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Size-dependent oxygen reduction reaction activity (ORR) and instability of Pt nanoparticles is of great importance in proton
exchange membrane fuel cell applications. In this study, the size-dependence of ORR activity on Pt nanoparticles (NPs) was
investigated on high-surface-area carbon supported Pt NPs below 5 nm in acidic electrolytes using rotating disk electrode method.
The ORR activity was correlated to the estimated surface coverage by OH anion from cyclic voltammogram measurements and the
surface composition and electronic structure of Pt NPs, which was studied using X-ray photoemission spectroscopy, and ultraviolet
photoemission spectroscopy. The results revealed a size-independent ORR activity on Pt NPs below 5 nm, which was attributed to
similar surface compositions and surface electronic structures of Pt NPs below 5 nm as well as comparable OH anion coverage at
the potential where ORR was evaluated. In contrast, the instability of Pt NPs under accelerated potential cycling was found to be

strongly dependent on the particle size.
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Proton exchange membrane fuel cells (PEMFCs) show promise as
ahighly efficient and environmentally friendly electrochemical energy
conversion technology for transport and stationary applications. The
kinetics of oxygen reduction reaction (ORR)'™ on the cathode are
sluggish, even on the most active Pt surface. Therefore, high loading of
Ptin PEMFCs is required for a given power (0.2 g/kW),! which limits
PEMFCs from large-scale commercialization. Small Pt nanoparticles
(NPs) with large surface area to mass ratio are highly desirable as
they provide high mass activity, where mass activity is a product of
activity per surface area (specific activity, also named intrinsic activity)
and surface area per mass of catalyst. With decreasing particle sizes,
however, the stability of Pt NPs is reduced, which can impact the
lifetime of PEMFCs.*> Therefore, it is very important to elucidate the
size effects on activity and stability to design Pt-based catalysts with
appropriate sizes for PEMFC applications.

It has been studied intensively over the last two decades whether
and how the intrinsic ORR activity of Pt NPs should be dependent on
the particle size. Although it is clear that Pt NPs have reduced ORR
activities compared to Pt bulk surfaces,"® the influence of particle
sizes on the intrinsic ORR activity in the size range relevant to practi-
cal catalysts used in PEMFCs is not well understood. Kinoshita’ has
first shown that the intrinsic ORR activity of Pt NPs drops with de-
creasing sizes (~15 to ~1.5 nm) in H,SO,4 and H3POy,, and increasing
surface density of under-coordinated sites and decreasing fractions of
highly active Pt (100) and (111) facets, as ORR is a highly struc-
ture sensitive reaction.® Subsequently, the observation of decreasing
ORR activity with decreasing Pt sizes from Pt polycrystalline to Pt
NPs as small as 1 nm has also been made in HC1O4.> ' This trend
has been attributed to increasing surface oxygenated species with de-
creasing coordination of surface Pt atoms on smaller Pt NPs,? which
thus inhibits the ORR as a spectator.!! This argument is supported
by increasing OH/O adsorption strength on Pt NPs with decreasing
particle sizes as revealed from X-ray photoelectron spectroscopy,'?
and X-ray absorption spectroscopy.'® In contrast, Yano et al.'* have
found that specific ORR activity of carbon-supported Pt NPs in the
range of 1 to 5 nm in 0.1 M HCIOy is size-independent, which has
been attributed to comparable surface electronic structure of different
Pt NPs from '>>Pt electrochemical nuclear magnetic resonance (EC-
NMR) measurements. It appears that the size effect on the intrinsic
activity of Pt NPs in HCIOy, particularly for NP sizes equal to and
smaller than 5 nm, remains inconclusive. If the specific activity is in-
dependent on Pt particle sizes, the ORR mass activity will increase on
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smaller Pt NPs; if the ORR specific activity decreases with decreasing
particle sizes, the mass activity usually reaches a peak point at roughly
2 ~ 3 nm,"'> !¢ probably because the enhanced electrochemical sur-
face area (ESA) cannot fully compensate the loss of ORR specific
activity on particles smaller than 2 nm.

A large number of studies!’?* have shown that Pt NPs degrade un-
der PEMFC operation conditions, causing effective ESA loss and lim-
iting the durability of PEMFCs, which require lifetime of a few thou-
sands of hours for automotive applications.* Previous studies'-?'-2*
have shown that the stability of Pt NPs can be highly size-dependent,
which can be explained by the Gibbs-Thomson relation,'*?!* giving
rise to higher free energy for Pt NP surface by 2y$2/R (y is the surface
energy of the particle, 2 is the volume per atom, and R is the radius of
the particle) than that of bulk surface.?’ Thus the dilemma of keeping
high mass activity (usually achieved on smaller particle sizes) and
durable performance (often obtained on larger particle sizes) requires
finding the compromise size for Pt NPs for PEMFC applications.

In this study, we examine the ORR activity of carbon supported Pt
NPs in the particle size from 1.6 nm to 4.7 nm in HC10, and H,SO,
by rotating disk electrode (RDE) measurements. The intrinsic ORR
activity of Pt NPs on these catalysts is then correlated to the cov-
erage of oxygenated species deduced from cyclic voltammetry, and
Pt oxidation states and valence band information of Pt NPs obtained
from X-ray photoemission spectroscopy and ultraviolet photoemis-
sion spectroscopy measurements. In addition, the stability of these
catalysts as a function of Pt NP size was examined by potential cy-
cling at 80 °C in H,SO,. The origin in the size influence on the ORR
activity and instability of Pt NPs having sizes smaller than ~5 nm is
discussed.

Experimental

Physical characterization of Pt NP catalysts.— Five samples of
Pt catalysts supported on high-surface-area carbon (HSAC) (Pt/C)
were investigated in our study to explore the size-dependent behavior
of the ORR. Three pristine Pt/C catalysts supplied by Tanaka Kik-
inzoku (TKK) have Pt weight fractions of 9% (TEC10E10A), 19%
(TEC10E20A) and 46% (TEC1050E), respectively. The Pt/C catalyst
containing 46% Pt NPs was further treated in Ar (99.999%, Airgas) at
900 °C for one minute or two hours (the ramping rate was ~30 °C per
minute) to create larger Pt particle sizes. The samples were referred
to as Pt-9%, Pt-19%, Pt-46%, Pt-46%-900 °C-1m and Pt-46%-900
°C-2h in the following text. The catalysts were analyzed as-received
or as-prepared with physical characterization without any further
pre-treatment.
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High resolution transmission electron microscopy (HRTEM)
measurements.— The Pt NP sizes of these samples were exam-
ined by a JEOL 2010 F high-resolution transmission electron mi-
croscope (HRTEM) operated at 200 kV with a point-to-point res-
olution of 0.19 nm. TEM samples were prepared by drop-casting
the catalyst powders ultrasonicated for five minutes in ethanol onto
TEM grids (Lacey carbon coated copper grids, Electron Microscopy
Sciences) and then dried in air. Pt NP diameters (d) were mea-
sured from bright field TEM micrographs. The number-averaged
d, = Z'l' d;/n) diameter and the volume/area-averaged diameters,
defined as d,/, = Y | d/>"| d* were calculated.*

Ultraviolet photoemission spectroscopy measurements.— Surface
electronic structures of three Pt/C catalysts (Pt-19%, Pt-46% and
Pt-46%-900 °C-1m) and HSAC (TKK) were examined by ultravi-
olet photoemission spectroscopy (UPS), and compared with Pt foil.
Pt valence band of Pt-9% were not resolved because of the low sig-
nal to noise ratio at extremely low Pt loading. The catalyst powder
samples were deposited on freshly cleaved highly oriented pyrolytic
graphite (HOPG, SPI Supplies). UPS measurements were performed
at the USUA beam line at the National Synchrotron Light Source
at the Brookhaven National Laboratory. The ultraviolet photoemis-
sion spectra were collected with a 125-mm hemispherical analyzer
at photon energies of 80 eV under ultra-high vacuum conditions of
5x 107! torr. The total instrument resolution was set to 0.10 eV. As
the photoemission cross section of Pt is dominated by the d states
at a photon energy of 80 eV,?® the valence band structure measured
mostly reflects the valence d states. Shirley-type background was sub-
tracted to remove the secondary electron scattering as described in
the literature.?” To obtain the photoemission contribution from Pt NPs
only, the density of states of carbon was subtracted from those of Pt/C
samples, following the method developed by Eberhardt et al.?® The d
band center energy relative to the Fermi level was calculated from the
density of states based on deenrer = [ N(e)ede/ [ N(e)de,”’ where N
is the density of states and ¢ is the energy of states.

X-ray photoemission spectroscopy measurements.— Oxidation of
supported Pt NPs was investigated by X-ray photoemission spec-
troscopy (XPS) on a Kratos Axis Ultra Spectrometer (Manchester,
UK) with a monochromatized Al X-ray source (Al Ka). The mini-
mum analysis area was set to be about 1.1 mm in diameter. Survey
spectra were initially collected at low-resolution, and high-resolution
spectra were collected for quantitative analysis of Pt NP composition.
All spectra were calibrated with the sp? hybridized carbon component
of C 1s at 284.5 eV.?° The relative sensitivity factors for Pt 4f, C s,
N Is and O 1s were given as 5.575, 0.278, 0.477 and 0.787, respec-
tively. After a Shirley-type background subtraction, the asymmetric
photoemission spectra of Pt 4f were fitted into three species according
to previous studies,**3! including Pt°, Pt (II) and Pt (IV). The doublet
separation between Pts;, and Pt;,, was constrained to be 3.4£0.1 eV.
The peak area between Pts;; and Pt;, was constrained to be roughly
3:4. The ratios between Pt species of different oxidation states were
calculated from the peak areas of deconvoluted Pt 4f spectra.

Electrochemical measurements.— Preparation of Pt catalyst
electrodes.— Pt loadings of ~6.4—7.4 wgp/cm? (except for 14
ngp/cm’*for Pt-46%-900 °C-2h) on glassy carbon electrode (GCE,
5 mm in diameter, Pine Instrument) without any Nafion were used
for cyclic voltammetry and ORR measurements in both HCIO, and
H,S0,. Suspensions of Pt-9%, Pt-19%, Pt-46%, Pt-46%-900 °C-1m
and Pt-46%-900 °C-2h of 0.15—0.70 mg/mL were obtained by dis-
persing the catalysts in de-ionized water (18.2 MQecm, Millipore)
using ultrasonication in ice-bath. 20 wL of the Pt/C catalyst suspen-
sion was deposited on the GCE, which was pre-polished using alumina
of 0.05 micron and dried in air at room temperature. Pt loadings of
~10 pgp/cm? were used for potential cycling experiments of Pt/C cat-
alysts (Pt-46%, Pt-46%-900 °C-1m and Pt-46%-900 °C-2h), where 20
L of 0.025 wt % Nafion water solution (diluted from 5 wt% Nafion,
Ion Power, Inc.) was added to dried catalyst thin film on GCE and
dried subsequently in air.

Electrochemical — surface area measurements from  cyclic
voltammetry.— Cyclic voltammograms (CV) on Pt/C were
collected in both 0.1 M HCIO, (diluted from 70% HCIO4, GFS
Chemicals) and 0.5 M H,SO;, (diluted from 18 M H,SO,, Sigma
Aldrich). A Pt wire and a saturated calomel electrode (SCE,
Analytical Sensor, Inc.) were employed as the counter and the
reference electrode, respectively. However, all the potentials reported
in this paper were referenced to that of the reversible hydrogen
electrode (RHE), which was calibrated from the RDE measurements
of hydrogen oxidation.3? After the electrolyte was saturated with Ar,
the steady-state CV of the working electrode was recorded at 50
mV/s from 0.03 V to 1.1 V vs. RHE at room temperature (296 £ 2
K) after it was scanned under the same condition for ~20 cycles.
CVs of catalyst thin films without Nafion binder were measured with
rotation at 1600 rpm to ensure that no catalyst fell off from GCE,
where no change in the CV data was found before and after rotation.
The ESA of Pt/C was determined from the Pt-hydrogen desorption
region between 0.05 V and ~0.4 V (the onset of the double layer
region) vs. RHE, assuming a surface charge density of 210 wC/cm?p,
for a monolayer adsorption of hydrogen on Pt surface.?

ORR activity measurements using rotating disk electrode.— ORR
activities of these Pt/C catalysts were examined in 0.1 M HCIO4 and
0.5 M H,S0, using RDE measurements. After the electrolyte was
purged with pure O, (99.995%, Airgas) for at least half an hour, po-
larization curves were recorded between ~0.03 V and ~1.1 V vs.
RHE at a sweep rate of 10 mV/s and rotation speeds of 100, 400,
900 and 1600 rpm at room temperature. To remove the capacitive
currents of these Pt/C samples, oxygen reduction currents collected
in O, atmosphere were obtained from subtracting the polarization
curve in O, by the corresponding CV in Ar at the same sweep rate.
The kinetic current i, was calculated based on the Koutecky-Levich
equation, 1/i = 1/iy + 1/ip where i is the measured current and ip
is the mass-transport limited current. The specific activity i; of ORR
was then obtained by normalization of i, by the ESA of Pt. i; and
the mass activity i,, (i; normalized by the weight of Pt) at 0.9 V vs.
RHE were used to compare the catalytic properties among the sam-
ples. The standard deviations were constructed from at least four
repeats of experiments. The Koutecky-Levich plot, 1/i o 1/w!/?,
was obtained at 0.6 V vs. RHE for HCIO,4 and 0.4 V vs. RHE for
HzSO4, based on 1/1 = l/lk + l/lD = l/lk + 1/36‘0(,01/2. BC(), de-
termined from the slope, reflects the number of electrons transferred
in the reaction, and the predicted value for B¢, is calculated based on
ip =0.2nFCp,(Do,)*?v15x!/2 3 where n is the number of trans-
ferred electrons, F is the Faraday constant, Cy, is the concentration
of dissolved O,, Dy, is the diffusivity of O,, v is the kinetic viscosity
of the electrolyte and w is the rotation rate.3*

Pt/C instability upon potential cycling.— Accelerated instability
measurements of Pt/C catalysts were performed in N,/Ar-saturated
0.5 M H,SO;, using potential cycling from 0.6 V to 1.0 V vs. RHE
at 20 mV/s at 80 °C. At the beginning of each potential cycling ex-
periment, the working electrode was scanned between ~0.03 V and
~1.1 V vs. RHE at a sweep rate of 200 mV/s for 60 cycles to reach
steady-state CV at room temperature. The electrochemical cell was
then heated up to 80 °C in an oil bath, and the working electrode was
scanned between 0.6 V and 1.0 V vs. RHE at 20 mV/s. After every
200 cycles at 80 °C, the cell was cooled down to room temperature
and steady-state CVs were recorded at 50 mV/s from 0.03 V to 1.1
V vs. RHE, from which the ESA of Pt/C catalysts was obtained as a
function of number of cycles.

Results and Discussion

Size distributions and surface atomic structures of Pt/C
catalysts.— Figure 1la—1le shows representative HRTEM images of
supported Pt NPs of five catalyst samples used in this study, where
single-crystalline Pt NPs were found to uniformly distribute on car-
bon support. For each sample, 200 particles were measured to cal-
culate the average particle size. The pristine Pt-9%, Pt-19% and Pt-
46% catalysts have a number-averaged particle size of 1.6 £ 0.5 nm,
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Figure 1. HRTEM images of Pt NPs for (a): Pt-9%; (b): Pt-19%;
(c): Pt-46%; (d): Pt-46%-900 °C-1m; and (e): Pt-46%-900 °C-

2h. (f): number-averaged diameters of Pt NPs for each sample.

Diameter of Particles (nm)

1.7 £ 0.6 nm and 2.0 & 0.6 nm, respectively, where the error bars
correspond to the standard deviation of each size distribution. As
shown in Figure 1f, Pt-46%-900 °C-1m and Pt-46%-900 °C-2h have
larger particle sizes and wider size distributions of 3.1 &£ 0.7 nm and
4.7 £ 1.2 nm, respectively.

The volume/area-averaged diameter (d,,,) of each sample and the
specific surface area (STEM) based on d,, are listed in Table S1. Further
investigation of Pt surface morphology was performed on samples
Pt-46%, Pt-46%-900 °C-1m, and Pt-46%-900 °C-2h. As shown in
Figure S1. Pt NP surfaces are found to be dominantly enclosed by
Pt(111) planes, which accounts for 55%—65% of the total surfaces
(Figure Slc). These three samples also have minor fraction (~15%
to 25%) of high-index planes, with the fraction slightly increased as
the particle size decreases, as shown in Figure S1d. For Pt-9% and Pt-
19% samples, the majority are below 2 nm in diameter. However, the
conventional HRTEM is not able to well resolve the surface crystal
structure of these small particles due to the strong influence from
the carbon substrate, as shown in Figure S2, and thus the surface
atomic structure information was not available for Pt-9% and Pt-19%
samples.

Size-dependent oxidation and electronic structure of Pt NPs.—
XPS was used to determine the Pt oxidation state of Pt NPs. We first
compared Pt 4f and C 1s raw data of Pt-46%, Pt-46%-900 °C-1m,
and Pt-46%-900 °C-2h before calibrating with the sp? hybridized car-

D

2.0+0.6 nm, Pt 4f

Intensity (a.u.)

80 78 76 74 T2

Binding Energy (eV)

The scale bars are 5 nm. The insets are the Pt particle size
distributions, number-averaged (d,), and volume/area-averaged
(dy/a) particle sizes. The error bars in (f) are standard deviations
of the particle size based on at least 200 counts for each sample.

0
e P‘_ﬁ*nﬁﬁ"* g&;c‘_\«‘ \,ﬁd’cf'l“

mjﬁ*’ 9\.@“""

bon component of C 1s at 284.5 eV. The C 1s peaks were found to
fluctuate between 284.4 and 284.5 eV. We did not observe a positive
shift in Pt 4f or a negative shift in C 1s expected for Pt carbides,
which would result from the charge transfer from Pt to C if Pt car-
bides would form during heat-treatment as suggested by previous
studies.>® Further analysis was carried out after calibrating with the
sp2 hybridized C 1s at 284.5 eV. Pt 4fs/, and 415, profiles of these five
Pt/C samples were fitted to three components: Pt, Pt (II) and Pt (IV)
species with peak separation and peak ratio constrained, as shown in
Figure S3 and Table S2. Representative Pt 4f doublet profile of the
2.0 £ 0.6 nm sample is shown in Figure 2a, having Pt® with Pt 4f;),
peak at ~71.6 eV, Pt (II) with Pt 4f 7, peak at ~72.9 eV, and Pt (IV)
with Pt 4f;,, at ~74.3 eV, which are in reasonably good agreement
with previous reports.’*3! The fraction of Pt® was found to increase
from 65% to 91% with increasing particle size from 1.6 £ 0.5 nm to
3.1 £ 0.7 nm, and eventually level off at 4.7 &= 1.2 nm, as shown in
Figure 2b. The composition of Pt (IV) also disappears with these
two large particle sizes. This slight size-dependent oxidation can be
attributed to increased under-coordinated sites on smaller particles,
which can bind more strongly with oxygen-containing species than
terrace sites.”’

Surface electronic structures of these Pt NPs were examined using
UPS. Figure 3a shows the partial valence band of bare HSAC and
HSAC-supported Pt NPs. The sole photoemission contributions of Pt
NPs were obtained by subtracting the spectrum of HSAC from that

(b)100- r T T - T T b4 T |
_g-----8---_g
2 s} e EE
N - @
=i
g.;;ﬁﬂ- 1
'5540- 3
c
2 f- 20t \&- .
o of TrA LA LPHIV) T
1 2 3 4 5 6

Diameter of Particles d_(nm)

Figure 2. (a): Representative X-ray photoemission spectra of Pt 4f level for Pt-46% (2.0 £ 0.6 nm) sample. Curve fitting was done after a Shirley-type background
subtraction. The Pt 4f peaks were fitted into three sets of Pt species, i.e. Pt° (solid red line), Pt(Il) (dashed green line) and Pt(IV) (dash-dotted blue line). The
doublet separation between Pts;, and Pt7, was constrained to be 3.4 £ 0.1 eV. The peak area ratio between Pts;, and Pt7, was constrained to be roughly 3:4. (b):
The fractions of Pt atoms at different oxidation states calculated from the corresponding peak areas of Pt 4f spectra.
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Figure 3. (a): Outer-level photoemission spectra of Pt-19% (1.7 £ 0.6 nm, red
square), Pt-46% (2.0 £ 0.6 nm, green circle), Pt-46%-900 °C-1m (3.1 0.7 nm,
blue triangle), and a HSAC sample (black star) collected at a photon en-
ergy of 80 eV; (b): subtracted photoemission signals of Pt NPs and Pt
foil (grey pentagon); and (c): the estimated d band center of Pt 5d emis-
sion relative to the Fermi level of different sized samples based on deenrer
= fN(s)sde/f N(e)de.r” The error bars of x-axis in (c) are standard de-
viations of Pt NPs based on at least 200 particle counts for each sample,
and the error bars of y-axis in (c) are the total UPS instrumental resolution
(0.1eV).

of Pt/C, as shown in Figure 3b. While Pt NPs of 3.1 nm and Pt foil
show well-developed density of states (DOS) near the Fermi level
(binding energy equal to 0), Pt NPs of 1.7 nm and 2.0 nm illustrate
somewhat lower DOS, probably due to the presence of ultra-small
Pt NPs (<0.5 nm), the valence band of which may not have been
fully developed.*®* However, all NP samples show higher DOS from
—4 to -8 eV below the Fermi level than Pt foil. The valence band
structure measured mostly reflects the valence d states because the
cross section of s and p states is much smaller than that of d states at
80 eV.26 It was found that Pt NPs have a much lower d band center
compared to Pt foil, and interestingly the d band center was reduced
slightly with decreasing particle size, as shown in Figure 3c. Although
larger fractions of low-coordinated surface atoms’ on Pt NPs than
bulk surface should lead to a narrowed and up-shifted d band from
previous DFT studies,***? surface oxygen on Pt NPs can cause d
band broadening and thus lower the d band center.** Therefore, the d-
band lowering of smaller Pt NPs shown in UPS data can be attributed
to increasing surface oxygenated species on Pt NPs with decreasing
size as revealed by XPS results (Figure 2). This is in agreement with
previous findings** that the d band center relative to the Fermi level of
supported Pt NPs is lowered with increasing surface steps, which can
bind more strongly with oxygenated species than low-index terrace
sites.

ESA estimation of Pt/C catalysts.— Figures 4a and 4c show CVs
of these five catalyst samples collected in Ar-saturated 0.1 M HCIO4
and 0.5 M H,SO,. The CVs of these catalysts clearly show under-
potential deposition of hydrogen on Pt between 0.05 V and ~0.4 V,
followed by a double layer region, and Pt-OH formation and reduc-
tion in the voltage range from 0.6 to 0.8V vs. RHE, which is in good
agreement with previous studies.'®**% The peaks between 0.1 and
0.2 V and the broad shoulder in between 0.2 and 0.3 V correspond
to the Pt-H adsorption/desorption on Pt (110) and Pt (100) facets,
respectively. The ESA of Pt/C catalysts, estimated from the charge in
the hydrogen desorption region, are compared with those calculated
from the HRTEM data (ST™) in Table S1. The ESA values obtained
in HC1O4 and H,SOy, are very comparable, which suggests that anion
adsorption may not interfere with H underpotential deposition on Pt.
In HC1O4, Pt NPs in pristine catalysts Pt-9%, Pt-19% and Pt-46% have
relatively large ESA values of 148 m?/gp;, 126 m?/gp,, and 78 m*/gp,,
respectively. After one minute heat treatment at 900 °C, the ESA of
Pt-46% drops to 38 m?/ gpy, and it further decreases to 24 m?/ gp after a
two-hour heat treatment at 900 °C. For all samples, the ESA decreases
with the increased average particle size measured from HRTEM mi-
crographs. The HRTEM estimated surface areas (STEM) agree well
with the ESAs for Pt-9% and Pt-19%, but are much larger than those
of the pristine and heat treated Pt-46% samples. It is worth pointing
out that the former case is likely coincident but the latter one may re-
flect the true differences intrinsic to these two methods in estimating
Pt NP surface area. On one hand, because the contact area between Pt
NPs and the carbon support is included in STEM but is inaccessible in
CVs, STEM 5 expected to be larger than ESA. On the other hand, due
to the difficulty of detecting extremely small (<0.5 nm)*? but elec-
trochemically active particles with conventional HRTEM, the STEM
of catalyst samples with these very small Pt NPs such as Pt-9% and
Pt-19% is underestimated and is expected to be smaller than ESA.
Both effects may render a coincidental agreement between STPM and
ESA for Pt-9% and Pt-19%. As the number of Pt NPs smaller than
0.5 nm is smaller in Pt-46% than in Pt-9% and Pt-19%, which is fur-
ther reduced significantly via the heat-treatment,’ the first effect will
dominate and thus lead to greater STEM than ESA as observed.

Size-independent surface coverage of oxygenated species on Pt
NPs from CV measurements.— Increasing oxidation current with an
onset voltage at ~0.7 V in the positive-going scan is associated with
the formation of oxygenated species on Pt (e.g. OH,q) while the re-
duction peak around 0.6~0.8 V in the negative-going scan is related
to the reduction of Pt oxides as shown in Figures 4a and 4c. The
onset voltage for the formation of oxygenated species on Pt NPs was
influenced by anion adsorption, where it was delayed from ~0.7 V in
HCIO, to ~0.8 V in H,SO, in the positive-going sweep due to strong
(bi)sulfate anion adsorption.® This effect can be seen more clearly in
the charge density of oxygenated species on Pt NPs in Figures 4b and
4d (top panels), which will be discussed in detail below. For example,
the charge density of 50 wC/cm?p; was obtained at 0.85 V in HCIO,
while this was achieved at 0.95 V in H,SOy,.

With decreasing Pt particle sizes, the onset voltage of rising oxi-
dation current and the peak voltage of the reduction peak are shifted
negatively as shown in Figures 4a and 4c. To examine this further, the
charge densities associated with the formation and reduction of Pt oxy-
genated species were calculated from CV data, as shown in Figures 4b
and 4d. It is interesting to note that the coverage of oxygenated species
at 0.9 V in the positive-going sweep, where ORR activity is typically
evaluated, has very weak dependence on particle size in HC1O4 and
H,SO,, as shown in Figures 4b and 4d (top panels) and Figure 4e.
In contrast, the particle-size dependent coverage is more apparent
for reduction of Pt oxygenated species on the negative-going scan
(Figures 4b and 4d, bottom panels), which is in good agreement with
those reported previously.*® The particle-size-dependent reduction of
Pt oxygenated species has been attributed to increasing oxyphilic-
ity of smaller Pt NPs having decreased surface coordination, and the
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Figure 4. CVs of Pt NPs recorded at room temperature and at a sweep rate of 50 mV/s in (a): 0.1 M Ar-saturated HC1Oy4; and (c): 0.5 M Ar-saturated H»SOj4.
(b): background-corrected charge density associated with Pt-OH formation in the positive sweeps (top) and Pt-OH reduction in the negative sweeps (bottom) in
HClOy; (d): background-corrected charge density associated with Pt-OH formation (top) and Pt-OH reduction (bottom) in H,SOy; (e): OH coverage at 0.9 V vs.
RHE on the positive sweeps in HC1O4 and H,SOy; and (f): ORR specific activity in HC104 versus OH coverage at 0.9 V vs. RHE in HCIOy. Error bars of the
ORR activity are standard deviations constructed from at least four repeats of experiments.

presence of highly oxyphilic Pt clusters in the pristine catalysts, and
the formation of more irreversible oxide species.*®

Size-independent ORR activity.— Representative background-
corrected polarization curves of the Pt-46% sample at different ro-
tating speeds in HC1O, and H,SO, are shown in Figures 5a and 5Sc,
respectively. ORR polarization curves of all catalyst samples on RDE
show a diffusion-controlled region at voltages lower than 0.6—0.7 V, a
diffusion-kinetic combined region, and a kinetic-controlled region™'°
at voltages equal to or greater than 0.9 V vs. RHE. Background-
corrected, diffusion-controlled current densities are well defined for
all catalysts as diffusion current densities of different catalysts are
very comparable at 1600 rpm and within 5% deviation from the ex-
pected limiting current density of ORR in 0.1 M HCIO, at 1600 rpm
(6.02 mAcm™24),*” as shown in Figures 5b and 5d. Representa-
tive Koutecky-Levich plots in Figures 5a and Sc insets show that
diffusion currents linearly scale with o~"2, having Bcy parame-

ters of 0.156 mAcm™2ggrpm~"? (obtained at 0.6 V in HCIO,4) and
0.133 mAcm 2 ggrpm~""? (obtained at 0.4 V in H,SO,), which is in
good agreement with previous studies.!®4"4® Specific ORR activity
iy is plotted as a function of potential in Figures 5b and 5d insets.
It should also be noted that all the catalysts show very similar Tafel
slopes of ~72 mV/dec for HCIO4 and 80 mV/dec for H,SO,, which
agree well with previous studies.>*® Interestingly, there is no apparent
trend for size-dependent ORR activity, which will be compared and
discussed with previous findings"'* in detail below.

The specific ORR activity i, values at 0.9 V vs. RHE in HC104 and
H,SO, of all Pt NP catalysts are compared in Table I and Figure 6a.
The specific ORR activity values for all catalyst samples were found
to be ~300 wA/cm?p, in HC10, and ~ 60 wA/cm?p, in H,SO,, which
is in reasonable agreement with those reported previously.!%10:49
The five-fold reduction in the specific ORR activity in H,SO,
can be attributed to strong adsorption of (bi)sulfate ions as shown
previously.
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Figure 5. Representative background-corrected polarization curves of ORR on Pt-46% (2.0 &= 0.6 nm) collected at a sweep rate of 10 mV/s and at room temperature
in (a): Op-saturated 0.1 M HClO4 and (c): O,-saturated 0.5 M H»SOy4. The rotation rates are 100, 400, 900 and 1600 rpm. Solid lines represent positive-going scans
and only negative-going scans at 1600 rpm are shown by the dotted lines. The insets are the Koutecky-Levich plotbasedon 1/i = 1/i; + 1/ip = 1/ix + 1/Bcow'/?
at 0.6 V for HCIO4 and 0.4 V for HSO4 vs. RHE; background-corrected polarization curves of ORR on the Pt NPs at a sweep rate of 10 mV/s and at 1600 rpm
in (b): Oz-saturated 0.1 M HCIO4 and (d): Os-saturated 0.5 M H»SO4. The insets are the Tafel plots of these samples obtained from the normalized polarization
curves in the positive-going scans at 1600 rpm. Pt loading of 14 pgp/cm?on GCE was used for 4.7 & 1.2 sample, and Pt loading of ~6.4—7.4 pgp/cm®were used

for all the other samples.

As there are a number of previous studies reporting size-dependent
ORR activity for Pt NPs, Figure 6b compares the specific ORR activity
in 0.1 M HCIO; in this work with those in two landmark studies.!1°
The specific ORR activity is plotted against the specific ESA of Pt
catalysts instead of particle size as different catalysts with comparable
sizes of Pt NPs can have very different specific ESA values. The spe-
cific ORR activity values at 25 °C from Gasteiger et al.! were extrap-
olated using an activation energy of 10 kJ/mol reported previously.*
The specific ORR activity on bulk Pt (polycrystalline, pc) having spe-
cific ESA close to 0 m?/gp, was also included in the plot, which agrees
very well with previous reports.! !° Significant reduction in the specific
ORR activity from over one thousand wA/cm?pon Pt (pc) to several
hundreds of |LA/cm?p, on Pt/C appears to occur between ~30 m?/gp,
(~5 nm) and ~10 m?/gp, (~15 nm), which is in good agreement with
the fact that Pt black (10 ~ 20 nm)! or nanostructured thin films of
Pt (30 nm)'® have specific ORR activity approaching that of Pt (pc).
Interestingly, we note that the ORR activity values of all Pt/C catalysts
scatter from 100 pA/cm?p, to 400 LA/cm?p without an obvious trend

in the ESA range from 30 m?/gp (~5 nm) to 150 m?/gp (~1.5 nm),
as shown in Figure 6b. It should be pointed out that the specific ORR
activity values of the three pristine Pt/C samples decrease with de-
creasing particle sizes of Pt NPs (1.6 £ 0.5 nm, 1.7 £ 0.6 nm and
2.0 £ 0.6 nm), which is in agreement with previous findings of similar
catalysts with comparable sizes from the same catalyst supplier'” al-
beit a much weaker trend in this study. On the other hand, Pt NPs with
considerably greater sizes (such as 4.7 &+ 1.2 nm) prepared by heat-
treatment, do not show higher specific ORR activity. These results
suggest that there is no pronounced size influence on the specific ORR
activity, which is agreement with previous findings that surface steps
on Pt NPs do not reduce the ORR activity significantly.> Our previous
work? has suggested that majority terrace sites instead of minor under-
coordinated sites (such as edge and corner sites) on Pt NPs govern
specific ORR activity. It is thus postulated that the size-independent
activity in particle sizes lower than ~5 nm can be attributed to that
the specific ORR activity on majority terrace sites is much greater
than those of minority under-coordinated sites. One point of caution

Table I. The number and volume/area averaged diameters (d,/dy/;) over 200 Pt NP counts from HRTEM measurements for each sample, the
specific ORR activities and mass activities of Pt NPs in 0.1 M HCIO4 and 0.5 M H,SOy4. The error bars are standard deviations constructed from

at least four repeats of measurements for each sample.

Particle size

is, 00v (LA/cm?py)

im, 0.9v (A/mgpy) is, 09v (LA/cm?py) im, 0.9v (A/mgpy)

dn(nm)/dy/, (nm) (0.1 M HCIO4) (0.1 M HCIOg4) (0.5 M H,S04) (0.5 M H,S04)
Pt-9% 1.6/2.0 204 £8 0.30 £ 0.02
Pt-19% 1.712.2 239+ 9 0.30 £ 0.01 57+4 0.067 £ 0.004
Pt-46% 2.02.4 355+ 12 0.28 = 0.01 66 =2 0.048 £ 0.002
Pt-46%-900 °C-1m 3.1/3.4 209 £ 31 0.08 £ 0.02 57+6 0.026 £ 0.003
Pt-46%-900 °C-2h 4.7/5.3 299 £+ 31 0.07 £0.02 72 +8 0.017 £ 0.002
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Figure 6. (a): The ORR specific activities at 0.9 V vs. RHE in 0.1 M HCIO4 and 0.5 M H,SOj4as a function of the number-averaged diameter of Pt NPs (dy); (b):
the ORR specific activities at 0.9 V vs. RHE in 0.1 M HCIOQy in this work, compared with reference! and reference'” as a function of ESA. Note that the data at
25 °C of Gasteiger 2005 were calculated from the original data in reference! at 60 °C using an activation energy of 10 kJ/mol for the ORR as in reference;>? (c):
the ORR mass activities at 0.9 V vs. RHE in 0.1 M HCIO4 and 0.5 M H,SO4as a function of the number-averaged diameter of Pt NPs (d,); and (d): The specific
ESA of Pt NPs as a function of the number of potential cycles for Pt-46% (2.0 £ 0.6 nm, black squares), Pt-46%-900 °C-1m (3.1 & 0.7 nm, red circles), and

Pt-46%-900 °C-2h (4.7 & 1.2 nm, blue triangles).

is that the lack of measureable size-dependent ORR activity in this
study could be in part due to the use of commercial Pt NPs similar to
many previous studies,"* ' where particle size distribution overlap.

As expected from the size-independent specific activity up to
~5 nm, the increased surface area per weight with decreasing sizes
dominates the mass activities. As shown in Figure 6c, the mass activ-
ities increase with decreasing particle size and reach a maximum for
catalysts of 1.6 & 0.5 nm and 1.7 £ 0.6 nm in HCIO4 and H,SO,.
Specifically, with a three-fold reduction in the number-averaged par-
ticle size, the mass activity was found to increase by four-fold from
0.07 A/mgp, (4.7 £ 1.2 nm) to 0.3 A/mgp, (1.6 = 0.5 nm), which
agrees reasonably well with the mass activity in the two landmark
studies,"'* as shown in Figure S4.

Previous work® has proposed that the reduced ORR activity with
decreasing Pt NP sizes extracted from the positive-going scans can
be attributed to increasing coverage of surface oxygenated species
(blocking active sites for ORR) on Pt NPs obtained from CV data in the
negative-going scans. We reexamine the hypothesis here. Considering
that 1) the coverage of oxygenated species in the negative-going scans
can differ significantly from that in the positive-going scans at the same
potential as shown in Figures 4b and 4d, and 2) there is a considerable
difference in the specific activity between the negative-going and
positive-going scans, one may argue that it is more appropriate to
relate specific ORR activity to the coverage of oxygenated species
in the same sweep direction. In comparison to the negative-going
sweep, there is a much weaker size-dependence for the coverage
of oxygenated species derived from CV in the positive-going sweep,
which is in good agreement with the weak size-dependent Pt oxidation
as revealed by XPS (Figure 2b), as shown in Figure S5. It is postulated
that the presence of very small Pt clusters (smaller than ~0.5 nm,
typically not revealed in the conventional HRTEM) in the pristine

catalysts, may contribute to the increased Pt oxidation relative to heat-
treated catalysts, and thus may give rise to the apparent, very weak
size-dependence in CV, XPS, and UPS measurements. However, there
is no apparent trend between the ORR activity and the coverage of
oxygenated species from CV or the degree of Pt oxidation from XPS
measurements, as shown in Figure 4f and Figure S5, respectively. This
is consistent with the ORR measurements and NMR results of similar
catalysts from the same supplier reported previously.'* It is proposed
that the apparent weak size-dependent ORR activities of three pristine
samples found in this study and a stronger size dependence in previous
work could result from the fact that not all the ESA measured in the
H UPD regions are active for ORR. For example, the surface area of
very small Pt NPs (<0.5 nm) and clusters (not considered in the size
estimation from conventional TEM) might contribute to ESA but not
active for ORR, which can lead to reduced specific ORR activities
for Pt-9%. As one may expect that the fraction of these very small
Pt NPs and clusters decrease from Pt-9%, Pt-19% to Pt-46%, their
contribution to ESA reduces, which can give rise to an apparent size-
dependent ORR activity found.

Size-dependent stability upon potential cycling.— Unlike the size-
independent ORR activity, the instability of Pt NPs was strongly de-
pendent on the particle size even in the narrow size range, as shown in
Figure 6d and Figure S6. Upon potential cycling, Pt NPs with Pt-46%
(2.0 £ 0.6 nm) exhibit a faster current drop in the Pt-H interaction
than Pt-46%-900 °C-2h (4.7 & 1.2 nm), and in the Pt-OH region, as
shown in Figures S6a and S6b, respectively. The specific ESA of Pt
NPs of 2.0, 3.1 and 4.7 nm is plotted as a function of the number of
potential cycles in Figure 6d, where the fraction of ESA loss decreases
with increasing particle sizes. The ESA loss of Pt NPs of 2.0 nm upon
potential cycling was accompanied with the growth of Pt NPs, where
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the number of particles below 1 nm decreased considerably after 1200
cycles. On the other hand, no visible change was detected for Pt NPs
of 4.7 nm before and after cycling as shown in Figure S7.

Previous studies™ 225 have shown that the size-dependent stabil-
ity can be explained reasonably well by curvature effects as described
by the Gibbs-Thomson relation. Upon voltage cycling, oxygenated
species on under-coordinated sites on Pt NPs and clusters can dis-
solve, which leads to loss of Pt mass (soluble Pt species) into the
acid solution, and deposition of soluble Pt species onto larger Pt NPs
upon potential cycling to lower potentials (Ostwald-ripening). Smaller
particles with greater fractions of under-coordinated sites can show
higher oxyphilicity towards O-containing species, and pristine Pt-46%
may contain small clusters that might not be detectable by HRTEM as
mentioned above. Therefore, it is hypothesized that the ESA loss for
Pt NPs of 2 nm (pristine Pt-46%) could come from Pt dissolution of
smaller particles (smaller than 1 nm), and Ostwald ripening by which
particles grow at the expense of smaller particles.

Conclusions

We have demonstrated that there is no pronounced size influence
on the specific ORR activity on HSAC-supported Pt NPs between
~1 nm and ~5 nm in both HC1O4 and H,SO,. This is in agreement
with the size-independent OH anion coverage obtained from CV mea-
surements from the same sweep direction. In addition, although XPS
and UPS measurements reveal that the Pt oxides and the surface va-
lence band structure of Pt NPs below 5 nm are weakly dependent
on the particle size, this slight dependence are not sufficient to cause
observable size-dependence of the ORR activity beyond experimental
uncertainty. Our study suggests that TEM measured “particle size”
is not accurate to describe ORR behavior of different sized Pt NPs
obtained from TKK due to the TEM detection limit on extremely
small particles (<0.5 nm). It is therefore suggested that ESA should
be used to describe the so-called “size effect” on NPs as it better re-
flects the particle size and size distribution. In contrast, the instability
of Pt NPs in acidic environment is found to strongly depend on the
particle size. Only one-nanometer increase in the particle diameter
can substantially stabilize Pt NPs under simulated PEMFC operation
conditions. It suggests that a balance has to be maintained in terms of
decreasing particle sizes to obtain larger surface areas, thus a better
overall PEMFC performance while keeping a reasonable lifetime of
the catalysts under PEMFC operation.
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