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1. Introduction

Protonic nanoenvironment engineering for tuning
the electrocatalytic efficiency and product
selectivity of O, reductionf

Hei Tung Yau, Zuo Hang Yu and Edmund C. M. Tse (&) *

Precise control over the activity and selectivity of oxygen reduction reaction (ORR) catalysts is key to the
development of efficient and durable cathodes for proton-exchange membrane (PEM) fuel cells.
Recently, hybrid bilayer membranes (HBMs) have emerged as nanoscale electrochemical platforms for
investigating proton-coupled electron transfer (PCET) reactions, with particular emphasis on ORR
thermodynamics and kinetics. In this work, we have developed a unique HBM incorporating a new self-
assembled monolayer (SAM) design, deviating from the established nanoconstructs in prior studies. The
new design integrates a custom-synthesized tridentate ligand, 2,2":6,2"-terpyridine-4'-oxy-hexane-1-
thiol (TPY), for hosting first-row transition metals (M) beyond Cu(i), including Ni(i) and Mn(u), resulting in a
SAM decorated with terminal mononuclear M-TPY complexes. Among the observed ORR activity and
selectivity, Cu-TPY SAM showed distinctive characteristics in contrast to Ni-TPY SAM and Mn-TPY SAM.
Cu-TPY SAM exhibited significantly higher ORR activity via a dissociative 4-electron ORR mechanism,
while Ni-TPY SAM and Mn-TPY SAM displayed lower ORR activity employing an associative 2-electron
ORR pathway. We attributed these differences to the formation of distinct M—O intermediates, specifically
end-on metal-superoxo adducts (r]l M-0,"7) and side-on metal-superoxo adducts (n2 M-0;7), upon O,
binding to the metal center. By appending a 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid
monolayer onto M-TPY SAM to form M-TPY HBM, the catalyst—nanoenvironment interface transitions
from one with facile proton transfer to one with protons depleted. With the incorporation of dodecyl
boronic acid (DBA) as a proton carrier (PC) into the lipid monolayer to form M-TPY HBM DBA, the
nanoenvironment switches to one with regulated proton transfer kinetics, ultimately achieving systematic
modulation of the ORR activity and selectivity of the embedded M-TPY catalytic site. The mechanistic
insights gained on steering the PCET pathways have implications for boosting the activity and selectivity
of electrocatalysts tailored for facilitating other redox reactions central to renewable energy schemes and
sustainable resource utilization.

through the electrochemical conversion of hydrogen and oxygen
gases. This conversion process involves two separate reactions: the

The increasing global energy demand and the urgent need to
address excessive emissions of greenhouse gases and air pollu-
tants have led to extensive research on renewable power sources."”
Among these alternatives, hydrogen fuel cells have emerged as a
promising solution for generating electricity with zero
emission.> ™ In a proton-exchange membrane (PEM) fuel cell, one
of the promising hydrogen fuel cells, electricity is produced

Department of Chemistry, HKU-CAS Joint Laboratory on New Materials,

University of Hong Kong, Hong Kong SAR, China. E-mail: ecmtse@hku. hk
tElectronic supplementary information (ESI) available: SAM synthesis, HBM fab-
rication, experimental details, Fig. S1-S11, Table S1, and additional data includ-
ing NMR, ICP-MS, CV, and LSV as discussed in the main text. See DOI: https://
doi.org/10.1039/d3qi01756g
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hydrogen oxidation reaction (HOR) taking place at the anode and
the oxygen reduction reaction (ORR) occurring at the cathode.'**®

The ORR, which involves proton-coupled electron transfer
(PCET), is a crucial half-cell reaction in PEM fuel cells.'”>°
However, the main challenge for commercializing PEM fuel
cells is the slow kinetics of the ORR. The sluggish kinetics of
the ORR can be attributed to several factors. One primary
reason is the high energy activation barriers associated with
interfacial O, adsorption, O=O bond breaking, and H,O
product removal from the electrode.>>” Another factor is the
mismatch between the rates of proton and electron
transfer.”®?° Combining both factors leads to the formation of
multiple pathways for the ORR, ultimately resulting in decel-
eration of the reaction kinetics.
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Generally, there are four ORR mechanisms: 1-electron,
associative 2-electron, associative 4-electron, and dissociative
4-electron transfer pathways (Fig. 1).>**' The 1-electron trans-
fer pathway occurs when the rate of proton transfer to the
active sites of the ORR is significantly slower than that of elec-
tron transfer, resulting in a facile 1-electron reduction of O,
into superoxide. The associative 2-electron transfer pathway
and the dissociative 4-electron transfer pathway occur when
the protons and electrons are transferred to the ORR active
sites simultaneously. However, in the associative 2-electron
transfer pathway, the rate of O-O bond breaking is slower than
that of protonation of O,, while in the dissociative 4-electron
transfer pathway, the O-O bond breaking precedes the proto-
nation of O,. The 1-electron and associative 2-electron transfer
pathways are undesirable in PEM fuel cell operation because
they generate superoxide anions (O,”) and hydrogen peroxide
(H,0,), respectively, which are detrimental to the device com-
ponents. The most desirable ORR mechanism is the dissocia-
tive 4-electron transfer pathway, as it maximizes chemical-to-
electrical energy conversion and exclusively produces water as
the only product.

Despite the development of the highly efficient 20 wt% Pt/C
catalyst (platinum nanoparticles supported on carbon black)
for the ORR, it remains necessary to incorporate a relatively
high platinum loading (~0.4 mg cm™?) in the catalyst layers of
fuel cell systems.**®> This substantial platinum requirement
accounts for a significant portion of the total cost.
Furthermore, Pt-based electrocatalysts are prone to degra-
dation over time, primarily as a result of surface oxidation, dis-
solution, and aggregation, particularly in alkaline environ-
ments.?® To enhance the kinetics of the ORR and mitigate the
cost associated with electrocatalysts, two common approaches
are frequently employed. The first approach involves the
design of non-precious metal electrocatalysts that exhibit per-
formance comparable to that of their precious metal
counterparts.’’** However, due to the inherent properties of
metal centers, most non-precious metal electrocatalysts predo-
minantly promote either a 2-electron ORR pathway or a
mixture of 2-electron and 4-electron ORR mechanisms, leading
to the formation of either H,O, as the major product or a

e (o)
*0, H'/et . *QQH H'/e H,0,
H*/e:
*0+*Q H/e *Q4+*QH H'/e
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mixture of H,O, and water. This compromises the lifetime and
efficiency of electrocatalytic devices. The second approach
entails delving into the fundamental aspects of ORR Kkinetics,
with a particular emphasis on the rates of proton and electron
transfer.”®*>**® Our research group adopted the second
approach, which involves modifying the protonic nanoenviron-
ments of ORR electrocatalysts through the use of a nanoscale
electrochemical platform known as a hybrid bilayer mem-
brane. Through this approach, we aimed to conduct an
insightful investigation into the proton transfer kinetics and
its subsequent impacts on the ORR kinetics and mechanism.
A hybrid bilayer membrane (HBM) is an electrochemical
platform designed to investigate the thermodynamics and
kinetics of PCET processes, with a specific focus on the kine-
tics of the ORR.>®*%*¢7>1 With its unique structural features, a
HBM enables the study of proton transfer kinetics and its sub-
sequent impacts on the ORR kinetics and mechanism. A HBM
consists of a layered structure, beginning with a self-assembled
monolayer (SAM) of ORR electrocatalysts anchored onto a gold
(Au) electrode (Fig. 2). This SAM serves as an electrocatalyti-
cally active site for the ORR, facilitating the necessary electro-
chemical process. On top of the SAM, a monolayer of lipids is
appended through van der Waals forces. This lipid monolayer
serves as a physical barrier to minimize proton transfer kine-
tics. Apart from contributing to the overall structure of the
HBM, the lipid membrane can be embedded with a proton
carrier (PC), allowing for the recovery and regulation of trans-
membrane proton transfer kinetics. Controlling the rate of
proton transfer to the SAM of ORR electrocatalysts can conse-
quently influence the kinetics and mechanism of the ORR.
Previous studies on HBM-based ORR electrocatalysis have
primarily focused on a specific system known as Cu-BTT HBM
(Cu-BTT = binuclear copper complex of 6-((3-(benzylamino)-
1,2,4-triazol-5-yl )Jamino)hexane-1-thiol).>8>%47:48,50:51 The
investigations of Cu-BTT HBM have demonstrated its remark-
able characteristics, including a significant current enhance-
ment in oxygen reduction electrocatalysis and a highly selec-
tive 4-electron ORR mechanism when 10 mol% dodecyl
boronic acid (DBA) proton carriers were incorporated into the
lipid membrane. However, it is important to note that the for-

1-electron

Associative 2-electron
Associative 4-electron
Dissociative 4-electron

*0+H,0 H/e *QH+H,0 H/e 2H,0

Fig. 1 Multiple ORR mechanisms arise from two key factors: (1) high energy activation barriers associated with oxygen bond breaking and (2) a mis-
match between rates of proton and electron transfer, leading to deceleration of reaction kinetics (ORR = oxygen reduction reaction).
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Electrode
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Proton carrier

Fig. 2 Layered structure of a HBM with the bottom layer comprising a SAM of ORR electrocatalysts anchored onto an Au electrode, followed by the
top layer comprising a lipid monolayer, without and with a PC, held in place by van der Waals forces (SAM = self-assembled monolayer; HBM =

hybrid bilayer membrane; PC = proton carrier).

mation of Cu-BTT SAM is highly sensitive to the metal-ligand
ratio and the ligand surface density. This ligand surface
density is due to the need for two triazole-based ligands
attached onto the substrate in close proximity for efficient
coordination with two Cu(u) ions in a paired configuration.

In this work, we have developed a new HBM with a tailored
SAM design which differs from previous studies that used Cu-
BTT SAM and effectively resolves concerns regarding the
metal-ligand ratio and the ligand surface density. This new
design incorporates a mononuclear first-row transition metal
complex with a specific tridentate ligand, denoted as M-TPY
SAM, where M represents first-row transition metals and
TPY stands for 2,2":6',2"-terpyridine-4-oxy-hexane-1-thiol. In
addition to Cu(u), we expanded our investigation to include
other first-row transition metals, such as Ni(u) and Mn(u),
which have been previously reported to exhibit ORR
activity.>®>™® To address concerns about the metal-ligand ratio
and the ligand surface density, we specifically selected the TPY
ligand because of its ability to form single-site one-to-one
metal-ligand coordination independently. Moreover, the TPY
ligand features a stable tridentate mononuclear complex with
a metal ion, providing improved stability compared to dinuc-
lear Cu-BTT due to stronger metal coordination. Furthermore,
to maintain consistency with previous research, we introduced
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) as the
lipid source and doped DBA proton carriers within the DMPC
lipid monolayer. This configuration allows for the regulation
of transmembrane proton delivery, modulating the kinetics
and mechanism of the ORR process.

2. Experimental section
2.1. Materials and methods

Chemicals were purchased from commercial sources and used
without further purification unless explicitly stated otherwise.
For experiments conducted at pH 7, sodium phosphate buffer
solutions (100 mM) were prepared using Milli-Q water (>18

This journal is © the Partner Organisations 2023

MQ cm™') and adjusted to the desired pH using H;PO,
(85 wt% ACS reagent grade, Sigma-Aldrich) and NaOH (analyti-
cal grade, Dieckmann Chemical). Solutions were subjected to
a 30 min sparging with N, (99.995% high purity grade, Linde
HKO) or O, (99.995% high purity grade, Linde HKO) prior to
each experiment.

2.2. Electrochemical measurements

Electrochemical studies were carried out using a 660E electro-
chemical workstation (CH Instruments). For studies in
aqueous solutions, a three-electrode cell was used with a Pt
wire counter electrode and a no-leak Ag/AgCl (3 M KCl) refer-
ence electrode. All reported potentials were converted to the
RHE scale using the following equation: E vs. RHE = E vs. Ag/
AgCl + (0.1976 V) + ((0.0592 V) x pH). The preparation of Au
working electrodes followed the same procedure as previously
reported.*®***” A titanium (Ti) adhesion layer (20 nm) beneath
an Au layer (100 nm) was deposited on microscope glasses
(10 mm width x 10 mm length x 1 mm thickness) using an
electron-beam vacuum evaporator (Kao Duen Tech. Corp.). The
Au working electrodes were rinsed with water and ethanol
prior to use. The formation of a complete lipid layer in the
HBM was investigated using an electrochemical blocking
assay.>®**%” This blocking assay involved examining the redox
behaviour of a solution of K;Fe(CN)e in KCI (1 mM, 100 mM).
All experiments were conducted at room temperature (25 +
1) °C and at least in triplicate. The error bars presented corres-
pond to standard deviations of all trials. Linear sweep voltam-
metry (LSV) under N, and O, was carried out at a scan rate of
10 mV s, Cyclic voltammetry (CV) for blocking assay was per-

formed at a scan rate of 50 mV s~ .

2.3. Dye-based spectroelectrochemical measurements

A working solution for the colorimetric assay was prepared by
adding a solution of Amplex Red (10 mM, 40 pL) in dimethyl
sulfoxide (DMSO) in a pH 7 sodium phosphate buffer solution
(50 mM, 3.88 mL) that contained horseradish peroxidase
(HRP) (10 U mL™", 80 uL). The working solution (300 uL) was
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added to a pH 7 sodium phosphate buffer solution (100 mM,
300 pL) as an electrolyte before LSV was performed. After the
voltammetry was completed, the electrolytic solution was
stirred to ensure the homogeneous distribution of H,O, gener-
ated during the ORR before measurements. The reaction
between Amplex Red and H,O, in the presence of HRP enzyme
generates resorufin with an ultraviolet-visible (UV-vis) absorp-
tion band (4.,) at 571 nm (Fig. S1%). The intensity of the UV-vis
absorbance is dependent on the concentration of H,0,. The
amount of H,0, was quantified by placing the electrolytic solu-
tion (60 pL) in a UV-transparent plastic cuvette (Eppendorf,
UVette, 10 mm) and subsequently scanning from 300 to
800 nm wusing a UV-vis spectrophotometer (IMPLEN
NanoPhotometer N60). The absorbance of the electrolytic solu-
tion was recorded at Ax = 571 nm and subsequently used to
calculate the concentration of H,0,, according to the standard
curve for H,0, (Fig. S21).

2.4. Calculation methods

The concentration of H,0, generated in the ORR was calcu-
lated from the Beer-Lambert law. The sum of electrons
involved in the ORR was determined by integrating the corres-
ponding LSV curve to calculate the total charge required for
both H,0, and water generation. The calculation methodology
is detailed with reference to the previous study (Note S17).>°

2.5. HBM fabrication

The preparation of M-TPY HBM followed a similar procedure
to that previously described for Cu-BTT HBM, which generally
involves three steps: (1) formation of TPY SAM, (2) metal
coordination of TPY SAM, and (3) formation of a lipid mono-
layer on M-TPY SAM to generate M-TPY HBM (Fig. 3). First,
TPY was deposited on an Au working electrode via the self-
assembly process by immersing the electrode in an ethanolic
solution of TPY and C5-SH (0.25 mM:12.5 mM, 1:50). The
electrode was left in the solution for 2 h and subsequently

ALEAANER AN AN
Au

anhyd. EtOH
rt. 2h

TPY:C5-SH

M2* = Cu2*. Ni2* Mn2*

Inorganic Chemistry Frontiers

rinsed with anhydrous EtOH. Next, metal ions were co-
ordinated onto the TPY-modified Au surface by immersing it
in an ethanolic solution of M(ClO,), (6.7 mM) for 12 h,
where M represents Cu(i), Ni(u), and Mn(u). Metal perchlor-
ate salts were chosen because perchlorates do not undergo
redox reactions within the potential window used in this
study, and perchlorates are weakly coordinating anions that
allow O, to engage metal centers readily during the ORR.
The electrode was rinsed with anhydrous EtOH and sub-
sequently with a pH 7 sodium phosphate buffer solution
(100 mM). Finally, the M-TPY SAM surface was embedded in
a monolayer of DMPC lipids by immersing it for 2 h in a
pH 7 sodium phosphate buffer solution (100 mM) containing
DMPC lipids (0.7 mM) and 1 molar equivalent of DBA proton
carriers.

Caution! Perchlorate salts used in HBM fabrication are
potentially explosive, toxic, and corrosive. Only small amounts
of materials should be prepared.

2.6. TPY preparation

The synthesis of TPY involved three steps: (1) synthesis of
S-tritylated TPY, (2) deprotection of S-tritylated TPY, and (3)
dilution of deprotected TPY with alkyl thiol. First, S-tritylated
TPY was synthesized accordingly (Fig. S3 and S47). Then, the
S-trityl group of TPY was deprotected by treating a solution of
S-tritylated TPY (25 mM, 35 pL) in dichloromethane (DCM)
with trifluoroacetic acid (100 pL), generating a yellow solution.
The deprotection reaction was carried out until the solution
turned colorless, which was achieved by dropwise addition of
triethylsilane (10 pL). Then, the resulting solution was diluted
to a final volume of 3.5 mL using Ar-sparged anhydrous EtOH.
Finally, the diluted solution was mixed with alkyl thiol in a
ratio of 1:N (where alkyl thiol = 1-butanethiol or 1-penta-
nethiol, N = 10, 50, or 100). The selection of alkyl thiol chain
length and dilution ratio was optimized based on the struc-
tural integrity of the lipid monolayer.

Lipids (DMPC):
M(CIO,4), 0 2 :
anhyd. EtOH 100 mM pH 7 o)
rt. 12h sodium phosphate buffer
S5 A Ny i Ju s o
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ ANEAANE AN AR NN
Au Au Au

Fig. 3 Schematics illustrating the preparation process of M-TPY SAM, M-TPY HBM, and M-TPY HBM DBA (M = Cu, Ni, Mn).
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2.7. Physical characterization

Inductively coupled plasma mass spectrometry (ICP-MS)
experiments were performed to quantify the metal content of
M-TPY SAM using an ICP mass spectrometer (Agilent 7700x).
To prepare the samples for analysis, the Au working electrode
containing M-TPY SAM was immersed in a mixed acidic solu-
tion of HNO;:HCI (1:3, 1 mL) for 12 h. Next, the resulting
solution was filtered using a PES syringe filter (Labfil,
0.22 pm). Finally, to the filtered solution (490 pL) was added
an internal standard (10 000 ppb Rh, 10 pL) and diluted with
1% HNO; (9.5 mL).

"H NMR and "*C NMR spectroscopy experiments were con-
ducted using a 400 MHz spectrometer (Bruker) to determine
the molecular structure of TPY. The sample was dissolved in
CDCl; and placed in a borosilicate NMR tube (Synthware).
NMR spectra were recorded at room temperature (25 + 1 °C)
using 1D "H NMR and 1D “*C NMR, respectively. For "H NMR,
spectral data were acquired with 25 scans and 5 s per scan,
while for *C NMR, 400 scans were employed with 4.5 s per
scan. Chemical shifts were calibrated using an internal refer-
ence compound, tetramethylsilane (TMS). Subsequent data
processing and analysis were performed using MestReNova.

3. Results and discussion

3.1. Optimization of ligand surface density of M-TPY SAM
and HBM

Prior to investigating the ORR activity and selectivity of M-TPY
SAM and HBM, we initially explored the optimal ligand
density of sterically bulky TPY ligands on the Au electrode.
The co-presence of TPY ligands and diluent chains is impor-
tant for creating a tightly packed SAM and subsequently an
intact lipid membrane. When TPY ligands assemble on the Au
electrode, the terpyridine headgroups create steric repulsion,
leading to increased spacing between the ligands. This
reduced packing density causes the terpyridine headgroups to
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point in random directions, resulting in a disorganized SAM
structure. This disordered surface is more likely to have
defects such as pinholes, compromising its structural integrity
and its ability to block charged and polar species. To examine
ORR activity and selectivity while modulating proton transfer
kinetics, it is essential to establish the most structurally intact
HBM surface. We determined this by measuring the changes
in the redox peak potential and current density of the Fe(iu)/Fe
(1) couple before and after M-TPY SAM was embedded within
a lipid monolayer. The presence of a positive blocking effect,
as manifested through the increased redox peak separation
and the decreased current density, implies the constrained
diffusion of Fe(mr) ions towards the electrode surface. The
most structurally intact HBM surface configuration was
achieved by using a SAM of TPY ligands diluted with 1-penta-
nethiol molecules (C5-SH) in a 1:50 ratio (Fig. 4 and S57).
Therefore, we employed M-TPY:C5-SH SAM for preparing
HBM platforms and conducting subsequent electrochemical
measurements.

3.2. ORR activity of M-TPY SAM

Next, we examined the formation of a TPY SAM on an Au elec-
trode and the subsequent metal coordination by analyzing the
changes in the ORR thermodynamics and kinetics, with a
specific focus on the shifts in ORR peak potential and current
density. During the growth of a SAM of TPY ligands on the Au
electrode, we observed a negative shift of 0.065 + 0.007 V
(versus RHE) in peak potential and a decrease in current
density of 11.7 + 8.9 uA cm™ (at 0.400 V versus RHE) compared
to the bare Au electrode (Fig. S61). These results confirm the
successful installation of TPY ligands with lower ORR activity
onto the Au surface. Furthermore, after metal coordination, we
observed a positive shift in peak potential of 0.045 + 0.012 V
(versus RHE) and a notable increase in current density of
59.0 + 15.6 pA cm > (at 0.400 V versus RHE) for Cu-TPY SAM.
Similar changes were also observed for Ni and Mn coordi-
nation in the TPY SAM. These observations indicate that the

£

300 T T T T T T T
200 - g

100 - 1

-100 :

-200 —— CuTPY:C5-SH (1:50) SAM 1

—— CuTPY:C5-SH (1:50) HBM

Current Density (uA/cm?)

-300 L L L L L L L
04 05 06 07 08 09 10 11 12

Potential versus RHE (V)

Fig. 4 Effect of ligand dilution ratio on the structural integrity of Cu-TPY HBM. Cyclic voltammograms of a SAM of Cu-TPY, (a) without ligand
dilution and (b) diluted with pentanethiol (C5-SH) in a 1: 50 ratio (blue), covered by a monolayer of DMPC lipids (red) in a solution of 1 mM KszFe(CN)g

in 100 mM KCl at a scan rate of 50 mV s™2.
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observed ORR activity of M-TPY SAM can be attributed to the
coordination of the metal component. Additionally, we con-
firmed the successful metal coordination by conducting
ICP-MS analysis, which measured the corresponding metal
content in Cu-TPY SAM, Ni-TPY SAM, and Mn-TPY SAM,
respectively (Fig. S7a-c and Table S17).

During the investigation of the ORR activity of M-TPY SAM,
we observed that Cu-TPY SAM exhibited the highest catalytic
activity with an ORR current density of 168.4 + 18.9 pA cm™ at
a peak potential of 0.252 + 0.012 V (versus RHE) in an O,-
sparged 100 mM pH 7 sodium phosphate buffer solution. In
comparison, Ni-TPY SAM displayed an ORR current density of
57.3 + 12.4 pA cm™> at a peak potential of 0.282 + 0.027 V
(versus RHE), whereas Mn-TPY SAM showed an ORR current
density of 55.4 + 17.5 pA cm™> at a peak potential of 0.317 +
0.019 V (versus RHE) (Fig. 5a-d). When considering their mass
activities with the normalized metal contents (Fig. S7dt), Cu-
TPY SAM still demonstrated a higher peak ORR current
density of 400.2 mA cm > mgc, ' than both Ni-TPY SAM
(208.0 mA cm™> mgy; ') and Mn-TPY SAM (260.4 mA cm >
mgyn ). This phenomenon can be attributed to the nature of
the Cu center, including its favourable redox potential and
coordination environment for O, binding. The initial step of
the ORR involves the binding of O, to the metal center, neces-
sitating a 1-electron reduction followed by consecutive 1-elec-
tron oxidation of the metal center. Theoretically, the favour-
able redox potential of the Cu(u)/Cu(i) couple (+0.34 V versus
RHE) compared to the Ni(u)/Ni(1) couple (—0.24 V versus RHE)
and the Mn(u)/(u1) couple (+1.51 V versus RHE) allows Cu(u)/Cu
(1) complexes to undergo facile electron transfer with lower
energy input, thereby enhancing their reactivity in the ORR.
Moreover, considering the varying coordination vacancies of
the metal centers, with the tridentate Cu(u) complex having a
higher number of coordination vacancies than the tridentate
Ni(1) complex and tridentate Mn(m) complex, we suggest that
side-on Cu(n)-superoxo (n*> Cu-O,”) intermediates are more
likely to be generated during the ORR process.>®>>” Conversely,
end-on Ni(u)-superoxo intermediates (7' Ni-O,”) and end-on
Mn(ui)-superoxo intermediates (n* Mn-0,”) are more likely to
be formed.*®* Their distinct O, binding modes result in
varying O-O bond cleavage kinetics, consequently affecting
their ORR kinetics. Additional information concerning O,
binding modes will be elaborated upon in the forthcoming
discussion regarding ORR selectivity.

To ascertain the ORR activity of M-TPY SAM, we conducted
an experiment involving a controlled atmosphere of N,/O, gas
purging. As expected, a low background current density was
observed for Cu-TPY SAM, Ni-TPY SAM, and Mn-TPY SAM in a
N,-purged 100 mM pH 7 sodium phosphate buffer solution
(Fig. S8%). This result indicates that a minimal ORR occurred
in the absence of O,. Upon purging the solution with O,, a sig-
nificant increase in ORR activity was observed for each M-TPY
SAM. This result confirms that the observed ORR current
density stems from O,. On the other hand, the structural integ-
rity of the lipid monolayer in M-TPY HBM has been verified
through positive blocking effects, as evidenced by the substan-

6 | /Inorg. Chem. Front., 2023, 00, 1-11
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tial separation of redox peaks and decrease in current density
of the Fe(u)/Fe(u) couple (Fig. S9t). The presence of an Fe(ur)/
Fe(u) redox wave suggests no lipid coverage on M-TPY SAM,
while the transfiguration or disappearance of the redox wave
indicates the formation of an intact DMPC lipid monolayer.
The residual redox responses of the Fe(ur)/(u) couple could be
due to the Fe(u)/(u) ions in the electrolyte diffusing through
the minimal defects of the DMPC lipid monolayer within
M-TPY HBM and M-TPY HBM DBA and undergoing redox
cycling.

3.3. ORR selectivity of M-TPY SAM

Following our investigation of the ORR activity of M-TPY
SAMs, we next explored their ORR selectivity by analyzing the
variations in the number of electrons transferred per O,.
During the ORR, Cu-TPY SAM demonstrated a nearly 4-elec-
tron transfer pathway (n = 3.5 + 0.3), whereas both Ni-TPY SAM
and Mn-TPY SAM followed a nearly 2-electron transfer pathway
(n=2.4 £ 0.4 and 2.4 + 0.2), respectively (Fig. 5e). The vari-
ations in ORR selectivity between Cu-TPY SAM and the other
two can be attributed to the disparities in O, binding modes.
Generally, there are two potential types of 1:1 M-O adducts
with 1-electron transfer that can arise when a metal ion coordi-
nates with O,: an end-on metal-superoxo adduct (' M-0,")
and a side-on metal-superoxo adduct (n> M-0,7).>>®" These
two adducts are primarily differentiated based on the distance
and strength of the O-O bond. Both the metal center and
ligand denticity significantly influence the formation of either
an n' M-O,~ or an 1> M-O, intermediate. Previous studies
employing Raman spectroscopy and DFT calculations have
revealed that the O, binding mode of a mononuclear Cu(u)-
0,~ complex can vary depending on the ligand denticity.?”%*
Specifically, tridentate Cu(u) complexes predominantly favour
the side-on O, binding mode, while tetradentate Cu(u) com-
plexes promote the end-on O, binding mode. On the other
hand, owing to the coordination behaviours of Ni(u) and Mn
(m) centers, it is likely that tridentate Ni(u) complexes and tri-
dentate Mn(u) complexes support the end-on O, binding
mode.*®>° However, these intermediates have not been iso-
lated in a HBM setting and characterized during the ORR due
to their short lifetimes. Therefore, considering the observed
differences in ORR selectivity among M-TPY SAMs, we pro-
posed that n? Cu-0O,~ intermediates are generated in Cu-TPY
SAM during the ORR, while n' Ni-O,” and n' Mn-O,~ inter-
mediates are formed in Ni-TPY SAM and Mn-TPY SAM,
respectively. Due to the longer O-O bond length (~1.4-1.5 A)
in side-on superoxide than in end-on superoxide (~1.2-1.3 A),
breaking the longer and weaker O-O bond in side-on super-
oxide requires less energy and is therefore more kinetically
facile than breaking the shorter and stronger O-O bond in
end-on superoxide.’®®* Consequently, considering the for-
mation of distinct M-O intermediates and the associated facili-
tation of O-O bond cleavage, we postulated that the 4-electron
ORR selectivity observed in Cu-TPY SAM is likely attributed to
the generation of > Cu-O,~ intermediates which facilitate the
dissociative 4-electron ORR mechanism through efficient O-O
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Cu-TPY HBM, 0.282 V (versus RHE) for Ni-TPY HBM, and 0.317 V (versus RHE) for Mn-TPY HBM. (f) Schematics of M-TPY HBM DBA.

bond cleavage (Fig. 6). The high ORR activity and H,O selecti-
vity of Cu-TPY SAM are reminiscent of the excellent catalytic
performance of natural copper enzymes, such as laccase,
ascorbate oxidase, and ceruloplasmin, which are well-known
for exhibiting the 4-electron reduction of O, to water.’>** On
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the other hand, the 2-electron ORR selectivity observed in Ni-
TPY SAM and Mn-TPY SAM can be attributed to the formation
of n* Ni-O,~ and n' Mn-0,~ intermediates which proceed via
the associative 2-electron ORR mechanism involving more hin-
dered O-O bond cleavage.
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Fig. 6 Formation of distinct M—O intermediates in M-TPY SAMs (M = Cu, Ni, Mn) upon O, binding to the metal center leads to variations in their

ORR activity and selectivity.

3.4. Mechanistic understanding of how the lipid
nanoenvironment steers both the ORR kinetics and mechanism

Throughout the analysis of the ORR activity of M-TPY HBM,
we observed a consistent pattern in the changes of ORR kine-
tics for Cu-TPY HBM, Ni-TPY HBM, and Mn-TPY HBM across
different protonic nanoenvironments. By transitioning from a
facile H' transfer state (M-TPY SAM) to a H' excluded state
(M-TPY HBM), and ultimately to a H' transfer regulated state
(M-TPY HBM PC), similar patterns emerged (Fig. 5a-d). In the
case of Cu-TPY SAM, in which unrestricted proton diffusion
occurs in the bulk electrolyte, the ORR current density reached
168.4 + 18.9 pA cm> at a peak potential of 0.252 + 0.012 V
(versus RHE) (Fig. 5a and d). However, with the appendage of a
DMPC lipid monolayer to form Cu-TPY HBM, there was a
53.8% decrease in current density to 77.8 + 17.7 yA cm™> at
0.252 V (versus RHE). This decrease suggests that the hydro-
phobic lipid monolayer hampers the ORR kinetics by imped-
ing transmembrane proton delivery. Due to limited proton
availability, O, is reduced to superoxide, leading to a non-zero
ORR current density. Subsequently, upon introducing 1 molar
equivalent of DBA into the lipid monolayer of Cu-TPY HBM, a
significant recovery of 70.7% in the ORR current density was
observed compared to Cu-TPY SAM. This recovery resulted in a
measured current density of 118.9 + 23.8 pA cm™> at 0.252 V
(versus RHE). The presence of DBA likely established an aug-
mented pathway for proton transport through the lipid mono-

8 | Inorg. Chem. Front,, 2023, 00, 1-11

layer, facilitating a greater influx of protons to reach the Cu-
TPY SAM surface and actively participate in the ORR. This
enhanced proton flux, in turn, led to a higher current density.
Thus, the recovery of the ORR current density in Cu-TPY HBM
DBA highlights the significance of integrating proton carriers
to modify the ORR kinetics. Similar trends were observed
when adding a DMPC lipid monolayer and incorporating
1 molar equivalent of DBA for Ni-TPY SAM and Mn-TPY SAM.
For Ni-TPY SAM, the inclusion of a DMPC lipid monolayer
resulted in a 60.0% decrease in the ORR current density at a
peak potential of 0.282 + 0.027 V (versus RHE) (Fig. 5b and d).
However, the subsequent incorporation of 1 molar equivalent
of DBA led to a recovery of the ORR current density by 76.2%.
Likewise, for Mn-TPY SAM, the addition of a DMPC lipid
monolayer caused a 73.6% decrease in the ORR current
density at 0.317 + 0.019 V (versus RHE), while the introduction
of 1 molar equivalent of DBA resulted in a substantial recovery
of 89.7% in the ORR current density (Fig. 5c and d).

Apart from employing a DMPC lipid monolayer alone in the
formation of M-TPY HBM, we further investigated the influ-
ence of incorporating cholesterol into the lipid monolayer on
the protonic nanoenvironment encountered by M-TPY SAM
and its subsequent impacts on the ORR kinetics. Previous
studies examining the role of cholesterol in membrane fusion
have demonstrated its ability to decrease fluidity, increase
thickness, and enhance the compressibility of the lipid
membrane.®*®” As a result, we hypothesized that the altered
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mechanical properties of the lipid monolayer in M-TPY HBM
obstructs proton permeation through the lipid monolayer.
Moreover, cholesterol has the capability to occupy membrane
defects, further limiting the availability of defects for trans-
membrane proton transfer, thus leading to lower ORR kinetics.
By incorporating 20% w/w cholesterol into the DMPC lipid
monolayer on M-TPY SAM, we compared the ORR current
density of M-TPY HBM with and without cholesterol. Our
experimental findings indicated that M-TPY HBM with chole-
sterol exhibited significantly lower ORR current density than
M-TPY HBM alone (Fig. S10 and S12%). This observation
suggests that the presence of cholesterol further impedes the
transmembrane proton transfer kinetics, consequently lower-
ing the ORR kinetics. Furthermore, we extended our investi-
gation to evaluate whether incorporating proton carriers could
restore the kinetics of transmembrane proton transfer in the
cholesterol-infiltrated lipid layer. However, the results revealed
that the inclusion of DBA did not contribute to ORR activity
recovery (Fig. S11 and S12%). This lack of effect can be associ-
ated with the rigidity of the lipid monolayer caused by chole-
sterol, impairing the flip-flop motion of proton carriers, and
hindering their effective delivery of protons across the lipid
membrane.

On the other hand, regarding the ORR selectivity of M-TPY
HBM, upon introducing a DMPC lipid monolayer into M-TPY
SAM, a significant decrease in the number of electrons trans-
ferred per O, was observed. Specifically, Cu-TPY HBM exhibi-
ted a decrease from 3.5 + 0.3 to 3.2 + 0.1, while Ni-TPY HBM
and Mn-TPY HBM experienced a decrease from 2.4 + 0.4 to
1.8 + 0.1 and from 2.4 + 0.2 to 1.7 + 0.2, respectively (Fig. 5e).
The discrepancies in ORR selectivity between M-TPY SAM and
M-TPY HBM can be ascribed to the hydrophobic properties of
the lipid monolayer which hinders the proton transfer kine-
tics. Consequently, in M-TPY HBM, the rate of proton transfer
from the bulk electrolyte to the M-TPY SAM surface becomes
significantly slower than in no lipid case. Under conditions
where proton transfer is notably slow and potentially absent,
O, tends to undergo 1-electron reduction, resulting in the
prevalence of a 1-electron ORR mechanism. Experimental evi-
dence indicated that the ORR in M-TPY HBM occurred
through a combination of 1-electron and 4-electron transfer
pathways in the case of Cu-TPY HBM or a mixture of 1-electron
and 2-electron transfer pathways in the cases of Ni-TPY HBM
and Mn-TPY HBM. By incorporating 1 molar equivalent of
DBA in M-TPY HBM, the 4-electron ORR selectivity in Cu-TPY
HBM DBA and the 2-electron ORR selectivity in Ni-TPY HBM
DBA and Mn-TPY HBM DBA were restored. This restoration
occurred by recovering the kinetics of transmembrane proton
transfer. Specifically, the number of electrons transferred was
restored from 3.2 + 0.1 to 3.6 + 0.2 in Cu-TPY HBM DBA, from
1.8 + 0.1 to 1.9 + 0.2 in Ni-TPY HBM DBA, and from 1.7 + 0.2
to 2.0 = 0.1 in Mn-TPY HBM DBA (Fig. 5e). This observation
can be attributed to the alleviation of proton transfer inhi-
bition caused by the hydrophobic nature of the lipid mono-
layer, as the presence of proton carriers in the lipid monolayer
restores the transmembrane delivery of protons from the bulk
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electrolyte to the M-TPY SAM surfaces. Drawing from the
empirical findings, we concluded that the ORR selectivity of
M-TPY SAM is highly dependent on the formation of M-O
intermediates, while the ORR selectivity of M-TPY HBM, in
turn, depends on the proton availability and transfer rate.

4. Conclusions

This work has examined how proton transfer kinetics influ-
ences the ORR activity and selectivity of Cu-TPY, Ni-TPY, and
Mn-TPY electrocatalysts installed at the SAM terminus. Upon
the strategic integration of a DMPC lipid monolayer embedded
with DBA proton carriers, the protonic nanoenvironment of
M-TPY SAM, M-TPY HBM, and M-TPY HBM DBA was systema-
tically explored. The presence of both the lipid monolayer and
the proton carriers had synergistic effects on their ORR activity
and selectivity. Specifically, the appendage of a DMPC lipid
monolayer onto M-TPY SAM, forming M-TPY HBM, led to
deceleration of the proton transfer kinetics due to the hydro-
phobic nature of the lipid membrane that prevents the
passage of protons towards the ORR active sites. This phenom-
enon consequently imposed limitations on the ORR kinetics,
which is a PCET reaction that requires efficient proton trans-
fer. Interestingly, the introduction of DBA proton carriers into
M-TPY HBM, forming M-TPY HBM DBA, effectively restored
the ORR kinetics by expediting the transmembrane proton
delivery across the lipid monolayer. This observation under-
scores the strong interdependence of the ORR behaviour of
M-TPY SAM on the protonic nanoenvironment. Given the
importance of both proton availability and transfer kinetics in
influencing ORR activity and selectivity, this work establishes a
strong foundation for investigating other PCET reactions in
which tuning the electrochemical activity and selectivity holds
the key to enhancing catalytic efficiency or yielding higher
quantities of valuable chemicals. Additionally, we observed
distinct variations in the ORR activity and selectivity among
M-TPY SAMs. These differences were attributed to the for-
mation of unique M-O intermediates upon O, binding to the
metal centers. The contrasting characteristics of O-O bonds
between end-on superoxide and side-on superoxide led to vari-
ations in O-O bond cleavage kinetics, ultimately influencing
the ORR activity and selectivity. We proposed that the higher
ORR activity and the 4-electron ORR selectivity observed in Cu-
TPY SAM are likely due to the generation of n? Cu-0,” inter-
mediates. These intermediates facilitate a dissociative 4-elec-
tron ORR mechanism through more kinetically facile O-O
bond cleavage. In contrast, the lower ORR activity and the
2-electron ORR selectivity observed in Ni-TPY SAM and Mn-
TPY SAM are associated with the formation of ' Ni-0,~ and
n' Mn-O,” intermediates which proceed via an associative
2-electron ORR mechanism involving more kinetically sluggish
0O-O bond cleavage. This tunable protonic nanoenvironment
holds promise to optimize the PCET steps of redox processes
that are instrumental in achieving carbon neutrality and green
production.
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