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Owing to the good safety, low cost, environmentally friendliness, and relatively high energy density, aqueous
zinc-ion batteries (ZIBs) are promising alternatives to lithium-ion batteries. However, the zinc metal anode in
aqueous ZIBs is prone to dendrite growth and side reactions. Herein, an ultrathin carbon coating is fabricated
on the Zn metal anode to suppress dendrite growth and alleviate side reactions. The symmetrical cell contain-
ing the modified Zn electrode shows a long cycling life of 3500 h at 0.5, 1 and 2 mA cm−2 with areal capacities
of 0.5, 1 and 2 mAh cm−2, respectively. The cycling life is superior to those of previously reported Zn metal
anodes with carbon-based coatings. Meanwhile, the full ZIB using Zn anode with ultrathin carbon coating deli-
ver enhanced rate performance and cycling stability compared to that of using bare Zn anode.
1. Introduction

Lithium-ion batteries (LIBs) are widely used in portable electronics,
electric vehicles, and energy storage stations [1–3]. However, acci-
dents arising from combustion of the flammable organic liquid elec-
trolytes are quite common for electric vehicles and energy storage
stations [4–6]. In this respect, aqueous zinc-ion batteries (ZIBs) have
attracted increasing attention due to the better safety and non-flam-
mable aqueous electrolytes [7–10]. Moreover, Zn with a high theoret-
ical capacity (5855 mAh cm−3 and 820 mAh g−1) and suitable redox
potential of − 0.76 V (vs standard hydrogen electrode) is a desirable
anode for aqueous high-energy–density ZIBs [10–13]. However, Zn
metal anodes are vulnerable to dendrite growth in the hydrogen evo-
lution reaction (HER) as well as Zn corrosion resulting in early failure
of aqueous ZIBs comprising Zn metal anodes [13–15].

Many strategies have been proposed to overcome these shortcom-
ings, for instance, electrolyte regulation, host design, and surface mod-
ification [12–21]. In particular, depositing a surface coating on Zn
metal is a simple and efficient way [15–17] to mitigate undesirable
side reactions by isolating the Zn anode from the electrolyte and sup-
press Zn dendrite growth by improving the surface wettability and
homogenizing the electric field [15,16,22–26]. Carbon-based materi-
als are desirable coatings for Zn metal anodes due to the high electrical
conductivity, chemical stability, and abundant resource [16,27,28].
Recently, some carbonaceous materials including graphite [29], active
carbon [30], graphene [31–33], and graphdiyne [34] have been pro-
posed for Zn metal anodes to improve the electrochemical properties.
However, most of these carbon-based coatings are quite thick conse-
quently compressing the energy density and increasing the interfacial
charge transfer resistance [30,33,35–37]. Hence, ultrathin carbon-
based coatings may deliver better performance for ZIBs but related
research has been rare [32].

Herein, Zn metal with ultrathin carbon coatings (C@Zn) is pre-
pared by magnetron sputtering as stable anodes in ZIBs. The carbon
coating increases the surface wettability, enables more uniform Zn
plating, and mitigates undesirable side reactions. The symmetrical cell
composed of the C@Zn anode exhibits enhanced plating/stripping sta-
bility of 3,500 h and reduced voltage hysteresis compared to the bare
Zn symmetrical cell. In addition, the full ZIB with the C@Zn anode has
higher rate and cycling capability suggesting large potential in com-
mercial application.
2. Experimental section

2.1. Synthesis of C@Zn anodes

The Zn foil with a thickness of 0.1 mm was cut into disks with a
diameter of 12 mm and polished with 2,000 mesh sandpaper. Carbon
coatings were deposited on the Zn samples by magnetron sputtering
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using a graphite target and Ar as the sputtering gas. Direct-current
pulses with a power of 100 W were applied to the substrate and the
pressure in the vacuum chamber was 0.5 Pa. The C@Zn anodes pre-
pared with sputtering time of 30, 60, and 90 min are denoted as
C@Zn-1, C@Zn-2 and C@Zn-3, respectively.

2.2. Synthesis of MgxV2O5·nH2O cathodes

The MgxV2O5·nH2O cathodes were prepared by mixing 70 % Mgx-
V2O5·nH2O powders, 30 % acetylene black, and 10 % polytetrafluo-
roethylene (PTFE). The MgxV2O5·nH2O powder was synthesized by a
hydrothermal method. 0.545 g of V2O5 were dissolved in 24 mL of
deionized water and stirred for 10 min. 6 mL of H2O2 (30.0 %) were
introduced and stirred for 10 min to obtain a reddish-brown solution.
Afterwards, 0.203 g MgCl2·6H2O were added, stirred for 10 min,
placed in a 50 mL Teflon-lined sealed autoclave, and heated to 200 °
C for 48 h. After cooling to room temperature, the precipitate was col-
lected by centrifugation, washed with deionized water and ethanol,
and dried at 70 °C to obtain the MgxV2O5·nH2O powder.

2.3. Materials characterization

X-ray diffraction (XRD) was carried out on the Rigaku Smartlab X-
ray diffractometer using Cu Kα radiation and the Raman spectra were
obtained on the LabRAM HR800 laser confocal micro-Raman spec-
trometer at a laser wavelength of 514.5 nm. The thickness of the car-
bon coatings was determined on the Bruker DektakXT profilometer.
Scanning electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDS) were conducted on the Thermo Fisher QUATTRO S and
Fig. 1. (a) XRD patterns and (b) Raman scattering sp

Fig. 2. SEM images of (a, b) Bare Zn, (c, d) C@
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the surface contact angles were measured using the Ramé-Hart instru-
ment (USA).
2.4. Electrochemical measurements

The electrochemical properties were determined from CR2016 coin
cells with 2 M ZnSO4 aqueous solution as the electrolyte and glass fiber
filter (GF/D Whatman) as the separator. In the symmetrical cells, the
bare Zn, C@Zn-1, C@Zn-2, or C@Zn-3 were used as both the cathode
and anode, whereas the full cells are composed of the MgxV2O5·nH2O
cathode and bare Zn or C@Zn-3 anode. Galvanostatic charging/dis-
charging was carried out on the Neware battery test system (CT-
4008) at room temperature. Linear scan voltammetry (LSV), Tafel
polarization, cyclic voltammetry (CV), and electrochemical impedance
spectroscopy (EIS) were conducted on an electrochemical workstation
(CHI 660E).
3. Results and discussion

The XRD patterns of bare Zn, C@Zn-1, C@Zn-2, and C@Zn-3
(Fig. 1a) match those of zinc metal (JCPDS No. 04–0831) but no car-
bon signals are detected because the carbon coatings are very thin and
amorphous. As shown in Fig. 1b, no Raman band appears in the range
of 1000 to 2000 cm−1 from bare Zn, but a broad band spanning 1300
to 1700 cm−1 is observed from the Raman scattering spectra of C@Zn-
1, C@Zn-2, and C@Zn-3. This broad band is a combination of the D
and G bands of carbonaceous materials [29,38,39]. The detailed anal-
ysis discloses that the G band is more intense than the D band indica-
ectra of bare Zn, C@Zn-1, C@Zn-2, and C@Zn-3.

Zn-1, (e, f) C@Zn-2, and (g, h) C@Zn-3.
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tive of a high degree of graphitization which improves the electrical
conductivity and charge dispersion on the Zn anode. The intensity of
this band increases from C@Zn-1 to C@Zn-2 to C@Zn-3 with increas-
Fig. 3. Deionized water contact angles: (a) Bare Z

Fig. 4. (a) Voltage profiles of the bare Zn, C@Zn-1, C@Zn-2, and C@Zn-3 symmetr
Rate performance of the bare Zn and C@Zn-3 symmetrical cells (bare Zn: from 0.5 to
plots of bare Zn and C@Zn-3 at 10 mV s−1.
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ing thickness, which is also reflected by the color change (Fig. S2). The
Zn samples become darker as the carbon layers become thicker. To
determine the thickness of the carbon coatings, carbon coatings are
n, (b) C@Zn-1, (c) C@Zn-2, and (d) C@Zn-3.

ical cells cycling at 0.5 mA cm−2 with an areal capacity of 0.5 mAh cm−2; (b)
10 mA cm−2; C@Zn-3: from 0.5 to 20 mA cm−2). (c) LSV curves and (d) Tafel
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deposited on a partially masked Si substrate (Fig. S1) and profilometry
reveals that the thicknesses of the 30, 60 and 90-min coatings are
about 6, 12 and 20 nm, respectively.

The SEM images of the bare Zn (Fig. 2a, b) show a flat surface with
some scratches from polishing and the SEM images of C@Zn-1, C@Zn-
2, and C@Zn-3 (Fig. 2c-h) display similar results, indicating that the
thin carbon coatings do not alter the surface morphology.

The contact angles are determined (Fig. 3) and the bare Zn without
a carbon coating shows a large contact angle of 99.1° (Fig. 3a) imply-
ing poor hydrophilicity and surface wettability. In contrast, C@Zn-1,
C@Zn-2, and C@Zn-3 exhibit smaller contact angles of 54.5°, 51.8°
and 47.1° (Fig. 3b-d), respectively, for higher hydrophilicity and sur-
face wettability, which facilitate interfacial charge transfer on the Zn
metal anode in aqueous ZIBs [23,24,40].

To demonstrate the effects of the ultrathin carbon coatings on the
electrochemical properties of the Zn metal anode, symmetrical cells
are assembled to evaluate the plating/stripping stability of bare Zn,
C@Zn-1, C@Zn-2, and C@Zn-3. During cycling at 0.5 mA cm−2 with
an areal capacity of 0.5 mAh cm−2, the voltage of the bare Zn symmet-
rical cell drops abruptly to nearly zero after about 200 h indicative of a
short circuit (Fig. 4a). In comparison, the C@Zn-1, C@Zn-2, and
C@Zn-3 symmetrical cells operate stably for 3,500 h with enhanced
Fig. 5. XRD patterns of (a) bare Zn and (b) C@Zn-3 anodes after soaking in 2 M
anodes after soaking in 2 M ZnSO4 electrolyte for 3 days.
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plating/stripping stability. Moreover, the C@Zn-1, C@Zn-2, and
C@Zn-3 symmetrical cells exhibit reduced voltage hysteresis com-
pared to the bare Zn symmetrical cell and in particular, the C@Zn-3
symmetrical cell shows the lowest voltage hysteresis. Therefore,
C@Zn-3 is chosen to in the subsequent investigation. Even at higher
current densities of 1 mA cm−2 and 2 mA cm−2 with areal capacities
of 1 mAh cm−2 and 2 mAh cm−2, respectively, the C@Zn-3 symmet-
rical cell still has a long cycling life of 3,500 h (Fig. S3 and S4), which
is longer than that of recently reported Zn anodes with carbon-based
coatings [29,30,32–37]. The rate characteristics of the bare Zn and
C@Zn-3 symmetrical cells are evaluated by galvanostatic charging-dis-
charging at different current densities for a constant plating/stripping
time of 1 h (Fig. 4b). Compared to the bare Zn symmetrical cell, the
C@Zn-3 symmetrical cell exhibits lower voltage hysteresis at all cur-
rent densities and better Zn plating/stripping. Furthermore, the LSV
curves (Fig. 4c) show that the HER current of the C@Zn-3 anode
at− 0.2 V (vs Zn2+/Zn) is lower than that of the bare Zn and the Tafel
plot of C@Zn-3 (Fig. 4d) discloses higher corrosion potential and
lower corrosion current due to the ultrathin carbon coating. In addi-
tion, the electrochemical characteristics of the Zn//Cu batteries are
evaluated to confirm the protective effects of the carbon coating.
The Cu electrode with the carbon coating (denoted as C@Cu-3) is pre-
ZnSO4 electrolyte for 3 days; SEM images of (c, d) bare Zn and (e, f) C@Zn-3
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pared by a protocol similar to that of C@Zn-3. Compared to the bare
Zn//bare Cu cell, the C@Zu-3//C@Cu-3 cell shows higher Coulombic
efficiency during cycling (Fig. S5) providing evidence that the carbon
coating indeed alleviates the side reactions.

In order to clarify the protective effects of the carbon coatings, the
bare Zn and C@Zn-3 anodes are characterized after soaking in 2 M
ZnSO4 for 3 days. As shown in the XRD pattern of the bare Zn after
soaking (Fig. 5a), the other diffraction peaks are derived from by-prod-
ucts in HER and Zn corrosion in the ZnSO4 electrolyte, for example,
Zn4SO4(OH)6·xH2O [41–43]. In contrast, no obvious by-product
diffraction peaks are observed from C@Zn-3 after soaking (Fig. 5b)
thus providing evidence that corrosion of C@Zn-3 is inhibited by the
carbon coating. In addition, the SEM images (Fig. 5c, d) show that
sheet-like by-products appear from the surface of the bare Zn after
soaking and EDS reveals that they contain Zn4SO4(OH)6·xH2O
(Fig. S6a, b) consistent with XRD. In comparison, only few sheet-like
structures can be observed from the surface of C@Zn-3 after soaking
(Fig. 5e, f) and most of the sheets are beneath the carbon coating
and parallel to the surface. The EDS spectrum of the soaked C@Zn-3
shows weaker S signals than the bare Zn (Fig. S6). These results indi-
cate that the carbon coating suppresses Zn corrosion by preventing
direct contact between the electrolyte and Zn anode. Moreover, the
diffraction peaks of the by-product (Zn4SO4(OH)6·xH2O) are intense
in the XRD pattern of the cycled bare Zn anode but weaker peaks
are observed from the cycled C@Zn-3 anode (Fig. S7). The results
demonstrate that the side reactions are hindered by the carbon coating
during Zn plating/stripping.

The morphology of bare Zn and C@Zn-3 after Zn plating at
0.5 mA cm−2 for 1 h is examined and the SEM image (Fig. 6a) shows
that the plated Zn on the bare Zn is loose and composed of nanosheets.
Moreover, the distribution of plated Zn on the surface of the bare Zn is
uneven (Fig. 6b), which may exacerbate the growth of Zn dendrites
and increases the chance of short circuit in the battery during repeated
Zn plating/stripping. In contrast, C@Zn-3 after Zn plating shows a flat-
ter surface (Fig. 6c, d) and more uniform Zn plating, which is respon-
sible for the excellent stability of Zn plating/stripping of C@Zn-3. The
uniform Zn plating is attributed to the better surface wettability and
Fig. 6. SEM images of (a, b) bare Zn and (c, d) C@Zn-
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more uniform charge distribution resulting from the carbon coating.
The Zn nanosheets can be seen to be beneath the carbon coating from
areas where the coating is broken (Fig. S8) verifying that the carbon
coating play a protective role in the whole plating/stripping process.

To further evaluate the potential of the C@Zn-3 anode in practice,
full cells are assembled with C@Zn-3 as the anode and MgxV2O5·nH2O
as the cathode (denoted as C@Zn-3//MgVO). The XRD pattern of the
cathode (Fig. S9) matches that of previously reported MgxV2O5·nH2O
[44] and EDS shows the presence of Mg, V, and O in the cathode
(Fig. S10), demonstrating successful synthesis of MgxV2O5·nH2O.
The SEM images (Fig. S11) show that MgxV2O5·nH2O is composed of
microparticles. The CV curves of the C@Zn-3//MgVO and bare Zn//
MgVO full cells in the voltage range of 0.3–1.6 V show similar redox
peaks and similar reactions (Fig. 7a). The CV curve of the C@Zn-3//
MgVO full cell has a larger area and slightly smaller polarization volt-
age than the bare Zn//MgVO full cell, indicating higher capacity and
faster reaction kinetics. In addition, the C@Zn-3//MgVO full cell deliv-
ers better rate performance than the bare Zn//MgVO battery (Fig. 7b).
The average discharge capacities of the C@Zn-3//MgVO full cell are
320.5, 255.5, 206.3, 138.2, and 84.5 mAh g−1 at 0.5, 1, 2, 5, and
10 A g−1, respectively. In comparison, the bare Zn//MgVO full cell
has lower average discharge capacities of 286.8, 227.2, 172.1,
101.3, and 56.6 mAh g−1 at 0.5, 1, 2, 5, and 10 A g−1, respectively.
The charging/discharging curves of the C@Zn-3//MgVO and bare
Zn//MgVO full cells for different current densities are displayed in
Fig. 7c, d which show that the C@Zn-3//MgVO full cell has a smaller
overpotential, especially at high current densities due to enhanced Zn
plating/stripping kinetics on the C@Zn-3 anode. The EIS plots are
depicted in Fig. S12 and compared to the bare Zn//MgVO battery,
the C@Zn-3//MgVO full cell exhibits a smaller semicircle in the high
frequency region and smaller interfacial charge transfer resistance.
The long-term cycling stability is evaluated at a current density of 5
A g−1 (Fig. 7e). After 3,000 cycles, the capacity of the C@Zn-3//
MgVO full cell is 112.5 mAh g−1, which is higher than that of the bare
Zn//MgVO full cell (88.4 mAh g−1). The electrochemical results con-
firm the superiority of the C@Zn-3 anode boding well for commercial
adoption.
3 anodes after Zn plating at 0.5 mA cm−2 for 1 h.



Fig. 7. (a) CV curves of the C@Zn-3//MgVO and bare Zn//MgVO full cells at 0.1 mV s−1 and 3rd cycle; (b) Rate performance of the C@Zn-3//MgVO and bare
Zn//MgVO full cells; Charging/discharging curves of (c) C@Zn-3//MgVO and (d) Bare Zn//MgVO batteries at different current densities; (e) Cycling
characteristics of the C@Zn-3//MgVO and bare Zn//MgVO full cells at 5 g−1.
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4. Conclusion

The Zn metal anode is coated with an ultrathin carbon layer to
enhance the properties and stability of zinc-ion batteries (ZIBs). The
carbon coating isolates the Zn metal from the electrolyte and improves
the hydrophilicity, surface wettability, corrosion resistance, and Zn
plating uniformity. The C@Zn-3 anode exhibits a long cycling life of
3,500 h in the symmetrical cell at current densities of 0.5, 1, and
2 mA cm−2 with areal capacities of 0.5, 1 and 2 mAh cm−2, respec-
tively. The C@Zn-3//MgVO full cell also shows enhanced rate charac-
teristics (138.2 and 84.5 mAh g−1 at 5 and 10 A g−1, respectively) and
6

cycling stability (112.5 mAh g−1 after 3,000 cycles at 5 A g−1). The
results reveal that deposition of an ultrathin coating on Zn anodes is
an effective means to improve the properties and stability of ZIBs
and the technique has commercial potential.
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Fig. S1. Photograph of the carbon coating deposited on Si. 
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Fig. S2. Photographs of bare Zn, C@Zn-1, C@Zn-2, and C@Zn-3. 
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Fig. S3. Cycling voltage profiles of the C@Zn-3 symmetrical cell at 1 mA cm−2 with 

an areal capacity of 1 mA h cm−2. 

  



5 
 

 

 

 

Fig. S4. Cycling voltage profiles of the C@Zn-3 symmetrical cell at 2 mA cm−2 with 

an areal capacity of 2 mA h cm−2. 
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Fig. S5. (a) Coulombic efficiency versus cycle number profiles of bare Zn//bare Cu and 

C@Zn-3//C@Cu-3 cells at 0.5 mA cm−2 and 0.5 mAh cm−2; Voltage profiles of (b) Bare 

Zn//bare Cu and (c) C@Zn-3//C@Cu-3 cells at 0.5 mA cm−2 and 0.5 mAh cm−2. 
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Fig. S6. (a) SEM image and (b) EDS spectrum of bare Zn after soaking in 2 M ZnSO4 

for 3 days; (c) SEM image and (d) EDS spectrum of C@Zn-3 after soaking in 2 M 

ZnSO4 for 3 days. 
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Fig. S7. XRD patterns of the bare Zn and C@Zn-3 anodes after 20 plating/stripping 

cycles at 0.5 mA cm−2 and 0.5 mAh cm−2. 
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Fig. S8. SEM image of the C@Zn-3 anode after Zn plating at 0.5 mA cm−2 for 1 h. 
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Fig. S9. XRD pattern of MgxV2O5·nH2O. 
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Fig. S10. (a) EDS elemental maps and (b) EDS spectrum of MgxV2O5·nH2O (Si signal 

originating from the substrate).  
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Fig. S11. SEM images of MgxV2O5·nH2O. 
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Fig. S12. EIS plots of C@Zn-3//MgVO and bare Zn//MgVO batteries. 
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