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oxygen evolution reaction electrocatalysts.

Meera Joy,? Brian P. Bloom, ? Keerthana Govindaraj,? Joseph A. Albro,? Aravind Vadakkayil,® and

We describe a polymer-catalyst platform that uses spin-polarized electron currents, recently reported to improve the

efficiency of the oxygen evolution reaction (OER), in combination with transition metal-oxide catalysts to enhance the

efficiency of their OER electrocatalysis. We describe the creation of an electrode coated with a chiral conjugated polymer

film which acts as a spin transport layer and ensures that the anodic reaction proceeds with a spin bias. Systematic studies

on a series of transition metal oxide catalysts demonstrate that spin selectivity improves catalytic efficiency irrespective of

the catalyst’s position on a ‘volcano’ plot and that the benefit correlates with the expected number of unpaired d-orbital

electrons in the catalyst. These studies demonstrate a promising electrode scaffold for investigating the role of electron spin

currents in chemical reactions.

1. Introduction

The oxygen evolution reaction (OER) is an important bottleneck
for energy storage devices such as metal air batteries, water
electrolysis, and regenerative fuel cells.’ 2 It is a limiting reaction in
the process of generating molecular oxygen through redox
chemistry, such as the oxidation of water during oxygenic
photosynthesis, electrolysis of water into oxygen and hydrogen, and
electrocatalytic oxygen evolution from oxides and oxoacids.3 Thus, it
is important from both a fundamental perspective and for
applications.* The electrochemical OER proceeds through a complex
set of four proton-coupled electron transfer steps, with adsorbed
*OH, *O, and *OOH radical intermediates, to generate diatomic

oxygen, which exists as a triplet in its ground state.>®

To rationalize the activity of electrocatalysts in a family of
catalyst materials, researchers often adopt Sabatier’s principle, i.e.
the notion that the binding energy of reaction intermediates should
be neither too strong nor too weak to facilitate a reaction.” In the
case of OER this is reflected in the binding energies of oxo and
hydroxyl intermediates (AGp - AGpy) and manifests as a ‘volcano
plot’, in which the apex of the plot is the voltage nearest to the ideal
thermodynamic potential for catalysis; i.e., smallest overpotential.®
9 In addition to this energy effect, researchers have demonstrated
that electrocatalytic activity is impacted by electron orbital and spin
effects, e.g. engineering e, electron filling in LaCoO;-based
electrocatalysts,'® regulating e, electron filling and spin states
through sulfur!® and fluorine? atom doping, and Zn?* substitution in
spinel Co30, catalysts.!3

3 Chemistry Department, University of Pittsburgh, Pittsburgh, Pennsylvania 15260,
United States
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While considerable progress has been made using these
approaches, recent studies demonstrate that spin polarizing reaction
intermediates during OER can also improve catalytic activity. Spin
polarization during catalysis has been achieved primarily through
two approaches: 1) application of an external magnetic field on a
paramagnetic or ferromagnetic catalyst 14192021 and 2) use of chiral
catalysts that display the chiral-induced spin selectivity (CISS)
effect.2226 The CISS effect has been used in a number of different
ways to boost OER efficiency,?’32 including (photo-) electrocatalytic
water splitting, in which covering the anode with chiral molecules
increases the overall cell performance.333% Note, that other methods
for spin-polarizing electron currents during OER have also been
explored, including the implementation of ‘spin-pinning’ layers or
spin-polarized defect sites, the exploitation of spin-selective carrier
transport, and the introduction of a chiral bias using molecular
additives, among others; however these methods are less well
studied.!>3640 The spin-polarization enhanced OER is often
attributed to changes in the transition state energies of reaction
intermediates, as well as reaction pathways, compared to systems
with unpolarized catalysts.1% 15 16 Both the strength of an applied
external magnetic field on a ferromagnetic catalyst and the ‘degree
of chiral imprinting’ on a chiral catalyst can affect the magnitude of
spin polarization and consequently the improvement in OER
performance.*> 42 While a large breadth of studies demonstrate that
spin polarization enhances OER,*? a thorough understanding of how
these effects coincide, or not, with traditional methods for predicting
catalyst activity, i.e., ‘volcano’ plots, is unknown.

This work distinguishes the effect of the spin-polarized current
from other contributions to catalytic activity by performing a
systematic study in which the same spin polarization is transferred
to different catalysts. To this end, we developed a chiral scaffold that
delivers spin-polarized electron currents to OER catalysts and probe
the impact of spin polarization on a series of achiral metal-oxide
catalysts. Note this is operationally a similar approach to that
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reported previously using chiral helicenes with Ni,*C however here
we use polyaniline (PANI) as a robust and conductive chiral scaffold.
This approach circumvents the need to create ferromagnetic
catalysts or chiral catalysts, rather the same catalyst can be studied
both with and without spin-polarizing electron currents.

Previous studies have shown that PANI operates as a successful
catalyst support for chemical reactions***¢ and, when made chiral
using dopants, functions as an efficient spin filter.4”4° By combining
these two attributes, we demonstrate the fabrication of a flexible
catalyst support platform that: 1) can incorporate a wide array of
metal catalysts through drop casting nanoparticles or through
electrodeposition,”®>3 to form PANI-catalyst composites and 2)
owing to the robust pH and potential stability of PANI, is capable of
operating under basic and acidic conditions at both high anodic and
cathodic potentials. Because the chiral polyaniline thin film is placed
between the catalyst and the anode, it serves as a ‘spin transport
layer’, i.e. it abstracts (transmits) spin-polarized electrons from (to)
the electrocatalyst thereby leading to spin alignment of reaction
intermediates on the catalyst surface. Note that, the emergence of
spin-polarized electron transport through the chiral polyaniline does
not rely on magnetic properties of the catalyst. Previous studies have
shown that chiral molecules, materials, and their assemblies, can
manifest CISS without external magnetic components or magnetic
fields.>45556

Below we apply this unique platform to examine how the OER
activity of simple transition-metal oxide catalysts changes on spin-
polarizing (chiral) polyaniline films versus on nonspin-polarizing
(racemic) polyaniline films. Our findings show that the spin-polarizing
catalyst scaffold improves OER activity and implies that spin acts as
an additional design feature that operates in concert with traditional
activity metrics, e.g. volcano plots. While the focus of the studies
herein is on OER, the versatility of the chiral PANI-catalyst support
represents a viable system for studying the effect of spin in other
chemical reactions.

2. Experimental Section
2.1. Materials

All commercial materials and solvents were used without further
purification unless otherwise indicated. Sodium borohydride, Nafion
perfluorinated resin solution, S- camphor sulfonic acid, R-camphor
sulfonic acid, p-phenylene diamine, aniline, nickel (Il) sulfate
hexahydrate, iron (Il) sulfate heptahydrate, copper (ll) sulfate
pentahydrate, cobalt (Il) sulfate heptahydrate, iridium (IV) oxide,
ruthenium (IV) oxide, titanium (IV) oxide, sodium perchlorate
monohydrate and urea were purchased from Sigma-Aldrich. HCl was
purchased from Fischer chemicals. KOH, H,SO4 were purchased from
Fisher Scientific. Sodium nitrite and boric acid were purchased from
J.T. Baker and Fisher Bio-Reagents respectively.

2.2. Preparation of spin transport layer

2| J. Name., 2012, 00, 1-3

Substrates were fabricated by e-Beam deposition of 3 nm,Ti.and, 10
nm Au onto quartz substrates, using a [Pldsé{slOBREtPONOBEam
Evaporator MEB550S. The polyaniline film was then prepared by two
sequential steps: covalent modification of an electrode through
grafting, followed by electropolymerization of aniline. To ensure the
stability of the chiral support, the electrode surface was molecularly
grafted, following a previously published procedure,>” through an in-
situ generated diazonium salt. The 4-aminophenyl diazonium salt
was formed by reacting 5mM p-phenylene diamine with 1 equivalent
of sodium nitrite in a 0.5 M HCl solution. Reduction of the salt under
moderate potentials (-0.4 V vs Ag/AgCl) formed a metal-carbide bond
and the grafted electrode was then sonicated for 5 minutes to
remove any unbound molecules. The resulting amine-terminated
modified electrode surface now acts as an initiation site for the
polymerization of aniline.® Electropolymerization of aniline was
performed in the presence of R- or S-camphor sulfonic acid (CSA), a
counterion which binds to the backbone of the polymer, to form
chiral R- PANI or S-PANI. Conversely, polymerization in the presence
of racemic CSA resulted in no net chirality of the result polymer, i.e.
a null response in the circular dichroism was observed. The PANI
layer was prepared through electropolymerization in a 0.2 M aniline
and 1 M S-, R-, or rac-CSA solution under potentiostatic conditions
(0.75 V) until the desired thickness (ca. 100-120 nm) was achieved.

2.3. Electrodeposition of metal electrocatalysts

The electropolymerized films were de-doped by immersing them in
0.5 M ammonium hydroxide solution for 20 minutes and then
thoroughly rinsing with deionized water. Catalysts were then
deposited onto the PANI films through electrodeposition. For Ni
catalysts,*® a solution of 0.01 M nickel (1) sulfate hexahydrate in 0.01
M boric acid and 1 x 106 M H,SO, at -1.4 V vs Ag| AgCl for 25 seconds
was used. For Co catalysts,>® a solution of 0.01 M cobalt (I) sulfate
heptahydrate in 0.01 M boric acid and 1 x 10® M H,SO, at -1.4 V vs
Ag| AgCl for 25 seconds was used. For Fe catalysts, a solution of 0.01
M iron (Il) sulfate heptahydrate in 0.01 M boric acid and 1 x 10® M
H,SO, at -1.4 V vs Ag|AgCl for 25 seconds was used. For Cu
catalysts,® a solution of 0.01 M copper (Il) sulfate pentahydrate and
0.1 M sodium perchlorate monohydrate at -1.2 V vs Ag/AgCl for 25
seconds was used.

2.4. Preparation of catalyst ink solutions

IrO, and RuO, ink solutions were prepared in 10 pL of 5 wt % Nafion
and 1 mL of a water/ethanol solution (1:1 v/v). The mixture was
sonicated for 15 minutes and then 5 mg of the catalyst was added to
the solution. An additional 30 min of sonication was performed and
a 2 pL aliquot of the solution was drop cast onto 0.07 cm? glassy
carbon electrode coated with the PANI film. The TiO, ink solution was
prepared by sonicating 3 mg of TiO, in 30uL of 5 wt% Nafion and 1
mL of a water/ethanol solution (3:1 v/v) for 30 minutes.

2.5. Characterization

This journal is © The Royal Society of Chemistry 20xx
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Circular dichroism measurements were performed using a Jasco J810
CD spectrometer with an integration time of 4 s and a bandwidth of
1 nm. UV-Visible absorbance measurements were made using an
(Model 8453) photoelectron

Agilent spectrometer.
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Figure 1. Panel a shows a schematic diagram for the preparation of chiral polyaniline spin transport layers by electropolymerization on a chemically derivatized
substrate: i. a diazonium salt was generated in situ and its reduction on the surface of electrode forms a metal-carbide bond, ii. electropolymerization of
aniline onto the chemically derivatized electrode surface in the presence of camphor sulfonic acid was used to produce a chiral polyaniline film, and iii. the
OER electrocatalyst material was deposited on the chiral polymer film, either by electrodeposition or by drop casting. Absorbance (b) and circular dichroism
spectra (c) of electropolymerized S-PANI (blue), R-PANI (green), and rac-PANI (purple) films. Spin polarization (d) of S- (blue), R- (green), and rac-PANI (purple)
films were determined using mcAFM as a function of applied voltage

spectroscopy (XPS) measurements were performed using a PHI measurement were considered viable.

Genesis system at a 55 eV pass energy, 20 ms dwell time, and with a

0.1 eV increment. All of the data were charge referenced to the c-c ~ 2-6. Electrochemical Measurements
peak of adventitious carbon, 284.8 eV. SEM images were collected

on a ZEISS Sigma 500 VP scanning electron microscope (SEM at a Electrochemical measurements were carried out using either a 618 B

or 430 A potentiostat (CH Instruments). The reference electrode was

working distance of 3-6 mm and an accelerating voltage of 3 kV. The
a saturated KCl Ag|AgCl (CH Instruments) and the counter electrode

mc-AFM measurements were carried out on a Bruker Dimension Icon lati e Li | Lsv )
. . . . t . t t t
atomic force microscope. The PANI films were electrodeposited on was a platinum wire. Linear sweep voltammetry (LSV) experiments
100 nm Au/5 nm Ti/Si wafer. To ensure that the thickness of the

electrodeposited film was the same for R- and S-PANI films, surface

for all of the catalyst materials were collected at a scan rate of 10 mV
s, The electrochemical results reported in this work were all iR

profilometer measurements (KLA-Tencor Alpha-Step 1Q Surface compensated.

Profiler) were performed following electropolymerization. To
decrease surface roughness effects, which can arise with thicker 3. Results and Discussion
films, thinner PANI films were used to perform the mcAFM
measurements; the average thickness of R-PANI films (14.1 + 2.2
nm), S-PANI (12.9 + 2.7 nm), and rac-PANI films (12.7 £ 2.3 nm) were

within error of each other. The mc-AFM measurements were

3.1. Deposition and characterization of polyaniline spin transport
layer

To form catalyst-coated polyaniline thin films, a three-step process

performed using a ferromagnetic CoCr tip (HQ:NSC18/Co-Cr, was used; see Figure 1 for a schematic of the process. Briefly, bi-/tri-

MikroMasch) with a force constant of 2.8 N/m. The ferromagnetic . . . .

layer polymer nucleation sites were first chemically grafted onto the
electrode surface through reduction of an in situ generated
salt  (i).
characterization of the grafted
electropolymerized onto the electrode (ii).

AFM probes were magnetized by placing the AFM probe (tip apex

facing upwards) onto the correspondin ole of a magnet.
g up ) P gp g Information  for
Next,

Figure 1b shows

diazonium See Supplementary

Measurements were made by collecting current-voltage (/-V) curves
at different regions of the film (c.a. 60 spots) for a North magnetized

surface. aniline was

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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representative absorbance spectra of PANI films prepared in the
presence of S-camphorsulfonic (S-PANI,  blue), R-
camphorsulfonic acid (R-PANI, green), and racemic-camphorsulfonic
acid (rac-PANI, purple). The spectral features at 330 nm and 590 nm

acid

are characteristic of the emeraldine base form of polyaniline and
have previously been assigned to a benzenoid n-rt* transition and the
quinoid groups in the polymer backbone, respectively.5! Films of
thickness ranging from 80-100 nm were used for the experiments,
and the thickness was controlled through the polymerization time. A
calibration curve for determining the thickness from the absorbance
is shown in Figure S2. In the presence of chiral camphorsulfonic acid
dopants, the films manifest chiroptical properties consistent with
that shown in other works.®2 Figure 1c shows corresponding circular
dichroism spectra of the resulting S-PANI (blue) and R-PANI thin films
(green) in which mirror image Cotton effects are observed at the
electronic transitions of the polymer, indicating successful chirality
induction in the films prepared with chiral dopants. Conversely, a null
circular dichroism response was observed for the rac-PANI (purple).

To demonstrate that chiral PANI thin films act as spin transport
layers, magnetic conductive atomic force microscopy (mcAFM) was
performed using a magnetized ferromagnetic AFM tip. Because of
the CISS effect, the conduction of charge current is favored for one
electron spin orientation, i.e. tip magnetization, over that of the
other.%3 8 Figure S3 shows average /-V curves measured for R-, S-,
and rac-PANI with a South and North magnetized ferromagnetic AFM
tip. For S-PANI films a higher current is observed when the electron
spin is aligned antiparallel to its momentum whereas the opposite is
observed for R-PANI films, a higher current is observed when the

a Nickel b Iron
20 20
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£
o o
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Figure 1d as a function of applied bias. The equal and opposite
average spin polarization for S-PANI (-34.66 + 9.5 %) and R-PANI
(30.52 = 8.7 %) is a hallmark of the CISS effect. Note, the spin
polarization values observed in this work are in reasonable

agreement with other literature reports for chiral PAN|.47: 48,49
3.2. Oxygen evolution reaction with electrodeposited catalysts

Next, we compared the OER activity of catalysts deposited on R-
and S-PANI thin films, which spin polarize charge currents, to rac-
PANI thin films, which do not. Two main methods were used for
deposition of the catalysts (stepiiii in Figurela): (1) electrodeposition
of catalyst nanoparticles onto the PANI films, and (2) drop casting of
commercially available nanoparticle catalysts. Details of catalyst
preparation are provided in the Experimental section. Initial studies
investigated nickel, iron, cobalt, and copper catalysts formed from an
acidic metal salt solution under reductive potentials (see
Experimental section for detailed procedures). Figure S4 shows that
the chiro-optical properties of the underlying PANI layer persist
through the electrodeposition and OER electrolysis. Note that, X-ray
photoelectron spectra (XPS) (Figure S5 and S6) show that the
electrodeposited material is fundamentally equivalent when
deposited on R-, S-, and rac-PANI; i.e., the elemental composition
and oxidation state distribution of the metals are within error of each

other. In addition, scanning electron micrographs (Figure S7) indicate

c ' d Copper
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Figure 2. Panels a-d show linear sweep voltammograms of nickel (grey), iron (brown), cobalt (orange) and copper (red) based metal-oxide catalysts
electrodeposited on S-PANI (solid line) and rac-PANI (dotted line). These data represent the average of three separately prepared electrodes. Panels e-h show
corresponding Tafel plots of the catalysts deposited on S-PANI (filled squares) and rac-PANI films (open squares). These data represent the average from three
separately prepared electrodes and the error in slope is associated with the standard deviation of the mean.
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that the catalyst size and morphology are also similar. These
characterization data imply that the morphological features and
composition of the catalyst nanoparticles do not depend on whether
the underlying PANI layer is chiral or racemic.
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nanoparticle catalysts, namely IrO, and RuO, on chiral PAN| thin films
rac-PANI Figures 3a & bPGhBwO3nearAliveep
voltammograms that display a decrease in reaction overpotential of
catalysts deposited on S-PANI (solid line) compared to rac-PANI films

over films.

(dashed line), and Figures 3d & e show a decrease in the Tafel slope

a IrQ, b RuO, c TiO,
20 20 20
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d-f show Tafel plots and corresponding slopes for IrO, (blue), RuO, (green), a
the mean.

Figures 2 a-d show linear sweep voltammograms, under
potential conditions at which OER occurs, for nickel (grey), iron
(brown), cobalt (orange), and copper (red) based metal-oxide
catalysts deposited on rac-PANI (dashed line) and S-PANI (solid line)
thin films. For each catalyst type a decrease in the reaction

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

overpotential, n, is observed on S-PANI thin films compared to rac-
PANI. In addition, the catalysts on the chiral S-PANI films (filled
squares) show a decrease in the Tafel slope compared to the same
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catalysts on the rac-PANI films (open squares); see Figure 2 e-h. Note
that measurements on catalysts deposited on R-PANI thin films
exhibit similar catalytic behavior to that of S-PANI thin films and are
shown in Figures $8-510. Collectively, these data demonstrate that
catalysts placed on thin film scaffolds that spin-filter charge current,
i.e. chiral PANI, exhibit improved OER kinetics compared to films
which do not spin-filter the electron current, rac-PANI. To ensure
that the improved performance is not associated with changes in the
double
measurements were performed; see Figure S11 and corresponding
discussion in the Supplementary Information.

electrochemical surface area layer  capacitance

3.3. Oxygen evolution reaction with commercial catalysts

A similar improvement in OER activity was also observed for
drop-cast Nafion ink suspensions containing commercially available

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. a-c shows the linear sweep voltammograms of IrO, (blue), RuO, (green), and TiO, (purple) nanoparticle catalysts in Nafion drop cast onto chiral S-
PANI (solid line) and achiral rac-PANI (dashed line) in a 1M KOH electrolyte. These data represent the average of three separately prepared electrodes. Panels

nd TiO, (purple) drop cast onto chiral (filled symbol) and racemic (open symbol)

PANI films. These data represent the average from three separately prepared electrodes and the error in slope is associated with the standard deviation of

of IrO, and RuO, catalysts deposited on S-PANI (filled squares)
compared to rac-PANI (open squares) films. Note that, Figures S8-
$10 show measurements made on R-PANI thin films in which a similar
performance S-PANI
measurements made using ink suspensions comprising TiO, catalysts
did not exhibit changes, outside of statistical error, in overpotential

to films is observed. Interestingly,

or Tafel slope, when deposited on S-PANI films and rac-PANI films
(see Figures 3c &f). Note that similar to the case of electrodeposited
catalysts, the electrochemical surface area of drop cast ink
suspensions, determined through double layer capacitance, confirms
that the comparison between S-PANI and rac-PANI films is not
influenced by differences in electrochemically active surface area
(Figure S11).

3.4. Electroactive forms of explored catalysts

To understand these data, consider that the most likely forms
of the catalysts are oxyhydroxides for Fe, Co, and Ni,%> and IrO,,
Ru0,,%¢ CuO,” and TiO, ° for the others, under the voltage and pH
conditions for the OER in this study. Note that this assignment of the
catalytic form is consistent with ab initio calculations, as well as
Pourbaix diagrams,%872 and were substantiated electrochemically.
For example, Figure S12 shows oxidation peaks associated with the
electrochemical conversion of Ni?* to Ni3* for nickel-based catalysts

J. Name., 2013, 00, 1-3 | 5
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and Co?* to Co®* for cobalt-based catalysts that occur prior to OER
currents. Table 1 summarizes the reaction overpotentials (n) and
Tafel slopes from measurements of different catalysts on S-PANI and
rac-PANI electrodes, and it compares our findings to previous
measurements published in the literature, where possible. To ensure
valid comparisons, we cite works that operate under similar reaction
and solution conditions to that reported here. The overpotential and
Tafel slope of catalysts deposited on rac-PANI are in most instances
comparable to that of achiral catalysts reported in the literature and

highlight that resistance associated with transport through the PANI
film is not likely a contributing factor und&p!tHede3peashremrent
conditions. In addition, these comparisons corroborate the
assumption about the catalyst oxidation state. The variation in
activity for different catalysts depends upon multiple factors, and so
a platform that delivers similar spin-polarized electron currents is
essential for providing a fundamental understanding about the effect
of spin-polarizing the charge current during OER.

Table 1. Comparison of the reaction overpotential, n, and Tafel slope, b, for catalysts deposited on S-PANI and rac-PANI to that published

previously in the literature on the same catalysts. The data points represent the average from three independently prepared electrodes, and

the error corresponds to the standard deviation from the mean.

S-PANI rac-PANI Literature Ref.
Catalyst n (mv) b (mV dec?) n (mv) b (mV dec?) n (mv) b (mV dec?)
NiOOH 394+3 109+2 429+ 2 113+4 533-620 105 65,73
FeOOH 4162 72+3 449 12 82+3 450 68-100 65
CoOOH 3807 49+3 407 £ 8 59+6 370-430 69-95 7
CuO 9693 91t4 1006 + 4 104 +3 400-600 89-110 67,75,76
IrO, 3697 67+3 402+3 755 340 93 36,77
RuO, 3268 81t4 355+7 101+4 366 104 36,78
Tio," 12135 273+ 4 12235 2716 1250 - 9

*Values reported at a current density of 0.1 mA cm™ to match the literature reported overpotential values at the given current density

3.5. Trends in spin promoted oxygen evolution reaction

To examine how spin polarization fits within the context of
Sabatier’s principle, we have constructed a volcano plot comprising
the different catalysts investigated in this study. Figure 4a plots the
experimentally determined reaction overpotential at 10 mA cm for
catalysts deposited on S-PANI thin films (filled symbol) and rac-PANI
films (open symbol). Note that, the free energies of the adsorbed
reaction intermediates (AGy - AGgy) were taken from previous
calculations® 65 6,67 on catalysts of the form expected to be present
during OER under these potential and pH conditions. An
approximately 20-40 mV reduction in overpotential is observed for

all of the measured catalysts, with the exception of TiO, for which no
observed. Note that the reduction in
overpotential is independent of whether the catalyst is on the left or

improvement was
right side of the apex of the volcano plot. These findings suggest that
spin alignment of reaction intermediates, imparted through a spin
transport layer, is not changing the free energies of the adsorbates,
but instead represents an additional control variable that can
improve catalysis. Figure 4b shows an expanded view near the apex
of the volcano plot, and the spin promoted shift in overpotential
values is indicated by the dashed green line. Previous studies have
reported that the transition state energies for different steps in the
OER are strongly affected by spin alignment on the catalyst surface;”®

a b c
-0.2 Ir0, RuO, ~0.30 s 510 RuO, IrD,
—0.4 - B/ niopH — 81 ;
FeOOH -0.351 Ira | c
— I~ i cpion @ FeOOH
> =061 = jooH] = 61 °
o D -0.404 FeooH7 * @ I NiOOH
=-0.84 = - ' 0 4] é '
& Cu T ] o cuo
-1.04 e -0.454m I g 24
-1.24 TiO, f§ = 04 @Tio,
S -0.50 . ®  L———
08 12 16 20 24 2. 1.2 1.6 2.0 0 1 2 3 4 5
AGy - AGgy (eV) AGg - AGgy (eV) unpaired d-electron

Figure 4 (a) Relationship between the OER overpotentials, n, at 10 mA cm2 and the difference in reaction intermediate adsorption energies, (AGo - AGoy), for

catalysts prepared on S-PANI (filled symbols) and rac-PANI films (open symbols). The green fitted line is adapted from Ref 9. Panel (b) shows a zoomed in
region near the apex of the volcano plot. Note that the free energies of the adsorbed reaction intermediates (AG, - AGoy) values were adapted from references
9, 59, 60, and 61 on catalysts of the form expected to be present during OER collected under the experimentally applied potential and pH conditions. Panel

(c) shows the correlation between the percent improvement in reaction overpotential of S-PANI films to rac-PANI films to the number unpaired electrons in

the d-orbitals of the catalyst’s oxidation state formed during OER. The data points represent the average from three independently prepared electrodes, and

the error bars correspond to the standard deviation to the mean.
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80 our hypothesis that selective spin injection into an electrocatalyst
(because of CISS) should improve reaction efficiency, presumably by
polarizing reaction intermediates and promoting the formation of
triplet oxygen, is corroborated by these data. It is important to stress
that the chiral spin transport layer used in this work is not the best,
exhibiting a modest spin polarization of ~35 %, and that a more
significant improvement would likely be observed with a better spin
transport layer.

Interestingly, the percent improvement in overpotential ((Nrac-
Ns)/Nrac * 100 %) correlates with the expected number of unpaired
electrons in the catalyst’s d-orbitals (Figure 4c). An increase in the
number of unpaired electrons shows a more favorable response to
the spin selective transport emanating from chiral PANI for
improving the OER. Note that, the TiO, catalysts do not possess any
unpaired d-orbital electrons at these pH and potential conditions,
and no improvement in the OER with chiral PANI is observed. In other
CISS studies researchers have shown the importance of unpaired
spins in electrode materials to promote long-range spin-selective
transport,®. 82 and it may be that a similar mechanism operates here.
Concerning whether one or more of the catalyst materials becomes
magnetized during the OER reaction, the data presented here is
moot. Such a claim would require that the magnetization of the
electrode assemblies be measured in operando and is beyond the
scope of this work.

Conclusions

This work developed a chiral polymer scaffold as a spin-
transport layer and examined its use for enhancing the performance
of simple transition metal oxide catalysts in the OER reaction, which
is known to be sensitive to the electron spin. We showed that use of
the chiral polymer scaffolds leads to a decreased reaction
overpotential and Tafel slope for the OER catalysis compared to
analogous nonpolarizing (achiral) scaffolds for the same catalyst.
Through investigation of a series of transition metal oxide catalysts,
we showed that spin polarization can improve the reaction
overpotential beyond the conventional constraints set forth by
considering the adsorption energies of reaction intermediates alone.
Interestingly, the OER improvement correlates with the expected
number of unpaired d-electrons in the catalyst, however the cause
of this correlation requires further work for full elucidation. This work
demonstrates that a chiral catalyst scaffold can be used to enhance
spin-dependent electrocatalysis.

Data availability

The data supporting this article has been included as part of the
Supplementary Information.
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