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ABSTRACT: We investigate an approach to tune the d-band center and enhance the oxygen 4
reduction reaction (ORR) activity of Pt material without relying on foreign metals or the process
of alloying/dealloying. It is known that Pt exhibits suboptimal ORR catalytic activity due to its
strong binding to oxygen, therefore requiring a downshift in the d-band center by approximately
0.2 eV to weaken the Pt-O binding energy and boost ORR kinetics. We found that the d-band
center can be tuned by inducing microstrain in the Pt electrodeposit, simply achieved by
introducing polymer into the electrodeposition bath. Pt electrodes (Pt-P1 and Pt-PLA) prepared
with the addition of poly-N-(6-aminohexyl)acrylamide (P1) or poly-L-arginine (PLA) exhibit
improved ORR activity compared to Pt electrodeposited without polymer addition (Pt-alone) in

Increasing
microstrain

ORR activity

d-band center

both acidic and basic environments, with the order of activity being Pt-P1 > Pt-PLA > Pt-alone. Pt-

P1 exhibits a positive shift of E, ,, by 90 mV vs Pt-alone in basic solution, comparable to other reported high-activity ORR catalysts.
Scanning electron microscopy shows the presence of agglomerates with diameters between S and 20 pm and tip-splitting growth
structure due to diffusion-limited aggregation on Pt-P1 and Pt-PLA. Characterization using X-ray photoemission spectroscopy and
X-ray diffraction, combined with Rietveld refinement analysis reveal a trend of downshifted d-band center, increased microstrain, and
slightly increased compressive strain as the ORR activity increased among the three catalysts. The presence of more defective sites
on Pt-P1 and Pt-PLA is the cause of the increased microstrain, which further leads to the downshift of the Pt d-band center and

enhancement of ORR activity.

KEYWORDS: oxygen reduction reaction, electrodeposition, d-band center shift, microstrain, surface defects, polymer

1. INTRODUCTION

Fuel cells are next-generation energy-conversion devices to
extract energy from chemical fuels.' > Fuel cells feature fuel
oxidation at the anode and typically oxygen reduction at the
cathode. The sluggish cathode reaction, the oxygen reduction
reaction (ORR), limits fuel cell energy efficiency. Despite
decades of research, Pt and Pt-based alloys are still state-of-the-
art ORR catalysts, particularly for acid electrolyte devices.””

Design strategies for better ORR catalysts aim to optimize
catalyst adsorption strength of oxygenated species.” Numerous
studies, however, suggest that Pt by itself is not the most
optimized ORR catalyst since the adsorption energy of
oxygenated species on elemental Pt is too large by ca. 0.1—
0.2 eV.°""> The adsorption energy of oxygenated species is
further directly correlated with the position of the d-band
center of the Pt metal. The d-band center energy, in turn,
depends on the electronic structure of the catalyst, which can
be fine-tuned through the ligand (charge transfer) effect and
strain (geometric) effect.”"' ™" These effects are often found
to work synergistically in changing the Pt electronic structure
and d-band center.

Many recent studies directed toward maximizing ORR
catalyst activity tune lattice strain by using different strategies
such as metal alloying,®”'>'® dealloying,'" ™"’ overlayer-
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support interactions,'”*" and/or morphology control leading
to nanostructures such as core—shell nanoparticles,'” nano-
wires,"®*! nanosheet,”>™>* nanocrystals,25 and nanoframes,”®*’
among others. These strain-tuning strategies involve a foreign
metal and are evidenced by changes in the Pt—Pt bond
distance. Compressive strain (shortened Pt—Pt bond length) is
usually concomitant with the downshift of the Pt d-band and
consequently weakened adsorption of oxygenated intermedi-
ates.”' "' For example, the compressive strain was induced
in a dealloyed core—shell system where Cu was removed from
a Pt—Cu alloy.'” In another example, Pt deposited on
chromium-doped titania support also exhibited enhanced
ORR activity due to compressive strain in the deposit.”’
Microstrain, a parameter of solid materials closely related to
structural defects including atomic vacancies, grain boundaries,
and multitwining, is another effective way to boost ORR

activity.'”*>***° For example, microstrain was correlated with
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ORR activity on PtNi/C nanostructures”” and Pt-concave Ni-
enriched (111) nanofacets.”” In another example, increasing
microstrain values on structurally disordered sponge PtNi/C
nanocatalysts were correlated with increased ORR activity."’
Defect-rich surfaces, such as stressed and undercoordinated
crystalline-like surface rhombi on Pt—Ni nanowires were also
correlated with high ORR activity.'® Many other studies utilize
defects to boost Pt-alloy ORR activity.”**>" One feature of
these works is the use of Pt alloys to create these defect sites.

Defect sites are also present on stepped single-crystal
surfaces and correlated with improved ORR activity.”” >°
Studies on Pt single crystal show that stepped surfaces with
different step atom densities exhibit enhanced activity
compared to flat surfaces for reactions such as the
ORR,**7***® hydrogen evolution,* and hydrogen oxidation.*®
A recent density functional theory (DFT) study suggested that
large surface strain is triggered by stress release present on
Pt(111) step edges, which improves the site-specific catalytic
activity by orders of magnitude compared to Pt(111) terrace
sites.””

Electrodeposition is widely used to make electrocata-
lysts.”*~** For example, we recently used amine-containing
polymers to modify catalyst electrodeposits, resulting in an
enhanced carbon dioxide reduction reaction and methanol
oxidation reaction (MOR) activity.*”** In the case of the Cu
electrodeposits, the polymer was found to be incorporated into
the deposit,** but this was not the case for Pt.** We wondered
whether the electrodeposition of Pt in the presence of different
amine/guanidine-containing polymers might induce strain in
the Pt lattice and thereby increase the ORR activity without
recourse to a foreign metal.

In this paper, we evaluate the effect of polymer addition
during Pt electrodeposition and show that different polymers
yield different types of Pt electrodeposits. These electrodeposit
structures are correlated with different degrees of microstrain,
different d-band centers, and ultimately different ORR activity.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. Poly-N-(6-aminohexyl)-
acrylamide (P1) was synthesized as described in the
literature.”> Poly-L-arginine hydrochloride or poly(r-Arg),
simplified as “PLA” in this study, was obtained from Sigma-
Aldrich and used without further purification. The structures of
P1 and PLA are shown in Figures S1 and S2. Except where
specified, other chemicals were obtained from Sigma-Aldrich
and used without further purification.

The Pt-alone catalysts were electrodeposited from a solution
containing 3 mM H,PtCls-6H,0 and 0.1 M NaClO, using a
modification of a literature procedure.” The Pt-PLA catalysts
were electrodeposited using the same solution as the Pt-alone
catalyst but with the addition of 1.6 yg/mL PLA. Galvanostatic
electrodeposition was performed on the working electrode at a
constant current density of —12 mA/ cm? for 450 and 900 s for
Pt-alone and Pt-PLA, respectively, at a rotation rate of 1600
rpm. The Pt-P1 catalysts were electrodeposited from a solution
containing 3 mM H,PtCl-:6H,0 and 120 ug/mL (6 uM) P1
without the addition of NaClO, supporting electrolyte salt.
The supporting electrolyte was found to inhibit the effect of P1
addition to the plating bath. Galvanostatic electrodeposition
was performed on the working electrode at a constant current
density of —24 mA/cm” for 900 s.

Electrodeposition was performed using either a polycrystal-
line Pt disk (A = 0.201 cm?) or a polycrystalline Au disk (A =
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0.199 cm?®) as the working electrode. The electrode was
rotated at 1600 rpm to obtain an evenly deposited film. The Pt
or Au disk was polished sequentially with 9, 3, and 1 pm
diamond polish (Buehler) and rinsed with Milli-Q water
before electrodeposition. A Pt wire was used as the counter-
electrode and a leakless Ag/AgCl (eDAQ) electrode was used
as the reference electrode. The electrochemically active surface
area (ECSA) of the catalysts was determined from charges
associated with underpotentially deposited H (H,,q). The
desorption peaks of H,4 from recorded CVs were used to
calculate the ECSAs, assuming a charge density of 210 yC/cm”
for one monolayer of hydrogen coverage on Pt.** A typical
deposition passed 10.8 C/cm* of charge with a 0.2 cm?
working electrode removing ca. 4% of the available Pt in
solution. Based on gravimetric measurements, the catalyst
loading was around 0.3—0.6 mg yielding a Pt loading of ca. 2.5
mg/cm” and the estimated Faradaic efficiency for Pt deposition
was ca. 40%. We note that the Pt loading achieved by our
electrodeposition method is about 300-fold higher than that
found on carbon-supported highly dispersed Pt materials (e.g.,
7.5 pug/cm?).”?

2.2. Electrochemical Experiments. Electrochemical
measurements were performed in a 3-compartment electro-
chemical cell. The working, counter, and reference electrodes
were the modified Pt or Au disk, a carbon rod, and a “leakless”
Ag/AgCl (3 M KCl) reference electrode (eDAQ), respectively.
Aqueous electrolyte solutions were prepared using Milli-Q
purified water (>18 MQ cm), HCIO, (ultrapure, J.T. Baker),
or KOH (Fisher Chemical) for acidic and alkaline environ-
ments, respectively. For the kinetic isotope study, deutero
aqueous solutions were prepared using D,0 and KOD.
Solutions were sparged with O, or Ar before each measure-
ment for 30 min.

Cyclic voltammetry (CV) was measured using a rotating
disk electrode (RDE) on a 760D Electrochemical Workstation
(CH Instruments, Austin, TX) and an MSRX rotator (Pine
Instruments, Durham, NC) between relevant voltages, with a S
mV/s scan rate in Ar-saturated electrolyte solutions at a
rotation rate of 1600 rpm. All potentials were converted to the
reversible hydrogen electrode (RHE) scale by measuring the
open-circuit potential of a flame-annealed Pt wire electrode in
H, gas-saturated electrolyte before each measurement and are
reported vs RHE. Staircase voltammetry was conducted
between relevant voltages by using a 0.01 V step increment,
0.0167 s sampling width, and 30 s step period in O,-saturated
electrolyte solutions. The ORR activity was estimated using the
kinetic current i at 095 V vs RHE calculated using the
1

. . 11 . .
Koutecky—Levich equation: T=ot where i and i, are
k

Uim
the measured current and diffusion-limited current, respec-
tively. The corresponding kinetic current density j, at a given
potential was obtained by normalizing the i using the
geometric area of the electrode (0.201 cm?®). Accelerated
durability tests were conducted by cycling between 0.6 and 1.0
V versus RHE at 50 mV/s for 2000 cycles. Values reported
reflect the results of at least three independent measurements.
2.3. Physical Characterization. Scanning electron micro-
scope (SEM) images were obtained with FEI Helios 600i Dual
Beam SEM/FIB. X-ray photoelectron spectroscopy (XPS) was
performed using a Kratos AXIS SUPRA" spectrometer with a
monochromatic Al Ka (1486.69 eV) X-ray source. All binding
energies were referenced to the Fermi level (0.00 eV) of
projected d-band density-of-states (DOS) of Pt. The Shirley-
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Figure 1. Staircase voltammograms (SCVs) of Pt-alone, Pt-PLA, and Pt-P1 in O,-saturated (a) 0.1 M KOH and (b) 0.1 M HCIO, using an RDE at
1600 rpm; (c) comparison of kinetic current density (ji) for the Pt-alone, Pt-PLA and Pt-P1 catalysts at 0.95 V vs RHE measured in both 0.1 M

KOH (orange) and 0.1 M HCIO, (green) solution.

background subtracted XPS valence band spectra (binding
energy from —2 to 16 €V) were used to calculate the d-band
centers of Pt. The d-band center was calculated as the
weighted average binding energy.””*® The negative sign
indicates that the d-band center is below the Fermi level.
XRD patterns were collected using a Bruker D8 Advance X-ray
diffractometer equipped with a 2 mm collimator and a Cu Ko
source. XRD was performed on Pt(poly) and Pt deposited
onto an Au(poly) substrate to clearly distinguish the Pt
electrodeposit from the substrate. The electrochemical activity
of the Pt electrodeposit on Au was found to be identical to that
of the Pt electrodeposited on Pt.

2.4. Rietveld Refinements. Rietveld refinements were
carried out using TOPAS Version 4.2 for 20 between 20° and
90°. The instrumental broadening was determined by the
refinement of a LaBg standard sample. Since the XRD spectra
were collected on Pt samples that were electrodeposited on a
polycrystalline gold disk, two phases were used for the
refinement: the Pt phase was refined against the known
structure of metallic Pt (PDF#97-005-2250); because of severe
preferred orientation and a large sample offset, refining the
peaks from the gold substrate was more successful using an hkl
phase in space group Fm3m with an initial lattice parameter
consistent with metallic gold. Refinements considered the zero
error, sample displacement, instrumental broadening, lattice
constant, and size- and strain-induced Gaussian-/Lorentzian
peak broadening. Additional possible components to the fit,
such as interstitial oxygen, were not considered.

3. RESULTS

3.1. Electrochemical Experiments. 3.1.1. ORR Activity.
Figure la shows the ORR catalytic activity obtained from an
RDE electrodeposited with Pt-alone (green trace), Pt-PLA
(purple trace), and Pt-P1 (red trace), respectively, in 0.1 M
KOH. All three catalysts exhibit the typical sigmoidal CV curve
shape with similar diffusion-limited current at around 6 mA/
cm’, while the onset and half-wave potentials (E,/,) differ
among the three catalysts. The Pt-alone catalyst shows an E, ,
at 0.85 + 0.01 V, which is close to the E,,, value of the
commercial Pt/C.*°° Both Pt-PLA and Pt-P1 exhibit an
anodic shift of E;,, which indicates enhanced ORR activity
compared to Pt-alone or Pt/C. Specifically, Pt-PLA shows an
E; ), at 0.91 + 0.01 V with a shift of 60 mV relative to Pt-alone.
Pt-P1 shows an E,/, at 0.94 & 0.01 V with a shift of 90 mV
relative to Pt-alone. This E, ;, achieved on Pt-P1 is comparable
with other reports of high-performance ORR catalysts in
alkaline media.'®**

The ORR activity for the three catalysts was also examined
in 0.1 M HCIO, as shown in Figure 1b. The SCVs of all three

7528

catalysts in acid exhibit E,/, values (Table 1) similar to those
found in the basic environment. Notably, in acidic conditions,

Table 1. ORR Performance of Pt-alone, Pt-PLA, and Pt-P1
Catalysts in 0.1 M KOH and 0.1 M HCIO,”

E,j (Vvs nat 0.4 V vs Tafel slope
electrolyte electrode RHE) RHE (mV/dec)
0.1 M Pt-alone 0.85 + 0.01 391 +0.04 S57+7;99+5
KOH PtPLA 091 + 001 401 + 0.03 42+ 6; 88 + 12
Pt-P1 0.94 + 0.01 405 £ 007 42 +2;85+7
0.1 M Pt-alone 0.85 + 0.01 396 +0.13 61 +S;
HCIO, 109 + 13
Pt-PLA 0.92 + 0.01 411 £ 004 S0+5;84=+3
Pt-P1 0.93 + 0.01 402 +008 37+477+9

“The errors represent the standard deviations of at least three
independent measurements.

the E,/, of the Pt-PLA and Pt-P1 catalysts still demonstrate a
positive shift of 70 and 80 mV, respectively, when compared to
Pt-alone. Figure 1lc illustrates the measured kinetic current
density (j) at 0.95 V for three catalysts in both alkaline
(orange columns) and acidic (green columns) solutions. The
0.95 V potential was chosen to produce a reliable kinetic
current density and eliminate O,-diffusion limits.”> Pt-alone
exhibits a j, = 0.64 mA/cm? in both basic and acidic solutions.
For Pt-PLA, j, increases by a factor of 4 and S in basic and
acidic solutions, respectively, relative to Pt-alone. Likewise, Pt-
P1 exhibits an increased jy relative to Pt-alone by a factor of 7
and S.5 in basic and acidic solutions, respectively. Both the
anodic E,, shift and increased j, indicate that the polymer-
incorporated Pt-PLA and Pt-P1 exhibit enhanced ORR kinetics
relative to the Pt-alone catalyst. The performance of Pt-P1 is
slightly superior to Pt-PLA.

The number of electrons transferred for Pt-alone, Pt-PLA,
and Pt-P1 was determined from Levich plots (Table 1, Figure
S3) to be 3.91, 4.01, and 4.05 in basic solution and 3.96, 4.11,
and 4.02 in acidic solution, which suggests a 4-electron
pathway from O, to OH™ or H,0. The reason for observing n
larger than 4 might come from the less than_gerfect laminar
flow caused by the rough electrode surface.’"

3.1.2. Characteristic CV. Figure 2 shows the voltammetry
curves obtained from a solution containing 0.1 M HCIO, for
Pt-alone, Pt-PLA, and Pt-P1. The voltammetry curves of all
three catalysts show the H-underpotential deposition (H-
UPD) waves between 0.0 and 0.4 V, followed by waves
associated with Pt-oxide formation and reduction between 0.4
and 1.2 V. The ECSA obtained from the H-UPD region for the
Pt-alone sample was 51 + 9 cm?, while Pt-PLA and Pt-P1 have
much larger ECSA of 132 + 24 and 180 + 27 cm?

https://doi.org/10.1021/acscatal.4c01244
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Figure 2. Cyclic voltammograms (CVs) obtained from Pt-alone, Pt-
PLA, and Pt-P1 in Ar-saturated 0.1 M HCIO, at a scan rate of 5 mV/s
using an RDE at 1600 rpm.

respectively. The H-UPD curve is also known to be structure-
sensitive.”” > In the H-UPD region, the voltammetry curves
associated with Pt-PLA are similar to that seen from Pt-alone,
with two pairs of symmetrical peaks that are usually associated
with the presence of Pt(110) and Pt(100) facets.*>>” However,
the Pt-P1 CV shows a broad hump in this region without any
well-resolved peaks. The origin of this broad peak on Pt-P1
could be due to the higher degree of structural disorder and/or
more surface defects created during the Pt-P1 deposition
process (vide infra).

An interesting feature of the Pt-P1 CV is the ratio between
the integrated charge associated with the oxide reduction
(0.5-1.2 V) and hydrogen desorption (0—0.4 V) (Qo/Qu).
Both Pt-PLA and Pt-alone show Qy/Qy = 2, while Pt-P1 has a
Qo/Qy = 1.3. Pt-poly is also reported to exhibit a Qn/Qy & 2
after a first cycle CV with an upper potential limit of 1.4 V vs
RHE.**~% Pt oxidation occurs in two steps. First, a monolayer
of Pt—OH forms between 0.8 and 1.1 V, followed by further
oxidation to an oxide PtO (one O atom per Pt atom, not a
stoichiometric compound) in a so-called place-exchange over
the broad region from 1.1 to 1.4 V.%° The lower value of Qq/
Qy for Pt-P1 following cycling to 1.4 V indicates that further
oxidation of the Pt—OH layer on this surface is inhibited. The
oxide reduction peaks for Pt-alone, Pt-PLA, and Pt-P1 are at
0.75 + 0.01, 0.74 + 0.01, and 0.72 + 0.02 V, respectively. No
significant difference was found in terms of the oxide reduction
peak positions for the three catalysts.

3.1.3. Tafel Plots. Figure 3 shows the Tafel plots for Pt-
alone, Pt-PLA, and Pt-P1 catalysts measured in both 0.1 M
KOH (Figure 3a) and 0.1 M HClO, (Figure 3b) solutions.

The measured Tafel slopes with errors are tabulated in Table 1.
Previous reports show that the ORR Tafel plot usually depicts
two slopes: a value of 60 mV/dec at lower overpotentials and a
value of 120 mV/dec at higher overpotentials, where the 120
mV/dec Tafel slope is interpreted as suggesting that the first
electron transfer is rate-limiting.°"*> The two-step Tafel slope
has been associated with two different mechanisms at different
overpotentials®’ and/or potential-dependent oxygen inter-
mediate coverages on the Pt surface.”” ™ Pt-alone exhibits
the typical two-step Tafel slope changing from 61 + 5 mV/dec
(at lower overpotential) to 109 + 13 mV/dec (at higher
overpotential) in acid and from 57 + 7 to 99 + S mV/dec in
base. These values are close to the Tafel slopes found for Pt/C
in both acidic and alkaline conditions.”' Pt-PLA and Pt-P1 also
show two-step Tafel slopes but with smaller slopes in both low
and high overpotential regions. Specifically, Pt-PLA has Tafel
slopes of 42 & 6 and 88 & 12 mV/dec in base and 50 + 5 and
84 + 3 mV/dec in acid. Pt-P1 has Tafel slopes of 42 + 2 and
85 + 7 mV/dec in base and 37 + 4 and 77 + 9 mV/dec in
acid. The smaller Tafel slopes found on Pt-PLA and Pt-P1 are
consistent with the increased kinetics of the ORR found above.

In order to evaluate whether the presence of the polymer in
the electrodeposition bath might change the ORR mechanism,
we measured the kinetic isotope effect (KIE) for the ORR on
Pt-alone and Pt-P1 (Figure S4). The KIE was 1.07 + 0.32 for
Pt-alone and 0.92 + 0.37 for Pt-P1. These observed KIEs
around unity agree well the unity KIE for Pt ORR found
previously.”>®” This unity KIE indicates that the ORR rate-
determining step (RDS) is a proton-independent electron
transfer step.””°® Thus, the presence of the polymer in the Pt
electrodeposition bath does not change the ORR mechanism.

The electrochemical durability of the three catalysts in
alkaline electrolytes was assessed by accelerated stability test
(AST) between 0.6 and 1.0 V at 50 mV/s in O,-saturated 0.1
M KOH solutions for 2000 potential cycles. Figure S5 shows
the ORR staircase voltammograms obtained before and after
the AST test for Pt-alone, Pt-PLA, and Pt-P1. The ORR curves
for all three catalysts exhibit a negative shift of E, 2 by 30—40
mV after cycling, consistent with prior reports.””~"* Pt-P1 and
Pt-PLA exhibit comparable durability as Pt-alone.

3.2. Physical Characterization. 3.2.7. SEM. Figure 4
shows the SEM images obtained for Pt-alone, Pt-PLA, and Pt-
P1. The first row shows plan-view SEM images of the top of
the electrodes, while the second row shows cross-sectional
SEM images observed at a 52° angle after creating a cross

1 (a) 0.1 M KOH
1.05 |
m
T
o 1.00
®
>
= 0.95
[11]
e Pt-PLA
0.90 + A Pt-alone
99
0.85 ~———rrrrr——rrrr N
0.01 0.1 1 10
Jx (mA/em?)

E (V vs. RHE)

0.1 M HCIO,

i (mA/em?)

Figure 3. Tafel plot (E vs ji) of Pt-alone, Pt-PLA, and Pt-P1 catalysts in O,-saturated (a) 0.1 M KOH and (b) 0.1 M HClO,. The measured Tafel
slopes (unit: mV/dec) with errors derived from multiple measurements are shown next to the lines.
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Figure 4. Plan-view (first row) and cross-sectional (second row) SEM images of (a) Pt-alone, (b) Pt-PLA, and (c) Pt-P1. The corresponding scale
bar is shown at the bottom right of each image. The numbers below each red arrow indicate the thickness of the corresponding deposited catalyst

layer.

section using ion milling on the three electrode surfaces. The
horizontal particle/agglomerate size and the deposit layer
thickness can be obtained from the plan-view and cross-
sectional SEM images, respectively. All SEM images show the
presence of deposits that have nucleated on the surface and
grown. The Pt-alone deposit shows a particle size of ca. 1 um
with a more uniform layer thickness of ca. 3 ym. Pt-PLA and
Pt-P1 deposits show the presence of additional complexity in
the deposit likely associated with the higher surface area found
above. Pt-PLA exhibits sharp-texture agglomerates with
diameters from S to 20 um, and a layer thickness from 10 to
30 pum. Pt-P1 exhibits agglomerates with a smoother texture
with diameters from S to 20 ym and a layer thickness from 8 to
20 pm.

Different growth patterns during electrodeposition reflect
differing rates of deposition and the presence of inhibitors.”*
Columnar growth occurs because of the natural roughing of
the deposit following the initial nucleation and growth phase.
This roughening leads to asperities which continue to grow
into columns under moderately high deposition rates.”* The
cross-sectional image of Pt-alone shows a columnar structure.
The presence of tip splitting found with both Pt-PLA and Pt-
P1 indicates that diffusive processes leading to columnar
growth are further diminished and growth via diffusion-limited
aggregation occurs. The amine or guanidine functional groups
from the polymer additives complex with Pt(IV) in the plating
bath and suppress the diffusion of Pt cation during the crystal
growth.”>”® Pt-P1 was grown with a current density a factor of
2 greater than that for Pt-PLA. This lower current density
coupled with weaker complexation of PLA with Pt(IV) (vide
infra) may be the origin of the somewhat diminished tip
splitting seen in the cross-sectional SEM for Pt-PLA. Other
combinations of current density, polymer concentration,
supporting electrolyte, and deposition time would undoubtedly
yield different morphologies.

3.2.2. XPS. We conducted the XPS analysis to characterize
the electronic structure of the catalyst samples. XPS obtained
in the N 1s region showed a weak signal that was lower in the
Pt-P1 or Pt-PLA samples relative to either Pt(poly) or Pt-alone
(Figure S6(a)). Additionally, XPS obtained in the Pt 4f region
from the different samples were also independent of polymer
presence in the plating bath (Figure S6(b)). Thus, polymer
incorporation into the Pt lattice is likely low.

Figure 5 shows the valence band photoemission spectra of
the as-prepared Pt-alone, Pt-PLA, and Pt-P1 catalysts along
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Figure S. XPS profiles in the valence band region for Pt(poly), Pt-
alone, Pt-PLA, and Pt-P1 with Shirley-background subtraction. The
black horizontal dashed line indicates the Fermi level at 0.00 eV. The
short black lines represent the d-band centers of each sample relative
to the Fermi level, with their corresponding errors.

with polycrystalline Pt as a reference. The Shirley-background
subtracted XPS valence band profile between 2 and —16 eV
(relative to Fermi level) was used to determine the location of
the d-band center.”” The d-band center for Pt(poly) is found at
—3.24 eV, which is within the (large) range of other
experimental reports of the Pt d-band center (ranging from
—4.0" to —3.45 eV’® to —2.5 eV”’). This large range in the
experimentally measured d-band center is said to be associated
with several factors such as the choice of photon energy,
treatment of background, selection of the integration limit, the
adsorption of residual gas, and sample treatment.*®

In our measurements, samples were processed identically
and provided a robust relative shift of d-band centers between
the different samples. Figure S shows that the d-band center
gradually downshifts from left to right with the trend: Pt(poly)
> Pt-alone > Pt-PLA > Pt-P1. Pt-P1 which exhibits the highest
activity (Figure 1) among the three electrodeposited samples
also exhibits the greatest d-band downshift of 0.28 eV relative
to Pt(poly) while Pt-alone has a shift of only 0.16 eV.

Figure 6 reports the correlation between the d-band center
and the corresponding catalytic activity (expressed as E,/,
measured in an alkaline environment) of the catalysts. The plot
shows a roughly linear relationship between the d-band center
and the catalyst ORR activity, where the higher ORR activity
was found on the catalyst with a lower d-band center. A similar
correlation is found by plotting j, versus the d-band center in
both alkaline and acidic media (Figure S7).

3.2.3. XRD and Rietveld Refinement. Figure 7 shows the X-
ray diffraction pattern collected from Pt-alone, Pt-PLA, and Pt-
P1 electrodeposited on Au disks. We used the Au substrate
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Figure 6. Relationships between the ORR half-wave potential in base
(E\1 /2, base) and the d-band center location for samples inspected in this
study.

instead of Pt to more easily deconvolute the diffraction from
the electrodeposited Pt film with that from the substrate. We
also collected XRD from a polycrystalline Pt disk for reference.
Figure 7a shows that Pt(poly) exhibits the typical peak
positions associated with the face-centered cubic (fcc)
structure of Pt metal. Larger peak intensity from the Pt
(200) reflection compared to Pt (111) is evidence of
preferential orientation toward Pt (200) on this Pt(poly)
disk. The patterns obtained on Pt-alone, Pt-PLA, and Pt-P1 all
exhibit peaks from both Pt fcc and Au fcc phases. The peaks
associated with Pt and Au phases are well-resolved for almost
the whole pattern ranging from 30 to 90° (except for the
overlapping Pt (311) and Au (222) peaks). Therefore, Rietveld
refinement can be leveraged to extract details of structural
changes in the modified Pt-film. The best refinement results
were obtained using a Pt phase and an hkl phase. Detailed
values of the structural parameters are given in Table S1, and
the refinement deconvolutions are presented in Figure S8.
Figure 7b—d shows the lattice parameter 4, the microstrain
ey and the mean crystallite size obtained from Rietveld

refinement for all four samples. The change of the lattice
parameter a indicates global lattice expansion/contraction
relative to a reference, which is referred to as “global strain” or
“macrostrain”.'” Figure 7b shows a trend of increasing lattice
contraction from Pt(poly) to Pt-P1 as evidenced by the
decreased value of a. This lattice contraction can also be
observed as a slight peak shift to higher angles of the (111)
peak from Pt(poly) to Pt-Pl in Figure 7a. The lattice
contraction found here (0.3% for Pt-P1 relative to Pt(poly))
is an order of magnitude smaller than that found for the
dealloyed Pt-M materials (ca. 2—4%)"”"? which also exhibit
enhanced ORR activity relative to Pt(poly). The diminished
compressive strain found here may reflect an average strain
where a highly strained surface is compensated by less strain in
the bulk.

Microstrain, also referred to as “local lattice strain”, is a
measure of the local deviation of the atoms from their ideal
positions in the lattice structure, a deviation that contributes to
XRD peak broadening but not peak shifting.”> Microstrain has
been used to evaluate structural disorder induced by structural
defects such as stacking faults, twins, grain boundaries, and
dislocation arrays.'”*>*>*° Figure 7c shows the raw micro-
strain obtained from Rietveld refinement without any further
processing. Pt-alone and Pt-PLA both exhibit much larger
microstrain values than that observed on nearly nonstrained
Pt(poly). Pt-PLA also exhibits slightly increased microstrain
compared to Pt-alone. Interestingly, Pt-P1 shows the highest
degree of microstrain, with a value that is about twice as large
as Pt-alone. This change in microstrain can be visualized in the
moderately broad peaks found for Pt-alone and Pt-PLA and
the broadest peaks found for Pt-P1 (e.g, Pt (220) peak) in
Figure 7a. The microstrain values found here are close to those
reported for PtNi nanoparticles (0.4—0.8) using the same
refinement software (TOPAS 4.2).”

Both microstrain and diminished crystallite size can generate
peak broadening in XRD patterns. Figure 7d shows the refined
mean crystallite sizes (structural coherence length) obtained
for Pt-alone, Pt-PLA, and Pt-P1. The crystallite sizes found are
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all about the same (ca. 17 nm), much smaller than the
crystallite size of pure Pt(poly) (234 nm). The similarity in
crystallite size for the three electrodeposited Pt samples implies
the different degrees of peak broadening among Pt-alone, Pt-
PLA, and Pt-P1 in Figure 7a are mainly governed by
differences in microstrain rather than in crystallite size.

4. DISCUSSION

The electrochemical results show that the electrodeposition of
Pt in the presence of different N-containing polymers can yield
materials exhibiting high ORR activity. Pt-P1 can achieve an
E;/; = 0.95 V in an alkaline solution and E,;, = 0.94 V in an
acidic solution, consistent with the best reports to date.'®** Pt-
PLA also exhibits improvement in ORR performance
compared to Pt-alone with an E;, of 0.92 V in alkaline
solution and E;, = 093 V in acidic solution. We note,
however, that the mass or specific activity of the catalysts
reported here is somewhat lower than other reports due to the
large Pt loading onto the electrode. The improvement of ORR
kinetics is also reflected in the lower Tafel slopes for Pt-P1 and
Pt-PLA relative to Pt alone.

The improvement in ORR activity found for Pt-P1 and Pt-
PLA is correlated with both the presence of a decreased d-band
center and a corresponding increase in microstrain in the
deposits. The morphology of the Pt-P1 and Pt-PLA materials is
consistent with growth via diffusion-limited aggregation, which
is likely the origin of the increased microstrain and d-band
center decrease.

Numerous experimental”' "> and computational stud-
ies”'” suggested that Pt binds oxygen too strongly, resulting in
a relatively high O, dissociation energy barrier. It was predicted
that a downshift of the d-band center by ca. 0.2 eV relative to
the Pt(111) surface is optimal to weaken the Pt-O binding
energy and enhance the ORR kinetics.”'? A downshift of 0.28
+ 0.02 eV is found in the Pt-P1 catalyst, and a lesser downshift
of 0.20 + 0.03 eV is found in the Pt-PLA catalyst.

The origin of the lower d-band center in the Pt-P1 material
is likely due to the presence of microstrain. The correlation of
increased activity with increased microstrain has been observed
previously in porous hollow or sponge-like PtNi/C nanocryst-
als.'””>*" The high microstrain values reported in these
systems reflect the highly defective surfaces produced by
abundant grain boundaries. The origin of the improved ORR
activity on the defective PtNi/C nanostructure was suggested
to be due to a wide distribution of catalyst site configurations,
where the sites with close-to-optimal Pt-O binding ener
likely contribute the most to the overall ORR activity."’
Indeed, recent DFT calculations suggest that substantial
compressive strain is present at step-type defects on Pt(111),
which is driven by the stress release on both sides of step
edges.”” The magnitude of this atomic site-specific strain is
more pronounced at a narrower terrace width, e.g, —4.7%
strain is induced by the Pt(221) terrace edge. This work
predicted that the site-specific compressive strain lowers the d-
band center, weakens the adsorption strength of ORR
intermediates, and enhances the ORR activity by orders of
magnitude on these step-type defects,”” effects which are
exactly observed here.

Other computational work suggests the presence of atomic
stress on defective and undercoordinated sites on jagged Pt
nanowires'® and fully dealloyed Pt;Ni, nanoparticles,”” both of
which exhibit high ORR activity. This calculated atomic stress
is at least an order of magnitude higher than the values found

17,47
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on more regular structures such as Pt nanowires with a
relatively smooth surface'® or truncated-octahedral Pt
particles.”” The high atomic stress mentioned in these papers
was suggested to be correlated with the experimentally
measured surface strain and enhanced ORR catalytic
behavior."*”’

We suggest here that the higher degree of microstrain found
for Pt-P1 indicates the presence of more defective sites. These
defective sites, mostly present on the surface of Pt-P1 deposits,
can release atomic stress and consequently generate local
compressive strain. The compressive strain further leads to a
downshift in the d-band center of Pt in Pt-P1."> Pt-PLA also
exhibits increased microstrain relative to Pt-alone but less than
Pt-P1. This intermediate increased microstrain also results in a
decreased d-band center, but the shift is less than that found
for Pt-P1. Thus, the ORR activity for Pt-PLA is not as high as
that for Pt-P1.

The overall origin of high ORR activity is then related to
defects formed during the electrodeposition of the Pt electrode
in the presence of different polymers even though the polymers
were not found to be incorporated into the Pt deposits. The
origin of the different degrees of defect incorporation must
relate to the differing electrodeposition parameters, including
different degrees of polymer association with [PtClg]*>™ in the
electrodeposition bath. The protonated primary amine group
(pK, ~ 10.5) is less basic than the protonated guanidine group
(pK, ~ 12.5),*" the amine groups present on P1 therefore have
stronger coordination to Pt compared to the guanidinium
group on PLA. Indeed, the equilibrium constant for an anion-
exchange reaction of [PtCls]*” with different amines ranges
from 10° to 106.7%79%!

Several features from the characteristic CV of Pt-P1 support
the results of changed Pt electronic structure (downshifted d-
band center) and increased surface defectivity mentioned
above (Supporting Information, S9). First, the lower Qp/Qy
indicates a lower oxide coverage for Pt-P1 relative to Pt-alone.
The origin of this diminished oxide coverage is likely the
decreased d-band center in Pt-P1, which leads to weakened
adsorption of oxygen-containing intermediates on the Pt-P1
surface. Second, the broad peak found in the H-UPD region
(0—0.4 V) on Pt-P1 is further evidence of the presence of a
defective surface with structures (terraces, steps, kinks)
exhibiting numerous facets. We note, however, that both the
lower oxide coverage and the broad H-UPD feature were not
clearly seen on Pt-PLA, possibly due to the intermediate
degree of lowered d-band center and microstrain.

5. CONCLUSIONS

This study shows that the addition of amine or guanidine-
containing polymers during Pt electrodeposition changes the
electrodeposit morphology by accessing diffusion-limited
aggregation growth. The higher ORR activity of these
electrodeposited catalysts is correlated with the downshift of
the d-band center and higher surface microstrain originating
from structural defects in the deposits. The high defectivity of
the catalyst surface likely produces surface atomic stress,
leading to local lattice compression and downshift of the Pt d-
band center. The lower d-band center weakens the adsorption
strength of oxygenated species, which in turn boosts the ORR
kinetics. The magnitude of d-band shift is then directly
correlated with surface defectivity. In turn, the degree of
defects is regulated by electrodeposition bath parameters,
among which is changing the degree of coordination between
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the polymer additive and Pt(IV) in the electrodeposition bath.
While the relatively high Pt loading reported here makes direct
application of the electrodeposition protocol toward a device
unlikely, the protocol does provide an additional procedure
through which Pt activity can be tuned.
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