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Block Copolymer Templated Synthesis of Ptir Bimetallic

Nanocatalysts for the Formic Acid Oxidation Reaction

Audrey K. Taylor,? Diane S. Perez,? Xin Zhang,® Brandy K. Pilapil, Mark H. Engelhard,® Byron D.
Gates,® and David A. Rider®?

Arrays of PtIr alloy nanoparticle (NP) clusters are synthesized from a method using block copolymer templates, which
allows for relatively narrow NP diameter distributions (~4-13 nm) and uniform intercluster spacing (~ 60 or ~100 nm).
Polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) block copolymer micelles were used to create thin film templates of
NPs with periodic pyridinium-rich domains that are capable of electrostatically loading PtCls> and IrCls> anion precursors
for the preparation of NP arrays. The composition of Ptlr NPs was specified by the ratio of metal anions in a low-pH
immersion bath. Formic acid oxidation, studied by cyclic voltammetry, shows that the arrays of clusters of Ptlr alloy NPs
are highly active catalysts, with mass activity values on par or exceeding current industrial standard catalysts. The
uniformity in the NP population in a cluster and the small diameter range established by the block copolymer template
permit an estimate of the optimal Pt:Ir ratio for the direct oxidation of formic acid, where, ~10 nm Pti¢lrss alloy NPs were
the most active with a mass activity of 37 A/g.

Introduction

Direct formic acid fuel cells (DFAFCs) have demonstrated excellent
power densities at ambient temperatures in miniaturized applications
and, therefore, may replace current conventional batteries in future
portable electronics.>® Typically DFAFCs consist of two electrodes
installed around a polyelectrolytic membrane (PEM) and produce
electricity by passing formic acid (HCOOH) through the anode and
passing oxygen (Oz) through the cathode. In idealized high-energy
efficiency conditions, anodic catalysts completely oxidize HCOOH
to produce protons (H*), electrons (e”), and carbon dioxide (CO2).
The protons pass across the PEM, whereas the e travel through an
external circuit and back to the cathodic catalysts where they react
with Oz and the H* from the PEM to produce water. For nearly seven
decades, a default electrocatalytic material for many of the steps in
fuel cells has been monometallic platinum (Pt).#® The high cost of
Pt, its relatively slow kinetics towards the oxygen reduction reaction,
and its susceptibility to poisoning are the major barriers to
widespread commercialization of fuel cells.” Nanoscale and
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multimetallic Pt-containing catalysts have been used to overcome
many of these barriers.® Pt-based nanoparticles (NPs) not only have
a high surface area-to-volume ratio that maximizes access to surface
Pt atoms, but also exhibit quantum size-dependent effects that are
often greater than activities that are predicted by miniaturizing of
bulk properties.®*t

Complementing Pt with additional metals has identified several
bimetallic NP (PtxM1o0-x, where M = Ru, Au, Ni, Co, Pd, etc., and
subscripts indicate atomic ratios) catalysts with excellent activities
for both anodic and cathodic fuel cell reactions, as well as the ability
to oxidize surface adsorbed carbonaceous poisons in PEM-type fuel
cells like DFAFCs.12%6 Integration of a complementary metal in Pt
NPs results in an altered geometric and/or electronic structure of the
exterior NP atoms, which can tune adsorbate bonding and provide
alternative catalytic pathways for electrochemical transformations.
Table S1 provides a brief comparison of the catalytic activity of
several bimetallic NP catalysts. The need to assess catalytic activity
demonstrates the importance of specifying the stoichiometry and
structure of Pt-based catalysts in the nanometer scale regime.

Bimetallic platinum-iridium (Ptlr) nanocatalysts in particular
have demonstrated superior activity for the oxidation of small
molecule fuels, increased stability,'” improved resistance to
poisoning,*8-2° and higher rates of oxygen reduction.?! Currently, the
common route for preparing bimetallic Ir-containing nanomaterials
relies on a solvothermal wet chemical reduction in media with
dissolved surfactants.?>?* The application of block copolymer
templates for the preparation of bimetallic Ir-containing NPs has not
yet been fully explored and represents an opportunity for discovering
highly active NP catalyst arrangements.?5-2°



Lithography using solution-processable block copolymers
provides a high degree of the control of the size and inter-particle
spacing of NPs and NP clusters.®® In related work, a block
copolymer method for fixing PtPb NPs to a nanoporous carbon
catalyst has been demonstrated, where the PtPb NP carbon
composite exhibited improved anodic function in DFAFCs.%!
Conductive palladium-carbon-silica electrodes have also been
prepared from a hybridized block copolymer/sol-gel route; the
resulting electrodes exhibited enhanced catalytic activity where
carbon-based corrosion was supressed.®? Recently, block copolymer-
patterned bimetallic and trimetallic alloy NP arrays were synthesized
with precise control of size, composition, and intermetallic
crystalline structure for use in controlling the vertical growth of
carbon nanotubes with accelerated rates. 3

In this work, we investigate a block copolymer templated-
synthesis for the preparation of arrays of clusters of Ptlr NP
catalysts. Improved electrocatalytic oxidation of HCOOH by Ptlr NP
arrays with diameters of ~4 — 13 nm is demonstrated by our
methods. We introduce: (i) the details of a block copolymer template
synthesis of Ptlr NP catalyst arrays from thin films of polystyrene-
block-poly(4-vinylpyridine) (PS-b-P4VP) micelles (Scheme 1); (ii)
a thorough characterization of the structure and composition of Ptlr
NP arrays; and (iii) a study of the catalytic activity by NP arrays for
formic acid oxidation.

Experimental

Materials

Block ratios of ~3:1 were selected for the PS-b-P4VP polymers
which were used as received from Polymer Source, Inc. Specifically,
two polymers PSaisge-b-P4VP471 (PDI = 1.07) and PSssz-b-P4VP174
(PDI = 1.14) were selected as precursors for the templates in this
study. Dihydrogen hexachloroplatinate hexahydrate
(H2PtCle*6H20),  dihydrogen  hexachloroiridate  hexahydrate
(H2IrCle*6H20), anhydrous methanol (99.9%), trace metal grade
hydrochloric acid (HCI, 34 — 37%), trace metal grade nitric acid (67 —
70%), hydrofluoric acid (HF, 49%), acetone (ACS grade), potassium
permanganate (KMnOas, 99.9%), and isopropy! alcohol (ACS grade)
were all used as received from Fisher Scientific, Inc.(Caution HF is
highly toxic and extreme care has to be exercised while handling it.)
Sulfuric acid (H2S04, 98%) and dichloromethane (99.8%) were both
used as received from Macron Chemicals. Toluene (Reagent Grade,
Macron Chemicals) was vacuum distilled and stored under dry N:
prior to use. Hydrogen peroxide (H202, 30%, ACS reagent grade)
was used as received from EMD Chemicals, Inc. Formic acid
(HCOOH, 83%) was used as received from J.T. Baker Chemicals.
Polystyrene (PS, ~200 kg/mol) was used as received from Fluka
Analytical. Indium tin oxide (ITO) coated SiO.-passivated polished
float glass (8 — 12 Q/cm?) plates, acquired from Delta Technologies,
Ltd., were used as substrates. Silicon oxide (100-nm thick) coated
silicon wafer substrates were obtained from Virginia
Semiconductors. All substrates were cleaned by sequential sonication
in dichloromethane, ultrapure water (18 MQecm), and isopropyl
alcohol prior to use.

Synthesis of Bimetallic Ptir NP Arrays

The synthesis of Ptlr NPs follows a modified protocol as outlined by
Aizawa et al.®* Preparation of Ptlr bimetallic catalysts can be
summarized by three steps: (1) the self-assembly and thin film
processing of PS-b-P4VP diblock copolymer micelles; (2) the
simultaneous absorption of PtCle*> and IrCle? ions into the PS-b-
P4VP film by immersion into an aqueous solution; and (3) the
thermal annealing/reduction to remove the polymer and form Ptlr
catalyst NPs. The entire process for creating Ptlr NP arrays can be
carried out with standard laboratory equipment and does not require
sophisticated photolithography or metal evaporation equipment or
other clean-room-based fabrication techniques.

Block copolymer precursor solutions were prepared by first
dissolving PS-b-P4VP in anhydrous toluene (4 mg/mL) at 90 °C
under stirring for 12 h, and then allowing equilibration to room
temperature before use. All substrates were subjected to an argon
plasma etch for 10 min at ~0.3 Torr (Harrick Plasma, PDC 32G,
18W) directly prior to use. Thin films of PS-b-P4VP were prepared
by spin-casting filtered polymer precursor solutions (Millipore
syringe filters, PTFE, 0.45 um pore size) directly onto substrates at 3
krpm for 60 s (Lite Laurell Spin Coater WS-400B-6NPP). Substrates
coated with block copolymer films were then placed face up in
methanol for 10 min causing micellar inversion as described by Chai
and Buriak.®> Substrates were dried with filtered air after removal
from methanol and then submerged in 100 mM H2SOs4 baths
containing HzPtCls and HalrCls. The metal ions made up a total
concentration of 10 mM in various ratios. Following metal ion
loading, substrates were rinsed with ultrapure water and dried once
more by filtered air. The metal ions that were loaded into the PS-b-
P4VP template were reduced to an oxidation state of zero by
annealing in a quartz tube furnace (Lindberg Blue M Mini-Mite) at
600 °C for 3 h with a minimum flow rate of 20 L/min of argon.
Trace amounts of oxygen in the tube furnace should be avoided in
order to supress the loss of Ir via the sublimation of 1r02.36 The
atmosphere in the quartz tube was purged for 1 hr prior to annealing
in order to mitigate loss of Ir content. The process for Ptlir NP
synthesis is depicted in Scheme 1.

General Instrumentation

Scanning force microscopy (SFM) was conducted using a Digital
Instrument Nanoscope Illa multimode instrument operated in
tapping mode and equipped with conical silicon probes
(Nanoscience Instruments) with resonant frequencies close to 300
kHz. Scanning transmission electron microscopy (STEM) and
energy dispersive X-ray spectroscopy (EDS) were performed with a
FEI Tecnai Osiris TEM system (accelerating voltage of 200 kV and
a beam energy of 200 keV) equipped with an Analytical TWIN (A-
TWIN) objective lens and an integrated Super-X EDS detection
system. Transfer of Ptlr NP arrays to a TEM grid for analysis was
conducted with a polymer overcasting method. The Ptlr NP arrays
were created on silicon wafers bearing a 100-nm thick thermal oxide
layer using the steps outlined above. The arrays were then
transferred to a PS layer by spin coating (toluene solution of ~1% by
wt., 3.5 krpm, 60 s). Substrates were then immersed in concentrated
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Scheme 1. General procedure for the synthesis of Ptlr bimetallic catalysts using thin films of PS-b-P4VP micelles: (i) solution state self-
assembly of PS-b-P4VP into spherical micelles in toluene; (ii) spin coating micelles onto an electrode substrate followed by thin film
reconstruction into an array of inverted-micelles by soaking in methanol; (iii) simultaneous loading of PtClg2 and IrClgZ ions into the micellar
array by immersion into a stoichiometrically tuned aqueous solution of the respective metal ions; and (iv) removal of PS-b-P4VP template by
thermal annealing under Ar. The x and y coefficients indicate the amount of IrClg2 and PtClsZ of metal ions incorporated into a single PS-b-
P4VP micelle domain, while the z coefficient refers to the incorporated sulfate ions from the 100 mM H,SO, ion-loading immersion bath.

HF for ~30 s, which caused etching of the thermal oxide layer and
release of the PS film containing the embedded Ptlr NP arrays. TEM
grids were then used to capture the floating films and rinsed with
ultrapure water and stored for later analysis by STEM and EDS. This
TEM transfer method has previously been shown to not significantly
alter the composition of Pt-based NPs from that found on ITO
electrodes.?®

X-ray photoelectron spectroscopy (XPS) measurements were
performed with a Physical Electronics Quantera Scanning X-ray
Microprobe. This system used a focused monochromatic Al Ka X-
ray (1486.7 eV) source for excitation. The instrument has a 32
element multichannel detection system. The X-ray beam was
incident normal to the ITO-supported samples and the photoelectron
detector was at 45° off-normal. High energy resolution spectra were
collected using a pass-energy of 69.0 eV with a step size of 0.125
eV. For the Ag 3ds.2 line, these conditions produced a FWHM of
1.07 eV. The binding energy (BE) scale was calibrated using the Cu
2psp2 feature at 932.62 + 0.05 eV and Au 4f72 at 83.96 £ 0.05 eV.
The atomic concentrations were quantified using standard sensitivity
factors contained in the ULVAC-PHI, Inc. MultiPak software
V9.6.1.7 dated 10/2016. Peak area intensities required for
quantification were calculated after applying a Shirley background
subtraction. These quantification results include the instrument
transmission function, source angle, and asymmetry corrections.

Quantitative elemental analysis of Ptlr NPs was conducted by
inductively coupled plasma mass spectrometry (ICP-MS) on an
Agilent 7500ce. An integration time of 0.1 s was applied using an
on-axis octopole reaction system operated in collision mode using
ultra-high purity He. All glassware used in the process was stored in
a concentrated HCI bath overnight. Calibration standards were
prepared by dissolving calculated amounts of H2PtCls and HzIrCls in
a solution of 5% nitric acid (v/v), resulting in concentrations in the
range of 0.01 — 10 ppm. The concentrated metal solution was diluted
by 10-fold serial dilutions for a total of eight standards with an

identical matrix composition of 5% nitric acid (v/v). Ptlr catalysts
mounted on ITO of known dimensions were dissolved in
concentrated aqua regia (CAUTION: Aqua regia solution is
extremely corrosive and must be handled with caution) for a
minimum of 15 min (lack of conductivity from ITO substrates
confirmed the full dissolution of Ptlr NPs) and diluted to 5% (v/v) in
sterile polycarbonate 50 mL volumetric tubes.

Electrochemical Methods

Stringent cleaning procedures were used on all glassware and
samples in order to reduce the influence of organic contaminants
during electrochemical measurements. The electrochemical cell and
fritted glass tube for sparging were both soaked overnight in a strong
oxidizing bath of aqueous 1 M H2SOs4 and ~1 mM KMnOa. The
resulting residue from the glassware was removed by rinsing with
piranha (CAUTION: Piranha solution reacts violently with organics
and should be handled with extreme caution) and lastly with
ultrapure water. The ITO substrates supporting Ptlr nanocatalysts
were cleaned with acetone using a Soxhlet extractor for a minimum
of 12 h prior to electrochemical measurements.

Electrochemical characterizations were carried out on either a
WaveDriver 20 Bipotentiostat or a WaveNow Potentiostat (Pine
Research Instrumentation). Electrochemical measurements were
obtained at ambient temperatures using a standard three-electrode
electrochemical cell that consisted of a ferricyanide-corrected
silver/silver chloride reference electrode (Ag/AgCl), a wire platinum
counter electrode and ITO coated glass with Ptlr NP catalysts as the
working electrode. The geometric area of the working electrode was
immediately measured after electrochemical testing using a digital
caliper, which allowed for cyclic voltammetric (CV) plots to be
reported in a mass specific current (A/g) when required.

Electrochemical surface area (ECSA) was evaluated by CO-
stripping using a modified protocol as outlined by Jerkiewicz et al.¥



High purity argon (Ar, 99.999%) was bubbled through a 0.5 M
H2S0O4 electrolyte for 30 min prior to measurements. High-purity CO
was purged through the electrolyte for 5 min at a constant
chemisorption potential of 0.1 V. The electrolyte was purged once
more with argon for 30 min at the same potential to displace any
remaining CO in the cell. Oxidative stripping voltammograms and
subsequent CVs were then acquired at a scan rate of 20 mV/s.

Oxidation of HCOOH and multi-cycle testing was carried out in
0.5 M H2S04 and 0.1 M HCOOH purged with argon for 30 min prior
and a constant flow of argon gas was allowed to flow in and out of
the headspace of the cell during electrochemical testing. A scan rate
of 10 mV/s was used for 25 consecutive cycles between -0.25 and
1.30 V or until steady-state conditions were reached. The exposed
catalytic area of the working electrode was immediately measured
upon removal from the measurement using a digital calliper.

Results and Discussion
Arrays of Ptir NPs from Diblock Copolymer Templates

The arrays of Ptlr NPs discussed in this work were synthesized from
diblock copolymer templates created from self-assembled micelles
of PS-h-P4VP.3840 Specifically, two size regimes for Ptir NP arrays
are investigated, which are defined by two different block
copolymers, namely PSise2-b-P4VPs71 and PSss2-b-P4VPi74. The
subscripts indicate the average number of repeat units for each
block. A PS:P4VP block ratio of approximately 3:1 was chosen in
order to achieve a spherical micelle morphology in toluene, a PS
block-selective solvent.*! In toluene, P4VP chains collapse into a
micelle core that is stabilized by a highly solvated PS corona. Spin
coated films from these micellar solutions yield monolayer arrays of
quasihexagonally packed PS-b-P4VP micelles that consist of a
continuous matrix of vitrified PS with embedded P4VP micelle
cores. The height mode SFM images of I1TO-supported films of
quasihexagonally packed micelles from PSi392-b-P4VP471 and PSss2-
b-P4V/P174 are shown in Fig. 1a and 1b. Both the molecular weight
of the block copolymer and the processing conditions determine the
dimensions of self-assembled features in this type of micellar film.*?
Table S2 in the Supporting Information file reports the periodicity,
the average full width at half-maximum (FWHM), and height values
of the micelles in both films. The higher molecular weight block
copolymer, PSi3o2-b-P4VP471, creates an array of larger micelles
with an approximate periodicity of 101 nm while the lower
molecular weight PSss2-b-P4VP174 creates an array of smaller
micelles with an approximate periodicity of 63 nm. Similarly, the
height and FWHM values for the larger block copolymer are greater
than those of the smaller block copolymer.

The approach for loading aqueous metal ion precursors into the
P4VP domains of the micelles requires a priming step that
reconstructs the continuous PS matrix that results from spin casting.
Initially, the PS acts as a barrier between aqueous ions and pyridinyl
sites in the micelle cores. The PS-b-P4VP micelles readily undergo
inversion when exposed to orthogonal solvents like alcohols.*3¢ In
this reconstruction step, the P4VP domains in the micelle films
become highly swollen in alcohol and increase in size by several-
fold, creating large swelling forces at the P4VP/PS boundary.*’ 48
The solvent-swollen P4VP chains can, therefore, breach across any
PS overlayer in order to better contact the solvent. Local fixation of
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Fig. 1 SFM height mode images (2 x 2 um?) for as cast (a) PS1392-b-
P4VP471 and (b) PSssa-b-P4VP174 templates created by spin-coating
onto ITO. The corresponding SFM images for the inverted micelles
are shown in (c) and (d). Insets images are 250 x 250 nm?2 and use
the same height scale. Representative bright field STEM images of
Ptxlrigox NP cluster arrays created by thermoreductive annealing of
(e) PSi392-b-P4VP471 and (f) PSssa-b-P4VP174 templates that were
loaded from a 100 mM H,SO4 aqueous solution of 9.0 mM H,PtClg +
1.0 mM HalrClg. The corresponding particle diameter histograms
are shown as insets in (e) and (f).

P4VP chains to the surface is facilitated by the solvophobic PS
matrix

present in between micelles, which focuses the reconstruction to the
region above the embedded P4VP cores. Solvent-swollen P4VP
chains collapse back onto the films upon drying and transform a
hemi-spherical micellar feature in the films (Fig. 1a and 1b) into a
toroidal analogue (Fig. 1c and 1d). This methanol-triggered
reconstruction step (Scheme 1, step ii) was found to improve the
metal ion loading step and has been included in the process for
defining the block copolymer templates. Each SFM image confirms
that the reconstruction step has successfully positioned P4VP chains
at the surface of the film, which allows for more effective interaction
with aqueous phase metal ions.

The pKa of the pyridinyl residues in the P4VP core is ~ 4.5 and,
therefore, these groups can be protonated at low pH values.*® 50 The
immersion baths that load NP precursors into the templates have
been defined to include dissolved PtCles? (from H2PtCls) and IrCle*



anions (from HzlrCle), as well as H2SOa4 in order to access a low pH
media and to convert pyridinyl groups into their cationic form. The
negatively charged IrCle> and PtCle>~ are expected to mainly
coordinate to cationic pyridinium groups by an electrostatic
interaction.>* A series of ten immersion baths were investigated in
this work (see Supporting Information Table S3), where the
immersion time was held constant for 10 min, only six of the baths
are shown in Table 1. Each immersion bath is defined to include 100
mM H2SO4 and a total metal ion concentration of 10 mM, each
differentiated by the following Pt:Ir molar ratios: 10:0, 9.75:0.25,
9.5:0.5, 9.0:1.0, 8.0:2.0, 7.5:2.5, 7.0:3.0, 5.0:5.0, 2.4:7.6, and 0:10.
After recovering PtCls>- and/or IrCls> loaded block copolymer
templates, a thermoreductive annealing step [3 h, 600°C, flowing
Ar(g] was used to remove the PS-b-P4VP template, reduce the metal
ions, and alloy Pt and Ir into NPs (Scheme 1, step iv).

Samples for STEM analyses were created by transferring the Ptir
NP arrays synthesized on thermal SiO: coated Si wafers to TEM
grids. Ptlr NP arrays were synthesized on the wafers, embedded in a
PS homopolymer layer by spin coating, and floated off the substrate
using aqueous HF and transferred to a TEM grid. While some
distortion of the arrays occurs, the dimensional characteristics of the
arrays of NP that are transferred to the TEM grid are generally close
to those determined for the same arrays supported on ITO substrates
and investigated by SFM (see Fig. S1 for representative SFM).
Shown in Figure le-f are representative STEM bright field images of

the NP arrays that are created from the PSi1392-b-P4VP471 and PSsse-
b-P4VP174 templates prepared from the immersion bath containing a
9.0:1.0 molar ratio of Pt:Ir, respectively. A complete set of STEM
bright field images for both block copolymer templates matched to
each immersion bath can be found in the Supporting Information file
(Fig. S2 and S3). The thermoreduction of a metal-ion-loaded P4VP
domain leads to Ptlr NP arrays in the form of clusters. The number
of NPs per cluster found for each PSize2-b-P4VP471 and PSssz-b-
P4VP174 template-immersion bath combination was determined and
is reported in Table 1 and Table S3. For higher Pt-content target
bimetallic NPs (immersion baths with > 95 mol% Pt), the PSi392-b-
P4VP471 template leads to arrangements with ~6-7 NPs per cluster.
For lower Pt-content target bimetallic NPs (immersion baths with <
95 mol% Pt), the PS1392-b-P4VP471 template leads to clusters of NPs
with ~1-2 NPs per cluster. The use of the PSssz-b-P4VP174 template
results in analogous cluster definition. When high Pt-content is
targeted for Ptlr NPs, ~4-7 NPs per cluster result for this lower
molecular weight template. Similarly, lower Pt-content in the Ptlr
NPs favours ~1-2 NPs per cluster from the same lower molecular
weight template. In the high Pt-content targets, the observation of
fewer NPs per cluster between templates (6-7 vs 4-7 NPs per cluster)
suggests that the size of the P4VP domain in the block copolymer
template specifies the number of NPs that can be isolated from a
single micellar domain.

Table 1. Comparison of twelve compositionally tuned particle clusters synthesized from immersion into 100 mM H,SO4 with 10 mM [H,IrCle

+ HaPtClg].
- PSu-b-P4VP,, Diblock copolymer template” and
Pt _: Ir mo!ar ratio in NP and Cluster Parameters TEM estimated dimle)nsiyons (Std.l;)ev.)
immersion bath
PS1392-b-P4VPa71 PSss2-b-P4VP174
NP Diameter” 10+ 4 nm 6 +3nm
. NPs per Cluster® 2%1 73
10:0 Periodicity? 116 £ 7 nm 56 £ 9 nm
Stoichiometry Estimated by XPS Ptaoolro Ptioolro
NP Diameter” 4+1nm 6+2nm
NPs per Cluster® 63 4+2
9.5:0.5 T
Periodicity? 144 +19 nm 74 +11nm
Stoichiometry Estimated by XPS Pto1lrg Ptrolra1
NP Diameter” 13+5 9+1
8.0:2.0 NPs per Cluster® 16+1.0 18+12
R Periodicity? 116 + 14 nm 45+7nm
Stoichiometry Estimated by XPS Ptsslrez Ptsslres
NP Diameter” 9+1 9+1
NPs per Cluster® 2411 12+05
7.0 : 3.0 Periodicity? 128 £ 7 nm 49 £8nm
Stoichiometry Estimated by XPS Ptislrsz Pt2olreo
NP Diameter” 11+3 10+1
. NPs per Cluster® 22+13 12+04
5:0:5.0 Periodicity? 112 £ 15 nm 49+8nm
Stoichiometry Estimated by XPS Ptiglrs Ptislrss
NP Diameter” 13 +£5nm 10 £4 nm
NPs per Cluster® n/a* n/a*
e Periodicity? 123+ 13 nm 66+ 12 nm
Stoichiometry Estimated by XPS Ptolri00 Ptolri00

9 n and m represent the average number of repeat units of the PS and P4VP blocks, respectively. » Average of 100 particles. ¢ Average of 25

clusters. 9 Average of 15 clusters. * Continuous metal phase present in nanoring formation.




Further quantification of the STEM images was conducted, and
Table 1 also reports the average distance between clusters
(periodicity) and NP diameter and for each template / immersion
bath combination. The periodicity values were found to be close to
those of the parent block copolymer micellar films (Table S2).
Lastly and in general, the thermoreductive isolation of block
copolymer templated Ptlr NP clusters yields NPs that are between 4-
13 nm in diameter. The diameter distribution histograms for Ptlr NPs
from the PSi392-b-P4VP471 and PSss2-b-P4VPi74 templates loaded
with the 9.0:1.0 Pt:Ir immersion baths are reported as insets in Fig.
le-f while all others are reported in the Supporting Information file
(Fig. S2 and S3). The relatively narrow distribution in NP diameter
found for all NPs from each series is a testament to the controlled
synthetic conditions for NP nucleation and growth that are imparted
by the block copolymer template.

The prevalence of several small NPs per cluster across the
series suggests several aspects of the NP growth mechanism: (i) the
high temperature thermoreductive and/or annealing step initially
yields several NP nuclei per ion-loaded micelle domain; and (ii)
coalescence of neighbouring NPs into larger NPs can occur but is
minimized during this annealing process.5%* The smallest average
NP diameter values were found for Pt-rich NPs created from both
polymer templates loaded with immersion baths with > 95 mol%
Pt. Other morphological exceptions are found for the arrays of
monometallic Ir NPs created from both block copolymer templates.
In these cases, a single ring-like NP of Ir was created from each
IrCle* loaded P4VP domain (rather than a cluster; see Fig. S2s and
S3s in the Supporting Information file). The suppression of the
growth mechanism in the clusters is proposed to be linked to the
oxophilicity and low mobility of monometallic Ir.5558 Overall, the
STEM investigation confirms that the processing steps taken with
the two PS-b-P4VP templates and immersion baths are capable of
creating arrays of quasihexagonally organized clusters of Ptlr NPs.

Composition and Structure of Ptir NP Arrays

A more detailed understanding of the composition and structure of
the NPs created from the block copolymer template approach is
derived from STEM-coupled EDS analysis. The monometallic NPs
created from immersion baths containing only PtCle* or IrCle*
anions were not investigated by STEM-EDS analysis. The Lo X-
ray emission signals for Pt and Ir at 9.44 keV and 9.17 keV and the
Ma X-ray emission signals at 2.05 keV and 1.98 keV were resolved
in Bremsstrahlung-corrected EDS spectra for arrays of Ptir
bimetallic NPs and NP clusters. These signals were used to: (i)
create elemental maps; (ii) determine the Pt:Ir ratios for isolated NP
clusters; and (iii) analyze the same for large regions of clusters
(areas of 0.12 um? and 0.056 pum? for PS1392-b-P4VP471 and PSss-
b-P4VPi174 templated arrays, respectively). Bremsstrahlung-
corrected EDS spectra are presented in the Supporting Information
(Fig. S4, S5, and S6). Shown in Fig. 2a-b are the representative
high angle annular dark field (HAADF) images for arrays of
clusters of Ptlr NPs created from thePSi1392-b-P4VP471 and PSssz-b-
P4VP174 templates loaded using 100 mM H2SO4 aqueous solutions

of 8.0 mM H2zPtCls + 2.0 mM HalrCls. The corresponding elemental
maps for Pt and Ir are shown in Fig. 2c-d and Fig. 2e-f, respectively.
The Pt and Ir elemental maps from the PSi3g2-b-P4VP471 (Fig. 2¢ and
2e) show that the arrangement of Pt and Ir signal intensities
correspond with one another and are also associated with the
arrangement of the NPs found in the corresponding HAADF image
(Fig. 2a). The Pt:Ir ratio found for a large area of the array was
59:41, while the ratio for three selected clusters within this region
had a range of ratios from 44:56 to 47:53. The difference in the
EDS-determined Pt:Ir ratio between individual NP clusters and large
areas of the array can be attributed to the presence of diffuse Pt and
Ir for the more comprehensive area analyses. The Pt:Ir ratio is
consistent between individual NPs within an array, which confirms
that the composition of Ptlr NP cluster arrays is quite uniform. The
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Fig. 2 HAADF STEM images of Ptlr NP clusters created by the
thermoreduction of (a) PSizg2-b-P4VP471 and (b) PSssy-b-P4VPi74
templates that were loaded with PtCle? to IrClgZ from 100 mM H,SO4
aqueous solutions of 8.0 mM H,PtClg + 2.0 mM HalIrCle. For (a), the
corresponding La X-ray emission Pt and Ir elemental maps are
depicted in (c) and (e) while those for (b) are depicted in (d) and (f),
respectively. The circled regions indicate the EDS-estimated
composition of the PtIr NPs.



conclusions for the Pt and Ir elemental maps from the PSssz-b-
P4VP174 template are largely similar. The isolated NPs in Figure 2b
have a Pt:Ir range of 54:46 to 59:41, while the overall ratio within
this area of interest was 66:33. A solid—solution alloy structure is
therefore suggested for the NPs.

Similar structural conclusions are found in the STEM-EDS analysis
of the arrays of Ptlr NPs created from the PSizg2-b-P4VP471 and
PSss2-b-P4VP174 templates loaded with the other immersion baths
(see Supporting Information Figures S4, S5, and S6). Pt and Ir were
found to be commonly located and matched in position to the NPs
identified by HAADF-STEM.

The complex nanostructures in the Ptlr NPs found by HAADF
STEM analysis were further investigated by high-resolution
transmission electron microscopy (HRTEM). Shown in the
Supporting Information file (Fig. S7, S8, and S9) are the HRTEM
analyses and corresponding Fast-Fourier Transform (FFT) images
for individual NPs isolated from arrays of clusters of Ptlr NPs
prepared using the PSi1392-b-P4VP471 and PSss2-b-P4VP174 templates
loaded with the 8.0:2.0, 7.5:2.5, and 2.4:7.6 Pt:Ir immersion baths. In
general, the unit cell dimensions of the NPs were in agreement with
bulk solid solutions of Pt and 1r5%-¢* and also support the assignment
of the alloy structure as inferred from the STEM EDS data. The
particle size does not change significantly with Pt:Ir mole ratio when
the range of composition lies between ~60:40 and ~18:82.

In this study, the composition of the block copolymer templated
PtxIrioo-x NPs was controlled by varying the ratio of PtCls® to IrCle*
in the immersion baths. Characterization by XPS was used to
determine the oxidation state and the relative content of Pt and Ir
elements in the Ptxlrioox NPs. The high-resolution XPS (HRXPS)
plots for the 4f core electron regions were qualitatively similar for all
Ptxlrioo-x NPs synthesized from each of the two block copolymer
templates. Fig. 3a depicts the HRXPS spectra for the Pt and Ir 4f
core electron region for the NPs created from the PS13e2-b-P4VP471
block copolymer template. From the peaks found in the bottom-most
curve (curve i), monometallic Pt NPs exhibit two energy bands at
74.1 eV and 70.7 eV corresponding to Pt 4fs2 and Pt 4fs2 core
electrons, respectively. The position of these peaks and the BE
associated with the doublet splitting (AE = 3.4 eV), both strongly
indicate the presence of metallic Pt(0).9567 From the peaks found in
the top-most curve (curve viii), monometallic Ir NPs exhibit only
two energy bands at 63.3 eV and 60.1 eV corresponding to Ir 4fs;
and Ir 4fz2 core electrons, respectively. Similarly, the position of
these peaks, and the doublet splitting BE (AE = 3.2 eV), strongly
indicate metallic Ir(0).55-6"

The HRXPS plots of bimetallic Ptxlrioox NPs are largely a
combination of the spectra for the monometallic NPs, but with subtle
differences that indicate mixing of the two metals. As the amount of
Pt is decreased in favour of increased Ir content in the bimetallic NP
analogues, the intensity of the Pt 4fs;2 and Pt 472 peaks decreases
while that for Ir 4fs2 and Ir 4f72 peaks increases. The BE of all peaks
are largely indicative of a zero oxidation for Pt and Ir in the
bimetallic NPs and exhibited little evidence for shoulders or
secondary peaks at higher BE confirming the complete reduction of
the PtCle> and IrCle? ions within the templates. As the Ir content is
decreased in a template series, the Pt 4fs;2 and Pt 4f72 peaks were
observed to shift to lower BE values, while those for the Ir 4fs;2 and
Ir 4f72 had more constant BE values. The Pt 4fs2 and Pt 4fz2 BE
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Fig. 3 (a) Offset HRXPS plots of Ptlr NPs synthesized from PS139,-b-
P4VP,4;;1 [the XPS-estimated composition of the Ptlr NPs are (i)
Pt100|r0, (II) Pt91|r9, (III) Pt60|r4o, (IV) Pt33|r57, (V) Pt35|r54, (VI) Pt18|r32 6,
(vii) Ptyolrgs, (viii) Ptolrioo]. (b) Plot for the BE of the Pt 4f;; as a
function of the atomic Pt percentage in the NPs as determined

from the XPS analysis. The dotted line is intended to guide the eye.
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Fig. 4 (a) Offset HRXPS plots of Ptlr NPs synthesized from PSss,-b-
P4VP7, [the XPS-estimated composition of the Ptlr NPs are (i)
Ptioolro, (ii) Ptslraa, (iii) Ptsslraz, (iv) Ptselres, (V) Ptaslryz, (Vi) Ptaolrso,
(Vii) Ptiglrsa, (VIII) Ptolrio]. (b) Plot for the BE of the Pt 4f7/2 as a
function of the atomic Pt percentage in the NPs as determined from
the XPS analysis. The dotted line is intended to guide the eye.

shift results from the electron transfer from Pt to Ir and is suggestive
of highly mixed or alloyed Pt and Ir in the NPs.% 6 Shown in Fig.
3b is the plot of the BE for Pt 4f72 versus the XPS-determined
percentage of Pt in the Ptlr NPs in this series. A uniform trend in the
BE for Pt 4f72 results as the amount of electronegative Ir is increased
in the series.

The HRXPS characterization of the arrays of clusters of Ptir
NPs created from the smaller length scale PSss2-b-P4VP174 template
was largely similar to that of the series of NPs from the higher
molecular weight block copolymer template. The Pt 4fs;2 and Pt 472
peaks and Ir 4fs;z and Ir 4f72 peaks of the monometallic Pt and Ir
NPs indicated metallic characteristics and the intensity of each set of
4f peaks was tracked with the composition of Pt and Ir in the
bimetallic analogues (see Fig. 4a). All 4f peaks exhibited little
evidence for shoulders or secondary peaks at higher BE which
confirms the complete reduction of the PtCle? and IrCls> anions in
the templates as well. Similarly, as the Ir content is decreased in this
series, the Pt 4fs2 and Pt 4f72 peaks were observed to shift to lower
BE values. Similar to data in Fig. 3b, the data in Fig. 4b show that
the BE of the Pt 4f72 peak shifts to a lower BE as the XPS-
determined percentage of Pt in the NPs increases; once again



confirming the charge transfer between the highly-mixed Pt and Ir,
which supports an alloy phase for these
particles. The extent of shifting of the Pt 4fz. peak is largely
similar between the two polymer templates. The slope of the BE
shift curves appear to differ slightly, which may be due to subtle
effects caused by reduced NP size, charging effects from differing
surface contamination or oxide formation unaccounted for in the
analysis.”™

The relative area of the Pt and Ir 4f peaks from the HRXPS
plots is indicative of the composition of Ptlr NPs. Curve fits were
applied to each spectra in order to determine the intensity ratio and
hence the atomic ratio of Pt:Ir in the NPs created from each
template. Table 1 reports the NP composition in the format of
Ptxlrioo-x where the subscripts indicate the XPS-estimated atomic
percentage of each metal. The PtlIr ratios of Ptxlrioo-x NPs created
from the identical immersion baths, but with different templates are
largely similar with only the NPs from the 9.5:0.5 and 2.4:7.6
immersion baths having a minor discrepancy. The composition
data reported in Table 1 suggest that tailoring the composition of
the immersion baths provides access to a wide compositional range
for the Ptir bimetallic system regardless of the size-scale of the
block copolymer template. The non-linear correlation between the
Pt:Ir ratio of the immersion bath with the XPS-determined
composition confirm that P4VP domains in the templates are
preferentially loaded with IrCle> ions during the immersion
procedure (see Fig. S10). It should also be noted that the non-linear
ion loading relationship resulted in identical XPS-determined
composition for immersion baths 7.0:3.0 and 2.4:7.6 from the
PS1302-b-P4VP471. The symbols 8 and y are used to distinguish
between the two Ptiglrs2 compositions from the 7.0:3.0 and 2.4:7.6
baths, respectively (see Table S3).

Controlled Mass Loading of Pt and Ir into Ptir NP Arrays using
Diblock Copolymer Templates

The block copolymer template approach for preparing Ptlr NP
arrays has several advantages that are reflected in mass loading
profiles of the arrays relative to the bath composition. Platinum mass
loading was determined by dissolving ITO-supported arrays of Ptlr
NPs in aqua regia and this data was combined with atomic ratio
information to calculate the corresponding iridium mass loading
values. Shown in Fig. 5a are the Pt and Ir mass loading values for a
subset of the samples from Table 1. Trends in the mass loading
values for the Ptlr NPs arrays created from the two block copolymer
templates are remarkably similar suggesting a highly-controlled NP
fabrication procedure regardless of the selection of the template.
Since the percentage of metals on the electrode surface is an
important factor that influences the catalytic activity of catalysts,
we have also used this data to determine the percentage of Pt and
Ir on the electrode surface (see Fig. S11). For both series, as the
platinum content in the loading baths is increased, a non-linear
but tightly correlated increase in mass loading of Pt results in the
NP arrays. The observed non-linear trend may be due to the
instability of the Ir salts in the acidic aqueous media. Coordination
of Ir with oxygen species from the aqueous media may lead to
colloidal precipitates formed in solution.”"> 7> Shown in Fig. 5b are
the total mass loading values for the same set of samples from
Fig. 5a. The total mass
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Fig. 5 (a) Mass loading data for Pt and Ir quantified by ICP-MS and
plotted against % Pt and Ir content present in the loading baths for
NPs synthesized from P51392-b-P4VP471 and PSSSZ'b‘P4VP174. (b) Total
mass loading by polymer template.
loading values also appear to increase in a non-linear, but tightly
correlated trend as the baths are enriched in PtCle> rather than IrCls*
. The higher and lower molecular weight block copolymer templates
create Ptlr NPs with an overall metal loading in the ranges of ~0.2 to
0.7 pg/cm? and 0.2 to 1 pg/cm?,

respectively. Achieving highly mixed metals in well-defined NPs
confirm that the synthetic approach involving block copolymer thin
film templates is a simple but powerful method to access distinct
compositions of bimetallic NP arrays. Other experimental factors
that define the metal loading procedure, including total metal anion
concentration, anion valency, pH, ionic strength, immersion time,
and temperature are expected to tune the mass loading profiles
shown in Fig. 5a-b. The highly correlated mass-loading profiles that
result from this NP fabrication approach are advantageous in
understanding variations in catalytic performance (vide infra for
formic acid oxidation analysis).

Electrochemical Surface Area (ECSA) of Ptlir NP Arrays — CO
Stripping Voltammetry

The ECSA values of selected Ptir catalysts from each polymer series
were determined. The carbon monoxide stripping approach for the
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Fig. 6 (a-b) Anodic current density (j) vs. potential of CO oxidative
stripping CV plots for selected Ptlrigox NPs synthesized from the
two block copolymer templates. The potential is referenced
against Ag/AgCl. Data from the first anodic sweep (with a CO
oxidation peak) is shown in black while data from the second
anodic sweep is shown red. The inset Ptylrigox labels report the
XPS-estimated composition of the NPs formed from (a) PSi3g2-b-
P4VP471 and (b) PSssy-b-P4VP174. (c) Bar chart summary of ECSA
values for catalysts studied in (a) and (b).

determination of ECSA from voltammetry relies on forming a
monolayer of strongly adsorbed carbon monoxide (CO) molecules
onto the surfaces of the nanocatalysts. A linear, atop binding of CO
onto metal surface atoms is assumed and that the coulombic charge
required to subsequently oxidize this type of CO layer to CO:2 is
equal to 420 pC/cm? of catalyst.”® 7 In this work, the CO oxidative
stripping CV experiments are conducted with Ar-sparged
electrolyte and a constant headspace of Ar immediately after a
potentiostatic CO adsorption step (E = 0.10 V; 5 min).3” Shown in
Fig. 6 are the plots for two sequential anodic sweeps for the CO-
stripping CV experiment for selected Ptxlrioox NPs. In both anodic
traces, the capacitive charging of the electrochemical cell is
responsible for the current associated with the baseline. In the first
anodic sweep of all Ptlr catalysts, an oxidation peak develops with
peak current values for CO oxidation in the range of 0.63 to 0.68 V.
The current profiles and peak potentials are largely in agreement

ARTICLE

with those previously reported for NPs studied under similar
conditions.”™ The area of this peak relative

to the capacitive charging baseline in the second anodic sweep
represents the total charge associated with CO oxidation. The ECSA
(in cm? catalyst/g) is calculated according to Eq. (1):

Qco M

ECSA = — .
M; x (420 W)

where Qco, is the measured charge associated with CO oxidation in
pC/cm? electrode, and M represents the total metal mass loading in
ug/cm? electrode. The ECSA values for each catalyst in the two
polymer series are reported in Fig. 6¢. The ECSA values of the Ptir
values would be higher for the NP arrays with a higher population of
NPs and larger geometric surface areas (a result of the higher
diameter values). Within each polymer series, there appears to be a
maximum ECSA where NPs consisting of ~80% Ir (by XPS) exhibit
ECSA values of 84 m? catalyst/g and 29 m? catalyst/g for the Ptlr
catalysts produced from PSiz92-b-P4VPs71 and PSss2-b-P4VPi74
templates, respectively.

Electrocatalytic Oxidation of Formic Acid by Ptir Bimetallic NP
Arrays

The electrocatalytic activity of NP catalysts for the HCOOH
oxidation reaction is typically studied using CV at low pH.18 7677 |n
this work, we focus on the electrochemical activity of the bimetallic
catalysts for the oxidation of formic acid. The catalytic performance
of the monometallic Pt and Ir catalysts produced from the two block
copolymers is provided in the Supporting Information (Fig. S12).
For reference, a labelled HCOOH oxidation CV curve is shown in
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Fig. 7a with relevant electrochemical steps for this potential range
outlined in Fig. 7b. The anodic sweep typically exhibits three
positive peaks while the cathodic sweep exhibits a single positive
peak. The first anodic peak (l1a) occurs at ~ 0.2 V and corresponds to
the direct oxidation of HCOOH to CO2 by the dehydrogenation
reaction, listed at the top of Fig. 7b. A second anodic peak (l) at ~
0.6 V, indicates the indirect oxidation pathway for formic acid
through an adsorbed CO intermediate.!® 6. 77 Adsorbed CO (COuads)
intermediates formed in the dehydrogenation pathway occur after the
formation of surface hydroxides at 0.5 V.”® Ir-rich NPs are
particularly advantageous for these steps due to the

favourable binding of oxygen-rich species to Ir sites at low potentials
and, thus, favouring complete oxidation of adsorbed intermediates
including COads. Consequently, the reaction mechanism for Ptir is
bifunctional.” 8 As potential continues beyond 0.7 V the HCOOH
oxidation ceases and the oxygen evolution reaction occurs at the
surfaces of the catalyst, represented by current peak 12.8* During the
reverse cathodic sweep, small amounts of HCOOH act as a local
reducing agent for the surface oxides. Reduction of the catalyst
surfaces allow for reinitiation of catalytic oxidation of HCOOH (I3
peak).

In order to assess the catalytic activity of block copolymer-derived
arrays of bimetallic Ptxlrioo-x NP arrays for the formic acid oxidation
reaction, a 25-cycle CV experiment was conducted (Fig. S8a and
S8b in the Supporting Information). The current information was
combined with the mass loading information in order to report CV
curves in a specific current format (in units of A/g catalyst). The
representative CV plots acquired after stabilization (15 cycle) for
HCOOH oxidation for the Ptxlrioox NPs synthesized from the two
block copolymers are reported in Fig. 8a and 8b. The Fig. 8c and 8d
report the evolution of the maximum current density for lia with
cycle number for each series of Ptxlriox NP clusters and the
analogous plots for I3 are found in the Supporting Information file
(Fig. S13 and S14). Precisely estimating peak current values for I,
and Iz during each cycle was not possible for all cycles for each
catalyst and are not included in this study. In general, the l1.a mass-
specific peak current values were higher for bimetallic catalysts
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afforded from the smaller block copolymer. The most active NP
catalyst clusters created from the PSisg2-b-P4VPs71 and PSssz-b-
P4VPi74 templates for the lia pathway during the 25 cycles were
Ptislrs2” (cycle 5; 24 A/g) and Ptislrss (cycle 3; 37 A/g), respectively.
It is logical that Ir-rich catalysts would be more active during these
steps due to the favourable binding of oxygen containing species by
Ir.

The increasing binding energy for Pt (Fig. 3b and 4b) suggests that
the bond strength of adsorbed key intermediates for formic acid
oxidation may also be affected by the Pt:Ir ratio. Fig. S16 in the
supporting information file reports possible correlations between the
catalyst activity for the l1a pathway with the BE of the Pt4fz. peak
found by XPS. Using the peak current for 11a as a metric for catalyst
activity, it was found that the cycle 3 activity of Ptxlrioox NPs
produced from the PSise2-b-P4VP471 roughly followed a volcano-
type trend with the BE of Pt 4f72. By cycle 15, this correlation was
lost, perhaps indicating a change in the surface composition and/or
structure of the catalysts away from the condition of samples studied
in the XPS section above. Other factors such as interparticle and
intercluster spacing are expected to contribute to this catalytic
activity as well. A more consistent correlation in the dependency of
the cycle 3 and cycle 15 catalytic activity on BE of Pt 4f7, was
found for Ptxlrioox NPs synthesized using the smaller PSssz-b-
P4VP174, which suggests a more consistent NP structure and
condition over many cycles of catalysis. An interesting plateau in the
dependency of the lia catalyst activity was found for this series,
suggesting that the surface bonding characteristics that are associated
with Pt binding energy are not the ultimate factor for determining the
catalyst activity. The elucidation of which factors affect activity and
stability and their evolution with ongoing catalyst cycle number is
past the scope of this study and represents a topic of current
research. After stabilization, the l1a mass activity values were found
to be close to that of other work.82-8 Interestingly, the most active
NP catalyst clusters created from the PS13e2-b-P4VP47: and PSss2-b-
P4VPi74 templates for the Is pathway during the 25 cycles were
Pto1lre (cycle 5; 32 A/g) and Ptrlrz: (cycle 3; 19 A/g), respectively.
The shift in catalyst activity to a more Pt-rich NP catalyst for the I3
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Fig. 8 Representative CV plots acquired after stabilization. The 15t CV cycle of selected bimetallic catalysts of Ptir NP arrays synthesized
from (@) PSi392-b-P4VP471 and (b) PSssa-b-P4VP174. (c) Specific current (normalized for mass loading) for /14 versus cycle number for the
same catalysts studied in (a). (d) Specific current (normalized for mass loading) for /1, versus cycle number for the same catalysts studied
in (b). All Ptir NP arrays are supported on ITO. The CV data was acquired in 100 mM HCOOH and 100 mM H,SO4. The subscripts in the

label denote the XPS-estimated composition.
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pathway is due to surface contamination (i.e. poisoning) that results
from incomplete formic acid oxidation reactions that occur prior to I2
current and limit lia and I processes. The highly oxidizing
conditions that arise during the l> pathway decontaminate the
surfaces of these catalysts and may permit otherwise poisoned
surfaces to contribute to the current in the Is peak. Since Pt is known
to poison easily, it is reasonable that more Pt-rich bimetallic
catalysts will show improved activity immediately following a high
potential oxidation like that established during the generation of the
current for I2. Alloyed PtRu is an industry and research standard for
fuel cell anode development.® A commercial (BASF) carbon-
supported PtRu catalyst was recently investigated for HCOOH
electrooxidation under similar conditions. Mass activities of 11 and
30 A/g were reported for l1a and I, respectively.8® Many of the
bimetallic Ptlr NPs isolated from the block copolymer template
approach are higher in activity than this industry/research standard
as well as others (see Table S1 in the Supporting Information file).
The multi-cycle activity of these bimetallic catalysts was evaluated
using Ptislrse2® and Ptaolrso from immersion bath 7.0:3.0 as
representative arrays of NPs for the series.
In general, the Ptlr NPs show significant formic acid activity for
more than 200 cycles of oxidation (see Supporting Information file,
Fig. S17). A four-fold increase in mass activity was demonstrated for
the Ptislrss catalyst from the PSss2-b-P4VPi17s4 template when
compared to the lia pathway for a BASF commercial standard. The
block copolymer template approach is, therefore, a highly relevant
method for creating highly active and durable electrocatalysts for the
formic acid oxidation reaction. Previous research has suggested that
a 2-nm diameter Ptsolrso NP exhibits a maximum current density for
compositionally varied Ptlr catalysts for the lia pathway for formic
acid oxidation.” Previous work has shown that the minimum feature
size of block copolymers can be less than 5 nm.8% The block
copolymer template approach described herein has shown that
bimetallic catalysts often have diameters are smaller than the micelle
feature size in the template. We, therefore, expect that very low
The ECSA values from Fig. 6 were combined with selected CV
data and used to report the ECSA-specific current in Fig. 9. It is still
apparent that the catalytic activity of the arrays of Ptlr NPs afforded
from the smaller block copolymer template are more active than
those created from the larger block copolymer derivative. Since the
identification of a near-optimal composition for Ptlr catalyst for
HCOOH oxidation has already been reported,”” we direct our
attention to general comparisons between NP catalysts between
polymer analogues. It is reasonable to conclude that the mass
loading or the ECSA parameters are not the only properties that lead
to the differences in catalytic activity within a polymer series.
Recent work has shown that the activation of water at both the
catalyst surface as well as at the surface of oxide support materials
(ITO in this case) can increase the population of surface hydroxyl
groups, which is a major factor in the removal of rate-limiting
carbonaceous intermediates and may play a role in the mechanism
for the catalytic oxidation of formic acid and any adsorbed CO
(COuds).%! The ITO electrode support used in this work is comprised
of a complex polycrystalline bixbyite-type indium tin oxide whose
surface hydroxyl distribution is complex and sensitive to surface
treatments.®? Indeed the exact surface composition of I1TO films is
often debated.®® % The population of surface hydroxyl groups on
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Fig. 9 Plots of the ECSA-specific current for the /;, peak in cycle 15
for selected Ptylrioox catalysts prepared from PSi395-b-P4VP47; (top)
and PSssz-b-P4VP174 (bottom).

diameter bimetallic NPs can be accessed from lower molecular
weight templates with smaller micellar feature size and may permit
more fundamental studies, such as stability, coarsening, cluster
definition, uniform mass loading, and the effect of catalyst
distribution.

The identification of high activity bimetallic catalysts for the
HCOOH oxidation reaction (on a mass loading basis) warrants an
analysis of the ECSA. It is clear from Fig. 8c and 8d that the
electrocatalytic activity of the Ptxlrio-x NPs evolve to lower values
with cycle number, but stabilize to a non-zero value at ~ 15 cycles.
The discussion of the ECSA-specific current, therefore, focuses on
catalyst activity associated with CV traces in the 15" cycle.

both the surface of the bimetallic NP catalysts and the substrate need
to be carefully understood and better quantified in order to
understand the catalytic activity of ITO-supported arrays of Ptir NP
catalysts for the formic oxidation reaction.

Conclusions

Controlled syntheses of Pt-based electrochemical catalysts that
specify the structure and stoichiometry on the nanoscale are of great
importance to energy technologies. Arrays of Ptlr alloy NP clusters
are synthesized from an approach using block copolymer templates.
The block copolymer template method allowed for both relatively
narrow diameter distributions (~4 — 13 nm) and uniform intercluster
spacing (~60 or ~100 nm) to be established in this work. The
reconstruction of spin coated PS-5-P4VP block copolymer micelle
films into an array of pyridinium-rich domains defines a template
that is capable of electrostatically loading PtCl¢? and IrCl¢* anions
into a periodic array. Both anionic species are simultaneously loaded
into the template from low-pH aqueous immersion baths with
codissolved hexachloroplatinic and hexachloroiridic acid. The
thermoreductive annealing under inert atmosphere at 600°C
simultaneously reduces the metal anions, alloys the resulting metals,
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and degrades the block copolymer template. The HRTEM studies
confirm that each pyridinium-rich domain yields NPs and in some
cases clusters of crystalline Ptlr NP alloys with the number of NPs
determined by the size of the pyridinium-rich domain of the block
copolymer template. The composition of the NPs was determined by
EDS and XPS and is set by the ratio of anions in the loading bath. A
non-linear relationship between the Pt:Ir ratio in the loading baths
with the Ptir ratio in the NPs was found. The NP lattice
characterization by STEM-EDS, the BE shift of Pt 4f core electrons
and the shift in the potential for the oxide reduction as observed from
the CV measurements further support the formation of an alloy
structure in the NPs. Catalytic activity for the formic acid oxidation
reaction was studied by CV and shows that the arrays of clusters of
Ptlr alloy NPs are highly active catalysts with mass activity values of
24 A/g and 37 A/g for the Ptiglrsz’ and Ptielrsa from the PSi392-b-
P4VP471 and PSss2-b-P4VPi74, respectively. Many of the bimetallic
Ptlr NPs isolated from the block copolymer template approach are
much higher in activity than typical industry/research standards. The
most active array of Ptislrss NPs had mass activities for HCOOH
oxidation that were four-fold higher than that of a PtRu industrial
research standard. The arrayed NP catalysts like those described
herein continue to offer advantages owing to their ease of fabrication
and their well-defined size, shape, spacing and allow for model
studies that lead to more insight into the mechanistic aspects of
electrocatalysis.®% Generally, we expect that this approach for
creating bimetallic catalysts from block copolymer templates will be
more applicable in the future as more active and more inexpensive
metals are investigated. Therefore, a block copolymer template-
based method of preparing highly active clusters of low-diameter,
Ptlr NPs will have a positive impact on several emerging areas in
nanoscience, such as energy devices, solar fuels, and heterogeneous
catalysis.
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