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One Paragraph Project Summary

In this research, we prosecuted a comprehensive plan of research directed at developing new catalysts
and new understandings relevant to the operation of low temperature hydrogen-oxygen fuel cells. The
focal point of this work was one centered on the Oxygen Reduction Reaction (ORR), the electrochemical
process that most fundamentally limits the technological utility of these environmentally benign energy
conversion devices. Over the period of grant support, we developed new ORR catalysts, based on Cu
dimers and multimers. In this area, we developed substantial new insight into design rules required to
establish better ORR materials, inspired by the three-Cu active site in laccase which has the highest ORR
onset potential of any material known. We also developed new methods of characterization for the ORR
on conventional (metal-based) catalysts. Finally, we developed a new platform to study the rate of proton
transfer relevant to proton coupled electron transfer (PCET) reactions, of which the ORR is an exemplar.
Other aspects of work involved theory and prototype catalyst testing.



1. The Development of New Metal Catalysts for ORR
1.1. Non-precious Metal Catalysts based on Cu Scaffolds

Utilizing support from this project, we
developed new classes of ORR catalysts based on
Cu dimers and multimers.! These new materials
exhibit ORR onsets at potentials higher than any
other Cu-based material in neutral and basic
environments® and are inspired by the three-Cu  Figure 1. u-n'n* (left) and p-n’n? (right) coordination of
active site in laccase which has the highest ORR ~ Oz In binuclear Cu complexes. Only complexes with
onset potential of any material known.®* p-n~m- coordination of O, exhibit enhanced ORR activity.

The design of new ORR catalysts could benefit from more accurate mimicry of biological catalysts
for the same reaction. To further understand laccase reactivity, we interrogated the rate determining step
(RDS) of the ORR using laccase as the cathode catalyst. We developed a novel method of immobilizing
laccase on a Au surface, using an anthracene thiol, backfilled with a short chain thiol to allow space for
the laccase to adsorb with the correct orientation on the Au surface.® The stabilized laccase enables direct
electron transfer between the enzyme and the Au surface, and direct determination that the Tafel slope is
140 mV/decade. Such a Tafel slope can only be consistent with the first electron transfer between the
substrate and the electron transfer associated type 1 Cu center being the rate determining step.
Consequently, this implies that the tri-Cu active site is in fact kinetically competent and that the ORR
occurs quickly there.

The focus on coordination of Cu with ligands containing N to form competent ORR catalysts possibly
mimicking laccase has led to the examination of the activity of ORR toward two different classes of
binuclear Cu complexes. The first of the molecular laccase mimics are related to the structurally defined
u-n%n? Cu complexes developed by Kitajima ® and then further refined by Kodera and coworkers. "®
Although these complexes exhibit well defined O, coordination between the Cu centers as shown in Fig.
1 (right), p-n%n? Cu complexes do not exhibit catalytic activity for ORR due to the apparent electrophilic
reactivity rather than the nucleophilic reactivity required for the ORR. **° The second class of binuclear
Cu complexes evaluated exhibit u—nl:nl coordination to O,,
shown in Fig. 1 (left). These complexes, based on the tris(2-
pyridylmethyl)amine (TPA) ligand, have a long history as
hemocyanin mimics** and were used to examine the ORR in
a nonaqueous context.” We have shown that TPA,
complexed with Cu, yields the most positive potential onset
for the ORR in aqueous acidic solution relative to any Cu-
containing complex thus far examined. ** Derivatives of
TPA exhibit even higher onset potentials at the cost of some
stability. A chart showing ORR onset potentials as a pH
function of pH for a variety of Cu complexes is shown in  Figure 2. Plot of onset potential for O, reduction vs
Fig. 2." The chart shows that while activity is low at low the solution pH for [Cu(TPA)(L)]** (black),
pH values, it becomes much more active at higher pH  [CUPMEA)L)* (red), [Cu(PMAP)-(L)]* (blue),
values. and [Cu(TEPA)(L)]** (green).

An interesting observation from these studies is shown in Fig. 3. The initial ORR activity of the TPA
Cu complex is shown in blue. Following pyrolysis the activity decreases—shown by the red curve—as
expected. However, when the TPA ligand is added to the surface of the pyrolyzed material, the initial
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onset is recovered, as shown by the black curve. This is the 0+
first evidence that direct ligand participation in a complex is
required for ORR activity."

We sought to more generally examine features
important for facile ORR activity in binuclear Cu
complexes. We tested a series of binuclear Cu complexes
for both ORR onset and peroxide production by varying the
Cu-Cu distance, as well as the ligand coordinated between © pp - - -
the Cu centers. Only the triamino Cu complex and the 3,5- Potential vs RHE / V.
diamino-1,2,4-triazole (DAT) Cu complex *° reduce oxygen  figure 3. RRDE  voltammograms  of
by 4 electrons. The inactive complexes contain either a  [Cu(TPA)(L)](BPh,), (black), pyrolyzed
bridging hydroxide, or a Cu-Cu spacing of the bis (pyridyl) ~ Cu(TPA(L)I(BPh,),  (red), and  pyrolyzed
complex that is too large.® In addition, the effect of DAT ~ CU(TPANLI(BPN,); reconstituted with - TPA

R . ] (blue) all supported on Vulcan XC-72.
substituents on ORR activity was also examined. Both DAT
and the 4-methoxybezylidene diamino triazole exhibit four-electron reduction of oxygen. However, the
very similar 4-ethanone diamino triazole, which exhibiting an identical onset potential, shows only a two-
electron reduction. *°

As part of the effort to synthesize new Cu-containing ORR catalysts, we designed new polypyridyl
ligands and developed new methodology that produces such tripodal species. We published a report on
the new ligand design which includes a study of the effects of the second coordination sphere on the
ORR. We demonstrate that pendant OH groups do not enhance the activation of O,, but that their
deprotonation greatly accelerates the reduction process.™ Extending the theme of polypyridyl polytopic
ligands, we are investigating bis[di(2-picolyl)amine] derivatives as scaffolds for Cu-based ORR catalysts
to mimic the three-Cu active site in laccase as closely as possible. To start, we constructed a series of
complexes featuring dipicolylamino (DPA) coordination to Cu including [LCu,Cl,] (L is defined as 1,6-
bis[di(2-picolyl)amino]hexane), which is a precatalyst for the ORR. Reflecting the reactivity of dicopper
species, the dicopper(l) species [LCu,(MeCN),]** undergoes oxygenation to afford a dimeric (i.e.
tetranuclear) cluster in which formal reduction of O, affords OH" ligands bound to Cu(ll) centers. The
intermolecular oxygenation means that these materials will not be good ORR catalysts, and indeed the
ORR behavior is no better than that found with dinuclear Cu complexes previously. A focus of future
work then is to prevent intermolecular oxygenation by using bulkier ligands.
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1.2. Coordination Polymers with Cu Sites as ORR Catalysts 03.-\___ ‘;:
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In a related effort, we have initiated the development of new . *Ce o fe +%e
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molecular systems to reduce oxygen to water. While surface, Qae

nanoparticle, and decomposition systems remain popular, there is ® !‘ .‘; ;‘;”.‘
relatively little progress reported to date in the development of well- - ® 09

defined molecule based systems for oxygen reduction. In a first attempt, ~ Figure 4. Model of poly[(2,2-

we examined the oxygen reduction capability of poly[(2,2- PiPyridinecopper(il)-ud-oxalato].
bipyridine)copper(l1)-u4-oxalato] (pBpCuOx) (Fig. 4) coated on a glassy carbon electrode. The molecule
was chosen because of its ability to polymerize and impart some stability to the electrode surface in
addition to the similar metal-metal distance calculated for the polymer, which is close to that found in
known ORR catalyst: the (2x2) Bi underdeposited on Au(111) system.'” The electroreduction of O, on
pBpCuOx-coated GCE occurs as a four-electron reduction at a potential 450 mV more positive than that



found at a bare GCE. Intriguingly, studies of related monomeric systems exhibit only two-electron
reduction activity, confirming both the synergy and need for two metal atoms to exhibit four electron
activity. Other coordination polymer systems including those based on 1,2,3-triazole, for example,
exhibited substantially increased activity relative to glassy carbon, while other triazole-based coordination
polymers did not exhibit this activity. Recently, we showed that other substituted triazoles exhibit even
better activity, and this is now a focus of intensive research efforts.

1.3. Multi-Copper O, Complexes as ORR Catalysts

A related focus of activity examines the possible catalytic properties of well-defined, thermally stable
multi-copper O, complexes, motivated by the high catalytic efficiency of laccase. The premier examples
of thermally stable complexes are those of Kodera and coworkers, which exhibit O,-carrying properties
akin to the behavior of hemerythrin. In these systems, a pair of CuN; sites cooperate in the binding of O,
in a p-n”n°-0, binding mode. We investigated the following hypothesis: that hydrogen-bond donors and
acceptors proximal to the O, binding site would strongly affect O, reduction. This hypothesis was tested
both using solution methods and via electrochemical analysis of complexes absorbed on carbon.

Highly-organized ligand superstructures were prepared via multistep processes.’*™® Key methods
include double deprotonation of 6-methyl-2-pyridone and the reversible demethylation of
methoxypyridines. The resulting hexadentate ligands are capable of hosting two copper(l) centers
whereas the tridentate (tricyclic) ligands form monocuprous derivatives. Replacement of four flanking Me
groups by four OMe groups decreases the affinity of the Cu,** center for O,. In contrast, replacement of
four flanking OMe groups with four OH groups brings about a complete change in reactivity attributable
to proton-induced reduction of O,. Equally dramatic effects are seen for monomeric Cu centers of the tris-
pyridyl ligands. Simple [HC(2-CsHsN-6-Me);Cu]” displays no measureable affinity for O,. Changing of
one flanking Me group to OH allows the Cu(l) center to rapidly reduce O,. The Cu-containing product is
the novel mixed valence Cu,** complex, as established by single crystal X-ray diffraction.

When supported on carbon, this hemocyanin model was found to exhibit good activity for the ORR.
Comparison of the di-Cu model system to the mono-Cu analogue reveals similar activities at high pH,
likely due to the catalysis by copper hydroxide species. Both catalysts exhibit high activity for H,O,
reduction at pH 10. Interestingly, at a)o‘ffa'b""ﬁ'“k - b)a
low pH the di-Cu system is more 5 |~ LT ;
active. The onset for the di-Cu
catalyst at pH 2 was 60 mV more
positive than the mono-Cu catalyst,
and also produced less H,O, (Fig. 5).
The reaction mechanism is likely a ‘ , . . ‘
two-electron reduction of oxygen to O tontal ve RHE 1 e O '

hydrogen pE‘I‘OXIde, followed by Figure 5. RDE of monocopper (labeled 1, dashed line), dicopper (labeled 2,
further a  further two-electron  dotted line), and XC-72 carbon black in Britton-Robinson buffer with 10 mM

reduction of H,O, to water H,0;,under 1 atm. of Ar at 1600 rpm at (a) pH 2 and (b) pH 10.
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1.4. Homogeneous ORR Catalysts based on Ir Scaffolds

Our specific goal for this part of the project was to develop new, homogeneous catalysts for the Knall
Gas reaction, (2H, + O, — 2H,0) that would be amenable to mechanistic analysis relevant to the design
of new cathode catalysts. We discovered that transfer hydrogenation catalysts are excellent catalysts for
the hydrogenation of O,.” Scheme 1 depicts the key mechanistic concept.



The transfer hydrogenation catalyst Cp’Ir(H)(TSDPEN) reacts rapidly at room temperature with O,
(TsDPEN = tosylated diphenylethyene-diamine monoanion), resulting in the catalytic hydrogenation to
give water. Reduction of O, by Cp’Ir(H)(TSDPEN) vs.

Cp Ir(D)(TsDPEN) exhibits an isotope effect of ~12, | Oz ™ (inert )
consistent with insertion and the participation of Ir-H/D L.M—PR3 ——> LM—PRs

bond breaking in a rate limiting step. We showed that a

variety of other hydrogen-rich substrates could serve in HY ot o HO” o+

place of H, including borane amines and even alcohols, Ln,\|/|_’LR2 =, thLI_NRZ (B)
and other electron acceptors could be used in place of O,,

including nitrosobenzene (PhNO, an analogue of singlet H, l'HZO (fast)

0,). This project has also resulted in new insights into the LM—NR,

activation of H,, also relevant to DOE’s hydrogen
initiative. In particular we discovered that protons
strongly enhance the rate of addition of H, to the
unsaturated complex Cp Ir(TsDPEN).

Scheme 1. Differing reactivity patterns anticipated
for oxygen toward (A) classical metal hydrides and
(B) amino-hydrides.

2. Potential-dependent, Real-time Characterization of ORR Catalysts

2.1. Surface Enhanced Raman Spectroscopy (SERS) o,
In this area, we used in situ SERS to examine AN CC N

important but as yet poorly understood intermediates that AN

mediate the ORR mechanism on both Cu and Pt surfaces. '.;mf"‘nJ\-LO.BV
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and its reduction is problematic for many ORR catalysts w
undergoing a two-electron pathway — revealed the
presence of a hydroxide intermediate at potentials just
cathodic of the onset of peroxide reduction. SERS
obtained from a polycrystalline Cu surface both in the

presence and absence of peroxide shows that there are
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four new bands corresponding to peroxide. Three of these
are associated with the presence of Cu-OH species on the
electrode surface while the fourth band is the O-O stretch
of peroxide, which diminishes in intensity as the potential

Raman Shift (cm™)
Figure 6. In situ SERS spectrum obtained from a Pt
surface in a solution containing 0.1 M H2804

exposed to air. The broadened feature at 1560 cm™
is associated with oxygen adsorption on Pt.

is moved to more negative values. The presence of a
surface hydroxide species during peroxide electroreduction is consistent with a large body of prior work
from our group, establishing that a surface OH appears to be a general intermediate in this reactivity.

We also examined oxygen reduction on the technically more relevant Pt surface (Fig. 6). SERS
measurements show the presence of a new band growing in at 1560 cm™ at negative potentials, found
only in the presence of oxygen. Deuteration studies show that this band is not associated with water and
therefore is likely due to destabilization of the O-O bond upon O, association with the Pt surface. The
critical point suggested here is that a sufficient population of non-dissociated O, is resident on the Pt
catalyst surface even at potentials associated with significant reaction velocities for the ORR.



2.2. Analytical Electron Microscopy

We have brought to the program a state of
the art characterization tool — Aberration
Corrected  Scanning  Tunneling  Electron
Microscopy (Cs-STEM) — that is beginning to
provide deep new understandings  of
electrocatalytic materials, including systems that
hold great promise within the context of
applications requiring useful ORR activities.
Work to date has been described in a recent
paper in Analytical Chemistry?s. The  Figure 7. HAADF microscopy of PVP-capped (a) Pt and (b)
representative C-STEM High Angle Annular  Pd core-shell nanoparticles showing discrimination between
Dark Field (HAADF) images illustrate highly  coreand shell elements (PVP = poly(N-vinyl-2-pyrrolidone)).
ordered (single crystalline) nanostructural
motifs in the PVP-capped Pt nanoparticles and more disordered nanomaterials (ones embedding and
amplifying an apparent icosahedral core) for PVVP-capped Pd nanoparticle materials (Fig. 7). Data of this
type allow full characterization of the atomic speciation of clusters (as well as those of more complex
compositions) via quantitative atom counting analysis and additionally establishes the nature of specific
anisotropies in the habits produced along with the attributes of the facet systems and terminations they
present. We have also utilized C,-STEM HAADF microscopy in conjunction with new theoretical
algorithms for quantitative image analysis to characterize the adsorption of the fundamental atomic
bonding correlations of the ORR mediating metal center Cu-DAT on C electrocatalyst system. The data
shows individual spots on the C surface that indicate individual Cu atoms coordinated to DAT. Analysis
of distances between the spots yields a normalized pair distance frequency. Intriguingly, the most
prominent pair distance is ca. 3.5 A, which is the expected Cu-Cu distance in the Cu-DAT complex.

2.3. Catalyst Durability and
Electrochemical Impedance 1.2 | —— Fresh PCo-comm
Spectroscopy (EIS) [ Ageapucosomm
Another aspect of our M T aged pricamo

catalyst  durability  studies

involves examining Pt;Co, Pt,
and Pt;Co/Mo catalyst oz b
durability using an accelerated P o A
degradation procedure. Under 0 02 04 06 08 06 085 07 075 08 085 09
the aging prOtOCO|, the Cell Potential (V) IR-corrected Cell Potential (V)

electrodes were exposed t0 Figure 8. (a) Measured cell resistance (R.y) as a function of cell potential and (b)
acidic conditions and cycled measured charge-transfer resistance (R) as a function of IR-corrected cell potential for
over a range of potentials t0 fresh and aged Pt;Co/Mo and Pt;Co cathodes in an acidic microfluidic H,/O, fuel cell.
simulate fuel cell operating

conditions. Over the course of 10,000 cycles, a sharp deviation in fuel cell performance is observed.
Pt;Co/Mo demonstrates dramatically enhanced durability compared to Pt;Co (Fig. 8). We used EIS to
decouple the effects of cell resistance (Re) and charge transfer resistance (Rc). Under acidic conditions,
rapid hydrogen oxidation reaction kinetics lead to negligible anodic charge-transfer resistance thus the
resistance of the sluggish ORR was isolated and quantified. Ry of the aged Pt;Co cathode shows
fluctuations suggesting unstable transport processes within the electrode (including the catalyst layer) due
to degradation. EIS data shows a greater increase in Ry for the Pt;Co cathode is compared to that for the
Pt;Co/Mo cathode, indicating a greater decrease in catalytic activity. Thus, dual effects of improved
electrode stability and increased catalytic activity are responsible for the enhanced durability of the
Pt;Co/Mo cathode.
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2.4. X-ray Absorption Spectroscopy (XAS)

In the course of this collaborative program, we 0.0125 -
have further developed new methods for
characterizing complex multimetallic structures at
the most fundamental atomistic level by using 0.0075 1
XAS. We have developed new analytical protocols 00s0{ |
that allow the atomistic structures of the binuclear 00025
Pt-Ir cluster to be determined using XAS, an
analysis that had not been possible at the level of §|
detail achieved using our strategy due the close 000254 -
proximity of the absorption edges for these two W 0 80 100 10
element. Our procedure is an analytically robust .
and generalizable protocol that we feel will have Figure 9: Potential dz(:at::zzlr\:;N}:fE/tr:\e/ difference in
broad impact .On t.he XAS Co.mmumty' The .daFa EXAFS-determined Pt-Pt bond distances with and
allow us to visualize the details of the atomistic : .

without O,. The plot shows that Pt-Pt expansion occurs at
structures of _complex nanoscale. systems allow for all potentials, even those where the ORR rate is zero.
the characterization of segregation effects and the
roles that adsorbates can play in restructuring them. These studies reveal a powerful new understanding
for such nanoscale structures—that the nature of the atomic scale configurations is fluxional on fast
temporal time scales, posing then a question as to how traditional static impressions of catalyst structure
might underpin reactivity, ideas we believe have to be modified.

We also developed an in situ electrochemical X-ray absorption spectroscopy (XAS) with microfuel
cells device that can be scaled down to the thickness of a few millimeters, and therefore is an ideal
geometry for in situ electrochemical XAS characterization of the catalysts. The form factor of our device
provides high diffusivity of oxygen through the elastomer membrane, supplying sufficient O, to the
carbon-supported catalyst (as commonly used in PEM fuel cells) for reduction to occur even to very high
(yet stable) current densities while X-ray absorption measurements are made. We monitored the Pt
electrocatalyst during the ORR through the use of in situ electrochemical XAS. Our cell’s novel
poly(dimethylsiloxane) (PDMS) window provides high oxygen permeation to the working electrode,
permitting heretofore unobserved monitoring of electrocatalyst evolution during ORR. Using this cell, we
have produced the first comparison of Pt XAS data under N, sparged environment and during ORR
electrocatalysis. The data suggest new understanding of the ORR mechanisms on this exemplary catalyst;
specifically, oxygen adsorption occurs at every potential, even at 1.2 V where ORR current is not
observed.” The present results shown in Fig. 9 conclusively demonstrate that the presence of O, in the
electrochemical environment leads to a marked electronic d-band vacancy increase over a wide potential
range (1.2 to 0.4 V vs normal hydrogen electrode).
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2.5 In situ Surface Stress Measurement

One of the most stimulating — and problematic — aspects of the O, induced changes in the Pt-Pt
distance is the relatively small (albeit still energetically significant) magnitude of the metal-metal bond
strains induced. While error determination in extended X-ray absorption fine structure (EXAFS) is
relatively mature, the changes in Pt-Pt distance with O, exposure are only slightly above zero, except
possibly at 400 mV. We wanted another method to determine changes in Pt-Pt strains with potential and
adsorbate association. We surmised that although the changes are small, the dynamical near-surface bond
expansions found in the EXAFS should also give rise to consequential changes in the electrochemical
surface stress.?

Fig. 10a shows electrochemical surface stress-thickness changes occurring on the cathodic sweep in
the presence and absence of O,. In general, increasing surface charge results in more attractive
interactions between surface atoms, which cause tensile stress.?**® While surface stress-thickness curves
from Ar and O, saturated solutions exhibit similar patterns, the curve from the O,-exposed sample is
displaced in a more compressive direction over the entire potential window interrogated. Fig. 10b shows



the difference between the Ar and O, cases more directly, with
the O, displacement between 0.05 and 0.2 N/m. Notably, the *] —0 ]
compressive displacement seen in the presence of O, is larger 1
at more cathodic potentials, in qualitative agreement with the
increased Pt-Pt bond expansion found in the EXAFS ]
measurements reported above. S R A
Intriguingly, we can use the Pt-Pt bond distance change “1b T Calaimted o EXAFS ]
determined from EXAFS to calculate a strain in the Pt adlayer.
By using the Young’s modulus, the measured strain can be
recast as a stress. Fig. 10b shows the stress calculated from the
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EXAFS-derived Pt-Pt bond length changes (blue) agrees well ]
with the overlaid electrochemical stress measurement. The 42 00 02z o4 U8 08 10 12 14 18
corroborating surface stress measurements may potentially Potential vs NHE (V)

yield a simpler method to examine metal-metal bond expansion  Figure 10. (a) Stress data of Pt/glass of both
during electrochemical processes. This is a new method to  Arand O, conditions, (b) The black line shows
examine strains arising from electrochemical reactivity as a  delta stress of Ar minus O, and the blue points

s . indicate the expected delta stress based on the
consequence of adsorbate association with the electrode. Pt-Pt bond strains obtained via EXAES.

3. Controlling and Examining the Activity and Selectivity of ORR Catalysts using Proton
Availability, Kinetic Isotope Effect Studies, and Temperature

We developed a new proton switch involving a hybrid bilayer membrane (HBM) in order to control
the proton transfer event associated with the ORR. Our observation of a kinetic isotope effect (KIE) for
the Cu complex raises a series of questions regarding the interplay of protons and electrons in the ORR
for these and other related materials. We have an ongoing interest in other non-precious metal containing
ORR catalysts, particularly those involving Fe, N, and C, an area seeing increased attention lately due to
their superior performance in alkaline solutions. We are interested in demetalating these materials, using
recently developed techniques, and also interrogating their high temperature and pressure ORR efficacy.

The overall effort in this section addresses the proton-coupled electron transfer (PCET) aspects of the
ORR. PCET reactions are fundamental to many energy conversion processes including the four-electron
four-proton ORR to water.”® Much experimental and computational work examines the mechanism of the
ORR in an effort to develop more efficient fuel cell cathodes.”” Traditionally, the pH of bulk solution and
covalently-bound proton relays are used to study PCET reactions. However, these studies give little
information about the influence of proton flux on the mechanism of the ORR. Therefore, we have
developed a electrochemical platform in which both the kinetics and thermodynamics of both the protons
and electrons can be controlled in order to delineate the effects of these intricate processes.

3.1. Proton Availability Dictates Activity

Over the last few years, we developed a novel electrochemical platform to switch on and off proton
transfer to a molecular oxygen reduction electrocatalyst. An HBM consists of a self-assembled monolayer
(SAM) of thiols covered by a monolayer of lipid.”**" In this work we constructed an HBM containing a
SAM of Cu triazole complex (CuBTT) (Fig. 11). In the absence of a lipid layer, CuBTT is a competent
ORR catalyst at a wide pH range. Upon appending a lipid monolayer of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), proton transport to CuBTT is suppressed, thus resulting in inhibited ORR
activity. By incorporating an alkyl phosphate proton carrier into the lipid layer, the ORR activity of
CuBTT is enhanced compared to the lipid only case. Since the protonation state of the proton carrier
depends on pH of the solution, proton delivery to CuBTT can be switched on and off by varying the pH.



Our initial results with the HBM PCET switch showed

= ;N =
that by controlling the accessibility of protons to the ORR 2 L:f‘;é-j*o It
catalyst, we can control the rate of the ORR with qualities ~ ~ A RN O N / °
strongly mimetic of the dynamics exhibited in biological E‘S%ﬂ\f‘u_@’”\ A o
systems within in a tractable model catalyst assembly.*? *'Z SO ook
More recently, we discovered a new proton carrier and %‘S*{v};‘u"ﬂ‘ N ) o Y
developed additional analytical techniques that have - B 4[6‘3‘{ .
allowed us to quantify and modulate the rate of proton g B Ao’

transport to an ORR catalyst. This work enabled us to _ _
interrogate and perturb the mechanism by which oxygen is ~ Figure 11. The HBM is composed of the Cu
LT complex of BTT (blue), the 1,2-dimyristoyl-sn-

reduced and control the ORR product distribution. . -

o ; . . glycero-3-phosphocholine (DMPC) lipid layer
boronic acid into the lipid layer of the HBM revives the (green).
ORR current to almost the same values as observed in the
absence of a lipid. By incorporating various amounts of alkyl boronic acid in the lipid, the rate of proton
transfer to the CuBTT catalyst could be varied in a systematic and precise manner. We also showed that

the HBM could be used to interrogate the rate of anion permeation of the bilayer.*

3.2. Kinetic Isotope Effect Studies

Based on our observation that Cu-based ORR ‘ , ,
activity could be gated by controlling the proton flux 0r 1
to the catalyst, we evaluated whether the catalyst
would additionally exhibit a KIE. It is known that the
ORR onset potential of NPM materials exhibits a
strong dependence on bulk solution pH,***® whereas
the ORR onset of Pt is pH-insensitive. Spectroscopic
studies of molecular catalysts and biological enzymes
revealed that O-O bond cleavage of the bound O,- ‘ , ,
adduct and the native intermediate is the RDS.** ¥ -0.50 -0.25 0.00
This RDS is late in the catalytic cycle and is often Potential versus Ag/AgCI (V)

rom lin rotons—a classic exampl
promoted by COUpSS_S% to protons—a classic example Figure 12. ORR LSVs of a SAM of CuBTT in O,-

of a PCET process. saturated pH 5 (black) and pD 5 (red) phosphate buffer
Fig. 12 shows two ORR LSVs of a SAM of  atascan rate of 10 mV/s.

CuBTT in H- and D-solutions. A SAM of CuBTT,

which is an analogue of one of the best Cu-based ORR catalysts,” " exhibits a substantial KIE, which is
in contrast to the behavior demonstrated by Pt cathodes where no KIE is observed.”” It is generally
accepted that the RDS of Pt-catalyzed ORR is the first electron-transfer (ET) step.* Since no proton is
involved during and/or before the RDS, no KIE is observed for Pt systems. The result from Fig. 12
confirms the involvement and importance of proton delivery to the overall ORR kinetics in the Cu-based
systems, and calls for further effort in understanding and managing proton availability to other NPM
ORR catalysts, especially those based on Fe or Co.
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A KIE for Cu is expected because the RDS
of ORR by CuBTT is the O-O bond breaking

[step 1a]

CI.I” CI.I”

HPC (out)
[step 1b]

step which is coupled to protons or deuterons 11(:2 l
(Scheme 2, steps 4a and 4b). However, in the .. e
presence of a DMPC monolayer, no KIE is or

observed because protons or deuterons do not
readily penetrate the hydrophobic lipid layer.”
Therefore, we hypothesize that CuBTT reduces
0O, viaale processto O, inside lipid (Scheme
2, step 1a). More importantly, we also did not
observe a KIE for ORR by CuBTT with DBA
incorporated in the lipid layer at pH 5. This
result suggests that the RDS in the presence of
a proton carrier is a step slower than the O-O
bond breaking event. Furthermore, according to
rate law analysis, the lack of a KIE indicates

proton carrier.
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Scheme 2. Plausible O, reduction pathways in a HBM, PC =

that neither the RDS nor any steps prior to the RDS involve protons or deuterons. The only step in the
mechanisms outlined in Scheme 2 that fit these criteria is the “flip-flop” diffusion of DBA across the lipid
layer (step 2). This further suggests that it should be possible to isolate a O, intermediate. Such
intermediates have been found in non-aqueous oxygen reduction contexts with and without Cu.*>*®

3.3. Effect of Temperature and Pressure on the ORR Kinetics

Fundamental studies of the ORR in aqueous media at above
100 °C are limited due to the harsh experimental conditions.
Interrogating the ORR on Pt at above 100 °C provides valuable
kinetic information including the temperature dependences of
Tafel slopes and transfer coefficients. Apart from enhancing the
ORR kinetics, raising the temperature can enable efficient Pt-OH
bond cleavage. Information on the strength of Pt-OH bonds at
above 100 °C likely provides clues to lower the ORR
overpotential on Pt. We recorded a striking improvement in the
ORR Kinetics by ca. 150 fold relative to 1 atm at 25 °C under an
0, pressure of 3.4 MPa at 200 °C (Fig. 13) *°.We determined that
the accurate knowledge of the temperature and pressure
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Figure 13. Temperature and pressure
dependence of the ORR current density.

dependence of O, availability, transfer coefficient, and surface area is required to correctly account for the

enhanced ORR kinetics.

4. Development of a Theoretical Framework to Model Electrocatalytic Processes

A key difficulty in simulating electrochemical processes is the need to describe reactivity in the
presence of potentials away from the potential of zero charge. In particular, both polarizability and charge
transfer should be described in the context of bond formation and rearrangement. However, the typical
system size required to represent an electrode accurately is much too demanding for direct solution of the
quantum mechanical problem. In the context of electrochemistry problems, one must ensure that
polarizability can be treated correctly in the region described by molecular mechanics. We have focused



on a solution to this problem centered on achieving the ability to describe charge transfer, polarization,
and bond rearrangement within the context of empirical force fields. To this end, the QTPIE (charge
transfer with polarization current equalization) method has been developed.® The model we developed is
merged with the QTPIE description to further describe polarizability and charge transfer.

4.1. Computational Methods to Examine Interfacial Electrode Processes

The QTPIE model enables large scale simulations including
polarizability and charge transfer. Within QTPIE, every atom is
described by its electronegativity and hardness. Hence, we represent 2180

an electrode surface at arbitrary chemical potential by introducing a
single “site” with corresponding electronegativity. We have
implemented this for the simple case of CO adsorbed to a Pt
electrode, where extensive experimental information is available for
comparison. The results are shown in Fig. 14. The good agreement
with experiment® obtained from this simple model bodes well for i

futurg, _more realistic applications taking into account _the detailed Figure 14. Comparison of experimental
atomistic structure of the electrode and surrounding solvent  anq  predicted  (Electrode-QTPIE)
molecules. vibrational Stark shift of CO adsorbed

Accurate modeling of the electrified interface requires a realistic ~ on a metallic surface.

description of ions such as OH™ and H;0".>*>* We have introduced a new description of the OH™ ion that
represents the lone pair electrons of the O atom by a negatively charged ring. This representation is very
computationally inexpensive, but yields the correct behavior of the coordination shell in aqueous solution.
The model is extended to include polarizability using QTPIE as described above.
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5. Microfluidic Platforms for Catalyst Discovery and Fuel Cell Performance Assessment

We have developed a new form factor for an advanced
fuel cell cathode, one that scales innately well for applications
in both small and large power contexts. Two published works
described the development of a prototype micro fuel cell based
on this principle of operation — mass transfer via engineered [
patterns of passive permeation of reagent to fully immersed  Figure 15. Schematic depiction and data
electrode assemblies — and subsequent developments have led  showing the operation of a highly efficient micro
to an ongoing study of this concept by a major industrial ~ fuel cell constructed using a passive permeation,

. - . fully immersed microfluidic anode and cathode.
partner for use in large commercial/industrial power systems.
A patent has been awarded on the design originating from this work.

Fig. 15 shows a schematic depiction of a fully integrated fuel cell based on this design form factor.
Our studies show that this device form factor provides a capacity to generate enhancements in the
diffusion limited current densities for the ORR by over an order of magnitude as compared to a similar
electrode maintained in quiescent electrolyte. This surprising outcome reflects the spreading of the
oxygen depletion zone into the polymer and the strong flow dynamics driven by the Faradaic current. We
have developed a novel microfluidic hydrogen-oxygen (H./O,) fuel cell that can function as both a rapid
catalyst evaluation and an optimization tool, including for the ORR at the cathode.” Unlike polymer
electrolyte membrane fuel cells (PEMFCs), in the present design a highly conductive liquid electrolyte
stream flows between the anode and cathode.




We have further developed a pH-flexible —> Hydrogen —

microfluidic H,/O, fuel cell with a flowing liquid | Anode (Pt/C) ]
electrolyte as a characterization tool for electrode- —3 Fiowing KOH electrolyte — T‘;{::;fé‘:e
supported catalysts (Fig. 16). For analytical | Cathode (Pt/C, Cu-tri/C, Ag/C)

investigations, the flowing stream enables autonomous —> Oxygen —>

control of electrolyte parameters (i.e, pH and  Figure 16. Schematic of microfluidic H,/O, fuel
composition), facilitates the removal and downstream  cell with flowing alkaline electrolyte sandwiched by
analysis of reaction by-products, and allows for in situ  catalyst-coated gas diffusion electrodes.

monitoring of individual electrode characteristics via an external electrode. Thus, this platform is
convenient for studying the performance and durability of novel catalysts integrated in gas diffusion
electrodes (GDESs), closely resembling the way in which they will be employed in fuel cells. Over the past
period, we have investigated the performance and durability of the CUDAT complex supported on carbon
as a cathode catalyst for alkaline fuel cell applications using this microfluidic analytical platform. Part of
this work has been published in the Journal of the American Chemical Society.?

An in-depth study of a radical new design for a PEM micro fuel cell has also been executed. This
design advanced a planar device form factor that had been reported by us in earlier work and
demonstrated effective separator free operation with fully passive water and reagent management for a
formic acid PEMFC. The more important outcome of this work is the development of an important new
tool that we feel will help bring revolutionary new understandings to the field, ones exploiting the unique
in situ capacities of XAS to provide previously inaccessible insights into the atomic and electronic
structures of electrocatalysts under in operando conditions and the responsivity of their structural
dynamics to specific conditions of their operation.

We have successfully completed studies (i) to investigate alternate cathode catalysts; (ii) to
investigate the effect of contaminants on ORR catalysis; and (iii) to develop a hydrogen-based laminar
flow fuel cell platform.**>" In this fuel cell, the electrolyte is externally controlled by a syringe pump,
allowing for versatile screening of multiple electrolytes.® The modular design facilitates rapid testing of
different electrodes in the same setup without complex MEA fabrication steps.®® A reference electrode
can be placed in the outlet stream of the electrolyte, allowing for analysis of each electrode
individually.®® The fuel cell can be fueled with H, and O, as well as quiescent air, facilitating the study
of cathode performance in both favorable and unfavorable conditions.®*®*
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Abstract

Earth-abundant and inexpensive catalysts with low overpotential and high durability are
central to the development of efficient water splitting electrolyzers and high power density fuel
cell systems. However, improvements in catalyst design and preparation are currently hampered
by the lack of detailed understanding of the reaction mechanisms of both the oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) facilitated by non-precious metal (NPM)
catalysts. In this manuscript, we conducted a kinetic isotope effect (KIE) study in an effort to
identify the rate-determining step (RDS) of these intricate electrocatalytic reactions involving
multiple proton-coupled electron transfer (PCET) processes. We observed a KIE of about 2 for
the ORR catalyzed by a NPM material, but no KIE was observed for Pt or Pd supported on
carbon. We found an inverse KIE for OER catalyzed by Ni and Co electrodes. These results
contribute to a more complete understanding of the ORR and OER mechanisms and allow for the

future development of improved NPM catalysts.



1. Introduction

The ability to control the chemistry of oxygen represents a major step toward the
utilization of sustainable energy from renewable energy sources." To materialize this vision,
facilitating the oxygen evolution reaction (OER, 4O0H  — 2H,0 + 4e” + O; in alkaline or 2H,0
— O, + 4H" + 4e in acid) and the oxygen reduction reaction (ORR, 2H,0 + 4 + O; — 40H"
in alkaline or O, + 4¢ + 4H" — 2H,0 in acid) at low overpotential is necessary to the
widespread deployment of electrolyzers and fuel cells, respectively.? An electrolyzer is an energy
conversion device that splits water into H, and O, via the following two half reactions: the
anodic OER and the cathodic hydrogen evolution reaction (HER, 2H" + 2" — H,).* In a fuel
cell, the reverse of these two half reactions occurs.* In both devices, the performance is not
limited by the reaction involving hydrogen, but is limited by the sluggish kinetics of the reaction
involving oxygen.” Oxygen chemistry has thus attracted a tremendous amount of attention over
the past fifty years to prepare robust, scalable and competent OER and ORR catalysts.>° Despite
the extensive effort expended in these areas, a complete understanding of the reaction
mechanism has not been achieved.

The kinetic isotope effect (KIE) is a general method to study the reaction mechanism of
many types of chemical transformations.***? Specifically, the substitution of hydrogen with
deuterium has been carried out extensively due to the large differences in reaction rates arising
from the reduced mass differences between the isotopes.’*'* For electrocatalysis involving
protons, Conway et al. investigated KIE of the HER catalyzed by Pt and Yeager et al. conducted

a similar KIE study on ORR catalyzed by Pt.*>*® However, KIE studies are not prevalent in the



field of electrochemistry. Therefore, we seek to expand the use of KIE studies to further
understand the OER and ORR processes at the molecular level.
Current Understanding of ORR Mechanism

The ORR is central to the development of alternative energy conversion devices.>*
Currently, state-of-the-art fuel cells utilize Pt or one of its alloys to facilitate the ORR.”
Unfortunately, these precious materials degrade or are poisoned during operation and despite
being the best catalysts still exhibit overpotentials of about 300 mV. An alternate strategy to
promote efficient O, reduction is to utilize low-cost and poison-resistant non-precious metal
(NPM) catalysts.>®?! State-of-the-art NPM ORR catalysts are prepared via pyrolysis of
transition metal/N/C precursors,® which results in a highly heterogeneous surface structure. Due

to the structural complexity of the catalyst material,??

optimization of the ORR performance
cannot be achieved using conventional structure-activity relationship approaches.”® Apart from
the incomplete structural information of the active site, the formation pathways of deleterious
side products such as O, and H,O; that lead to degradation of fuel cell membranes and other
components are also elusive.*** A unified understanding of the ORR and degradation
mechanism undoubtedly will benefit future catalyst design.

Understanding the ORR mechanism is instrumental to lowering the activation barrier of
ORR. Over the past decade, there are few substantive attempts to elucidate the mechanism of
ORR.” However, the relationship between the reaction pathway and catalytic performance
remains poorly understood. The rate-determining step (RDS) of ORR catalyzed by Pt is
generally accepted to be the first electron transfer step, as evidenced by a 120 mV/dec Tafel

slope and supported by DFT calculations.? The onset potential of ORR by Pt is not pH-

dependent,?” further providing evidence that the RDS is not a proton-coupled electron transfer



(PCET) step. Yeager et al. demonstrated that Pt does not exhibit a KIE during ORR.*® The
absence of a KIE signifies that the steps at or before the RDS do not involve protons/deuterons.*®
One recent report found that Au(100) exhibits a substantial KIE during ORR at pH < 7, but no
KIE at pH > 7.2 This finding is suggestive of a change in proton-participation in the ORR
mechanism upon pH changes. Recent studies of NPM catalysts have shown that the ORR onset

potential is pH-dependent,®*"*°

suggesting that protons are involved in the RDS. However, a
comprehensive, comparative study of carbon-supported catalysts is lacking.
Current Understanding of OER Mechanism

Redox reactions involving multiple PCET steps are ubiquitous and have gathered a
significant amount of interest over the past decades.®* Using renewable sources to power
water-splitting electrolyzers offers a promising scheme to generate H, with almost no carbon
footprint.*** The efficiency of the overall reaction is dictated by the OER overpotential at the
anode and the stability of the anode material.*** Ir and Ru are the anodes of choice in acidic
electrolyte with low OER overpotentials.*® However, their widespread application of Ir/Ru-based
anodes is hindered by the prohibitive high cost and poor long-term stability of these precious
metal catalysts.

Ni, Co, and their alloys are attractive OER electrocatalysts for OER in alkaline
electrolyte, because these relatively inexpensive NPM materials are abundant and durable in
basic condition.®’*® However, OER overpotentials using Ni/Co-based materials range from ca.
50 to 150 mV relative to the thermoneutral potential of 1.48 V versus RHE.***° Real-world
thermodynamic efficiencies for water splitting are only ~75% with currently available Ni-based

catalysts. However, catalyst design to eliminate the high OER overpotential is still limited

because insight into the OER mechanism is missing.*



Currently, tremendous effort is put in to elucidate the identity and surface structure of the
bulk anode materials used to facilitate the OER.***' Reports suggest that surface oxides and
oxyhydroxides which are formed on the metal prior to the OER are the active catalytic species.*
Compositional and morphological changes upon redox cycling of these porous thin film OER
catalysts have been investigated using various techniques, including but not limited to
voltammetric studies,****** Raman spectroscopy,***® X-ray photoelectron spectroscopy (XPS),**

55-57

%2 X-ray diffraction (XRD),>*** X-ray absorption spectroscopy (XAS),>>>" scanning electron

54,58

microscopy (SEM) and transmission electron microscopy (TEM), scanning tunneling

60,61 62,63

microscopy (STM),> ellipsometry, atomic force microscopy (AFM), electrochemical

6467 and in situ stress measurement.%®

quartz crystal microbalance (EQCM),
In order to understand the OER mechanism on oxidized metals, it is important to
interrogate the OER process at the molecular level. Density functional theory (DFT) calculations
predicted that the binding energy of surface oxygen species such as "0, "OH, "OOH controls the
OER activity.****42 This result sparks the following question: does the kinetics of deprotonation
determine the overall OER rate? To the best of our knowledge, literature report on the KIE of the
OER process is lacking.
KIE Studies of ORR and OER
Here, we launched comprehensive and comparative KIE studies of several precious and
NPM ORR and OER catalysts to gain direct mechanistic insight into these intricate reactions
involving multiple PCET steps. In particular, we examined the effect of deuteration on the ORR
process in three different pH regimes: acidic condition that is relevant to proton-conducting

polymer electrolyte membrane fuel cells, neutral condition that is found commonly in biological

systems, and basic condition that is essential for alkaline fuel cell. We further interrogated the



difference in OER response of NPM OER catalysts in the condition at which they are stable and
active. We envision these results to provide unique information that will allow the development
of next-generation, high-performance, durable, and affordable ORR and OER catalysts for

practical energy conversion devices under operation conditions in the near future.

2. Experimental Section

Chemicals were obtained from commercial sources and used without further purification
unless otherwise specified. All proteo and deutero aqueous solutions were prepared freshly each
day using Milli-Q water (> 18 MQ cm) and D0, respectively. For experiments at pH 0.3 and pD
0.3, H,SO,4 (500 mM) and D,SO,4 (500 mM) solutions were used, respectively. For experiments
at pH 7 and pD 7, proteo potassium phosphate buffer solution (H-phos, 100 mM) and deutero
potassium phosphate buffer solution (D-phos, 100 mM) were used, respectively. For experiments
at pH 13 and pD 13, NaOH (100 mM) and NaOD (100 mM) solutions were used, respectively.
For experiments at pH 14 and pD 14, NaOH (1 M) and NaOD (1 M) solutions were used,
respectively. Solutions were sparged with Ar or O,, both of which were dried using a drying
tube, for 30 min prior to each experiment.

Electrochemical studies were carried out using a CH Instruments 760 D Electrochemical
Workstation (Austin, TX) at room temperature (24 °C to 26 °C). ORR experiments were
performed in a three-compartment cell with an aqueous “no leak” Ag/AgCl (3 M KCI, eDAQ,
Inc.) reference electrode separated from the working electrode by a Luggin capillary. A deviation
of ca. 1.3 mV in the electrode potential of the Ag/AgCl reference was expected due to a
temperature deviation of 2 °C.%® A carbon rod counter electrode was separated from the working

electrode by a glass frit. OER experiments were performed in a sealed cell with a Pt mesh



counter electrode and a “no leak” Ag/AgCl reference electrode. Electrochemical impedance
spectra (EIS) for iR correction were collected using a SP-150 potentiostat (Bio-Logic). The
resistance, R, was typically ca. 3 Q, and iR correction was done following published
procedures.’®"? Unless otherwise stated, the scan rate was 10 mV/s. The measured potential by
the Ag/AgCI reference electrode did not shift in proteo and deutero solutions, as confirmed by
the peak position of the Fe(11/111) wave of KsFe(CN)s.” Electrochemical potentials are reported
relative to the reversible hydrogen electrode (RHE) the value of which was measured by
sparging the solution with H, (1 atm) and monitoring the open circuit potential between the
Ag/AgCI reference and a Pt wire introduced following the measurement.?® All experiments
performed were at least quadruplicated. Voltammograms shown are from representative trials.
Error bars presented represent standard deviations of all trials.

For ORR studies, rotating disk electrode (RDE) experiments were performed using a
glassy carbon (GC) disk electrode (0.196 cm? E5 series, Pine instruments) connected to a
MSRX rotator (Pine Instruments). The GC working electrode was polished sequentially with
0.25 and 0.05 pum diameter diamond polish (Buehler), and sonicated in water after each stage.
PANI-Fe-C was prepared according to published procedure.® Ink slurries were prepared using
Nafion 117 solution (5 wt % in alcohols, Sigma-Aldrich) or solution made of Nafion powder
(Sigma-Aldrich). To prepare the binder solution from Nafion powder, Nafion powder (5 mg) was
dissolved in IPA or IPA-D8 (95 mg). After sonicating the mixture for 10 min and heating to 70
°C for 1 min, PEG200 (5 mg) was added. PANI-Fe-C (7.2 mg), Pt supported on Vulcan XC-72
(Pt/C, 7.2 mg, 20 wt. %, E-Tek Inc.), or Pd supported on Vulcan XC-72 (Pd/C, 7.2 mg, 20 wt. %,

E-Tek Inc.) was dispersed in EtOH (500 pL) or EtOD (500 uL). After sonicating for 20 min,

Nafion solution (10 uL) was added. For the binderless cases, the inks were prepared in analogous



manner in the absence of Nafion solution. The resultant suspension was further sonicated for 20
min to afford an ink slurry, which was deposited onto a GC electrode and then dried under a
stream of Ar.

For OER studies, Au substrates were fabricated from glass microscope coverslips (Gold
Seal No. 1, 150 um thick) modified on one side by electron beam deposition of 20 nm Ti
followed by 200 nm Au. The geometric areas of the electrodes were typically ca. 1 cm?. The Au
electrodes were annealed with a H, flame prior to use. The Ni films (~ 300 nm) were
electrodeposited onto Au cantilevers in an aqueous bath of NiSO, (0.5 M) and H3BO; (0.4 M)
adjusted to pH 3 using H,SO, using a pulse deposition method: held at -4 mA cm™ for 100 s
followed by 10 s of resting time, and repeated for two more times. ®® For studies in deutero
solutions, the bath was prepared using D3BO3 (0.4 M) in D,O and adjusted to pD 3 using D,SO,.

Co films (~ 300 nm) were prepared in an analogous manner using CoSO, (0.5 M) instead.

3. Results and Discussion

3.1 ORR in proteo and deutero solutions
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Figure 1. Koutecky-Levich plots and rotating disk electrode (RDE) voltammograms (insets) of
PANI-Fe-C in (a) pH 13 and (b) pD 13 O,-saturated solutions with a scan rate of 10 mV s™ at
400 (blue), 900 (red), and 1600 (black) rpm.

To determine the role of protons in the RDS for the ORR, we carried out Koutecky-
Levich analysis in proteo and deutero solutions. The voltammograms of O, reduction catalyzed
by PANI-Fe-C, Pt/C, and Pd/C under various rotation regimes in acidic, neutral, and basic
conditions and the corresponding Koutecky-Levich plots are shown in Figures 1 and S1-3. We
note that in some cases the O,-diffusion limited current densities observed in proteo solution are
different from those found in deutero solution. However, the difference in the mass transport
limited current density does not directly relate to the KIE (see S.I. note 1 for discussion on KIE
determination). The KIE was determined from the voltammograms by comparing the kinetically
limited current density (jx) given by the Koutecky-Levich equation:

1 1 1
- =—+—
] Jk  Jic

jK = anfCSZ
where j, . = limiting cathodic current density, n = number of electrons transferred, F = Faraday’s

constant, k; = heterogeneous rate constant for reduction, and C,, = the bulk concentration of 0,.
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Figure 2. Bar graphs summarizing the kinetically limited current densities obtained from
Koutecky-Levich analyses of O, reduction voltammograms for PANI-Fe-C, Pt/C and Pd/C with
inks prepared with Nafion powder in O,-saturated 0.5 M H,SO4 (gray), 0.5 M D,SO4 (gray with
strips), 0.1 M pH 7 phosphate buffer (red), 0.1 M pD 7 phosphate buffer (red with strips), 0.1 M
NaOH (blue), and 0.1 M NaOD (blue with strips) solutions.

In order to observe the kinetic effect of the replacement of hydrogen with deuterium, inks
were prepared using Nafion powder to eliminate the effect of trapped protons in the catalyst film
(see Figures S4-11 and Table S1-3 for further discussion). Figure 2 shows bar graphs that
summarizes the kinetically limited current densities of PANI-Fe-C, Pt/C, and Pd/C in O,-
saturated acidic, neutral and basic solutions. The observed kinetically limited current densities
are comparable to the values found for conventional heterogeneous ORR catalysts.”*"® We
observe a dramatic decrease in the ORR kinetically limited current density for the deutero case
relative to the proteo case for PANI-Fe-C in all three pH regimes. By way of contrast, the ORR
Jjk for Pt/C and Pd/C exhibits only a slight dependence on whether the electrolyte is deuterated or
not, which is attributed to the difference in bulk concentration of O, in proteo and deutero

solvents (see S.I. note 1 for further discussion). By accounting for the differences in the value of



Cop, in the two solutions, the kinetic isotope effects for the ORR catalyzed by PANI-Fe-C, Pt/C

and Pd/C can be calculated.

Table 1. Summary of the kinetic isotope effect of ORR catalyzed by PANI-Fe-C, Pt/C, and Pd/C
in acidic (0.5 M sulfuric acid), neutral (0.1 M, pH 7 phosphate buffer) and basic (0.1 M
NaOH/(D)) conditions.

Catalysts PANI-Fe-C Pt/C Pd/C
Acidic 19+05 1.1+0.2 09+04
Neutral 1.6+0.3 1.0+0.3 09+04

Basic 1.8+0.5 1.0+0.3 1.0+£0.2

The majority of the decrease in the kinetically limited current density observed for the
NPM catalyst is therefore attributed to a KIE. Table 1 shows the KIE corrected for the
differences in Cp, in proteo and deutero solutions observed for PANI-Fe-C, Pt/C and Pd/C
catalysts. For PANI-Fe-C, a KIE of approximately 2 was observed while for Pt/C a KIE of 1 was
observed in all three pH regimes. The observed KIEs for the non-precious metal catalyst
demonstrate the involvement of protons from solution at or before the RDS of the ORR. Pt/C
exhibits a fairly low overpotential for the ORR, while that for PANI-Fe-C is somewhat higher.
We wanted to test whether a higher overpotential for the ORR might be correlated with
sensitivity to deuteration. Experiments using Pd/C, a catalyst that exhibits a higher overpotential
for ORR than Pt/C, also show a KIE of 1, indicating that for these precious metal ORR catalysts
(Pt/C and Pd/C) the RDS is a proton-independent electron transfer process.

3.2 Mechanistic insight of the ORR
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Figure 3. Possible mechanisms for the ORR on (a) precious metal and (b-c) non-precious metal
materials. O, and H,O," represent surface-adsorbed, partially-reduced O, species without and
with protonation, respectively. x = 1 or 2. RDS is shown in red.

Together, these findings suggest that the ORR proceeds by different mechanisms in the
two classes of ORR catalysts investigated in this work. Figure 3 shows three possible
mechanisms associated with the ORR catalyzed by either precious metals (Figure 3a) or a NPM
ORR catalyst (Figure 3b and 3c). The lack of a KIE in the precious metal catalysts indicates that
protons do not participate in the RDS of the ORR, confirming that the RDS of O, reduction by Pt
and Pd is an electron transfer step (Figure 3a), at least in the high overpotential region.'®*?” The
presence of an electron-transfer-limited RDS is fully consistent with the 120 mV dec™ Tafel
slope observed in the so-called Langmuir region of the ORR voltammetry.?

For the NPM ORR catalyst examined, the presence of a KIE ~ 2 indicates that protons
are involved at or before the RDS. Two possible general mechanisms are consistent with this

insight. In the mechanism presented in Figure 3b, protons are associated with the initial reduction



of O, during the RDS. Figure 3c displays a mechanism whereby protons likely interact with a
bound partially-reduced O, species during the RDS. Unfortunately, our data cannot differentiate
between the two proposed ORR pathways shown in Figures 3b and 3c for NPM catalysts.
Previous work has shown that the ORR onset potential of NPM catalysts is pH-dependent,®%
further supporting the involvement of at least one protonation step at or before the RDS in the
ORR mechanism. Our experiments using PANI-Fe-C as a model NPM catalyst show the
presence of a KIE, consistent with the proposed mechanisms.

The direct evidence demonstrated by our KIE studies that different ORR catalysts
achieve the same reaction via different mechanisms provides an important distinction when
considering the design of new catalyst materials. An electron transfer RDS suggests that proton
transfer plays a negligible role in determining the ORR kinetics on Pt. Therefore, methods to
improve the ORR activity of Pt include alloying Pt with Ni and other transition metals to
destabilize the surface OH poisons instead of enhancing proton transfer kinetics.”” "
Alternatively, the presence of a KIE on the NPM catalyst examined here suggests that

improvements in catalyst performance require specific attention to proton transfer during the

RDS in addition to the electron transfer step(s).

3.3 Electrodeposited Ni and Co OER catalysts in proteo and deutero solutions
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Figure 4. (a) IR-corrected CVs of Ni in NaOH (1 M) and NaOD (1 M) solutions. Inset displays
the OER onset region. (b) Tafel plots of Ni in (top) 1 M NaOH and (bottom) 1 M NaOD
solutions.

After examining proton involvement in the ORR, we next investigate the effect of
protons on the OER. Figure 4a shows cyclic voltammograms (CVs) obtained from Ni in basic
proteo and deutero solutions starting with the anodic sweep. Similar to previous reports in

alkaline solutions,®*%%8 Nij

metal is spontaneously oxidized to Ni(ll) hydroxide upon
immersion,”*® and is then further oxidized to generate Ni(Ill) oxyhydroxide at 1.362 V. At
1.600 V, the electrodeposited Ni electrode delivers an OER current density of 0.5 mA cm™.

The black line in Figure 4a displays the Ni(OH),/NiOOH redox wave with a midpoint
potential (E1,) of 1.333 V. The red line displays the Ni(OD),/NiOOD redox wave with a E;/, of
1.388 V. The position of the redox wave in deutero solution is ca. 55 mV more positive than that
obtained in proteo solution, indicating that the oxidation of Ni(OD), to NiOOD is

thermodynamically more difficult than the oxidation of Ni(OH), to NiOOH. Figure S12

summarizes other information related to the Ni(ll/lI1l) redox wave. To confirm the shift in the



Ni(1I/111) wave with deuteration, we carried out similar experiments using Ni foil in proteo and
deutero solutions and observed a 40 mV positive shift in deutero solution similar to the case
using electrodeposited Ni (Figure S13). We note that these shifts in potential are not due to
reference electrode effects, as confirmed by experiments with KsFe(CN)g which demonstrated
identical potentials for the Fe(11/111) wave in both proteo and deutero media.”

Similar positive shifts upon deuteration have been observed for a variety of cationic
transition metal complexes and are explained in two ways.”*®*® First, because the O-D bond is
stronger than the O-H bond,® breaking the O-D bond is energetically more costly and the anodic
wave shifts positive. Second, Ni(lll) has a tighter solvation shell than Ni(ll) and D,O forms a
stronger deuterium bonding network relative to the hydrogen bonding network of H,0.”
Therefore, there is a greater increase in entropy when the deuterated solvent structure relaxes
during the reduction of Ni(lll) to Ni(11).%® Due to the more favorable change in entropy that
occurs upon reducing Ni(lll) to Ni(Il) in deutero solutions, the cathodic wave shifts positive.
Since both the anodic and cathodic waves shift positive, the Ey, shifts positive accordingly.

Figure S14 shows the CVs of Ni prepared in proteo solution and interrogated in deutero
solution and CVs of Ni prepared in deutero solution and interrogated in proteo solutions. The
CVs show that Ni metal film prepared in H solution and interrogated in D solution exhibit a
Ni(11/111) redox wave more positive than that found using a Ni metal film prepared in D solution
and interrogated in H solution. This result suggests that the shift in redox potential does not
depend on the solution in which the film is prepared. Instead, the shift depends upon the solution
in which the voltammetry is recorded, a condition analogous to the case presented in Figure 4.
This “cross” experiment further demonstrates that preparing Ni metal film in H and D solution

does not leave a detectable trace amount of H or D residual in the electrodeposited film.



Therefore, pulse deposition of Ni in pH- or pD-controlled solution likely leads to electrodeposits
consisting of pure Ni metal films absent hydroxide, deuteroxide, oxyhydroxide, and/or
oxydeuteroxide contamination.

The inset to Figure 4a shows a blowup of the OER onset region in both proteo and
deutero solutions. Interestingly, the inset shows that the OER in D,0 exhibits a more negative
onset and a lower overpotential at 0.5 mA cm™ relative to the same system in H,O. Figure 4b
shows the Tafel slopes of OER catalyzed by Ni in proteo and deutero basic solutions. The Tafel
slope found in NaOD at the low overpotential region (where n ranges between 0.3 and 0.4 V) is
59 mV dec™ (Figure 4b, top), a value that is somewhat greater than the corresponding slope (53
mV dec™) found in NaOH (Figure 4b, bottom). Recent Tafel slope values for the OER in NaOH
on Ni at the low overpotential range from 51 to 54 mV dec™.®® At higher overpotentials, the
NaOH and NaOD OER traces cross at 1.65 V versus RHE, likely due to the faster diffusion rate
of H,0 relative to D,0O from bulk solution to the electrode surface where they interact with the
oxide layers during OER.®"# The contribution of differential diffusion rates at low overpotential
is insignificant because there are enough reactants between the oxide layers when the rate of
OER is low. Therefore for the KIE analysis, we focus at the low overpotential region where the
kinetics of the reaction is not dominated by the mass diffusion from reactants from the bulk
solution to the catalytic site on the electrode surface.

Table 2. Summary of the overpotential at 0.5 mA cm, Tafel slope and kinetic isotope effect of
OER catalyzed by Ni and Co in 1 M NaOH and 1 M NaOD solutions.

Condition Overpotential at 0.5 mA cm™ (V) Tafel Slope (mV dec?)  ku/ko
Niin 1 M NaOH 0.370 £ 0.006 53+1
06+0.1
Niin 1 M NaOD 0.337 £ 0.006 50+1
Coin1M NaOH 0.330 £ 0.007 57+1
05+0.1

Coin1M NaOD 0.285 + 0.002 631




Table 2 lists the OER activity of Ni found in Figure 4a, the OER Tafel slope obtained at
the low overpotential region from Tafel analysis (Figure 4b), and ku/kp of Ni in proteo and

deutero solutions. The KIE of OER was determined from the voltammograms using the Tafel

equation:
_RT Ini RT Ini
= an, ro” G, ™
joankoc*

where n = overpotential, R = ideal das constant, T = temperature, a = transfer coefficient, n,

number of electrons transferred during the rate-determining step, F = Faraday’s constant, j, =

exchange current density, j = current density, n = total number of electrons transferred, k,
standard heterogeneous rate constant, and C* = bulk concentration of species (see S.I. note 2 for
further information on KIE determination). Using the Tafel slopes found, the calculated KIE is

0.6. A ky/kp value of below 1 is indicative of an inverse KIE.3!4
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To test the generality of the inverse KIE in alkaline OER catalysis, we next evaluate the
effect of deuteration on the OER on Co electrodes. Figures 5a-d display the IR-corrected CVs of
Co obtained in basic proteo and deutero solutions and Figure S15a-d shows the corresponding
uncorrected data. Our Co OER results match with previous reports.* Figure 5c compares the
anodic peak positions of the Co(ll/111) wave in proteo and deutero basic solutions. Comparing to
the Ni case (vide supra), the Co(ll/1ll) anodic peak in 1 M NaOD is at 0.987 V versus RHE,
which is slightly more positive relative to that found in 1 M NaOH (0.978 V versus RHE). The

difference between the OER current densities measured at high overpotential between proteo and



deutero solutions found for Co is less apparent as compared to the Ni case. Although Ni and Co
exhibit the same qualitative trends, the dissimilarities in the magnitude observed is likely due to
the fact that Co forms multiple types of oxides and hydroxides before and during OER,* while
Ni only forms Ni(OH), and NiOOH in alkaline.*® Table 2 lists the OER overpotentials of Co at
0.5 mA cm™ obtained in proteo and deutero basic solutions, which are similar to those found
using Ni as the OER catalyst. Figure 6 shows the Tafel plots of Co at the low overpotential

region. The calculated KIE is about 0.5 (Table 2), which is similar to the KIE value found for the

Ni case.
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Figure 6. Tafel plots of Co in (a) 1 M NaOH and (b) 1 M NaOD solutions.

3.4 Origins of the inverted KIE during the OER

We next address the possible origins of the inverse KIE found for the OER on Ni and Co
in basic solutions. First, inverse KIEs are usually associated with differences in the steric
environment of the active site caused by deuteration during the RDS.!* For example,

interconversions of sterically-hindered biaryls typically exhibit inverse KIEs of ca. 0.8.148%%2 A



comparison between the racemization rates of 2,2’-dibromo-4,4’-dicarboxybiphenyl and its 6,6’-
dideutero derivative gives an inverse KIE of 0.85.%% Another comparison of the inversion rates
of 9,10-dihydroxy-4,5-dimethylphenanthrene and its derivative with the two methyl groups fully
deuterated yields an inverse KIE of 0.86.”%" Translating this steric argument to the OER leads to
a possible scenario shown in Figure 7a where surface crowding could lead to an inverse KIE. In
this model, the O-D bond is stronger than the O-H bond.* This means that the O-D bond in
MO(QOD) is shorter than the O-H bond in MO(OH), where M = Ni or Co. The shorter O-D bond
could lead to a less occluded active site, resulting in a less hindered pathway for reactants to
diffuse to the MO(OD) surface as compared to the MO(OH) surface. As a result, the less bulky
MO(OD) structure would exhibit faster OER kinetics. Our model shows a particular case in
which a single metal center is the locus of reactivity, but this idea could easily be extended to a
multi-metallic active site, as has been suggested in other work. 33399100
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Figure 7. A possible scenario of the OER process catalyzed by M (Ni or Co) surface

oxyhydroxides in which an inverse KIE can be observed highlighting (a) the hydroxide and (b)



deuteroxide (green) that impart KIE on the adjacent bond forming or breaking site, and (c) the
change in coordination environment and the corresponding rehybridization of the metal center
(violet) upon accommodating an incoming ~OH species (pink).

A second origin of an inverse KIE results from a change from a less hybridized state to a
more hybridized state (e.g. sp® to sp®) during the RDS.* The typical observed KIE relating to
this type of rehybridization is about 0.9. For example, solvolyses of methyl esters containing
iodide and their deuterated derivatives lead to inverse KIEs of ca. 0.87.*" A change in the
hybridization state during the RDS leads to a larger difference in the A zero point energy (ZPE)
of the transition state than in the A ZPE in the ground state. Figure 7b displays a possible
scenario where a change in the coordination environment of M (Ni or Co) could result in an
inverse KIE. In this model, the MO(OH) changes hybridization state upon binding of a OH.
Therefore, the A ZPE for the case involving "OD as the incoming species may be larger than that
for the "OH case.

A third explanation for an inverse KIE invokes an electronic argument.** The magnitude
of an inductive KIE is typically about 0.95, a less significant effect than the two types of inverse
KIEs previously discussed.'*!%? Deuterium substitution at a position more remote than B to the
reaction center along an alkyl chain yields an inverse KIE of 0.97.29%1% D is more electropositive
than H, meaning that D is more electron releasing.'®'% Due to the difference in electron
donating ability, "OD is more polar than "OH, resulting in a higher "OD flux towards the
positively charged metal centers.

At this point, it is not possible to distinguish between the different origins of the inverted

KIE as it applies to the OER. The relatively large inverse KIEs found for the OER catalyzed by



Ni and Co may result from a combination of all three effects mentioned above, as has been
suggested in other systems.#1%
3.5 Mechanistic Implications for the OER

We next evaluated OER mechanism in the context of the inverted KIE. Many OER
mechanisms have been proposed.'® Here, by utilizing the insight we obtained from the KIE
experiments, we attempt to identify the plausible RDS in four OER mechanisms commonly
discussed in literature. The lack of a primary normal KIE indicates that O-H or O-D bonds are
not cleaved during the RDS of the OER. Instead, the observed inverse KIE suggests that the RDS
involves forming or breaking of a bond which (1) does not directly involve H or D, (2) is

adjacent to an OH or OD moiety, and/or (3) requires a change from a less to a more hybridized

state on the metal or oxygen center.

"OH —> (OH)y4s + © (1)

(OH)ags + OH —> (O )ags + H20 (2)
(07 )ads —> (Oaus *+ € (3)
2(07)ags —> Oy (4)

Figure 8. An OER mechanism focusing on the adsorbed species.®®®’

First, we consider the simplest case that emphasizes adsorbed species.®" The
mechanism presented in Figure 8 considers the adsorbed reactants only and discounts the role of
the underlying metal oxides. "OH adsorbs on the surface upon oxidation and generates adsorbed
O species upon deprotonation (steps 1 and 2). Two O species react to give off O, upon further
oxidation (steps 3 and 4). Step 1 is not sterically hindered and step 2 contains direct O-H bond
breaking. No protons are adjacent to the bond breaking/forming sites in steps 3 and 4. Since none

of the steps in this mechanism fits any of the criteria that leads to an inverse Kinetic isotope



effect, our data does not support any of the steps shown in the mechanism presented in Figure 8
to be rate-limiting. Several other papers dismiss the mechanism in Figure 8 as a prevalent OER
mechanism on metal oxide surfaces.®** One of the reasons steps in Fig. 8 are not favored is the
involvement of high energy species such as OH radicals and O atoms.*®
M(OH), + "OH — M(OH)(0) + H,0 + e~  (5)

M(OH)(O) + "OH — M(OH)(OOH) + e~ (6)
M(OH)(OOH) + "OH — M(OH)(O;) + H,O0 + e~ (7)

M(OH)(O;) + OH —> M(OH), + O, + e~ (8)
Figure 9. A mechanism of OER catalyzed by metal surfaces (M = Ni or Co) with neighboring
bound OH species.*® Plausible RDS are highlighted in red. Proton that imparts KIE on the
adjacent bond forming or breaking site is highlighted in green.

Figure 9 displays an OER pathway that implicates adjacent OH species in the OER
mechanism.**® Steps 5 and 7 show the deprotonation of surface-bound OH and OOH species by
aqueous “OH. Since direct O-H bond cleavage exhibits a normal KIE,*** steps 5 and 7 are likely
not rate-limiting. Step 6 shows an attack of a bridging oxide or terminal oxo by "OH with a
neighboring surface-bound OH moiety, while step 8 displays an O, releasing step and a OH
association step. Due to the heterogeneity of the metal surfaces and the ambiguity of the binding
modes of the O, OOH and O, species,**%%1%9 the accurate assignment of the RDS in the case
presented in Figure 9 is difficult. Since a sterically-hindering OH moiety is within the vicinity of
the bond breaking or forming site with a possible rehybridization event occurring, we cannot

exclude the possibility that either step 6 or 8 can be rate-limiting.



MO(OH) + "OH —= MO(OH), + e~ (9)
MO(OH), + OH — MO(OOH) + H,0 + e~  (10)
MO(OOH) + "OH — MO(O,) + H,0 + e~ (11)
MO(O;) + OH — MO(OH) + O, + e~ (12)
Figure 10. An OER mechanism that involves metal oxides (M = Ni or Co0).3*%*1% A plausible
RDS is denoted in red. A proton that imparts an inverse KIE on the adjacent bond forming or
breaking site is denoted in green.
Figure 10 shows an OER mechanism that involves an addition of a "OH to the metal
center and changes the geometry and the coordination number of the metal center.>***'% Step 9
is likely a RDS because it involves the formation of a M-O bond next to an existing OH moiety,
which provides the steric crowding required for the observed inverse KIE.* Steps 10 and 11 are
not rate-limiting because they contain deprotonation steps and direct cleavage of an O-H bond
should give a measurable normal KIE.*® Step 12 involves an O, dissociation step and a "OH
addition step. However, the reaction site is not occluded by bound OH moieties, suggesting that
step 12 is not rate-limiting.
MO(OH) + "OH —> MO(OH), + e~ (13)
MO(OH), —» (MO)" - H,0, + e~ (14)
(MO)* - H,0, + 2 "OH — MO(OH) - HO, + H,0 + e~ (15)
MO(OH) - HO, + OH —> MO(OH) + O, + H,0 + e~ (16)
Figure 11. An OER mechanism that entails a H,O, intermediate species.”*®® Plausible RDS is
represented in red. Proton that imparts KIE on the adjacent bond forming or breaking site is

represented in green.



Figure 11 shows a pathway less frequently discussed in literature. Intriguingly, this

pathway invokes the involvement and release of a H,O, intermediate.®*%

Identical to step 9
presented in Figure 10, step 13 in Figure 11 is a plausible RDS because the formation of a M-O
bond close to an existing OH group fits the criteria required to yield an inverse KIE.* The
release of H,O, depicted in step 14 likely results in a change of the metal center from a more
hybridized state to a less hybridized step, a change usually associated to a normal KIE.** Step 15
involves the addition of a ‘OH to M without neighboring OH functionalities. Steps 15 and 16
contain deprotonation steps of species not directly attached to the electrode surface. Therefore,
the likelihood of steps 14-16 to be rate-limiting is low.

The goal of this section is not to disprove any mechanism proposed in the literature.
Rather we intend to identify the plausible RDS in the many OER pathways suggested over the
years. In Figures 8-11, we classify the many OER mechanisms previously proposed into four
broad categories based on species involved in the process. Our observation of an inverse KIE
for the OER suggest that the OER RDS likely involves breaking or forming a bond that (1) does
not involve H or D directly, (2) occurs at an occluded site decorated by nearby OH or OD
groups, and/or (3) requires a rehybridization of the reaction site to a more hybridized state. This

observation provides constraints as to the nature of the RDS during the OER, constraints that

must be addressed during the search for more competent OER catalysts.

Conclusion
In this report, we investigated the effect of deuteration on the ORR and the OER
activities of both precious and NPM catalysts. For the ORR on the precious metal catalysts Pt

and Pd, we found a KIE of 1, in agreement with previous studies. For the ORR on Fe-based



NPM catalysts, we found a KIE of 2 which demonstrates the involvement of protons at or before
the RDS. For the OER on Ni and Co, we found an inverse KIE of 0.6 and 0.5, respectively. The
OER results suggest that a rate-limiting bond breaking or forming event which does not involve
the direct cleavage of an O-H bond, but likely occurs at an occluded site on the electrode surface
with adjacent OH functionalities. The mechanistic insight gained from our KIE studies of the
ORR and OER should be generally useful to the broad community that is interested in both the
fundamental aspects of these PCET processes and the development of active, robust, and

inexpensive catalysts for these energy-intensive reactions.
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Note 1. Calculating kinetic isotope effect from Koutecky-Levich analysis.

1 1 1

j jK jl,c
limiting cathodic current density = j,. = 0.6211FD§£30)1/211‘1/6C52
kinetically limited current density = jx = nFksC,
Where j = current density, n = number of electrons transferred, F = Faraday’s constant, Dy, =

diffusion coefficient of 0,, w = electrode rotation rate, v = kinematic viscosity, Cp, = the bulk

aFn
concentration of 0,, and k; = k, e” ®r = heterogeneous rate constant for reduction.

Jic represents the current density obtained under totally mass-transfer-limited conditions and
thus involves terms related to diffusion, bulk concentration, kinematic viscosity and rotation rate.
Jjk describes the current density measured under the kinetic limitation when the mass transfer is
efficient enough to keep the concentration of reactants at the electrode surface equal to the bulk
value. The current density absent any mass-transfer effects is a prerequisite to study Kinetic

isotope effect.

1

Plotting y = %and X =—7 gives:
l 1
slope =
0.62nF D/ *v=1/6C;,
, 1 1
intercept = —

ik nFkgCp,
Dividing j# obtained in proteo solution by ;2 obtained in deutero solution gives:

. Hi H -~*H
]gl_n ks Co,

D~ DD %D



Following established methods,** the solvomolalities of O, in H,O and D,O at 298.15 K

are converted to bulk concentrations of O, in H,O (C(’;'ZH) and in D,O (CS'ZD) to yield

*,H

0,
*,D -
)

0.908

Calculating the KIE at constant overpotentials and assuming the total number of electrons

transferred and the transfer coefficients to be similar yields:

ki _J8Co, _jg 1

K jpcg™ j2 0.908

Changes in O, diffusion limited current is due to differences in O, diffusion coefficients,
kinematic viscosity, and bulk O, concentration between H and D solutions. Similar changes in

the peak current can be observed for the case without rotation.



Note 2. Calculating kinetic isotope effect from Tafel slope analysis.*

RT
ng F

Inj RT 1nj
Mo = o InJ

overpotential =1n =
where R = ideal das constant, T = temperature, a = transfer coefficient, n, = number of electrons
transferred during the rate-determining step, F = Faraday’s constant, and j = current density.

Plotting y = n and x = In gives:

] B RT
slope = an.F
int t = Inj
intercep n F nj,

intercept = (—slope)In j,

intercept
jO =e —slope

Exchange current density (j,) is described by the following equation:*
Jo =nFkyC”
where n = total number of electrons transferred, k, = standard heterogeneous rate constant, and
C™ = bulk concentration of species.
Dividing j{ obtained in proteo solution by ;& obtained in deutero solution gives:

j§ _nikgcn

%~ wkge
c*H = ¢*P because the experiments were conducted in pH 14 and pD 14 solutions, i.e. the
hydroxide and deuteroxide concentrations are the same.
Assuming n remains unchanged in proteo and deutero solutions:

Jo _ ko

Y



Using Tafel slope analysis to calculate kinetic isotope effect is not meaningful at high
overpotential because the reaction is limited by mass transport. Therefore, to obtain meaningful
interpretation of the kinetic isotope effect of OER catalyzed by Ni and Co, we utilize Tafel slope
analysis at overpotentials less than 0.5 V where the reaction is not limited by mass transport.

Using the Gibbs formation energy of D0, the formal reduction potential for the reaction
2 D, + O, — 2 D,0O is calculated to be 1.26 V, which is 30 mV greater than H,O (1.23 V). The
standard potential of a hydrogen redox couple on Pt differs from that of a deuterium redox
couple on Pt by 4.3 mV at 298 K.°

For maintaining consistency in Tafel slope analysis, Tafel slopes are obtained in the same
potential window for both proteo and deutero solutions where the second derivatives of the CV
traces are zero. The Tafel slopes measured for proteo solutions at both low and high
overpotentials match with literature reported values. Recent Tafel slope values for the OER on
Ni at high overpotential range from 126 to 132 mV dec™.” However, we focus our attention to
the low overpotential region where the kinetics of the reaction is not plagued by mass diffusion
from bulk solution to the electrode surface then through the layered-structure of the metal

oxides/oxyhydroxides/hydroxides.
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Figure S1. RDE voltammograms and Koutecky-Levich plots (insets) of PANI-Fe-C with inks

prepared with Nafion powder in (a) pH 0.3, (b) pD 0.3, (c) pH 7, and (d) pD 7 O,-saturated
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Figure S2. RDE voltammograms and Koutecky-Levich plots (insets) of 20 wt.% Pt supported on
Vulcan XC-72 with inks prepared with Nafion powder in (a) pH 0.3, (b) pD 0.3, (c) pH 7, (d) pD
7, (e) pH 13, and (f) pD 13 O,-saturated solutions with a scan rate of 10 mV/s at 400 (blue), 900

(red), and 1600 (black) rpm.
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Figure S3. RDE voltammograms and Koutecky-Levich plots (insets) of 20 wt.% Pd supported
on Vulcan XC-72 with inks prepared with Nafion powder in (a) pH 0.3, (b) pD 0.3, (c) pH 7, (d)
pD 7, (e) pH 13, and (f) pD 13 O,-saturated solutions with a scan rate of 10 mV/s at 400 (blue),

900 (red), and 1600 (black) rpm.
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Figure S4. RDE voltammograms and Koutecky-Levich plots (insets) of PANI-Fe-C without
binder in (a) pH 0.3, (b) pD 0.3, (c) pH 7, (d) pD 7, (e) pH 13, and (f) pD 13 O,-saturated

solutions with a scan rate of 10 mV/s at 400 (blue), 900 (red), and 1600 (black) rpm.
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Figure S5. RDE voltammograms and Koutecky-Levich plots (insets) of 20 wt.% Pt supported on
Vulcan XC-72 without binder in (a) pH 0.3, (b) pD 0.3, (¢) pH 7, (d) pD 7, (e) pH 13, and (f) pD
13 O,-saturated solutions with a scan rate of 10 mV/s at 400 (blue), 900 (red), and 1600 (black)

rpm.
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Figure S6. Bar graphs summarizing the Kinetically limited current densities obtained from
Koutecky-Levich analyses of O, reduction voltammograms for PANI-Fe-C, Pt/C and Pd/C with
inks prepared with without binder in O,-saturated 0.5 M H,SO, (gray), 0.5 M D,SQO, (gray with
stripes), 0.1 M pH 7 phosphate buffer (red), 0.1 M pD 7 phosphate buffer (red with stripes), 0.1
M NaOH (blue), and 0.1 M NaOD (blue with stripes) solutions.

In an effort to minimize the effect of binder on protons or deuterons delivery to the
catalytic site during the ORR process, we study the ORR activity of PANI-Fe-C and Pt/C in
proteo and deutero solutions using various ink preparation methods (Figure S4-11). Figure S6
compares the kinetically limited current densities calculated from Koutecky-Levich plots of
PANI-Fe-C and Pt/C using inks without Nafion powder. We observe lower ORR kinetically
limited current densities by PANI-Fe-C in deutero solutions as compared to proteo solutions. For
Pt/C, the ORR Kkinetically limited current densities are similar in both deutero and proteo
solutions. These results are similar to those obtained from inks prepared using Nafion powder as

binders.

Table S1. Summary of the kinetic isotope effect of ORR catalyzed by PANI-Fe-C, Pt/C, and
Pd/C with inks prepared without binder in acidic (0.5 M sulfuric acid), neutral (0.1 M, pH 7
phosphate buffer) and basic (0.1 M NaOH/(D)) conditions.

Catalysts PANI-Fe-C Pt/C

Acidic 1.7+0.3 1.0+04
Neutral 21+04 1.0+0.3




Basic 1.7+0.3 09+04

Table S1 displays the kinetic isotope effects calculated using values in Figure S6. In all
three pH regimes, the kinetic isotope effects measured for PANI-Fe-C and Pt/C are ca. 2 and 1,
respectively. The kinetic isotope effects are very similar for both inks with Nafion powder as
binder and inks without binder, further confirming our conclusion above that protons are

involved at or before the RDS of the ORR catalyzed by non-precious metal catalyst PANI-Fe-C

but not for the case of Pt/C.
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Figure S7. RDE voltammograms and Koutecky-Levich plots (insets) of PANI-Fe-C with inks
prepared using Nafion 117 solution in EtOH in (a) pH 0.3, (b) pD 0.3, (c) pH 7, (d) pD 7, (e) pH
13, and (f) pD 13 O,-saturated solutions with a scan rate of 10 mV/s at 400 (blue), 900 (red), and

1600 (black) rpm.
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Figure S8. RDE voltammograms and Koutecky-Levich plots (insets) of 20 wt.% Pt supported on
Vulcan XC-72 with inks prepared using Nafion 117 solution in EtOH in (a) pH 0.3, (b) pD 0.3,
(c)pH 7, (d) pD 7, (e) pH 13, and (f) pD 13 O,-saturated solutions with a scan rate of 10 mV/s at

400 (blue), 900 (red), and 1600 (black) rpm.



To further investigate the effect of trapped protons in binders, we formulate inks using
Nafion 117 solution saturated with protons. Figures S7 and S8 display the ORR LSVs and
Koutecky-Levich plots of PANI-Fe-C and Pt/C with inks saturated with protons. Using inks
saturated with protons, we observed no change in the O, reduction voltammetries and the

kinetically limited current densities.
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Figure S9. Bar graphs summarizing the kinetically limited current densities obtained from
Koutecky-Levich analyses of O, reduction voltammograms for PANI-Fe-C and Pt/C with inks
prepared using Nafion 117 solution in O,-saturated 0.5 M H,SO4 (gray), 0.5 M D,SO, (gray with
stripes), 0.1 M pH 7 phosphate buffer (red), 0.1 M pD 7 phosphate buffer (red with stripes), 0.1

M NaOH (blue), and 0.1 M NaOD (blue with stripes) solutions.



Table S2. Summary of the kinetic isotope effect of ORR catalyzed by PANI-Fe-C and Pt/C with
inks prepared using Nafion 117 solution in acidic (0.5 M sulfuric acid), neutral (0.1 M, pH 7

phosphate buffer) and basic (0.1 M NaOH/(D)) conditions.

Catalysts PANI-Fe-C Pt/C
Acidic 1.3+05 1.1+0.3
Neutral 1.5+04 1.2+0.3

Basic 1.2+0.2 0.9+0.3

Figure S9 shows the bar graphs summarizing the measured kinetically limited current
densities of PANI-Fe-C and Pt/C with inks saturated with protons. Table S2 summaries the
measured Kinetically limited current densities and the calculated kinetic isotope effects of PANI-
Fe-C and Pt/C with inks saturated with protons. Both PANI-Fe-C and Pt/C exhibit KIEs of ca. 1,
suggesting that the presence of deuterons in bulk solution does not slow down nor speed up the
ORR. These results suggest that by using inks prepared with the commercially available Nafion

117 solution, protons are trapped inevitably in the dried catalyst film on the electrode surface.
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Figure S10. RDE voltammograms and Koutecky-Levich plots (insets) of PANI-Fe-C in (a) pD
0.3, (¢) pD 7, and (e) pD 13 and 20 wt.% Pt supported on Vulcan XC-72 in (b) pD 0.3, (d) pD 7,
and (f) pD 13 O,-saturated solutions using inks prepared with Nafion 117 solution in EtOD with

a scan rate of 10 mV/s at 400 (blue), 900 (red), and 1600 (black) rpm.



Since commercially available Nafion 117 solution results in trapped protons in the
catalyst inks, we attempted to exchange out the trapped protons by using EtOD to prepare the
inks. We also explored other methods to prepare the inks such as drying the Nafion 117 solution
prior to preparing inks, but this method resulted in a translucent film that could not be
redissolved upon addition of deuterated ethanol or isopropanol. Figure S10 compares the LSVs
of an attempt to prepare deuterated inks using Nafion 117 solution diluted with EtOD. The
corresponding bar graphs that summarize the kinetically limited current densities calculated from

Koutecky-Levich plots are shown in Figure S11.
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Figure S11. Bar graphs summarizing the kinetically limited current densities obtained from
Koutecky-Levich analyses of O, reduction voltammograms for PANI-Fe-C and Pt/C with inks
prepared using Nafion 117 solution in O,-saturated 0.5 M H,SO4 (gray), 0.5 M D,SO4 (gray with
stripes), 0.1 M pH 7 phosphate buffer (red), 0.1 M pD 7 phosphate buffer (red with stripes), 0.1

M NaOH (blue), and 0.1 M NaOD (blue with stripes) solutions.



Table S3. Summary of the kinetic isotope effect of ORR catalyzed by PANI-Fe-C and Pt/C with
inks prepared using Nafion 117 solution with the deuterated inks containing EtOD in acidic (0.5

M sulfuric acid), neutral (0.1 M, pH 7 phosphate buffer) and basic (0.1 M NaOH/(D)) conditions.

Catalysts PANI-Fe-C Pt/C
Acidic 1.1+0.3 1.1+01
Neutral 14+03 11+0.2

Basic 1.3+0.2 1.0+0.2

Figure S11 shows the bar graphs summarizing the measured kinetically limited current
densities of PANI-Fe-C and Pt/C with deuterated inks prepared using Nafion 117 solution
diluted with EtOD. Table S3 summarizes the measured kinetically limited current densities and
the calculated kinetic isotope effects of PANI-Fe-C and Pt/C with deuterated inks prepared using
Nafion 117 solution diluted with EtOD. Both PANI-Fe-C and Pt/C exhibit KIEs of ca. 1,
suggesting that the presence of deuterons in bulk solution does not slow down nor speed up the
ORR. These results suggest that by using inks prepared with the Nafion 117 solution, protons are
trapped in the dried catalyst film on the electrode surface irrespective to the solvent used to dilute

the ink.
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Figure S12a. Anodic, cathodic, and midpoint potentials of the Ni(OH),/NiOOH wave in 1 M
NaOH (black) and 1 M NaOD (red).

We note that the magnitudes of the isotope effects are less for the cases of surface
catalysts, likely due to the planar geometry (as opposed to spherical geometry in the case for

molecular compounds in solution) of the extended water network and solvation shell.®*°
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Figure S12b. IR-uncorrected CVs of Ni in NaOH (1 M) and NaOD (1 M) solutions. Inset
displays the OER onset region.
Without IR-correction, we observe more OER current in proteo solution than deutero

solution at potentials greater than 1.66 V for the case of Ni, likely because the diffusion



coefficient of H,O is larger than that of D,0."**? At potentials lower than 1.66 V, OER occurs at
a slower rate and the interlayer H(D),O inside the NiOOH(D) film is preferentially oxidized. At
high potentials, interlayer H(D),O is depleted and the gaps are replenished by bulk H(D),O. This
bulk-to-interlayer diffusion process of H(D),O likely limits the OER rates. We note that Co
exhibits the same crossing behavior as Ni (vide infra), suggesting that this feature is likely not
dependent on the identity of the OER catalysts, but rather a general phenomenon when running

experiments in and comparing results between proteo and deutero solutions.
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Figure S13. CVs of Ni foil in 1 M NaOH (black) and 1 M NaOD (red) solutions (zoomed into
the Ni redox wave).

The difference in current observed in Figure S13 could be due to many reasons, one of
which could be the difference in surface roughness of the Ni foil used. The Ni foil was polished
with sand paper and dipped into H,SO, or D,SO, to expose fresh Ni surfaces prior to
electrochemical studies, so the geometric area used to calculate current density does not reflect
the actual electrochemical active surface area. We would like to stress that the point of this
experiment is to check whether the Ni(ll/ll) peak shifts depending on the bulk solution
content—in particular H versus D. This experiment clearly demonstrates that the Ni(11/111) peak

in deutero solution is more positive than the case in proteo solution.
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the OER onset region, respectively.



Without IR-correction, we observe more OER current in proteo solution than deutero
solution at potentials greater than 1.63 V for the case of Co, likely because the diffusion
coefficient of H,O is larger than that of D,0.*"*? Qualitatively similar to the case of Ni,
interlayer H(D),O is depleted and the gaps are replenished by bulk H(D),O. This bulk-to-
interlayer diffusion process of H(D),O likely limits the OER rates at the high overpotential
region. Since Co and Ni both exhibit the crossing behavior, we hypothesize that this feature is
likely not dependent on the identity of the OER catalysts, but rather a common behavior when

comparing results conducted in proteo and deutero solutions.
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1. Abstract

Based on our previous successful attempt to use of Cu complex of 3,5-diamino-1,2,4-
triazole (DAT) as an efficient oxygen reduction reaction (ORR) catalyst for fuel cell
applications, we spearheaded a follow-up study on utilizing Cu complexes of Schiff base
derivatives of DAT as cathode catalysts (Figure 1). Our group also launched an investigation to
use Cu complexes bound by pyridyl-based and alkyl-amine-based ligands as ORR catalysts
(Figure 2). As an on-going effort, we further develop systems involving non-precious metal

(NPM) complexes of ligands possessing pyrazole, imidazole, and triazole synthons (Figure 3).
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2. Introduction

The quest for renewable energy sources is one of the central research themes in the 21%
century due to the detrimental environmental consequences of consuming fossil fuels, including

* rising sea level,> adverse climate change,’ escalating

but not limited to global warming,®
greenhouse gas emissions,”® food shortage,® and infectious disease threat.'® One viable strategy
to combat the rising energy demand and mitigate detrimental impacts on our ecosystem, public
health, and economy is to utilize clean energy technology in the transportation and power
generation sectors. Widespread adoption of alternative energy schemes, in principle, should lead
to a sustainable energy economy, maintain food security, and reduce the dependence on foreign

oil supplies in the future.! Fuel cells provide a feasible route to enable clean energy usage with

minimal generation of undesired pollutants.



Fuel cells are electrochemical devices that convert chemical energy directly into electrical energy
using an external fuel source.'? Fuel cells are not heat engines, and therefore fuel cells are not
limited by the Carnot cycle, which sets the upper boundary for the thermodynamic efficiency of
internal combustion engines.*? The theoretical efficiency of fuel cells can reach as high as 90
%.'? With this superior efficiency and capacity, fuel cells are projected to be the energy
conversion devices of choice for future transportation applications, provided that certain design
problems can be solved.**** These devices have utility in outer-space applications, but the costs

remain too high for more conventional uses on Earth.*

Polymer electrolyte membrane fuel cells (PEMFCs) have a variety of potential portable
applications, mainly in the transportation sector.'® These relatively simple devices are comprised
of a stack of ion-exchange membranes sandwiched between the cathode and anode, which are
separated by a proton-conducting perfluoro-membrane commonly comprised of Nafion, with the
catalysts deposited onto the electrode surfaces.'”® In addition to the attractive efficiency,
PEMFCs also are environmentally friendly because water is the by-product. Despite their
favorable qualities, PEMFCs are predominantly limited by fuel-crossover, a phenomenon that
lowers the cell voltage, and sluggish oxygen reduction kinetics at the cathode, among other
engineering issues.*®? The former impediment is being addressed by advances in the membrane
material research but the kinetic issue remains largely unsolved. Therefore, at present the
performance of PEMFCs is practically inhibited by the sluggish kinetics of the oxygen reduction

reaction (ORR) at the cathode.



At present, no artificial catalyst is capable of facilitating the ORR at virtually no
overpotential. The ORR is an intricate process that requires a lot of energy to break the
particularly strong O=0 double bond (498 kJ/mol) and involves multiple proton-coupled electron
transfer (PCET) steps.*? Apart from the large energy input required for O=0 bond cleavage and
the complicated reaction mechanism, most catalysts do not selectively reduce O, by 4 e to H,0.
Instead, these catalysts generate a substantial amount of H,O; as a deleterious side product via a
2 e process that leads to membrane degradation and catalyst decomposition.?*?® These
limitations contribute to the lack of an active, selective, and cost-effective catalyst for the ORR

which prevents the large-scale commercial use of low temperature PEMFCs.?*

Catalysts are capable of lowering the kinetic barrier for the ORR, and precious metals
such as Pt-group metals have long been used as an industrial standard to facilitate the ORR in
fuel cells, especially those present in space shuttles and the international space station.® Current
state-of-the-art fuel cells contain a high loading of Pt. However, the high cost and scarcity of Pt
are two of the major impediments that have prohibited extensive commercialization of
PEMFCs.'? Another practical limitation of using Pt as the cathode catalyst is the 300 mV
overpotential required to facilitate the ORR, a substantial energy loss that is higher than desired.
In nature, a handful of naturally-occurring enzymes with well-defined active sites reduce O,
more efficiently than Pt.** One attractive target is a class of enzymes called multicopper
oxidases of which laccase is the most well-known example.® Laccase, a "blue oxidase" enzyme
found in fungi, plants, and microorganisms, features a three-Cu active site where the ORR

occurs.3+3°



Laccase catalyzes the four-electron four-proton reduction of O, to H,O, with minimal
production of H,0,.>** When immobilized onto gold surfaces using an anthracene-2-
methanethiol linker, the enzyme functions as an efficient cathode catalyst at pH 7.** While
commercial Pt catalysts exhibit a substantial overpotential of ~300 mV, the laccase-modified
electrode shows a promising overpotential of merely ~70 mV.* However, the overall
performance of the laccase-modified electrode is limited by the immense size of laccase (~60
kDa), which significantly decreases the current density and the power output. Furthermore,
laccase is only stable in physiological pH solutions and is unable to withstand the harsh
operating conditions of PEMFCs (typically temperatures 80-200 °C, pH <2).'? Laccase activity
is greatly inhibited under non-physiological conditions.*® Taken together the enormous size, low
chemical tolerance, and intrinsic thermal instability of the laccases studied, direct utilization of

laccase as a cathode catalyst in PEMFCs is not practical.

Since the direct utilization of laccase is plagued with inherent shortcomings and cannot
deliver the power density necessary for practical uses,'® molecular models of the active site may

47 It

yield a robust, yet efficient, catalyst. is desirable to develop new bio-inspired Cu complexes

as fuel cell catalysts that supersede the activity of traditional materials at a substantially lower

cost. Synthetic Cu complexes are well known to react with Oy '#*

although relatively few
studies examine their ability to catalyze the reduction of O, to water. Recently, our group
reported that the Cu complex of tris(2-pyridylmethyl)amine (TPA) catalyzes the ORR with an
overpotential of 700 mV at pH 1, the lowest overpotential for a non-biological Cu complex at

this pH.>* Rational design of the ligand framework should allow further lowering of the ORR

overpotential. By tuning the steric environment and electronic properties of the primary and



secondary coordination spheres,”*®* Cu complexes with O, in various binding modes have been
isolated and characterized with concomitant changes to the thermodynamic reduction potentials
of the metal centers.”® The key to synthesizing fruitful biomimetic ORR catalysts based on
laccase requires the precise positioning (spatial) of the three copper centers (chemical) of the
appropriate reducing power (potential) at the exact moment (temporal). To ensure cooperativity
comparable to that of metalloproteins, future catalysts require sophisticated ligand scaffolds.”®"
Quantitative structure-activity relationship between ligand flexibility and ORR activity should

assist in the identification of a molecular template that encourages intramolecular O, interaction

by preorganizing the Cu units.

3. Results and Discussion
3.1.  Cucomplexes of Schiff base of DAT

Cu complexes of Schiff base of DAT essentially perform analogously to CuDAT,
suggesting the addition of flanking electron-donating, electron-withdrawing, and proton-relay
groups does not significantly perturb the dinuclear Cu core as the ORR reaction center. This is
not the first example that ligand modification does not impact the electrocatalytic activity. For
the tri- and di-pyridyl amine ligand scaffolds (TPA and DPA), tweaking the sterics, electronics,
and contiguity of the framework has no effect on the ORR onset and diffusion-limited current
achieved across a wide range of pH units (pH 1-13).°*"*™ All these experiments strongly
indicates that the electron transfer energetics is likely primarily dictated by the electrode
potential at the glassy carbon surface and the proton transfer dynamics is predominantly

controlled by the solution pH. Another possible explanation is the newly-installed functionality



degrades during electrocatalytic activity assay to produce the unmodified parent Cu complex in

situ.

3.2.  Cu complex of pyrazolyl-based derivatives

In our continue effort to improve the performance of NPM catalysts for fuel cell
technology, we prepared Cu complexes of pyrazole derivatives (substituents at the 3 and 5
positions) and trispyrazolylborate analogues (substituents at the 3 and 5 positions) shown in
Figure 3. We further tested these earth-abundant catalysts on inexpensive carbon support as
electrocatalysts for the ORR and compared their performance to that of the benchmark catalysts
in this field (Tables 1 and 2).”® The information in Table 1 came from detailed analyses of the

raw data presented in Figure 4 to 9.

pH Record Onset HO-py-NH; py-(py)2 "
1 Cu-TPA 0.530 V 0.510V
4 Cu-DAT 0.580 V 0.580 V
7 Cu-DAT 0.690 V 0.704V 0.706 V 0.720 V
10 Cu-DAT 0.760 V 0.830 V
13 Cu-DAT 0.820 V 0.860 V

Table 1. ORR onsets of Cu complexes utilized in this study versus record holders in literature.
ORR onsets are defined as the potential at which 5% of the i, is reached. See Table 2 for an
extended list of reported ORR onsets of molecular ORR Cu electrocatalysts.

Catalyst ORR Onset (V vs. RHE) pH, solution
[Cu-Cu-2,9-Me,-phen]** 0.610 pH 5, Britton-Robinson
[CuTPA](CIO4), and TPA-derivatives 0.690 pH 7, Britton-Robinson

[Cu-hexaazamac]Cl, 0.670 pH 7.3, Borate Buffer




Table 2. An updated literature review on reported ORR onsets of non-heat-treated

catalysts.
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Figure 4. Linear sweep voltammograms (LSVs, solid lines) and ring currents (dashed lines) of
[Cu(Tp)]?* (black), [Cu(Tp")]?* (red), and [Cu(TpN)]** (blue) supported on Vulcan XC-72 in (a)
pH 1, (b) pH 4, (c) pH 7, (d) pH 10, and (¢) pH 13 O,-saturated Britton-Robinson buffer
solutions with a scan rate of 10 mV/s at 1600 rpm. (f) LSVs (solid lines) and ring currents
(dashed lines) of [Cu(pr)]** (black), [Cu(py-(CHs)2)]** (red), [Cu(py-(COOH))]** (blue),

[Cu(py-(NH,);)]*" (orange), [Cu(py-(py)2)]”" (purple), and [Cu(HO-py-NH)I*" (green)



supported on Vulcan XC-72 in (a) pH 1, (b) pH 4, (¢) pH 7, (d) pH 10, and (e) pH 13 O,-
saturated Britton-Robinson buffer solutions with a scan rate of 10 mV/s at 1600 rpm.
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Figure 5. Rotating disk electrode (RDE) LSVs and Koutecky-Levich plots (inset) of
[Cu(TpN)]** supported on Vulcan XC-72 in (a) pH 4, (b) pH 7, (c) pH 10, and (d) pH 13 O,-
saturated solutions with a scan rate of 10 mV/s at 100 (red), 400 (blue), 900 (green), 1600
(violet), and 2500 rpm (orange).
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Figure 6. (a) Cyclic voltammograms (CVs) of [Cu(TpN)]** with scan rates of 10 (green), 50
(blue), 100 (red), 200 (black), 400 (purple), 800 (navy), 1200 (yellow), and 1600 (orange) mV/s



in Ar-saturated pH 7 Britton-Robinson buffer solution. (b) Randles—Sevcik plot of [Cu(TpN)]**

obtained from the cathodic (red circles) and anodic (black circles) peak current densities.
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Figure 7. Rotating disk electrode (RDE) LSVs and Koutecky-Levich plots (inset) of (a)
[Cu(Tp)]** and (b) [Cu(Tp")]** supported on Vulcan XC-72 in pH 10 O,-saturated Britton-
Robinson buffer solution with a scan rate of 10 mV/s at 100 (red), 400 (blue), 900 (green), 1600
(violet), and 2500 rpm (orange).
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Figure 8. (a) CVs of [Cu(TpN)]** with scan rates of 10 (green), 50 (blue), 100 (red), 200 (black),
400 (purple), 800 (navy), 1200 (yellow), and 1600 (orange) mV/s in Ar-saturated pH 10 Britton-
Robinson buffer solution. (b) Randles—Sevcik plot of [Cu(TpN)]** obtained from the cathodic
(red circles) and anodic (black circles) peak current densities.
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Figure 9. (a) CVs of [Cu(TpN)]** with scan rates of 10 (green), 50 (blue), 100 (red), 200 (black),
400 (purple), 800 (navy), 1200 (yellow), and 1600 (orange) mV/s in Ar-saturated pH 13 Britton-
Robinson buffer solution. (b) Randles—Sevcik plot of [Cu(TpN)]** obtained from the cathodic
(red circles) and anodic (black circles) peak current densities.

3.3.  NPM catalysts that involve pyridyl-, imidazolyl-, and alkyl-amine-based ligands

Our preliminary screening tests corroborate that Cu complexes of melamine derivatives
in general are ineffective ORR catalysts relative to other classes of Cu complexes, likely because
the geometric constraints by melamine inhibited the formation of a multi-nuclear active site that
enforces cooperativity among the three Cu ions. Alkyl-amine-based ligands are typically inactive
electrocatalysts, likely due to the unfavorable electronic coupling between the resultant Cu
complex and the graphitic-like electrode surface.” Although imidazole is structurally closest to
histidine, the eight residues that assemble the three Cu in place in laccase, the basicity of
pyridine resembles that of histidine more closely than imidazole.”™ In order to realize a
functional analogue of laccase, we used pyridyl-based ligands as surrogates of histidines in hope
to achieve more faithful mimicry. Building upon the T3-T2-T3 paradigm developed by our group

using the Cu-DPA platform (Figure 10), we further investigated first-row transition metal

complexes of these linked DPA ligands.
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Figure 10. A selective list of linked-DPA ligands used.
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EA Results Weight % Mole % Ratio
C6-bis-DPA complex C H N M N M N:M Lig:M
MnCl, 85.16 134 294 364 021 007 317 1.06
FeCls; 89.52 092 200 194 014 003 411 1.37
CoCl, 8727 113 234 307 017 005 321 1.07
NiCl, 88.04 097 18 236 013 004 330 1.10
ZnCl; 8131 173 380 598 027 009 297 0.99

Table 3. Elemental analysis of 1% row transition metal complexes of C6-bis-DPA.

Here, we prepared dinuclear complexes of Mn, Fe, Co, Ni, Cu, and Zn supported on
Vulcan XC-72 carbon powder and characterized these earth-abundant materials using elemental
analysis (EA) techniques (Table 3). We first investigated the redox response of the dinuclear
complexes of C6-bis-DPA containing Mn, Fe, Co, Ni, Cu, and Zn in pH 7 buffer using CV and
differential pulse voltammetry (DPV, for weak signal). Each of the di-Fe and di-Cu complexes of
C6-bis-DPA shows a distinct redox peak (Figure 1l1a). The di-Co complex of C6-bis-DPA
exhibits multiple redox waves, likely suggesting that several Co complexes are present or various
Co redox states are accessible under these conditions. Multiple Co species were observed under
similar conditions used for oxygen evolution reaction (OER) studies. However, we were not able

to observe any redox response for the cases involving the dinuclear Mn, Ni, and Zn complexes



using CV techniques. Therefore, we employed DPV in an effort to reveal weak redox signals.
The orange line in Figure 11b reveals a weak redox wave of the di-Ni complex. However, the di-
Zn and di-Mn complexes are redox silent under these conditions, consistent to previous reports

of other Zn and Mn complexes.
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Figure 11a. CV of the Fe (red), Co (green), Cu (blue), and Zn (black) complexes of C6-bis-DPA
in an Ar-sparged pH 7 Britton-Robinson buffer solution with a scan rate of 200 mV/s. Fig. 10
Differential pulse voltammograms of Ni (orange), Mn (purple), and Zn (black) complexes of C6-
bis-DPA in an Ar-sparged pH 7 Britton-Robinson buffer solution.
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Figure 12. Rotating ring-disk electrode (RRDE) LSVs of [Cu,(C6-bis-DPA)CI4] (black),
[Co2(C6-bis-DPA)(H20),Cly4] (red), [Fe»(C6-bis-DPA)CIg] (blue), [Ni»(C6-bis-DPA)CI,] (green),
[Zn,(C6-bis-DPA)CI,] (violet), and [Mn,(C6-bis-DPA)(H,0).Cl4] (orange) supported on Vulcan
XC-72 in pH 7 O,-saturated Britton-Robinson buffer solution at 1600 rpm.



The ORR activity of mononuclear first-row transition metal complexes of TPA was
reported previously.*® However, the use of dinuclear and trinuclear first-row transition metal
complexes as ORR catalysts remains an uncharted area. Here, we investigated the ORR activity
of these inexpensive carbon-supported catalysts in pH 7 solutions using rotating ring-disk
electrode (RRDE) experiments (Figure 12). Table 4 summarizes the number of electrons
transferred during the ORR process for the cases of the six dinuclear complexes using data from
Figure 12. Results in Figure 12 and Table 4 demonstrate that only dinuclear complexes of C6-
bis-DPA containing Fe and Cu reduce O, by almost 4 e . The di-Cu complex exhibits an onset
potential more positive than the di-Fe complex, indicating the di-Cu complex is a better ORR
catalyst candidate. The corresponding C6-bis-DPA complexes of Ni, Mn, Co, and Zn produce
significant amounts of H,O,, as detected by the concentric Pt ring around the glassy carbon
working electrode. The di-Co complex exhibits the lowest ORR onset potential, albeit
undergoing a mixture of 2 e and 4 e process to reduce O,. Experiments involving the trinuclear

complexes of terpy-bis-DPA are underway.

Complexes supported on Vulcan XC-72 Number of e~
[Cuy(C6-bis-DPA)Cl,] 3.78
[C02(C6-bis-DPA)(H,0),Cl4] 2.72
[Fes(C6-bis-DPA)Cle] 3.76
[Ni,(C6-bis-DPA)Cl4] 2.28
[Zn,(C6-bis-DPA)Cl4] 2.98
[Mn(C6-bis-DPA)(H,0),Cl4] 2.26

Table 4. Number of e transferred, calculated from the percent yield of H,O, obtained from
RRDE experiments presented in Figure 12, catalyzed by various 1* row transition metal
complexes of C6-bis-DPA ligand.
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Figure 13. RRDE linear sweep voltammograms and ring currents of [Fe,(C6-bis-DPA)Clg]
(black), pyrolyzed [Fe,(C6-bis-DPA)Clg] (red), [Fes(terpy-bis-DPA)ClIg] (blue), and pyrolyzed
[Fes(terpy-bis-DPA)ClIg] (green) supported on Vulcan XC-72 in pH 7 O,-saturated Britton-
Robinson buffer solution at 1600 rpm.

Pyrolysis of first-row transition metal complexes commonly results in heterogeneous
materials that exhibit enhanced ORR activity relative to that of the parent unpyrolyzed discrete
small molecules.® In particular, pyrolyzed Fe materials are the most active among catalysts that
contain first-row transition metals. Here, we prepared pyrolyzed materials using multi-nuclear Fe
complexes of C6-bis-DPA and terpy-bis-DPA as starting materials. Figure 13 displays the RRDE
results of pyrolyzed and unpyrolyzed Fe catalysts using DPA with C6 and terpy linker as the
starting material. The unpyrolzyed di-Fe complex of C6-bis-DPA might feature a Fe,-core
resembling that of hemerythrin, a class of naturally-occurring non-heme iron proteins found in
deep-ocean invertebrates that possesses rich O, chemistry.3®° Interestingly, the tri-Fe complex
produces more H,O, and exhibits a more negative ORR onset potential compared to the di-Fe
complex. This empirical observation may stem from the terpy-bound Fe, a non DPA-bound Fe

that contributes to the unfavorable effect observed. However, upon subjecting the di-Fe and tri-



Fe complexes to a pyrolysis treatment at 900 °C for 30 min, the amount of H,O, detected
decreases substantially and the ORR onset potential shifts positive by a significant amount,
observations that are consistent with publish reports on using mononuclear Fe macrocycles and
Fe-containing N-rich polymers as precursors. Taken together our preliminary results using di-Fe
and tri-Fe as precursors and a vast library of published data, the active site of all these pyrolyzed
materials likely does not resemble the precursors introduced prior to the pyrolysis step. In other
words, the commonly-perceived Fe-N,4 core as the active site is highly likely a misconception
due to the severe degree of heterogeneity as a result of the harsh condition utilized during the
preparation step. Efforts to elucidate the active site are currently underway. Once we identify the
structure and nature of the active site, we will construct the active site using a bottom-up method,
tune the electronics and sterics of the site, and devise a simpler fabrication scheme in order to

reduce the amount of waste during the preparation step.

4. Conclusions

In our continue effort to improve the performance of NPM catalysts for fuel cell
technology, we prepared Fe, Co, and Cu complexes of pyrazolyl-, imidazolyl-, and triazolyl-
based ligands as active electrocatalysts to facilitate the performance-limiting ORR. We found
that for a given set of ligand under the same condition, molecular Cu complexes typically result
in the most efficient NPM catalysts with the most positive onset potential for ORR and the least
H,0, yield. Upon high-temperature treatment, heterogeneous Fe materials general yield the most
active NPM catalysts. Ligand modification serves as a general and effective strategy to enhance

both the activity and selectivity of ORR catalysts.
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Abstract

In this manuscript, we analyze the electrochemical behavior of a self-assembled
monolayer (SAM) of a Cu-based O, reduction catalyst. We construct a hybrid bilayer membrane
(HBM) by appending a lipid monolayer on top of the SAM and control proton flux to the catalyst
by incorporating an alkyl phosphate proton carrier in the lipid layer of the HBM. The HBM
platform is interrogated using electrochemical impedance spectroscopy (EIS), atomic force
microscopy (AFM), and X-ray photoelectron spectroscopy (XPS). Cyclic voltammetry (CV)
experiments performed as a function of solution pH indicate that the Cu(l)/Cu(ll) couple of the
catalyst without lipid involves the transfer of one proton per electron. With lipid, however, the
number of protons transferred per electron for the Cu(l)/Cu(ll) decreases and varies with pH
depending upon the structural integrity of the lipid layer. Upon adding the proton carrier to the

lipid, both the number of protons transferred during the Cu(l)/Cu(ll) redox event and the



integrity of the lipid layer increase. Furthermore, we report the pH dependence of the O,
reduction reaction (ORR) as mediated by the Cu catalyst inside the HBM with proton carrier.
Taken together, these results provide mechanistic insight into an electrochemical platform that is

broadly useful in studying proton-coupled electron transfer (PCET) reactions.

1. Introduction

In a broad sense, proton-coupled electron transfer (PCET) refers to reactions that involve
the addition or removal of both protons and electrons.*® PECT reactions are ubiquitous in
chemistry and biology and include N fixation, CO, reduction, and H,O oxidation.”*! One of the
most studied PCET reactions is the O, reduction reaction (ORR),**** which enables fuel cell
catalysts and respiring enzymes such as cytochrome c oxidase.**" Since the ORR to form H,0
involves the transfer of four electrons and four protons, there are many possible pathways by
which this reaction can occur, making the ORR difficult to study.'®*® Many different methods
have been utilized to study ORR catalysts.?*** For example, by using a variety of spectroscopic
techniques, multiple metal-O, binding motifs have been characterized.”>? Additionally, different
derivatives in a class of catalysts have been synthesized in an effort to elucidate structure-activity
relationships.?>' For example, the addition of pendant proton relays to ORR catalysts has been
used to study the role of proton transfer in catalyst activity.""****%® However, these
modifications frequently perturb other aspects of the catalyst including the redox potential of the
metal ions and the steric environment surrounding the O, binding site.*03%:34%
We recently pioneered the use of a hybrid bilayer membrane (HBM) to study the effect of

proton transfer kinetics on ORR catalysts without altering their molecular structure.***” A HBM

consists of a lipid monolayer appended on top of a self-assembled monolayer (SAM).*®3 we



previously utilized a SAM of a dinuclear Cu complex (CuBTT:. Cu complex of 6-((3-
(benzylamino)-1,2,4-triazol-5-yl)amino)hexane-1-thiol) and a monolayer of 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) lipid to form a HBM containing an ORR catalyst.*® While
CuBTT exposed to bulk aqueous solution is an active ORR catalyst, appending a lipid layer on
top of CuBTT significantly inhibits the ORR activity.*® This inhibition results from the inability
of hydrophilic protons to diffuse across the hydrophobic interior of the lipid membrane.**°

We discovered that the activity of the CuBTT catalyst inside a HBM is revived by the
presence of a proton carrier in the lipid layer.*® Furthermore, we designed proton carriers that
switch on and off the ORR activity of CuBTT by either light or a pH change.**** The ability of
these carriers to deliver protons across the lipid membrane of the HBM dictates the ORR activity
of the underlying catalyst. Although the ORR switching behavior of these proton carriers has
been demonstrated, the Cu(l)/Cu(ll) couple of CuBTT that facilitates the ORR has not been
studied in detail in this HBM framework. In this manuscript, we analyze the electrochemical
behavior of BTT-modified electrodes inside and outside of lipid membranes under various pH
regimes to gain mechanistic insight into this platform (Figure 1). We also further characterize the

structure and composition of the HBM system using atomic force microscopy (AFM),

electrochemical impedance spectroscopy (EIS), and X-ray photoelectron spectroscopy (XPS).
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Figure 1. Schematic of the HBM electrochemical platform utilized in this study.
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2. Experimental Section

Chemicals were obtained from commercial sources and used without further purification
unless otherwise specified. For experiments from pH 3 to 11, potassium phosphate buffer
solutions (100 mM) were prepared using Milli-Q water (> 18 MQ cm) and adjusted to the
desired pH using H3PO, and KOH. For experiments at pH 1 and 13, HCIO, (100 mM) and
NaOH (100 mM) solutions were used, respectively. Solutions were sparged with Ar and O, for
30 min prior to each experiment.

Electrochemical studies were carried out using a CH Instruments 760 D Electrochemical
Workstation (Austin, TX). For studies in aqueous solutions a three-electrode cell was used with a
carbon counter electrode. Electrochemical potentials are measured and reported with respect to a
“no-leak” Ag/AgCl (3 M KCI) reference electrode (eDAQ). Au working electrodes were

deposited using an electron-beam vacuum deposition apparatus. A Ti adhesion layer (20 nm),



followed by a Au layer (100 nm), was deposited on Pyrex glass slides. The electrodes were
rinsed with water and EtOH prior to use.

All experiments were conducted at room temperature (26 = 1) °C. For voltammetry
collected under Ar and O,, the scan rate was 100 and 10 mV/s, respectively. The thickness of the
electrochemical platform was measured by electrochemical impedance spectroscopy (EIS) using
a SP-150 potentiostat (Bio-Logic). EIS spectra were fitted to a Randles circuit commonly used
for Au electrodes modified by thin organic layers shown in Figure 1,%** and then the
capacitance was calculated from the fit using the built-in EC-Lab® software V10.37 (Bio-Logic).
For blocking experiments using KsFe(CN)g, the scan rate was 50 mV/s.

Caution! Perchlorate salts are potentially explosive. Only small amounts of materials
should be prepared.

Preparation of the HBM system was reported elsewhere.*® In short, 6-((3-(benzylamino)-
1,2,4-triazol-5-yl)amino)hexane-1-thiol (BTT) was synthesized and deposited as a SAM on a Au
working electrode. Cu or Zn ions were incorporated into the BTT-modified Au surface using an
ethanolic solution of Cu(CIQO,4), or Zn(ClO,),, which was then embedded inside a monolayer of
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) with and without 1 equivalent of mono-
N-dodecylphosphate (MDP).%"#

The surface composition of the lipid-modified Au surfaces was analyzed by XPS using
an AXIS Ultra spectrometer (Kratos Analytical) with a monochromatic Al Ka (1486.6eV) X-ray
source. The surface morphology was characterized by contact-mode AFM using a Series 5500
multipurpose AFM/SPM probe and controller (Agilent Technologies). Au(111) evaporated onto
freshly-cleaved mica substrate was utilized for AFM measurements (N9807A and N9805A,

Keysight Technologies). Prior to use, the Au(111) substrates were annealed slightly using a H,



flame (99.9999%, research grade, S. J. Smith Welding Supply). The SiN cantilever (DNP-S10,
Bruker) with a spring constant of 0.35 N/m was used to acquire AFM images and force curves.
While maintaining contact with the sample, the AFM tip with minimum force was applied on the
surface during data collection to avoid any surface damage. All AFM images were recorded at
256 x 256 pixel resolution at a scan rate of 1 Hz. These images were flattened using PicoView
1.14 (Agilent Technologies). The cantilever deflection versus piezo-position curves were
converted to force-distance curves. The cantilever deflection sensitivity was obtained according
to published procedures by pressing the AFM tip against a glass substrate.** The AFM and force-

distance curve measurements were carried out in pH 7 phosphate buffer solutions.

3. Results and Discussion

3.1. Characterization of the HBM Construct
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Figure 2. Nyquist plots of BTT on Au (inset, black circles), CuBTT on Au (inset, blue squares),
HBM containing DMPC only (red triangles), and HBM containing DMPC with MDP added



(green stars) with the Randles circuit used provided to the top-right of Figure 1. Ry, = solution
resistance, Rct = charge transfer resistance, Ciayer = capacitance of the layer of interest.

We first characterize the thickness of our electrochemical platform using EIS.***® Figure
2 displays the Nyquist plots of the electrochemical systems utilized in this study. Using the
Randles circuit presented in Figure 2, we obtained the capacitance of each of the system studied
using published modeling protocols (Table 1).*** The capacitance observed for a SAM of BTT
43,49

is comparable to the values obtained using C9 or C10 alkanethiolate-modified Au electrode.

Table 1 also lists the thicknesses of the SAMs and HBMs calculated from the capacitance (C)

using Eq. 1:
= &%
C = . Eqg.1

where ¢ is the dielectric constant of the layer of interest, & is the dielectric constant of vacuum,

and d is the thickness.

System Capacitance (uF) Thickness (nm)
A SAM of BTT on Au 1.6+0.2 1.2+0.2
A SAM of CuBTT on Au 09+0.1 20+0.3
A HBM containing DMPC only 06+0.1 39+04
A HBM containing DMPC and MDP 0.5+0.1 41+0.8

Table 1. The thicknesses of the systems examined in this study. The layer thickness is calculated
using Eqg. 1 from the capacitance measured by EIS. The dielectric constant (¢) of the SAM is
taken to be equal to that of alkanethiol SAMSs (2.1),°**! while the ¢ of lipid membranes is about
2.7 (ranges from 2.1 to 3.2).°*>’ Since the literature values of the lengths of BTT and DMPC are
comparable,® we estimated the average ¢ for a HBM containing a lipid monolayer appended
onto a SAM to be 2.4.

The thicknesses found for a SAM of BTT, a SAM of CuBTT, a HBM containing DMPC,

and a HBM containing DMPC with MDP incorporated are similar to those found previously



using ellipsometry (Figure 3).® We further verify these experimentally-measured thicknesses by
computing the lengths of BTT and DMPC using Spartan’08 v.1.2.0 (Wavefunction Inc.). The
calculated length of BTT is ca. 0.8 nm longer than the measured thickness, indicating that for the
BTT-modified electrodes in aqueous environment, the benzyl arms of ca. 0.7 nm likely fold up to
expose the hydrophilic N and maximize n-n stacking interactions. Upon the addition of Cu ions,
the observed thickness (2.0 nm) of the CuBTT-modified system matches the length estimated
computationally (2.0 nm). This result suggests that the benzyl arm unfolds to allow Cu
coordination to the triazole rings to generate the dinuclear Cu electrocatalyst, which is the active
site for O, reduction.®**® Upon appending a DMPC layer on top of CuBTT, the thickness almost
doubles that of the CuBTT-only system. The increased thickness is 0.3 nm shorter than the
literature reported length of DMPC with the discrepancy likely implying that either the lipid
layer is formed at an angle or a small portion of the lipid tails overlaps with the benzyl arms of
the CuBTT layer.® This finding indicates that the HBM consists of a SAM of CuBTT and a
monolayer of DMPC appended on top. Upon incorporating MDP into the lipid monolayer, the
thickness of the HBM remains relatively the same within error, signifying that MDP does not

promote the formation of DMPC multilayers.
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Figure 3. Calculated and measured thicknesses obtained from EIS of a SAM of BTT, a SAM of
CuBTT, a HBM containing DMPC, and a HBM containing DMPC with MDP incorporated.

The surface morphology and surface roughness of a bare Au surface, a SAM of BTT, and

a SAM of CuBTT have been previously determined using scanning tunneling microscopy

(STM).*® However, the lipid layer of a HBM system is electrically insulating, preventing the use

of STM to probe the surface topology of a HBM containing a lipid monolayer. On the other

hand, AFM is a well-established technique to interrogate supported lipid bilayers and HBMs.

59-65
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Figure 4. A set of sequential AFM images of the CuBTT SAM on Au acquired (a) before and
(b)—(d) after the injection of DMPC vesicles at 3, 8, and 78 min. The black arrows indicate the
scan direction, and the red arrows denote the spots of interest. The black line in (b) denotes the
moment when the DMPC vesicles were injected. The scanned area of the AFM images was 1 pm
x 1 um.

Figure 4 displays a series of AFM images in chronological sequence recorded in pH 7
buffer solution with the black arrow showing the scan direction. Figure 4a shows the surface
condition of the CuBTT SAM prior to lipid addition. The thick black line in Figure 4b indicates
the time point at which a solution containing lipid vesicles is introduced to the AFM stage. Small
patches grow on the surface in three minutes, as marked with red arrows, suggesting that the
vesicle fusion process occurs on the surface rapidly. During the vesicle fusion process to

generate a monolayer of lipid on top of the CuBTT SAM, the AFM image becomes blurry



(Figure 4c and lower part of Figure 4b). The blurred image is suggestive of a dynamic process
that causes the AFM tip to be unstable. After the AFM tip stabilizes, we observed the formation
of a lipid layer on top of the CuBTT SAM, which results in an AFM image that is less grainy
(red arrows in Figure 4d) than those obtained from the CuBTT SAM without lipid (red arrows in
Figure 4b). This smoothing of the AFM image is possibly caused by the fluid nature of the
DMPC lipid layer at this temperature. A careful examination of the smooth surface of the HBM
reveals that the DMPC monolayer in a HBM is different from the corrugated structure of the top
layer in a supported DMPC bilayer on Au(111). The corrugated structure with periodicity and
amplitude exists when the deformation of bilayer occurs, a process that introduces an elastic
stress in a planar bilayer. This so-called “ripple-phase” structure usually occurs when the bottom
leaflet interacts weakly with the underlying substrate.®®®” In the HBM system, the strong Au-S
linkage between CuBTT SAM and Au likely affects the spontaneous curvature of the DMPC
monolayer appended on top. The smooth HBM surface persists for another hour, suggesting that

the HBM is stable during AFM investigation.
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Figure 5. The approaching (black) and retracting (red) force-distance curve of the HBM
containing the CuBTT SAM covered with a DMPC monolayer recorded immediately after the
scan displayed in Figure 4d. Point A denotes the moment when the AFM tip breaks through the
DMPC monolayer, and point B indicates the moment when the AFM tip makes contact with the
underlying Au substrate.

Figure 5 shows the force curve obtained from the HBM-covered Au(111) surface shown
in Figure 4d. A typical force-distance curve includes an approaching curve (black) and a
retracting curve (red). We measured the thickness of the HBM system using the approaching
trace of the force curve; the utility of this method to measure lipid bilayer thickness has been
demonstrated previously.**®” The approaching curve displays a repulsive interaction between the
tip and the HBM-covered surface at a tip-sample separation distance of about ca. 10 nm. The
repulsive interaction increases further until the separation distance is ca. 3.5 nm when a
discontinuity occurs in the force curve. This abrupt change in the force curve takes place when
the tip punctures the HBM, indicating the breakthrough force of the HBM (point A in Figure 5).
The repulsive interaction starts to increase at point B, suggesting the direct interaction between
the AFM tip and the underlying Au substrate. Thus the tip-sample separation distance between
points A and B in the force curve corresponds to the thickness of the HBM. The force-distance
curve results indicate that the HBM thickness is (3.3 £ 0.5) nm, a value that matches our
previously reported thickness using the EIS data presented (vide supra) and ellipsometry.*® We
further calculated the lateral lipid compressive force constant to be ~320 nN/m using the slope of

the force-distance curve, a value consistent with published data on supported lipid bilayers.®®

3.2.  pH Dependence of SAMs Containing BTT
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Figure 5. (a) Cyclic voltammograms (CVs) of SAMs of BTT on Au at pH 1 (brown), 3 (purple),

5 (orange), 7 (green), 9 (blue), 11 (red), and 13 (black) at a scan rate of 100 mV s™. (b) pH
dependence of E. of the redox couple of a SAM of BTT on Au obtained from cyclic
voltammograms at a scan rate of 100 mV/s. (¢) Schematic of the BTT species involved in the
redox process. (d) Peak separation of SAMs of BTT on Au as a function of solution pH.

After characterizing the structural attributes of the SAM and HBM systems, we
investigated the pH-dependence of the voltammetry of a SAM of BTT. Figure 5a displays the
cyclic voltammograms (CVs) of a SAM of BTT on Au in solutions ranging from pH 1 to 13. At
all pH values, the ratio between the anodic and cathodic peak currents is approximately unity,
indicating that BTT exhibits a reversible redox wave in acidic, neutral, and basic conditions.

Figure 5b shows the pH dependence of the midpoint potentials (E1,) of a SAM of BTT on Au.



The midpoint potentials decrease by (59 £ 2) mV per pH unit, indicating that according to the
Nernst equation, the redox event involves the transfer of H and e in a 1:1 ratio from pH 1 to 13.
Previous studies have demonstrated that triazoles undergo a reversible 1 e couple, and we
previously showed that 3,5-diamino-1,2,4-triazole, a compound structurally related to BTT, also
possesses a reversible redox couple.® Here, we add to this picture by demonstrating that 1 H* is
also transferred in this process. Figure 5¢ shows a plausible schematic of the BTT species
involved in this process based upon the pK, of DAT.?*" We further note that in Figure 5a, the
shape of the CVs changes as a function of pH. Figure 5d plots the peak separation values of
BTT, which range from 0 to 50 mV, as a function of pH. The peaks separate more as the solution
changes from pH 1 to pH 11, and separate less as the solution changes from pH 11 to pH 13.
This inverted-V shaped behavior has been observed before by Finklea et al. using a SAM-bound

galvinol system, which like BTT, undergoes a reversible 1 e:1 H* PCET process.”
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Figure 6. (a) CVs of SAMs of CuBTT on Au at pH 5 (orange), 7 (green), 9 (blue), 11 (red), and
13 (black) at a scan rate of 100 mV s™. (b) pH dependence of Es, of the redox couple of a SAM
of CuBTT on Au obtained from cyclic voltammograms at a scan rate of 100 mV/s. (c) Schematic
of proton and electron transfer events of CuBTT."?"

We next address the redox behavior of the BTT SAM after Cu incorporation to form the
Cu(ll) complex of BTT, CuBTT. Figure 6a displays CVs of CuBTT SAMs in solutions ranging
from pH 5 to pH 13. Since the pK, of the triazole ring in BTT is about 4.5, we find that Cu no
longer binds to BTT below pH 5. Figure 6b displays the E., values of the redox couple of a SAM
of CuBTT as a function of pH. The E, values decrease by (64 + 0.5) mV per pH unit, a value
close to the Nernstian prediction for a redox reaction involving H" and e in a 1:1 ratio. Upon
addition of Cu, the integrated charge of the redox couple doubles,®® signifying that the le”
Cu(D/Cu(ll) redox couple coincides with the 1 e redox couple of BTT. Here, we further
understand the CuBTT system by establishing that equal number of protons and electrons are
transferred in this process. Figure 6¢ describes the protonation and redox events for the CuBTT

system we hypothesize occur using the information we gained from Figures 6a and b.
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Figure 7. (a) CVs of SAMs of ZnBTT on Au at pH 5 (orange), 6 (green), 7 (blue), 8 (red), and 9
(black) at a scan rate of 100 mV s™. (b) pH dependence of the E, of the redox couple of a SAM
of ZnBTT on Au obtained from cyclic voltammograms at a scan rate of 100 mV/s.

To verify that the BTT redox wave is not silenced upon complexation with a metal, we
introduced Zn, a redox-inactive metal in the potential window used, to a BTT SAM. Figure 7a
displays CVs of ZnBTT in solutions under varying pH regime. Figure 7b shows how the E., of
the redox couple of a SAM of ZnBTT varies with pH. The E., decreases by (60 + 4) mV per pH
unit, which is expected for a process involving H" and € in a ratio of 1:1. Since Zn is redox-
silent, the redox wave observed for ZnBTT must be due to the reduction of the triazole ring in
BTT. In other words, metal binding to BTT does not suppress the BTT wave and does not affect

the pH dependence of the BTT couple.

3.3.  pH Dependence of HBMs Containing BTT SAMs
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Figure 8. (a) CVs of SAMs of CuBTT covered by a monolayer of DMPC on Au at pH 5
(orange), 6 (green), 7 (blue), 8 (red), and 9 (black). (b) pH dependence of E., of a SAM of
CuBTT covered by a monolayer of DMPC on Au obtained from cyclic voltammograms at a scan
rate of 100 mV/s. (c) CVs of SAMs of CuBTT covered by a monolayer of DMPC on Au after
running CVs at pH 5 (orange), 6 (green), 7 (blue), 8 (red), and 9 (black) in a solution of
K3Fe(CN)g (1 mM) and KCI (100 mM). (d) pH dependence of the maximum cathodic current
densities of a SAM of CuBTT covered by a monolayer of DMPC on Au in a solution of
KsFe(CN)s (1 mM) and KCI (100 mM).

To examine the effect of proton flux on PCET reactions, we utilized a HBM platform.
This HBM platform consists of a BTT-modified electrode with a monolayer of DMPC appended
on top through van der Waal’s interactions between the hydrophobic lipid tails and the lipophilic

benzyl arm on BTT. We first studied the case without proton carriers in the lipid layer to



understand how a lipid layer affects the behavior of a HBM-buried redox couple. Figure 8a
displays the CuBTT redox wave inside a HBM from pH 5 to pH 9, the range in which DMPC is
stable.”*™ Previously, we determined that the BTT wave is silent when covered by a lipid
monolayer inside a HBM.* The redox wave of CuBTT inside a HBM observed in Figure 8a is
therefore due solely to the Cu(l)/Cu(ll) couple. Figure 8b shows the E., of a SAM of CuBTT
covered by a monolayer of DMPC in solutions of varying pH values. E, decreases by (52 + 2)
mV per pH unit from pH 5 to 7, while E., decreases by (23 + 2) mV per pH unit from pH 7 to 9.
Interestingly, this result suggests that the ratio of protons to electrons transferred switches from
1:1atpH 5to 7to 1:2 at pH 7 to 9 according to the Nernst equation.

In an effort to determine the origin of this change in the number of protons transferred to
CuBTT inside a lipid, we interrogated the integrity of the DMPC lipid layer by using blocking
experiments in which a redox probe is added to bulk solution.***® Figure 8c displays CVs
obtained for CuBTT covered by a monolayer of DMPC with K;Fe(CN)g in the bulk solution. In
the absence of a lipid layer, the reversible Fe(ll)/Fe(lll) redox couple is observed. However,
upon appending a monolayer of DMPC, electron transfer from the electrode to Ks;Fe(CN)g is
impeded by the insulating nature of the lipid. Figure 8d demonstrates that from pH 5 to 9, the
current density for the blocking experiment is the least at pH 7. This result indicates that the lipid
layer is most well-formed at pH 7, which is expected since at this pH stable zwitterionic ionic
lipid species predominant. If the lipid layer had completely blocked access of protons in the bulk
solution to CuBTT from pH 5 to 9, then E,, of CuBTT would not depend upon pH. However,
upon increasing the pH from 7 to 9, the amount of current density obtained in the blocking
experiment increases. This finding indicates that as the lipid layer becomes more anionic at

higher pH values, it becomes more permeable to the redox probe and also protons in bulk



solution. As a result, E,, of CuBTT shifts negative with increasing pH, although to less of an
extent as observed in the case of CuBTT without lipid. Upon decreasing the pH from 7 to 5, the
amount of current density obtained in the blocking experiment increases more rapidly than from
pH 7 to 9. This result indicates that the lipid layer becomes even more permeable to the redox
probe and protons in bulk solution at pH 5. Correspondingly, E., of CuBTT is more sensitive to
pH changes in the pH 5 to 7 range. In summary, the two different slopes observed in pH ranges
5-7 and 7-9 of the Ey of CuBTT in Figure 8c correlate to the two slopes measured in the

blocking experiments in Figure 8d.
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Figure 9. (a) CVs of SAMs of CuBTT covered by a monolayer of DMPC with 1 equivalent of
MDP added to the lipid layer on Au at pH 5 (orange), 6 (green), 7 (blue), 8 (red), and 9 (black) at
a scan rate of 100 mV s™. (b) pH dependence of Ey, of a SAM of CuBTT covered by a
monolayer of DMPC with 1 equivalent of MDP added to the DMPC layer on Au obtained from
cyclic voltammograms at a scan rate of 100 mV/s. (c) CVs of SAMs of CuBTT covered by a
monolayer of DMPC with 1 equivalent of MDP added to the lipid layer on Au after running CVs
at pH 5 (orange), 6 (green), 7 (blue), 8 (red), and 9 (black) in a solution of K3Fe(CN)gs (1 mM)
and KCI (100 mM). (d) pH dependence of the maximum cathodic current densities of a SAM of
CuBTT covered by a monolayer of DMPC with 1 equivalent of MDP added to the DMPC layer
on Au in a solution of KzFe(CN)g (1 mM) and KCI (100 mM).

To probe the effect of assisted proton transport on PCET reactions in a HBM, we
incorporated mono-N-dodecylphosphate (MDP), a proton carrier utilized previously by our
group,® into the lipid layer of the HBM. Figure 9a displays the CuBTT redox wave inside a
HBM system with MDP incorporated in the DMPC layer from pH 5 to pH 9. The redox wave
presented is sensitive to the pH of the bulk solution. Figure 9b displays the E.,, of a SAM of
CuBTT covered by a monolayer of DMPC with 1 equivalent of MDP added to the DMPC layer
from pH 5 to 9. The E», of CuBTT decreases by (46 £ 4) mV per pH unit across the entire pH
range. In contrast to the DMPC only case, we observe only one slope in Figure 9c for the case
with MDP added to the lipid layer.

To understand the empirical difference between systems with and without MDP (Figure
9b vs. 8b), we conducted blocking experiments to the HBM with MDP added analogous to the
case of lipid only. Figure 9c displays the CVs obtained for CuBTT covered by a MDP-DMPC
layer with KsFe(CN)g in the bulk solution. Similar to the case of DMPC only, the absence of a
reversible Fe(11)/Fe(l11) redox couple signifies the formation of a complete lipid monolayer with
MDP incorporated. Figure 9d shows the maximum amounts of current density obtained from the
blocking experiments with CuBTT in a HBM containing MDP. Across the pH range studied, the

magnitudes of the blocking current density at 0.1 V vs. Ag/AgCI remain relatively constant at



about -25 pA cm™. These current densities are comparable to the value obtained for CuBTT in a
HBM without MDP at pH 7, indicating that the lipid effectively blocks access of the KsFe(CN)g
redox probe in bulk solution to CuBTT from pH 5 to 9 when MDP is incorporated in the HBM.
These results suggest that the presence of MDP increases the stability of the DMPC at pH 5, 6, 8,
and 9, possibly in a manner analogous to cholesterol incorporation in other HBM systems.*®
However, since the E, of the CuBTT redox process shifts with pH (Figure 9¢), CuBTT must still
have access to protons from the bulk solution. This finding suggests that MDP delivers protons

across the lipid membrane to CuBTT during cycling of the Cu(l)/Cu(ll) redox couple.

3.4. pH dependence of O, Reduction by CuBTT inside a HBM

(@) (b) . . .
o I —
~ 5 X 500
k- €S
] o c
Q
1 E £
= -20 | E0
-%' . © =~ 250 +
a —— DMPC with MDP at pH 6 < §
g — DMPC with MDP at pH 8 o
- —— DMPC with MDP at pH 9 €t 3
8 g - - - DMPC without MDP at pH 6 28 } i
£ -40 - - - DMPC without MDP at pH 8| 2™ 0
o - - ~DMPC without MDP at pH 9 oo 8 {
-0.50 -0.25 0.00 5 6 7 8 9

Potential versus Ag/AgCl (V) pH

Figure 10. (a) Linear sweep voltammograms (LSVs) of SAMs of CuBTT covered by a
monolayer of DMPC (dashed lines) with 1 equivalent of MDP added to the lipid layer (solid
lines) on Au in O,-saturated pH 6 (green), 8 (red), and 9 (black) buffer solutions. (b) Percent
enhancement of O, reduction current by a SAM of CuBTT covered by a DMPC layer with 1
equivalent of MDP added to the lipid layer as compared to the lipid only case as a function of
pH.

Having established that MDP delivers protons to CuBTT as it cycles between Cu(ll) and

Cu(l), we next studied the ability of CuBTT to catalyze the O, reduction reaction inside a HBM



containing MDP as a function of pH. In prior work, we determined that a HBM containing MDP
results in 130 pA of current at -0.5 V vs. Ag/AgCl,* about 300% more current than a HBM
without MDP at pH 5. In contrast, at pH values greater than 5, the O, reduction current does not
exceed 40 pA at similar overpotentials (Figure 10a), which means that at these pH values, there
is very little to no enhancement of O, reduction current over the HBM case without proton
carrier. Figure 10b shows the percent enhancement of O, reduction current by CuBTT-
containing HBM with MDP added to the lipid layer compared to the lipid only case without
MDP at various pH values. The ability of MDP to deliver protons changes based upon its
protonation state. At pH 5, MDP exists primarily as RHPO, which can be protonated to
RH,PQO,. The neutral species RH,PO, is hydrophobic enough to penetrate the hydrophobic lipid
interior and deliver protons to CuBTT via flip-flop diffusion.*® In contrast, from pH 6 to 9, the
acid-base equilibrium of MDP shifts towards RPO,*, which when protonated yields RHPO,, a
species too hydrophilic to undergo flip-flop diffusion across the lipid layer. The RH,PO4/RHPQO,
IRPO,* equilibrium of MDP thus explains the pH dependence of the enhancement of O,
reduction current density by CuBTT in HBM.

Unlike the trend observed for O, reduction, the Cu(l)/Cu(ll) couple of CuBTT in a HBM
with MDP is not affected by the pH-controlled speciation of MDP (Figure 9a). This difference
reflects the fact that during O, reduction, each MDP carrier delivers a catalytic amount of
protons to CuBTT, whereas during the Cu(l)/Cu(ll) redox event, MDP transports only a
stoichiometric quantity of protons. In other words, MDP still delivers enough protons to facilitate
the PCET Cu(l)/Cu(ll) couple despite the fact that its acid-base equilibrium implies that it is

predominantly speciated as RPO,* at high pH.



3.5. XPS of HBMs before and after ORR
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Figure 11. XPS (a) survey scan and high-resolution scans of (b) C 1s, (c) S 2p, (d) N 1s, (e) Cu
2p, and (f) P 2p obtained from HBMs before (black) and after (red) O, reduction.

To confirm that the integrity of the electrochemical platform is not compromised during

O, reduction, we carried out post-mortem XPS measurements after ORR catalysis. Figure 11



compares the XPS spectra of HBMs before and after conducting electrocatalysis. The typical
penetration depth using XPS is larger than 5 nm,”® which is longer than the full thickness of a
HBM, thus explaining the presence of Au peaks in the survey scan. All of the peaks observed in
the high-resolution scans do not change or shift after O, reduction, suggesting that the surface
species do not undergo chemical modifications during ORR. In particular, we do not observe any
trace of Cu(0) signal, indicating that the formation of Cu metal or nanoparticles from Cu(ll) ions

does not occur in our HBM platform at these potentials.

4. Conclusions

In this report, we investigated the physical and electrochemical properties of a HBM
electrochemical platform that is broadly useful to examine the role of proton transfer kinetics in
PCET reactions. In particular, we probed the surface structure of the lipid monolayer of the
HBM using AFM and characterized the pH-dependent redox behavior of the underlying
Cu(D)/Cu(ll) couple of the CuBTT SAM covered by the lipid layer. In addition to surface
examination, we determined the number of electrons transferred for each of the redox waves
observed in a BTT SAM, a CuBTT SAM, a HBM containing lipid only, and a HBM containing a
lipid monolayer with an alkyl phosphate proton carrier incorporated. The pH dependence of the
redox wave correlates to the amount of current passed in the blocking experiment, suggesting the
redox event is related to the state of the lipid layer. XPS data of the HBM collected before and
after catalysis corroborates that Cu(ll) is responsible for the ORR activity and is not degraded by

the ORR process.
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Abstract

Proton-coupled electron transfer (PCET) reactions are ubiquitous in biochemistry and
alternative energy schemes. Natural enzymes utilize ubiquinones in proton transfer chains and
energy conversion processes. Here, we utilize a bio-inspired organic-inorganic hybrid bilayer
membrane system to control the reaction mechanism of a quinone molecule covalently bound to
an electrode surface. In particular, by impeding proton access to the quinone moiety, we change
the reaction pathway from a PCET process to a pure electron transfer step. We further alter the
reaction pathway to a stepwise PCET process by controlling the proton flux through the use of an
alkyl proton carrier incorporated in the lipid membrane. We demonstrate that modulating proton
kinetics dictates reaction pathway. This work provides unique insight into PCET reactions and a

novel electrochemical platform for interrogating them.



1. Introduction

Proton-coupled electron transfer (PCET) reactions are ubiquitous in natural and artificial
energy conversion schemes.™” In particular, PCET reactions mediated by quinones are of
particular importance in biological studies and the pharmaceutical industry.>* Quinones enable
both the cellular respiration and photosynthesis processes.” Quinones also serve as the structural
basis of many potent anti-tumor chemotherapeutic compounds and anti-Alzheimer lead drug
candidates.®” Apart from their application and utility in medicinal chemistry, quinone-based
redox mediators facilitate the oxygen reduction reaction (ORR) in implantable biofuel cells.®*°

Unsurprisingly, these important quinone-mediated PCET reactions are studied by a
multitude of computational and experimental methods.'**? Based on the pioneering work of
Laviron, Finklea et al. later incorporated ideas from Marcus theory to examine the potential- and
pH-dependent apparent transfer coefficient (o)) of PCET reactions involving quinones.’® The
proton and electron transfer steps can occur in sequential steps or concerted steps,™***
rendering these quinone systems difficult to study experimentally. While conventional studies of
water-soluble quinones in buffered solutions provide insights into the PCET mechanism, surface-
immobilized quinone systems result in cleaner electrochemical responses that allow for more

accurate determination of apparent rate constants.®*” The PCET processes of quinones are now

commonly described by a nine-membered square scheme (Figure 1).
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Figure 1. Nine-member square scheme for the quinone system. R; and R, functional groups are
shown for 2-benzyl-5-(6-mercaptohexyl)hydroquinone (BHQ), one of the quinone molecules
studied in this work.

The most common reaction pathway of simple quinones in aqueous solutions is the 2e
2H" redox step that cycles between the fully-oxidized species “M” and the fully-reduced state
“V,” as evidenced by a 59 mV/pH shift in the formal potential that follows Nernstian behavior.
There are reports that suggest flanking amine functional groups induce a 2" 3H™ pathway at low
pH." While a tremendous amount of effort has been reported to measure and calculate the

apparent rate constants and o and examine their dependencies on pH and potential, a



significantly less amount of effort has been dedicated towards observing species other than “M”
and “V” in the nine-membered square scheme.

There are two main impediments to accessing all nine species in the scheme. First, the
relative energies of some of these species such as the dianion “S” and the doubly-protonated
species “Q” are likely too high and thus are unstable and difficult to attain.'® Second, the
inability to independently control both electron transfer and proton transfer limits the chances to
attain species when the ratio of electrons and protons transferred does not equal one. A self-
assembled monolayer (SAM) on Au electrode is frequently used to tune the kinetics of electron
transfer to a redox-reporter positioned at the SAM-solution interface.?>?® However, proton
thermodynamics and kinetics are much more difficult to modulate. >

A hybrid bilayer membrane (HBM) consists of a SAM covered by a lipid monolayer and can
be used to delineate the effects of proton transfer from electron transfer.’3* Previously, we
explored the pH-responsiveness of a lipid-bound proton carrier that reversibly turns on and off an
embedded ORR catalyst.*> We further utilized the HBM system to assess the lipid permeability
of anions.*® Here, we demonstrate that by tethering quinone moieties at the SAM-lipid interface
with and without proton carrier added to the lipid monolayer, we access several species that are
rarely observed for surface-confined quinone systems. We envision that the ability to modulate
speciation across the nine-member square scheme will not only provide unique mechanistic
insight into the intricate PCET pathway of quinones, but lay a foundation for new understanding

of PCET reactions in both chemistry and biology.

2. Experimental



Chemicals were obtained from commercial sources and used without further purification
unless otherwise specified. Britton-Robinson (BR) buffer solutions were prepared using H3BOs
(0.04 M, 99.999%, Sigma-Aldrich), CH3COOH (0.04 M, 99.99%, Sigma-Aldrich), H;PO, (0.04
M, 85 wt % in H,O, 99.99%, Sigma-Aldrich), NaClO, (0.1 M, 99.9%, Sigma-Aldrich), and
Milli-Q water (> 18 MQ cm) and adjusted to desired pH using NaOH (10 M, analytical titration
grade, Fisher Scientific). All experiments were conducted inside an Ar-filled glove box.
Solutions were sparged with Ar overnight and stored in the glove box prior to each experiment.

Electrochemical studies were carried out using a CH Instruments 760 D Electrochemical
Workstation (Austin, TX). For studies in aqueous solutions, a three-electrode cell was used with
a Pt wire counter electrode. Electrochemical potentials were measured and are reported with
respect to a ‘no leak’ Ag/AgCl (3 M KCl, eDAQ, Inc.) reference electrode. Au working
electrodes were deposited using an electron-beam vacuum deposition apparatus. A Ti adhesion
layer (20 nm), followed by a Au layer (100 nm), was deposited on Pyrex glass slides. The
electrodes had a surface area of 0.219 cm?® and were rinsed with water and EtOH prior to use.

The synthesis procedures for 2-benzyl-5-(6-mercaptohexyl)hydroquinone (BHQ) and 2-
(benzyl(methyl)amino)-5-((6-mercaptohexyl)amino)hydroquinone (N,-BHQ) are described in
the Supplementary Information. A SAM of BHQ or N,-BHQ was prepared by immersing a Au
electrode in a solution of the desired quinone in EtOH (1 mM) for 2 h. The electrode was rinsed
with EtOH and then with pH 7 BR buffer before further use. Preparation of the HBM system

with and without MDP was reported elsewhere.®

Results and Discussion
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Figure 2. Functional and structural features of BHQ.

Figure 2 displays the structure of 2-benzyl-5-(6-mercaptohexyl)hydroquinone (BHQ),
one of the two quinone derivatives synthesized and utilized in this work. In addition to its redox-
active core, the BHQ molecule features two important regions, both of which have a specific
function. First, we equipped BHQ with a hexylthiol chain to allow for the formation of a well-
packed SAM on Au electrodes. Electron transfer through this short-chained thiol is facile, thus
ensuring that it is not the rate-determining step (RDS) in the quinone PCET reaction. Second,
BHQ contains a terminal benzyl moiety. We previously determined that this group allows for a

lipid monolayer to be appended to a SAM through van der Waals forces.*
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Figure 3. (a) CVs of a SAM of BHQ on Au in pH 7 Ar-saturated solution at scan rates of 100
(black), 200 (red), 400 (blue), 800 (green), 1600 (orange), and 3200 (purple) mV/s. (b) Randles-



Sevcik plot of the peak anodic (black) and cathodic (red) current densities of a SAM of BHQ
Versus scan rate.

Figure 3a shows representative cyclic voltammograms (CVs) of a SAM of BHQ at pH 7
at various scan rates. At all scan rates measured, the ratio between the anodic and cathodic peak
currents is approximately unity, indicating that the redox system is reversible. Furthermore, both
the peak anodic or cathodic currents increase linearly with increasing scan rate (Figure 3b),
which is expected for a surface-confined redox species. Figures S1-3 show CVs of BHQ at
various scan rates and the corresponding Randles-Sevcik plots in pH 3, 5, and 9 solutions. The
results show that BHQ is bound to the surface at these pH values as well. However, in all cases,
the peak-to-peak separation values (AEp) of the voltammograms are large and non-zero, in
contrast to what is observed for surface-confined redox species that demonstrate fast electron
transfer such as simple ferrocene derivatives.®” This finding indicates that the overall redox
transformation of BHQ occurs relatively slowly likely due to the presence of multiple proton and
electron transfer events. Indeed, we determined the apparent rate constants of the cathodic and
anodic reactions to be (3.0 + 1.0) s* and (3.9 + 1.8) s™, respectively, using the Laviron
equation.®® Table S1 lists the apparent rate constants of the BHQ-containing systems used in this
study. These values are similar to those obtained for SAMs of other quinones and metal
complexes on carbon electrodes and are much less than those found for SAMs containing simple

ferrocenes.?*°
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Figure 4. CVs of a SAM of BHQ on Au in pH 3 (green), 5 (blue), 7 (red), and 9 (black) Ar-
saturated solutions at a scan rate of 1600 mV/s.

To probe the PCET process of the BHQ SAM, we obtained CVs of a SAM of BHQ from
pH 3 to 9 (Figure 4). For the cathodic wave, the potential of the peak current (Eyc) shifts positive
by an average of 32 mV per pH unit as the pH increases. This value is close to the 30 mV per pH
unit predicted by the Nernst equation for a process involving the transfer of protons and electrons
in a 1:2 ratio. Considering the nine-membered square scheme shown in Figure 1, we designate
the cathodic process as converting the starting quinone, M, to a monodeprotonated
hydroxyquinone species, T. In contrast to this finding, most quinone species are
electrochemically reduced to their 2 H'/2 e hydroquinone products. However, previous reports
demonstrate that hydrophobic moieties on quinones can lead to reduction products in which
fewer than two protons are transferred.*® The data suggest that the phenyl groups of BHQ create
a hydrophobic enough monolayer so that only one proton per BHQ is transferred upon reduction.
For the anodic wave, the potential of the peak current (E,,) shifts positive with increasing pH by
48 mV per pH unit. This number is in between the 59 mV/pH unit and 30 mV/pH unit values
predicted by the Nernst equation for 2 H*/2 e and 1 H'/2 e processes, respectively.* We

hypothesize that after reduction to T occurs, protons from bulk solution slowly diffuse into the



hydrophobic interior of the SAM, resulting in the protonation of T to Q. Therefore, a mixture of
T and Q is oxidized back to the starting quinone, M, explaining the intermediate value witnessed

for the pH dependence of the anodic wave.
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Figure 5. CVs of a SAM of BHQ (blue) covered by a monolayer of DMPC (red) with MDP
added (green) in an Ar-saturated pH (a) 7 and (b) 5 solutions at a scan rate of 1600 mV/s.

Figure 5a shows CVs at pH 7 of a SAM of BHQ, a HBM containing BHQ and a DMPC
lipid monolayer, and a HBM containing BHQ with the MDP proton carrier incorporated in the
lipid layer. For the three cases, the voltammetric response of the quinone varies dramatically.
Table S2 lists the integrated charges for the cathodic and anodic waves of each of the three
voltammograms. For a SAM of BHQ, the cathodic and anodic waves have an average integrated
charge of 33 and 31 pC cm, respectively, and since it is known that quinone SAMs undergo 2 e
reduction, this amounts to a BHQ surface coverage of about 180 pmole/cm?. Our modeling of
this surface coverage determines that the intermolecular diameter of the BHQ SAM is 10.8 A,
which compares well with other reported quinone systems.*? Figures S4-7 display the CVs of

BHQ covered by a DMPC monolayer with and without MDP at various scan rates and the



corresponding Randles-Sevick plots. The results indicate that the quinone moiety is surface-
bound in the presence of lipid with and without proton carrier. Figure S8 summarizes the

quantitative analysis of the BHQ voltammetry in HBM systems.
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Figure 6. Bar graphs showing the number of electron transferred for the (a) cathodic and (b)
anodic processes of BHQ in pH 7 Ar-saturated solution. Each graph has three sets of bars: open
SAM (blue), HBM (red), and HBM with MDP (green). The cathodic process has two waves with
the first wave (i) occurring at a more positive potential than the second (ii).

When the BHQ SAM is covered by a monolayer of lipid to form a HBM (Figure 5a, red
line), the integrated charges for the cathodic and anodic processes decrease by approximately
half (Figure 6, red bars). This result suggests that inside the lipid, the quinone undergoes a one
electron reduction process. Figures S9 and S10 display the number of electrons transferred for
the cathodic and anodic processes of a SAM of BHQ and BHQ-containing HBMs with and
without MDP in various pH solutions. The red lines of Figures 5a and 5b display CVs of the
HBM system with a SAM of BHQ covered by a monolayer of DMPC at pH 7 and 5,
respectively. Unlike the open SAM case, the cathodic and anodic waves of the BHQ
voltammetry increase an average of only 6 mV and 16 mV per pH unit, respectively (Figure 7,
red bars), indicating that the redox activity of BHQ inside the lipid layer does not depend

strongly on the concentration of protons in bulk solution. This finding is consistent with the



observation that protons diffuse relatively slowly through lipid layers in biological systems.*
Taken together, these results indicate that inside a HBM, BHQ (M) undergoes a 1 /0 H*
reduction process to give the free radical species, N (Figure 1). In other words, the mechanism of
the BHQ redox event changes from a PCET reaction involving 2 e/1 H” to single electron
transfer in the presence of a lipid layer. In a directly analogous manner, we previously
determined that a SAM of an O, reduction catalyst switches its mechanism from primarily
producing H,O by a 4 H'/4 e process to reducing O, by 1 e to O, when it is covered by a lipid
monolayer.(ref) Our findings demonstrate that in the proton-constrained environment created by
the lipid layer, redox systems that proceed by PCET in bulk solution occur by single electron
transfer. Multiple electron transfer, for example, to produce the dianionic species S in the case of
BHQ, is too thermodynamically unfavorable to occur. The production of such a highly charged

hydrophilic species is energetically too costly in the hydrophobic environment of the HBM.
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Figure 7. Bar graphs showing the average shifts in the cathodic and anodic peak positions of
BHQ as the pH increases. Each graph has three sets of bars: open SAM (blue), HBM (red), HBM
with MDP (green). The cathodic process has two waves with the first wave (i) occurring at a
more positive potential than the second (ii).

Upon incorporation of the MDP proton carrier into the lipid layer of the HBM, the

voltammetric response changes even further (Figures 5a and 5b, green lines). Strikingly, two



cathodic peaks appear in the response, each with an amount of integrated charge corresponding
to a 1 e process (Figure 6). One wave remains for the anodic process, but its integrated charge
indicates a 2 e process. These findings demonstrate that in the presence of the HBM with the
MDP proton carrier, BHQ is reduced stepwise to P and then to the final Q hydrogquinone process.
MDP only transfers one proton at a time and thus facilitates two individual 1 H*/1 e PCET steps
through flip-flop diffusion across the lipid membrane. Because flipping of the proton carrier is

relatively slow,***’

it kinetically controls the cathodic response of the BHQ system in discrete
steps and serves as the only source of protons to the quinone in the proton-restricted environment
of the lipid. Figure S11 shows the CV of the HBM containing MDP with a potential window
including the anodic and the first cathodic wave, but excluding the second cathodic wave. The
redox wave integrates to about a 1 e process, further corroborating the formation of P in the
presence of MDP. For O, reduction catalysts inside HBMs with lipid-bound proton carriers, we
previously determined that O, reduction proceeds by a mixture of four- and two-electron
reduction pathways depending on the proton transfer rate through the lipid layer.(ref) In a HBM
absent a proton carrier, however, O, reduction occurs by single electron transfer to produce O,
Similarly, the BHQ system switches from a single electron transfer mechanism inside a HBM to
one involving 2 H*/2 e PCET in the presence of a proton carrier in a HBM.

Figure 7 green bars, shows how the potential of the BHQ voltammetry inside a HBM
with MDP changes as a function of increasing pH. Interestingly, the position of both the cathodic
and anodic peak potentials do not shift significantly with pH, indicating that the thermodynamics

of BHQ reduction does not depend strongly on the concentration of protons in bulk solution.

Instead, MDP delivers protons to BHQ in a kinetically-controlled fashion via flip-flop diffusion



across the lipid layer of the HBM. Therefore, the potential of the BHQ redox process is not very

sensitive to the concentration of protons in bulk solution.
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Figure 8. (a) Structure of N,-BHQ and (b) CVs of a SAM of N,-BHQ (blue) covered by a
monolayer of DMPC (red) with MDP added (green) in an Ar-saturated pH 7 solutions at a scan
rate of 1600 mV/s.

We further study 2-(benzyl(methyl)amino)-5-((6-mercaptohexyl)amino)hydroquinone
(N2-BHQ), a derivative of BHQ with two amines adjacent to the redox active core. Figure 8a
displays the structure of N,-BHQ, the synthesis and characterization data of which are presented
in Section 1 of the S.I. Similar to BHQ, N,-BHQ also features functional units to allow facile
electron transfer, SAM formation, and favorable interaction with hydrocarbons on the lipid tail.
We perform experiments on N,-BHQ-modified Au surfaces in an analogous manner to the BHQ
system. Figure S12 compares the redox waves of a SAM of BHQ and a SAM of N,-BHQ. Due to
the electron-donating nature of the amine groups, the midpoint potential of N,-BHQ is ~300 mV
more negative than that of BHQ, a similar phenomenon observed when comparing ferrocene to
decamethyl-ferrocene.*® Figure S13 displays the scan rate dependence and Randles-Sevcik plot

of a SAM of N,-BHQ. The results show that N,-BHQ is indeed surface bound.



Figure 8b shows CVs of a SAM of N,-BHQ, a N,-BHQ-containing HBM, and the N,-
BHQ-HBM with MDP added to the lipid layer. Figure S14 summarizes the peak information of
the redox waves of the three systems studied. In short, the three systems exhibit very similar
voltammograms. To confirm the presence of a complete lipid layer on the SAM, we performed
blocking experiments with KsFe(CN)g in the bulk solution. Figure S15 shows the results from
the blocking experiments using the three systems. An absence of the Fe(ll/lll) wave and a

decrease in the capacitance are indicative of a well-formed lipid layer, a phenomenon observed

previously, 32323649
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Figure 9. (a) CVs of a SAM of N,-BHQ on Au in pH 3 (green), 5 (blue), 7 (red), and 9 (black)
Ar-saturated solutions at a scan rate of 1600 mV/s. (b) Bar graphs showing the average shifts in
the cathodic and anodic peak positions of N,-BHQ as the pH increases. Each graph has three sets
of bars: open SAM, HBM, and HBM with MDP.

To study the redox mechanism that the quinone moiety in N,-BHQ undergoes, we varied
the pH of the bulk solution in an analogous manner to the BHQ case. Figure 9a shows CVs of a
SAM of N,-BHQ in solutions of various pH, and Figure 9b summarizes the pH dependence of
the SAM of N,-BHQ, the N,-BHQ-containing HBM, and the N,-BHQ-HBM with MDP

incorporated in the lipid layer. The results show that N,-BHQ exhibits about 59 mV/pH shift in



the three cases, suggesting that a 2H*/2e” pathway is operational in all three systems. Figure S16
displays a nine-member square scheme of No-BHQ. A 2H*/2e” pathway means that BHQ cycles
between species M and V regardless of the presence of a lipid layer or the incorporation of a
proton carrier in the lipid layer. Comparing the N,-BHQ results to the BHQ results, we
hypothesize that the amino groups flanking the redox core of N,-BHQ serve as a proton relays
that cause the redox response to be insensitive to changes in the surrounding environment.
Indeed, the reactivity of quinone-terminated SAMs is affected by their surroundings.’®*! The
observation that a quinone-terminated SAM exhibiting a 59 mV/pH shift, as in the case of N-
BHQ, is common.>® In short, the lipid-modified electrodes behave similarly to the open SAM
case in the presence of pendant proton relays. In the absence of the pendant amino groups
(BHQ), however, we are able to observe several other species described in the nine-member

square scheme.

Conclusions

In this work, we prepared quinone molecules that can self-assemble on a Au surface and
allow a lipid monolayer to form on top. For BHQ, the addition of a hydrophobic lipid layer on
top of the surface-bound quinone changes the reaction pathway from a PCET process to a pure
electron transfer step. Upon incorporation of a proton carrier in the lipid layer, the mechanism of
the quinone redox switches to stepwise PCET. The ability to control proton flux to a quinone
moiety paves the way to a unified understanding of the interplay between the thermodynamics

and kinetics of protons and electrons.
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1. General methods

All reactions were carried out under a dry N, atmosphere. Chemicals were purchased
from commercial sources and used without further purification. Dry dichloromethane
(DCM), tetrahydrofuran (THF), and dimethyl sulfoxide (DMSQO) were used directly
from a solvent delivery system just prior to use. Freshly purchased triethylamine (TEA)
was dried and stored over 4 A molecular sieves. All other solvents, like ethanol (EtOH),
methanol (MeOH), ethyl acetate (EtOAc) and hexanes (Hx) were of reagent grade and
used without further purification. Reported reaction temperatures refer to the temperature
of the heating medium. The progress of reactions was monitored by silica gel thin layer
chromatography (TLC) using 0.2 mm silica 60 coated, plastic plates with F254 indicator.
Flash and gravity chromatography was performed using 230-400 mesh (40-63 pm) silica
gel (SiOy). Ratios of solvents for NMR solvents and flash chromatography are reported
as volume ratios. NMR spectra were performed in CDClI; unless otherwise specified and
acquired using a Varian Unity 500 MHz instrument (*H, 500 MHz; *C, 125 MHz) in the
VOICE laboratory, University of Illinois at Urbana-Champaign. Chemical shifts () and
coupling constants (J) are reported in parts per million (ppm) and hertz (Hz),
respectively. For *H spectra, chemical shifts are referenced to the residual proton solvent
peak: 7.26 ppm for CDCls. For **C spectra, chemical shifts are referenced to the solvent
peak at 77.5 ppm in CDClIs. Electrospray ionization mass spectrometry (ESI-MS) data
were collected with a Quattro Il instrument (Waters) at the University of Illinois at

Urbana-Champaign.



2. Synthetic Procedures

0
LiCl, 160 °C 1h DMSO KOH DCM, 0 °C, 20 min, 2 h
o,

~o -
NaBH4 AICI,, THF 0 HS
O O Br °C reflux, 3 h O
o_0 )

3 ~

NaOH, H,0, EtOH, rt, 40 °C

s S

Compound 1. To a solution of 1,4-cyclohexanedione (2.8 g, 25 mmol) and benzaldehyde
(2.65g, 25 mmol) in 10 mL of 1,3-dimethyl-2-imidazolidinone, lithium chloride (1.2 g,
28 mmol) was added. The mixture was heated to 160 'C for 1 h, cooled to room
temperature, poured into 50 mL of water and extracted twice with 50 mL of diethyl ether.
The organic layers were combined, dried with anhydrous Na,SO, and concentrated down
under reduced pressure. The crude product was purified by gradient column
chromatography (EtOAc:hexanes = 1:4 to 1:1) to give a white solid (yield: 3.72 g, 82%).
'H NMR § 7.30 (m, 2H), 7.22 (m, 3H), 6.67 (m, 1H), 6.60 (m, 1H), 6.59 (s, 1H), 4.37 (b,

1H), 4.34 (b, 1H), 3.94 (s, 2H).

Compound 2. To 30 mL of DMSO, potassium hydroxide (6.4 g, 0.11 mol) was added.
The mixture was stirred at room temperature for 10 min. To the suspension, 1 (3 g, 15
mmol) and methyl iodide (4 mL, 64 mmol) were added. The mixture was stirred at room
temperature for 1 h, poured into 30 mL of water, and extracted twice with 50 mL of

DCM. The organic layers were combined, dried with anhydrous Na,SO,, concentrated



down under reduced pressure to give an off-white solid without further purification
(yield: 3.2g, 93 %). 'H NMR & 7.27 (m, 2H), 7.19 (m, 3H), 6.80 (d, J = 8.5, 1H), 6.72

(dd, J = 8.5,3, 1H), 6.66 (d, J = 3, 1H), 3.95 (s, 2H), 3.78 (s, 3H), 3.72 (s, 3H).

Compound 3. A solution of 2 (1.7 g, 7.4 mmol) in 15 mL of DCM was cooled to 0 'C
and AICl3 (1.34 g, 10 mmol) was added portion-wise over 20 min. To the mixture, 6-
bromocaproyl chloride (1.12 mL, 7.3 mmol) was added dropwise and the suspension was
stirred at 0 'C for 2 h. The reaction was quenched by adding 10 mL of aqueous HCI
solution (0.1 M) and washed with 20 mL of saturated aqueous NaHCOj solution. The
organic layer was dried with anhydrous Na,SO, and concentrated down under reduced
pressure. The crude product was purified by gradient column chromatography
(EtOAC:hexanes = 1:10 to 1:4) to give an off-white solid (yield: 3.72 g, 82%). 'H NMR &
7.28 (m, 2H), 7.26 (s, 1H), 7.20 (m, 3H), 6.68 (s, 1H), 3.99 (s, 2H), 3.81 (s, 3H), 3.78 (s,
3H), 3.42 (t, J = 7, 2H), 2.98 (t, J = 7, 2H), 1.90 (m, 2H), 1.70 (m, 2H), 1.50 (m, 2H). ESI

(m/z): [M]" calcd. for C,1H25BrOs, 404.1; found, 405.2 [M+H]".

Compound 4. To 6 mL of THF at 0 'C, AICI; (4.3 g, 32 mmol) and NaBH. (1.3 g, 34
mmol) were added portion-wise. To this suspension, a solution of 3 (1.19 g, 2.9 mmol)
in 3 mL of THF at 0 'C was added dropwise. The mixture was warmed to room
temperature and heated to reflux for 3 h. The reaction was carefully quenched by 1 ml of
acetone and 10 ml of ice water. The aqueous layer was extracted three times with 15 mL
of ethyl acetate. The organic layers were combined, dried with anhydrous Na,SO,, and
concentrated down under reduced pressure. The crude product was used without further

purification. 'H NMR § 7.27 (m, 2H), 7.21 (M, 2H), 7.17 (m, 2H), 6.68 (s, 1H), 6.59 (S,



1H), 3.95 (s, 2H), 3.77 (s, 3H), 3.70 (s, 3H), 3.41 (t, J = 7, 2H), 2.57 (t, J = 7, 2H), 1.87

(m, 2H), 1.58 (m, 2H), 1.48 (m, 2H), 1.38 (m, 2H).

Compound 5. To a solution of triphenylmethanethiol (1.17 g, 4.2 mmol) in 10 mL of
95% EtOH, a solution of NaOH (0.6 g, 15 mmol) in 2 mL of water was added. The
suspension was stirred at room temperature for 15 min and a solution of 4 (1.1g, 2.8
mmol) in 10 mL of ethanol was added. The mixture was vigorously stirred at 40 “C for 4
h and filtered. The solvent of the filtrate was evaporated under reduced pressure and the
oily residue was combined with the filtered residue and dissolved in 20 mL DCM. The
organic layer was washed with 20 mL of water, 20 mL of saturated brine solution, dried
over anhydrous Na,SO,4, and concentrated down under reduced pressure. The crude
product was purified by gradient column chromatography (EtOAc:hexanes = 1:10 to 1:4)
to give a white solid (yield: 1.2 g, 73%). "H NMR & 7.45 (m, 6H), 7.31 (m, 8H), 7.25 (m,
4H), 7.21 (m, 2H), 6.70 (s, 1H), 6.62 (S, 1H), 3.99 (s, 2H), 3.79 (s, 3H), 3.72 (s, 3H),
3256 (t, J = 8, 2H), 2.19 (t, J = 8, 2H), 1.53 (m, 2H), 1.45 (m, 2H), 1.34 (m, 2H), 1.27
(m, 2H). *C NMR & 151.4, 151.3, 145.2, 144.1, 141.4, 130.3, 130.0, 129.8, 129.0, 128.4,
127.9, 127.5, 126.6, 125.9, 113.6, 113.5, 113.3, 113.2(5), 66.5, 56.4, 56.4, 56.3, 56.2,

36.0, 32.2, 30.2, 30.1, 29.3, 29.0(3), 29.0(1), 28.7.

Compound BHQ. To a solution of 5 (20 mg, 0.034 mmol) in 2 mL of DCM at -78 'C,
BBr; (0.2 mL, 1 M solution in DCM) was added dropwise. The mixture was slowly
warmed to room temperature and stirred for 2 h. The reaction was cooled to 0 'C and
guenched with 0.2 mL of water. The organic layer was washed with 2 mL of saturated

brine solution, dried over anhydrous Na,SO,4, and concentrated down under reduced



pressure. The crude product was purified by gradient column chromatography
(MeOH:DCM = 1:99 to 5:95) to give a white oil (yield: 10 mg, 93%). 'H NMR & 7.29
(m, 3H), 7.22 (m, 2H), 6.57 (s, 1H), 6.49 (s, 1H), 4.30 (b, 1H), 3.91 (s, 2H), 3.40 (t, J =7,

2H), 2.53 (t, J = 7.5, 2H), 1.86 (m, 2H), 1.60 (m, 2H), 1.47 (m, 2H), 1.40 (m, 2H).
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Compound 6, 7, and 8. Products were obtained according to reported procedures.™?

Compound N,-BHQ: To a solution of benzylquinone (10.8 mg, 0.1 mmol) in 2 mL of
DCM, N-methylbenzylamine (12.1 mg, 0.1 mmol) was added. The mixture was stirred at
room temperature for 1 h and 4 (37.5 mg, 0.1 mmol) was added. The reaction was stirred
at room temperature for 12 h. The organic layer was diluted with 10 mL of DCM, washed
with 15 mL of saturated brine solution, dried over anhydrous Na,SO,, and concentrated
down under reduced pressure. The crude product was purified by gradient column
chromatography (silica, MeOH/DCM: 0/100 to 5/95) to give a red wax-like solid (yield:
26 mg, 43%, containing both the hydroquinone and benzylquinone forms, a mixture of
products does not affect the electrochemical analysis because the molecules tethered to

the surface are under potential-control upon redox cycling).
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4. Electrochemistry studies
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Figure S1. (a) CVs of a SAM of BHQ on Au in pH 3 Ar-saturated solution at scan rates
of 100 (black), 200 (red), 400 (blue), 800 (green), 1600 (orange), and 3200 (purple)
mV/s. (b) Randles-Sevcik plot of the peak anodic (black) and cathodic (red) current
densities of a SAM of BHQ versus scan rate.
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Figure S2. (a) CVs of a SAM of BHQ on Au in pH 5 Ar-saturated solution at scan rates
of 100 (black), 200 (red), 400 (blue), 800 (green), 1600 (orange), and 3200 (purple)
mV/s. (b) Randles-Sevcik plot of the peak anodic (black) and cathodic (red) current
densities of a SAM of BHQ versus scan rate.
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Figure S3. (a) CVs of a SAM of BHQ on Au in pH 9 Ar-saturated solution at scan rates
of 100 (black), 200 (red), 400 (blue), 800 (green), 1600 (orange), and 3200 (purple)
mV/s. (b) Randles-Sevcik plot of the peak anodic (black) and cathodic (red) current
densities of a SAM of BHQ versus scan rate.

System Cathodic Rate (s)  Anodic Rate (s)
BHQ SAM 3.0+£1.0 39+18
BHQ covered by DMPC 3014 39+10
BHQ covered by DMPC with MDP 3.7+05 44+16
N,-BHQ SAM 22+11 25+05
N,-BHQ covered by DMPC 20+0.2 2309
N,-BHQ covered by DMPC with MDP 1.2+1.0 36+19

Table S1. Apparent rate constants of a SAM of BHQ or N,-BHQ and BHQ- or N,-BHQ-
containing HBMs with and without MDP.



’ Integrated Charges (uC cm'z)
p - .
Anodic Cathodic
3 33+3 331
5 36+3 36+2
SAM
7 33+3 31+2
9 28+ 1 32+1
5 181 171
HBM
7 17+1 17+2
5 34+8 35+5
HBM with MDP ) .
7 34+2 H17+£2,(ii))14£3

Table S2. The integrated charges for the cathodic and anodic waves of a SAM of BHQ,
the HBM containing BHQ, and the BHQ-HBM with MDP added to the lipid layer.
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Figure S4. (a) CVs of a SAM of BHQ covered by a DMPC monolayer in pH 7 Ar-
saturated solution at scan rates of 100 (black), 200 (red), 400 (blue), 800 (green), 1600
(orange), and 3200 (purple) mV/s. (b) Randles-Sevcik plot of the peak anodic (black) and
cathodic (red) current densities of a SAM of BHQ covered by a DMPC monolayer versus
scan rate.
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Figure S5. (a) CVs of a SAM of BHQ covered by a DMPC monolayer in pH 5 Ar-
saturated solution at scan rates of 100 (black), 200 (red), 400 (blue), 800 (green), 1600
(orange), and 3200 (purple) mV/s. (b) Randles-Sevcik plot of the peak anodic (black) and
cathodic (red) current densities of a SAM of BHQ covered by a DMPC monolayer versus
scan rate.

o)
2

Current Density (uA cm?)

500

250

-250

-500

— 100 mV/s

— 200 mV/s
——400 mV/s
1 1

800 mV/s

1600 mv/s

3200 mV/s 4
L

-0.50

-0.25 0.00

0.25

Potential versus Ag/AgClI (V)

—~
O
N

Current Density (uA cm?)

400

200 +

-200 |

-400

R?=0.99
/-"’
’)”
a’r
- 2 _
I R®=0.99
Rt ST
R? = 0.99 Tty
1 2 3

Scan Rate (Vs™)

Figure S6. (a) CVs of a SAM of BHQ covered by a DMPC monolayer with MDP
incorporated in the lipid layer in pH 7 Ar-saturated solution at scan rates of 100 (black),
200 (red), 400 (blue), 800 (green), 1600 (orange), and 3200 (purple) mV/s. (b) Randles-
Sevcik plot of the peak anodic (black) and cathodic (red, blue) current densities of a SAM
of BHQ covered by a DMPC monolayer with MDP incorporated in the lipid layer versus
scan rate.
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Figure S7. (a) CVs of a SAM of BHQ covered by a DMPC monolayer with MDP
incorporated in the lipid layer in pH 5 Ar-saturated solution at scan rates of 100 (black),
200 (red), 400 (blue), 800 (green), 1600 (orange), and 3200 (purple) mV/s. (b) Randles-
Sevcik plot of the peak anodic (black) and cathodic (red, blue) current densities of a SAM
of BHQ covered by a DMPC monolayer with MDP incorporated in the lipid layer versus
scan rate.
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Figure S8. Bar graphs showing BHQ (a) cathodic and anodic peak positions and (b) peak
separations at pH 7. Each graph has three sets of bars: open SAM, HBM, and HBM with
MDP. For HBM with MDP, the cathodic peak position of the more negative cathodic
wave is -0.374 + 0.022 V versus Ag/AgCI. The cathodic process has two waves with the
first wave (i) occurring at a more positive potential than the second (ii).
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Figure S9. Bar graphs showing the number of electrons transferred for the cathodic and
anodic processes of a SAM of BHQ (blue) covered by a monolayer of DMPC (red) with
MDP incorporated in the lipid layer (green) in pH 5 Ar-saturated solution.
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Figure S10. Bar graphs showing the number of electrons transferred for the cathodic and
anodic processes of a SAM of BHQ in pH 3 (orange) and 9 (purple) Ar-saturated

solutions.
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Figure S11. CVs of a SAM of BHQ covered by a monolayer of DMPC with MDP added
scanning the full range (dashed green) and half range (solid orange) in an Ar-saturated
pH 7 solution at a scan rate of 1600 mV/s.
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Figure S12. CVs of a SAM of BHQ (red) and a SAM of N,-BHQ (black) on Au in pH 7
Ar-saturated solution at scan rates of 1600 mV/s.
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Figure S13. (a) CVs of a SAM of N-BHQ on Au in pH 7 Ar-saturated solution at scan
rates of 100 (black), 200 (red), 400 (blue), 800 (green), 1600 (orange), and 3200 (purple)
mV/s. (b) Randles-Sevcik plot of the peak anodic (black) and cathodic (red) current
densities of a SAM of N,-BHQ versus scan rate.
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Figure S14. Bar graphs showing NQ (a) cathodic and anodic peak positions and (b) peak
separations at pH 7. Each graph has three sets of bars: open SAM, HBM, and HBM with
MDP.
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Figure S15. CVs of a SAM of N,-BHQ (blue), the N,-BHQ-containing HBM (red), and
the N,-BHQ-HBM with MDP incorporated in the lipid layer (green) in a solution of
KsFe(CN)s (1 mM) with KCI (100 mM) at a scan rate of 50 mV/s.
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Figure S16. Nine-member square scheme for the N,-BHQ system.
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