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Abstract: Aqueous Zn-ion batteries (AZIBs) are one of the most promising large-scale energy storage
devices due to the excellent characteristics of zinc metal anode, including high theoretical capacity,
high safety and low cost. Nevertheless, the large-scale applications of AZIBs are mainly limited by
uncontrollable Zn deposition and notorious Zn dendritic growth, resulting in low plating/stripping
coulombic efficiency and unsatisfactory cyclic stability. To address these issues, herein, a carbon
foam (CF) was fabricated via melamine-foam carbonization as a scaffold for a dendrite-free and
stable Zn anode. Results showed that the abundant zincophilicity functional groups and conductive
three-dimensional network of this carbon foam could effectively regulate Zn deposition and alleviate
the Zn anode’s volume expansion during cycling. Consequently, the symmetric cell with CF@Zn
electrode exhibited lower voltage hysteresis (32.4 mV) and longer cycling performance (750 h) than
the pure Zn symmetric cell at 1 mA cm−2 and 1 mAh cm−2. Furthermore, the full battery coupling
CF@Zn anode with MnO2 cathode can exhibit a higher initial capacity and better cyclic performance
than the one with the bare Zn anode. This work brings a new idea for the design of three-dimensional
(3D) current collectors for stable zinc metal anode toward high-performance AZIBs.

Keywords: melamine foam; carbon foam; Zn metal anode; Zn dendrite; electrochemical performance

1. Introduction

With the rapid developments of electric vehicles and smart grids, the ever-increasing
demand for lithium-ion batteries (LIBs) and their further application would be hindered
by the limited lithium resource. In this context, aqueous Zn-ion batteries (AZIBs) have
been developed as alternatives to LIBs because of their low-cost, non-toxic, and high
safety [1–4]. Nevertheless, during the charge-discharge process, the Zn metal anodes
suffer from uncontrolled dendritic growth and harmful side reactions, leading to the
unsatisfactory electrochemical performance of AZIBs [5,6]. In particular, the uncontrolled
Zn dendritic growth may puncture the separator of the cell and cause an internal short circuit,
which results in low Coulombic efficiency, poor reversibility and rapid capacity degradation
of AZIBs, which severely limits their further application and development [7,8].

Until now, many efforts have been devoted to solving the aforementioned problems,
including surface modification of Zn metal anodes [9–16], electrolyte
optimization [17–19], novel separator design [20] and three-dimensional (3D) host de-
sign [21–24]. For example, He et al. [25] deposited an ultrathin Al2O3 film on the Zn anode
via the atomic layer deposition method, which effectively improved the interfacial wettabil-
ity of the Zn anode and thus physically suppressed the formation of Zn dendrites. However,
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the presence of this insulating layer increases the internal impedance of the cell, hinders
electron transport, and reduces the kinetics of the cell redox reaction [26]. To tackle this
problem, some highly conductive carbon-based materials have been coated or composited
with Zn anodes, such as hydrogen-substituted graphdiyne [14], zinc microspheres/carbon
nanotubes/nanocellulose composite film [15], and carbon-coated NaTi2(PO4)3 [16], suc-
cessfully regulating uniform Zn deposition. For example, a dual-functional carbon-coated
NaTi2(PO4)3 (NTP-C) artificial protective layer with a large surface area was constructed
onto the surface of metallic Zn by Wu and co-workers [16]. Benefiting from a synergis-
tic strategy, NTP-C coating not only takes advantage of carbon to provide abundant Zn
deposition sites to homogenize nucleation, adjust electric field distribution, and reduce
local current density but also utilizes the ionic channel in NTP structure to modulate the
distribution of Zn2+ flux at the same time. As a result, the NTP-C@Zn//α-MnO2 full cell
exhibited enhanced electrochemical performance for 1200 cycles with a capacity retention
of 76.6% under 5 C [16]. In addition, electrolyte additive strategies have been widely used
to inhibit zinc dendrite growth in recent years. For instance, Wang et al. [18] used high
concentrations of Zn(TFSI)2 and LiTFSI as electrolytes for aqueous Zn-ion batteries, which
effectively promoted dendrite-free deposition and stripping of Zn ions. However, most of
the highly concentrated electrolyte additives are expensive, toxic and difficult to prepare,
which is not applicable for practical application [27]. Compared with the abovementioned
two strategies, the 3D host design is considered a simple and effective approach to induce
uniform Zn ion deposition. The used 3D current collectors have a large specific surface area,
which allows sufficient contact with the electrolyte and uniform electric field distribution,
thus ensuring uniform zinc ion distribution and alleviating zinc dendrite generation [28–30].
Recently, Lin and his co-workers [31] fabricated a freestanding 3D Zn-graphene anode to
mitigate Zn dendrite growth. Unfortunately, the high price (~¥ 132 g−1, price from Suzhou
Tanfeng Graphene Technology Co., Ltd.) and complicated preparation process of this 3D
Zn-graphene anode limit its large-scale application. As a type of 3D carbon host, carbon
foam (CF) possesses a 3D interconnected structure and could facilitate the transport of
ions, which has been used for various electrochemical energy storage applications [16].
Melamine foam, a commercially available material, has been widely used in the chem-
ical industry due to its low cost (~¥ 2.6 g−1, price from SINOYQX Co., Ltd., Chengdu,
China), low density, high porosity, and open structures [32]. The melamine foam-derived
CF has rich N-containing functional groups, such as pyridine nitrogen, pyrrole nitrogen
and C=O [33], which have been proven to be highly zincophilic [34]. Moreover, these
N-containing functional groups on CF would effectively control uniform Zn deposition. To
the best of our knowledge, the melamine foam (MF) derived CF has been rarely reported
as a 3D host for Zn metal anode, and especially its Zn deposition behavior has not been
systematically investigated.

Herein, we fabricated a carbon foam (CF) by simple calcination of inexpensive
melamine foam and investigated it as a 3D scaffold for zinc anode. The abundant func-
tional groups on the surface of CF could effectively promote the Zn uniform deposition
and alleviate the dendritic growth. Therefore, the CF@Zn symmetric cell exhibited lower
overpotential (32.4 mV) and long cycle life (750 h) than the pure Zn symmetric cell at a
current density of 1 mA cm−2 and a capacity of 1 mAh cm−2. Furthermore, the full cell
with CF@Zn anode and MnO2 cathode can exhibit a higher initial capacity and better
cyclic performance than the one with the Zn anode. This study could serve as an essential
guideline for inexpensive and easy-to-prepare 3D hosts for high-performance aqueous
Zn-ion batteries.

2. Results

The fabrication procedure of CF@Zn is shown in Figure 1a. Firstly, the melamine foam
was carbonized at 700 ◦C for 2 h under Ar2 to obtain CF, and then Zn was electrochemically
deposited into the interior of CF to produce the CF@Zn electrode (Figure 1a). Figure 1b
depicts the SEM (scanning electron microscopy) image of melamine foam, and it can be
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seen that MF exhibits a 3D porous skeleton structure providing a large specific surface area,
which is favorable for Zn deposition. However, its conductivity is inferior and cannot be
directly used as a zinc anode collector. In this study, a conductive 3D skeleton structure
was formed by carbonizing the MF. As shown in Figure 1c, the CF still maintains the
intact porous skeleton structure. In addition, energy dispersive spectroscopy (EDS) was
carried out for element mapping of fabricated CF. the results of elemental mapping show
that carbon, nitrogen, and oxygen elements are uniformly distributed on their surface
(Figure S1). This three-dimensional structure provides interconnected channels, facilitating
rapid e− transport and excellent conductivity [28,33,35]. The porous 3D carbon foam
framework can effectively alleviate the volume expansion of the electrode during repeated
charge and discharge cycles, facilitating the integrity of the electrode structure and excellent
cycling performance. Hence, a high-performance Zn metal anode could be anticipated by
employing this carbon foam. After 10 mAh cm−2 amount of zinc deposition, CF@Zn with
a relatively smooth surface was obtained (Figure 1d).
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Figure 1. (a) Schematic diagram of carbon foam preparation. Scanning electron microscopy image of
(b) melamine foam; (c) Carbon foam (CF); (d) Carbon foam@Zn (CF@Zn).

Figure S2 shows the XRD (X-ray diffraction) patterns of pristine carbon foam and
carbon foam after the pre-deposition of 10 mAh cm−2 zinc (CF@Zn). The XRD peaks
of the CF@Zn sample could be Indexed to the peaks of standard zinc (PDF#04-0831),
indicating the successful pre-deposition of Zn ions on the CF surface. Moreover, XPS
(X-ray photoelectron spectroscopy) technique was carried out to investigate the surface
chemical structures of the CF sample, and the binding energies were referenced to the
C1s line at 284.8 eV from adventitious carbon. The results showed that the surface of CF
contains carbon, nitrogen, and oxygen elements (Figure 2a), with the highest content of
C elements, which is conducive to increase electrical conductivity. Figure 2b depicts the
high-resolution C 1s spectra, and the presence of C=N and C-O peaks could be observed.
Figure 2c displays the XPS energy spectrum of N 1s with zincophilicity pyrrole nitrogen
and pyridine nitrogen peaks. The high-resolution XPS spectrum of O 1s is demonstrated in
Figure 2d, where the spectrum consists of two characteristic peaks corresponding to the
C=O and C-OH bonds, respectively. According to previous reports in the literature, the
presence of pyridine nitrogen, pyrrole nitrogen, C=N [36] and C=O [34] could prove the
high zincophilicity on the CF surface. These nitrogen and oxygen-containing functional
groups endow the CF with excellent zincophilicity characteristics [14]. The large specific
surface area and zincophilicity characteristic of the CF provides substantial plating sites for
Zn ions and could effectively regulate uniform Zn deposition [26].
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Figure 2. The X-ray photoelectron of carbon foam: (a) Survey; (b) C 1s; (c) N 1s; (d) O 1s.

To explore the deposition behavior of zinc ions on CF sample and copper foil at
different deposition amounts, scanning electron microscopy was utilized to investigate the
electrode morphologies at deposition amounts of 1, 5 and 10 mAh cm−2. When plated
with a capacity of 1 mAh cm−2, the metallic zinc was deposited preferentially on the
skeleton, as shown in Figure 3a. As the plating capacity reached 5 mAh cm−2, the voids
of CF were gradually filled (Figure 3b). When the zinc deposition capacity increased to
10 mAh cm−2, the skeleton was fully filled, and the zinc deposition was relatively uniform
without the generation of Zn dendrites (Figure 3c). In contrast, at a deposition capacity
of only 1 mAh cm−2, metallic zinc has spread over the entire Cu foil (Figure 3d). As
the deposition capacity continued to increase to 5 mAh cm−2 (Figure 3e), holes began
to appear on the Cu foil surface. When further increased to 10 mAh cm−2, the holes
become more apparent (Figure 3f). The different deposition behaviors of zinc on the two
collectors indicate that CF can effectively promote the uniform deposition of zinc ions,
and there is more space to accommodate zinc ions, thus alleviating the volume expansion
during cycling.

To further demonstrate the advantage of the 3D CF for regulating uniform Zn depo-
sition, Zn||Cu foil (or Zn||CF) cells were used to investigate the coulombic efficiency
(CE) of Zn anodes. Figure 4a depicts the voltage profiles of the Zn||Cu foil cells at the 1st,
25th and 50th cycles at a current density of 5 mA cm−2 and a capacity of 2 mAh cm−2. The
copper foil electrode exhibited a high overpotential of 88.2 mV. Compared with the copper
foil electrode, the CF electrode exhibited a low voltage hysteresis of 60 mV (Figure 4b). In
addition, the Zn||CF half-cell is capable of 120 stable cycles, while the Cu foil electrode
can only run about 80 cycles (Figure 4c). Compared with the previously reported literature,
the average Coulomb efficiency of CF electrodes still has some advantages, especially at
the large current density and large areal capacity (Table S2). In addition, we investigated
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the surface morphology of CF and Cu foil after cycling a different number of cycles. As
shown in Figure S3, after 50 cycles, large Zn dendrites had already formed on the Cu foil
electrode. With the cycle number of cycles, more and more Zn flakes could be found on
the surface of Cu foil. In striking contrast, the surface of the CF electrode became flat after
50 cycles, and the uniform Zn plating layer, in turn, enabled smooth Zn plating/stripping
reactions in the following cycles. When tested at 10 mA cm−2 and 10 mAh cm−2, the CF
electrode exhibited higher cycling stability and longer cycling stability compared to the Cu
foil electrode (Figure 4d). The electrochemical performance of the half-cells indicates that
the zinc ion plating/stripping process of the carbon foam electrode was more stable, which
was closely related to the high specific surface area and porous conductive structure of the
carbon foam electrode.
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To further investigate the electrochemical behavior of the CF electrode in a sym-
metric cell, a 10 mAh cm−2 capacity of zinc was pre-electrodeposited to the CF and Cu
foil electrodes prior to cycling. At a current density of 1 mA cm−2 and a capacity of
1 mAh cm−2, the symmetric cell with CF electrodes exhibited a low overpotential of about
32.4 mV and was able to cycle stably for nearly 800 h (Figure 5a), which is better than the
cycle life of most of the reported zinc anodes with carbon-based hosts or modified by carbon-
based materials (Table S1, Supporting Information). On the contrary, with Cu foil electrodes
and pure zinc electrodes, the overpotential of the symmetric cells increased after a period of
cycling until, finally, an internal short circuit was observed, which may be associated with
the generation of zinc dendrites. Furthermore, the cycling stability of the symmetric cell
with CF@Zn electrode was tested at a higher current density. Impressively, the symmetric
cell with CF@Zn electrodes still exhibited stable cycling (650 h) and low overpotential
(45.6 mV) at 2 mA cm−2. By contrast, the symmetric cells with Cu foil electrodes and the
pure Zn electrodes exhibited significant voltage oscillation and short cycle life (Figure 5b).
When increased to 4 mA cm−2 and 2 mAh cm−2, the symmetric cell with CF electrodes
could cycle stably for 500 h with a low voltage polarization (54.1 mV). In contrast, the
cell with Cu foil electrodes exhibited a larger overpotential (57.1 mV) and a large voltage
drop at 100 h upon cycling, indicating an internal short circuit, followed by severe voltage
fluctuations with continued cycling, indicating the generation of substantial zinc dendrites
inside the Cu foil electrode. The cell with pure zinc electrodes exhibited a much higher
overpotential (76.3 mV) (Figure 5c). Therefore, the above symmetric cell results showed
that the CF electrode was able to effectively inhibit the generation of Zn dendrites, ensuring
that the cell could be cycled stably for a longer lifetime.

The advantage of the carbon foam skeleton toward stable Zn metal anodes was also
demonstrated in full cells by coupling with the MnO2 cathode. The X-ray diffraction pattern
of the as-prepared cathode material is depicted in Figure S4a, which could be indexed
to α-MnO2. In addition, the scanning electron microscopy image of the as-prepared α-
MnO2 (Figure S4b) depicts the morphology of nanorods. In order to explore the influence
of different porosity of CF@Zn on electrochemical performance, we pre-deposited CF
with different amounts of Zn (2 mAh cm−2, 5 mAh cm−2 and 10 mAh cm−2) and con-
ducted full-cell electrochemical performance tests of these CF@Zn electrodes. As shown in
Figure S5, when the pre-deposition amount of Zn was 2 mAh cm−2, the cell with this
CF@Zn electrode could not run; when the Zn deposition amount was 5 mAh cm−2, the
capacity of the cell was relatively low and decreased rapidly; when the deposition amount
was 10 mAh cm−2, the battery capacity was much higher, and the cycling performance
was better than the other two cells, so the deposition amount of 10 mAh cm−2 was used
in the subsequent electrochemical tests. Figure 6a shows the cyclic voltammetry curves
of Zn||α-MnO2 and CF@Zn||α-MnO2 full cells. Both exhibit essentially similar redox
peak positions, indicating that the CF electrode does not change the reaction mechanism
of α-MnO2. Moreover, the CF@Zn||α-MnO2 cell exhibited a higher peak current density
and area, indicating that the CF@Zn electrode could provide higher capacity and electro-
chemical reactivity. The rate performance of Zn||α-MnO2 and CF@Zn||α-MnO2 full cells
were subsequently tested in the current density of 0.5 to 5.0 A g−1. As shown in Figure 6b,
the average discharge capacities of CF@Zn||α-MnO2 full cells were 111.9, 119, 83.9, and
43.5 mAh g−1 at 0.5, 1, 2, and 5 A g−1. All were higher than those of Zn||α-MnO2 full
cells. When the current density returned to 0.5 A g−1, the CF@Zn||α-MnO2 full cell
(183.2 mAh g−1) remained much higher than the average discharge capacity of the Zn||α-
MnO2 full cell (128.9 mAh g−1). The charge and discharge curves of CF@Zn||α-MnO2
and Zn||α-MnO2 full cells at different current densities are shown in Figures 6c and 6d,
respectively. Compared to the bare Zn||α-MnO2 full battery, the CF@Zn||α-MnO2 full
cell has a lower charging voltage plateau and a higher discharge voltage plateau, indi-
cating that the rate performance of the bare Zn anode is effectively improved. Figure 6e
shows the Electrochemical Impedance Spectroscopy (EIS) spectra of the Zn||α-MnO2 and
CF@Zn||α-MnO2 cells. The CF@Zn negative electrode exhibited lower charge transfer
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resistance (Rct) and zinc ion diffusion resistance, which indicated that the CF electrode
had good interfacial wettability with the electrolyte. By fitting the EIS with the equiva-
lent circuit (inset in Figures 6e and S6), the fitting curve matched well with the raw data,
indicating the suitability of the employed equivalent circuit. The calculated impendence
parameters are shown in Tables S3 and S4. The dramatic growth of the Rs and Rct of bare
Zn||α-MnO2 cell suggest a deteriorated electrode/electrolyte interface during the Zn
stripping/plating cycling process. In comparison, for CF@Zn||α-MnO2 cells, the Rs and
Rct exhibited much slower growth, indicating that the CF could inhibit the formation of Zn
dendrites and provide space for volume expansion during repeated charge-discharge cycles.
Figure 6f shows the cycling performance of bare Zn||α-MnO2 and CF@Zn||α-MnO2 at
1 A g−1. CF@Zn||α-MnO2 exhibited a higher initial capacity (123.6 mAh g−1) and still
had 66.1 mAh g−1 after 180 cycles.
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Figure 6. Electrochemical performances of CF@Zn||α-MnO2 and Zn||α-MnO2 full cells:
(a) Cyclic voltammetry; (b) Rate capability; Charge and discharge curves of (c) CF@Zn||α-MnO2 and
(d) Zn||α-MnO2 cells. (e) Electrochemical impedance spectroscopy of bare Zn and CF@Zn cells
before cycling (inset is the equivalent circuit); (f) Cycling performance at a current density of 1 A g−1.

After cycling, the cells were disassembled to check the state of the Zn anodes. As
shown in Figure S7b, the bare Zn became tattered due to the formation of massive by-
products accompanied by dramatic Zn-mass redistribution. On the other hand, the CF@Zn
electrode remains quite an integral structure with a relatively uniform surface morphology
(Figure S7a). Apart from that, the cross-sectional view SEM images of the CF@Zn before and
after cycling are shown in Figure S8. The thickness of the CF@Zn electrode before cycling
is around 125 µm. After 100 cycles in a full cell with the α-MnO2 cathode at 1 A g−1, the
thickness of the CF@Zn electrode increased a little bit to about 129 µm, which indicates that
the abundant zincophilicity functional groups and conductive three-dimensional network
of this carbon foam can effectively regulate Zn deposition and alleviate the Zn anode’s
volume expansion during cycling. The CF@Zn electrode exhibited a superior full-cell
electrochemical performance, which can be attributed to its ability to effectively suppress
zinc dendritic growth, thereby improving the cyclic stability of aqueous Zn-ion batteries.
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3. Materials and Methods
3.1. Materials

All reagents were of analytical grade and used as received without further purifica-
tion. The MA sponge was provided by SINOYQX Co., Ltd., Chengdu, China. KMnO4
and MnSO4 were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.,
Shanghai, China. Ethanol (C2H5OH, 99.7%) was purchased from Sinopharm Chemical.
Reagent Co., Ltd. The Zn foil and CR2032 coin cells were from Guangdong Canrd New
Energy Technology Co., Ltd., Dongguan, China.

3.2. Preparation of the Carbon Foam

The carbon foam was fabricated via the carbonization method as described else-
where [33]. Carbon foam (CF) was prepared by calcining melamine foam at 700 ◦C for 2 h
under an Ar2 atmosphere (The heating rate was 5 ◦C min−1).

3.3. Preparation of the α-MnO2 Cathode

For the α-MnO2 cathode, 6 mmoL KMnO4 was dissolved in 60 mL distilled H2O,
then 20 mmoL concentrated HCl was slowly added under severe agitation. Afterward,
transferred the resulting clear purple solution to a Teflon-lined stainless steel autoclave
with a volume of 100 mL. The sealed autoclave was heated to 140 ◦C for 12 h. After cooling
to room temperature, the precipitate was collected through centrifugation and cleaned
several times with distilled water. After 12 h dried by vacuum oven at 60 ◦C, the α-MnO2
was obtained.

3.4. Electrochemical Measurements

The cathode slurry was obtained by mixing the α-MnO2 powder, acetylene black
carbon, and polyvinylidene difluoride in a 7:2:1 weight ratio in an NMP solution. Then, the
obtained slurry was painted onto the stainless steel mesh. After 12 h of vacuum drying at
60 ◦C, the stainless steel mesh was cut into 12 mm diameter discs. The obtained discs with
a loading mass of 1.0–1.5 mg of active material were used as cathode electrodes for AZIBs.
CR2032 coin cells assembled with working and counter electrodes separated via a glass
fiber separator (Φ18) were used to assess electrochemical properties. CF pre-deposited
10 mAh cm−2 of zinc as the anode (CF@Zn). The performance of Zn plating/stripping was
evaluated in symmetrical Zn||Zn (CF@Zn||CF@Zn) batteries with a 2 M ZnSO4 (100 µL)
solution as the electrolyte. Zn||Cu (or Zn||CF) cells were used to evaluate the CE of Zn
anodes. The electrochemical performance of full cells (Zn||α-MnO2 or CF@Zn|α-MnO2)
was investigated using a 2 M ZnSO4 + 0.1 M MnSO4 (100 µL) solution as the electrolyte at
1 A g−1 in the 0.8–1.8 V voltage range. All these tests were performed on a LANDCT2001A
battery testing system. Electrochemical impedance spectroscopy (EIS) was evaluated on
a CHI660E electrochemical workstation in the 0.01 Hz to 100 kHz frequency range. For
full cells, cyclic voltammetry (CV) curves were tested by an electrochemical workstation
system (CHI-660E type) with a scan rate of 0.1 mV s−1.

3.5. Materials Characterizations

X-ray diffraction (XRD) (Bruker D8 ADVANCE, Cu Kα source, a scan speed of
5◦ min−1) was used to determine the phase composition and crystal structure of the
prepared samples. Scanning electron microscopy (SEM) was used to evaluate the morphol-
ogy, energy dispersive spectroscopy (EDS), and element mapping of produced materials
(JSM-7800F, JEOL, Akishima, Japan). The chemical structures of the samples were analyzed
by X-ray photoelectron spectroscopy (XPS), which was carried out on a Thermo K-Alpha
XPS spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with a monochromatic
Al Ka X-ray source (1486.6 eV). The binding energies were referenced to the C1s line at
284.8 eV from adventitious carbon.
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4. Conclusions

In summary, we have successfully demonstrated the effectiveness of an MF-derived
carbon foam collector in the construction of a dendrite-free zinc metal anode. The large
specific surface area of carbon foam reduces the local current density of the electrode and
avoids the tip effect. Furthermore, the carbon foam surface containing a large number
of active sites could promote uniform zinc deposition and inhibit Zn dendritic growth.
Symmetric cells assembled with CF@Zn electrodes have superior electrochemical perfor-
mance than pure Zn electrodes. At 1 mA cm−2 and 1 mAh cm−2, the CF@Zn symmetric cell
depicted a lower overpotential (32.4 mV) and better cycling performance (750 h) than the
Zn symmetric cell. After being assembled with α-MnO2 into a full cell, the CF@Zn anode
exhibited superior rate performance and longer cycling performance than the pure Zn
anode. Our further study will be focused on compositing other zincophilic materials (e.g.,
Ag, ZIF-8 and graphene) with CF to further increase the CF’s electrochemical performance.
The development of the CF@Zn anode would bring a new strategy for the realization of
high-performance aqueous zinc-ion batteries.
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current density of 5 mA cm−2 and deposition capacities of 2 mAh cm−2 with different cycles: (a) and
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image of α-MnO2; Figure S5: Cyclic performance of pre-deposited CF with different amounts of Zn
(2 mAh cm−2, 5 mAh cm−2 and 10 mAh cm−2) in full cells; Figure S6: Nyquist plots of bare Zn and
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Different host materials for zinc metal anodes and the corresponding average CE value; Table S3: The
impedance parameters for full cells with α-MnO2 cathode before cycling; Table S4: The impedance
parameters for full cells with α-MnO2 cathode at 1 A g−1 after 100 cycles. References [37–42] are
cited in supplementary materials.

Author Contributions: Conceptualization, Y.L., F.T. and F.R.; methodology, Y.L. and F.T.; data cura-
tion, F.T., Y.X. and Y.P.; writing—original draft preparation, Y.L., F.T., Y.X. and Y.P.;
writing—review and editing, Y.L., F.T., Y.X., Y.P. and F.R.; supervision, F.R.; funding acquisition,
F.R. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the National Key Research and Development
Program of China (2020YFB1713500) and the Student Research Training Plan of Henan University of
Science and Technology (2022040, 2022044).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are contained within this article.

Acknowledgments: The authors are grateful for the fruitful discussion with Fei Wang from Huanghe
Science and Technology College.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the carbon foam and α-MnO2 are available from the authors.

https://www.mdpi.com/article/10.3390/molecules28041742/s1


Molecules 2023, 28, 1742 11 of 12

References
1. Du, W.; Ang, E.H.; Yang, Y.; Zhang, Y.; Ye, M.; Li, C.C. Challenges in the material and structural design of zinc anode towards

high-performance aqueous zinc-ion batteries. Energy Environ. Sci. 2020, 13, 3330–3360. [CrossRef]
2. Han, C.; Li, W.; Liu, H.K.; Dou, S.; Wang, J. Principals and strategies for constructing a highly reversible zinc metal anode in

aqueous batteries. Nano Energy 2020, 74, 104880. [CrossRef]
3. Jia, H.; Wang, Z.; Tawiah, B.; Wang, Y.; Chan, C.-Y.; Fei, B.; Pan, F. Recent advances in zinc anodes for high-performance aqueous

Zn-ion batteries. Nano Energy 2020, 70, 104523. [CrossRef]
4. Li, C.; Xie, X.; Liang, S.; Zhou, J. Issues and Future Perspective on Zinc Metal Anode for Rechargeable Aqueous Zinc-Ion Batteries.

Energy Environ. Mater. 2020, 3, 146–159. [CrossRef]
5. Ma, L.; Zhi, C. Zn electrode/electrolyte interfaces of Zn batteries: A mini review. Electrochem. Commun. 2021, 122, 106898.

[CrossRef]
6. Pu, X.; Jiang, B.; Wang, X.; Liu, W.; Dong, L.; Kang, F.; Xu, C. High-Performance Aqueous Zinc-Ion Batteries Realized by MOF

Materials. Nanomicro Lett. 2020, 12, 152. [CrossRef] [PubMed]
7. Qi, Z.; Xiong, T.; Chen, T.; Yu, C.; Zhang, M.; Yang, Y.; Deng, Z.; Xiao, H.; Lee, W.S.V.; Xue, J. Dendrite-Free Anodes Enabled by a

Composite of a ZnAl Alloy with a Copper Mesh for High-Performing Aqueous Zinc-Ion Batteries. ACS Appl. Mater. Interfaces
2021, 13, 28129–28139. [CrossRef]

8. Ye, J.; Xia, G.; Yang, X.; Li, X.; Wang, J.; Zheng, Z.; Fu, Z.; Zhang, Q.; Hu, C. Ultrafine Ni5P4 nanoparticles embedded in 3D porous
carbon foams for high-performance lithium-ion and potassium-ion batteries. J. Alloys Compd. 2022, 891, 161951. [CrossRef]

9. Cao, P.; Zhou, X.; Wei, A.; Meng, Q.; Ye, H.; Liu, W.; Tang, J.; Yang, J. Fast-Charging and Ultrahigh-Capacity Zinc Metal Anode for
High-Performance Aqueous Zinc-Ion Batteries. Adv. Funct. Mater. 2021, 31, 2100398. [CrossRef]

10. Chen, P.; Yuan, X.; Xia, Y.; Zhang, Y.; Fu, L.; Liu, L.; Yu, N.; Huang, Q.; Wang, B.; Hu, X.; et al. An Artificial Polyacrylonitrile
Coating Layer Confining Zinc Dendrite Growth for Highly Reversible Aqueous Zinc-Based Batteries. Adv. Sci. 2021, 8, 2100309.
[CrossRef]

11. Tao, F.; Feng, K.; Liu, Y.; Ren, J.; Xiong, Y.; Li, C.; Ren, F. Suppressing interfacial side reactions of zinc metal anode via isolation
effect toward high-performance aqueous zinc-ion batteries. Nano Res. 2022. [CrossRef]

12. Zhai, P.; Zhai, X.; Jia, Z.; Zhang, W.; Pan, K.; Liu, Y. Inhibiting Corrosion and Side Reactions of Zinc Metal Anode by Nano-CaSiO3
Coating towards High-performance Aqueous Zinc-Ion Batteries. Nanotechnology 2022, 34, 085402. [CrossRef]

13. Zhu, D.; Zheng, Y.; Xiong, Y.; Cui, C.; Ren, F.; Liu, Y. In situ growth of S-doped ZnO thin film enabling dendrite-free zinc anode
for high-performance aqueous zinc-ion batteries. J. Alloys Compd. 2022, 918, 165486. [CrossRef]

14. Yang, Q.; Guo, Y.; Yan, B.; Wang, C.; Liu, Z.; Huang, Z.; Wang, Y.; Li, Y.; Li, H.; Song, L.; et al. Hydrogen-Substituted Graphdiyne
Ion Tunnels Directing Concentration Redistribution for Commercial-Grade Dendrite-Free Zinc Anodes. Adv. Mater. 2020,
32, 2001755. [CrossRef]

15. Wang, A.; Zhou, W.; Chen, M.; Huang, A.; Tian, Q.; Xu, X.; Chen, J. Integrated design of aqueous zinc-ion batteries based on
dendrite-free zinc microspheres/carbon nanotubes/nanocellulose composite film anode. J. Colloid Interface Sci. 2021, 594, 389–397.
[CrossRef]

16. Yang, J.; Zhao, R.; Wang, Y.; Bai, Y.; Wu, C. Regulating Uniform Zn Deposition via Hybrid Artificial Layer for Stable Aqueous
Zn-Ion Batteries. Energy Mater. Adv. 2022, 2022, 9809626. [CrossRef]

17. Zhao, J.W.; Zhang, J.; Yang, W.H.; Chen, B.B.; Zhao, Z.M.; Qiu, H.Y.; Dong, S.M.; Zhou, X.H.; Cui, G.L.; Chen, L.Q. “Water-in-deep
eutectic solvent” electrolytes enable zinc metal anodes for rechargeable aqueous batteries. Nano Energy 2019, 57, 625–634.
[CrossRef]

18. Wang, F.; Borodin, O.; Gao, T.; Fan, X.L.; Sun, W.; Han, F.D.; Faraone, A.; Dura, J.A.; Xu, K.; Wang, C.S. Highly reversible zinc
metal anode for aqueous batteries. Nat. Mater. 2018, 17, 543–549. [CrossRef]

19. Han, M.; Huang, J.; Wu, X.; Liang, S.; Zhou, J. Electrolyte Modulation Strategies for Rechargeable Zn Batteries. Chin. J. Inorg.
Chem. 2022, 38, 1451–1469. [CrossRef]

20. Song, Y.; Ruan, P.; Mao, C.; Chang, Y.; Wang, L.; Dai, L.; Zhou, P.; Lu, B.; Zhou, J.; He, Z. Metal–Organic Frameworks
Functionalized Separators for Robust Aqueous Zinc-Ion Batteries. Nanomicro Lett. 2022, 14, 218. [CrossRef]

21. Zhang, Q.; Luan, J.; Huang, X.; Zhu, L.; Tang, Y.; Ji, X.; Wang, H. Simultaneously Regulating the Ion Distribution and Electric
Field to Achieve Dendrite-Free Zn Anode. Small 2020, 16, e2000929. [CrossRef]

22. Yang, J.; Yang, P.; Yan, W.; Zhao, J.; Fan, H. 3D zincophilic micro-scaffold enables stable Zn deposition. Energy Storage Mater. 2022,
51, 259–265. [CrossRef]

23. Li, D.; Lv, T.; Chen, Z.; Yang, Y.; Liu, Y.; Wan, J.; Qi, Y.; Cao, S.; Chen, T. High-Performance Compressible Zinc Ion Battery Based
on Melamine Foam-Derived Electrodes. Small Struct. 2022, 3, 2200027. [CrossRef]

24. Li, C.; Xie, X.; Liu, H.; Wang, P.; Deng, C.; Lu, B.; Zhou, J.; Liang, S. Integrated ‘all-in-one’ strategy to stabilize zinc anodes for
high-performance zinc-ion batteries. Natl. Sci. Rev. 2022, 9, nwab177. [CrossRef]

25. He, H.; Tong, H.; Song, X.; Song, X.; Liu, J. Highly stable Zn metal anodes enabled by atomic layer deposited Al2O3 coating for
aqueous zinc-ion batteries. J. Mater. Chem. A 2020, 8, 7836–7846. [CrossRef]

26. Li, C.; Shi, X.; Liang, S.; Ma, X.; Han, M.; Wu, X.; Zhou, J. Spatially homogeneous copper foam as surface dendrite-free host for
zinc metal anode. Chem. Eng. J. 2020, 379, 122248. [CrossRef]

http://doi.org/10.1039/D0EE02079F
http://doi.org/10.1016/j.nanoen.2020.104880
http://doi.org/10.1016/j.nanoen.2020.104523
http://doi.org/10.1002/eem2.12067
http://doi.org/10.1016/j.elecom.2020.106898
http://doi.org/10.1007/s40820-020-00487-1
http://www.ncbi.nlm.nih.gov/pubmed/34138177
http://doi.org/10.1021/acsami.1c04797
http://doi.org/10.1016/j.jallcom.2021.161951
http://doi.org/10.1002/adfm.202100398
http://doi.org/10.1002/advs.202100309
http://doi.org/10.1007/s12274-022-5270-x
http://doi.org/10.1088/1361-6528/aca1cd
http://doi.org/10.1016/j.jallcom.2022.165486
http://doi.org/10.1002/adma.202001755
http://doi.org/10.1016/j.jcis.2021.03.067
http://doi.org/10.34133/2022/9809626
http://doi.org/10.1016/j.nanoen.2018.12.086
http://doi.org/10.1038/s41563-018-0063-z
http://doi.org/10.11862/CJIC.2022.130
http://doi.org/10.1007/s40820-022-00960-z
http://doi.org/10.1002/smll.202000929
http://doi.org/10.1016/j.ensm.2022.06.050
http://doi.org/10.1002/sstr.202200027
http://doi.org/10.1093/nsr/nwab177
http://doi.org/10.1039/D0TA00748J
http://doi.org/10.1016/j.cej.2019.122248


Molecules 2023, 28, 1742 12 of 12

27. Tao, F.; Liu, Y.; Ren, X.; Wang, J.; Zhou, Y.; Miao, Y.; Ren, F.; Wei, S.; Ma, J. Different surface modification methods and coating
materials of zinc metal anode. J. Energy Chem. 2022, 66, 397–412. [CrossRef]

28. Ma, X.; Xiong, X.; Zou, P.; Liu, W.; Wang, F.; Liang, L.; Liu, Y.; Yuan, C.; Lin, Z. General and Scalable Fabrication of Core-Shell
Metal Sulfides@C Anchored on 3D N-Doped Foam toward Flexible Sodium Ion Batteries. Small 2019, 15, e1903259. [CrossRef]
[PubMed]

29. Shi, H.; Yue, M.; Zhang, C.J.; Dong, Y.; Lu, P.; Zheng, S.; Huang, H.; Chen, J.; Wen, P.; Xu, Z.; et al. 3D Flexible, Conductive, and
Recyclable Ti3C2Tx MXene-Melamine Foam for High-Areal-Capacity and Long-Lifetime Alkali-Metal Anode. ACS Nano 2020, 14,
8678–8688. [CrossRef]

30. Tao, F.; Liu, Y.; Ren, X.; Jiang, A.; Wei, H.; Zhai, X.; Wang, F.; Stock, H.R.; Wen, S.; Ren, F. Carbon Nanotube-based Nanomaterials
for High-performance Sodium-ion batteries: Recent advances and perspectives. J. Alloys Compd. 2021, 873, 159742. [CrossRef]

31. Lin, Y.; Hu, Y.; Zhang, S.; Xu, Z.; Feng, T.; Zhou, H.; Wu, M. Binder-Free Freestanding 3D Zn-Graphene Anode Induced from
Commercial Zinc Powders and Graphene Oxide for Zinc Ion Battery with High Utilization Rate. ACS Appl. Energy Mater. 2022, 5,
15222–15232. [CrossRef]

32. Xie, R.; Fang, Z.; Yan, J.; Wang, W.; Cao, X.; Qiu, X. Fabrication of diverse carbon forms and their reversed applications in
hexane/water separation. Water Sci. Technol. 2020, 82, 1296–1303. [CrossRef] [PubMed]

33. Wang, F.; Gao, J.; Liu, Y.; Ren, F. An amorphous ZnO and oxygen vacancy modified nitrogen-doped carbon skeleton with
lithiophilicity and ionic conductivity for stable lithium metal anodes. J. Mater. Chem. A 2022, 10, 17395–17405. [CrossRef]

34. Zhou, J.; Xie, M.; Wu, F.; Mei, Y.; Hao, Y.; Huang, R.; Wei, G.; Liu, A.; Li, L.; Chen, R. Ultrathin Surface Coating of Nitrogen-Doped
Graphene Enables Stable Zinc Anodes for Aqueous Zinc-Ion Batteries. Adv. Mater. 2021, 33, e2101649. [CrossRef] [PubMed]

35. Wang, F.; Liu, Y.; Wei, H.J.; Li, T.F.; Volinsky, A.A. Recent advances and perspective in metal coordination materials-based
electrode materials for potassium-ion batteries. Rare Met. 2021, 40, 448–470. [CrossRef]

36. Wu, C.; Xie, K.; Ren, K.; Yang, S.; Wang, Q. Dendrite-free Zn anodes enabled by functional nitrogen-doped carbon protective
layers for aqueous zinc-ion batteries. Dalton Trans. 2020, 49, 17629–17634. [CrossRef]

37. Shen, C.; Li, X.; Li, N.; Xie, K.; Wang, J.-g.; Liu, X.; Wei, B. Graphene-Boosted, High-Performance Aqueous Zn-Ion Battery. Acs
Appl. Mater. Inter. 2018, 10, 25446–25453. [CrossRef]

38. Li, Z.; Wu, L.; Dong, S.; Xu, T.; Li, S.; An, Y.; Jiang, J.; Zhang, X. Pencil Drawing Stable Interface for Reversible and Durable
Aqueous Zinc-Ion Batteries. Adv. Funct. Mater. 2021, 31, 2006495. [CrossRef]

39. Liu, P.; Zhang, Z.; Hao, R.; Huang, Y.; Liu, W.; Tan, Y.; Li, P.; Yan, J.; Liu, K. Ultra-highly stable zinc metal anode via 3D-printed
g-C3N4 modulating interface for long life energy storage systems. Chem. Eng. J. 2021, 403, 126425. [CrossRef]

40. Wang, A.; Zhou, W.; Huang, A.; Chen, M.; Chen, J.; Tian, Q.; Xu, J. Modifying the Zn anode with carbon black coating and
nanofibrillated cellulose binder: A strategy to realize dendrite-free Zn-MnO2 batteries. J. Colloid Interface Sci. 2020, 577, 256–264.
[CrossRef]

41. Tian, Y.; An, Y.; Wei, C.; Xi, B.; Xiong, S.; Feng, J.; Qian, Y. Flexible and Free-Standing Ti3C2Tx MXene@Zn Paper for Dendrite-Free
Aqueous Zinc Metal Batteries and Nonaqueous Lithium Metal Batteries. ACS Nano 2019, 13, 11676–11685. [CrossRef]

42. Wang, L.-P.; Li, N.-W.; Wang, T.-S.; Yin, Y.-X.; Guo, Y.-G.; Wang, C.-R. Conductive graphite fiber as a stable host for zinc metal
anodes. Electrochim. Acta 2017, 244, 172–177. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.jechem.2021.08.022
http://doi.org/10.1002/smll.201903259
http://www.ncbi.nlm.nih.gov/pubmed/31559695
http://doi.org/10.1021/acsnano.0c03042
http://doi.org/10.1016/j.jallcom.2021.159742
http://doi.org/10.1021/acsaem.2c02872
http://doi.org/10.2166/wst.2020.401
http://www.ncbi.nlm.nih.gov/pubmed/33079710
http://doi.org/10.1039/D2TA03706H
http://doi.org/10.1002/adma.202101649
http://www.ncbi.nlm.nih.gov/pubmed/34240487
http://doi.org/10.1007/s12598-020-01649-1
http://doi.org/10.1039/D0DT03459B
http://doi.org/10.1021/acsami.8b07781
http://doi.org/10.1002/adfm.202006495
http://doi.org/10.1016/j.cej.2020.126425
http://doi.org/10.1016/j.jcis.2020.05.102
http://doi.org/10.1021/acsnano.9b05599
http://doi.org/10.1016/j.electacta.2017.05.072

	Introduction 
	Results 
	Materials and Methods 
	Materials 
	Preparation of the Carbon Foam 
	Preparation of the -MnO2 Cathode 
	Electrochemical Measurements 
	Materials Characterizations 

	Conclusions 
	References

