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Water electrolysis is the simplest way to produce hydrogen, as a clean renewable fuel. However, the high
overpotential and slow kinetics hamper its applicability. Designing efficient and stable electrocatalysts for
water oxidation (WO), which is the first and limiting step of the water splitting process, can overcome
this limitation. However, the development of such catalysts based on non-precious metal ions is still
challenging. Herein we describe a bio-inspired Co(in)-based complex i.e., a stable and efficient molecular
electrocatalyst for WO, constructed from a peptidomimetic oligomer called peptoid — N-substituted
glycine oligomer — bearing two binding ligands, terpyridine and bipyridine, and one ethanolic group as
a proton shuttler. Upon binding of a cobalt ion, this peptoid forms an intramolecular Co(i) complex, that
acts as an efficient electrocatalyst for homogeneous WO in aqueous phosphate buffer at pH 7 with

a high faradaic efficiency of up to 92% at an overpotential of about 430 mV, which is the lowest reported
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Introduction

Mimicking the natural water splitting process is an attractive
strategy for the production of oxygen and hydrogen, the latter
having the potential to be used as an alternative renewable fuel.!
The first step in this process is the four-electron oxidation of
water (2H,0 — O, + 4H" + 4e~; AE° = 1.23 V at pH 0),> which is
challenging both kinetically and thermodynamically.®* There-
fore, developing effective electrocatalysts for water oxidation,
which are also highly stable and perform with low overpotential,
i.e. operate near neutral pH with minimum applied potential, is
a long standing goal towards the production of hydrogen as
a renewable energy source.* Indeed, significant research efforts
have been made to design WO catalysts based on non-precious
earth-abundant first-row transition metal ions (mainly Mn,® Fe,®
Co,” Ni® and Cu®). Among them, Co-based WO catalysts show
good catalytic activity under ambient pH conditions with rela-
tively high turnover frequency (TOF). However, it is a chal-
lenging task to design and generate soluble Co-based WO
electrocatalysts that are stable over time during electrocatalysis
thus enabling homogeneous electrocatalytic WO to proceed for
long periods of time towards high TON, as some cobalt
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complexes tend to get irreversibly oxidized to form Co-based
oxides or hydroxides during WO, leading to heterogeneous
catalytic systems.’ An example representing this challenge is
a dinuclear Co(um) complex initially reported as an active
homogeneous WO catalyst, but in later studies, it was found to
generate heterogeneous CoO, which acts as the actual cata-
lyst.'** A reason for this might be an intermolecular coordina-
tion of Co by the ligands, which is typically weaker than an
intramolecular coordination,” and thus can lead to ligand
dissociation during catalysis,** facilitating destabilization of the
Coion and its irreversible oxidation to Co oxides.'* Therefore, it
is important to choose a chelating system that: (i) enables
intramolecular coordination via strong electron-donating
ligands that can stabilize Co in its high oxidation states, (ii)
enables the formation of an intramolecular Co-complex that
has at least one free coordination site for water binding, and (iii)
can stabilize the catalytic center during WO electrolysis, even in
the case of ligand dissociation. One way to achieve these goals is
to design chelating systems that not only comprise specific
ligands for Co coordination, but also include a second coordi-
nation sphere mimic about the Co center, akin to enzymes. This
second coordination sphere mimic can provide additional weak
interactions, such as hydrogen bonding, to facilitate the stabi-
lization of Co in different oxidation states and/or of formed
intermediates obtained during WO,* even if the coordinating
ligand is dissociated during the catalytic process.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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To construct chelating systems that include both a direct
coordination sphere and a second coordination sphere mimic,
our lab is using synthetic peptide mimics called peptoids** - N-
substituted glycine oligomers - that are constructed from
primary amines rather than from amino acids. Peptoids can be
synthesized efficiently on a solid support using the “sub-
monomer” method,” which enables the incorporation of
different side chains in a specific manner, including metal-
binding ligands for direct metal coordination as well as struc-
ture directing elements and nucleophiles that can mimic
second coordination sphere effects.'® In addition, peptoids are
chemically inert towards many catalytic transformations, are
highly stable under various pH and oxidative conditions,” and
can stabilize metal ions in their high oxidation state.”” Hence,
peptoids are excellent candidates for developing efficient bio-
inspired catalysts.””*? Indeed, our group has reported catalytic
metallopeptoids containing non-catalytic sites, which together
with the peptoid backbone, aim to mimic a second coordination
sphere that facilitates efficient oxidative transformations,
including electrocatalytic WO.'®?* The activity of metal-
lopeptoid-based electrocatalysts for WO, however, was only re-
ported at pH > 9, limiting the requirement for low overpotential.
Moreover, so far, only one Co-based peptoid complex has been
reported as an electrocatalyst for WO - an intermolecular
complex where Co®" is coordinated to two terpyridine-based
peptoid trimers.>® As a consequence of this intermolecular
binding, the stability of this complex over time, similar to other
Co-based WO electrocatalysts (Table A1, ESIt), was limited,
hampering its activity.**>*

Aiming to obtain a stable Co-peptoid electrocatalyst for WO
that is active over time and performs at neutral pH with low
overpotential, we have designed a peptoid trimer (TBE) bearing
two metal-binding ligands, namely 2,2';6',2"-terpyridine (Terpy)
and 2,2'-bipyridine (Bipy), aiming to form an intramolecular
penta-coordinated Co-peptoid complex with a free coordination
site for water binding and an ethanolic side chain that, together
with the peptoid backbone, will serve as a second coordination
sphere mimic. We anticipated that the ~-OH group from the
ethanolic side chain would either assist in stabilizing the metal
center during WO,*” facilitate proton shuttling® and/or stabi-
lize Terpy or Bipy in case one of them dissociates from the Co
center.”® As control peptoids for intramolecular binding of Co,
the two trimers TTE and BBE having two Terpy ligands or two
Bipy ligands respectively, in addition to the ethanolic side chain
were also designed, aiming to investigate whether a vacant site
for water binding is crucial for catalytic activity and which
peptoid out of the three forms the most stable WO
electrocatalyst.

Results and discussion

Synthesis and characterization of TBE and its corresponding
Co complex

The peptoid TBE (Fig. 1a) was synthesized by the “sub-mono-
mer” solid-phase method* (see the ESI} for details), cleaved
from the solid support and purified by high-performance liquid
chromatography (HPLC, >95% purity) (Fig. S17). The formation
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Fig. 1 (a) Peptoid ligand TBE and (b) the Co-peptoid complex CoTBE.

of the peptoid was further supported by high-resolution mass
spectrometry (HR-MS), as the measured mass corresponded to
the expected mass for its sequence (Fig. S2 and S3%). The cor-
responding peptoid Co complex was obtained by treating the
peptoid with one molar equiv. of Co(OAc),-4H,0 in methanol
and after 2 hours of stirring, the reddish-brown product was
precipitated out by using excess sodium perchlorate.*®*® The
precipitate was isolated, washed, and dried. The UV-vis spectra
of TBE and its isolated complex, both in 0.1 M phosphate buffer
solution (PBS) at pH 7, showed that the absorbance bands near
236 and 285 nm (assigned to the w-m* and n-w* transition of
the Terpy and Bipy ligands present in the peptoid sequence)
shift to 240 and 282 nm respectively, and a new absorption band
near A = 314 nm was produced (attributed to the metal to ligand
charge transfer (MLCT) transition of CoTBE species, Fig. S41).
These observations support the formation of a cobalt-peptoid
complex.'*** Further characterization using UV-vis spectra in
PBS pH 7 revealed that (i) the absorption band linearly varies
with the complex concentration following the Beer-Lambert
law, which indicates that the complex exists as a single species
in PBS without dimerization (Fig. S51)* and (ii) the spectrum of
the complex did not show any significant change after allowing
it to stand for 24 hours in air, demonstrating that the complex is
stable under these conditions (Fig. S6f). The HR-MS of the
isolated complex in acetonitrile showed a peak at m/z = 763.27
corresponding to the mass of CoTBE as well as a peak at 863.23,
which matches the calculated mass of CoTBE + ClO, " (Fig. S7
and S8%). Notably, this chromatogram did not show any other
masses corresponding to the full or half-masses of species with
aratio Co: TBE 1:2 or 2: 2, indicating the formation of the 1:1
Co : TBE complex, a.k.a. the intramolecular Co-peptoid complex
COTBE as the only product (Fig. 1b). To further support this
composition, a metal-to-peptoid ratio plot was constructed from
UV-Vis titration of TBE with Co ions where a plateau was ob-
tained at a molar ratio of 1 (Fig. 2a). This also supports the
formation of an intramolecular complex with a ratioof 1:1 Co:
TBE. In addition, by keeping the total molar concentration of
a mixture solution, which contains both Co and TBE constant at
33 uM and varying their mole fraction, a Job plot was also
constructed (Fig. 2b). The absorbance proportional to complex
formation was plotted against the mole fraction and from the
intersection point at x = 0.47, a stoichiometric ratio was
determined to be 0.90,'%/ supporting the 1:1 metal-to-peptoid
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Fig. 2 (a) UV-Vis spectra for the titration of peptoid TBE with Co ions
(20 uM) in 0.1 M PBS at pH 7.0 and a metal-to-peptoid ratio plot for Co
binding with TBE (inset). (b) Job-plot of TBE with Co measured in
methanol (33 uM total concentration).

ratio obtained from the UV titrations. Altogether, the results
from both UV-Vis titration, the Job plot and HR-MS confirmed
the formation of the intramolecular complex CoTBE. Further-
more, the isolated CoTBE complex was characterized using
solid phase FT-IR spectrum.

A comparison between the FT-IR spectra of TBE and its Co
complex showed shifts from 1121 to 1080 cm™ " and 1533 to
1571 cm ™! corresponding to the C-N and C=N bond stretching
respectively, within the terpyridine and bipyridine center.** In
contrast, the FTIR spectra of TBE and its Co complex showed no
shift at 1663 cm ™" and 3206 cm ™" associated with the C=0 of
the amide bond and terminal N-H group, respectively. This
indicates that neither the terminal N-H group nor the C=0 of
the amide bond participates in Co coordination
(Fig. S97).19#1% Collectively, all these results indicate that both
Terpy and Bipy bind to one cobalt ion forming the intra-
molecular complex CoTBE. Importantly, the "H-NMR spectrum
of COTBE in DMSO-d6 showed sharp well-resolved peaks
(Fig. S10 and S117), and the electron paramagnetic resonance
(EPR) spectra of CoTBE was silent (Fig. S121). Both results
indicate that CoTBE is a diamagnetic complex and that the Co
center is stable in the Co(u) oxidation state.?*** Interestingly,
the ESI-MS spectrum of the CoTBE, measured in water
(Fig. S137), showed an additional peak at 881.99 compared to
the ESI-MS spectrum in acetonitrile. This peak is consistent
with [CoTBE (H,O)] + ClO, ", suggesting that CoTBE coordinates
H,O via the vacant binding site in solution to form a stable
hexa-coordinated geometry.

Electrochemical characterization and testing of the control
peptoids

The electrochemical and electrocatalytic properties of CoOTBE
were evaluated in 0.1 M phosphate buffer at pH 7. Cyclic vol-
tammetry (CV) was performed using glassy carbon (GC) as the
working electrode, Ag/AgCl as the reference electrode and a Pt
wire as the counter electrode. All the potentials are reported
versus the normal hydrogen electrode (NHE) by adding 0.197 V
to the measured potential. As shown in Fig. 3, the CV of CoTBE
showed a redox wave at E;,, = + 0.26 V vs. NHE assigned to Co"/
"and at high oxidative potential, a sharp anodic wave was
observed at E = +1.53 V, which is assigned to the catalytic event.
However, when the CV was recorded in the same potential range
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Fig. 3 (a) CVs of 0.5 mM CoTBE and blank at scan rate 100 mV s~ (b)

CVs of 0.5 mM CoTBE at scan rates 100 and 50 mV s~%; all the CVs are
obtained in 0.1 M phosphate buffer at pH 7, using Ag/AgCl as the
reference electrode with glassy carbon as the working electrode (0.07
cm?) and a Pt wire as the counter electrode.

at a slower scan rate (50 mV s '), an additional pre-peak was
observed at an onset potential of +1.21 V. The pre-peak is
associated with Co™" redox species.” This peak, however, is
not well observed at higher scan rates because the very small
current of Co™" conversion overlaps with the high anodic
current obtained from the catalytic process. To further confirm
that the anodic wave at E = +1.53 V is related to the catalytic
process, we performed CV measurements at different scan rates
within the range of 5-100 mV s™'. The normalized current at
1.53 V has a reverse dependency on the scan rate i.e., it increases
with decreasing scan rates (Fig. S147), consistent with a catalytic
behavior.? Notably, Co(ClO,),-6H,0 is unstable in PBS at pH 7,
rapidly forming a purple precipitate, as demonstrated in the CV
solution (Fig. S157).This observation highlights the crucial role
of TBE in stabilizing the Co-center and preventing the forma-
tion of un-soluble species under neutral phosphate buffer
conditions.*#*2°

The control peptoids TTE and BBE and their corresponding
cobalt complexes (see ESI, Scheme S1t) were synthesized and
characterized following the same procedure as that for the
peptoid TBE and its corresponding Co complex CoTBE
(Fig. S16-5237). Notably, COTTE was unstable in PBS at pH 7 as
indicated by its UV-Vis spectrum, which changed with time
(Fig. S241).>° The CoBBE complex, on the other hand, was stable
in PBS at pH 7 (Fig. S251); however, it was not stable during
electrocatalytic water oxidation as seen from a continuous CV
scan experiment®” performed in PBS at pH 7 (Fig. S26%). These
results indicate that among all the three complexes, CoOTBE is
the only one that remains stable before and during electro-
catalytic WO, suggesting that using both Terpy and Bipy on one
peptoid scaffold is required for the stability of its Co complex in
PBS at pH 7.

Electrochemical water oxidation

Evolution of molecular oxygen was confirmed by a controlled
potential electrolysis (CPE) experiment which was performed at
an applied potential (E,p) of 1.25 V vs. NHE, the onset potential
of the reaction was catalyzed by CoTBE, with the 0.5 mM CoTBE
complex in 0.1 M phosphate buffer solution at pH = 7 using

© 2024 The Author(s). Published by the Royal Society of Chemistry
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porous glassy carbon as the working electrode (Fig. 4). CPE was
carried out for 10 hours both in the presence and absence of
CoTBE. During the CPE experiment with CoTBE, a charge of
22.4 C was accumulated and about 45 pmol of oxygen were
evolved. In contrast, only 4.6 C and 2.2 pmol of oxygen were
detected during an analogous experiment without the catalyst.
Considering a 4e”~ process and the initial amount of the catalyst
in solution, the faradaic efficiency (FE%) of the CPE experiment
conducted in the presence of CoTBE was calculated to be
approximately 78% before background correction (calculated
from the CPE experiment performed without CoTBE) and 92%
after this correction. The catalytic turnover number (TON) is
17.1in 10 hours at an overpotential of about 433 mV (according
to an applied potential of 1.25 V). This overpotential is signifi-
cantly lower compared to that of the intermolecular Co-peptoid
catalyst as well as to those of all the reported Co-based
complexes that act as molecular electrocatalysts for homoge-
neous WO in the pH range 6-11 (see ESI, Table A17). Notably,
the current measured during the CPE rapidly increased in the
first 6 minutes of the reaction from an initial value of 1.10 mA
up to a value of about 1.28 mA and then slowly decreased over
the next 4 hours. Importantly, after 4 hours, the catalyst
remained active with a steady current of 0.5 mA for 6 more
hours (Fig. S277), representing that in addition to the signifi-
cantly low overpotential, it has long durability compared with
other Co-based homogeneous WO electrocatalysts (see ESI,
Table A17). However, the initial increase in current implies that
at the beginning of the reaction some active species might be
formed via rapid conformational changes.”#*%'®* This active
species could be either an insoluble nanoparticle or a soluble
molecular species formed in the solution. To probe the possi-
bility of nanoparticle formation we performed dynamic light
scattering (DLS) measurements on the CPE solution before and
after electrolysis. The DLS spectra obtained before and after the
CPE experiment were found to be identical, ruling out the
formation of insoluble nanoparticles (Fig. S28t),%7¢ and sup-
porting the homogeneity of the CPE experiment. Considering
the structural change for the cobalt peptoid complex during the
catalysis,*?** we propose that COTBE may act as a precatalyst,

@ (b) 5
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40} —Blank
O 16}
s 30 o
g ]
=, g
o' 20 S
10
0 n .
0 2 4 6 8 10
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Fig. 4 (a) The evolution of O, and (b) total accumulated charge during

CPE in 0.1 M phosphate buffer at pH 7.0 containing 0.5 mM catalyst
CoTBE and the buffer only using porous glassy carbon as the working
electrode at +1.25 V vs. NHE for 10 hours. Evolution of O, was
measured with a fluorescent probe.
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forming an active catalyst upon applying potential (this will be
further discussed later in the paper).

Homogeneity studies

To assure that COoTBE is a soluble molecular catalyst and that the
catalytic process is homogeneous, a CV scan was carried out in PBS
at pH 7 in the absence of the catalyst (blank) and 20 continuous CV
scans were performed in the presence of the catalyst using a glassy
carbon (GC) working electrode (Fig. S29 and S307%).*” This experi-
ment revealed that there is no increase in catalytic current sug-
gesting that no film deposition on the electrode surface takes place
during the catalytic process.'™ In fact, it was observed that the
catalytic current decreases after subsequent CV scans, possibly due
to the formation of oxygen bubbles on the surface of the working
electrode, decreasing its active surface area. To confirm that no
cobalt oxide film was deposited on the electrode during the cata-
Iytic process, the working electrode was removed from the solution
of COoTBE in 0.1 M PBS (pH 7.0) after 20 successive CV scans and it
was rinsed with deionized water but not polished, and a CV scan
was performed in a fresh buffer solution. This scan was identical
to the blank CV scan, indicating that no active particles were
absorbed on the working electrode. Moreover, scanning electron
microscope (SEM) images of the GC electrode surface taken before
and after 20 continuous scans showed no material deposition on
the surface (Fig. S311). Moreover, the CVs at different scan rates
revealed that the peak current (ig, corresponding to the reduction
peak current of Co™") varies linearly with the square root of the
scan rate v/ (Fig. 5a-c), which is consistent with the Randles-
Sevcik equation displayed below:"2%282°

iqg = 0.446 ngFA[Co|(ngFvDco/RT)'? (1)
(a) 250 ¢ (b) 2
—100 mV/s
200} —50mV/s
—25mV/s
2 "0t —smwis < O/
< 3
= 100} =
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Fig.5 CVsof 0.5 mM CoTBE at different scan rates in 0.1 M phosphate
buffer pH 7 in a (a) broad scanning range and (b) narrow scanning
range. (c) Linear regression of iy versus »*2.(d) Linear regression of e/
iq versus v /?
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This implies that the process is diffusion controlled and
thus, homogeneous.'**® Taken together, these outcomes indi-
cate that the catalytic process is truly homogeneous.

Kinetic studies

CV scans of different concentrations of CoOTBE were examined
to gain some insight regarding its kinetics. The linear depen-
dence of the catalytic peak current with the catalyst concentra-
tion (Fig. S321) points out that WO is performed by a single site
molecular catalyst with first order kinetics.** Therefore, the
catalytic process obeys the relationship displayed in eqn (2) as
follows:***

lcat = ncmFA[CO](kcatDCo)1/2 (2)

The correlation between i.o/iq and v~/ can be obtained by
dividing eqn (1) with eqn (2) and the value of the rate constant
for water oxidation can be calculated using the linear slope of

icaia and v~ (Fig. 5d), as shown in eqn (3):7¢>"
icatdia = 0.359ncq/ng> ko v~ 12 )

From these equations, k.., also defined as the turnover
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value is the highest reported compared with the other Co-based
molecular electrocatalysts for WO and their catalytic activity was
reported at pH 7 (see ESI, Table A1t). Further FOWA was per-
formed from the CV data collected at different scan rates and
the average K,ps was found to be 5.76 x 10 * s~* (Fig. $337).*?
The value calculated by this method is comparable to those of
other reported Co-based molecular catalysts.”**®

Structural stability of the catalyst

To gain some insight into the catalytic mechanism of CoTBE
during WO, we wished to investigate its structural stability
during the process. For this aim, we performed CV, UV-Vis, FTIR
and ESI-MS analysis before and after 10 hours of CPE at an E;,
of +1.25 V. The CV recorded after the CPE showed that the
intensity of the Co(m)/(m) oxidation wave was unaffected but the
catalytic wave of CoTBE was completely suppressed (Fig. S347).
In addition, significant changes were observed in the UV-Vis
spectrum of CoTBE after electrolysis: the intensity of the
absorption band at 282 nm (associated with the n—-m* transition
of both Terpy and Bipy) increased, the absorption band at
314 nm (attributed to the MLCT transition of CoTBE) dis-
appeared, and two new shoulder bands at 328 and 342 nm

frequency (TOF) of the catalyst was calculated to be 44 s~ *. This appeared (Fig. S35f). These observations suggest the
H,O
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Scheme 1 Plausible mechanistic cycle of CoTBE for water oxidation, where X is H,O, H,PO4, ClO4 or their combination.
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dissociation of either Terpy or Bipy from the Co center, leading
to the formation of new Co-peptoid complexes replacing
CoTBE. As Terpy is a tridentate ligand that can stabilize the Co
center more effectively than Bipy,* we propose that it is the Bipy
group that dissociates from the Co center,'¥ leading to the
formation of a new dissociated Co-peptoid complex (see,
Scheme 1).

To support this hypothesis, we synthesized two control
peptoids TE and BE with Terpy or Bipy as the only binding site,
respectively, aiming to test the ability of each ligand-bound
peptoid to coordinate Co. In both the peptoids, the 2nd
binding site has been substituted by a napthyl group (Fig. 6).
Both the peptoids were synthesized on a solid support via the
submonomer method, cleaved from the resin, purified to >99%
purity and analyzed by HPLC and MS (Fig. S36-S391). To
determine the binding properties of the peptoids TE and BE, we
conducted UV-vis titration experiments with three different
metal ions (Co, Ni and Zn) in PBS at pH 7. We observed that TE
could bind all the three metal ions, whereas BE could only bind
to Ni (Fig. S40 and S41+1). To investigate which ligand dissoci-
ates from CoTBE during CPE, we conducted a CPE experiment
with CoTBE and at the end of the reaction we collected the
solution, dried it, re-dissolved the dried sample in PBS at pH 7
and performed a UV-vis titration experiment with all the three
metal ions using the dried isolated solution from the CPE
experiment. The resulting spectra were compared with the
spectra of UV-vis titration experiments performed with TE and
BE. Interestingly, when the dried CPE sample was titrated with
Ni, we observed that two new bands appeared near 315 nm and
329 nm. These bands correspond to the binding of Ni (Table S1,
ESIY) to the free binding site created during the CPE experiment
(Fig. 7a). However, when the dried CPE sample solution was
titrated with Co and Zn, no change in the UV-Vis spectrum was
observed (Fig. S421), indicating no binding. Based on the
observation that both Co and Zn can be bound to TE but not to
BE, the results from the post-CPE experiments imply that it is
the Bipy ligand that dissociates during CPE. To gain more
insights into the structure of the dissociated Co-peptoid
complex (see, Scheme 1), FTIR and ESI-MS measurements
were carried out before and after the CPE experiment. In the
FTIR spectrum, a broad O-H stretching frequency was observed
initially before electrolysis, indicating the presence of an etha-
nolic O-H group in the peptoid sequence. However, after elec-
trolysis, additional broadening of O-H stretching frequency was
observed in the region between 3000 and 3400 cm™'. The
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Fig. 6 (a) Peptoid ligand TE and (b) peptoid ligand BE.
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Fig.7 (a) UV-Vis titration spectra of the dried sample after CPE with Ni
and (b) titration of the 25 pM complex CoTBE with 1 pL aliquots of 2.5%
H,0, followed by UV-Vis spectroscopy. All the experiments were
performed in 0.1 M PBS pH 7 at room temperature.

further broadening might be attributed to the stretching of the
O-H bond of water molecules, indicating that a water molecule
coordinates to Co during electrolysis, supporting the formation
of the dissociated cobalt complex (see, Scheme 1).7%2°?* In
addition, a significant change in the C=N bond stretching
region (1500-1700 cm™') was observed after electrolysis,
possibly due to the dissociation of the Bipy center from Co
during CPE (Fig. S431). The ESI-MS analysis of the dried CPE
sample solution showed masses of 938.7, 960.5 and 982.4,
corresponding to the masses of [COTBE(H,PO,)K,-H'],
[COoTBE(H,PO,) (ClO,)] and [COoTBE(H,PO,) (ClO,) + Na-H'],
respectively. These results support the formation of the disso-
ciated Co-peptoid complex (see, Scheme 1), where X is H,O,
H,PO,, ClO, or their combination (Fig. S44 and S457). Inter-
estingly, when the isolated dried CPE solution was dissolved
back in PBS at pH 7, the CV experiment showed that the activity
of the complex was partially restored (Fig. S461). We therefore
suggest that some of the catalyst irreversibly decomposes
during electrolysis to form the inactive complex VI, while some
forms the active intermediate V, which continues the catalytic
water oxidation cycle (see, Scheme 1). Altogether, these results
demonstrate that CoTBE remains soluble during electrolysis,
but its structure is modified during CPE.** Together with this
structural change we also observed that the pH of the solution
decreased during the 10 hours of CPE to about 6 in the first 2
hours and to 5.4 in the following 2 hours and reached 4.5 at the
end of the reaction. Accordingly, we wished to understand (i)
whether the structural changes are a consequence of the drop in
the pH, the oxidation process or both and (ii) whether the
decrease in the catalytic activity after 10 hours of CPE is
attributed to the drop in pH (according to the Le-Chatelier
principle, WO is favorable at high pH and not favourable at
low pH), to the structural changes of CoTBE or to both. To
address the first question, we performed two experiments: UV-
Vis titration of CoTBE with the chemical oxidant H,O, and
a CV experiment at pH 6 and 4.5. When we titrated CoTBE with
sequential additions of 2.5% H,0,, a significant increase in the
band near 282 nm, a decrease in the absorbance band at 314 nm
and the appearance of two new bands near 328 and 342 nm were
obtained, resulting in a spectrum which is identical to the
spectrum obtained after electrolysis (Fig. 7b). This suggested
that the structural change is a consequence of the oxidation
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process. On the other hand, CV performed at pH 6 already
suggested a significant decrease in the catalytic activity
compared to CV performed at pH 7, whereas CV performed at
pH 4.5 suggested no catalytic activity. Notably, the latter CV was
very similar to the CV obtained after the CPE experiment
(Fig. S477). To detect any structural changes that might occur at
low pH, we also measured the UV-Vis spectrum of COTBE in PBS
at pH 6 and 4.5 for 24 hours. While there was almost no change
in the spectrum of CoTBE at pH 6, the spectrum of CoTBE at pH
4.5 showed a significant increase in the intensity of the band at
282 nm and only a negligible change in the intensity of the band
near 314 nm, indicating that this overall spectrum was very
similar to the spectrum obtained after electrolysis (Fig. S48-
S497). All together, these results indicated that the structural
change is a consequence of both the oxidation process and the
drop in pH.

To address the second question, we re-adjusted the pH of the
solution after 10 hours of CPE back to 7, analyzed it by UV-vis
spectroscopy and performed a CV experiment on this solu-
tion. Interestingly, although the UV-Vis spectrum was identical
to the one measured after CPE when the pH was 4.5 (indicating
that COTBE was not recovered and that the structural change is
not reversible), the current intensity of the catalytic peak was
about half of the catalytic peak current observed in the CV
measured before CPE (Fig. S34t). This suggests that the
decrease in activity depends on both the pH and the structural
changes: it is partially related directly to the decrease in pH
(which can be adjusted, thus making part of the decrease in
activity to some reversible) and partly to some irreversible
structural changes that occurred during CPE, resulting from
both the oxidation process and the pH drop.

The role of Bipy and the ethanolic side chain as a second
coordination sphere mimic that facilitates the electrocatalytic
activity of CoTBE

Although CoTBE is structurally changing during WO, it is quite
a remarkable electrocatalyst for WO; compared with all the Co-
based molecular electrocatalysts reported, that operate in a pH
range of 6-11, it is active at pH 7 with high TOF and the lowest
overpotential compared to other electrocatalysts, including the
ones operating at pH 6 for at least 10 hours, while remaining
homogeneous in solution. The low overpotential and long
durability of the catalyst might be related to the relatively slow
decrease in the pH of the solution during CPE; we observed that
during CPE the pH of the solution decreased from 7 to 6 in the
first two hours, from 6 to 5.4 in the next two hours, and reached
4.5 at the end of the CPE experiment after 6 additional hours.
This pH drop is significantly lower compared with other re-
ported WO electrocatalytic systems, where the pH drop was
about 2 units in the first two hours of CPE,"**** suggesting that
the pH in our system is regulated. One option that can explain
this regulation is that the Bipy ligand acts as a proton acceptor
helping to control the pH drop of the solution upon rapid
proton evolution during electrolysis. We previously showed that
when there is one ethanolic side chain incorporated into
a metallopeptoid WO electrocatalyst, the -OH group within this
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side chain participates in the stabilization of the complex
during WO via H-bonding interactions." We therefore suggest
that in this current system, protonation of Bipy is facilitated via
H-bonding interactions with the ethanolic side chain, which
stabilizes the protonated Bipy during WO and enables its
participation in the proton transfer step. Hence, the ethanolic
side chain acts as a proton shuttler within the second coordi-
nation sphere, enhancing the catalyst's overall stability and
activity.*® To probe the significance of the ethanolic side chain
in the electrocatalytic WO, we generated a set of control Co-
peptoid complexes by modifying the sequence of TBE such
that the ethanolic side chain was replaced by other groups.
Thus, four additional Co-based peptoid complexes having
a methoxy group (CoTB-OCH3;), a methyl group (CoTB-CH3;), or
a benzyl group (CoTB-BZ) side chains instead of the ethanolic
side chain, as well as CoTB having no additional side chain at
the N-terminal (see ESI, Scheme S21) were synthesized and
characterized following the same procedure as that for COTBE
(Fig. S50-S651). As shown in Fig. 8, the catalytic activity of all the
control Co-peptoid complexes is much lower compared to that
of CoTBE, indicating that the ethanolic group side chain plays
a key role in facilitating the electrocatalytic activity of COTBE
towards WO. We suggest that the role of the -OH group is to act
as a H-bonding donor that stabilizes the dissociated Bipy ligand
in its protonated state, increasing its ability to serve as a proton
acceptor at pH 7 (ref. 20 and 36) and thus facilitating the WO
process. Based on these results, we propose that the peptoid,
with its sidechains, acts as a second coordination sphere
mimic, leading to the unique properties of COTBE as a WO
electrocatalyst, including its low overpotential and long
durability.

Mechanistic studies and the proposed reaction mechanism

As we mentioned earlier, in solution CoTBE spontaneously
coordinates to a water molecule, leading to the formation of
[COoTBE(H,O0)] (complex I, Scheme 1). The formation of I can be
considered the first step in the WO process. We also saw that
during electrocatalysis a structural change occurs, leading to
the formation of a dissociated COTBE complex coupled with the
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—CoTB-OCH

_ 150} 3

< —CoTB-BZ

= 100} —coTB
—Blank

50|
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Fig. 8 CV scans of 0.1 M phosphate buffer solution at pH 7 in the
absence of a catalyst and in the presence and of 0.5 mM CoTBE,

CoTB-OCHs, CoTB-CHz, CoTB-BZ and CoTB (scan rates = 100 mV
—1
s 7).
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oxidation of Co™ to Co™ during electrolysis (Scheme 1, step 2).
To quantify the number of proton and electron transfer(s)
involved in the subsequent reaction in step 2, we performed
differential pulse voltammetry (DPV) scans ranging from pH 6.5
to 9. The obtained results were then plotted versus the catalytic
potentials to obtain a Pourbaix diagram. Based on the Pourbaix
diagram, we suggest that in step 2 of the reaction mechanism,
the oxidation from [Co™-H,0] to [Co"Y=0] occurs via a 2H"/1e~
transfer process (Scheme 1, step 2). This was supported by the
obtained slope value of 0.126 (close to 0.12, Fig. 9a and S667),
which indicates the transfer of two protons and one electron.
These transfers led to the formation of species II, in which Bipy
is protonated by the protons evolved in this oxidation step.
Subsequently, the kinetic isotope effect (KIE) of COTBE was
calculated based on different catalytic currents acquired in H,O
and D,O (Fig. S67t). The lower catalytic current observed in D,O
indicates that a proton from H,O is involved in this step. The
KIE value was calculated to be 2.5 according to the equation ke,
n,0lkcat, 0,0 = (icat, 1,0/lcat, D20)2.37 This obtained value suggests
that the O-O bond formation step occurred via a water nucle-
ophilic attack (WNA) process.”® To explore the possibility of the
buffer solution (specifically HPO,>~) acting as a proton acceptor
during the O-O bond formation step, we obtained CVs of COTBE
at different buffer concentrations (0.025 to 0.1 M) and found
that the catalytic peak current of WO remained constant irre-
spective of the buffer concentration (Fig. S68t). Based on this
result, combined with the obtained KIE value we propose
a WNA mechanism operating via cleavage of the O-H bond of
water during the rate-limiting step - the O-O bond formation
step-with a zero-order dependence of the catalytic current on
the buffer concentration that rules out the possible role of
HPO,>” as a proton acceptor.® These results support the
potential role of the dissociated Bipy as an intramolecular
proton acceptor stabilized via H-bonding interaction with the
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Fig. 9 (a) Pourbaix diagram of CoTBE in 0.1 M PBS in a pH range
between 6.5 and 9. (b) FTIR spectra of the CoTBE (1 mM, 5 ml)
complex during electrolysis at 1.25 V vs. NHE in 0.1 M PBS. At pH 7, (c)
FTIR spectra of the CoTBE (1 mM, 1 mL) complex after addition of few
drops of 2% H,O, in 0.1 M PBS at pH 7.
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ethanolic group that assists in the proton transfer step during
WO, thus enhancing the overall stability and activity of the
catalyst.'*?***%¢ Consequently, in step 3 (Scheme 1), the high-
valence cobalt-oxo intermediate undergoes nucleophilic attack
by a water molecule leading to the formation of cobalt hydro-
peroxide intermediate (III).”**¢ To confirm the formation of
cobalt hydroperoxide species (III), CV experiments of buffer
solution containing CoTBE in the presence of H,0, were per-
formed. These showed that both Co™" peak and the catalytic
peak current densities increased with the H,0, concentration.
This result suggests that COTBE can catalyze the oxidation of the
peroxide intermediate (Fig. S697).*® Moreover, we have per-
formed spectroelectrochemistry IR measurements with 1 mM of
CoTBE at an applied potential of 1.25 Vvs. NHE in 0.1 M PBS at
pH 7. The IR spectrum showed the generation of a distinctive
broad band between 870 and 895 cm ™' during electrolysis
(Fig. 9b), which can be attributed to the »(0-O) stretch.*

To further support these findings, we performed a similar IR
measurement after H,O, was directly added to the catalyst
solution. In this case also, a new broad band within the same
spectral range emerged (Fig. 9¢), which was initially absent in
COTBE solution.”* The IR results provide another strong indi-
cation that the peroxo species is electrochemically generated as
an active species during catalysis. Overall, these findings indi-
cate the formation of species (III) (Scheme 1). This is followed by
1H'/2e” transfer as evident from the Pourbaix diagram (Fig. 9a)
to form species (IV) (Scheme 1). Finally, one electron transfer
taking part in the last stage of the reaction occurs,*’ leading to
the release of O, and subsequent coordination of H,O molecule
to form the active intermediate V, which restarts the catalytic
cycle while some of the catalyst irreversibly decomposes during
electrolysis to form the inactive complex VI.

Conclusions

The challenge of stabilizing a Co-based WO electrocatalyst to
perform in a homogeneous catalytic system at neutral pH, with
low overpotential and high Faradaic efficiency, is addressed
here by applying an intramolecular Co-peptoid complex. This
complex, CoTBE, can catalyze O, evolution for at least 10 hours
at pH 7, with a high faradaic efficiency of 92% and a TOF of 44
s~ (the highest reported at pH 7), and these, with an over-
potential of only about 430 mV, are the lowest reported to date
for Co-based homogeneous WO electrocatalysts. Based on the
experimental characterization and control experiments we
found that during electrolysis, the Bipy ligand dissociates from
the Co-center and hence can act as a proton acceptor for the
protons evolved during the reaction. Furthermore, the proton-
ated Bipy ligand is stabilized by the -OH group of the ethanolic
side chain, located near the catalytic center, via H-bonding.
Thus, both Bipy and ethanol side chains form a second coor-
dination sphere mimic around the Co center, which, akin to
enzymatic systems and specifically to the tyrosine and histidine
amino acid residues near the OEC of photosystem II, enables
the formation of the active WO electrocatalyst and its unique
properties including low overpotential and long durability.
Altogether we showed that by rational design of peptoid
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scaffolds that provide both the first and second coordination
spheres arround a Co center, it is possible to improve the
stability and activity of the resulting WO electrocatalyst. Thus,
our study represents a step forward towards developing stable
and efficient biomimetic Co-based complexes for homogeneous
electrocatalytic WO towards renewable energy production.
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