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1. Introduction

Improving oxygen reduction reaction and oxygen
evolution reaction activities with Ru-NiCo
nanoparticles decorated on porous
hitrogen-doped carbon for rechargeable Zn-air
batteries and OER electrocatalysts+

Lili Sui,® Lihua Miao, ©*@ Ye Kuang,© Xiaoyan Shen,? Dan Yang® and He Huang?

The slow kinetics of the oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) in air
cathodes severely limit the development of reversible zinc-air batteries. Thus, bifunctional oxygen catalysts
with excellent electrocatalytic activity and durability for both the oxygen reduction and oxygen evolution
reactions (ORR/OER) are keys to achieving long-term rechargeable zinc-air batteries. However, it remains
challenging to further improve the performance by adding more active sites. To address this, a series of
nitrogen-doped carbon (CN) with NiCo alloys has been synthesized by pyrolyzing a simple bimetal
zeolitic-imidazolate framework (ZIF) and then evenly loaded with metallic Ru nanoparticles, resulting in
Ru-NiCo/NC samples. Benefiting from the large pore volume and high activities, the Ru-NiCo/NC
electrocatalysts exhibit higher ORR (E;, = 0.84 V) and OER performance with an overpotential of 342
mV at 10 mA cm2, along with superior cycle stability. More significantly, when employed in rechargeable
zinc-air batteries, Ru-NiCo/NC catalysts demonstrate a high power density of 132.3 mW cm™,
significantly outperforming Pt and Ru-based zinc-air batteries. Additionally, DFT (density functional
theory) results indicate that the addition of Ru leads to a downshift of the d-band center from the Fermi
level, which benefits the reduction of energy barriers and enhances the desorption of O-containing
intermediates. This work provides a feasible strategy for developing efficient and high-performance
bifunctional electrocatalysts.

(ORR/OER) and the instability of bifocal catalysts, zinc-air
batteries have great energy loss and poor cycling performance.

With the rapid development of science and technology,
human beings face increasingly prominent problems, such as
environmental pollution and resource shortage.'® The
development of new fine performance and environment-
friendly energy materials plays an important role in
alleviating energy shortage and promoting national economic
development.* Among various energy storage systems, as an
attractive alternative to traditional lithium-ion Dbatteries,
zinc-air batteries have higher energy density and safety, and
are promising next-generation batteries.”® However, due to
the slow kinetics of the oxygen reduction/reduction reaction
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Thus, highly effective ORR catalysts are essential for energy
transformation devices like fuel cells and metal-air
batteries.””® In addition, the design of an efficient, affordable,
and sustainable dual-function catalyst is very crucial for
secondary Zn-air cells.

Currently, Pt based catalysts have high ORR activity, which
can speed up reaction kinetics.” In practice, however, cost and
scarcity are major issues.'® Therefore, the development of low-
cost, highly active alternative materials has become an urgent
task. Extensive research has been carried out on transition
metal oxides and nonmetallic heteroatom-doped carbon.
However, the achievement of a satisfactory ORR is still a
challenge."” ™ Recently, it has been found that the catalytic
activity of metal and nonmetal heteroatoms co-doped with
carbon is similar to that of Pt-based catalysts. The mechanism
is probably due to an increase in the number of active sites.'*"
These results show that transition metal heteroatom doped
carbon has potential for developing efficient and low-cost ORR
catalysts. However, the reported OER properties of carbon
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materials are usually not very good. But, the performance of
ORR and OER catalysts can be effectively improved by the
supported electrocatalysis strategy. Recently, transition metal-
based (TM) species/carbon catalysts have attracted wide interest
in Zn-air batteries on account of their moderate catalytic
property for the ORR/OER.'®' Among various composites,
zeolitic imidazolate framework (ZIF) derivatives are promising
candidates for multi-functional electrocatalysts since these
derivate TM-based phases/porous NC composites, which are in
situ formed by the conversion of N-containing organic ligands
and metal centers in ZIFs, can efficiently catalyze the reversible
reactions in Zn-air cells.’® Nevertheless, it should be noted that
the significantly reduced porous channels and aggregated TM-
based particles over the high-temperature calcining process will
seriously deteriorate the catalytic activity of ZIF-derived catalysts
especially for the OER.” On the other hand, Ru and Ir
containing materials have been proved to be superior
electrocatalysts for the OER. Therefore, coating Ru or Ir on the
ZIF-derived materials with enough pores and highly dispersed
TM-based nanoparticles should be a highly desirable procedure
to construct ideal bifunctional catalysts. In addition, transition
metals are commonly used in combination with other
materials, with nickel being a particularly versatile element.*
NiCo alloys have been shown to exhibit superior activity and
decay resistance compared to their single-metal counterparts.**
The bonding between different metals in these alloys can also
create intrinsic polarity, thereby enhancing catalytic reactions.
Moreover, nickel is known to effectively increase the
graphitization degree of carbon materials.>*** In addition, the
central metal atom is usually the ORR active site. Therefore, the
selection of highly active core metal atoms is the most effective
strategy to enhance catalytic activity. This is mainly due to the
interaction of the d orbital of the central metal atom with the p
electrons of oxygen atoms and oxygen-containing intermediates
during the ORR process, which leads to the adsorption and
subsequent electron transfer of oxygen molecules.>* Therefore,
the chemical properties of the core metal atoms will largely
determine the ORR reactivity. Thus, electrocatalysts that
incorporate Ru-decorated NiCo/NC can significantly improve
the electrocatalytic performance for both the oxygen evolution
and reduction reactions (OER and ORR, respectively).

Herein, we designed novel Ru decorated NiCo/CN catalysts
by a facile pyrolysis strategy. Due to the significantly
increased Co and Ni content on the surface of the material,
the large number of alloys creates favorable conditions for
the formation of active sites and better spatial isolation
characteristics. Then, the introduction of Ru speeds up the
reaction kinetics and improves the electrocatalytic
performance of the material. Ru-NiCo/NC electrocatalysts
show higher ORR (E,;,, = 0.84 V) and OER performance with
an overpotential of 342 mV at 10 mA cm > and superior cycle
stability. More significantly, the Ru-NiCo/NC catalysts
employed in a rechargeable ZAB display a high power density
of 132.3 mW cm™ and long cycle stability. DFT results
indicate that the addition of Ru can lead to the downshift of
the d-band center from the Fermi level, which could be
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beneficial to reducing energy barriers and boosting the
desorption of O-containing intermediates.

2. Results and discussion

The morphology and structural characteristics of the
prepared samples were characterized by SEM and TEM.
Fig. 1a shows the TEM image. It is found that the NiCo
nanoparticles are encapsulated in carbon tubes. This feature
was further confirmed by high resolution TEM (Fig. 1b).
Simultaneously, the interplanar spacing of 0.176 nm
corresponds to the (200) plane of NiCo alloys. Fig. 1c shows
the microstructure of the Ru-NiCo/NC nanostructures. It's
made up of a lot of curved nanotubes. The metal particles
are encapsulated in the nanotubes, and there are no particles
on the outside of the nanotubes. The TEM image of the Ru-
NiCo/CN catalyst is shown in Fig. 1d. It consists of N-doped
graphitic carbon with multilayer ultrathin nanotubes and
alloy nanoparticle enrichment zones. Lines are seen around
the alloy particles, indicating that the alloy is encased within.
The space confinement is especially important in suppressing
particle dissolution, which is beneficial for maintaining high
stability in the ORR/OER process. Fig. 1(e and f) exhibit the
corresponding HRTEM images. The lattice spacing of 0.179
nm can be ascribed to the (200) plane. In addition, the lattice
spacing of 3.29 nm can be indexed to the (200) plane of the
graphitic carbon phase. By comparing the HRTEM diagram
of the two samples, it can be found that the crystal plane
spacing of the prepared samples increases significantly after
Ru modification. Fig. 1g presents the element distribution
mappings of the Ru-NiCo/CN samples. It can be found that
Ru, Co, Ni, C and N elements are uniformly distributed
throughout the sample. The rich area of the alloy is mainly
composed of Co, Ni and N, indicating that there may be a
large number of bonds between the alloy and N.

The crystal structures of Ru-NiCo-MOF and the all
samples were characterized by XRD. As shown in Fig. 2a and
S1,7 the characteristic diffraction peak at 26.3° can be
indexed to the (002) planes of graphitic carbon. The
diffraction peaks at 44.5°, 51.8° and 76.3° belong to the
(111), (200), and (220) planes of Ni (JCPDS 04-0850). The
other diffraction peaks can be indexed to the (111), (200),
and (220) crystal planes of the Co phase (JCPDS 15-0806). The
diffraction peak positions of NiCo are in agreement with the
NiCo alloys obtained by Mehmood et al®>* No other
diffraction peaks can be observed, indicating that the
prepared sample possesses high purity and excellent
crystallinity. In addition, the absence of Ru indicates that the
Ru content in Ru-NiCo/NC is too low to be detected by XRD,
or that they are not converted into a new phase, but are
present as dopants in the catalyst. The distribution of
elements and the valence states of surface elements of the
prepared samples were analyzed by XPS. As shown in Fig. 2b,
the Co 2p spectra of the two catalysts can be well
deconvoluted into four kinds of peaks: metallic Co, Co-N,
Co*" and satellite peaks. The binding energies at around
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Fig. 1 (a and b) TEM and HRTEM images of NiCo/NC, (c) SEM image of the Ru-NiCo/NC catalyst. (d-f) TEM and HRTEM images of Ru-NiCo/NC.

(9) Elemental mappings.

777.8 €V and 793.1 eV can be indexed to metallic Co.>® The
peaks at 780.2 eV and 795.2 eV could be ascribed to Co**.*’
The peaks at around 782.9 eV and 798.3 eV correspond to
Co-N bonds. This reveals that CoN, possesses a high
proportion, indicating that the surface of the material
possesses more active sites. The binding energy of Co 2p in
the samples from NiCo/NC to Ru-NiCo/NC moves to the
higher energy level region, indicating the formation of strong
chemical bonds. The increase of the energy level is beneficial
to the enhancement of electrocatalytic performance.”” The
high-resolution Ni 2p spectra (Fig. 2c) show two peaks at
around 852.7 and 870.0 eV, which correspond to zero-valence
state metallic Ni.*® The relatively weak peaks at binding
energies of 855.8 and 873.6 eV can be ascribed to Ni** 2p;,
and Ni*" 2py,,, respectively, due to the partial oxidation of
the sample exposed to air.>’ In the high-resolution N 1s
spectra (Fig. 2d), the four well-fitted peaks can be indexed to
pyridinic-N (404.8 eV), pyrrolic-N (398.6 eV), graphitic-N
(401.1 eV), and oxidized-N (401.8 eV), respectively.’’ The
successful incorporation of nitrogen atoms into the Ru-NiCo/
NC sample leads to the modulation of the local electronic
structure. This enhances the electrical conductivity and
creates abundant defects/vacancies, which are favorable for

5844 | CrystEngComm, 2023, 25, 5842-5850

improving the electrocatalytic performance. The high-
resolution C 1s spectra (Fig. 2e) can be well fitted into three
peaks located at 284.4, 285.3, and 289.1 eV, which are
assigned to C-C, C-N, and C-O, respectively.*’ As depicted in
Fig. 2f, the deconvoluted Ru 3p peaks show binding energies
at 461.6 and 483.2 eV assigned to Ru 3p;z, and Ru 3p1/2.32’33
Fig. 2g exhibits the full spectra of the Ru-NiCo/NC and NiCo/
NC samples, confirming the existence of the Ru, Ni, Co, N
and C elements. Raman spectra of the all products are
measured, as shown in Fig. 2h. The peak located at 1353
cm™' can be indexed to the D band, which shows the
structural defects and disorder of carbon. The Raman peak at
1591 em " can be ascribed to the G band, which originates
from the disorder-induced C=C vibration and tangential E,,
sp> bonded C-C stretching vibration, respectively.** The
integrated intensity ratio of the D peak to the G peak (Ip/Ig),
which represents the degree of disorder, can be calculated
from the Raman spectra. The results verify that the Ip/Ig
value of Ru-NiCo/NC is 0.97, which is higher than those of
Ru-Co/NC (0.94), Ru-Ni/NC (0.95), NiCo/NC (0.96), Ni/NC
(0.93) and Co/NC (0.91). This suggests that the addition of
the Ru element leads to an increase in the degree of
graphitization. The isothermal nitrogen adsorption-

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) XRD and (b-g) XPS spectra of the as-prepared samples: (b) Co 2p, (c) Ni 2p, (d) N 1s, (e) C 1s, and (f) Ru 3p, (g) full XPS spectra, (h) Raman
spectra, and (i) N, adsorption-desorption isotherms, the illustration shows the corresponding aperture distribution curves.

desorption curves are evaluated in Fig. 2i. The IV type
hysteresis loops appear in the relative pressure range of 0-1.0,
indicating the existence of mesopores.®® In comparison, the
Ru-NiCo/NC catalyst shows a BET surface area of 84.6 m*> g™,
which is higher than that of NiCo/NC (58.9 m* g™"). The inset
shows the pore size distribution of the samples, and the Ru-
NiCo/NC sample possesses a total pore volume of 18 cm® g™
The corresponding average aperture is 2.5 nm. It is found
that the Ru-NiCo/NC electrode material presents the largest
pore volume and a large number of mesopores, which could
lead to the increased oxygen adsorption ability and the
availability of active sites.

The OER performance of the as-prepared catalysts is
investigated under a three-electrode system in 1 M KOH
aqueous solution. All LSV curves of the samples were

This journal is © The Royal Society of Chemistry 2023
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obtained with IR compensation at 2 mV s™* for the OER.
Fig. 3a shows the LSV curves of the as-prepared catalysts. It
is found that Ru-NiCo/NC delivers a low overpotential of 342
mV at a current density of 10 mA ecm ™2, which is lower than
those of Ru-Co/NC (361 mV), NiCo/NC (398 mV), Co/NC (413
mV), Ru-Ni/NC (437 mV) and Ni/NC (458 mV), and the
results showed that Ru modification could significantly
improve the electrocatalytic performance of the materials.
Meanwhile, it can be found that Co plays a major role in
NiCo bimetallic electrocatalysts. The reaction kinetics of the
electrocatalysts for the OER can be further analyzed from the
Tafel slope, as shown in Fig. 3b. Ru-NiCo/NC exhibits the
lowest Tafel slope of 65.75 mV dec™, which is smaller than
those of Ru-Co/NC (65.83 mV dec™'), NiCo/NC (67.99 mV
dec™), Co/NC (69.78 mV dec™'), Ru-Ni/NC (129.94 mV dec ™)

CrystEngComm, 2023, 25, 5842-5850 | 5845
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Fig. 3 Electrochemical performances of the catalysts. (a) LSV curves, (b) Tafel slopes, (c) impedance spectra, (d) double-layered capacitance linear

fitting, (e) cycle stability, and (f) SEM image after cycling.

and Ni/NC (133.30 mV dec™"), indicating that the Ru element
decoration can effectively improve the electrocatalytic
reaction kinetics. Fig. 3c shows the impedance spectra of the
prepared materials. It can be seen from the inset that Ru-
NiCo/NC presents a low equivalent resistance (3.7 Q). It is
confirmed that Ru-NiCo/NC has the best electrocatalytic
performance compared with other materials. To further
investigate the intrinsic activity of all electrocatalysts, the
electrochemically active surface area (ECSA) is obtained using
the electrochemical double-layer capacitance (Cg4;), which can
be obtained through fitting the CV curve at different scan rates
in the non-faradaic region, as shown in Fig. S1.} It shows that
the shapes of all the curves are rectangular, meaning that they
belong to the non-faradaic region. Fig. 3d shows the
corresponding values of the electrochemical double-layer
capacitance. The as-obtained Ru-NiCo/NC catalyst displays the
largest ECSA value of 0.0091 mF cm™?, which is higher
than those of Ru-Co/NC (0.0086 mF cm™>), NiCo/NC
(0.0021 mF c¢m™), Co/NC (0.0014 mF cm ), Ru-Ni/NC
(0.0017 mF cm™®) and Ni/NC (0.0072 mF c¢m™>). This can
be attributed to the addition of metal Ru, increasing the
active sites of the electrode materials. Fig. 3e shows the
cyclic stability test of the Ru-NiCo/NC electrocatalyst. It
can be seen from the curve that the performance of the
prepared material does not decrease significantly after
cycling, which proves that it possesses many active sites and
excellent structural stability. It is further confirmed from the
illustration that the prepared catalyst still has good cyclic
stability after 16 h. Fig. 3f shows the SEM image after cycling.
Compared with the SEM image before cycling, it can be
found that the material morphology is well maintained.

5846 | CrystEngComm, 2023, 25, 5842-5850 18

The ORR performance of the prepared sample was initially
evaluated through CV curves. The recorded CV curves of the
sample under nitrogen and oxygen conditions are shown in
Fig. S2.f It can be observed that the prepared material does
not exhibit any oxidation-reduction peaks when saturated
with N,, while a significant reduction peak is observed for
the prepared catalyst in an O, atmosphere. This confirms
that the prepared material exhibits ORR activity.**?” The
electrocatalytic performance of the prepared samples was
then evaluated by LSV. As shown in Fig. 4a, the LSV curves
exhibit that the Ru-NiCo/NC catalyst has the best oxygen
reduction activity with a positive Eypgee 0f 0.92 V, which is
higher than those of Ru-Co/NC (0.91 V), NiCo/NC (0.90 V),
Ru-Ni/NC (0.87 V), and Ni/NC (0.83 V). At the same time, Pt/C
shows an E,ps¢ of 0.95 V and half-wave potential of 0.86 V.
The Ru-NiCo/CN samples present the positively shift half-
wave potential (0.84 V) and a higher limiting current density
(5.68 mA cm?) than those of Ru-Co/NC (0.83 V@4.98 mA
em™?), NiCo/NC (0.82 V@3.92 mA cm™?), Ru-Ni/NC (0.76
V@4.58 mA cm?), Ni/NC (0.80 V@2.49 mA cm ™). In order to
further evaluate the reaction kinetics of the prepared catalyst,
the corresponding Tafel slope is calculated, as presented in
Fig. 4b. Ru-NiCo/NC possesses a low Tafel slope of 38.18 mV
dec™, which is smaller than those of Ru-Co/NC (54.20 mV
dec™), Ru-Ni/NC (38.48 mV dec "), NiCo/NC (38.4 mV dec ™),
Co/NC (38.4 mV dec™) and Ni/NC (60.1 mV dec"). The low
Tafel slope demonstrates that Ru decoration can increase the
ORR reaction kinetics. The electron transfer number of
Ru-NiCo/NC was also evaluated through the LSV curves at
different rotation rates ranging from 100 to 2500 rpm
(Fig. 4c) according to the Koutecky-Levich (K-L) equation.*®

This journal is © The Royal Society of Chemistry 2023
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methanol.

The n value of the as-obtained samples is 3.92. The n and
H,O0, yield were further evaluated using a rotating ring-disk
electrode (RRDE, Fig. 4d). The as-prepared material
undergoes an obvious four-electron transfer process with n
close to 4 and a H,0, yield of about 17%. The electrochemically
active surface area (ECSA) is obtained from the double-layer
capacitance, and it can be calculated from the CV curves in
the non-faradaic region. In Fig. 4e, the Ru-NiCo/NC catalyst
shows a high Cq value of 5.26 mF cm?, which is higher
than those of Ru-Co/NC (3.35 mF c¢cm ?), NiCo/NC (3.08 mF
em™?) and Co/NC (2.35 mF cm ). The results show that Ru
can improve the specific activity of the electrocatalysts.
Cyclic stability is an important evaluation factor, as
shown in Fig. 4f. The E;, of the Ru-NiCo/NC catalyst
presents a low decay of 28 mV after 3000 cycles,
revealing that the Ru-NiCo/NC material possesses excellent
cycle stability. In addition, Ru-NiCo/NC exhibits compelling
methanol tolerance after injecting methanol into the
electrolyte (Fig. 4g). It is obviously superior to commercial Pt/C
electrode materials.

This journal is © The Royal Society of Chemistry 2023

Through the above performance test and structural
characterization, it can be found that the prepared catalyst
shows an excellent electrochemical performance. In order to
further explore its practical application, the corresponding
zinc-air battery was assembled. Zinc-air batteries have
attracted wide attention owing to their high specific energy
density. As shown in Fig. 5a and g, the as-obtained Ru-NiCo/
NC catalyst was used as the air cathode for the zinc-air
batteries, a Zn plate was selected as the anode material and a
6.0 M KOH + 0.2 M Zn(Ac), solution as the electrolyte. The
assembled Ru-NiCo/NC device exhibits an open-circuit
voltage of 1.44 V (Fig. 5b), which is higher than that of
commercial Pt/C-RuO,. Fig. 5c presents the GCD curves of
the device. The zinc-air battery with the Ru-NiCo/NC cathode
catalyst delivers a peak power density of 132.3 mW cm 2,
which is higher than that of Pt/C-RuO, (41.2 mW cm?). In
addition, the zinc-air battery with the Ru-NiCo/NC cathode
shows a discharge specific capacity of 767.9 mA h g™* at 10
mA cm 2, which is higher than that of Pt/C (658.6 mA h g™")
(Fig. 5e). It can be seen from Fig. 5f that the two devices can
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Fig. 5 (a) Schematic illustration of an aqueous ZAB, (b) digital photograph showing an open-circuit potential of 1.4 V, (c) charge and discharge
polarization curves, (d) power densities, (e) specific capacities of the zinc-air battery, (f) image of the assembled device and (g) galvanostatic
charge-discharge cycle curves of aqueous ZABs, inset shows the charge and discharge curves of the front and back turns.

power a display. When the zinc-air battery with the Ru-NiCo/NC
cathode was galvanostatically discharged at a current density of
10 mA cm™? for more than 45 h, it is found that the discharge
voltage is 1.07 V. The voltage decreases to 0.95 V after 45 h
cycling. The results show that the prepared material exhibits
excellent cycle stability (Fig. 52 and inset).

DFT calculations are employed to further understand the
mechanism of Ru decoration for enhancing electrocatalytic
performance. Fig. 6a and b depict the theoretical models of
the NiCo/NC and Ru-NiCo/NC samples. The bonding and
antibonding states of covalent bonds were characterized by
the crystal orbital Hamilton population (COHP) method, as
shown in Fig. 6¢c and d. The COHP values of Co-N and N-C
bonds of the Ru-NiCo/NC material are -10.53 and -2.89,
respectively, and are lower than those of the NiCo/NC

5848 | CrystEngComm, 2023, 25, 5842-5850

product (-0.102 and -0.002). This suggests that Ru
modification can improve the antibonding state near the
Fermi level and that Co-N interactions are more stable and
stronger than C-N bonds. Thus, the filling of antibonding
states is reduced and the adsorption of H,O* is enhanced.
The density of states (DOS) of the electrocatalysts is
calculated and presented in Fig. 6(d and e). The analysis
shows that the addition of Ru significantly increases the
energy near the Fermi level, and the d band center
decreases from -3.97 eV to -1.49 eV. The results show that
Ru modification can significantly improve the electrical
conductivity and optimize the distribution characteristics of
the electronic structure. Then, we further studied the
reaction energy changes caused by the introduction of Ru,
as presented in Fig. 6g. By comparing the adsorption energy

20 This journal is © The Royal Society of Chemistry 2023
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of the Ru modified samples, it can be found that the
Ru-NiCo/NC electrocatalyst exhibits strong adsorption of
0O, and H,0, and the corresponding adsorption energies
(Fig. 6h) of the Ru-NiCo/NC electrocatalyst are —0.06 eV
and 4.30 eV, respectively. Its performance is better than
that of the NiCo/NC electrocatalyst. The results show
that the Ru-NiCo/NC electrocatalyst exhibits excellent
OER and ORR performance.

3. Conclusion

In summary, we designed novel Ru decorated NiCo/CN
catalysts by a facile pyrolysis strategy. Due to the significantly
increased Co and Ni content on the surface of the material,
the large number of alloys creates favorable conditions for
the formation of active sites and better spatial isolation
characteristics. Meanwhile, the alloys greatly enhanced the

This journal is © The Royal Society of Chemistry 2023

specific surface area and degree of graphitization of the
overall material. Then, the introduction of Ru speeds up the
reaction kinetics and improves the electrocatalytic
performance of the material. The Ru-NiCo/NC electrocatalyst
shows higher ORR (E;,, = 0.84 V) and OER performance with
an overpotential of 342 mV at 10 mA ¢cm > and superior cycle
stability. More significantly, the Ru-NiCo/NC catalyst
employed in rechargeable Zn-air batteries displays a high
power density of 132.3 mW cm™ and long cycle stability. DFT
calculations show that the addition of Ru can enhance the
electroactivity of the active sites. This not only increases the
binding strength of the key intermediates but also reduces
the overpotential of the ORR. Thus, this work provides an
effective paradigm for improving catalytic kinetics and
activity through noble metal modification, thereby
introducing desired functionality, which may be easily
extended to the design of other highly efficient catalysts.

21 CrystEngComm, 2023, 25, 5842-5850 | 5849
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