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Trifunctional Graphene-Sandwiched
Heterojunction-Embedded Layered Lattice Electrocatalyst
for High Performance in Zn-Air Battery-Driven Water
Splitting

Dong Won Kim, Jihoon Kim, Jong Hui Choi, Do Hwan Jung, and Jeung Ku Kang*

Zn-air battery (ZAB)-driven water splitting holds great promise as a
next-generation energy conversion technology, but its large overpotential, low
activity, and poor stability for oxygen reduction reaction (ORR), oxygen
evolution reaction (OER), and hydrogen evolution reaction (HER) remain
obstacles. Here, a trifunctional graphene-sandwiched,
heterojunction-embedded layered lattice (G-SHELL) electrocatalyst offering a
solution to these challenges are reported. Its hollow core-layered shell
morphology promotes ion transport to Co3S4 for OER and
graphene-sandwiched MoS2 for ORR/HER, while its heterojunction-induced
internal electric fields facilitate electron migration. The structural
characteristics of G-SHELL are thoroughly investigated using X-ray absorption
spectroscopy. Additionally, atomic-resolution transmission electron
microscopy (TEM) images align well with the DFT-relaxed structures and
simulated TEM images, further confirming its structure. It exhibits an
approximately threefold smaller ORR charge transfer resistance than Pt/C, a
lower OER overpotential and Tafel slope than RuO2, and excellent HER
overpotential and Tafel slope, while outlasting noble metals in terms of
durability. Ex situ X-ray photoelectron spectroscopy analysis under varying
potentials by examining the peak shifts and ratios (Co2+/Co3+ and
Mo4+/Mo6+) elucidates electrocatalytic reaction mechanisms. Furthermore,
the ZAB with G-SHELL outperforms Pt/C+RuO2 in terms of energy density
(797 Wh kg−1) and peak power density (275.8 mW cm−2), realizing the
ZAB-driven water splitting.
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1. Introduction

Self-powered water splitting, which can be
driven by high-energy density cells such
as metal-air batteries without additional
energy costs,[1–3] offers great potential to
produce hydrogen, which is the greatest
chemical energy carrier (142 MJ kg−1).[4]

Zinc-air batteries (ZABs) in principle offer
a high operation voltage (>1.23 V) for
water splitting.[5] ZABs can utilize zinc
metal as an anode, which has a low redox
potential (−0.762 V vs standard hydro-
gen electrode) for suitably operating in
aqueous electrolytes.[6] Additionally, the
earth-abundant Zn metal, which allows a
high theoretical capacity (820 mAh g−1),
renders it cost-effective, environmentally
friendly, and flame retardant.[7–9] During
charge, the ZABs cathode undergoes an
oxygen evolution reaction (OER), while
during discharge, an oxygen reduction
reaction (ORR) occurs.[10] Because of the
abundant supply of oxygen from the air
as well as electrons from the Zn metal
anode, ZABs can attain high theoretical
gravimetric and volumetric energy densi-
ties, surpassing Li-ion batteries by more
than 5 folds in gravimetric and 3 folds
in volumetric terms.[11,12] Nevertheless,

typical ZABs exhibit slow oxygen reaction kinetics at the air cath-
ode, resulting in large overpotentials. Besides, the irreversible na-
ture of OER during charge and ORR during discharge at the cath-
ode causes poor cycle stability.[13] Furthermore, ZAB-driven water
splitting involves hydrogen evolution reaction (HER), which oc-
curs alongside OER and ORR.[14] Pt and its alloys have been pos-
tulated as the most active catalysts for ORR and HER,[15] whilst
noble metal-oxide catalysts such as RuO2 have been considered
ideal catalysts for OER.[16] However, noble metals have disadvan-
tages such as expensive pricing, limited reserves in the Earth’s
crust, and low electrocatalytic stability.[17] On the other hand,
transition metal chalcogenides (TMCs) show significant poten-
tial as trifunctional electrocatalysts for ORR, OER, and HER.[18]

Especially, MoS2 is a preferred TMC due to its high theoreti-
cal HER activity similar to Pt, and thermodynamic stability.[19,20]
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However, even the most stable 2H (hexagonal) phase of MoS2 was
reported to have low electrical conductivity, poor wettability, and
aggregation properties.[21] Furthermore, 2H MoS2 showed low
activity for OER and ORR, limiting its usefulness as a trifunc-
tional electrocatalyst.[22–24] Recently, significant advancements
have been achieved in the development of heterojunction struc-
tures, paring components with different bandgaps, which are
capable of enhancing surface reaction kinetics and facilitating
charge transfer.[25] Especially, the heterojunction of MoS2 with
multi-valent 3d transition metals (TMs) has been found to re-
sult in improved adsorption of oxidative intermediates such as
HO* and HOO*.[26] Additionally, heterostructures combining
cobalt-based metallic clusters with MoS2 have been reported to
reduce the reaction barrier for HER.[27] Furthermore, a theoreti-
cal study[28] suggested that Co-based TM oxide@MoS2 enables a
lower OER overpotential than other 3d TMs like V, Cr, and Mn.
Furthermore, CoSx@Cu2MoS4-MoS2/NSG, synthesized through
pyrolysis, has demonstrated engineered physicochemical prop-
erties leading to high activity for OER, ORR, and HER.[29] Nev-
ertheless, in practical applications, the discovery and synthesis
of a cost-effective trifunctional electrocatalyst that provides low
overpotential, excellent cycle stability, and high activity for ORR,
OER, and HER would signify a major breakthrough, enabling
the achievement of high performance in a ZAB-driven water-
splitting cell.

In this work, we synthesize a graphene-sandwiched,
heterojunction-embedded layered lattice (G-SHELL) catalyst
from a zeolitic imidazole framework (ZIF) on the graphene
oxide (GO) surface. G-SHELL consists of a hollow core-shell
morphology with trifunctional catalytic sites, where it has a
hollow Co3S4 core layer promoting OER activity as well as
MoS2 shell layers promoting ORR/HER activity. Besides, G-
SHELL is shown to have conductive graphene layers sandwiched
between core-shell heterojunctions, which act as electron con-
duction channels. Also, a 3D hollow morphology enables fast
ion transport, while the layers of MoS2 and graphene on the
surface promote electron transfer. The density functional theory
(DFT) calculations of two heterostructures (Co3S4/MoS2 and
graphene/MoS2) are also performed to determine whether
the formation of these structures is thermodynamically favor-
able. In addition, Cs-corrected scanning transmission electron
microscopy (Cs-STEM) as well as X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine struc-
ture (EXAFS) analyses are utilized to elucidate G-SHELL’s
heterojunction and bonding characteristics. The experimentally
observed STEM images were further compared to the simulated
STEM images for verification. Additionally, the induced internal
electric fields (IEFs) between heterojunctions are demonstrated
to accelerate electron migration to active sites for the three
electrocatalytic reactions, causing fast redox kinetics and high
activity. Furthermore, the spectra for O 1s, Co2+/Co3+ 2p, and
Mo6+/Mo4+ 3d orbital peaks are obtained to unveil the reaction
mechanisms, and the Mo-S bonding peak characteristics are
measured throughout the extensive potential range to determine
electrocatalytic stability. Finally, a self-powered water-splitting
cell is integrated by combining a rechargeable aqueous ZAB with
an alkaline water-splitting electrolyzer. G-SHELL acts as an ORR
electrocatalyst for the ZAB cathode, converting oxygen from
the air into hydroxides during discharge for the alkaline water

electrolyzer, while generating oxygen during charge. We show
that ZAB-driven water splitting can achieve high performance
by utilizing the full advantages of G-SHELL as a trifunctional
electrocatalyst for ORR, OER, and HER.

2. Results and Discussion

Figure 1a depicts the solvothermal synthesis procedure for G-
SHELL. GO was first synthesized according to the method de-
scribed in our previous work,[30] which was modified from Hum-
mer’s method.[31] Then, the as-synthesized GO was diluted in
methanol and mixed with a cobalt nitrate solution. Next, to
grow ZIF-67 structures on the GO surface, the organic linker
of 2-methylimidazole was added to the Co2+/GO mixtures. The
ultraviolet-vis (UV–Vis) and Fourier transform infrared (FT-IR)
spectroscopy analyses were performed to determine the optimal
ratios of Co2+/GO mixture for ZIF-67 growth on the GO sur-
face (Figures S1 and S2, Supporting Information). Subsequently,
it was mixed with Mo precursor (sodium molybdate) solution
and Thioacetamide (TAA) solution. The final mixture was trans-
ferred to a Teflon-lined vessel to undergo the solvothermal syn-
thesis steps. The autoclave was initially put in a pre-heated 120 °C
oven for 4 h to sulfidize ZIF-67, resulting in Co3S4 attached to
graphene (G-Co3S4). The different diffusivities of S and Co were
observed to result in the formation of G-Co3S4 with a hollow
morphology, which is attributed to the Kirkendall effect.[32] Sub-
sequently, heating at 200 °C for 8 h was followed to result in
the growth of MoS2 on the surface of Co3S4, called Co3S4-MoS2
heterojunctions. The scanning electron microscopy (SEM) im-
age (Figure S3, Supporting Information) reveals the morpholo-
gies of ZIF-67, Co3S4, Co3S4/MoS2, GO-ZIF-67, G-Co3S4, and G-
SHELL. The average particle size distributions (Figure S4, Sup-
porting Information) show that ZIF-67, Co3S4, and Co3S4/MoS2
have the large particle sizes of 1100 nm, 721 nm, and 627 nm,
respectively, but GO-ZIF-67, G-Co3S4, and G-SHELL have the
much smaller particle sizes of 138 nm, 122 nm, and 113 nm,
respectively. This demonstrates that GO plays an important func-
tion in particle size control.[33] Interestingly, the catalyst structure
derived from ZIF-67 or GO-ZIF-67 was found to retain a rhom-
bic dodecahedral shape, as exhibited in Figures S5–S8 (Support-
ing Information). Figure 1b and Figure S8 (Supporting Informa-
tion) reveal how G-SHELL enables rapid ion transport to both
the inner Co3S4 layer with OER sites and also the outer MoS2
layers with ORR/HER sites. The hollow structures of G-SHELL
allow facile ion transport to Co3S4 and MoS2 layers, increas-
ing active site accessibility and decreasing steric hindrance.[34]

Figure 1c reveals further details on the G-SHELL band structure.
A graphene layer has electron-donating properties, which implies
that the sandwiched graphene donates electrons to its van der
Waals (vdW)-bonded MoS2 layer. Then, the MoS2 layer transfers
electrons to the Co3S4 layer. Furthermore, the induced hetero-
junction IEFs promote rapid electron migration to active sites
for OER, ORR, and HER, resulting in quick redox kinetics and
high activity. Figure 2a reveals the TEM images of a G-SHELL
structure with a hollow core-shell morphology, in which the in-
ner core looks bright and the outer shell appears dark. An en-
larged outer shell structure is also shown in Figure 2b. Besides,
high-resolution TEM (HRTEM) images were analyzed to deter-
mine the d-spacings of 0.245 nm for the graphene (100) plane
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Figure 1. Illustrations of a trifunctional graphene-sandwiched heterojunction-embedded layered lattice (G-SHELL) structure. Schematic representation
of a) synthesis procedures of G-SHELL from a zeolitic imidazole framework, b) hollow core-layered shell structure with trifunctional sites for oxygen
reduction evolution (ORR), oxygen evolution reaction (OER), and hydrogen evolution reaction (HER), and c) heterojunctions, heterojunction-induced
internal electric fields, and the corresponding band structure.

(Figure 2c),[35] 0.278 nm for the Co3S4 (311) plane (Figure 2d),[36]

and, 0.56 nm for the graphene-sandwiched MoS2 interlayer
(Figure 2e). Because the d-spacing value of 0.56 nm is not near
the MoS2 (002) planar distance (0.62 nm) or graphene planar dis-
tance (0.33 nm), it is deduced that the (0.56 nm) d-spacing rep-
resents the MoS2-graphene interlayer distance. From the X-ray
diffraction (XRD) analysis, it was revealed that the G-SHELL’s

(002) peak at 2𝜃 = 17° (Figure 2f) has the same d002 as the d-
spacing value found in HRTEM suggesting MoS2-graphene het-
erostructure, whereas for the bare 2H-MoS2, the (002) peak has
occurred below 2𝜃 = 15° (JCPDS 37–1492),[37] indicating a dis-
tinct difference in the van der Waals bonding behavior between
bare MoS2 and G-SHELL. These graphene-sandwiched layers
were further verified with the (001) peak at 2𝜃 = 9.5°, and the
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Figure 2. Structural characterizations. a,b) TEM image of G-SHELL. c–e) HR-TEM images showing a graphene (100) plane, Co3S4 (311) plane, and
MoS2/Graphene (002) plane, respectively. Inset: FFT patterns of the image. f) XRD patterns. g) N2 adsorption-desorption isotherms and its derived, h)
differential pore volume curves (Inset: Horvath-Kawazoe differential pore volume). i,l) XANES spectra. j,m) Fourier transformed real spaces of EXAFS
spectra. k,n) Wavelet transformations of k2-weighted Fourier transformations of Mo K and Co K edges, respectively.
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(004) peak at 2𝜃 = 34.2° (Figure S9, Supporting Information). The
co-existence of Co3S4 and graphene-sandwiched MoS2 was fur-
ther verified using the fast Fourier transformation (FFT) pattern
produced from HRTEM images (Figure 2c–e, inset). Figure 2e
verifies the existence of graphene-sandwiched MoS2 interlayers
since the d002 value is consistent with the XRD peaks.

Furthermore, we conducted DFT simulations to determine
the favorability of forming the MoS2/Co3S4 heterostructure and
the MoS2/graphene heterojunction. The simulated results not
only confirmed their existence but also revealed the IEF gener-
ated at the Co3S4/MoS2 and MoS2/graphene interfaces (Figures
S10,S11, Supporting Information). The charge density difference
plots demonstrate the electron density donation of MoS2 when
forming a heterostructure with Co3S4, and the electron den-
sity donation of graphene when forming a heterojunction with
MoS2, as described in Figure 1c. Further details of DFT calcu-
lations are provided in Section 1.5 of the Supporting Informa-
tion. Using the relaxed Co3S4/MoS2 and MoS2/graphene super-
cells, STEM images were simulated. The simulated STEM im-
ages were then compared to the atomic resolution STEM im-
ages of G-SHELL (Figure S12, Supporting Information). The
parameter settings for the STEM image simulation were con-
figured to reflect the real microscopy. Bright atoms in Figure
S12b,c (Supporting Information) correspond to Mo, while the
dark, smaller atoms in Figure S12b (Supporting Information)
correspond to carbon. Details about the STEM image calcula-
tions are provided in Section 1.6 of the Supporting Informa-
tion. Figure 2g,h shows the N2 adsorption-desorption isotherms
modeled using the Brunauer–Emmett–Teller (BET) theory.[38]

Micropores in G-SHELL were identified as having a type IV
isotherm with four inflection points. The hysteresis of G-Co3S4
and G-SHELL could be categorized as H3-type hysteresis be-
cause the slopes of their adsorption and desorption curves dif-
fered. Given that H3-type hysteresis occurs in substances con-
taining flaky particles, graphene is concluded to be responsible
for the hysteresis behavior. This argument is supported by the
isotherm curves from graphene-containing samples (G-Co3S4
and G-SHELL) differing considerably from graphene-free sam-
ples (Co3S4 and Co3S4/MoS2). Figure 2h demonstrates that G-
SHELL possesses large ion-accessible mesopores (ca. 10 nm) en-
abling rapid ion transport during OER, ORR, and HER. An in-
ductively coupled plasma mass spectrometry (ICP-MS) analysis
shows further that the atomic percentage of Mo in G-SHELL is
much greater than that in the graphene-free sample, Co3S4/MoS2
(Figure S13, Supporting Information). To reveal the atomic intri-
cacies of the bonding nature around Mo and Co, X-ray absorption
spectroscopy (XAS) analyses (Figure 2i–n), including XANES
and EXAFS, were undertaken. Mo, MoO3, MoS2, Co3S4/MoS2,
and G-SHELL were investigated to determine the nearby atoms
around Mo, whereas Co, Co3S4/MoS2 and G-SHELL were ana-
lyzed to determine the bordering atoms around Co. Compared
to the d-spacing of the bare MoS2-MoS2 vdW bond (0.62 nm),
the d-spacing of the MoS2-graphene vdW bond was found to be
much shorter (0.56 nm). Because G-SHELL has more neighbor-
ing atoms than bare MoS2, it is predicted to have a stronger
XANES peak intensity.[39] As demonstrated in Figure 2i, the
absorption intensity, which is influenced by numerous scatter-
ings in the XANES region, was much greater for G-SHELL than
Co3S4/MoS2. Besides, the existence of the graphene-MoS2 struc-

ture was proven by examining the Fourier transformation of
k2-weighted EXAFS patterns for the Mo K edge (Figure S14,
Supporting Information), the Fourier transformed real space
EXAFS spectra (Figure 2j), and the wavelet transformations of
k2-weighted Fourier transformations (Figure 2k).[40] The Mo─C
bond peak at 5.2 Å (Figure 2j) corresponds to both the XRD
(002) d-spacing (Figure 2f) for G-SHELL and also the HRTEM for
MoS2-Graphene (Figure 2e). Also, the EXAFS wavelet transfor-
mation using the Morlet wavelet for the Mo K edge of G-SHELL
(Figure 2k) discovered two maximum peaks. One peak at the
bottom-right side corresponds to the Mo─Mo bond, while the
other peak at the middle-right side relates to the Mo─C bond.[41 ]

Other reference samples did not show a signal at 5.2 Å, as veri-
fied in Figure S15 (Supporting Information). In addition, the Co
K edges of Co, Co3S4/MoS2, and G-SHELL were examined using
XANES and EXAFS analyses (Figure 2l–n). Similar to the XANES
spectrum of Mo, the intensity of G-SHELL was found to be the
greatest, suggesting that the number of scattering around Co was
the largest in G-SHELL ascribed to heterojunctions. The Co K
edge EXAFS spectra of Co3S4/MoS2 and G-SHELL showed sim-
ilar peak distributions, indicating that Co in G-SHELL forms a
heterojunction.[42] Additionally, the wavelet transformation of Co
K-edge EXAFS for G-SHELL in Figure 2n and Figures S16,S17
(Supporting Information) shows a distinct Co-S peak, indicating
that Co forms a bond with S. For the quantitative analysis of co-
ordination environment around both Mo and Co, EXAFS fitting
was conducted for all the measured samples (Figures S18–S20,
Supporting Information). Scattering paths for the EXAFS fitting
were selected using the as-relaxed structures of MoS2/Graphene
and Co3S4/MoS2, and their fitting results including each path’s
coordination number, R (in Å), bond disorder, and the R-score of
each EXAFS fit are displayed in Tables S1,S2 (Supporting Infor-
mation). The resulting coordination number of the nearest Mo-
S path for MoS2, Co3S4/MoS2, and G-SHELL were 6.075, 5.980,
and 6.030, respectively. We can infer that when Co3S4 and MoS2
form a heterostructure, the two phases can share sulfur atoms,
resulting in a decrease of Mo─S bonds.[42] Since the MoS2 in G-
SHELL not only forms a heterojunction with Co3S4 but also with
graphene, the decrease in Mo-S coordination number due to sul-
fur sharing is smaller than that of Co3S4/MoS2, thus the order of
Mo─S bond coordination number is MoS2 > G-SHELL > Co3S4.
The same trend is observed for the coordination number of Co-S
in Co3S4 (4.017) and G-SHELL (4.061), since sharing sulfur with
Mo will result in the decrease of Co-S coordination number. Fur-
thermore, the coordination number of the Mo-C scattering was
detected to be ca. 10 at R = 4.67 Å, implying the existence of van
der Waals bonding between MoS2 and graphene.

Figure 3a shows the Raman spectra for G-SHELL and other
catalysts. The peaks reflected the bonding vibration in G-SHELL
comprised of Co3S4 and MoS2. The peaks of Co3S4 were detected
at 185 cm−1 (Ag), 341 cm−1 (Eg), 464 cm−1 (F2g), 510 cm−1 (S-
S), and 660 cm−1 (A1g).[43,44] Co3S4/MoS2 heterojunction caused
a blue shift in the symmetric stretching vibration of the tetrahe-
dral Co2+─S bond, suggesting a strong Co2+–S interaction and
the peak at 960 cm−1 is due to the Co-MoSx heterostructure.[45]

MoS2 exhibited two distinct peaks: in-plane E1
2g (ca. 380 cm−1)

and out-of-plane A1g (ca. 404.9 cm−1). G-SHELL showed a peak
of 28.54 cm−1 between E1

2g and A1g, which is larger than 26.67
cm−1 of Co3S4/MoS2, indicating the graphene-sandwiched MoS2
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Figure 3. Chemical bonding and electrical property characterizations. a) Raman spectra. b) UPS spectra with the secondary electron cutoff region for
work function determination and c) VBM determination. d) Diagram of energy levels calculated through the linear extrapolation of the leading edge in
the UPS. XPS spectra of e) S 2p, f) Co 2p, and g) Mo 3d.
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structure via van der Waals (vdW)[46] interaction. Furthermore,
the ID/IG intensity ratios of 1.34 for G-Co3S4, and 0.96 for G-
SHELL were used to quantify the degree of graphitization. The
lower intensity of G-SHELL compared to G-Co3S4 is ascribed
to the increase of graphitic carbons generated by solvothermal
synthesis at a higher temperature (200 °C). Furthermore, the ul-
traviolet photoelectron spectroscopy (UPS) spectra, as seen in
Figure 3b–d and Figure S21 (Supporting Information), show that
the valence band maximum (VBM) edges are at 3.50 eV for Co3S4,
2.91 eV for Co3S4/MoS2, 3.12 eV for G-Co3S4, and 2.67 eV for
G-SHELL. All of the materials had VBM values less than the
Fermi energy level, implying that they were all semiconductors.
In addition, the work function, which is defined as the mini-
mum amount of energy necessary for an electron to escape from
the Fermi level to the vacuum level,[47] was determined. The
work functions of Co3S4, Co3S4/MoS2, G-Co3S4, and G-SHELL
were 4.62 eV, 4.42 eV, 3.62 eV, and 4.32 eV, respectively, demon-
strating that electrons can readily flow from MoS2/graphene to
Co3S4. Because of the high degree of overlap in energy levels
between Co3S4 and MoS2/graphene, a built-up IEF stimulates
electron flow from MoS2/graphene to Co3S4 to achieve equilib-
rium, signaling that it can play a role in accelerating reaction
kinetics.[48] Furthermore, the X-ray photoelectron spectroscopy
(XPS) survey scan of G-SHELL in Figure S22 (Supporting In-
formation) identified the peaks of C, Co, Mo, S, and O species.
Figure 3e shows three main peaks, indicating the presence of
both bridging S2

2− (denoted as M-S in the spectrum, including
Co–S, Mo–S, and edge sulfur) and also terminal S2

2− (S 2p3/2 and
S 2p1/2), at 164.1, 162.9, and 161.7 eV.[49] Figure S23a (Support-
ing Information) reveals that the S 2p3/2 peak shifted to higher
binding energy from 161.2 to 162.0 and 162.3 eV, then slightly
decreased to 161.95 eV in Co3S4, Co3S4/MoS2, G-Co3S4, and G-
SHELL. Co3S4/MoS2 and G-SHELL were found to have compa-
rable binding energies with a similar portion of the S 2p3/2 ra-
tio. This indicates that the terminal S species are more strongly
bonded to graphene than to MoS2, and G-SHELL has a sand-
wiched structure. Figure 3f depicts Co 2p spectra containing the
two pairs of satellite peaks (778.5 and 793.3 eV) and spin-orbit
doublets (781.4 and 797.5 eV) for Co3+ 2p3/2 and Co3+ 2p1/2 as well
as Co2+ 2p3/2 and Co2+ 2p1/2. The coexistence of the tetrahedral
(Co2+) and octahedral (Co3+) sites is explained by the chemical
states[50] of these two ions in Co3S4. Figure S23b (Supporting In-
formation) reveals the shifts in Co3S4/MoS2 (+0.5 eV), G-Co3S4
(+0.7 eV), and G-SHELL (+0.45 eV) compared to the Co2+ peak
position in Co3S4. This finding indicates that the heterojunction
enhances the binding energy of Co2+ species. The bonding na-
ture was further explained by determining the areal ratio of Co2+

and Co3+ XPS peaks (Co2+/Co3+). Interestingly, the samples con-
taining Co3S4/MoS2 heterojunctions (Co3S4/MoS2 or G-SHELL)
had a high Co2+/Co3+ ratio. In contrast, G-Co3S4 demonstrated a
dramatically lower Co2+/Co3+ ratio attributed to the bonding be-
tween Co3S4 and graphene surfaces. The high Co2+/Co3+ ratio in
G-SHELL indicates a shift in Fermi level to attain optimal bind-
ing energy with intermediate species (e.g., OHads), which may
lead to enhanced OER characteristics and overcome slow ORR
kinetics.[51] Figure 3g and Figure S23c (Supporting Information)
show a comparison of the Mo 3d spectra for Co3S4/MoS2 and
G-SHELL, which have the usual peaks of Mo 3d5/2 (228.8 eV),
Mo 3d3/2 (231.8 eV), and S 2s (226.0 eV).[52] Unlike Mo4+ 3d5/2

and Mo4+ 3d3/2 peaks that represent MoS2, the peak at 235.75 eV
reveals a high valence state of Mo6+ 3d3/2. When compared to
Co3S4/MoS2, G-SHELL has a greater Mo6+ peak intensity at the
higher position. This considerable rise in the Mo valence state
confirms the establishment of a heterojunction between MoS2
and Co3S4, as well as a shift of electron density.[53] The de-
convoluted C 1s peak in Figure S24 (Supporting Information)
shows the characteristics of sp2-hybridized C─C/C═C (284.6 eV),
C─S (ca. 285.3 eV), C─O (ca. 286.3 eV), C═S (ca. 287.8 eV)
and C═O (ca. 289.1 eV) bonds.[54] This indicates that the high
sp2-dominance of G-SHELL contributes to its high electric
conductivity.

Cyclic voltammetry (CV) measurements were performed in
0.1 M KOH under saturated O2 conditions without rotation in
a three-electrode rotating disk electrode (RDE) device. All elec-
trochemical catalysts had a prominent ORR characteristic peak
around 0.8 V, as seen in Figure 4a inset and Figure S25 (Sup-
porting Information). Figure 4b also shows the ORR polariza-
tion curves acquired through the linear sweep voltammetry mea-
surements on the G-SHELL catalyst at various rotating speeds.
In addition, Figure 4c and Figure S26 (Supporting Information)
show Koutecky–Levich (K-L) plots[55] originated from the polar-
ization curves for Co3S4, Co3S4/MoS2, G-Co3S4, and Pt/C. The
reversed square root of the rotation speed and the reverse current
density were found to be well linearized in K–L plots. Figure 4d
and Table S3 (Supporting Information) reveal the onset potential
(Eonset), half-wave potential (E1/2), and kinetic current density (jk).
G-SHELL outperformed Co3S4, Co3S4/MoS2, and G-Co3S4 with
values of 0.89 V, 0.72 V, and 10.5 mA cm−2, which were simi-
lar to the benchmark Pt/C (0.93 V, 0.81 V, and 10.7 mA cm−2).
Figure S27 (Supporting Information) shows the rotating ring-
disk electrode (RRDE) analysis for the detection and quantifica-
tion of hydrogen peroxide (HO2

−) formation via the 2e− transfer
mechanism of the ORR, and it indicates that the ring current den-
sity of G-SHELL was the lowest among our samples with only
2.53% HO2

− formation. The electron transfer number during
ORR for G-SHELL was found to be 3.95, suggesting a desirable
four-electron route at 0.6 V versus reversible hydrogen electrode
(RHE), whereas those of Co3S4, Co3S4/MoS2, G-Co3S4, and Pt/C
were 3.83, 3.88, 3.92, and 3.97, respectively. The ORR kinetics of
G-SHELL were further validated by electrochemical impedance
spectroscopy (EIS) analysis at 0.63 V versus RHE at 1600 rpm.
The obtained Nyquist plot was fitted to an equivalent circuit
model (Figure S28, supporting information), and the parameters
are summarized in Table S4 (Supporting Information). G-SHELL
shows the smallest solution resistance (Rs = 85.6 Ω) and about
three times lower charge transfer resistance (Rct = 290.8 Ω) than
that of Pt/C (Rs = 100.4 Ω and Rct = 903.6 Ω), demonstrating the
efficient redox kinetics facilitated by G-SHELL’s tuned electronic
structure. The diffusion-limited current density (jL) of G-SHELL
was 3.9 mA cm−2, outperforming the benchmark Pt/C (3.0 mA
cm−2) at 0.2 V versus reversible hydrogen electrode (RHE) at
1600 rpm. We also evaluated G-SHELL’s OER and HER activities
in 1 M KOH electrolyte. Figure 4e demonstrates that G-SHELL
has high OER activity with an overpotential of 320 mV at 10 mA
cm−2, compared to 354 mV for the noble RuO2 catalyst. G-SHELL
exhibits a Tafel slope of 55.8 mV dec−1 (Figure 4f), supporting
faster OER kinetics than Co3S4/MoS2 (63.3 mV dec−1) and RuO2
(96.5 mV dec−1). Additionally, we measured the double-layer
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Figure 4. Trifunctional activity of Co3S4, Co3S4/MoS2, G-Co3S4, and G-SHELL electrocatalysts. a) ORR polarization curves at 1600 rpm in O2-saturated
0.1 M KOH solution. The inset shows the cyclic voltammetry (CV) curves of G-SHELL in an O2-saturated 0.1 M KOH solution. b) ORR polarization curves
of G-SHELL at various rotating rates in rpm. c) K-L plots (𝜔−1/2 vs j−1; 𝜔 and j are the angular rotation speed and the current density at a certain voltage)
obtained from the ORR polarization curves of G-SHELL. d) ORR performance histograms of the onset voltage (Eonset), and half-wave potential (E1/2), and
kinetic current density (jk). e) OER polarization curves at 1600 rpm in 1 M KOH and f) corresponding Tafel slopes. g) Electric double layer capacitances
calculated from the slope of 1/2Δj-scan rate plot. (Δj is the current density difference between anodic and cathodic currents at 1.025 V versus reversible
hydrogen electrode (RHE) in Figure S22, Supporting Information). h) HER polarization curves at 1600 rpm in 1 M KOH and i) corresponding Tafel
slopes. Chronopotentiometry-based stability test of G-SHELL and noble metal electrocatalyst for j) ORR, k) OER, and l) HER.
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Figure 5. Electrochemical performance of a ZAB-driven water-splitting cell with G-SHELL. a) Diagram of a self-driven water-splitting cell integrated by
combining a ZAB with an alkaline water electrolyzer. b) Polarization curves during charging and discharging at 10 mV s−1 and c) discharge current
densities versus voltages with the corresponding power densities. d) Discharge curves under the continuous consumption of zinc metal. The specific
capacity was normalized to the mass of the consumed Zn. e) Galvanostatic charge-discharge cycling profiles of ZAB-driven water-splitting cells with
G-SHELL and Pt/C+RuO2 at 1 mA cm−2 with the interval of 10 min.
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capacitance (Cdl), which can be used to calculate the electrochem-
ical active surface area (ECSA).[56] It is worth noting that cat-
alytic activity is proportional to the number of active sites re-
lated to the ECSA. The Cdl of G-SHELL was determined using
CV curves (Figure S29, Supporting information) at various scan
rates within a non-Faradaic potential window (0.925–1.025 V vs
RHE). Figure 4g and Figure S30 (Supporting information) show
that G-SHELL has a higher Cdl value of 14.3 mF cm−2 than Co3S4
(6.19 mF cm−2), Co3S4/MoS2 (6.54 mF cm−2), G-Co3S4 (7.18 mF
cm−2), Pt/C (4.24 mF cm−2), and RuO2 (6.76 mF cm−2). G-SHELL
enabled high HER activity in 1 M KOH electrolyte with a low
overpotential of 220 mV at 10 mA cm−2 and a low Tafel slope of
110 mV dec−1, as exhibited in Figure 4h,i and Figure S31 (Sup-
porting information). Table S5 (Supporting Information) reveals
that G-SHELL has excellent overpotentials and Tafel slopes for
both HER and OER. To further evaluate the trifunctional activi-
ties, the current densities for ORR, OER, and HER, along with
the corresponding specific and mass activities, were calculated
(Figure S32 and Table S6, Supporting Information). The specific
activity and mass activity of G-SHELL for ORR were determined
to be 0.35 A m−2 and 7.8 A g−1, respectively, which are higher
than those of Co3S4 (0.04 A m−2 and 3.5 A g−1). Additionally, G-
SHELL exhibited significantly higher OER activities (7.78 A m−2,
173.3 A g−1) and HER activities (2.25 A m−2, 50.1 A g−1) com-
pared to Co3S4 (0.23 A m−2 and 18.9 A g−1 for OER and 0.07
A m−2 and 5.9 A g−1 for HER). These superior values were at-
tributed to G-SHELL’s high catalytic activity at specific reaction
sites with enhanced intrinsic properties. Besides, G-SHELL gives
the highest stability in both chronoamperometry (Figure S33,
Supporting information) and chronopotentiometry (Figure 4I,j),
outlasting Pt/C for ORR, RuO2 for OER, and Pt/C for HER in
terms of durability. Even after being immersed in 1 M KOH
for more than 10 days, Figure S34 (Supporting Information) ex-
hibits that G-SHELL retained its hollow morphology and crys-
tallinity. Additionally, even after 100 hours of three different elec-
trochemical reactions (ORR, OER, HER), the MoS2/Graphene
sandwiched structures are observed in STEM, matching with the
as-simulated structures of MoS2/Graphene sandwiched struc-
ture (Figures S35–S37, Supporting Information). SEM-EDS fur-
ther confirms the stability of G-SHELL for three reactions (Figure
S38, Supporting Information) without significant structure de-
composition. Figure S39 (Supporting Information) demonstrates
that G-SHELL exhibited high methanol tolerance, whereas Pt/C
resulted in a significant decline in performance. Although several
reports have discussed the surface reconstruction of transition
metal-based catalysts during electrochemical reactions,[57,58] the
stability of G-SHELL can be primarily attributed to the formation
of Co3S4/MoS2/Graphene heterojunction.[59]

A self-powered water-splitting cell was developed by combin-
ing a ZAB with an alkaline water-splitting electrolyzer, which re-
quires an OER electrocatalyst at the ZAB cathode to convert oxy-
gen into hydroxide molecules during discharge, the electrolyzer
anode with an OER electrocatalyst connected to the ZAB cath-
ode, and the electrolyzer cathode with a HER electrocatalyst
connected to the ZAB anode. Figure 5a depicts a ZAB-driven
water-splitting cell with G-SHELL as a trifunctional electrocata-
lyst for OER, HER, and ORR. A reference catalyst Pt/C+RuO2
was also employed for the comparison of ZAB performances.
Figure S40 (Supporting Information) shows that the open-circuit

voltage (OCV) of 1.43 V in a ZAB cell with G-SHELL exceeds the
OCV of 1.41 V in a ZAB cell with Pt/C+RuO2 configuration. Be-
sides, the OCV with G-SHELL was observed to be sustained over
187 h, outperforming Co3S4/MoS2 (176 h), G-Co3S4 (183 h), and
Co3S4 (0.65 h). Furthermore, the decreased potential gap between
discharge and charge polarization curves (Figure 5b) demon-
strates the G-SHELL-based ZAB cell’s outstanding rechargeabil-
ity. Figure 5c shows the discharge polarization and power density
curves. The peak power density of the G-SHELL-based ZAB cell
was 275.8 mW cm−2, which was substantially greater than the
202.6 mW cm−2 of the Pt/C+RuO2-based cell. As demonstrated
in Figure S41 (Supporting Information) and Table S7 (Support-
ing Information), the round-trip efficiencies with G-SHELL var-
ied from 67% at 1.0 mA cm−2 to 56% at 20 mA cm−2, excelling
that of Pt/C+RuO2 (from 63% to 37%). The G-SHELL-based cell
showed a specific capacity of 703 mAh g−1 (Figure 5d), outper-
forming the PtC+RuO2-based cell (681 mAh g−1), which makes
it more comparable to the theoretical capacity of Zn-air battery
(820 mAh g−1).[60] Table S8 (Supporting Information) summa-
rizes that the ZAB cell with G-SHELL leads to a high energy
density of 797 Wh kg−1 surpassing 742 Wh kg−1 with Pt/C as
well as those with other electrocatalysts. Figure S42 (Support-
ing Information) also reveals the rate capability of ZABs with
the air electrodes of G-SHELL and Pt/C+RuO2. The G-SHELL-
based ZAB resulted in stable discharge voltages at even up to
100 mA cm−2 under repeated discharge and resting cycles. Be-
sides, the long-term cycle stability test of ZABs at 10 mA cm−2

with 20-minute intervals was carried out, as shown in Figure
S43 (Supporting Information). A small voltage gap of 0.95 V was
maintained during 100 cycles with a high round-trip efficiency of
54.7%, which outperformed the Pt/C+RuO2-based cell (1.12 V,
50.1%). The G-SHELL-based cell also demonstrated negligible
performance degradation after 250 cycles of operation (41.6 h),
while the Pt/C+RuO2-based cell caused a rapid degradation by
elevating the voltage gap to 1.156 V after 100 cycles, as exhibited
in Figure 5e. Moreover, the contact angle measurements using a
catalyst ink drop on a hydrophobic gas diffusion layer with deion-
ized water (DI)-water droplet on Co3S4, Co3S4/MoS2, G-Co3S4,
and G-SHELL show that the high hydrophilicity of G-SHELL re-
sults in lower surface energy between the electrode and elec-
trolyte (Figure S44, Supporting Information), indicating that the
hydrophilic property of G-SHELL is beneficial for reaction inter-
mediate adsorption and bubble elimination.[61] Also, the overall
water-splitting performances of Co3S4, Co3S4/MoS2, G-Co3S4, G-
SHELL, Pt/C, and RuO2, which were coated on a hydrophilic car-
bon substrate in N2-saturated 1 M KOH solution, suggest that
the water electrolyzer required a small overpotential of 0.56 V
to achieve a current density of 10 mA cm−2, as shown in Figure
S45a,b (Supporting Information). In addition, the EIS measure-
ment at 1.56 V versus RHE on the G-SHELL shows a low charge
transfer resistance of 3.32 Ω compared to RuO2 (4.64 Ω), indi-
cating facile OER kinetics (Figure S45c and Table S9, Support-
ing Information). Moreover, the water-splitting performance in a
symmetric two-electrode system was evaluated in a 1 M KOH so-
lution. The anode and cathode were separated by a Nafion mem-
brane (Figure S46a, Supporting Information). The cell voltage re-
quired to achieve 100 mA cm−2 was 2.07 V for the G-SHELL∥G-
SHELL configuration, only 90 mV higher than the benchmark
water-splitting system of Pt/C∥RuO2 (Figure S46b, Supporting
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Figure 6. Trifunctional electrocatalytic reaction mechanisms of G-SHELL. a) Linear sweep voltammetry curve of G-SHELL that highlights the three
different reaction regions. Ex situ XPS spectra in the highlighted regions for b) Co 2p and c) Mo 3d orbitals. Corresponding XPS peak shift and ratio for
d) Co 2p3/2 and e) Mo 3d3/2 orbitals.

Information). Notably, the overall water splitting overpotential
of the G-SHELL∥G-SHELL configuration was lower than that of
Pt/C∥RuO2 in high current densities. G-SHELL exhibited a volt-
age of 2.14 V at 200 mA cm−2, which is 80 mV lower than the no-
ble metal system. To evaluate the Faraday efficiency of G-SHELL,
the water-displacement method was employed at 2.1 V for 100
minutes. The experimentally collected H2 and O2 gases closely
matched with the theoretically calculated amounts, reaching the

theoretical value of 2:1 ratio (production rate of 1.17 mmol h−1

for H2 and 0.56 mmol h−1 for O2) with Faraday efficiencies of
96.1% for H2 and 92.7% for O2 (Figure S46c, Supporting In-
formation). Figure S47a (Supporting Information) depicts a self-
powered hydrogen generation system based on the ZAB-driven
water-splitting cell, with G-SHELL serving as the ZAB cathode
electrocatalyst for ORR, the electrolyzer anode electrocatalyst
for OER, and the electrolyzer cathode electrocatalyst for HER.
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Besides, a snapshot during the electrolysis process (Figure S47b,
Supporting Information) demonstrates that the ZAB-driven cell
produced H2 and O2 bubbles via HER and OER on the elec-
trolyzer cathode and anode surfaces, respectively.

Ex situ XPS spectra acquired from the electrodes with a
fluorine-doped tin oxide (FTO) substrate over the OER, ORR, and
HER potential regions are depicted in Figures 6 and S48 (Sup-
porting Information), which demonstrate the mechanisms of the
trifunctional electrocatalyst. Figure 6a suggests that the IEF be-
tween Co3S4 and MoS2/graphene accelerates electron migration
for fast redox kinetics, by lowering reaction barriers[62,63] at HO*
sites for OER, O* sites for ORR, and H* sites for HER. Figure
S49a (Supporting Information) reveals O 1s spectra with varying
potentials. During OER, the peak has shifted to the M-O bind-
ing energy region, whereas the dominant peak has shifted to-
ward the M-OH binding energy region during ORR and HER.
As shown in Figure 6b,c, as the potential increases in the OER
region, the area of high-valency peaks from Co 2p and Mo 3d in-
creases, whereas the area decreases as the potential decreases in
the ORR and HER regions. Moreover, the Co3+/Co2+ ratio was
found to dramatically rise during OER (Figure 6d). The high-
valence Co species provide OER active sites, indicating that the
local bonding environment of Co3S4 has altered to allow Co2+

species to easily lose their electrons and turn into catalytically ac-
tive Co3+ species. It is worth noting that the Co2+ ions strongly
bind with the intermediate (HO*) while Co3+ ions are capable of
releasing O2, making the coexistence of the two different states
beneficial for the OER activity.[64] Additionally, multivalent Mo6+

and Mo4+ states may serve as active sites, facilitating the forma-
tion of OH− during ORR and H2 during HER.[65] These mech-
anisms demonstrate that G-SHELL’s trifunctional activity stems
from multivalent states, as shown in Figure 6e. The peak position
of Mo 3d has remained relatively constant, indicative of a well-
maintained MoS2/graphene layer and supporting that G-SHELL
enables high electrochemical stability. Figure S49b (Supporting
Information) demonstrates further that the M-S bonding peak in
the S 2p spectrum was stable throughout a wide potential range,
indicating remarkable electrocatalytic stability.

3. Conclusion

In summary, we developed a trifunctional G-SHELL electrocat-
alyst, which is a heterojunction-embedded layered metal chalco-
genide produced on graphene. G-SHELL was discovered to fea-
ture a hollow core-shell structure with a Co3S4 inner layer which
is active for OER and a MoS2/graphene outer layer responsible
for ORR/HER activity. Intriguingly, we found that during our syn-
thesis procedure, a substantial amount of MoS2 layers form the
graphene-sandwiched heterojunction which enhances electron
conductivity and contributes to the stability of Co3S4. Moreover,
the heterojunction-induced IEF accelerated electron migration to
HO* sites for OER, O* sites for ORR, and H* sites for HER. G-
SHELL achieved about 3-fold smaller ORR resistance than Pt/C,
a lower OER overpotential (320 mV at 10 mA cm−2) and Tafel
slope (55.8 mV dec−1) than RuO2 at 354 mV and 96.5 mV dec−1,
and excellent HER overpotential and Tafel slope, while outlasting
Pt/C for ORR, RuO2 for OER, and Pt/C for HER in terms of dura-
bility. Additionally, the stable Mo6+/Mo4+ ratio and Mo peak loca-
tion under the applied voltage confirmed G-SHELL’s remarkable

stability. The ZAB cell with G-SHELL surpassed the correspond-
ing cell with Pt/C+RuO2 configuration in terms of capacity (703
mAh kg−1), energy density (797 Wh kg−1), and peak power den-
sity (275.8 mW cm−2). Furthermore, the G-SHELL-based cell en-
abled negligible performance degradation after 250 cycles, while
the Pt/C+RuO2-based cell degraded rapidly only after 100 cycles.
Additionally, it exhibited a small voltage gap during cycles as well
as a higher round-trip efficiency than the Pt/C+RuO2-based cell.
Moreover, a self-powered water-splitting cell was assembled by
coupling a rechargeable aqueous ZAB with an alkaline water-
splitting electrolyzer. Consequently, this work provides a strategy
to realize a high-performance trifunctional electrocatalyst capa-
ble of achieving low overpotentials, high activity, and long-cycle
stability in ZAB-driven water splitting.
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