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Water oxidation is the holy grail reaction of natural and artificial photosynthesis. How to design an efficient
water-oxidation catalyst remains a long-term challenge for solar fuel production. The rate of water
oxidation in photosystem Il by the oxygen-evolving complex (OEC) Mn4CaOs cluster is as high as 100-
400 s~ Mimicking the structures of the OEC is a straightforward strategy to design water-oxidation
catalysts. However, the high efficiency of the OEC relies on not only its highly active site but also its
holistic system for well-organized electron transfer and proton transport. Lacking such a holistic
functional system makes 3-MnO, a poor water-oxidation catalyst, although the local structure of &-
MnOs is similar to that of the Mn,CaOs cluster. Electrocatalysts simultaneously imitating the catalytically
active sites, fast electron transfer, and promoted proton transport in a natural OEC have been rarely
reported. The significance of the synergy of a holistic system is underrated in the design of water-
oxidation catalysts. In this work, we fabricated holistic functional biomimetic composites of two-
manganese oxide nanosheets and pyridyl-modified graphene (MnO,-NS/py-G) for
electrocatalytic water oxidation. MnO,-NS/py-G simultaneously imitates the synergy of catalytically
active sites, fast electron transfer, and promoted proton transport in a natural OEC, resulting in overall
600 times higher activity than that of typical 3-MnO,. This work demonstrates the significance of holistic

dimensional
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Introduction

The development of efficient water-oxidation catalysts is of
significance to realize high-performance artificial photosyn-
thesis for solar energy conversion and fuel production."? In
photosystem II (PSII), water is oxidized by the oxygen-evolving
complex (OEC), a Mn,CaOjs cluster surrounded by amino acid
residues, two Cl~ ions, and many H,O molecules.>*” The
Mn,CaOs cluster, which can be regarded as a nanosized Mn
oxide in a protein environment, catalyzes water oxidation with
a low overpotential of around 160 mV and a high rate of 100-400
s %% Mimicking the structure of the OEC in PSII is
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molecule activation related to solar energy storage.

a straightforward strategy to design water-oxidation catalysts.>”
A successful example is the introduction of carboxylic groups
into molecular catalysts, leading to the breakthrough of water
oxidation performance.® However, the structural similarity to
the natural OEC structure is not always related to the catalytic
performance. 3-MnO, possess similar structural properties to
the Mn,CaOs cluster in PSII, e.g., the cabane-like local structure,
and the mixing of Mn®*" and Mn*" oxidation states, therefore,
can be considered structural models for the OEC.*** But the
performance of typical 3-MnO, for water oxidation is poor, far
less than that of natural enzymes.

The high efficiency of the OEC relies on its well-organized
holistic system, which includes not only highly active sites for
the formation of reactive high-valent metal-oxo and O-O bonds
but also effective electron transfer pathways via nearby tyrosine
residues’® and proton transport channels via the Ca*" ion,"
namely the synergy of the catalytically active site, electron
transfer, and proton transport (Scheme 1). However, 3-MnO,
only imitates the core structure of the Mn,CaO; cluster but
cannot imitate the OEC's secondary environment.® Although its
local structural unit is close to that of the Mn,CaOj5 cluster, the
water-oxidation performance of 3-MnO, is heavily limited due
to the lacking exposure of catalytic sites and the components
that facilitate electron transfer and proton transport.’ In
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Scheme 1 Concept of holistic functional biomimetics inspired by the natural OEC's synergy of the catalytically active site, electron transfer, and

proton transport.

addition to the structure of the active site, the inspiration that
the design of water-oxidation catalysts can take from a natural
OEC is the synergy of its holistic system.™ To date, the signifi-
cance of the synergy of a holistic system is underrated in the
design of water-oxidation catalysts. Electrocatalysts simulta-
neously imitating the catalytically active sites, fast electron
transfer, and promoted proton transport in a natural OEC have
been rarely reported.

In this work, we report holistic functional biomimetic inor-
ganic-organic composites with clearly defined structure-func-
tion relationships to display the significance of the synergy of
the catalytically active site, electron transfer, and proton trans-
port in the design of water-oxidation electrocatalysts (Scheme
1). Coordinatively unsaturated edge, corner, and defect sites on
two-dimensional (2D) manganese oxide nanosheets (MnO,-NS),
which can be obtained from structural exfoliation of 3-MnO,,
serve as biomimetic active sites. To achieve fast electron
transfer between local active sites, material bulk, and the elec-
trode interface, MnO,-NS was assembled with graphene to form
a nanocomposite structure. Proton transport is essential for the
formation of water-oxidation key intermediates, such as Mn""-
oxo,** Mn"0,** and Mn"-oxo0.*® Inspired by Nakamura and co-

1) ion exchange

workers’ study,” we further modified the graphene surface with
pyridyl groups with a pK, value of around 5 to accelerate proton
transfer.

The fabricated holistic functional biomimetic composites of
MnO,-NS and pyridyl-modified graphene (MnO,-NS/py-G)
showed 600-fold higher catalytic activity than 3-MnO,, being
ranked on top in highly active manganese-based water-
oxidation catalysts. Further in-depth studies revealed the
structure-activity relationship of the MnO,-NS/py-G compos-
ites. The activity improvement results from the synergy of
sufficient exposure of catalytically active sites, fast electron
transport, and efficient proton transport. Each of the factors
contributes 30 times, 10 times, and 2 times to the overall activity
increment, respectively. These results proved the effectiveness
of the holistic functional biomimetic for electrocatalyst design.

Results and discussion

Preparation and characterization

General synthetic procedures of MnO,-NS, MnO,-NS/G, and
MnO,-NS/py-G are demonstrated in Scheme 2. Control samples
3-MnO,/G and 3-MnO,/py-G were also prepared by similar
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Scheme 2 Schematic illustration of the synthetic procedure of MNnO,-NS/G, MnO,-NS/py-G, 3-MnO,/G, and 8-MnO,/py-GC.

10670 | J Mater. Chem. A, 2023, 1, 10669-10676

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta01040f

Open Access Article. Published on 20 aprill 2023. Downloaded on 02.02.2026 12:43:34.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
a) b) |
3
&
2
2 8 08
k2l MnO,-NS c) e)
€
- Qo8y MnO,-NS ’E“M
3020 H Sos4
exfoliation |04 £ 0.7nm
5Mno, 2 202
89 T oo
0.
1 15 20 75 400 600 800 02 50 100 150 200 250
2 theta (degree) Wavelength (nm) Distance (nm)
f) 581 1360 1598
o ' MnO ,-NS/py- Gl‘ ‘
3
3 \
2| :
3
2 \
20 W
£ W
T peemN\__MnONS

400 800 1200 1600
Raman Shift (cm™)

Fig. 1 (a) Optical image of the colloidal solution of exfoliated MnO,-
NS and XRD pattern of 3-MnO, and MnO,-NS. (b) The TEM image of
MnO,-NS. (c) The UV-vis absorption spectra of the colloidal suspen-
sion of MnNO,-NS. (d) The AFM image and (e) the height profile of
MnO,-NS. (f) The Raman spectrum of MnO,-NS, MnO,-NS/G, and
MnO,-NS/py-G. (g) The TEM image of MnO,-NS/py-G. (h) STEM-EDX
elemental mapping of Mn, C, and N of MnO,-NS/py-G (scale bar is 20
nm).

methods. The graphene used is commercial, and the pyridyl
molecule for proton transport is from laboratory synthesis
(Fig. S1 and S2+). A colloidal solution of 2D MnO,-NS was first
obtained from the exfoliation of 3-MnO, by an ion-exchange
approach.'®?® A typical Tyndall effect is observed in the brown
and transparent solution under laser beam illumination,
demonstrating its good dispersion and colloidal properties
(inset of Fig. 1a). Fig. 1a shows the powder X-ray diffraction
(XRD) spectrum of 3-MnO, and MnO,-NS. In contrast to the
XRD pattern of 3-MnO, with typical sharp peaks at 26 = 12.4°,
which is related to the layered structure with an interlayer
spacing of 0.7 nm, the XRD spectrum of MnO,-NS presents no
diffraction peak. The disappearance of the peak at 12.4° illus-
trates the delamination of the long-range ordered layered
structure to individual irregularly oriented nanosheets after
exfoliation.®?°

MnO,-NS was characterized in detail by transmission elec-
tron microscopy (TEM), ultraviolet-visible (UV-vis) spectroscopy,
and atomic force microscopy (AFM). The TEM image of MnO,-
NS displays a clear single-layer nanosheet morphology (Fig. 1b).
The selected area electron diffraction (SAED) pattern of MnO,-
NS exhibits hexagonally arranged diffraction spots (inset of
Fig. 1b). All these results are in sharp contrast to 3-MnO,, which
exhibits a multi-layered morphology and polycrystal SAED
image with diffraction rings, showing the exfoliation of a multi-
layered structure to monolayer nanosheets (Fig. S31).>° Notably,
the SAED results of 3-MnO, and MnO,-NS present hexagonal
reciprocal lattices, indicating that MnO,-NS retains a similar
crystalline structure to the 3-MnO, crystal. The HRTEM image
of MnO,-NS presents a lattice fringe with an interlayer spacing
of 0.24 nm, which can be assigned to the {100} plane of 3-

This journal is © The Royal Society of Chemistry 2023
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MnO,.”*** The UV-vis spectrum of MnO,-NS shows a broad
absorption peak at around 400 nm, which can be attributed to
the d-d transition of Mn ions in MnOg octahedra (Fig. 1c)."®2° At
last, the successful exfoliation of 3-MnO, to 2D MnO, mono-
layer nanosheets was confirmed by AFM imaging of MnO,-NS
(Fig. 1d and e). A thickness of 0.7 nm was determined for MnO,-
NS, which is consistent with the thickness of the MnO,
monolayer.***°

An apparent change of the electronic structure in MnO,-NS
compared to 3-MnO, is the increased ratio of Mn*"/Mn*"
oxidation states, which was determined by X-ray photoelectron
spectroscopy (XPS). 3-MnO, shows Mn peaks at 643.0, 642.1 €V,
and 640.7 eV, which can be assigned to Mn**, Mn**, and
a minimal amount of Mn”", respectively (Fig. S4at).?*° Based
on the peak integration, its Mn®*/Mn** content ratio was
calculated to be 0.44. Similar Mn 2p XPS peaks were presented
for MnO,-NS. However, the ratio of Mn**/Mn** oxidation states
increased to 0.67, much larger than the 0.44 of 3-MnO,. More-
over, the ratio of Mn-OH (531.0 eV)/Mn-O-Mn (529.7 eV) is
calculated to be 0.46 for MnO,-NS, much higher than 0.34 for 3-
MnO,, (Fig. S4bt).**™* In general, Mn-OH is a marker of active
sites since the Mn ions with several coordinating -OH groups in
the Mn,CaOjs cluster, usually labeled as Mn,, are considered to
be the active sites for O-O bond formation.”” These XPS results
demonstrate that abundant Mn®" species and coordinatively
unsaturated sites are exposed on MnO,-NS upon 3D — 2D
structural exfoliation, serving as biomimetic active sites.

Then, single-layer MnO,-NS were assembled with graphene
and pyridyl-modified graphene (py-G) to give the MnO,-NS/G
and MnO,-NS/py-G samples. The Raman spectra of MnO,-NS/
G and MnO,NS/py-G are presented in Fig. 1f. Both the
samples show additional scattering bands at 1360 and
1598 cm ' compared with MnO,-NS, which are the typical
Raman signals of graphene.”®** The TEM images of MnO,-NS/G
and MnO,-NS/py-G (Fig. 1g and S57) and the energy dispersive
spectroscopy (EDS) mapping (Fig. 1h) of MnO,-NS/py-G display
randomly distributed MnO,-NS on the surface of graphene
without apparent aggregation. A nitrogen fluorescence signal
was presented in the EDS mapping of MnO,-NS/py-G, confirm-
ing the homogeneous modification by the pyridyl molecule. The
presence of the pyridyl molecule in MnO,-NS/py-G can be
further depicted by the electrochemical cyclic voltammetry (CV)
study. A broad reduction wave was distinctly presented between
—1.0 and —1.35 V (vs. Ag/AgCl) for MnO,-NS/py-G, which is the
typical redox peak of the pyridine moiety (Fig. S61).>**' Overall,
these above characterization studies thoroughly demonstrate
the successful assembly of MnO,-NS/py-G composites.

Electrocatalytic water oxidation

Electrocatalytic oxygen evolution reaction (OER) performances
of 3-MnO,, MnO,-NS, MnO,-NS/G, and MnO,-NS/py-G were
evaluated by loading on glass carbon (GC) electrodes under
alkaline conditions (1 M KOH). 3-MnO, shows negligible
activity within a wide potential range, which is consistent with
the generally low OER activity characteristics of 8-MnO,
(Fig. 2a).*>?* MnO,-NS displays significantly enhanced OER
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Fig. 2 (a) Polarization curves of 3-MnO, and MnO,-NS. (b) Polariza-

tion curves of MNO,-NS, MnO,-NS/G, and MnO,-NS/py-G. (c) Nyquist
diagrams of 8-MnO,, MnO,-NS, MnO,-NS/G, and MnO,-NS/py-G. (d)
Chronoamperometry curve of MnO,-NS/G and MnO,-NS/py-G at
a 450 mV overpotential.

activity, which provides approximately 30 times higher current
densities compared with 3-MnO, (Fig. 2a). Notably, after
assembling with graphene, the catalytic current density of
MnO,-NS/G increases further by 10-fold compared to that of
MnO,-NS (Fig. 2b). Then, with the effect of the pyridyl molecule
modification, 2 times improvement in OER performance was
additionally achieved for the final MnO,-NS/py-G catalyst
compared to that of MnO,-NS/G. In contrast to the initial 3-
MnO,, MnO,-NS/py-G eventually displays 600 times higher OER
activity due to the synergy of active site exposure, nano-
composite structure, and molecular modification, being ranked
as a highly active manganese-based water oxidation catalyst
(Fig. S7t).%>*

The electrochemical impedance spectroscopy (EIS)
measurements under water oxidation conditions can further
reflect the improved catalytic rate. MnO,-NS/py-G exhibits
a charge transfer resistance (R.) of 41.09 Q, which is 20 times
lower compared with 584.8 Q of 3-MnO, (Fig. 2c). A low Tafel
slope of 86 mV dec™" was determined for MnO,-NS/py-on the
MnO,-NS/py-G catalyst to assess the catalytic stability (Fig. S87).
A stable current density of 21 mA cm ™ > was maintained during
10 h electrolysis at a 450 mV overpotential, indicating the
excellent electrocatalytic durability of MnO,-NS/py-G (Fig. 2d).
However, due to the bubble removal, mass transfer, and
mechanical stability problems, long-term electrolytic assess-
ment at a large current density (e.g. 200 mA cm™?) cannot be
carried out using a GC working electrode in this study.** For
a powder catalyst, a flow electrochemical cell and anion
exchange membrane electrolyzer are better and important
evaluation methods to achieve the performance of the catalyst
in practical application.***
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TEM, EDS-mapping, and electrochemical cyclic voltammetry
of the MnO,-NS/py-G catalyst after reaction shows comparable
results with the as-synthesized catalyst, which confirm its good
catalytic stability (Fig. S9 and S107). In a separate experiment,
the OER faradaic efficiency was determined to be 98% for MnO,.
NS/py-G under 400 mV overpotential electrolysis, verifying that
a vast majority of charges was contributed to water oxidation
(Fig. S117).

Following our design strategy in Scheme 1, the OER activities
of the 3-MnO,, MnO,-NS, MnO,-NS/G, and MnO,-NS/py-G
catalysts have been successively advanced owing to the
directed improvement in each sample, achieving a remarkable
OER performance for the final MnO,-NS/py-G. To understand
the activity enhancement from the starting inactive 3-MnO, to
the final highly active MnO,-NS/py-G, we then thoroughly
examined the specific effects of structural exfoliation, graphene
substrate assembly, and pyridyl molecule modification on
electrocatalytic water oxidation.

Effects of the exposure of the active site

Compared to 3-MnO,, the activity of MnO,-NS increased by 30
times, indicating the significant effects of the structural exfoli-
ation. Two possible ways may induce this dramatic improve-
ment: (i) enlarged electrochemically active surface area (ECSA)
caused by a morphology change; (ii) increased numbers of
catalytic sites due to 3D — 2D structural changes. To identify
the effects of structural exfoliation, we first estimated the ECSA
of 3-MnO, and MnO,-NS from electrochemical double-layer
capacitance (Cqj, Fig. 3a and S12%). The linear slope of MnO,-
NS was calculated to be 0.045 mF ¢cm™?, which is only 18%
higher than the 0.038 mF cm ™2 of 3-MnO,. The similar ECSA of
3-MnO, and MnO,-NS indicates that the layered structure of d-
MnO, is already widely accessible for electrochemical charging,
which has also been reported on double layer hydroxide mate-
rials.** This slight increase in ECSA contributes negligibly to the
30 times increase in activity upon exfoliation of 3-MnO, to
MnO,-NS.

Since the change of ECSA does not account for activity
improvement, the remaining possibility is the increment of
catalytic sites. Mn®* species have been commonly recognized as
an indicator of active sites for Mn-based water oxidation cata-
lysts.*>*® To investigate the promotion effect of exfoliation o
active site exposure, we introduce a pyrophosphate (PP) mole-
cule to the solution of 3-MnO, and MnO,~-NS, which can extract
Mn*" from the catalyst through coordination (Fig. 3b).**** The
resulting Mn>'-PP species was then monitored by using the UV-
vis absorption spectrum. MnO,-NS exhibits a much higher
Mn**-PP absorption peak at around 258 nm compared with &-
MnO,. Consistent with XPS, these results demonstrate the
abundance of Mn*" upon exfoliation. These Mn>" species can be
positively involved in water oxidation as highly reactive sites,
improving the catalytic activity.

With further investigations, we could propose two aspects
that effectively increase catalytically active sites by exfoliation.
On the one hand, complete structural exfoliation can sponta-
neously promote active site exposure at the surface of the

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) The ECSA measurement: AJ (J, — J.) from the CV curves of

3-MnO, and MnO,-NS plotted against scan rates. (b) UV-vis absorp-
tion spectra of a 20 mM sodium pyrophosphate solution after dipping
d3-MnO, and MnO,-NS. (c) Comparison of the required overpotential
for 0.5 mA cm™2 current density on MnO,-NS with a particle size of 45,
90, and 125 nm. (d) CV curves of MnO,-NS and MnO,-NS/G in 0.1 M
KCl electrolyte containing 10 mM Fe(CN)g®> /4~ ions. (e) LSV curves of
3-MnO,, 3-MnO,/G, and 3-MnO,/py-G. (f) Comparison of (MnO,-NS/
py-G)/I(IMnO,-NS/G) under pH 14, pH 10.5, pH 8.5, pH 6, and pH 4
conditions.

monolayer nanosheets. To verify this, Na* was introduced into
the MnO,-NS colloidal suspension to promote the self-
reassembly of MnO,-NS, regenerating layered 3-MnO,.”* The
XRD pattern of the re-assembled sample presents a typical
diffraction peak of a layered structure with an interlayer space of
0.73 nm, indicating the reformation of the layered 3-MnO,
(Fig. S13at). The electrocatalytic performance of this reformed
3-MnO, dramatically decreased compared with that of MnO,-NS
(Fig. S13b¥). The remarkable activity difference between MnO,-
NS and 3-MnO, and our previous active “c-disordered” -MnO,
demonstrates the importance of the exposure of the MnO,
nanosheet for efficient electrocatalytic water oxidation.
However, we cannot exactly explain why 3-MnO, has the same
charge transfer properties as MnO,-NS, i.e., the same ECSA, but
the ordered MnO, nanosheet has deficient catalytic perfor-
mance for water oxidation.

On the other hand, based on the TEM images, the average
particle size of MnO,-NS was estimated to be around 90 nm

This journal is © The Royal Society of Chemistry 2023
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(Fig. S147), which is much smaller than the 240 nm of 3-MnO,.
Without a well-ordered layered structure, the MnO, monolayer
will collapse and break, leading to a decrease in particle size.
The formed smaller nanosheets promoted the exposure of
coordinatively unsaturated edge- and corner-sites, which are
believed to be involved in water oxidation as highly reactive
catalytic sites.** To further verify this, MnO,-NS with different
lateral sizes were separated by controlled centrifugation, and
denoted as MnO,-45 and MnO,-125 (Fig. S157). A close rela-
tionship is presented between the lateral size and OER activity:
where MnO,-45 with a smaller particle size shows higher activity
than MnO,-90; whereas MnO,-125 with a larger particle size
displays lower activity compared with MnO,-90 (Fig. 3¢ and
S167). These results demonstrate OER activity enhancement
with particle size decrement. By the exfoliation process, plenty
of coordinated unsaturated edge sites were generated on MnO,-
NS (Fig. S177), which are much easier to be oxidized to high-
valent key intermediate states for water oxidation.'**78:50-33

Effects of fast electron transfer

MnO,-NS/G shows a 10 times higher activity compared with
MnO,-NS. LSV and long-term electrolysis were used to show that
bare graphene displays minor water oxidation. This indicates
that the graphene substrate promotes the catalytic system
rather than introducing more active sites (Fig. S181). Graphene
serves as a loading substrate to promote the uniform distribu-
tion of MnO,-NS with less stacking, as displayed in the XRD and
TEM images of MnO,-NS/G and MnO,-NS/py-G (Fig. 1g and
S197). More importantly, the graphene substrate with excellent
charge transportation capacity can facilitate electron transfer
during the OER process.>** To probe the enhancement in
electron transfer by graphene, CV of K,Fe(CN)s was performed
using a MnO,-NS and MnO,-NS/G covered GC electrode as the
working electrode. In contrast to the broad redox peak of Fe**/
Fe** for MnO,-NS/GC, a sharp Fe*'/Fe*" peak was observed in
the CV curve measured with MnO,-NS/G/GC (Fig. 3d). The
promoted Fe**/Fe*" redox couple on MnO,-NS/G/GC illustrates
that the combination of MnO,-NS with graphene effectively
solves the slow charge transfer problems. The lowered Tafel
slopes can also demonstrate the acceleration of electron trans-
fer after graphene introduction (Fig. S87). The Tafel slopes were
calculated to be 89 mV dec " and 86 mV dec " (approaching 60
mV dec™ ) for MnO,-NS/G and MnO,-NS/py-G, which are much
smaller than the 134 mV dec™' (~120 mV dec™ ') of pristine
MnO,-NS, indicating that the rate-determining step has been
changed from the first electron transfer to the chemical reaction
that takes place after the one-electron transfer,****%” demon-
strating the improvement in catalytic kinetics.***"*

The synergy of active site exposure and fast electron transfer
can be displayed by the catalytic performance of 3-MnO,/G and
3-MnO,/py-G. No noticeable activity enhancement was observed
when 8-MnO, was assembled with graphene or py-graphene,
indicating that the promoting effect of graphene requires
optimal assembly between graphene and an exfoliated 2D
nanosheet structure (Fig. 3e). These results demonstrate that
the further 10-fold enhancement of the OER activity of MnO,-
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NS/G compared with that of MnO,-NS arises from the synergy of
3D — 2D structural exfoliation and fast electron transfer of
graphene.

Effects of molecular pyridyl modification

It has been reported that introducing pyridine into electrolytes
can prominently improve the catalytic performance of MnO,
electrocatalysts'” and a-Fe,O; photoanodes.* In these systems,
pyridine can work as a proton transfer relay, facilitating the
proton-coupled electron transfer in the catalytic process. For
MnO,-NS/py-G, we directly modified the graphene surface, i.e.,
the catalytic environment, with a pyridyl molecule to accelerate
proton transfer during water oxidation. The MnO,-NS loading
on graphene afforded a two-fold increase in activity. A pH
dependence of OER activity was established to evaluate the
proton transfer properties in the catalytic process (Fig. S207).
Fig. 3f shows the OER activities of MnO,-NS/G and MnO,-NS/
py-G in electrolytes at different pH values (pH ranging from 4
to 14). In contrast to the significantly enhanced performance
under pH = 6.5 conditions, the pyridine modification shows
minor enhancements in the OER at pH 4. The absence of
increased activity at pH 4 can be attributed to the inhibited
proton transfer relay effect of the pyridine group, which
possesses a pK, value around 5 and is thus mainly present as
its conjugate acid. The deuterium kinetic isotope effect (KIE)
was evaluated to study the role of proton transfer in the rate
determining step (RDS). The KIE values of MnO,-NS/py-G and
MnO,-NS/G were determined to be 3.4 and 4.3, respectively,
which exhibit primary deuterium kinetic isotope effects, indi-
cating that the rate-determining step (RDS) during water
oxidation involves proton transfer. The lower KIE value of
MnO,-NS/py-G compared with that of MnO,-NS/G illustrates
the facilitated proton transfer by the introduced pyridyl func-
tionality (Fig. S217). These pH-dependence and KIE studies
demonstrate the proton transfer relay effect of pyridine
modification.***

The above analyses elucidate that the origin of the dramat-
ically enhanced catalytic activity of x-NS/py-G is a combined

Active Site Electron Transfer Proton Transport
jt 30 times Jj1 10 times jt 2 times
Synergy
600 times
6-MnO,

0.4

0.1 0.2 03
Overpotential (mV)

Scheme 3 Schematic illustration of the origin of the dramatic activity
enhancement owing to the synergy of catalytically active site expo-
sure, fast electron transport, and efficient proton transport.
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result of 3D — 2D structural exfoliation, the graphene
substrate, and pyridyl molecule modification. The 2D structure
of MnO,-NS achieved by exfoliation significantly increased the
number of catalytically active sites in the MnO,-NS/py-G cata-
lyst. The nanocomposite structure between 2D MnO,-NS and
the graphene substrate provided a fast electron transfer
pathway. And the pyridyl group modification accelerated proton
transport during water oxidation. The synergy of catalytically
active site exposure, fast electron transport, and efficient proton
transport accounts for the increased activity by 600 times
(Scheme 3), respectively contributing 30 times, 10 times, and 2
times to the overall activity enhancement (Fig. 2a and b). The
clear revelation of the structure-activity relationship of the
MnO,-NS/py-G composites demonstrates the significance of the
holistic functional biomimetic in electrocatalyst design, as the
impact of each factor on the overall catalytic performance is
multiplied.

Conclusions

A natural OEC catalyzes water oxidation with a low overpotential
and high turnover frequency because it is an integrated system
that realizes the synergy of water molecule activation, O-O bond
formation, electron transfer, and proton transport. The design
of water oxidation electrocatalysts need to follow nature's
course, not only simulating the catalytic site structure but also
creating an overall synergistic system. Starting from typical 3-
MnO,, we developed MnO,-NS/py-G composites with a 600-fold
activity improvement owing to the synergy of active site expo-
sure, fast electron transport, and facilitated proton transport.
Further studies indicate that the influence of each of the above
factors on the overall catalytic performance is multiplied;
therefore, outstanding activity can be achieved when the cata-
lyst possesses efficient active sites, electron transfer, and proton
transport simultaneously. In the development of water oxida-
tion catalysts, in-depth analysis of factors leading to low cata-
Iytic activity can guide precise modification of the catalyst
design for significantly improving the catalytic performance.
This work demonstrates the success and significance of holistic
functional biomimetics in electrocatalyst design, thereby
providing a universal and de novo electrocatalyst design
concept.
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