW and ethanol, followed by
drying in air for 48 h and inside a temperature-controlled chamber at 70 °C for 24 h. This
synthesis procedure yields a nominal Pt content of 48.5 wt.%. To synthesize the catalyst in
large batches, the procedure is repeated with all reactant quantities scaled up tenfold (i.e.,
using 1 g of H,PtCls-6H,0).

In this study, the catalyst names indicate which carbon support they contain (KB,
KB-O, or KB-N) and whether they are synthesized at small or large scale (1x or 10x).
The small-scale catalyst samples on KB, KB-O, and KB-N are called Pt/KB, Pt/KB-O, and
Pt/KB-N, respectively; the corresponding large-scale samples are referred to as Pt/KB-10x,
Pt/KB-O-10x, and Pt/KB-N-10x, respectively.

2.4. Physical Characterization

Physical characterization techniques are used to compare the surface chemistry and
microstructure of the treated carbon supports. Brunauer-Emmett—Teller (BET) area mea-
surements are taken using a Micromeritics Gemini VII 2390a machine with N, as the
adsorbate. To calculate the area, the BET equation is applied to the region where P/ P is
approximately 0.05-0.30, and the cross-sectional area of one adsorbate molecule is taken as
0.162 nm? [43]. X-ray photoelectron spectroscopy (XPS) measurements are taken using a
VGS ESCALab 250 Imaging ESCA system with Al Ka radiation (1486.68 eV).

Transmission electron microscopy (TEM) images of the catalyst samples are captured
using a Zeiss Libra 200 MC system operating at 200 kV, with images taken at a range
of magnification values (50 kx, 100 kx, 200 kx, and 400 kx). NP size distributions are
estimated by manually measuring 200-300 particles from at least two different 200 k x
images. Powder X-ray diffraction (XRD) measurements are taken using Rigaku Miniflex
II and Bruker D8 machines to characterize the crystallographic structures of the three
large-scale samples. A full scan is taken between 20 = 20-90°, followed by a detailed scan
of the Pt(111) peak to provide a second estimate of the crystallite size (with the Scherrer
constant taken as 0.9). Thermogravimetric analysis (TGA) measurements are taken using a
TA Instruments TGA Q500 machine to estimate the mass fractions of Pt. Approximately
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7-10 mg of each catalyst sample is heated in air between room temperature and 700-750 °C
to oxidize the carbon support, thus revealing the mass of Pt remaining in the sample.

2.5. Electrochemical Characterization

The ORR performance of the catalysts is determined by half-cell (ex situ) electro-
chemical characterization. Tests are conducted using a BAS RRDE-3A system and a CH
Instruments 760E potentiostat. For each test, 5 mg (£0.2 mg) of the catalyst sample is
dispersed in 0.5 mL DIW, 4.5 mL ethanol, and 30 pL 5% Nafion solution and sonicated
for 25-30 min to form a homogeneous catalyst ink. Then, 6.4 pL of this ink is cast onto a
glassy carbon electrode (4 mm diameter) and dried in air to form the working electrode.
A reversible hydrogen electrode (RHE) is used as the reference electrode, a Pt wire as the
counter electrode, and 0.1 M perchloric acid as the electrolyte. All tests are conducted at
room temperature (around 21.5 °C). To ensure repeatability of the results, each catalyst
sample is tested multiple times with at least 3 different inks.

Cyclic voltammetry (CV) measurements are taken by running 50 cycles between 0.05
and 1.2 V (vs. RHE) at 0.5 V /s to activate the catalyst, followed by 5 cycles at 0.1 V/s to
collect the actual data. The catalyst’s ECSA is calculated using the H, desorption peak area.
Linear sweep voltammetry (LSV) measurements are taken from 0.1-1.2 V (vs. RHE) in
the positive direction with a scan rate of 0.02 V/s, with rotation speeds of 800, 1200, 1600,
2000, and 2400 rpm. Background noise correction is accomplished by taking the difference
between measurements in Nj- and O;-saturated electrolyte. The catalyst’s MA and SA are
calculated based on the 1600 rpm data at 0.9 V (vs. RHE), consistent with U.S. Department
of Energy standards [44]. Two additional tests are run to study the catalyst’s durability
against potential cycling. A catalyst accelerated stress test (AST) is performed by cycling
20,000 times between 0.5 and 1 V (vs. RHE) using a scan rate of 0.5 V/s to repeatedly
oxidize and reduce the catalyst surface [44]. Similarly, a carbon corrosion AST is performed
by cycling 5000 times between 1 and 1.5 V (vs. RHE) to simulate the effects of unmitigated
fuel cell startups and shutdowns [44].

3. Results and Discussion
3.1. Carbon Support Properties

From BET area measurement, the surface areas of KB, KB-O, and KB-N are estimated
to be 1101, 924, and 1305 m?2/ g, respectively (Figure S1, Supporting Information). These
discrepancies suggest that the chemical treatment of Ketjen Black carbon affects its physical
properties, which in turn could affect the deposition of Pt NPs during one-pot catalyst
synthesis. For KB-O, the loss of BET area confirms the previous results in the literature [26].
For KB-N, the increase in BET area could be explained by an etching and opening of
the Ketjen Black carbon’s porous structure, similar to a previous study also using Ketjen
Black [39].

Judging from the XPS survey measurements (Figure S2a, Supporting Information),
all three carbon powders exhibit clear peaks at the binding energies corresponding to C
1s (284285 eV) and O 1s (532-534 eV). The O 1s peak has the highest relative intensity
for KB-O, confirming the effectiveness of oxidation treatment on this sample. Figure S2b
(Supporting Information) shows an enlarged scan between 397 and 404 eV, where a highest-
intensity peak around 398-399 eV indicates the successful doping of nitrogen in the carbon
network [45-47]. Meanwhile, KB-O exhibits two peaks, with the stronger one (405408 eV)
corresponding to nitrogen oxides and the weaker one (398-403 eV) possibly corresponding
to quaternary and pyrrolic N; these signals indicate residue from nitric acid treatment [30].

3.2. Catalyst Properties

Figure 2a,c,e show representative TEM images captured at 200 k x magnification for
the three small-scale catalyst samples. Pt/KB is composed of small NPs (approx. 2 nm
diameter) along with some larger NPs or agglomerates (>8 nm). In contrast, Pt/KB-O and
Pt/KB-N are characterized by mixtures of medium-sized NPs (approx. 5 nm) and small
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NPs. Based on the 200 kx magnification images, the mean NP sizes for Pt/KB, Pt/KBO,
and Pt/KB-N are 2.1, 3.2, and 2.4 nm, respectively (Figure 3a,c,e). The differences between
Pt/KB, Pt/KB-O, and Pt/KB-N can be explained by differences in the modified carbon’s
surface chemistry and microstructure. For example, the medium-sized NPs in Pt/KB-O
and Pt/KB-N appear to be dispersed better compared to the large agglomerates in Pt/KB,
and this can be explained by the functional groups on KB-O and KB-N, which serve as
binding sites for the NPs. Furthermore, Pt/KB-O has a larger average NP size than Pt/KB
and Pt/KB-N, which can be explained by the lower BET surface area of KB-O, as well as its
electronegativity (which makes it difficult for the negatively charged Pt precursor, PtClg?~,
to nucleate into small NPs). Overall, the TEM images suggest that surface groups on both
KB-O and KB-N improve the dispersion of NPs on the support, which should theoretically
benefit the catalyst because of increased ECSA.

Figure 2. TEM images of (a) Pt/KB, (b) Pt/KB-10x, (c) Pt/KB-O, (d) Pt/KB-O-10x, (e) Pt/KB-N,
and (f) Pt/KB-N-10x captured at 200 k x magnification. The scale bars are 20 nm.
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Figure 3. Particle size distributions for (a) Pt/KB, (b) Pt/KB-10x, (c) Pt/KB-O, (d) Pt/KB-O-10x, (e)
Pt/KB-N, and (f) Pt/KB-N-10x. Note that the size distribution for Pt/KB-10x excludes the nanorods.

Figure 2b,d,f show representative TEM images captured at 200 k x magnification for
the three large-scale catalyst samples. Unlike Pt/KB-10x and Pt/KB-10x, the morphologi-
cal structure of Pt/KB-N-10x is visually more similar to its small-scale version, without
obvious agglomeration of Pt nanoparticles [48]. This result suggests that the nitrogen-
doped carbon support may promote a more consistent or predictable catalyst morphology
when the catalyst synthesis is scaled up. Compared to the small batches, the mean NP
sizes increase for Pt/KB-10x and Pt/KB-O-10x (2.6 and 3.5 nm, respectively), whereas
Pt/KB-N-10x maintains a similar size (2.4 nm).

Figure 4 shows the XRD patterns of Pt/KB-10x, Pt/KB-O-10x, and Pt/KB-N-10x.
All the samples display clear peaks corresponding to Pt(111), Pt(200), Pt(220), Pt(311), and
Pt(222), confirming the crystalline structure of the Pt catalyst. The peak locations and
relative intensities are similar to those measured on commercial Pt/C catalysts [49]. In
addition, the Pt(111) peak of each sample is scanned at a slower rate to measure peak
broadening, based on which the crystallite sizes are estimated to be 5.8, 5.6, and 5.6 nm,
respectively. These values are noticeably larger than the mean sizes determined from TEM.
A plausible explanation is that the samples contain many small NPs, which result in a small
mean size according to TEM, but the small NPs also have very small volume, so their large
quantity does not accurately represent the actual distribution of Pt atoms. In reality, many
Pt atoms are located within the few large NPs and agglomerates, which is probably what is
being captured by the XRD results.
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Figure 4. XRD patterns for Pt/KB-10x, Pt/KB-O-10x, and Pt/KB-N-10x.

Judging from the TGA measurement, the Pt loadings for all catalysts except Pt/KB-
N-10x are estimated to be from 47-52 wt.%, close to the nominal Pt loading of 48.5 wt.%
(Figure S3, Supporting Information). This confirms that most of the Pt precursor is suc-
cessfully reduced and deposited onto the carbon support. Meanwhile, the Pt loading for
Pt/KB-N-10x is slightly lower at 43 wt.%, which may be due to experimental factors during
the TGA measurement. Furthermore, the different catalyst samples are observed to lose
mass from carbon oxidation at different temperatures, with Pt/KB-O-10x losing mass at a
lower temperature and Pt/KB-N-10x at a higher temperature compared to Pt/KB-10x,
despite all catalysts having similar Pt loadings. This observation shows that KB-O is less
thermally stable and KB-N more thermally stable than KB.

3.3. Electrochemical Performance

Figure 5a compares the average CV curves obtained for Pt/KB, Pt/KB-O, Pt/KB-N,
and commercial Pt/C. Based on the hydrogen desorption peak area (measured using the
baseline at 0.4 V), the ECSA values for these catalysts are calculated as 25, 31, 25, and
45.47 m? /g, respectively. Despite having a more uniform Pt nanoparticle distribution on
the carbon network, Pt/KB-N displayed a relatively smaller ECSA, which might be due
to a thicker carbon surface surrounding the Pt nanoparticles. Additionally, the widened
middle parts of the CV curves (approx. 0.4-0.6 V) for the as-synthesized catalysts represent
higher double-layer capacitance compared with commercial Pt/C, which may increase
their accessibility to the aqueous electrolyte [50]. Interestingly, when the synthesis is scaled
up, Pt/KB-N-10x shows a relatively larger ECSA (31 m?/g) compared to Pt/KB-10x and
Pt/KB-O-10x (24 and 25 m?/ g, respectively) (Figure 54, Supporting Information). This may
be because Pt/KB-N-10x retains a large quantity of Pt nanoparticles, and their uniform
distribution is without obvious agglomeration, according to the TEM analysis.

The ORR activity of the as-synthesized catalysts was studied using RDE in oxygen-
saturated 0.1 M HCIOy,. Figure 5b compares the average LSV curves for Pt/KB, Pt/KB-O,
Pt/KB-N, and commercial Pt/C. The mass activity (MA) values towards the ORR at 0.9 V
(vs. RHE) for these catalysts are 101, 103, 115, and 126.4 A /g, respectively. Combined with
the ECSA measurements corresponding to the LSV tests, the specific activity (SA) values
are 4.1,3.2,4.7,and 2.7 A/m?, respectively. Among the as-synthesized catalysts, Pt/KB-N
achieves the highest MA of 115 A /g, but this is slightly lower than that of commercial Pt/C.
However, its SA outcompetes commercial Pt/C, at 4.7 A/m?. This is likely caused by the
uniform distribution of Pt nanoparticles on the nitrogen-doped carbon surface compared
to non-treated and acid-treated samples [51]. Furthermore, we measured the LSV curves
for large-batch samples (Pt/KB-10x, Pt/KB-O-10x, and Pt/KB-N-10x) and compared
them with Pt/KB, Pt/KB-O, and Pt/KB-N, as shown in Figure 5c. The MA values towards



Catalysts 2023, 13, 1322

90f13

the ORR of these catalysts are 141, 114, and 148 A/g, corresponding to SA values of 5.7,
4.7,and 4.9 A/m?, respectively. All samples show enhanced ORR activity upon scaleup.
However, Pt/KB-10x displayed a significant improvement in both MA and SA compared
to Pt/KB-O and Pt/KB-N. This result suggests that carbon support modification with small-
and large-batch synthesis does not always replicate the catalytic activity of the catalysts.
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Figure 5. Cyclic voltammetry curves measured in nitrogen-saturated 0.1 M HClOy electrolyte for (a)
Pt/KB, Pt/KB-O, Pt/KB-N; and linear sweep voltammetry curves measured in oxygen-saturated
0.1 M HCIOy electrolyte for (b) Pt/KB, Pt/KB-O, Pt/KB-N, and (c) Pt/KB-10x, Pt/KB-O-10x,
Pt/KB-N-10x.

Figure 6 summarizes the changes in ECSA during AST between 0.5 and 1 V (vs.
RHE). Pt/KB loses approximately 17% of its initial ECSA after 20,000 potential cycles,
whereas Pt/KB-O and Pt/KB-N lose 23% and 24%, respectively. The losses in ECSA for
all the large-scale samples are between 22 and 24%. Based on these results, substituting
KB with KB-O or KB-N does not necessarily increase the durability of the supported Pt
catalyst. For catalysts on porous high-surface-area carbon supports, such as Ketjen Black,
the electrochemical degradation is thought to be dominated by Ostwald ripening [23].
Therefore, it is reasonable to conclude that the chemically treated carbon supports do little
to prevent the Pt NPs from degrading via Ostwald ripening.
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Figure 6. Comparison of ECSA degradation rates during the catalyst AST for (a) Pt/KB, Pt/KB-O,
Pt/KB-N; and (b) Pt/KB-10x, Pt/KB-O-10x, Pt/KB-N-10x.

Figure 7 summarizes the changes in ECSA during the corrosion AST from 1-1.5V (vs.
RHE). In this test, Pt/KB, Pt/KB-O, and Pt/KB-N lose 18%, 4%, and 12%, respectively, of
their initial ECSA after 5000 cycles. The large-scale catalysts show a similar trend, with
Pt/KB-10x, Pt/KB-O-10x, and Pt/KB-N-10x losing 17%, 7%, and 21%, respectively. The
Pt catalysts on KB-O are the most resistant against ECSA loss, seemingly contradicting
other studies on carbon corrosion [50], but there are some possible explanations for this
result. First, unlike the catalyst AST, the corrosion AST is expected to cause some Pt particle
detachment [52]. Because Pt/KB-O and Pt/KB-O-10x have fewer small NPs (which are
more thermodynamically unstable) and possibly stronger adhesion between Pt and the
surface [31], these catalysts may be more resistant to Pt detachment. Second, KB and KB-N
seem to gain more new oxygen-containing groups (carboxyl, carbonyl, etc.) on the surface,
signaling the corrosion and poisoning of the Pt catalyst [53]. It is possible that existing
oxygen groups formed on KB-O during the oxidation treatment protect the surface from
further corrosion. Thus, chemically treated carbon may indirectly affect the durability
of a Pt catalyst in high-voltage or corrosive conditions by limiting the effects of particle
detachment or newly formed oxygen-containing groups. However, this discussion is
speculative and cannot determine which mechanism is most responsible for the ECSA loss.
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Figure 7. Comparison of ECSA degradation rates during the carbon corrosion AST for (a) Pt/KB,
Pt/KB-O, Pt/KB-N; and (b) Pt/KB-10x, Pt/KB-O-10x, Pt/KB-N-10x.
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All the results related to this study, including TEM images at different resolutions and
CVs before and after durability tests, are available elsewhere [48].

4. Conclusions

In this study, a surfactant-free one-pot method is developed to synthesize non-spherical
Pt catalysts on chemically treated carbon supports in both small and large batches. It is
found that chemically treating Ketjen Black carbon (KB) with oxidizing acids (KB-O) or a
nitrogen doping process (KB-N) affects its surface chemistry and microstructure, which
in turn impact the properties of the supported Pt catalyst. For Pt/KB-O, the oxidation
treatment adds binding sites to KB-O, ensuring the formation of individual nanoparticles
(NPs), but the reduced BET area and modified surface chemistry lead to a larger mean
NP size. Meanwhile, for Pt/KB-N, nitrogen doping also adds binding sites to KB-N while
increasing its BET area, also leading to well-dispersed NPs. Both functionalization methods
lead to more predictable morphology when the catalyst synthesis procedure is scaled
up. Electrochemical characterization indicates that Pt/KB-O has similar or slightly lower
oxygen reduction reaction (ORR) activity, and Pt/KB-N similar or slightly higher activity,
compared to Pt/KB. From the accelerated stress tests, neither Pt/KB-O nor Pt/KB-N is
more durable than Pt/KB when cycled between 0.5 and 1.0 V, but Pt/KB-O is more durable
than Pt/KB when cycled between 1.0 and 1.5 V. Overall, this study shows that chemical
treatment of the carbon support can improve a Pt catalyst’s dispersion, but the effects on
ORR activity and durability are highly complex and depend on a multitude of factors.
The results presented here can inform future studies on non-spherical Pt-based catalysts,
chemically modified carbon supports, or both these topics.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13101322 /51, Figure S1: Plot for BET surface area; Figure S2:
XPS survey spectra; Figure S3: TGA plot for the samples; Figure S4: CV curves for the as-synthesized
samples.
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