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Developing acid-stable oxygen evolution/reduction reaction (OER/ORR) electrocatalysts is essential for
high-performance water splitting. Still, the slow kinetics of the ORR and OER during the discharge and
charge processes seriously impede their advancement in these performances. This report outlines the
creation of a nitrogen-doped porous carbon matrix (NC) produced from a zeolitic imidazolate
framework (ZIF-8). The matrix includes spatially engineered ultra-low loaded Ru atomic sites and is
examined in the context of electrocatalytic oxygen evolution studies. The systematic analysis and
computational studies reveal that the Ru atomic sites act as central driving forces, and their formation is
confirmed through X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS)
analyses, specifically X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS). These analyses emphasize the presence of Ru—O bonds at approximately 1.4 A.
Moreover, these results were validated by HRTEM, STEM, and HAADF investigations which emphasize the
dispersion of atom-scale Ru on the NC(ZnO). Ru;75@NC(ZnO) shows a low overpotential (320 mV) at
a current density of 10 mA cm™2 for the OER because of the high active site utilization. Importantly, the
Ruy75@NC(ZnO) electrode displays an admirable specific capacitance value of 0.0501 mF cm™2 with
notable durability of the capacitor after 500 cycles. The studies revealed that the introduction of
monometallic Ru into ZIF-derived ZnO tunes intermediate adsorption energies and promotes the
reactions by demanding lesser free energy in the water dissociation process. This research advances the
pursuit of creating high-efficiency electrocatalysts with single-site structures, aiming for maximum
atomic utilization efficiency in oxygen evolution reactions (OERs), particularly on templates derived from
Z|Fs.

Introduction

Electrocatalysts thrive tremendously in renewable energy
conversion and storage because they control electrochemical
processes’ selectivity, efficiency, and rate.® These catalysts
have been wused in various transformations such as
CO oxidation,>* hydrogenation,*® dehydrogenation,® ORR,”
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(HER)® OER,”** and other electrocatalytic reactions.**™**
Researchers have spent decades developing potent OER
electrocatalysts to improve kinetics,"** particularly in acidic
media, facilitating high mass-transfer speed and product
purity.’® Robust and efficient electro-catalysts are required to
expedite reaction kinetics.?”* A four-electron transfer
process produces oxygen gas from water in the OER. The OER
process comprises two stages: O-H bond cleavage and O-O
bond formation, which is a four-electron-proton coupled
reaction. The commonly acknowledged overall reaction
pathways for the OER are: 4OH™ — O, +2H,0 +4e™ (alkaline

J. Mater. Chem. A, 2024, 12, 12533-12544 | 12533


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ta00586d&domain=pdf&date_stamp=2024-05-24
http://orcid.org/0000-0002-7329-0067
http://orcid.org/0000-0002-1867-5239
http://orcid.org/0000-0003-0814-583X
http://orcid.org/0000-0001-9272-0299
http://orcid.org/0000-0002-2110-4242
https://doi.org/10.1039/d4ta00586d
https://doi.org/10.1039/d4ta00586d
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA012021

Published on 17 aprila 2024. Downloaded on 18.10.2025 0:32:26.

Journal of Materials Chemistry A

media); 2H,0 — O, + 4H' + 4e” (acidic media).?>** This
means that during the reaction, four electrons undergo
a transfer from the anode to the cathode, resulting in the
generation of oxygen gas. Noble metal electrocatalysts like
RuO, and IrO, were extensively employed for constructing
active OER catalysts.”*>* Still, these catalysts had drawbacks
such as substantial expenses and inadequate stability. As
a result, it is critical to investigate low-cost and high-
efficiency OER electrocatalysts and develop a viable catalyst
design strategy. The most common noble metal-based elec-
trocatalysts for the OER are based on Ru and Ir. Although Ir
based catalysts exhibit great stability, CI” and other anions
can quickly poison them. Compared to the IrO, catalyst,
RuO, catalyst is less expensive and shows superior intrinsic
performance.”® Furthermore, Ru-based catalysts exhibit an
extensive spectrum of redox state modulation, distinet reac-
tion routes, and an adequate oxidation intermediate binding
potential; thus, their OER mass efficiency surpasses that of Ir
and other noble metal based catalysts.”® The developed
oxygen electrocatalysts should have both the OER and ORR
catalyzing ability to increase voltage yield and reduce the
overpotential.>”">°

A compelling tactic to optimize metal atom utilization and
reduce expenses without sacrificing catalytic activity is to
downsize noble metals to the atomic level and create single
atom catalysts (SACs). In this background metal organic
frameworks are emerging as potential electrocatalysts due to
their high surface area and tuneable pore structure. The OER
performances of M-N-C are observed to be improved when
such materials are co-doped with different transition metals.*®
Such carbon-based supporting materials are synthesized by the
pyrolysis of nitrogen containing substrates. Zeolitic imidazolate
framework-8 (ZIF-8), a unique subclass of crystalline metal
organic frameworks (MOFs), has garnered much attention due
to its exceptional open crystalline structure, morphological
feature with well-defined pores, structural flexibility, tuneable
functionality, and high surface area, and has shown exceptional
performance for electrocatalytic processes.*** ZIF-8 consists of
Zn*? coordinated with nitrogen containing 2-methylimidazole
ligand and is a promising material to form N-C substrates.?*>*
One important tactic to increase the electrocatalysts' electro-
catalytic activity is to carefully modify their chemical composi-
tions. By using such templates for the decoration of SACs,
various noble metals are found to be serving as vital sites for
electrocatalytic applications.***®* When employing single-atom
catalysts (SACs), this is particularly significant since the active
metal's size is reduced to nanoclusters or single atoms, which
results in nearly full accessibility of the active sites, better
atomic utilisation, and exceptional electrical characteristics.
The atomic scale synthesis of catalysts can be designed to
increase the metal atom-utilization efficacy, thereby reducing
the quantity of metal resources used, lowering catalyst costs,
and achieving an atom-economic and environmentally friendly
combination process. Significant charge transfer or strong
interaction between single metal and coordination species of
robust supports is necessary to preserve the atomic distribution
of single metal atoms in contrast to aggregates in the form of
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nanoparticles. As a result, single metal atoms of SACs have
a distinct electronic structure and transport certain charges that
set them above typical metal nanoparticles.’” Ru is the least
expensive platinum group metal and seems to be the best
option in terms of cost and activity.*®

The presence of transition metals in these electrocatalysts
facilitates catalytic graphitization during construction at high
temperatures, which significantly enhances the carbon matrix's
electrical conductivity and crystallinity. In electrochemical
processes this modification was found to shield the metals from
aggregation and corrosion. Strong Ru-N bonds can be formed
to embed single-atomic Ru within an acid-resistant N-C coor-
dination environment, which may enhance Ru's stability and
give it high activity.*® This nitrogen rich proximity of ZIF-8
greatly enhances the performance of ORR or OER catalysts
because the lone-pair electron of nitrogen triggers 7 electrons of
the carbon atom, resulting in charge delocalization of the
carbon atoms.*® These structural features bestow single atom
catalysts (SACs) with improved catalytic performances and even
unique catalytic properties compared with their nanoparticle
counterparts. Zuo et al. designed a hybrid nanostructure with
co-doped Co, Ni, and S on an N-enriched carbon polyhedron
(CoNi,S,/NCP) electrocatalyst via absorption-pyrolysis-sulphu-
ration of ZIF-67. Ni*" is immersed in the pores of ZIF-67 and can
be transmuted into CoNi,S,/NCP, which exhibits a potential as
low as 1.51 V to achieve 10 mA em™> current density.** ZIF-
8@CoFe,0, composites synthesized by Yoo et al. with varying
concentrations of CoFe,0, were used as electrocatalysts in the
methanol oxidation and the OER, among which ZCFO-1
exhibited a lower overpotential of 330 mV and a Tafel slope of
84 mV dec '.” Similarly, based on C-N frameworks, Yao's
research team have demonstrated porphyrin-like Ru;-N,
mononuclear sites on graphite carbon nitride (g-C3N,) with an
atomically dispersed structural configuration as a durable and
competent electrocatalyst for the acidic OER, which demands
a low overpotential of 267 mV at a current density of 10 mA
em 2%

Herein, we report a new method to trap atomically dispersed
Ru sites on the molecular cages of ZnO for the first time using
a two-step pyrolysis approach. The Ru single atomic sites openly
coordinate with an electron-rich C-N skeleton. One of the
effective strategies in molecular catalysis for enhancing the
catalyst's performance is to alter the ligand coordination envi-
ronment by tempering the active metal site with anions (N, P, S,
etc.) of varying electronegativities. Thus, by tuning the donating/
withdrawing properties of these anions, the transition kinetics
intermediates and binding energies can be optimized. It was
therefore believed that exploring anion-coordinated Ru,-
NC(ZnO) electrocatalysts would also effectually adjust the
adsorption strength of OER intermediates at the active sites to
further optimize the OER performance, which however has
been seldom studied, let alone the precise alignment of coor-
dination sites for anions as well as their ultimate influence on
the OER. The best performing electrocatalyst Ru; ;s@NC(ZnO)
demands overpotentials of 320, 372, and 410 mV to deliver
current densities of 10, 15, and 20 mA cm ™ respectively for the
OER.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion

The incorporation of Ru SA sites in the NC(ZnO) nanostructure
was achieved by a facile and simple two-time pyrolysis
approach. The Ru™ precursor ruthenium chloride hydrate was
treated with an alcoholic dispersion of ZIF-derived ZnO
template. The obtained product was then centrifuged and dried
at 60 °C overnight. Afterwards, pyrolysis was carried out under
an H,/N, atmosphere in a 1:10 ratio at 250 °C for 2 h. The
obtained sample was designated as Ru,@NC(ZnO). The scheme
of the synthetic procedure of Ru,@NC(ZnO) is displayed in
Fig. 1a.

The typical powder X-ray diffraction (XRD) patterns of the as-
prepared samples are given in Fig. 1b. The XRD data agree well
with the standard card of ZIF-8 (JCPDS No. 00-062-1030) and
ZIF-8 derived ZnO (JCPDS No. 36-1451) with the previously re-
ported XRD results. The diffraction peaks of NC(ZnO) and
Ru,@NC(ZnO) samples were precisely the same and sharp. For
the NC(ZnO) composite, the diffraction peaks at 31.9°, 34.5",
and 36.40° are associated with (100), (002), and (101) planes
respectively. From the XRD analysis, it is important to mention
that no characteristic peak for the crystalline metallic Ru
species was observed which indicates its atomically dispersed

ZIF-8 NC(ZnO)

Pyrolysis RuCl,
-’ —p
Pyrolysis
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incorporation and ultra-low loading on the N rich carbon (NC)
framework of ZnO. The high temperature annealing method
incorporates the ZIF-8 into the highly porous host architecture
towards the space confinement effect of ZnO by providing
exposure to the active sites.

To learn more about the structure and morphology of the as-
prepared composites, scanning electron and high-resolution
transmission electron microscopy (SEM/HRTEM) techniques
were exploited. The polyhedron morphology and crystalline
structure of ZIF-8, and ZIF-8 derived ZnO, Ru, ;s@NC(Zn0O) and
Ruz;@NC(ZnO) are represented in Fig. Sla-df as observed in
SEM images. Heat treatment at an elevated temperature results
in structural deformity up to some extent which can be observed
in NC(ZnO) (Fig. 1c). The HRTEM picture obtained from the
crystal lattices with a spacing of 0.25 nm matches with the (002)
lattice plane of the ZnO crystal (Fig. 1d).*® Furthermore, the
selected area electron diffraction (SAED) pattern in Fig. le
revealed further information about the crystalline makeup of
the NC(ZnO) nanocrystal.

To further clearly expose the distribution and state of Ru at
atomic resolution, high-angle annular dark-field-scanning
transmission electron microscopy (HAADF-STEM) analysis was
performed. HAADF analysis reveals the homogeneous distri-
bution of Ru sites along with Zn and O elements observed on

_ ——Ru;@NC(ZnO)
Lk 2 X _5c5°
oy == Ru, ,s@NC(ZnO)
E lll Aty Yo
< =
-~ Ru, ,s@NC(ZnO)
o ) o i
7] = NC(ZnO)
§ | || JCPDS Np. 36-1451
=
=
——ZIF-8
JCPDS No. 00-062-1030
L

1'0 2.0 3.0 4'0 5.0 6.0 7.0
26 (degree)

Fig.1 (a) Schematic illustration of the preparation of the Ru,@NC(ZnO) composite; (b) PXRD data of as-prepared samples; (c—e) HRTEM images
and SAED pattern of NC(ZnO); (f) HRTEM image of Rui75@NC(ZnO); (g) HAADF-STEM image of Ru;75@NC(ZnO); and (h) SAED pattern of

RU1775@NC(ZnO).

This journal is © The Royal Society of Chemistry 2024

J. Mater. Chem. A, 2024, 12, 12533-12544 | 12535


https://doi.org/10.1039/d4ta00586d

Published on 17 aprila 2024. Downloaded on 18.10.2025 0:32:26.

Journal of Materials Chemistry A

the NC rich ZnO matrix, which is provided in Fig. S2.7 It is
evident that there are a specific number of atom-sized bright
spots, and the individual Ru atoms are dispersed all over the
ZnO matrix, as indicated by the yellow circles, Fig. 1(f and g).
Fig. 1h represents the SAED pattern of the Ru, ;s@NC(ZnO)
composite. The loading amounts of Ru and Zn according to
inductively coupled plasma-optical emission spectrometry (ICP-
OES) measurements in Ru; ;5s@NC(ZnO) were 0.8043 ppm and
52.20 ppm respectively (Table S21) and the concentration of Zn
in the NC(ZnO) was 74.43 ppm.

Surface water absorption is considered to be influenced by
a solid surface's geometric architecture and chemical makeup.
Photographs of surface contact angle measurements of elec-
trocatalyst surfaces are displayed in Fig. S3.1 The contact angles
of 102.5°,108.3°, and, 138.9° obtained for the Ru, ;5@NC(ZnO),
ZIF-8, and, NC(ZnO) composites, respectively, highlight the
hydrophobic nature of the materials as well as the surface
interfacial charge separation and interaction of the surface with
water and catalysts on their surfaces. The water contact angles
of the Ru, ;5@NC(ZnO) electrocatalyst are noticeably smaller
than those of the ZIF-8 and NC(ZnO), which may make it easier
for electrons to reach the electrocatalyst's active surface. But for
NC(ZnO), the rise in the water contact angle results from the fall
in the particular increment owing to the reduction in the
specific surface area of nanocages throughout the heat
treatment.*

The Brunauer-Emmett-Teller (BET) surface area investiga-
tions at 77 K were used to determine the specific surface area,
pore volume, and average pore diameter of ZIF-8, NC(ZnO), and
Ru, ;5s@NC(ZnO). The Ru, ;5@NC(ZnO) nanocomposite showed
comparable hysteresis and isotherm to NC(ZnO) (Fig. S4a and
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bt). The values for surface area analyses are provided in Table
S3.1 In comparison to hexagonal NC(ZnO) nanostructures, the
increased OER catalytic efficacy of Ru, ;,5s@NC(ZnO) is caused by
mass/charge transfer towards reactant molecules, which is
advantageous due to its greater surface area and highly porous
structure.” It is important to note that as Ru sites on the matrix
of the NC template are deposited, the mesoporous dimension
may become blocked, which might account for the decrease in
BET surface area.

The specific surface elemental composition and valence state
related properties of Ru,@NC(ZnO) electrocatalyst were further
examined using X-ray photoelectron spectroscopy (XPS) anal-
ysis. As presented in Fig. S5a,T the coexistence of Ru, Zn, C, and
O elements is shown in the XPS full survey spectrum of Ru,@-
NC(ZnO). The C normalized 1s spectra of Ru,,;s@NC(ZnO)
deconvoluted into C-C/C=C bonds (284.6 eV), C=C-N (285.2
eV), and N-C=N (288.7 eV) bonding in the NC(ZnO)
matrix(Fig. 2a).*® In Fig. S5¢,t the N 1s peak at 390.6 €V is
adjacent to the binding energy of the N-Zn bond as a distinctive
peak.” Zn>" was found to exist in Ru;;;@NC(ZnO) through
examination of the NC(ZnO) 2p XPS spectrum, with binding
energies of 1024.1 and 1047.1 eV for the Zn 2p;,, and Zn 2p;,
peaks, respectively (Fig. 2b). In the O 1s XPS spectra of
Rul.75@NC(ZnO) (Fig. S5bt), besides the peak at 529.4 eV
corresponding to Zn-O-Zn, a weak characteristic peak with BE
of 536.3 eV was also observed which arose from oxygen vacan-
cies introduced due to thermal H, treatment. In the Ru 3pj,
XPS spectra, the peak at about 531.6 eV likely originated from
RuOx due to the oxidation of Ru after exposure to air. An
additional peak at 533 eV was also identified, possibly due to
surface H,O (adsorbed oxygen) because of the strong
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285.2 eV

Intensity (a.u)
Intensity (a.u.)

/ \ 288.7 ¢V

Zn2P
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6
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Fig. 2 High-resolution XPS spectra of (a) C 1s, (b) Zn 2p, and (c) Ru 3d, (d) XANES spectra of the sample measured at Ru K edge, (e) Fourier
transformed EXAFS spectra of the sample measured at Ru K edge, and (f) EXAFS fitting curve for Ru; 7s@NC(ZnO).

12536 | J Mater. Chem. A, 2024, 12, 12533-12544

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4ta00586d

Published on 17 aprila 2024. Downloaded on 18.10.2025 0:32:26.

Paper

hydrophilicity of oxygen vacancies. This peak confirms the
existence of oxygen vacancies that arise from pyrolysis in an H,
environment.*® The deconvoluted Ru peak at 463.3 eV in Fig. 2c,
which was attributed to electrons from the 3pj, orbital,
confirmed the presence of Ru®" in Ru;,;@NC(Zn0).** By
comparing the XPS study of Rul.75@NC(ZnO) after and before
the stability study all the characteristic peaks were observed to
be intact, but a definite shift could be observed at 463.4 to 463.8
eV, i.e., 0.4 eV which is due to the oxidation of Ru™® to Ru™
which acts as the active site for the OER.

Furthermore, the electronic and coordination structures of
the Ru, ;5s@NC(ZnO) electrocatalyst were studied with the X-ray
absorption near-edge spectroscopy (XANES) and extended X-ray
absorption fine structure (EXAFS) measurements. Fig. 2d shows
the XANES spectra of the Ru, ;s@NC(ZnO) SAC sample at Ru K
edge along with Ru Foil as the standard. In the Ru K-edge EXAFS
spectrum of Ru, ;5@NC(ZnO), only a major peak at ca. 1.5 A is
noticed and no scattering from metallic Ru-Ru is evident
(Fig. 2e).® At longer distances above 2.50 A, no substantial
involvement of metallic Ru, oxidized Ru,O, clusters, and RuCl;
residuals were noticed, indicating the dispersion of isolated Ru
atoms throughout the whole Ru;;s@NC(ZnO) structure
(Fig. 2€).>** It shows the absence of a Ru-Ru path in the sample
which indicates that all the Ru atoms in Ru; ;5@NC(ZnO) are in
the single-atom form and are coordinated with oxygen. In the
Fourier-transformed (FT) k*weighted EXAFS spectrum, one
prominent peak was observed at = 1.4 A which was attributed
to Ru-O bonds (Fig. 2f).

The Raman spectra of Ru; ;s@NC(ZnO) show a D-band ratio
(approximately 1331 cm™") related to carbon defects and a G-
band (approximately 1579 cm™'), with a ratio of 1.02, as
depicted in Fig. S67. This ratio is greater than NC(ZnO) skeleton

View Article Online
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which reinforces the presence of more defects in the final
composite. The sample Ru;,;@NC(ZnO) displays Zn-N
stretching at 421 cm ™" which represents the existence of the
absorption peak of ZIF-8. After calcination, the imidazolate ring
bands vanish, indicating a change in the ZIF-8 structure.

Electrocatalytic OER performance in
acidic medium

The electrocatalytic studies of all the Ru,@NC(ZnO) are tested
in 0.5 M H,SO, in a conventional three electrode system (see
the ESIt). Linear sweep voltammetry (LSV) studies were con-
ducted at a 5 mV s~ ' scan rate and the obtained LSV polari-
zation results of all the electrocatalysts are provided in Fig. 3a.
The schematic presentation of the setup used for the investi-
gation of the OER performance of the electrocatalysts is
provided in Fig. 3f. The LSV polarization study (95% iR
compensated) reveals that Ru,;,;@NC(ZnO) provides
improved catalytic activity with an overpotential of 320 mV to
achieve 10 mA cm ™ ? current density. Besides, Ru;@NC(ZnO),
Ru, ;5s@NC(Zn0O), NC(ZnO), and ZIF-8 deliver lower over-
potentials of 348, 366, 400, and 427 mV to reach the same
benchmark 10 mA ¢cm™? current density. For comparison,
commercial RuO, has been taken which shows an over-
potential of 349 mV to attain 10 mA cm 2 current density
(Fig. S77). Electrochemical impedance spectroscopy (EIS) was
conducted to know the resistance for charge transfer at the
electrode and electrolyte interface. Table S17 represents the
impedance parameters obtained from the fitted equivalent
circuit diagram. The EIS results in Fig. 3b demonstrate that,
obviously, Ru;;s@NC(ZnO) has exhibited less resistance
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Fig. 3 (a) LSV polarization results of ZIF-8, NC(ZnO), Rug 75@NC(ZnO), Ru; 75@NC(ZnO) and Ruz@NC(ZnO); (b) EIS outcomes; the inset shows
the equivalent circuit diagram; (c) iR drop free Tafel slope; (d) overpotential measured at different current densities; (e) long term-static stability at
an applied current density of 10 mA cm™2; (f) cell representation of the three-electrode setup used for OER performance.

This journal is © The Royal Society of Chemistry 2024

J. Mater. Chem. A, 2024, 12, 12533-12544 | 12537


https://doi.org/10.1039/d4ta00586d

Published on 17 aprila 2024. Downloaded on 18.10.2025 0:32:26.

Journal of Materials Chemistry A

towards electron transfer at the electrode—electrolyte interface
with an R value of 15.1 Q, whereas Ru;@NC(ZnO) (15.4 Q),
Ru, ;s@NC(ZnO) (16.9 Q), NC(ZnO) (18.9 Q), and ZIF-8 (20.9 Q)
show higher resistance than Ru, ;s@NC(ZnO). The inset of
Fig. 3b displays the equivalent circuit diagram for the corre-
sponding EIS curves. Furthermore, the Tafel slope was derived
from the iR drop free LSV polarization outcomes and the ob-
tained Tafel slope is given in Fig. 3c. These Tafel slopes
suggest that Ru; ;5s@NC(ZnO) delivers a very low Tafel slope
value of 38 mV dec™* compared to the other catalysts Ru;@-
NC(ZnO) (47 mV dec '), Rug,;@NC(Zn0O) (51 mV dec™ %),
NC(ZnO) (59 mV dec™ "), and ZIF-8 (70 mV dec ') suggesting
faster transfer kinetics at the electrode—-electrolyte interface.
The Tafel slope is a crucial kinetic parameter that signifies
a change in the electron-proton-coupled transfer (OER)
mechanism. The Tafel slope has been widely investigated in
relation to the rate-determining step for OER
electrocatalysis.”>™* The chemical stages involved in the
mechanism of the OER on the electrode’s active metal oxide
are often proposed to involve the following in acidic medium:

S+ H,0 - S-OH,4s + H  + ¢~ (1
S-OH,q; — S-Ous + H  + ¢~ )
28-O4gs = S-Ouqs + H,0 (3)
S-Ous — S + 1120, (4)

where S refers to the active sites on the oxide surface and S-
OH,qs and S-O,qs correspond to the involved adsorption inter-
mediates. According to the previous literature, the adsorption
intermediates (S-OH,gs, S—Oaqs) of step 3 and 4 are evidenced by
the compact morphology and splintered morphology, respec-
tively.** Among these steps, the rate determining step (RDS) was
determined by Tafel slope values, where the Tafel slope largely
depends on the physical properties and composition of the
electrode. Moreover, these factors will moderately vary the
adsorption intermediates during the OER process. Based on the
previous reports, it is believed that if the Tafel slope value is
higher than or equivalent to 120 mV dec ™", the adsorption and
formation of the first intermediate, S-OH, 4, is considered to be
the RDS. If the Tafel slope is believed to be 40 mV dec™" or more,
conversion of S-OH_q4s to S—0,4s Will be the RDS, whereas if the
Tafel slop is less than 40, the RDS will be the generation/
liberation of O, molecules from the S—OH,qs
intermediates.””*® Herein, we have observed that Ru,,s@-
NC(ZnO) possesses a lower Tafel slope of 38 mV dec™" sug-
gesting that conversion of S-OH,q4s to S-O,qs Will be the RDS.
Even though we have observed 70 mV dec™" as the Tafel slope
for our bare NC(ZnO) and suggest that the conversion of S-
OH, 45 to S-O,45 is the RDS, the synergistic effect between ZnO
and the optimized amount of Ru will further expedite the
conversion of S-OH,q4, to S-0,4 intermediates which facilitates
the OER process. Moreover, we measured the overpotential at
different current densities (10, 15, and 20 mA cm ?) and
depicted as a bar diagram in Fig. 3d.
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The bar diagram demonstrates that even at higher current
densities the same activity trend was obtained (Ru;;s@-
NC(ZnO) > Ru;@NC(ZnO) > Ru, ;5@NC(Zn0) > NC(ZnO) > ZIF-
8). To understand the long-term static stability of Ru, ;5@-
NC(ZnO), chronopotentiometric analysis (Fig. 3e) was per-
formed where it showed a static stability for 21 h at an applied
current density of 10 mA cm ™ > with a binder and catalyst ratio of
1.25:4. These chronoamperometric studies suggest the highly
stable nature in a highly harsh and corrosive environment. To
further govern the intrinsic activity of all the catalysts, the
turnover frequency (TOF) was calculated, which is nothing but
the number of O, molecules evolved per unit area per second.
The assessed TOF values are projected as a bar diagram in
Fig. 4a with an error bar. The bar diagram demonstrates that
Ru, ;s@NC(ZnO) possess higher TOF values of 2.8501 x 10>
s !, whereas Ruz@NC(ZnO), Ru,;s@NC(Zn0), NC(Zn0O), and
ZIF-8 exhibit TOF values of 2.3060, 1.8150, 1.4652, and 1.2307 X
107" s~ ' respectively. The higher TOF value of Ru; ;s@NC(ZnO)
indicates that a larger number of O, molecules are liberated
during the OER process than the residual catalyst. To know the
reason behind the higher TOF value, electrical double-layered
capacitance (Cq;) was determined by carrying out cyclic vol-
tammetry (CV) between the applied potential of 1.0 and 1.2 V vs.
RHE at different scan rates (Fig. S8a-et). From the measured
CVs, Cq; values are determined by subtracting the anodic-
cathodic current with a linear fitting, and the outcomes are
given in Fig. 4b. The determined Cyg values evidence that
Ru, ;5@NC(ZnO) occupies a higher peak position (Fig. 4c) with
a Cq value of 0.0501 mF than other catalysts such as Ru;@-
NC(ZnO) (0.0462 mF), Ru,-s@NC(ZnO) (0.0429 mF), NC(ZnO)
(0.0386 mF), and ZIF-8 (0.032 mF). The highest peak position
indicates that Ru, ;5@NC(ZnO) exposes abundant active sites
for the adsorption/desorption of H,0/O, molecules than the
residual catalyst. Furthermore, with the obtained Cgq values the
electrochemical active surface areas (ECSAs) of all the catalysts
were evaluated by employing the below formula: w

Cal

ECSA =
CS C.

(5)

here Cs is the specific capacitance of the flat electrode surface
(0.04 mF cm™?).* The obtained ECSA values of ZIF-8, NC(ZnO),
Ru, 75@NC(ZnO), Ru,;s@NC(Zn0O), and Ruz@NC(ZnO) are
0.8075, 0.965, 1.0725, 1.2525, and 1.155 cm?, respectively. The
higher ECSA value again indicates that Ru;-5;@NC(ZnO)
possesses numerous active sites for O, conversion. Further-
more, with the achieved ECSA values the specific activities of all
the catalysts were evaluated and the results are provided in
Fig. 4d. After normalizing the ECSA values with the geometrical
LSV results, a similar activity trend was observed with an over-
potential of 336, 358, 377, 398, and 406 mV corresponding to
Ru, ,5@NC(Zn0), Ru;@NC(ZnO), Ru,;5s@NC(Zn0), NC(ZnO),
and ZIF-8 to attain 10 mA cm > current density respectively.
Later, the mass dependent activity of all the catalysts was also
determined by dividing the catalyst loading with the obtained
current density, and the obtained values are given in Fig. 4e.
The mass-dependent results showed an overpotential of 322,
355, 370, 382, and 410 mV corresponding to Ru, ;5@NC(ZnO),
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Ruz@NC(ZnO), Ru,;5@NC(ZnO), NC(ZnO), and ZIF-8 to reach
the same current density. Additionally, operando-EIS analysis
was executed at several potentials to comprehend the electron
transport kinetics at the electrode-electrolyte boundary and the
obtained Nyquist plots are given in Fig. S9a-d.t The Nyquist plots
of all the electrocatalysts exhibit promising electrochemical
performances. Moreover, the Bode plot was also recorded and is

shown in Fig. 5a-d. The regions of the Bode plot represent the
reagent (OH-) that has been adsorbed or desorbed on the elec-
trode surface. The high-frequency zone (HF) detects the oxidation
of the electrocatalyst, whereas the low-frequency zone (LF) reveals
the unequal distribution of the oxidising agent at the electrode
interface. Fig. 5e demonstrates that, at an applied potential of
1.52 V vs. RHE, the phase angle was decreased at the HF region,

od b c
_ Low frequency NC(Z20) 60 Ru, . @NC(Zn0O) 604 Ru, ,@NC(Zn0)
I region _ Low frequency 0w frequency .
50 High frequency 10V PR, region High frequency 10V 2 region High frequency 0V
8 region 8 S region & 50 region
~ a0 4 b St
2 2 a0 2 40
-1 1] o ; o0 L
xidation o
s i Oxidation of g 30 electrocatalyst E 30
2 lectrocatalyst  LSLV @ 151V L LSIV
20
é é 20 E Ll &,J / Oxidation of
Ty D ' T dj:‘ 3, electrocatalyst
10 Acidic OER 10 Acidic OER 10 :,"‘ Acidic OFR "M3s..
process - process Mg i
0 T T T T 0 T T T — ] 0ty T T T L
0 1 2 3 4 -1 0 1 2 3 4 s -1 0 1 2 3 4 s
Log[Frequency(Hz)] Log[Frequency(Hz)] Log[Frequency(Hz)]
d 8 f
Ru,@NC(ZnO) —0—NC(@Zn0)
B, Low frequency —0—Ru, ,, GNCEnO) PE
., region . 40+ —O0—Ru, @\NCER0)
High frequency 1oV Electrooxidation 5 Rul:’a,:_\'c.zzo) R
region of eatalyst e >3

=

151V
Osxidation of

i
? electrocatalyst
l¥ Actdic OER

process

-Phase angle (6)
5 2 8 & 23 8 3

5 Y Ini lon R!
As — 155V Tnitiation of OER .
G 304 \N’\\ OER region
E \w y
N m
20 m
. R,

14

nd

- S
Log[Frequency(Hz)]

Fig.5

15 1.6
E/V vs RHE

T
17

(a—d) Operando Bode plot of NC(ZnO), Rug 7s@NC(ZnO), Ruy 7s@NC(ZnO) and Ruz@NC(ZnO); (e) correlation of the equivalent resistances

and potentials for the electrodes and mass dependent activity of all the catalysts. (f) Equivalent circuit diagram used for fitting the impedance

data.

This journal is © The Royal Society of Chemistry 2024

J. Mater. Chem. A, 2024, 12, 12533-12544 | 12539


https://doi.org/10.1039/d4ta00586d

Published on 17 aprila 2024. Downloaded on 18.10.2025 0:32:26.

Journal of Materials Chemistry A

suggesting the electrooxidation of the catalyst, whereas at
a1.55 V (vs. RHE) applied voltage, evolution of oxygen will begin.
Fig. 5f represents the equivalent circuit diagram of the corre-
sponding OER process. Faradaic efficiency (FE) was computed to
compare the calculated and actual quantities of oxygen evolved in
order to assess the selectivity towards the oxygen redox reaction.

Fig. S107 shows that the predicted faradaic efficiency for
Ru, ;s@NC(ZnO) was 91.02%, indicating a higher selectivity
towards the OER. Moreover, the robustness of the catalyst
Ru, ;5@NC(ZnO) was confirmed by performing 500 CV cycles at
a scan rate of 150 mV s~ ' in an acidic environment. After 500 CV
cycles, LSV was recorded at 5 mV s~ scan rate and the results
are provided in Fig. S1la.} After continuous CV cycling the
activity of Ru, ;s@NC(ZnO) decreased with a change of 30 mV to
attain 10 mA cm 2 current density. This decrease in activity
might be due to that with the continuous CV cycling the charge
accumulated over the electrode surface might be reduced,
which simultaneously leads to reduction in the conversion of O,
molecules. The corresponding EIS analysis in Fig. S11bt also
shows the same results which well agreed with the LSV results.
Overall, from the above results it appears to be a promising
electrocatalyst for the OER in acidic media, demonstrating
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superior catalytic performance, low overpotential, faster elec-
tron transfer kinetics, and reasonable stability. Moreover, after
chronopotentiometric studies, the electrode was subjected to
chemical nature analysis, i.e., XPS analysis (Fig. S131) and
morphological analysis (Fig. S14t). Fig. S14a and bt represent
the P-XRD and SEM images of the Ru,; ;s@NC(ZnO) catalyst
respectively after OER activity, both of which reveal that the
catalyst does not lose its robust nature after the catalytic
performance. By comparing the XPS study of Ru; ;s@NC(ZnO)
after and before the stability study all the characteristic peaks
were observed to be intact, but a definite shift could be observed
from 463.4 to 463.8 eV, i.e. 0.4 eV, which is due to the oxidation
of Ru™ to Ru™ which acts as the active site for the OER.

Computational study
Results and discussion

We carried out DFT calculations to get the atomic-scale insights
into the improved OER performance of Ru,@NC(ZnO). To
complement our experimental results, we performed the
adsorption of Ru loaded ZnO (Ru@ZnO) on the optimized
nitrogen-doped porous carbon matrix (NC) to obtain the

!

Reaction coordination

Fig. 6 Top view and side view of the optimized structures of (a) NC, (b) Ru,@ZnO and (c) Ru@NC(ZnO). (d) Charge density difference for the
Ru,@NC(ZnO) complex. Here, blue and yellow isosurfaces indicate charge depletion and accumulation, respectively. (e) Proposed 4e™
mechanism of the oxygen evolution reaction along with the optimized structures of Ru,@NC(ZnO). The balls in red, purple, blue, grey, green and
white represent O, Zn, N, C, Ru, and H atoms, respectively. (f) The DFT computed adsorption free energy profiles of the OER process on NC,

Ru@ZnO and Ru,@NC(ZnO) at U = 0 eV.
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Ru,@NC(ZnO) complex as shown in Fig. 6a—c. Using the charge
density difference (CDD) plot, we analysed the charge distri-
bution between Ru-ZnO and NC layers. As shown in Fig. 6d, the
yellow area demonstrates an accumulation of charge suggesting
an increase in electron density within Ru-ZnO, where the Ru
atom plays a significant role in this effect. On the other hand,
a decrease in the electron density within NC is evident from the
blue region, indicating a depletion of charge. The observation
suggests the presence of a built-in electric field that potentially
facilitates the transfer of electrons at the interface.

In the acidic environment, the typical OER process can be
expressed by the following four elementary reaction paths:

H,O() + * > *OH + (H" +¢") (6)
*OH —» *0+ (H " +e") (7)

*0 + H,0(l) > *OOH + (H" +¢") (8)
*OOH — *+ O(g) + (H" +¢) ©)

Here, (1), (g), and * denote the liquid phase, gas phase, and an
active site on the catalyst surface, respectively, while *OH, *O,
and *OOH represent adsorbed intermediates. Fig. 6e represents
the adsorption configurations of the intermediate species of the
Ru,@NC(ZnO) complex. To assess the OER activities of NC,
Ru@ZnO and Ru,@NC(ZnO) catalysts, we investigated the free
energies of OER intermediates. The free energy change for the
initial step (H,O — *OH) in the OER on NC is determined to be
0.93 eV, indicating the challenging decomposition of the water
molecule, while in Ru@ZnO and Ru,@NC(ZnO), the free energy
change for the first step (H,O — *OH) is 0.45 and 0.56 eV,
making water dissociation significantly easier. The potential-
determining step (PDS) for all cases is the formation of *OOH
(*O — *OOH) with a AG; value of 2.32 (overpotential of 1.08 V)
and 2.20 eV (overpotential of 0.97 V) for NC and Ru@ZnO,
respectively. In Ru,@NC(ZnO), the overpotential is reduced to
0.71 eV with a AG; value of 1.95 eV (Fig. 6f), revealing the origin
of the increased OER activity. Therefore, a forward shift in the
PDS, coupled with a lowered free energy indicates the crucial
role of Ru in enhancing the OER activity of the Ru,@NC(ZnO)
catalyst. These results exhibited a strong agreement with the
experimental OER activity data, emphasizing the significant
contribution of Ru loading in NC(ZnO) to the enhancement of
catalytic performance. As shown in Fig. S15,7 the yellow region
demonstrates an accumulation of charge suggesting an
increase in electron density within Ru-ZnO, where the Ru atom
plays a significant role in this effect. On the other hand, the
decrease in the electron density within CN is indicated by the
blue region, indicating a depletion of charge. The observation
suggests the presence of a built-in electric field that potentially
facilitates the transfer of electrons at the interface.

Conclusion

In summary, we designed and synthesized atomically scattered
Ru sites on the NC(ZnO) nanocage architecture under mild

This journal is © The Royal Society of Chemistry 2024
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conditions and employed them for the OER in an acidic envi-
ronment. The resulting atomically regulated Ru; ;s@NC(ZnO)
electrocatalyst, featuring an abundance of active sites, emerged
as a promising candidate for the OER. It exhibited superior
catalytic performance, low overpotential, accelerated electron
transfer kinetics, and reasonable stability. Ru; ,s@NC(ZnO)
shows a low overpotential (320 mV) at a current density of 10 mA
cm ™ for the OER because of the high active site utilisation. The
feasibility of the OER process by employing Ru,@NC(ZnO) was
also established from DFT studies which divulges the formation
of *OH, *O, and *OOH intermediates with lower free energy in
the water decomposition process. This research provides
a systematic guideline illustrating the synergistic interaction
between Ru atomic sites and ZnO derived from the ZIF-8
framework. It elucidates how this collaborative interaction
can be harnessed to enhance the electrocatalytic performance.
The concepts presented in this study are poised to open avenues
for the development of atom regulated catalysts that are both
durable and exceptionally active for electrocatalysis of water to
store energy.
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