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Abstract
Silver-based electrocatalysts as promising substitutes for platinum materials for cathodic oxygen electroreduction have been exten-
sively researched. Electrocatalytic enhancement of the Ag nanoarchitectonics can be obtained via support structures and amalga-
mating Ag with one or two additional metals. The work presented here deals with a facile microwave-assisted synthesis to produce
bimetallic Ag-Cu and Ag-Co (1:1) oxide nanoparticles (NPs) and trimetallic AgCuCo (0.6:1.5:1.5, 2:1:1, and 6:1:1) oxide NPs sup-
ported on a reduced graphene oxide (rGO) matrix. Morphology, composition, and functional groups were methodically analysed
using various microscopic and spectroscopic techniques. The as-prepared electrocatalysts were employed as cathode substrates for
the oxygen reduction reaction (ORR) in alkaline medium. Varying the Ag fraction in copper cobalt oxide has a significant influ-
ence on the ORR activity. At a ratio of 2:1:1, AgCuCo oxide NPs on rGO displayed the best values for onset potential, half-wave
potential, and limiting current density (Jk) of 0.94 V vs RHE, 0.78 V, and 3.6 mA·cm−2, respectively, with an electrochemical
active surface area of 66.92 m2·g−1 and a mass activity of 40.55 mA·mg−1. The optimum electrocatalyst shows considerable elec-
trochemical stability over 10,000 cycles in 0.1 M KOH solution.
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Introduction
Fuel cells and rechargeable metal–air batteries have become an
integral part of the renewable energy system because of their
superior efficiency, high power density, and reliability. Also,
they are environmentally friendly with zero emissions at the

time of use. These systems have the ability to convert chemical
energy into electric energy with the highest conversion possible
[1,2]. The active electrode reactions include the hydrogen oxi-
dation reaction (HOR) and the oxygen reduction reaction
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(ORR). The slow reaction rates of the electrode processes
impede the efficiency and, thus, require innovative catalyst
designs. The ORR is an irreversible, complex (involving
multiple steps and intermediates O, OH−, O2−, HO2− and H2O2)
and kinetically slow process (via two- or four-electron transfer)
dominating the overall performance of the reaction [3,4]. There
is an increasing use of platinum catalysts with diverse morphol-
ogies and the combination with noble and non-noble metal-
based alloy/multimetallic nanoparticles (NPs) as potential elec-
trocatalysts under extreme pH values [5-14]. In particular, the
ORR in alkaline environments with faster kinetics and lower
over potential requires stable transition metal-derived electro-
catalysts [15]. The major hurdles for Pt-based ORR electrode
catalysts in alkaline media include high cost, low operational
stability, fuel crossover effects, and carbon monoxide poisoning
[16,17].

The electrocatalytic reactivity (mechanism and kinetics) of
silver has similarities to that of Pt regarding the ORR perfor-
mance, with considerably high onset potential, half-wave poten-
tial, current density, and number of transferred electrons. The
important attributes include high electrical conductivity, cost-
effectiveness (50 times lower than Pt), and the ability to execute
the ORR via a single step (four-electron transfer). Thus, Ag and
its bi- and trimetallic alloys, with and without supporting
matrices, have been extensively researched as potential ORR
electrocatalysts [14,18,19]. Oxophilicity, agglomeration, and
poor chemical stability of Ag require the amalgamation of Ag
with other metals for a better optical and catalytic activity [20].
Chen et al. synthesised Ag nanoscale alloys containing metals
such as copper, cobalt, iron, and indium via pulse film elec-
trodeposition. Among the combinations, the Ag–Cu (3:1) alloy
showed the better electrode catalytic activity and the highest
onset (0.85 V vs RHE) and half-wave potential (0.76 V vs
RHE) with a limiting current density of 4.19 mA·cm−2, along
with an electron transfer value of 3.86 in 0.1 M KOH [21].
Linic and co-workers reported the ORR activity of Ag–Co NPs
dispersed on Vulcan XC72 carbon by incipient-wetness impreg-
nation [22]. In general, the addition of a third metal to a
bimetallic composition is considered to be an effective method
to augment the absorption energy and improve the kinetics of
the ORR [23]. Gu et al. prepared supportless Ag nanowires and
1D mesoporous hollow AgPdPt nanotubes by micelle-assisted
galvanic replacement followed by acid etching. They found that
hollow AgPdPt structures exhibited a better ORR activity with
onset and half-wave potential of 0.99 V and 0.90 V vs RHE, re-
spectively, and a limiting current density of 5.3 mA·cm−2 in
0.1 M KOH with an electron transfer value of 3.97 [24]. The
strong interactions among the unsupported trimetallic nanoparti-
cles leads to aggregation resulting in reduced activity and
stability. In this regard, structural regulation can be obtained via

atomic-level manipulation using established materials chem-
istry concepts towards the assembly of functional nanoarchitec-
tonics [25-27]. The assembly of nanoscale objects through com-
bination and in situ growth routes, leading to high-performance
nanoarchitectonics, is an interesting strategy. An interesting
choice could be the support/assembly of trimetallic AgCuCo
particles via in situ formation integrated with conductive
(graphitic) supports to further enhance the electrocatalytic prop-
erties regarding the ORR in alkaline medium.

We designed trimetallic AgCuCo oxide NPs supported on rGO
using a microwave-assisted approach with different fractions
of Ag, Cu, and Co, that is, Ag0.6Co1.5Cu1.5 (ACC-1),
Ag2.0Co1.0Cu1.0 (ACC-2), and Ag6.0Co1.0Cu1.0 (ACC-3). Our
method is convenient and efficient for designing a sustainable
electrode material for the ORR in alkaline media. XRD, FTIR,
and SEM were used to analyse formation and morphology of all
synthesized electrocatalysts. Also, the ORR activity in 0.1 M
KOH was investigated. Among all samples, ACC-2 exhibited
the best onset potential, half-wave potential, and limiting cur-
rent density (Jk) of 0.94 and 0.78 V vs RHE and 3.6 mA·cm−2,
respectively, with an electrochemical active surface area
(ECSA) of 66.92 m2·g−1 and a mass activity of 40.55 mA·mg−1.
We investigated bonding nature, composition, and morphology
of the ACC-2 sample using XPS and TEM. The material is elec-
trochemically stable up to 10,000 potential cycles, highlighting
the durability of the electrocatalyst.

Results and Discussion
The microwave-assisted one-pot synthesis connecting graphene
oxide (GO) nanosheets with bi- and trimetallic precursors under
alkaline conditions is presented in Figure 1. GO serves as func-
tional network and conducting matrix, while PVP acts as struc-
ture-directing agent, leading to the formation of the bimetallic
(Ag-CuO and Ag-Co3O4) and trimetallic (AgCuCo oxide, i.e.,
ACC-1, ACC-2, and ACC-3) assemblies on rGO. The self-
assembled nanoarchitectonics were henceforth utilized as elec-
trode materials for the ORR reaction in alkaline medium. The
rationale behind the selection of Cu and Co is their similar
crystal structure to that of silver, besides their catalytic
oxidizing ability. Moreover, to date, there are no reports on the
evaluation of the electrochemical ORR activity in alkaline
media employing AgCuCo oxides supported on rGO.

To identify the phase formation and crystallinity of the assem-
bled binary and ternary metallic oxide NPs, powder X-ray
diffraction (PXRD) measurements were carried out. The PXRD
patterns of the binary and ternary NPs on rGO showed peaks lo-
cated at 2θ = 38.1°, 44.2°, 64.3°, and 77.1°, which could be
indexed to the (111), (200), (220), and (311) planes, respective-
ly, of fcc Ag (JCPDS #04-0783) (Figure 2a and Figure S1, Sup-
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Figure 1: Illustration of the formation of AgCoCu oxide NPs over rGO with tuneable Ag fractions.

Figure 2: (a) PXRD patterns of ACC-1, ACC-2, and ACC-3. (b) Magnified area displaying angle shifts in the range of 2θ = 37°–39°.

porting Information File 1). Upon closer examination of the
trimetallic AgCoCu system, we observe that the (111) reflec-
tion is slightly shifted towards higher 2θ angles with increasing
Ag content compared to the bimetallic counterpart, indicating
the incorporation of Cu and Co atoms in the Ag lattice
(Figure 2b). Additionally, we observe minor peaks related to Co
oxide (2θ = 32.3°, 37.6°, and 45.8° attributed to the (220),

(311), and (400) planes, respectively, of Co3O4 [JCPDS #74-
2120]), underlining the integration of Co atoms in the Ag lattice
[28,29], while reflections of Cu mask the Ag reflections. We
see a systematic variation of the particle sizes for the bi- and
trimetallic NPs (Table S1, Supporting Information File 1),
which could be connected to the intermixing and phase segrega-
tion of mainly Co3O4 in the trimetallic oxide NPs.
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Figure 3: (a) Comparative CV profile of ACC-2 in N2- and O2-saturated 0.1 M KOH at a scan rate of 20 mV·s−1. (b) LSV curves of ACC-2 at different
rotation speeds with a sweep rate of 10 mV·s−1. (c) Koutecky–Levich plot and (d) peroxide yield and n during ORR on ACC-2, the inset shows a
RRDE voltammogram at a scan rate and rotation speed of 10 mV·s−1 and 1600 rpm, respectively.

The graphene oxide support provides the necessary functional
groups for the cohesion of binary and ternary metallic oxide
NPs (Figure S2a, Supporting Information File 1). The func-
tional groups and the metal oxygen bonds were determined by
FTIR spectroscopy, besides the slight changes of the peak posi-
tions by varying the silver fraction in the trimetallic catalysts
(Figure S2a,b, Supporting Information File 1). The surface mor-
phology of rGO-supported bimetallic (Ag-CuO and Ag-Co3O4)
and trimetallic (ACC-1, ACC-2 and ACC-3) NPs, as well as the
supportless ACC-2*, were analysed through scanning electron
microscope (SEM). For the bimetallic NPs supported on rGO,
we observe spherical and triangular particles distributed over
few-layered rGO nanosheets. The uniform distribution of the
bimetallic NPs over the edges and the surface of the rGO high-
lights the importance of the functional layered scaffold
anchoring metal NPs (Figure S3a,b, Supporting Information
File 1). Likewise, for the trimetallic NPs anchored on the rGO
support, we observe various sizes and morphologies on multi-
layered rGO nanosheets. The variation in the morphology stems
from the fusion of Cu and Co into Ag nanostructures. Also,
upon increasing the Ag fraction in the sample, the dispersion of
the trimetallic assembly considerably increases, which is clearly
reflected in Figure S3c–e, Supporting Information File 1. The

importance of the rGO support is further evident from the
imaging of supportless the ACC-2* sample, wherein we notice
irregular morphologies besides agglomeration of the particles
(Figure S3f, Supporting Information File 1). The increasing
silver fraction in the trimetallic assemblies was observed from
EDX analysis as shown in Figure S4, Supporting Information
File 1. After examining the composition of bi- and trimetallic
assemblies on rGO, the electrochemical ORR performance pa-
rameters of these materials in alkaline medium were investigat-
ed.

In order to examine the ORR activity of the bi- and trimetallic
electrocatalysts (Figure S5, Supporting Information File 1)
under alkaline (0.1 M of KOH solution) conditions, we have
performed cyclic voltammetry (CV) and linear sweep voltam-
metry (LSV) on a rotating disc electrode (RDE), which provides
the direct chemical identification of species exposed to the elec-
trolytic solution. In particular, the comparative CV curves for
the most active ACC-2 electrocatalyst measured in 0.1 M KOH
solution saturated with N2 or O2 was examined (Figure 3a). The
plot shows a clear and characteristic cathodic ORR peak at
0.8 V (vs RHE), for the solution saturated with O2, which is not
observed in N2-saturated solution. This indicates that ACC-2
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Figure 4: (a) Comparative ORR polarization curves of various catalysts in O2-saturated 0.1 M KOH electrolyte at 1600 rpm and a sweep rate of
10 mV·s−1. (b) Corresponding Tafel plots. (c) Mass activity obtained at 0.7 V for all active catalysts and (d) Nyquist plots (the inset shows high-fre-
quency EIS curves).

has a superior electrocatalytic activity towards ORR in alkaline
media in comparison to the other samples. For more insight into
the oxygen electroreduction kinetics, ORR measurements were
carried out at different rotating speeds from 400 to 2500 rpm.
Figure 3b shows an onset potential of 0.94 V vs RHE with a
considerable limiting current density (JL) of 3.6 mA·cm−2 at
1600 rpm under alkaline conditions. Particle size, composition,
and exposure to active sites of the catalyst are important fea-
tures of ORR electrocatalysis that need to be optimized to
obtain the highest mass activity and electron transfer value
(n ≈ 4). Oxygen reduction on smaller catalyst particles favours
the two-electron pathway, dominated via active edge and corner
sites, while the four-electron pathway is catalysed by larger par-
ticles [18,30]. The kinetics of oxygen reduction on the surface
of the ACC-2 sample was studied via the Koutecky–Levich
(K–L) method using Equation S1, Supporting Information
File 1. The K–L plot (I−1 vs ω−1/2) obtained from the LSV
curves in Figure 3b shows the linearity at different potentials
(Figure 3c). Moreover, RRDE studies were carried out to
measure the hydrogen peroxide generated during the electrore-
duction of oxygen and to get further insight into the ORR
kinetics. The obtained ring current density (Jr) for the ACC-2
catalyst was much smaller than the disc current density (Jd)

(inset of Figure 3d). The peroxide yield was found to be less
than 15% for the potential range of 0.1 to 0.8 V vs RHE, where-
as n was found to be ca. 3.7 (Figure 3d) indicating single-step
ORR kinetics. Thus, our RDE and RRDE studies reveals that
ACC-2 catalyst exhibits a one-step conversion of O2 to OH− in
alkaline electrolytic environment with kinetics similar to that of
commercial Pt/C catalysts.

Furthermore, the relative ORR performance of the series of pre-
pared catalysts was evaluated using LSV measurements in
O2-saturated 0.1 M KOH solution (Figure 4a). The catalytic
performance for oxygen electroreduction was evaluated via
various parameters from the ORR polarization curves including
onset potential, half-wave potential, and diffusion limiting cur-
rent density (JL). ACC-2 has the highest positive onset poten-
tial of the electrocatalysts. The decreasing order of onset poten-
tial is ACC-2 (0.94 V) > ACC-3 (0.92 V) > ACC-1 (0.91 V) >
Ag-Co3O4 (0.90 V) > Ag-CuO (0.86 V) > ACC-2* (0.85 V).
The kinetics of all trimetallic electrocatalysts (both supported
and supportless) were evaluated with the help of Tafel plots
(Figure 4b). The lower Tafel slope of the ACC-2 sample
(69 mV·dec−1) showed better electrokinetics than that of ACC-1
(86 mV·dec−1), unsupported ACC-2* (141 mV·dec−1), and
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ACC-3 (131 mV·dec−1). Figure 4c reveals the comparative
mass activity values for various catalyst materials calculated at
0.7 V, among which ACC-2 and ACC-3 exhibited significantly
higher mass transport than the other electrocatalysts as shown in
Table S2, Supporting Information File 1. It is important to
mention that the considerably lower mass activities of our cata-
lysts with respect to benchmark catalysts could be underuti-
lized active sites due to the larger size and the calculation of the
mass activity via normalizing Jk to the total weight of the active
catalyst (including the rGO support).

In order to probe the multiple processes occurring at the elec-
trode/electrolyte interface during the ORR, electrochemical
impedance spectroscopy was performed. The Nyquist plot was
acquired at 5 mV as AC amplitude between 100 kHz and
100 mHz with 0 V as a bias potential (Figure 4d). It is impor-
tant to note that the prepared electrocatalysts displayed a sharp
slope in the low-frequency region, representing little ionic
diffusion resistance from the 0.1 M KOH solution to the Ag
electrode surface throughout the ORR process (Figure 4d). The
excellent electrocatalytic ORR activity of ACC-2 may originate
from the composition and synergistic effects of trimetallic
atoms finely dispersed over rGO. Moreover, based on the
d-band centre theory, the low value of Ag impacts the low
oxygen absorption energy, which can be boosted by doping
with copper atoms on the surface [31]. The efficiency of the
ORR depends on the design and composition of the catalyst for
optimal binding with oxygen moieties and stabilizing the inter-
mediates [21,32]. The probable oxygen reduction reaction
occurring over trimetallic oxide systems under alkaline solution
based on several literature reports is represented in Figure S6,
Supporting Information File 1. It is divided into four steps.
First, O2 gas gets adsorbed on the catalyst surface and is
partially reduced to OOH− through the first electron transfer
(Figure S6, Equation S1, Supporting Information File 1). It
further gets reduced via three-electron transfer (Figure S6,
Equation S2 and Equation S3, Supporting Information File 1)
yielding OH− (Figure S6, Equation S4, Supporting Information
File 1).

Additionally, we have performed a series of CV measurements
at a low scan rate in order to calculate the ECSA using the
double-layer capacitance method (Figure S7, Supporting Infor-
mation File 1). The value of the double-layer capacitance is
proportional to the active surface area of the electrode. ACC-3
displayed a comparatively high ECSA (81.8 m2·g−1), followed
by ACC-2 (66.9 m2·g−1). Bimetallic Ag-Co3O4 showed
58.9 m2·g−1 and rest of the catalysts presented considerably
lower ESCA values (Table S2, Supporting Information File 1).
The superior ECSA values of our electrocatalysts are compa-
rable to that of AgCo/electrochemically reduced graphene oxide

and AgPdPt nanotubes (Table S3, Supporting Information
File 1). Even though ACC-3 displayed a slightly higher ESCA
and mass activity as compared to ACC-2, the higher onset
potential and lower Tafel slope (giving rise to better electroki-
netics) are the main reasons for the superior ORR performance
of the ACC-2 sample.

In addition to the catalyst size, morphology, conductivity, and
the exposure of active sites, the surface wettability of the elec-
trocatalyst significantly governs the interaction between elec-
trolyte and the electrode surface. We probed the water wetting
ability of supported ACC-2 and supportless ACC-2* by
measuring the water contact angles (Figure S8a,b, Supporting
Information File 1). The rGO-supported ACC-2 material
showed a higher water wettability (14 ± 1°) than the support-
less ACC-2* (40 ± 5°). The improved wettability can enhance
the charge transfer rate between the electrolyte and the elec-
trode, along with enabling effective electrical integration to
reduce ohmic losses, boosting the ORR activity of ACC-2. We
observed that ACC-2 displayed superior ORR activity and con-
siderable mass transport activity. Thus, it is very important to
understand the microstructure and bonding information of the
resultant hybrid.

We further examined the morphology of ACC-2 and its distri-
bution over rGO nanosheets via transmission electron microsco-
py (TEM). We notice a wide size distribution of the particles
(100–800 nm, Figure 5a and Figure S9, Supporting Information
File 1). It is important to mention that we do not see the parti-
cles outside the rGO nanosheets, despite their large sizes and
the sonication during sample preparation. This is because of the
functional groups with strong affinity and the scaffolding nature
of rGO anchoring trimetallic NPs. The large particle sizes of the
trimetallic system could be due to the slower reduction and
prolonged nucleation of the constituents. The heterogeneous
nature of the electrocatalyst surface is clearly evident from
TEM investigation. Specifically, upon closer examination,
lattice fringes of 0.23 nm, corresponding to contracted Ag(111)
planes, were observed from HRTEM analysis (Figure 5b). The
trimetallic NPs are tightly bound to rGO sheets, which helps to
increase the oxygen reduction activity.

We enumerate the important binding sites, oxidation states, and
the elemental composition using X-ray photoelectron spectros-
copy. The survey scan of ACC-2 revealed C, O, Cu, Co, and Ag
with 54.7, 29.9, 1.0, 8.1, and 6.3 atom % respectively (Figure
S10a, Supporting Information File 1). The Ag 3d3/2 and Ag
3d5/2 peaks in the high-resolution spectrum lie at 367.9 and
373.9 eV, respectively, with a splitting of 6 eV (Figure 6a), in-
dicating the elemental oxidation state of Ag metal [28,33]. The
Co 2p high-resolution spectrum has two primary peaks assigned
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Figure 5: (a) TEM and (b) HRTEM images of ACC-2.

Figure 6: High-resolution XP spectra (a) Ag 3d, (b) Co 2p, (c) Cu 2p, and (d) O 1s of ACC-2.
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to 2p1/2 and 2p3/2 at 797.3 and 781.3 eV, respectively, as well
as two satellite peaks at 802.2 and 785.1 eV (Figure 6b). The
peak difference between 2p1/2 and 2p3/2 and the satellite peak
assignment represent the existence of cobalt atoms in Co2+ and
Co3+ chemical states [34]. Likewise, the high-resolution spec-
trum of copper displayed Cu 2p1/2 and Cu 2p3/2 binding ener-
gies at 953.3 and 933.8 eV, respectively, with a peak at
933.1 eV (Figure 6c) for Cu–O, showing that Cu is in the +2
oxidation state. The main O 1s peak can be deconvoluted into
two peaks at 533.06 and 531.62 eV, where the oxygen coordi-
nated with metal is responsible for the major peak and the
minor corresponds to the O–C linkage (Figure 6d). The peaks at
286 and 284.7 eV (Figure S10b, Supporting Information File 1)
signify the graphitic nature of the carbon and C–O functional
groups, respectively, which come from the supporting matrix.

After successfully analysing the morphology and the active sites
of ACC-2, we probed the stability of the ACC-2 under alkaline
conditions by continuous cycling (up to 10,000 cycles) in
O2-saturated 0.1 M KOH solution (Figure 7a). Importantly, the
ACC-2 catalyst exhibited only a slight negative shift in its half-
wave potential after the 10,000 cycles stability test as shown in
Figure 7b.

Following the stability investigation, another assessment of
functional groups and morphology of ACC-2 was carried out by
FTIR and SEM (Figure S11, Supporting Information File 1).
There is no considerable change in the morphological integrity
of the catalyst (before and after 10,000 cycles), highlighting the
robustness of the sample (Supporting Information File 1, Figure
S11b,c). The rGO framework was found to effectively maintain
the operational stability of the trimetallic oxide NPs. We com-
pared the performance of our catalyst with that of existing cata-
lysts and emphasize the importance of synthesis conditions. Our
catalysts were synthesised in a reasonably short time and
displayed good ORR activity in alkaline media at low tempera-
tures, compared to other reported Ag-based catalysts (Table S3,
Supporting Information File 1).

Conclusion
We have reported a single-step growth and assembly of
bimetallic (Ag-Co3O4 and Ag-CuO) and trimetallic (AgCuCo)
oxide particles dispersed on a rGO support by microwave-
assisted synthesis. The morphology, composition, and func-
tional groups were methodically analysed using various micro-
scopic and spectroscopic techniques. Changing the silver con-
centration in the trimetallic oxides, in combination with conduc-
tive rGO, plays a key role in the ORR activity in alkaline medi-
um. We optimized the Ag content in the trimetallic oxide ACC-
2, which showed an onset potential of 0.94 V vs RHE and a
limiting current density of 3.6 mA·cm−2 along with consider-

Figure 7: Stability of ACC-2. (a) CV curves and (b) LSV curves before
and after 10,000 continuous cycles in O2-saturated 0.1 M KOH elec-
trolyte.

able ECSA (66.92 m2·g−1) and mass activity (40.55 mA·mg−1).
The optimum electrocatalyst shows considerable electrochemi-
cal stability over 10,000 cycles in 0.1 M KOH solution. We
envisage potential applications of this sustainable trimetallic
catalyst and rGO-supported electrode materials for oxygen elec-
trocatalysis.

Supporting Information
Supporting Information File 1
Experimental, materials, characterization data,
electrochemical measurements, water contact angle
measurements, and comparison of reported ORR activities
of Ag-based catalysts.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-13-89-S1.pdf]

https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-13-89-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-13-89-S1.pdf


Beilstein J. Nanotechnol. 2022, 13, 1020–1029.

1028

Acknowledgements
Authors thank SRM IST for providing Microwave reactor
facility and DST-FIST, Department of Chemistry [SR/FST/
CST-66/2015(c)]. The central facilities at SRM IST are grate-
fully acknowledged.

Funding
The authors acknowledge DST-SERB (ECR/2017/002075) for
the financial assistance of this project.

ORCID® iDs
Kasibhatta Kumara Ramanatha Datta -
https://orcid.org/0000-0002-4766-1696

References
1. Staffell, I.; Scamman, D.; Velazquez Abad, A.; Balcombe, P.;

Dodds, P. E.; Ekins, P.; Shah, N.; Ward, K. R. Energy Environ. Sci.
2019, 12, 463–491. doi:10.1039/c8ee01157e

2. Zaman, S.; Huang, L.; Douka, A. I.; Yang, H.; You, B.; Xia, B. Y.
Angew. Chem., Int. Ed. 2021, 60, 17832–17852.
doi:10.1002/anie.202016977

3. Kasibhatta, K. R. D.; Madakannu, I.; Prasanthi, I.
J. Inorg. Organomet. Polym. Mater. 2021, 31, 1859–1876.
doi:10.1007/s10904-020-01834-w

4. Stacy, J.; Regmi, Y. N.; Leonard, B.; Fan, M.
Renewable Sustainable Energy Rev. 2017, 69, 401–414.
doi:10.1016/j.rser.2016.09.135

5. Mukherjee, P.; Kakade, B.; Swami, A. Energy Fuels 2022, 36,
2306–2322. doi:10.1021/acs.energyfuels.1c03667

6. Stephens, I. E. L.; Rossmeisl, J.; Chorkendorff, I. Science 2016, 354,
1378–1379. doi:10.1126/science.aal3303

7. Wang, X.; Li, Z.; Qu, Y.; Yuan, T.; Wang, W.; Wu, Y.; Li, Y. Chem
2019, 5, 1486–1511. doi:10.1016/j.chempr.2019.03.002

8. Paperzh, K. O.; Alekseenko, A. A.; Volochaev, V. A.; Pankov, I. V.;
Safronenko, O. A.; Guterman, V. E. Beilstein J. Nanotechnol. 2021, 12,
593–606. doi:10.3762/bjnano.12.49

9. Louisia, S.; Thomas, Y. R. J.; Lecante, P.; Heitzmann, M.; Axet, M. R.;
Jacques, P.-A.; Serp, P. Beilstein J. Nanotechnol. 2019, 10,
1251–1269. doi:10.3762/bjnano.10.125

10. Chen, G.; Singh, S. K.; Takeyasu, K.; Hill, J. P.; Nakamura, J.; Ariga, K.
Sci. Technol. Adv. Mater. 2022, 23, 413–423.
doi:10.1080/14686996.2022.2088040

11. Fan, J.; Chen, M.; Zhao, Z.; Zhang, Z.; Ye, S.; Xu, S.; Wang, H.; Li, H.
Nat. Energy 2021, 6, 475–486. doi:10.1038/s41560-021-00824-7

12. Singh, K.; Tetteh, E. B.; Lee, H.-Y.; Kang, T.-H.; Yu, J.-S. ACS Catal.
2019, 9, 8622–8645. doi:10.1021/acscatal.9b01420

13. Kim, C.; Dionigi, F.; Beermann, V.; Wang, X.; Möller, T.; Strasser, P.
Adv. Mater. (Weinheim, Ger.) 2019, 31, 1805617.
doi:10.1002/adma.201805617

14. Shi, F.; He, J.; Zhang, B.; Peng, J.; Ma, Y.; Chen, W.; Li, F.; Qin, Y.;
Liu, Y.; Shang, W.; Tao, P.; Song, C.; Deng, T.; Qian, X.; Ye, J.; Wu, J.
Nano Lett. 2019, 19, 1371–1378. doi:10.1021/acs.nanolett.8b05053

15. Yang, Y.; Peltier, C. R.; Zeng, R.; Schimmenti, R.; Li, Q.; Huang, X.;
Yan, Z.; Potsi, G.; Selhorst, R.; Lu, X.; Xu, W.; Tader, M.;
Soudackov, A. V.; Zhang, H.; Krumov, M.; Murray, E.; Xu, P.; Hitt, J.;
Xu, L.; Ko, H.-Y.; Ernst, B. G.; Bundschu, C.; Luo, A.; Markovich, D.;
Hu, M.; He, C.; Wang, H.; Fang, J.; DiStasio, R. A., Jr.;
Kourkoutis, L. F.; Singer, A.; Noonan, K. J. T.; Xiao, L.; Zhuang, L.;
Pivovar, B. S.; Zelenay, P.; Herrero, E.; Feliu, J. M.; Suntivich, J.;
Giannelis, E. P.; Hammes-Schiffer, S.; Arias, T.; Mavrikakis, M.;
Mallouk, T. E.; Brock, J. D.; Muller, D. A.; DiSalvo, F. J.; Coates, G. W.;
Abruña, H. D. Chem. Rev. 2022, 122, 6117–6321.
doi:10.1021/acs.chemrev.1c00331

16. Ge, X.; Sumboja, A.; Wuu, D.; An, T.; Li, B.; Goh, F. W. T.;
Hor, T. S. A.; Zong, Y.; Liu, Z. ACS Catal. 2015, 5, 4643–4667.
doi:10.1021/acscatal.5b00524

17. Zhang, J.; Yuan, Y.; Gao, L.; Zeng, G.; Li, M.; Huang, H.
Adv. Mater. (Weinheim, Ger.) 2021, 33, 2006494.
doi:10.1002/adma.202006494

18. Erikson, H.; Sarapuu, A.; Tammeveski, K. ChemElectroChem 2019, 6,
73–86. doi:10.1002/celc.201800913

19. Deng, X.; Yin, S.; Xie, Z.; Gao, F.; Jiang, S.; Zhou, X.
Int. J. Hydrogen Energy 2021, 46, 17731–17740.
doi:10.1016/j.ijhydene.2021.02.200

20. Loza, K.; Heggen, M.; Epple, M. Adv. Funct. Mater. 2020, 30, 1909260.
doi:10.1002/adfm.201909260

21. Wu, X.; Chen, F.; Zhang, N.; Lei, Y.; Jin, Y.; Qaseem, A.;
Johnston, R. L. Small 2017, 13, 1603387. doi:10.1002/smll.201603387

22. Holewinski, A.; Idrobo, J.-C.; Linic, S. Nat. Chem. 2014, 6, 828–834.
doi:10.1038/nchem.2032

23. Li, C.; Yuan, Q.; Ni, B.; He, T.; Zhang, S.; Long, Y.; Gu, L.; Wang, X.
Nat. Commun. 2018, 9, 3702. doi:10.1038/s41467-018-06043-1

24. Deng, Y.; Yin, S.; Liu, Y.; Lu, Y.; Cao, X.; Wang, L.; Wang, H.;
Zhao, Y.; Gu, H. ACS Appl. Nano Mater. 2019, 2, 1876–1882.
doi:10.1021/acsanm.8b02206

25. Ariga, K. Beilstein J. Nanotechnol. 2020, 11, 450–452.
doi:10.3762/bjnano.11.36

26. Ariga, K. Small Sci. 2021, 1, 2000032. doi:10.1002/smsc.202000032
27. Khan, A. H.; Ghosh, S.; Pradhan, B.; Dalui, A.; Shrestha, L. K.;

Acharya, S.; Ariga, K. Bull. Chem. Soc. Jpn. 2017, 90, 627–648.
doi:10.1246/bcsj.20170043

28. Wang, Q.; Miao, H.; Sun, S.; Xue, Y.; Liu, Z. Chem. – Eur. J. 2018, 24,
14816–14823. doi:10.1002/chem.201803236

29. Yu, M.; Moon, G.-h.; Castillo, R. G.; DeBeer, S.; Weidenthaler, C.;
Tüysüz, H. Angew. Chem., Int. Ed. 2020, 59, 16544–16552.
doi:10.1002/anie.202003801

30. Qaseem, A.; Chen, F.; Wu, X.; Johnston, R. L. Catal. Sci. Technol.
2016, 6, 3317–3340. doi:10.1039/c5cy02270c

31. Gibbons, B. M.; Wette, M.; Stevens, M. B.; Davis, R. C.;
Siahrostami, S.; Kreider, M.; Mehta, A.; Higgins, D. C.; Clemens, B. M.;
Jaramillo, T. F. Chem. Mater. 2020, 32, 1819–1827.
doi:10.1021/acs.chemmater.9b03963

32. Higgins, D.; Wette, M.; Gibbons, B. M.; Siahrostami, S.; Hahn, C.;
Escudero-Escribano, M.; García-Melchor, M.; Ulissi, Z.; Davis, R. C.;
Mehta, A.; Clemens, B. M.; Nørskov, J. K.; Jaramillo, T. F.
ACS Appl. Energy Mater. 2018, 1, 1990–1999.
doi:10.1021/acsaem.8b00090

33. Ashok, A.; Kumar, A.; Matin, M. A.; Tarlochan, F. ACS Omega 2018, 3,
7745–7756. doi:10.1021/acsomega.8b00799

34. Qaseem, A.; Chen, F.; Wu, X.; Zhang, N.; Xia, Z. J. Power Sources
2017, 370, 1–13. doi:10.1016/j.jpowsour.2017.10.004

https://orcid.org/0000-0002-4766-1696
https://doi.org/10.1039%2Fc8ee01157e
https://doi.org/10.1002%2Fanie.202016977
https://doi.org/10.1007%2Fs10904-020-01834-w
https://doi.org/10.1016%2Fj.rser.2016.09.135
https://doi.org/10.1021%2Facs.energyfuels.1c03667
https://doi.org/10.1126%2Fscience.aal3303
https://doi.org/10.1016%2Fj.chempr.2019.03.002
https://doi.org/10.3762%2Fbjnano.12.49
https://doi.org/10.3762%2Fbjnano.10.125
https://doi.org/10.1080%2F14686996.2022.2088040
https://doi.org/10.1038%2Fs41560-021-00824-7
https://doi.org/10.1021%2Facscatal.9b01420
https://doi.org/10.1002%2Fadma.201805617
https://doi.org/10.1021%2Facs.nanolett.8b05053
https://doi.org/10.1021%2Facs.chemrev.1c00331
https://doi.org/10.1021%2Facscatal.5b00524
https://doi.org/10.1002%2Fadma.202006494
https://doi.org/10.1002%2Fcelc.201800913
https://doi.org/10.1016%2Fj.ijhydene.2021.02.200
https://doi.org/10.1002%2Fadfm.201909260
https://doi.org/10.1002%2Fsmll.201603387
https://doi.org/10.1038%2Fnchem.2032
https://doi.org/10.1038%2Fs41467-018-06043-1
https://doi.org/10.1021%2Facsanm.8b02206
https://doi.org/10.3762%2Fbjnano.11.36
https://doi.org/10.1002%2Fsmsc.202000032
https://doi.org/10.1246%2Fbcsj.20170043
https://doi.org/10.1002%2Fchem.201803236
https://doi.org/10.1002%2Fanie.202003801
https://doi.org/10.1039%2Fc5cy02270c
https://doi.org/10.1021%2Facs.chemmater.9b03963
https://doi.org/10.1021%2Facsaem.8b00090
https://doi.org/10.1021%2Facsomega.8b00799
https://doi.org/10.1016%2Fj.jpowsour.2017.10.004


Beilstein J. Nanotechnol. 2022, 13, 1020–1029.

1029

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.13.89

https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.13.89

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	Funding
	ORCID iDs
	References

