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Abstract
We report a method for synthesizing and studying shape-
controlled, single Pt nanoparticles (NPs) supported on carbon
nanoelectrodes. The key advance is that the synthetic method
makes it possible to produce single, electrochemically active
NPs with a vast range of crystal structures and sizes. Equally
important, the NPs can be fully characterized, and therefore the
electrochemical properties of the NPs can be directly correlated
to the size and structure of a single shape. This makes it
possible to directly correlate experimental results to first-
principles theory. Because just one well-characterized NP is
analyzed at a time, the difficulty of applying a theoretical
analysis to an ensemble of nanoparticles having different sizes
and structures is avoided. In this article we report on two
specific Pt NP shapes having sizes on the order of 200 nm:
concave hexoctahedral (HOH) and trapezohedral (TPH). The former
has {15 6 1} facets and the latter {10 1 1} facets. The
electrochemical properties of these single NPs for the formic
acid oxidation (FAO) reaction are compared to those of a single,
spherical polycrystalline Pt NP of the same size. Finally,
density functional theory, carried out prior to the
electrochemical studies, were used to interpret the experimental

results of the FAO experiments.
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Here, we show that single Pt nanoparticles (NPs) having
hexaoctahedral (HOH), concave trapezohedral (TPH), and spherical
shapes can be directly electrodeposited onto carbon
nanoelectrodes (CNEs) by applying appropriate square-wave
potential (SWP) programs. More importantly, these individual Pt
NPs can be characterized by both electron microscopy and
electrochemical methods to reveal their surface structures and
electrocatalytic properties.

There are two specific aspects of this work that are
significant. First, the electro-synthetic approach provides
reproducible control over the size and structure of single Pt
NPs. Second, because we have developed microscopic
characterization methods for analyzing the NPs, it is possible
to correlate their structure to their electrocatalytic
properties. In a general sense, the most important aspect of our
findings is that they provide a robust methodology for
understanding electrocatalytic processes at NPs without the
complexity of having to consider a distribution of heterogeneous
materials. In other words, unambiguous correlations between the
structures and electrocatalytic properties of NPs can be made
using the approach described here.

Not all surface structures on an electrocatalyst are
equally active.!™ In fact, sometimes a slight change in structure

can result in a drastic difference in the activity and



selectivity of a catalyst for a specific reaction.!® In contrast
to bulk materials, however, where single-crystal electrodes with
well-defined surface structures are available,!-?!-!* ensembles of
catalytic NPs are always, at least to some extent,
polydisperse.’:8:15-17 That is, although there have been several
improvements in NP synthetic methods that have served to narrow
the degree of heterogeneity of NP ensembles, they are not
perfect.!®?? For understanding the fundamentals of catalytic
reactions, this means that usually only an average structure can
be correlated to an average function; the atomic-level details
are, to some extent, subjugated by the heterogeneity of the
ensemble. Indeed, a small subpopulation of NP structures can
sometimes dominate catalytic activity.?*?* To avoid the intrinsic
heterogeneity discussed above, and hence to better understand
the relationship between surface structure and catalytic
activity for NPs, it is reasonable to explore the viability of
studying reactions at individual, well-defined NPs. Here, we
focus specifically on electrocatalysis at single NPs.

Several different approaches have been used to study the
electrocatalytic properties of individual NPs. For example, the
Bard group introduced the idea of single NP amplification, which
makes it possible to measure the current produced at a single NP
colliding the surface of a microelectrode.?:?¢ The Zhang and

Mirkin groups reported separately on electrochemical



measurements of single Au NPs immobilized on the surfaces of
nanoelectrodes.?’'?® The Unwin group, and subsequently others, used
scanning electrochemical cell microscopy to map the
electrochemical activities of individual NPs immobilized on
different supporting electrode surfaces.?!??3° The Tao and Chen
groups used different spectroscopic methods to not only measure
the catalytic activity of individual NPs, but also to obtain
information about the size and/or location of the active sites
on those NPs,3!:32

The aforementioned accomplishments have provided a first
step toward the design of effective systems for making single-
entity measurements and understanding the electrocatalytic
properties of individual NPs. However, these studies also reveal
two significant shortcomings. First, they usually require the
use of surface ligands for shaping, stabilizing, and/or
immobilizing NPs on electrode surfaces. These ligands can have
complex effects on electrocatalytic behavior of NPs, which are
difficult to take into account when interpreting the results of
experiments.?®33:3% Second, it has proven to be difficult to obtain
structural information about individual NPs after they are
immobilized on an electrode. In fact, in most cases, there is no
structural information at all. This makes it impossible to
correlate structure and function using current methods for

studying the electrocatalytic properties of individual NPs.



Our group previously showed that single, stabilizer-free Pt
NPs having controlled sizes and shapes can be electrodeposited
onto CNE surfaces using specific SWP programs.3 This approach is
a hybrid of a CNE fabrication method developed by Takahashi et
al. and later by Actis et al.***” and the shape-controlled
ensemble-electrodeposition method introduced by Sun and
coworkers.!” In a preliminary report, we demonstrated that our
electrodeposition approach resulted in individual, concave HOH
Pt NPs having sizes ranging from 400 nm to 1000 nm. Importantly,
the relative standard deviation for the size of these NPs was
only 6%. We also showed that environmental scanning electron
microscopy (ESEM), transmission electron microscopy (TEM),
selected area electron diffraction (SAED), and cyclic
voltammetry (CV) can be used to characterize the surface
structures and surface areas of individual NPs.

In the present article, we demonstrate that judicious
choice of electrodeposition conditions can lead to different Pt
NP shapes and sizes as small as ~150 nm. Next, we show that the
structures of these individual NPs can be characterized using
ESEM, TEM, SAED, and a technique called coherent nano-area
electron diffraction (NED). NED is a surface structure
characterization method that was pioneered by the Petrov and Zuo
groups.3®3° It provides a means for determining the identity of

specific surface facets on a NP without the need for manually



mapping surface atoms from high-resolution TEM images. Finally,
we demonstrate that the electrocatalytic properties of each
shape and surface structure can be compared by studying the
current responses during the electrochemical formic acid
oxidation (FAO) reaction in both experiments and theory. Both

reactions are known to be highly structure sensitive on Pt.!3/15:40-

44

Results and Discussion
Features of CNEs. Using the fabrication approach described in
the Experimental Section, we obtained nanoelectrodes having tip
openings of <80 nm (Figure S1). Interestingly, the carbon
surface of these nanoelectrodes is not flush with the opening of
the pipette, but rather it is usually recessed by ~300-500 nm.*%5:4¢
The origin of this recession is uncertain, but it is a
reproducible consequence of our fabrication method. In terms of
the single Pt NP electrodeposition approach, a recessed carbon
electrode surface means that electrodeposited Pt must fill the
space above the carbon surface within the pipette before it can
form a symmetrically shaped NP. This two-stage electrodeposition
process (filling of the pipette tip followed by formation of the
NP) has simplified exerting control over the size of the NPs and

also benefited the stabilization of NPs on nanoelectrodes. These



two points will be discussed in more detail in the following
sections.

Electrosynthesis of shape-controlled single Pt NPs. The
micrographs in Figure 1 show typical images for three different
shapes (HOH-, TPH-, and spherical-shaped in Figures la, 1lb, and
lc, respectively) of single Pt NPs that were electrodeposited
onto separate CNEs using the conditions described in the
Experimental Section. The identity of the three shapes was
determined by examining ESEM images of each Pt NP from different
directions. The results indicate the shapes are HOH, TPH, and
spherical. As discussed later, the shape of the Pt NPs is
reproducible.

As alluded to earlier, there are two distinct stages of
electrodeposition for the single Pt NPs. During the initial
stage of electrodeposition, Pt fills the recessed space above
the surface of the CNE (Figure 2a), and during the second stage
the shaped Pt NP forms atop the Pt previously filled in the
recessed region (Figure 2b). For all shape-controlled single Pt
NPs, both stages were carried out using different and tightly
controlled SWP programs for the HOH and TPH NPs. However, a
simple CV scan was used in the second electrodeposition stage to
prepare spherical NPs (as those shown in Figure 1lc).‘” Because
the electrodeposition methods are different for the polyhedral

and spherical NPs in the second stage, it was necessary to



develop a method for determining when to end the initial stage.
We found that the best way to do this was to monitor the current
as a function of time, and stop the electrodeposition at a
particular, easily determined point (Figure S2).

For the HOH and TPH shapes shown in Figure la and 1b,
respectively, electrodeposition was halted when predetermined
cathodic and anodic current increases were achieved during the
second (NP forming) electrodeposition stage. This makes it
possible to control the NP size. On the basis of five
independently prepared Pt NPs prepared using five independently
fabricated electrodes, when the net increase in the cathodic
current was controlled to be 0.27 nA, the size distributions of
the NPs were 15714 nm (RSD=3%) for the HOH shape and 176f11 nm
(RSD=6%) for the TPH shape.

The spherically shaped Pt NPs, shown in Figure lc, were
obtained by scanning the electrode potential between 0.40 V and
1.20 V at 0.40 V/s during the second growth stage. The resulting
current was monitored at the lowest potential (0.40 V), and the
electrodeposition was halted when a current of 0.037 nA was
achieved at this potential. The size distribution of the
spherical Pt NPs was 171+16 nm (RSD=9%). Additional images of
independently prepared Pt NPs, having each of the three shapes
exemplified by those shown in Figure 1, are provided in the

Supporting Information (SI) (Figure S3). As would be expected
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for any electrodeposition process, the net increase in the
cathodic current during electrodeposition is directly
proportional to the size of the NP. To achieve well-resolved
electrochemical measurements and microscopic images, we have
used slightly larger NPs for the remainder of this study:
average sizes of 200 nm for HOH NPs and 230 nm for TPH NPs. The
net current increase to obtain these sizes is ~0.4 nA. Finally,
we note that the smallest size of single NPs that can be
obtained using the electrodeposition approach described here is
determined by the size of the CNE. Currently, we have not been
able to electrodeposit NPs smaller than 100 nm reproducibly on
the ~80 nm CNEs that we present herein.

Before addressing the analyses of single Pt NPs, we wish to
briefly discuss a general aspect of the shape-controlled
electrodeposition process. As suggested by the 0.04 V difference
in lower limit potentials used for the fabrication of two of the
shapes, the previously described SWP electrodeposition approach
is extremely sensitive to potential limits. For example, a
change as small as 0.02 V in either the upper or lower potential
limit can alter the resulting NP geometry (Figure S4). Although
such sensitivity could be beneficial for the purpose of
achieving a wide variety of shapes, special care is required to
ensure the fidelity of the reference potential to obtain

reproducible results.
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TEM and NED analyses of single Pt NPs. Correct correlation
of electrochemical activities to the structures shown in Figure
1 requires structural characterization data of individual NPs.
TEM is one of the most practical methods for resolving the
structure of NPs,%5° but it has been found to be challenging to
obtain high-resolution images of single NPs resting on the tip
of nanoelectrodes.?’'?® This difficulty may be attributed to the
fact that in these earlier examples the single NPs were much
smaller than the size of the supporting electrodes. In our case,
however, the Pt NPs are larger than the supporting CNEs, so the
problem is, to some extent, simplified.

We have previously shown that both bright field and high-
resolution TEM are possible when imaging single Pt NPs having a
critical dimension of ~500 nm.* This is also true for the ~200
nm NPs reported here, but for these smaller NPs the imaging
success rate is lower. As discussed next, we think this is
mostly due to surface charging effects attributable to the TEM
beam.

Figure 3 is the TEM image of a HOH Pt NP confined to the
tip of a CNE. The procedure for preparing these electrode/NP
samples for TEM analysis is straightforward but exacting; a
detailed procedure is provided in the SI (Figure S5). One
unfortunate aspect of the mounting method is that the distal Pt

NP is not in electrical contact with the TEM grid to which it is

12



attached, nor is it in contact with the TEM holder. Under these
circumstances, charging of the NP by the electron beam is hard
to avoid. Besides specimen drift caused by the charging, we have
noticed that the single NPs occasionally change shape or fly off
the tip of the electrode under the beam at 200 kV. We have also
noticed that when the depth of Pt within the recessed region of
the CNE is > 250 nm, the attached Pt NP is more stable under the
TEM beam. Nevertheless, drift is still hard to avoid. These
problems have limited our high-resolution TEM (HRTEM) imaging
success rate, so we have employed NP surface characterization
methods that require only bright-field and diffraction imaging;
specifically projection angle analysis’/**:*! and NED,38:3%952:53 a5 our
primary surface characterization methods.

Projection angle analysis relies on measurement of
projection angles for a specific shape of NP from a pre-
determined imaging direction. These experimentally determined
values are then compared to those predicted by theory for
different {hkl} combinations. Equations for calculating
theoretical projection angles for both the HOH and TPH shapes
are provided in the SI (Table S1).

Figure 4a presents the projection angle results for a
typical TPH NP on the [100] zone axis. The measured projection
angles obtained using two independently prepared Pt NPs were

78.7%0.4° and 168.6*1.9°, which match well with those predicted
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for {10 1 1} facets. A geometric model of the TPH shape oriented
on the [100] zone axis and the corresponding projection angles
on the model are shown on the right side of the figure. A
simulated model for this facet is shown in Figure 4b. HRTEM
images of the TPH NP, discussed later, were also analyzed, and
further validate this surface facet assignment.

An analysis similar to that shown in Figure 4a was carried
out for the HOH NPs on the [110] zone axis (Figure 4c). A
geometric model of the HOH shape and the corresponding
projection angles are shown on the right. The average values for
the angles obtained using four independently prepared Pt NPs
were 152.7+1.0°, 100.2%1.0°, and 171.2%1.7°, which are in close
agreement with those predicted for {15 6 1} facets (Table S1).
As a result, we conclude that the HOH NPs are bound by {15 6 1}
surface facets, which are represented in Figure 4d.

To better understand the HOH NPs, NED analysis was carried
out on the [110] zone axis, and the result is presented in
Figure S6. Figure S6a is the NED pattern over the entire area
shown in Figure S6b. A magnified view of the secondary
diffraction pattern and the direction of each streak in that
pattern obtained at the (220) diffraction spot is shown in Figure
S6c. Although the NED technique can be powerful for
characterizing the surface structure of a NP having a complex

shape, it can only correctly describe the surface facet when
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that surface is perfectly parallel to the beam. In the case of
the HOH shape, none of the NP surfaces can be parallel to the
beam on any of the three low-index imaging axes ([100], [110],
or [111]), which makes it difficult to use NED to reveal the
exact surface atomic arrangement. However, the long and sharp
streaks in the secondary pattern (Figure S6c) indicate that the
HOH NP likely has a dominant surface facet containing small
numbers of defects.?® The dominant facet, as determined by the
angle measurements using both TEM projections and NED patterns,
is {15 6 1}.

Figure 5a shows a TPH NP imaged on the [110] zone axis, as
confirmed by the diffraction pattern in Figure 5b. Even though
the resolution of the HRTEM image (as shown in Figure 5c) is not
ideal for atomic mapping, we were able to resolve the {10 1 1}
surface faceting by measuring the angle between the (100)
lattice plane and the surface, which is 7.9°. We conclude,
therefore, that {10 1 1} is the surface facet present on the TPH
Pt NPs.

Analysis of single Pt NPs by H adsorption/desorption. H
adsorption/desorption CVs (henceforth H CVs) may be used to
provide information about the surface features and surface areas
of single Pt NPs.?”"5% The main purpose of this part of the study

is to determine the surface areas of the single NPs, but we also
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show that the surface faceting is in general qualitative
agreement with the foregoing microscopy analysis.

As discussed in the Experimental Section, all NPs were
cleaned in a 0.50 M H,S0, solution by scanning the electrode
potential between —0.03 V and 1.20 V at 1.00 V/s before
electrochemical measurements and microscopic imaging. We used
H,S0, as the electrolyte for this analysis, rather than HC1O,
which is also in common use for this purpose, because it led to
better-defined H adsorption/desorption peaks.!®* This cleaning
process was stopped when the voltammetric response from a NP
remained unchanged for at least three cycles. Subsequently, two
consecutive H CVs were recorded between -0.03 V and 1.20 V using
a scan rate of 0.40 V/s. The active surface area of each NP was
then calculated by integrating the charge under the H adsorption
peaks between -0.01 V and 0.40 V, and then converting this
charge to surface area assuming a charge density of 230 uC/cm?.
The latter value has been used by other groups for analyzing the
surface areas of shape-controlled Pt NPs.5%55

Figure 6 shows surface area-normalized, background-
subtracted, and smoothed voltammetric responses obtained using
spherical (Figure 6a, black), and TPH (Figure 6b, red), and HOH
(Figure 6b, blue) Pt NPs during the second cycle of the H CVs. A
representative example of the raw data from which these CVs were

extracted, including a background CV used for subtraction, is
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provided in Figure S7a. The unsmoothed data from which the CVs
in Figure 6 originated are provided in Figure S7b and S7c. For
spherical and HOH NPs, two pairs of peaks are clearly visible in
the H region between -0.01 V and 0.40 V. The peak separation
for the TPH NPs is not as clear, which is likely a consequence
of the peaks being closer to each other for the TPH NPs.

The pairs of peaks around 0.20 V and 0.07 V should
correspond to H adsorption/desorption on the (100) and (110)
facets, respectively.>%¢ The height of the peak near 0.20 V is
higher for both the HOH and TPH NPs than for the spherical NPs.
This trend is consistent with previous reports for H adsorption
on ensembles of Pt NPs having similar well-defined surface
structures®*’” and on macroscopic Pt surfaces having similar high-
index facets.!® This indicates that the HOH and TPH NPs discussed
here also have high-index facets (as confirmed by the electron
microscopy discussed earlier).

Electrocatalytic activity of single Pt NPs: experimental
considerations. One of our reasons for developing a well-
defined, single-NP system is to devise models for better
understanding the structure-function relationship of NP
catalysts. Accordingly, we sought to examine the
electrocatalytic responses of the three NP shapes for
electrochemical formic acid oxidation (FAO) reaction. Even

though these electrocatalytic results are discussed at this
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point, the measurements were actually carried out prior to
structural analysis (because the CNEs have to be broken for TEM
analysis). We chose the FAO because it is known to be sensitive
to the surface structure of Pt NPs.!5:40.51,58-60 Cygs for the single
NPs were obtained using a solution containing 0.50 M HCOOH and
0.10 M HC1lO,, and by cycling the potential between 0 V and 1.02 V
at a scan rate of 0.10 V/s.*:%:%2 We analyzed some electrodes
before the FAO and some after, and there were no observable
differences in the surface structure. We conclude that FAO
cycling scans do not result in scrambling of the Pt surfaces.

A dual-path reaction mechanism is usually assumed for the
FAO on Pt: a direct pathway through active intermediates and an
indirect pathway through surface adsorbed CO.%!:%%:¢ To illustrate
this mechanism, Figure 7a shows a typical CV for FAO on a
polycrystalline Pt ultramicroelectrode (UME). The scan starts at
0 V and continues in the direction indicated by the arrow. At 0
V, the Pt surface is partially poisoned by a CO adlayer (CO%*)
resulting from decomposition of formic acid at low potential. As
the scan continues in the positive direction, the fraction of
the Pt surface not poisoned by CO* starts to electrocatalyze the
oxidation of formic acid to CO,, which leads to a current peak
(Peak 1) at ~0.56 V. At potentials more positive than 0.73 V,

CO* is oxidized, which unblocks those previously poisoned Pt
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sites and makes them available for further FAO electrocatalysis
(Peak 2).%

As the potential becomes even more positive, surface Pt
atoms start to oxidize and hence lose their ability to catalyze
the FAO. This leads to the current decrease above ~0.86 V. It
has previously been shown that higher reversal potentials lead
to more surface recovery from CO poisoning due to CO* oxidation
and hence higher current responses for the FAO upon scan
reversal.® Considering that higher potentials may also lead to
disruption of the original surface structure, however, we chose
to stop the positive going scan at 1.02 V, which is the same
reversal potential used to obtain the H CVs.®

Upon scan reversal, the catalytic Pt surface reactivates
due to reduction of surface oxides. This leads to a broad
maximum in the current arising from direct FAO at ~0.55 V (Peak
3). At potentials more negative than this value, CO* again
deposits onto the Pt surface, so the direct FAO reaction begins
to shut down, and the current decreases. As a result, current
responses obtained in the negative-going scan reflect the
intrinsic activity of the Pt surface through the direct
pathway(s) only. Accordingly, the ratio between the current
densities at Peak 1 and Peak 3 reflect the degree of CO
poisoning on specific Pt surfaces.!®*® Note that all of the

features and peak positions shown in Figure 7a are in agreement
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with those previously reported for FAO on polycrystalline bead
Pt electrodes in HC1lO, solutions.*®

Figure 7b shows a comparison of representative CV scans for
the FAO reaction carried out on the three different-shaped
single Pt NPs. Measurements for each shape were repeated three
times using independently prepared single Pt NPs. CVs obtained
using the replicate HOH and TPH-shaped electrodes are consistent
with those in Figure 7b and are provided in Figure S8.

All of the CVs for the single Pt NPs exhibit the general
features expected for the FAO on Pt, but there are also some
important differences. In the case of the spherical,
polycrystalline Pt NP (black), the voltametric profile is very
similar to that of the polycrystalline Pt UME (Figure 7a), but
with a slightly greater degree of CO poisoning.

In the cases of the HOH (blue) and TPH (red) NPs, however,
the voltametric profiles are more complex. Specifically, on the
reverse scan, a clear peak at 0.42 V (Peak 5) and a shoulder at
0.70 V (Peak 4) are observed for both polyhedral-shaped NPs
(Figure 7b), with the peak definition being clearer for the TPH
shape. The positions of Peaks 4 and 5 have been associated with
the FAO proceeding on Pt(110) sites (or defect sites) and
Pt(100) terrace sites, respectively.>4 %

The difference in the positions of Peak 3 (for the

spherical single Pt NP) and Peak 5 (for the polyhedral single Pt
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NPs) is 0.13 V. This shift indicates that the polyhedral NPs
have significant amounts of Pt(100) surface terrace sites. This
observation is in accord with the surface facet models shown in
Figures 4b,d (which are elaborated upon in Figures S9 and S10),
where both {15 6 1} (HOH NPs) and {10 1 1} (TPH NPs) surfaces
have Pt(100) terrace stackings. Indeed, the only difference
between the facets on the HOH and TPH Pt NPs is in the structure
of the step sites. Steps on the {15 6 1} facet have an
asymmetric zigzag pattern with alternating Pt(111) and Pt(101)
arrangements. Steps on the {10 1 1} facet, however, are composed
solely of Pt(1lll) arrangements.

In terms of current densities for the FAO reaction, the HOH
and TPH NPs reveal higher reaction activities compared to
spherical NPs, but the increase is relatively small (~6% for the
HOH NPs and ~26% for the TPH NPs). However, all three shapes of
single Pt NPs exhibit significantly higher current densities
than that obtained from the Pt UME, with the increase ranging
between ~53% to ~118%. Even though the difference in the current
densities obtained between shapes is small, the onset potential
for the direct oxidation process improves with HOH and TPH NPs
(Figure 7c). Here, we define the onset potential of oxidation as
the potential at which 10% of the current density of Peak 1’ is
achieved.® With this definition, we find that the onset

potential for oxidation to be 0.19 V, 0.20 V, and 0.29 V for the
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HOH, TPH, and spherical NPs, respectively. The ~0.10 V negative
shift in the onset potentials for HOH and TPH NPs show that the
high-index surfaces are more active for the FAO reaction at low
potentials.

As discussed earlier, CO* can act as inhibitor or
intermediate for the FAO reaction on Pt surfaces depending on
the applied potential. The degree of surface poisoning by CO* is
usually assessed by comparing the highest current density
achieved at ~0.55 V in the positive-going scan (iy,s) with that
achieved at ~0.40 V (or 0.50 V for the spherical single Pt NPs)
in the negative-going scan (iI,e). The smaller the ratio of
Ip0s/Ineq, the higher the degree of CO poisoning. Our results
indicate that the TPH Pt NPs reproducibly exhibit more
significant CO poisoning than the HOH shape. Specifically,
Ipos/Ineg = 0.33%0.05 for HOH but only 0.18%0.05 for the TPH shape.
This indicates that the {10 1 1} surface is more subject to CO
poisoning.

To confirm the foregoing conclusion, we mimicked CO
poisoning during the FAO reaction by immersing the single NPs in
a solution containing 0.50 M HCOOH and 0.10 M HC1lO0, and then held
their potential at 0.18 V for 40 s. Adsorbed CO* was then
stripped by scanning the potential from 0.18 V to 1.02 V at 0.40
V/s in a 0.50 M H,SO, solution. Figure S11 shows the outcome of

this experiment for all three shapes of single Pt NPs. The
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results show that the TPH shape exhibits the highest degree of
poisoning. Specifically, charge densities correspond to CO
stripping are 0.46 pC/um?, 0.58 pC/um?, and 0.32 pC/um? for
spherical, TPH, and HOH NPs, respectively. Furthermore, the
stripping potential for the TPH and HOH NPs are similar (both
near 0.87 V), which is higher than that for the spherical NPs
(0.74 V), suggesting: (l)stronger CO binding on the high-index
surfaces and (2)similar CO binding environments on the {15 6 1}
and {10 1 1} surfaces. The latter point shows once more the
similarity between the two high-index surfaces in terms of their
electrocatalytic properties for the FAO. As discussed next, such
similarity is also predicted by DFT calculations.

Electrocatalytic activity of single Pt NPs: theoretical
considerations. To further our understanding of the FAO reaction
on the different-shaped single Pt NPs, we used DFT calculations
to simulate FAO activities on the {15 6 1} and {10 1 1}
surfaces. We wish to emphasize that these calculations were
carried out prior to the FAO experiments described in the
previous section.

Figure 8 illustrates the four surfaces we considered for
simulations. The Pt(100) (Figure 8a) and Pt(1l1l1l) (Figure 8b)
surfaces are used as models for the polycrystalline Pt NP
surface. Pt(111l) was chosen because it is the most stable

surface, in terms of surface energy, on Pt NPs. Pt(100) was
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chosen because it was found to be very active in catalyzing the
FAO.4%0/54:5 Figure 8c and 8d show the top- (upper) and side-views
(lower) of {15 6 1} and {10 1 1} surfaces, respectively. In the
simulation, three different FAO reaction mechanisms were
considered: direct oxidation, through HCOO* or COOH¥*
intermediates, and indirect oxidation, through surface poisoning
by CO*.4.¢7 Computational details and equations for each pathway
are provided in the SI.

To start, we calculated the binding energies of the three
intermediates (HCOO*, COOH*, and CO*) for the four surfaces
shown in Figure 8. Comparing to the two low-index facets, the
high-index, stepped surfaces ({15 6 1} and {10 1 1}) exhibit
much stronger intermediate binding energies as shown in Table 1.
Using the calculated binding energies, reaction energy diagrams
for each surface with each of the three reaction mechanisms were
generated and are shown in Figures S12-S15. The results from
these calculations are presented next.

For the mechanism involving the HCOO* intermediate, the
initial steps (formation of HCOO*) on every Pt surface are
endothermic (Figures S12-15) and HCOO* always adsorbed weakly to
the surface, forming a relatively stable intermediate becomes
the rate determining step (RDS). Through this reaction
mechanism, the results predicted lower overpotentials for the

FAO for both {15 6 1} and {10 1 1} surfaces (0.41 V and 0.40 V,
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respectively) than for the (100) and (111) surfaces (0.80 V and
1.07 vV, respectively). The difference between the two high-index
surfaces, however, is not significant. A similar result is
predicted for the COOH*-intermediate formation mechanism: lower
overpotentials are required for the high-index surfaces.

As shown by the very negative binding energies in Table 1,
CO* binds strongly to all of the modeled surfaces. As a result,
all surfaces should suffer from severe CO poisoning at low
potentials, which agrees well with our experimental
observations. With regard to the two high-index surfaces, our
calculations suggest that the {15 6 1} surface should provide a
wider variety of possible surface sites for FAO reaction
intermediates to bind too. A wider variation in possible binding
sites in turn should lead to a greater variation in binding
energies, which could explain the more poorly defined peaks (at
0.42 V and 0.70 V, Figure 7b) in the reverse scan for the HOH
NPs compared to the TPH NPs.

Among the three different reaction mechanisms, the COOH*
formation pathway is calculated to be the most favorable. Figure
9 summarizes the FAO reaction activities for the COOH* mechanism
for all four surfaces. As indicated by the overpotentials (7),
the (100) and (111) surfaces exhibit similar overpotentials even
though they have quite different activities for the direct

pathway (through HCOO* formation). We believe this is because of
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the different bonding configurations of COOH* and HCOO* on these
basal surfaces. HCOO* usually binds on the metal surface by
making a bridge using its two oxygen atoms,® so surface
intermetallic bond length is critical in the consideration of
binding energy of this intermediate.

However, COOH* usually uses its only carbon atom to bind on
top of a metal atom (see Figures 9a,b), so the surface
intermetallic bond length is not as important in this case. For
the high-index surfaces, high surface energies at the step atoms
allow both the carbon and oxygen in COOH* to be involved in the
binding process. Although {15 6 1} and {10 1 1} exhibit similar
binding energies, due to similar bonding configurations of the
intermediate (Figure 9c¢,d), they have ~0.30 — ~0.48 V lower
overpotential than the (100) and (111) surfaces. This
overpotential difference is greater than the difference in the
onset potential for oxidation observed experimentally (ca. 0.10
V). Considering that the calculations assume perfect surfaces in
the absence of disorder or surface adsorbed species like CO*,
which are inevitable in experiments, the DFT results are in
reasonable agreement with the experimental findings. Further
analysis on the intrinsic activity of each surface structure for
the FAO reaction, in the absence of CO poisoning, requires

studies using techniques like pulsed voltammetry. Such studies
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are beyond the scope of this report but should be readily

achievable through the general methodology we presented here.

Summary and Conclusions
The key result in this article is that we have correlated
detailed structural analysis of a single Pt NP electrode to
electrocatalytic results. This is significant because it makes
direct correlation between experimental findings and theory
possible.

Specifically, we have shown that shaped, single Pt NPs
having diameters on the order of 200 nm can be electrodeposited
onto CNEs with a high degree of control and reproducibility. An
important result is that very small differences, just tens of
millivolts, in the upper and lower square-wave potentials
results in very different single-NP structures. Accordingly, the
basic methodology reported here should be broadly applicable to
developing a better understanding of the structure-function
relationship of NPs for electrocatalytic reactions.

Importantly, the DFT calculations, which were carried out
prior to the FAO experiments, demonstrate a good degree of
correlation with the experimental observations. Specifically, we
developed {15 6 1} and {10 1 1} slab models based on
experimental structural analysis and compared their activities

for the FAO reaction with Pt (100) and Pt (111) surfaces. The
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HCOO*, COOH*, and CO* formation pathways for FAO reaction were
then compared, and the COOH* formation mechanism was predicted
to be the most favorable. High-index surfaces were calculated to
have much lower overpotentials for FAO than the low-index
surfaces because step atoms in the high-index surfaces
effectively stabilize the intermediates.

Moving forward, we plan to expand the scope of the findings
reported here by examining both alternative shapes and other
surface-sensitive reactions. We are also interested in the
mechanism of NP growth, and in particular why such small changes
in the potential program used for electrodeposition result in
such different single-crystal shapes. The results of these

studies will be reported in due course.

Methods

Chemicals and materials. K,PtCl, (99.99% trace metal basis,
MilliporeSigma), H,SO, (OmniTrace, Ultra Grade, MilliporeSigma),
HC1l0, (70%, Fisher), and HCOOH (88-90%, MilliporeSigma) were used
as received. All solutions were prepared using deionized (DI)
water (18.2 MQ cm) from a Milli-Q system (MilliporeSigma).

Fabrication of CNEs. A quartz capillary (1.0 mm x 0.7 mm,
Sutter Instrument) was pulled into two quartz nanopipettes using
a P-2000 Laser Puller (Sutter Instrument). Parameters for the

laser puller were HEAT 720, FIL 3, VEL 25, DEL 135, PUL 150. The
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resulting quartz nanopipettes had tip lengths of ~6 mm. The
larger end of each nanopipette was connected to an acetylene gas
cylinder (dissolved in acetone, Praxair). The nanopipette was
clamped horizontally and capped by a second quartz capillary
(1.0 mm x 0.7 mm) connected to an Ar Cylinder (99.999%, Praxair).
The flow rate of the Ar was precisely controlled by a flowmeter
(Dwyer) and a gentle Ar flow of 60 sccm through the second
capillary was used to prevent bending and cracking of the quartz
nanopipette tip. The flame of a butane torch (Dremel) was
configured so that the flame covered the tip of nanopipette,
resulting in pyrolysis of the flowing butane/propane mixed gas.
The temperature of the flame was measured using a k-type thermal
couple (Omega) and was adjusted to be ~1020 °C. A TEM image of a
typical CNE is shown in the Figure S1.

Electrochemistry. All electrochemical reactions and
measurements were carried out in a two-electrode cell outfitted
with a CNE working electrode and a leak-free Ag|AgCl (3.4 M KCl)
miniature reference electrode (eDAQ). This reference electrode
was calibrated against a Hg|Hg,SO, (saturated K,S0,) reference
electrode, and it was found to be —294 mV vs. Hg|Hg,S0, or 356 mV
vs. RHE at pH=0. Hereafter, all potentials are reported vs. RHE.

Square-wave potentials were created using a function
generator (BK Precision). For other electrochemical

measurements, the necessary potential wave form was obtained
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using a universal programmer (EG&G, model 175). All potentials
and currents were processed through a Chem-Clamp (Dagan), and
the results were recorded using a Labview program. The
electrochemical current was unfiltered and the gain was 1 mV/pA
on the Chem-Clamp.

Shaped single Pt NP electrodeposition. Electrodeposition
was carried out in solutions containing 2.0 mM K,PtCl, and 0.10 M
H,SO,. HOH and TPH Pt NPs were electrodeposited using a one-step
SWP program having a frequency of 1.00 kHz but different
potential limits. Specifically, HOH Pt NPs were electrodeposited
using potentials that switched between 1.48 V and 0.19 V, while
concave TPH Pt NPs were electrodeposited using 1.48 V and 0.23
V. The accuracy of these potentials is crucial to successful
deposition of particular shapes.

Spherical Pt NPs were prepared as follows. Pt was
electrodeposited using the same SWP treatment conditions used
for HOH NPs, but only enough Pt was deposited to fill a recessed
space in the nanopipette (see SI for details). Next, additional
Pt was electrodeposited by carrying out continuous CV scans that
started at 0.55 V, went positive to 1.20 V, and then negative to
0.20 V at a 400 mV/s scan rate. This process resulted in
single, spherical, polycrystalline Pt NPs.

Electron microscopy. ESEM images of CNEs and Pt NPs were

acquired using a FEI Quanta 650 microscope at either 10.0 kV or
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15.0 kV with spot size= 3.0. Each CNE having a single Pt NP on
its tip was glued to a Cu slot grid (Ted Pella) using M-Bond 610
Curing Agent (Micro Measurements), so that the single Pt NP was
at the center of the hollow slot. The rest of the CNE was then
cut so the sample could fit into a double-tilt TEM holder that
allows both x and y directional tilting of ~15°(JEOL). A more
detailed TEM sample preparation procedure is provided in the SI
(Figure S5). TEM, SAED, and NED imaging of Pt NPs were then
carried out using a JEOL 2010F microscope at 200 kv. It is
important to mention that all single NPs undergo cleaning scans
in 0.50 M H,SO, solution between —0.03 V and 1.20 V at 1.00 V/s

for 6-8 cycles before imaging.
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Table

Table 1. Binding energies of the three intermediates considered
for the FAO reaction on different surfaces.
(100) (111) {15 6 1} {10 1 1}
Co* -1.204 -0.898 -1.339 -1.287
HCOO* 0.504 0.778 0.111 0.100
COOH * 0.324 0.409 0.022 -0.070
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Figure Captions
Figure 1. Replicates of the three shapes of single Pt NPs
obtained using the shape-controlled electrodeposition method
described in the Experimental Section. (a) HOH-shape, (b) TPH-

shape, and (c) spherical-shape NPs.

Figure 2. SEM images of a CNE (a) after the initial stage of Pt
electrodeposition in which only the recessed portion of the CNE
has been filled; (b) after the second stage of Pt
electrodeposition in which a Pt NP (TPH in this case) forms atop

the electrode.

Figure 3. A bright-field TEM image of a HOH Pt NP. The image
clearly shows the relationship between the NP, Pt within the
recessed region of the CNE, the carbon base of the electrode,

and the quartz sheath.

Figure 4. Projection angle analysis for TPH (a and b) and HOH (c
and d) NPs after electrochemical cleaning. Bright field TEM
images, corresponding shape model, and SAED pattern recorded
from (a) the [100] direction for the TPH shape, and (c) the
[110] direction for the HOH shape. (b and d) are simulated
atomic models for {10 1 1} and {15 6 1} surface facets,

respectively.

41



Figure 5. (a) TEM image of an electrochemically cleaned TPH-
shaped Pt NP. (b) Diffraction pattern for the particle in (a)
confirming that it was imaged along the [110] zone-axis and is a
single-crystal NP. (c) An HRTEM image of the region in (a)
defined by a blue box. The measured lattice spacings reflecting
the [110] imaging direction. The angle measured between the
(100) plane and the surface (as illustrated by the blue lines)
is 7.9°, which matches well with that measured on {10 1 1}
surface. Inset: {10 1 1} surface viewed from [110] direction and

rotated to match the lattice direction in the HRTEM image.

Figure 6. (a) An H CV for spherical single Pt NP. (b) H CVs for

TPH and HOH single Pt NPs. The CVs were obtained in 0.5 M H,S0,.

The scan rate was 0.40 V/s, and the data were smoothed using the
(a) 45-point and (b) 25-point FFT filters in OriginLab. The

unsmoothed data is provided in Figure S7b and S7c.

Figure 7. (a) CV for the FAO obtained using a 12.5 um Pt UME. (b)
CVs for the FAO on spherical, HOH, and TPH single Pt NPs. (c)
Expanded view of the onset potential region for the three

shapes. All FAO CVs were obtained in a solution containing 0.50
M HCOOH and 0.10 M HClO,. Scan rates were 0.02 V/s in (a) and

0.10 V/s in (b). Arrows indicates the scan direction.
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Figure 8. Illustrations of different surface slab models. Top
view of a) (100) b) (111), c) {15 6 1}, and d) {10 1 1}
surfaces. Upper figures in c) and d) are the top view, and the
lower figures are the side view. Orange lines and dots represent

step sites of the given surface.

Figure 9. DFT calculated energy diagrams for Pt(100), (111), (15
6 1), and (10 1 1) surfaces assuming the reaction undergoes
COOH* formation mechanism. Inset figures represent bonding
configuration of COOH* intermediate on each surface. Here, black
lines are representing the Gibbs free energies at equilibrium

potential (U,), red lines are showing results at onset potential

(U,) where all the reaction steps are turning to be exothermic,
and we determined the catalytic activity of FAO reaction by

calculating the overpotential (7) with eq. 8 listed in the SI.

43



Figures

Figure 1.

44



Figure 2.

45



Figure 3.

200 nm

Carbon

46



Figure 4.

47



Figure 5.

48



Figure 6.

N
o

| —— Sphere

RN RN
()] o (€)]

| I e —

1 I T

o
—
1

Current Density (pA/um?)
T (.II] T

12 1 08 06 04 02 0
Potential (V vs. RHE)

L
o

20

15+

10

Current Density (pA/um?)

12 1 08 06 04 02 0
Potential (V vs. RHE)

49



Figure 7.
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