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ABSTRACT: Strongly interacting catalyst supports can
influence the nucleation, growth, dispersion, and shape of
supported nanoparticles that impact catalytic activity and
stability. However, there is little understanding of the limitations
of support interactions, and the ability to quantitatively relate
particle growth and loading to activity and stability is lacking.
Here, we report a statistical framework to quantify the growth of
a binary distribution of Pt nanoparticles on tin-doped indium
oxide and predict mass and specific activity for the oxygen
reduction reaction in acid media with increased Pt loading. Our
results reveal that the growth mechanism for Pt on the oxide is
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directly related to its exceptional electrochemical activity and provide new insight into the relationship between nanoparticle size
distribution and activity trends. We also show that catalyst degradation mechanisms can be controlled or altogether eliminated
through strong metal—support interactions. The results of this work provide insights into how catalyst preparation influences
material and chemical properties and how to develop design goals for next generation catalysts.
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1. INTRODUCTION

Pt-based electrocatalysts remain the most efficient materials at
both the anode and cathode of the proton exchange membrane
fuel cell (PEMFC)."* Unfortunately, widespread commercial-
ization of PEMFCs remains inhibited by a combination of slow
kinetics and the poor stability of carbon-supported catalysts,
particularly at the oxygen electrode. Controlling the morphol-
ogy of Pt nanostructures (size, facet, etc.) can provide a
powerful method to enhance the specific and mass activities of
Pt.* This is particularly true for the oxygen reduction reaction
(ORR) at the PEMFC cathode, where the activity is extremely
structure sensitive. The low-index crystallographic facets of Pt
show increased activities for the ORR on the order of Pt(100)
< Pt(111) < Pt(110), which likely results from the structure-
sensitive inhibiting effects of OH,4 species on Pt facets that
block active sites for O, adsorption and retard ORR kinetics.*
However, it is difficult to prepare high-surface-area Pt
nanoparticles with the desired facets because Pt nanoparticles
<$ nm in size tend to exist as truncated octahedrons covered by
a mix of {100} and {111} facets in an effort to minimize free
energy.7’8

Precisely controlled growth of metal nanostructures with the
desired orientation and alignment on substrates has become
increasingly important in areas of plasmonics,” nanoelec-
tronics,'® and quantum devices'' because it enables carefully
tailored electronic, optical, magnetic, and catalytic properties.
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The most commonly used substrates for these applications are
planar thin films, which limits application in certain areas,
including supported catalysis. Although a few morphology-
controlled particle catalysts have been achieved, they typically
involve core—shell structures in which contiguous monolayer
films of catalyst are deposited onto metallic nanoparticles.'>
Although more widely used support materials, including oxides,
carbides, and nitrides, may strongly affect nucleation, growth,
and morphology of catalytic nanoparticles, these effects have
not been broadly investigated.

In our previous work, we found that Sn-doped indium oxide
(ITO) interacts with Pt so strongly that Pt nanoparticles grow
with continuous lattice fringes from dislocations in the ITO.
This strong interaction leads to the growth of Pt nanoparticles
with preferential {111} faceting with high ORR activity and
excellent stability that already exceed the 2017 DOE targets for
commercial fuel cells."® This suggests that investigations of Pt
growth on strongly interacting supports are promising
directions for next generation ORR electrocatalysts; however,
much work remains to optimize their performance and realize
property improvements in related catalytic systems. One key
issue is that with such strong underlying substrate effects, it is
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unclear how the Pt morphology will scale to high loadings
typical of PEMFCs and how this behavior compares with that
of typical Pt/C catalysts.

In this work, we explore the growth of platinum nano-
particles by galvanic displacement on ITO supports as the Pt
loading is increased. The shape, dispersion, and particle size
provide insight into the electrochemical properties of Pt/ITO,
including mass and specific ORR activity and stability, with
increased loading. The methodology developed in this study
can be expanded to other catalyst—support systems and may
provide new insight into how nanoparticle growth impacts
material properties and why different synthesis methods
produce catalysts with different activities despite similar
loadings. There is also potential to use the method to develop
specifications for enhanced catalyst properties, including
optimal loading and particle size distributions.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. The synthesis of the ITO
supports was detailed in our previous work."> In short, indium
acetylacetonate (In(acac);) and tin bis-acetylacetonate di-
chloride (Sn(acac),Cl,) were dissolved in oleylamine and
heated at 250 °C in air for 3 h, then ethanol was added to
precipitate amorphous ITO that was dried at 80 °C under
vacuum for 24 h and crystallized by calcining at 500 °C in air
for 3 h. The Pt loading on the ITO was carefully controlled by
Cu deposition, followed by galvanic displacement with Pt. The
Pt mass loading was varied between 16% and 47%. Details for
the Cu deposition and galvanic displacement can be found in
the Supporting Information. Cu layers were deposited on the
ITO surface by cycling the electrode potential 2, 4, 6, 8, and 10
times.

2.2. Electrochemical Experiments. Electrochemical ex-
periments were conducted in a custom-built three-electrode
electrochemical cell with a Luggin capillary (Adams &
Chittenden Scientific Glass). All studies were carried out in
0.1 M HCIO, at room temperature using an Autolab
PGSTAT302N potentiostat with a platinum flag as the counter
electrode and reversible hydrogen electrode (RHE) as the
reference electrode. Results are reported in this paper with
reference to RHE. The prepared Pt/ITO catalysts were fixed
onto a S mm glassy carbon disk electrode (GCE) by dropping
20 uL of diluted DE-520 Nafion solution (1/100, 5 wt %,
DuPont). To evaluate the oxygen reduction reaction (ORR),
the electrolyte was bubbled with O, for 1 h and at least 5 cyclic
voltammograms (CVs) were run at 50 mV/s to condition the
electrode before the data were recorded. For the rotating disk
electrode (RDE) measurements, the working electrode was
scanned cathodically at a rate of 10 mV/s with varying rotating
speeds from 400 to 2500 rpm. Detailed information is available
in the Supporting Information file.

3. RESULTS AND DISCUSSION

3.1. Pt Nucleation and Growth. The Pt loading on ITO
was systematically increased from 16 to 46 wt % through
controlled Cu electrodeposition cycles, followed by sponta-
neous galvanic displacement by Pt. Pt/ITO catalysts were
prepared with 2, 4, 6, 8, and 10 deposition cycles. Cyclic
voltammograms for the Cu deposition cycles, experimental
details, and loading calculations are provided in the Supporting
Information. Pt particle size distribution and representative
high-resolution transmission electron microscopy (HRTEM)
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Figure 1. Pt particle size distribution and associated HRTEM images
for Pt/ITO electrocatalysts with (a) 2, (b) 4, (c) 6, (d) 8, and (e) 10
deposition cycles. Blue, primary particles; red, secondary particles.

images of the resulting Pt/ITO electrocatalysts are shown in
Figure 1. The Pt/ITO catalysts with low Pt loadings, 2 and 4
deposition cycles, showed a single particle morphology. For a
vast majority of the catalysts, the Pt nanoparticles were
completely isolated from each other with only one nanoparticle
per ITO facet. The insets of Figure 1a,b show HRTEM images
of a single Pt nanoparticle, which show the intimate attachment
of the Pt to the ITO surfaces. The Pt nanoparticles were
dominated by {111} facets and revealed highly ordered
continuous lattice fringes from ITO through the Pt nano-
particles, identical to our previous work with 3 deposition
cycles of Pt/ITO."> A HRTEM image for 3 deposition cycles of
Pt/ITO that very clearly shows Pt growth on ITO with
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Figure 2. (a) Cyclic voltammograms of Pt/ITO prepared with different cycle numbers of Pt deposition in a Nj,-saturated 0.1 M HCIO, solution
recorded at room temperature. Sweep rate, SO mV/s. (b) Specific ECSA as a function of the number of Pt deposition cycles. (c) Polarization curves
of Pt/ITO in O,-saturated 0.1 M HClO, solution. Sweep rate: 10 mV/s. (d) Specific activity (red) and mass activity (blue) of Pt/ITO for oxygen
reduction reaction at 0.9 V. The specific activity and mass activity of Pt/ITO with 3 DCs from previous study are also included for comparison;
Theoretical fitting of the (e) specific activity and (f) mass activity of Pt/ITO for 2—10 deposition cycles. The open data points in e and f represent

experimental data for five-deposition-cycle Pt/ITO.

continuous lattice fringes is shown in Figure S2. These Pt/ITO
arrangements are very different from Pt/C and indicate that
ITO substrates strongly affect Pt deposition, growth, and
morphology.

At 6 deposition cycles (37 wt % Pt), a distribution of two
types of particles emerges. Though well isolated nanoparticles
still dominated the surface, Pt aggregates started to appear, as
shown in Figure 1c. These aggregates consist almost exclusively
of two adjoining Pt particles with different faceting. The larger
primary particles maintain the preferential faceting observed for
2—4 deposition cycles. The secondary particles show different
lattice fringes not aligned to the ITO substrate, and distinct
from the primary particles. Because of their orientation relative
to the primary particles, regardless of the total Pt loading, it
appears that the secondary particles are nucleated from the
primary particles as opposed to the ITO support. The sizes of
primary particles were always <4 nm, and the secondary particle
size never exceeded 3 nm. As the number of deposition cycles
increased to 8 (Figure 1d) and 10 (Figure le), the emergence
and growth of secondary particles was even more apparent as
an increased number of two-particle agglomerates and three-
particle agglomerates appeared.
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3.2. Electrochemical Behavior of Pt/ITO Catalysts with
Increased Loading. As the Pt loading increases, the number
of surface atoms also increases. This is reflected by the
electrochemically active surface area (ECSA) determined from
the H adsorption features of CVs collected in N,-saturated 0.1
M HCIO, solution at 20 °C (Figure 2a). Although the absolute
value of the Pt ECSA increases with loading, the specific ECSA
shows an inverse relationship (Figure 2b). The specific ECSA
decreases with higher Pt loadings from 90.1 to 52.3 m* gp, ™" as
the ratio of surface to bulk atoms decreases. As the number of
surface atoms increases, the ORR current between 0.8 and 1.0
V increases, shown by polarization curves in Figure 2c for 2, 4,
6, 8, and 10 deposition cycles. The ORR activity was
determined from the mass transport corrected current at 0.9
V measured in O,-saturated 0.1 M HCIO, electrolyte using a
thin-film RDE at 1600 rpm. The mass and specific activities at
0.9 V of the Pt/ITO catalysts are shown in Figure 2d.

It is well established for Pt nanoparticles supported on
carbon that the specific activity increases rapidly as the particle
grows to around 2.0 nm and then increases linearly as particle
size further increases to 10 nm (the activity of nanoparticles
with diameters greater than around 10 nm approach that of
extended surfaces'); however, the trend for Pt/ITO is
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different. The specific activity increases sharply from ~0.728 to
~0.896 mA cm™? going from 2 to 4 deposition cycles and then
is nearly constant with further increases in catalyst loading. As
discussed earlier, the high specific activity of Pt/ITO is at least
partially due to the modified nanoparticle shape compared with
Pt black and Pt/C as a result of the preferential exposure of
high activity Pt {111} facets."> As long as the preferential
faceting could be maintained with increased particle size, the
specific activity would be expected to also increase because of a
smaller percentage of edge and step sites that adsorb oxygen
intermediates too strongly. However, TEM images show that
secondary particles start to form at 6 deposition cycles, and the
preferential {111} faceting is not observed on these particles. It
is the counteracting effects of the high activity primary particles
and the emergence of lower activity secondary particles that
leads to the saturation of the specific activity at ~0.9 mA/cm’p,
which is confirmed by the particle distribution model discussed
later.

Electrochemical Stability. Another catalyst property in
which size, shape, distribution, and support interactions play a
key role is electrochemical stability. Typically, the stability of
Pt/C catalysts is negatively influenced by the support. Both
carbon corrosion and weak support interactions for Pt/C act to
reduce the ECSA and ORR mass activity rapidly with time.'>"'®
Simply looking at the Pourbaix diagram,'” it would be expected
that the host structure, In,O;, would also be unstable in the
ORR reacting environment; however, a closer look at the text
in the Pourbaix Atlas reveals that at low pH and elevated
potential, the surface remains passivated with metastable In,Os.
This suggests that the indium oxide support will have favorable
stability, which has been borne out in recent experiments.'>"® It
is well-known that small nanoparticles are more susceptible to
activity loss than larger ones because of their high surface
energy and zero-dimensional structural features.'® However, for
primary Pt nanoparticles supported on ITO, the structure and
metal—support interactions are significantly different from both
Pt/C and secondary particles on ITO.

The ECSA and ORR stability of Pt/ITO electrocatalysts
were studied by cycling the potential between 0.0 and 1.4 V at
10 mV/s 1000 times (Supporting Information, Figures S3—S5).
For the 2 and 4 deposition cycle catalysts with only primary
particles, there was no recordable loss of Pt ECSA and no
discernible physical degradation of the samples (Figure S4).
However, increasing ECSA loss was observed for the catalysts
with higher Pt loadings: 3%, 5%, and 9% loss were measured for
6, 8, and 10 deposition cycles, respectively. Regarding the ORR
activity, the 2 and 4 deposition cycle catalysts showed only a 3
mV shift in the half-wave potential over the cycling period,
which is markedly improved over commercial 20 wt % Pt/C
catalysts that show 20 mV loss during the same treatment
(Figure S6). The 6, 8, and 10 deposition cycle catalysts show 7,
10, and 12 mV degradation in the half-wave potential,
respectively (Figure S3b). The accelerated ECSA loss and
significant shift in the ORR half-wave potential were tied
directly to the appearance of the secondary particles seen in
Figures lc—e.

When combined, the results of HRTEM studies and stability
measurements suggest two key advantages for Pt/ITO
compared with the state-of-the-art Pt/C electrocatalysts. First,
these results show that the ITO support is intrinsically stable in
the ORR regime and would be stable during startup/shutdown
in a PEMFC, eliminating one of the key degradation
mechanisms of Pt/C catalysts. Second, at low Pt loadings,
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where the primary particles are isolated from one another and
attached strongly to the support, there is no Pt growth or
agglomeration, implying that the Ostwald ripening mechanism
is not active.

The other primary degradation route for supported Pt
catalysts is Pt dissolution, which is facilitated by the formation
of surface oxides.'® The most common method to evaluate the
dissolution resistance for supported catalysts is to rapidly cycle
the catalyst between a low oxidation state (~0.6 V) and a highly
oxidized state (~0.9 V). In this work, the Pt catalyst was load-
cycled to test the Pt dissolution stability (Figure SSa). A 3
deposition cycle Pt/ITO sample was exposed to 5000 load
cycles in an O,-saturated 0.1 M HCIO, solution at 60 °C. The
first and 5000th cycle are shown in Figure SSb. Again, the Pt/
ITO showed excellent stability. The CV responses changed
negligibly after 5000 load cycles, which shows that Pt/ITO
primary particles have excellent stability, enabled by their
preferred shape and robust attachment to the support.

3.3. Impact of Particle Size Distribution on Pt Activity.
High-resolution TEM images are one of the most attractive
platforms to accurately determine the size distribution of
supported Pt particles. The measurements have good accuracy,
~0.2—0.5 nm is common, and the relative uncertainty can be
low because it is dictated by the number of particles in the
processed images (typically dozens to hundreds). Despite this
capability, the most common utilization of this information in
the literature is to present a numerically average particle size
and perhaps the standard deviation, assuming a normal
distribution. Observed catalytic behavior is often ascribed to
particles with the measured average size.

There are several limitations of this approach, including the
fact that nucleation and growth mechanisms are strongly
dependent on the synthesis method,”***! and the particle size
distribution of catalysts prepared by different methods may not
be the same, even if the average particle sizes are similar.
Moreover, the particle size distribution is often not Gaussian.**
These concerns are especiallz important for structure sensitive
reactions such as the ORR.*® Lumping catalytic performance
into a single size descriptor ignores critical details of the
measured activity. Currently, there is a lack of understanding as
to how particle size distributions contribute to PEMFC catalyst
performance.

Here, we introduce a modified Poisson distribution function
to capture the particle size distributions for both primary and
secondary particles of our Pt/ITO electrocatalysts. The particle
size distribution has two parameters, ¢ and 4, that determine
the inflection point of the cumulative distribution function and
the distribution width, respectively. The probability distribution
and cumulative distribution function are given as eqs 1 and 2,

A% exp[—4]
P(xr A) = XP' ’
X.
x = 10, 10 + 1, 10¢ + 2, .., 10(¢p + P.__) 1)
10(@+Rue) 9 (k—10)
_ A exp[—4]
CDE(x, 4, ¢) = T o100
k=109 (2)

where x is an integer counter of possible particle sizes, p(x,4) is
the probability of state x, and P, is the largest observed
particle size (4 nm for primary particles, 3 nm for secondary
particles). For each catalyst preparation with different numbers
of deposition cycles, HRTEM images were analyzed to
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shape parameter and Poisson shift for primary and secondary Pt particles for Pt/ITO for all cycle depositions.

determine the cumulative distribution and determine the
parameters A and ¢. Additional details of the particle size
distribution, including experimental data, averages, and stand-
ard deviations, are given in the Supporting Information.

An example of the experimental data and fit to the
probability distribution for the 2 deposition cycle Pt/ITO
sample is shown in Figure 3a. The R? value was 0.996, and the
residuals appeared random, suggesting no systematic error. The
modified Poisson distribution adequately captured the size
distributions for all samples with different numbers of
deposition cycles, yielding ¢ and A parameters for each case.
For the higher loadings, separate distributions were fit for both
primary and secondary particles. The data and plots for the
cumulative distribution functions, probability distributions,
average particle sizes, and standard deviations for all samples
are given in Figure S7 and summarized in Table S2. The
effective R* value for all cases was >0.97.

The analysis shows that average primary particle size
increased with Pt loading from 2.15 to 2.63 nm. The larger
particles, observed at 6 or more deposition cycles, were
accompanied by the emergence of secondary particles, whose
average sizes increased from 2.17 to 2.37 nm with increased
loading. Distributions of both primary and secondary particles
broadened with an increase in Pt loading. The primary particle
A values increased from 44.5 to 53.9, and the secondary
particles increased from 44.7 to 49.7. Though the trends for 4
and ¢ are not surprising, an interesting observation is that 1
and ¢ are linearly related. In addition, the primary and
secondary particles share the same slopes for A vs ¢, despite
their structural differences (Figure 3b).

The combined knowledge of Pt loadings and ratios of
primary to secondary particles with the probability distributions
were used to determine the number of primary and secondary
particles, total number of surface atoms, and the ratio of
primary and secondary surface atoms. For example, the total
mass of Pt can be expressed as a summation of primary and
secondary particles, as shown in eq 3.

10(¢hp+ Per)

)

k=104,
10(hg+Prs)

z pxs, Ag)-mg(d)

k=104,

p(xp, Ap)-mp(d)

mr = Nrp

+ Nypg
()
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In eq 3, Nyp and Ny represent the total numbers of primary
and secondary particles, respectively. The factors p(xp,4p) and
p(xg,As) represent the probability distributions of primary and
secondary particles, respectively, and mp(d) and my(d) are the
masses of individual particles of diameter d = k/10 nm for
primary and secondary particles, respectively.

Using the statistical models for the numbers of particles of
different sizes and surface areas, it is possible to derive
descriptors for the size-dependent catalytic activity of both
primary and secondary particles by fitting the specific activity
data in Figure 2e. On the basis of the work of both Shao et. al'*
and Perez-Alonzo et. al,>* who carefully studied the effect of
particle size on the ORR activity by carefully separating
particles with a narrow distribution and DFT calculations, a
linear dependence is used to describe the ORR specific activity
as a function of particle diameter for Pt nanoparticles >2.0 nm
(eq S21). It was also assumed that the specific activity of
particles with a diameter <1 nm was negligible and the specific
activity of 1.5 nm particles was ~2/3 the activity of 2.0 nm
particles, also consistent with their work.

The relationship between particle diameter and specific
activity of primary particles was determined using eq S22 and
the total specific activity data for 2, 3, and 4 deposition cycle
Pt/ITO where only primary particles were observed. The
combination of the statistical and experimental data found that
the specific activity of 2.0 nm primary particles is 0.51 mA/cm?,
and the slope of the specific activity vs diameter for particles
above 2.0 nm was 0.88 mA/cm*nm. The relationship between
particle diameter and specific activity of secondary particles was
determined using eq S23 and the total specific activity data for
6, 8, and 10 deposition cycle Pt/ITO where both primary and
secondary particles were observed. The specific activity of 2.0
nm secondary particles is 0.25 mA/cm’ and the slope is
calculated as 0.013 mA/cm*nm. A detailed explanation for
determining the influence of particle size on activity from the
statistical and experimental data is provided in the Supporting
Information. The activity values and slope clearly show that the
preferentially faceted primary particles always have a signifi-
cantly higher activity, and the margin increases with particle
size.

From the statistical description of the particle size
distributions and relationships between specific activity and
size, eq 4 was used to create a model representation of the
specific activity of catalysts as a function of the number of
deposition cycles,
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40 40
SAp=0p Y SAN(d)p(xp, Ap) + O Y, SAG(d)-plaxg, As)
k=S5i k=5i
(4)

where 6 and 6 are the portion of surface atoms for primary
and secondary particles, respectively (Table S3), and SA,(d)
and SAg(d) are the specific activity of a primary and secondary
particles of diameter d, respectively.

The model prediction of the specific activity as a function of
deposition cycles is shown by the solid line in Figure 2e and
nearly perfectly overlays the experimental data. Interestingly,
the statistical model predicts an oscillatory behavior for the
specific activity with increased Pt loading. The absolute
magnitude of the oscillations is not perfectly clear, given their
sensitivity to the interpolated particle data (please see the
Supporting Information file for more discussion), although the
oscillatory behavior predicted by the statistical model was
experimentally confirmed by synthesizing a S deposition cycle
Pt/ITO catalyst, which was not used in the model development
(open square in Figure 2e). In the model, the oscillations are a
direct consequence of the simultaneous growth of high-activity
primary particles and the emergence of lower-activity secondary
particles, which cause a leveling off around 0.9 mA/cm?®. The
agreement between the experimental and model results for §
cycles shows the ability of the statistical model not only to
describe the existing data but also to be predictive and provide
new insight that did not exist in the initial data set.

Another interesting observation from the model is that the
secondary particles have an average specific activity of 0.23 mA/

cm?, as calculated from eq S
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40

Z SA((d)-p(xg, A5) = 0.23 mA/cm?
k=5i ()
This value is nearly identical to the value that we previously
calculated for Pt/C under the same experimental conditions,"
which suggests that Pt/ITO secondary particles can be treated
as representative of Pt/C when extending the model. This value
is less than the value that would be expected for commercial
Pt/C catalysts such as 40 wt % Pt/VC HiSPEC 4000 from
Johnson Matthey because of its larger average particle size and
broader particle size distribution than the Pt/C catalyst
prepared in ref 13. However, when we use published data on
the average particle size, distribution, and activity of the
HiSPEC 4000 catalyst to determine the model parame-
ters,"***2% our model predicts a specific activity of 0.88 +
0.15 mA/cm?, consistent with published results for this catalyst
(details for this calculation are included in the Supporting
Information). This shows specifically how the proposed model
can be extended to other ORR catalyst systems and provides a
general example for extension to other chemical systems.

The mass activity in Figure 2f was calculated by multiplying
the specific activity by the specific ECSA. As expected, the mass
activity continuously decreases with increased Pt loading, from
0.66 A/mgp, for 2 deposition cycles to 0.47 A/mgp, for 10
deposition cycles. It is also notable that the mass and specific
activities of all of the Pt/ITO catalysts are much higher than
commercial Pt/C catalysts, and almost all of them exceed the
DOE 2017 targets for mass activity and specific activity.

The excellent ORR activity and ECSA retention suggest that
Pt/ITO is ready for immediate implementation in operating
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PEMEFCs; however, it should be noted that there are some
challenges that remain. The synthesis of Pt/ITO by galvanic
displacement must be scaled up to produce at least grams per
day instead of micrograms per day in the current process. In
addition, there is a significant difference between ex situ catalyst
performance and the design and construction of an efficient fuel
cell electrode. To date, the transition of noncarbon supports to
PEMEFCs has largely been unsuccessful, and carbon-based
supports still offer the highest performance, despite their
limitations. One of the reasons for this is that the ink-based
electrode fabrication methods that have been used are simply
carried over from carbon-based materials, which have proper-
ties and behavior vastly different from alternative support
candidates, including metal oxides and carbides. Therefore, a
considerable effort is still needed to develop processing
techniques that explicitly consider the density, hydrophilicity,
microstructure, etc. of metal oxide support materials, all of
which are vastly different from carbon, to construct high
performance PEMFC electrodes.

3.4. Applying the Model as a Catalyst Design Tool.
The predictive ability of the statistical framework described
above provides a noncomputationally intense platform to guide
future catalyst work for both Pt/C and Pt/ITO ORR
electrocatalysts based on secondary and primary particles,
respectively. For instance, it is possible to view the relationship
between the average particle size and the particle size
distribution, exploring a wide parameter space to discover
design principles of supported Pt ORR electrocatalysts. Figure
3 showed only a single 2D projection of the relationship
between the average particle size and the particle size
distribution that was dictated by the synthesis method and
conditions. Using the statistical model, it is possible to explore a
wider design space to find trends in the specific and mass
activities that can guide synthesis.

To explore the influence of the physical characteristics of
supported Pt nanoparticles on specific activity and mass
activity, the average particle size was parametrically changed
in 0.2 nm increments between 2.0 and 3.0 nm, and A was varied
between 0 (perfectly singular particle size) and S0 in
increments of 10. This was done for both Pt/ITO and Pt/C.
Because they were not observed experimentally, the probability
of finding nanoparticles with 1.0 nm > d > 4.0 nm was set equal
to zero, and the probability distribution was renormalized. The
specific activity was calculated from eq 6,

40

SA =Y SA(d)-p(x, )

k=10

(6)

where the index k counts particles between 1.0 and 4.0 nm.
Equation 6 differs from eq S in that only one type of particle is
considered, and the probability distribution is simulated with
0.1 nm accuracy because there is no requirement to compare to
experimental data. Pt/ITO is represented by primary particles,
and Pt/C is represented by secondary particles.

Figure 4 shows the predictions for both specific and mass
activity based on the statistical model. The specific activity
increased with particle size for both Pt/ITO and Pt/C, as
expected; however, there were significant differences in
behavior between these two materials based on particle size
distributions. For Pt/C, the specific activity always decreased
with increasing A (widening particle size distribution), shown in
Figure 4a. This follows conventional expectation; in fact, it is
this “known” trend that has motivated researchers for decades
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to develop complex synthesis routes to achieve narrow particle
size distributions.

For Pt/ITO (Figure 4b), the behavior is more complex. For
Pt particle sizes, > 2.8 nm, the same trend as Pt/C is observed.
However, at smaller particle sizes, <2.8 nm, the specific activity
follows the opposite trend, increasing as the particle size
distribution widened. This unexpected trend is a direct result of
the very high intrinsic activity of Pt/ITO for the ORR.
Alhtough the specific activity is a linear function of particle
diameter, the number of surface atoms approximately squares
with diameter. The result is that a mixture of 2.0 nm and larger
particles has a higher specific activity than a sharp distribution
of 2.0 nm particles because there is a threshold particle size
where the catalytic enhancement can outpace the increase in
surface area. If the slope of activity vs particle size is too small,
the threshold particle size falls into a range where structure-
sensitive reactions such as the ORR will have very poor activity,
<2 nm. Thus, catalysts with smaller slopes, such as Pt/C, will
always show decreasing specific activity with widening particle
size distribution. On the other hand, as the slope increases, the
threshold particle size also increases, eventually entering a range
that impacts the behavior of practical catalysts, between 2.6 and
2.8 nm for Pt/ITO. This result provides a significant new
insight: if the intrinsic catalyst activity is high enough,
conventional wisdom of narrowing the particle size distribution
may not apply.

Even more important for operating PEMFCs is the trend in
mass activity. The mass activity is best found by multiplying the
specific activity by the specific ECSA. Of course, both the
specific activity and ECSA are functions of particle diameter.
ECSA as a function of particle diameter was determined by
fitting a straight line to the 2, 3, and 4 deposition cycle Pt/ITO
ECSA data. Mass activity, MA, was calculated as a function of
the average particle size and distribution (4) by

MA = i SA(d)-ECSA(d)-p(x, 1)

k=10

(7)

For both catalysts, the mass activity decreases with increasing
particle size, >2.2 nm, which is expected. Akin to the specific
activity, the mass activity of Pt/C (Figure 4c) generally
decreases as the particle size distribution widens. Thus, Pt/C
has the highest mass activity with the smallest particle size and
narrowest particle size distribution. This condition is extremely
difficult, if not impossible, to synthesize in the laboratory and
would likely be impractical to implement industrially. By
contrast, Pt/ITO shows an increase in the mass activity as the
particle size distribution widens, regardless of the average
particle size (Figure 2d). Thus, the highest mass activity is
achieved with 2.2 nm particles and the broadest distribution 4 =
50 (standard deviation of 0.7 nm). In addition, looking at the
mass activity values (Supporting Information, Table S4) Pt/
ITO is considerably less sensitive to particle size distribution
than Pt/C. This suggests that existing scalable synthesis
methods can achieve high-activity, high-stability Pt/ITO ORR
electrocatalysts. There is no need to use complex methods to
keep the particle size distribution small; however, care must be
taken to maintain the shape and attachment features of Pt/ITO
that facilitate the high ORR activity, which to date has been
observed only by galvanic displacement.
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4. CONCLUSIONS

The properties of Pt/ITO synthesized by galvanic displacement
are considerably different from Pt supported on carbon. The
synthesis yielded isolated, strongly attached Pt particles at low
to intermediate mass loading, which inhibits Ostwald ripening
and Pt dissolution. The strong interface bonding is evidenced
by continuous lattice fringes from ITO to Pt and preferential
{111} facets that yield extraordinarily high specific and mass
activities. It is only at very high Pt loadings (>40 wt %) that any
appreciable degradation of activity is observed, which correlates
with the emergence of secondary particles with weaker
substrate interactions. Activity data demonstrate the consid-
erable impact that the support can have on the electrocatalyst
size, shape, and dispersion. These physical attributes change as
a function of the metal loading and play a key role in dictating
catalyst activity and stability. In addition, the excellent ORR
activity and ECSA retention of Pt/ITO highlight a new path
forward for next-generation ORR catalysts and provide a
unique system primed for testing in operational PEMFCs.

The statistical framework developed in this study provides a
simple platform to rationalize the influence of particle size and
distribution for supported electrocatalysts. From this model,
new insights were derived that highlight key differences in the
behavior between high-activity and low-activity electrocatalysts.
Secondary Pt/ITO particles behave similarly to Pt/C and
conform to conventional thinking that narrow particle size
distributions lead to the highest specific and mass activities. On
the other hand, the higher activity Pt/ITO primary particles
benefit from a wider particle size distribution at small sizes and
a narrow distribution at larger particle sizes. There are many
other applications within heterogeneous catalysis in which
activity and particle size data is readily available to the
community; this suggests that the framework described herein
may be able to provide new insight and have a low activation
barrier for implementation over a wide range of materials
systems and catalytic platforms.
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