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ABSTRACT: Rechargeable batteries using aqueous electrolyte
have intrinsically low flammability and are promising alternatives
to lithium ion batteries for mid- and large-scale energy storages.
Among aqueous battery anode materials, zinc metal stands out
because of the highest energies (5846 Ah/L volumetric capacity,
3 times the amount of a lithium metal anode) and an operating
potential near the lower limit of water stability window. However,
the rechargeability of Zn anodes is hindered by passivation and
dissolution problems associated with the solid-solute-solid
transformation during cycling. Here we solve both problems
simultaneously by designing a distinctive nanostructured zinc
anode in which 100 nm ZnO nanoparticles are wrapped and
segmented by graphene oxide (GO) sheets. The small size of
primary ZnO nanoparticles prevents passivation, while the GO
wrap and segmentation confine soluble Zn(OH)4

2− intermediates from escaping. This lasagna-like nanostructured Zn anode
measured a high volumetric capacity of 2308 Ah/L and achieved a remarkable capacity retention of 86% after 150 cycles. In
contrast, the open-structured ZnO nanoparticle anode, without the protection of GO, completely died after 90 cycles.
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1. INTRODUCTION

To address the energy and environmental crisis, efforts toward
sustainable energy carriers are in full swing to abate the
dependence on fossil fuels.1 Yet the mismatched spatial and
temporal distribution of sustainable energy (e.g., solar and
wind) requires either transmission or storage.2 Battery is a
well-established technology for energy storage at various
scales.3,4 Rechargeable lithium ion batteries (LIBs) have been
extremely successful because of their high energy density and
long cycle life.5,6 However, there are increasing safety concerns
originating from flammable organic liquid electrolyte,7 when
these batteries are used with a large form factor. Employing
aqueous electrolyte is a promising way to simultaneously avoid
intrinsic flammability and enhance ionic.8−11 Among anode
materials for aqueous batteries, zinc earns great interest for its
high volumetric capacity (5846 Ah/L; lithium has 2062 Ah/L
in comparison; Table S1), low working potential and cost.12−15

When paired with oxygen cathodes, Zn air batteries possess
comparable theoretical volumetric energy density (4400 Wh/
L) with Li−S batteries (5200 Wh/L), and additional
advantages such as nonflammability.16,17 Zn anodes have
been investigated in neutral/mild acidic aqueous electro-
lytes.18−20 Yet to pair them with oxygen cathode to reach the

highest energy density, alkaline aqueous electrolyte is ideal, in
which the oxygen electrode has low polarization.16,21 In
alkaline aqueous electrolyte, Zn anode undergoes a Zn (s) ↔
Zn(OH)4

2− (aq) ↔ ZnO (s) conversion. During discharging,
Zn electrochemically oxidizes to Zn(OH)4

2− (eq 1), followed
by dehydration to ZnO (eq 2). This solid-solute-solid
transformation and insulating discharge product ZnO leads
to three vital challenges: (1) ZnO passivates Zn surface and
prevents further discharging, leading to low Zn utilization; (2)
ZnO is insulating and can hardly be charged back to Zn; (3)
diffusion of Zn(OH)4

2− causes the loss of active material and
change of electrode morphology.

Zn(s) 4OH (aq) Zn(OH) (aq) 2e4
2+ → +− − −

(1)

Zn(OH) (aq) ZnO(s) 2OH (aq) H O4
2

2→ + +− −
(2)

Bulk zinc foil or mesh has been used as typical anode
material of aqueous Zn batteries. When discharged, insulating
ZnO product forms on the zinc foil electrode surface and

Received: August 9, 2018
Accepted: October 11, 2018
Published: October 11, 2018

Article

www.acsaem.orgCite This: ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acsaem.8b01321
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

G
E

O
R

G
IA

 I
N

ST
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
O

ct
ob

er
 2

2,
 2

01
8 

at
 1

6:
48

:1
0 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

www.acsaem.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.8b01321
http://dx.doi.org/10.1021/acsaem.8b01321


Figure 1. Schematic of changes that occur in zinc-based electrodes during electrochemical cycling in alkaline aqueous electrolyte. (a) Bulk zinc
metal anode tends to stop discharging (“passivated”) after discharge product ZnO reaches a thickness of ∼2 μm, resulting in limited utilization. (b)
ZnO nanoparticles have diameter (∼100 nm) smaller than the critical passivation size, yet enlarged surface area, and the absence of confinement
leads to the escape of ZnO and morphology change of the electrode. (c) ZnO lasagna microstructure comprising ZnO nanoparticles and carbon
black encapsulated by GO sheets (left), and a real lasagna (right, photographed by Y.Y.). (d) Schematic of a single capsule inside the ZnO lasagna
electrode. The GO sheets confine Zn(OH)4

2− inside the capsule, while allowing smaller OH− and H2O to permeate. Stable GO framework and
confined ZnO maintain the electrode morphology after cycling.

Figure 2. Characterization of the synthesized ZnO lasagna electrodes. (a) Low-magnification TEM image of the overlapped GO sheets. (b) Optical
image of a large (10 cm × 5 cm) freestanding ZnO lasagna electrode. (c) Raman spectrum of the ZnO particle, GO, and ZnO lasagna. Dashed
curves are the fit peaks of ZnO lasagna. (d) Low- and high-magnification (inset) cross-section SEM images of the ZnO lasagna electrode. The dash
lines and arrows indicate the top and bottom surfaces of the electrode.
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passivates unreacted Zn underneath, limiting the Zn utilization
and rechargeability (Figure 1a). After it was cycled, Zn metal
anodes (25 μm in thickness) had a ZnO passivation layer with
typical thickness of ∼2 μm (Figure S1) and degraded very fast
even with limited capacity (∼10% of the theoretical number;
Figure S2). Thus, we hypothesized the critical size of
passivation to be ∼2 μm. When the feature size of Zn/ZnO
is sufficiently small (e.g., submicron), with other conditions
kept the same, the reversibility of Zn/ZnO conversion could
potentially be enhanced. Microstructured Zn metal with large
surface area has improved rechargeability in coin-type cells,22,23

yet the depth-of-discharge (DOD) still must be limited under
40% to prevent passivation and maintain activity.
Decreasing the feature size of zinc-based anode to below the

critical size of passivation is possible by starting with
nanostructured ZnO, which has volumetric capacity (Table
S1) and can be synthesized by a wide gamut of approaches.24 It
is also feasible to combine nanosized ZnO with conductive
additives in a composite, to facilitate electron transport to
insulating ZnO and enable its conversion to Zn during
charging. However, nanostructured ZnO could exacerbate the
dissolution problem due to the enlarged electrode−electrolyte
interface.25 As shown in Figure 1b, ZnO dissolution will
change the structure of the electrode, and the spreading of
Zn(OH)4

2− will lead to the loss of the active material and a
quick decay in capacity over cycling. To mitigate problems
caused by ZnO dissolution, electrodes were tested in beaker
cells with excess amount of electrolyte saturated with
Zn(OH)4

2− for most past reports.26−29 Yet, the large
electrolyte/electrode ratio makes the overall energy density
extremely low and deviates from practical operating condition.
Also, Zn species from the electrolyte could also behave as
active material during testing, making it impossible to evaluate
the true performance of Zn electrodes.
Here, we report a lasagna-inspired Zn anode, in which ZnO

nanoparticles are encapsulated by graphene oxide (GO) to
form a free-standing film, to simultaneously solve the
passivation and dissolution problems of aqueous Zn anode
(Figure 1c,d). ZnO lasagna structure has three features: (1)
the size of ZnO nanoparticles is smaller than the critical size of
passivation; (2) the fabrication of ZnO lasagna anode starts
with commercially available ZnO nanoparticles (∼100 nm),
and it is compatible with the roll-to-roll process, which is ideal
for large-scale manufacturing; (3) GO allows permeation of
OH− and water30,31 and prevents loss of Zn active material
through blocking bigger Zn(OH)4

2−.32 And GO can be
partially reduced when soaked into alkaline electrolyte,33,34

which can facilitate electron transfer inside anodes. The
transmission electron microscopy (TEM) image (Figure 2a)
and Raman spectra (Figure 2c) shows the high-quality GO
sheets with characteristic peaks of D and G bands at 1363 and
1589 cm−1, respectively. Zn active material is confined inside
the GO framework, which is stable during electrochemical
cycling. The blocking of Zn(OH)4

2− is attributed to (1)
geometric confinement and (2) electrostatic repulsion. First,
H2O and OH− have solvodynamic radii of 0.138 and 0.110
nm,35 which allows unrestrained permeation through the
nanochannels between adjacent GO nanosheets.30 But Zn-
(OH)4

2− has an average hydrated radii of 0.330 nm,36 which is
too big for it to transport through the nanochannels.32,37

Second, GO carries negative charges because of the oxygen
functional groups (e.g., carboxyl). Zn(OH)4

2− ions inside the

GO capsule have an electrostatic barrier to cross before they
could escape.

2. EXPERIMENTAL SECTION
2.1. Materials and Chemicals. Zn metal (0.25 mm thick,

99.98%, Alfa Aesar), zinc oxide nanoparticles (ZnO, ∼100 nm, Sigma-
Aldrich), water binder (BTA-520L, MTI), alginic acid sodium salt
(Alfa Aesar), carbon black (Super-P, Timcal), graphite powder
(MTI), hydrogen peroxide (H2O2, 30% wt % in H2O, Sigma-Aldrich),
sulfuric acid (H2SO4, 95.0−98.0%, Sigma-Aldrich), potassium
permanganate (KMnO4, 97%, Sigma-Aldrich), soil water crystal
beads (hydrogel beads, Eboot Online), potassium hydroxide (KOH,
99.97%, Sigma-Aldrich), potassium fluoride (KF, 99.9%, Sigma-
Aldrich), potassium carbonate (K2CO3, 99.0%, Sigma-Aldrich),
copper foil (37 μm, single side polished, Shenzhen Jingliang Copper
Co., Ltd.), tin foil (25 μm, Alfa).

2.2. Synthesis of Graphene Oxide. GO was synthesized from
graphite using a modified Hummers’ method.38 A pretreatment step
was used to avoid the formation of inadequate oxidized graphite-core/
GO-shell particles.39 The pretreated graphite powders were added
into 120 mL of concentrated H2SO4 solution under stirring in an ice
bath. Fifteen grams of KMnO4 was then slowly added under stirring,
keeping the temperature below 10 °C. After KMnO4 was added, the
beaker was heated to 35 °C and maintained for 45 min, followed by
drop-by-drop addition of 200 mL of deionized water (DI-water).
Next, the beaker was heated to 98 °C and maintained for 15 min,
followed by addition of another 700 mL of DI-water. Finally, 20 mL
of 30% H2O2 was gradually added to the mixture to decompose
unreacted KMnO4 and insoluble MnO2; the resulting dispersion
turned to bright yellow. To work out the GO, the dispersion was
subjected to centrifugation (7000 rpm, 15 min). The resultant
sediment was washed with DI-water five times, until the pH of the
supernatant reached neutral. The GO that resulted was dispersed into
DI-water and sonicated for 2 h, followed by centrifugation (4000 rpm,
15 min). The clear supernatant is the aimed aqueous GO dispersion
(∼1 g/L).

To further get GO powders, the above GO dispersion was
concentrated to 2 g/L using hydrogel beads, followed by freeze-
drying.40

2.3. Preparation of Zn Anodes. ZnO lasagna (ZnO/GO/carbon
black) anode on metal current collectors was synthesized as followed
process. ZnO lasagna slurry was prepared first. Typically, 15.0 mL of
DI-water was added into a glass vial (20 mL) containing 72.0 mg of
water binder and 18.0 mg of alginic acid sodium salt, followed by
vigorous stirring to form Solution A. Then 2.50 mg of GO powder
was dispersed into 0.500 mL of Solution A under vigorous stirring to
form Slurry B. Substantially, 20.0 mg of ZnO nanoparticles and 2.50
mg of carbon black were added into the well-mixed Slurry B, followed
by 1 h of ultrasonication and 6 h of stirring at room temperature. The
obtained ZnO lasagna slurry, containing ZnO nanoparticles, graphene
oxide, carbon black, and binder with a weight ratio of 8:1:1:1.2, was
ready for casting electrodes. ZnO lasagna slurry (75 μL) was dropped
on the rough surface of a round Cu disk (37 μm in thickness, 1 cm in
diameter) and dried at room temperature. The same process was done
on Sn disks (25 μm in thickness, 1.0 cm in diameter) as well. The
average thickness of the film after calendering was 5.11 μm.

ZnO particle anode on metal current collectors was synthesized
through the same process, containing ZnO nanoparticles, carbon
black, and binder with a weight ratio of 8:2:1.2. And the synthesis of
free-standing ZnO anode can be found in the Supporting Information.

2.4. Battery Assembly. Two kinds of ZnO anodes with metal
current collectors were assembled in 2032 coin-type cells with
Ni(OH)2 cathodes from discharged commercial cylindrical Ni−Zn
rechargeable batteries (PowerGenix) as counter/reference electrodes,
Whatman glass fiber filter as separators, and 100 μL of ZnO-free
alkaline electrolyte. The electrolyte was 4.0 M KOH, 2.0 M KF, and
2.0 M K2CO3 aqueous solution. ZnO metal and four kinds of free-
standing ZnO anodes were assembled in 2032 coin-type cells with Sn
foil (25 μm in thickness, 1.0 cm in diameter) as the current collector.
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The counter electrode, separator, and electrolyte were the same as
former assembly process.
2.5. Electrochemical Test. All electrochemical testing was

performed using LAND CT2001A 8 channels battery testers. Coin
cells containing Sn current collector supported ZnO anodes were
galvanostatically cycled between 1.45 and 2.00 V (charged at 1C rate,
discharged at 5C rate). The specific capacity of anode was calculated
based on the weight of ZnO inside the anode. The charging/
discharging rate was calculated with respect to the theoretical capacity
of ZnO (658 Ah/kg). Coin cells containing Zn metal anode were
galvanostatically cycled between 1.40 and 1.90 V. Coin cells
containing Cu current collector supported ZnO anodes were
galvanostatically cycled between 1.40 and 2.00 V (charged at 1C
rate, discharged at 1C rate). Coin cells containing free-standing ZnO
anodes were galvanostatically cycled between 1.40 and 1.95 V.
2.6. Material Characterization. To characterize the Zn anodes

after cycling, coin-type cells were first cycled 40 times and opened
immediately. Then the Zn anodes were gently cleaned with DI-water
to remove the electrolyte and glass fiber. The scanning electron
microscopy (SEM) images were obtained using Hitachi SU8230 with
a 10 kV accelerating voltage. The samples for cross-sectional imaging
were placed between two pieces of silicon wafer and attached to a
vertical stage with carbon tape. The X-ray diffraction (XRD) patterns
were collected using Panalytical Empyrean, with Cu K(α), which is
1.5425 Å in wavelength. The Raman spectrum was collected using
Thermo Nicolet Almega XR Dispersive Raman Spectrometer, with
785 nm laser.

3. RESULTS AND DISCUSSION

We developed a facile and scalable process to fabricate lasagna-
like ZnO anode, either on metal current collectors or as free-
standing foil. For metal-supported ZnO lasagna, ZnO nano-
particles were mixed with GO, carbon black, and binder
(8:1:1:1.2 by weight) in water to form a slurry, which is then
casted on tin or copper foil. Both sides of metal foil can be
coated to form an electrode similar to the one used in
cylindrical cells. For free-standing ZnO lasagna, the weight
percentage of binder was increased to enhance mechanical
strength. This process is compatible with roll-to-roll
manufacturing and can be easily scaled up. Figure 2b shows
a large free-standing ZnO lasagna foil (10 cm × 5 cm). Other
three kinds of free-standing ZnO anodes (Figure S3) were also
made as comparison. Movie S1 shows the ZnO lasagna being
rolled on a glass rod with the diameter of 6 mm and then being
released without any damage, indicating its mechanical
flexibility. The excellent mechanical properties of the ZnO
lasagna electrodes allows them to be used in cylindrical cells, in
addition to lab-scale coin cells.
The successful fabrication of ZnO lasagna anode was

supported by various characterizations. Raman spectrum
(Figure 2c) confirms the D and G peaks of the GO inside
the ZnO lasagna. XRD pattern of ZnO lasagna contains peaks
of ZnO (wurtzite; Figure S4). Low-magnification cross-section
SEM image of the free-standing ZnO lasagna (Figure 2d)
shows that the components were well-mixed. In high-
magnification image (Figure 2d, inset), ZnO nanoparticles
and carbon black are visible in the GO framework. ZnO
nanoparticles aggregate to form clusters, mix well with carbon
black, and together become encapsulated by graphene oxide.
The GO encapsulation design is critical for slowing dissolution
of ZnO in alkaline electrolyte and extending cycle life. In
further evaluation of the merit of ZnO lasagna electrodes, we
compare them with open-structured ZnO particle electrodes
made of ZnO nanoparticles, carbon black, and binder (Figure

S5). The structure consists of simply connected particles,
without any encapsulation (Figure S4, inset).
To examine the ability of GO framework in encapsulating

ZnO/Zn(OH)4
2− inside the electrode, we soaked a ZnO

lasagna anode and a ZnO particle anode (both have the size of
3.0 mm × 3.0 mm) separately in 0.30 mL of electrolyte and
measured Zn concentration in both solutions over time using
inductively coupled plasma atomic emission spectroscopy
(ICP-AES). Compared with 4 M KOH, 2 M KF, and 2 M
K2CO3 electrolyte, ZnO solubility is higher in 4 M KOH
solution.41 For better differentiating the two ZnO anodes, 4 M
KOH was used in the dissolution test. After 14 d of soaking,
the severe ZnO loss of ZnO particle anode disintegrated the
electrode; the detached electrode fragments turned the
solution dark and turbid (Figure 3a, right). In contrast, ZnO

lasagna anode remains almost the same after 14 d (Figure 3a,
left). In addition, over the 14 d, we drew 10 μL of clear
solution from each tube every other day to analyze the
dissolved Zn concentration and added 10 μL of 4 mol/L KOH
aqueous solution back to maintain same volume. In addition,
the Zn concentration (Table S2) measured by ICP-AES shows
the huge difference between two anodes, from which we
calculated the percentage of dissolved Zn (Figure 3b). On the
basis of our calculation, 6.8% of ZnO inside the ZnO lasagna
electrode was dissolved in the first week (6 d), and 15.5% was
dissolved after two weeks. Yet for ZnO particle electrode,
approximately half of ZnO inside was dissolved after the first
week, and 68.5% was dissolved after two weeks (4 times more

Figure 3. Suppression of ZnO dissolution with nanoscale lasagna
structure. (a) Pictures of ZnO lasagna (left) and ZnO particle (right)
electrodes that were soaked in 4 mol/L KOH aqueous solution for 14
d. (b) Percentages of ZnO that were dissolved in solution over time,
measured using ICP-AES. After 14 d, 68.3% of ZnO in open-
structured electrode was dissolved, while only 15.5% ZnO in lasagna-
structured electrode was dissolved.
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than ZnO lasagna). Because a large electrolyte/active materials
ratio (∼25 times larger than in coin cell) was applied, which
speeds up the dissolution, the amount of dissolved ZnO is high
for both anodes. These results suggest that, due to the
encapsulation of graphene oxide, ZnO in lasagna-structured
anode is much more resistant to dissolution than ZnO in the
open-structure anode. The nanoscale lasagna structure is
effective in keeping active material, ZnO/Zn(OH)4

2−, inside
the electrode.
The electrochemical performance of ZnO lasagna anodes

was evaluated in sealed coin-type batteries with Ni(OH)2
cathodes containing excessive capacity (Figure 4). Open-
structured ZnO particle anodes were tested in the same way
for comparison, and the charge capacity was limited to the
theoretical capacity of ZnO (658 Ah/kg). Both upper and
lower voltage limits were set. Figure 4a shows the cycle
performance and Coulombic efficiency (CE) of tin-supported
anodes. The capacity increase of both anodes around 45 cycles
can be attributed to the slow activation of the commercial
Ni(OH)2 cathodes in the beginning of electrochemical
cycling.42−44 The capacity decrease might be caused by the
electrolyte dry and bubble accumulation because of hydrogen
evolution. The open-structured ZnO particle anode quickly
decayed after 75 cycles and completely degraded after 95
cycles (Figure 4a), because of the loss of unprotected active
material, which is indicated by the ICP-AES results shown in
Figure 3b. In contrast, ZnO lasagna anodes (Figure 4b)

showed excellent electrochemical performance. At 100% DOD,
its discharge capacity reached 586 Ah/kg after the cathode
activation and remained above 565 Ah/kg for 150 cycles
(Figure 4a). The high performance of ZnO lasagna anode is
attributed to the confinement of Zn(OH)4

2− inside the
electrodes by GO sheets’ geometric encapsulation and
electrostatic repulsion. Notably, the practical volumetric
capacity of ZnO lasagna anode reached 2308 Ah/L. When
taking current collector (25 μm tin foil) into account,
volumetric capacity is 441 Ah/L, which is similar to the
state-of-the-art three-dimensional (3D) Zn sponge anode (423
Ah/L).22,23 And notice that this number 2308 Ah/L is much
higher than graphite anode in Li ion batteries,45 even higher
than Li metal, rendering safe and high-energy Zn-based
batteries a promising alternative to Li ion batteries for large-
scale energy storage.
The ZnO lasagna anode was recovered from coin cells after

40 cycles and examined under SEM. As shown in Figure 4c,
the thickness and morphology of the cycled ZnO lasagna
anode were almost identical as the pristine one. High-
magnification SEM images (Figure 4d,e) showed that the
nanoscale lasagna structure (ZnO encapsulated by GO
framework) was maintained after electrochemical cycling. In
contrast, the morphology of ZnO particle anode completely
changed after 40 cycles, evident from both high-magnification
(Figure 4f,g) and low-magnification images (Figure S6). The
former dense structure became a porous one due to the

Figure 4. Electrochemical performance of Zn lasagna anodes. The cells were galvanostatically cycled between 1.45 and 2.00 V, at 1C rate for
charging and 5C for discharging. The mass loading of ZnO was ∼1 mg/cm2. (a) Cycling performance and Coulombic efficiency, and (b) voltage
profiles of 90th cycle of tin-supported ZnO lasagna and ZnO particle anodes. (c) Cross-section SEM images of the ZnO lasagna before (left) and
after (right) 40 cycles. (d, e) High-magnification cross-section SEM images of the ZnO lasagna anode before (d) and after (e) 40 cycles. (f, g)
High-magnification cross-section SEM images of the ZnO particle anode before (f) and after (g) 40 cycles.
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rearrangement of the unprotected ZnO and carbon black,
resulting from the dissolution and deposition of ZnO during
cycling. The morphology change of ZnO particle anodes, along
with the continual active material loss, led to low cyclability.
With encapsulation structure, ZnO lasagna anodes slow the

loss of active materials, maintain electrode morphology, and
out-perform open-structured ZnO anodes. While longer cycle
life for Zn anode has been reported in beaker cells or neutral
electrolytes, to the best of our knowledge, the performance of
ZnO lasagna is among the best obtained in coin cell and ZnO-
free alkaline electrolyte. Copper-supported ZnO lasagna and
ZnO particle anodes were also tested, and the same trend was
observed (Figure S7a,b). Although with Cu current collectors
both anodes showed lower discharge capacity and CE than
using Sn current collectors, because of a larger overpotential
for H2 evolution of Sn,46 ZnO lasagna anode exhibited longer
cycle life than ZnO particle anode.
Free-standing ZnO lasagna electrodes also show superior

cycling performance and CE over open-structured ZnO
electrodes (Figure S8a,b). The ZnO lasagna electrode has
excellent thermal stability (Figure S9). After it was heated at
250 °C under Ar for 2 h, the ZnO lasagna electrode showed
nearly the same CE and cycle stability compared to the
unheated one. Under high current density, the ZnO lasagna
anodes showed even more superior advantages over open-
structured ZnO anodes. The higher mass-loading ZnO lasagna
anodes with ∼2 mg/cm2 also showed good performance
(Figure S10). As shown in Figure S11, the ZnO lasagna and
ZnO particle electrodes were running at 5C and 10C. Both the
ZnO lasagna and ZnO particle showed long cycle life at high
charge/discharge rate; however, the ZnO lasagna showed a
superior performance than ZnO particle anode. After
activation, discharge capacity of ZnO particle dropped to
149 Ah/kg (5C) and 107 Ah/kg (10C), and it remained less
than 50 Ah/kg after 1000 cycles at both rates. In contrast, ZnO
lasagna reached 318 Ah/kg (5C) and 257 Ah/kg (10C) after
activation, which is ∼3 times of ZnO particle anode at the
same rates and remained 182 Ah/kg (5C) and 164 Ah/kg
(10C) after 1000 cycles.

4. CONCLUSION
In summary, we have designed a lasagna-inspired nanostruc-
ture to solve simultaneously the passivation and dissolution
problems of aqueous Zn anode and developed a facile and
scalable approach to synthesize it. With geometric confinement
and electrostatic repulsion of graphene oxide sheets toward
Zn(OH)4

2−, the active material is confined inside the
electrodes during electrochemical cycling. ZnO lasagna
anode achieved a high cycling-available volumetric capacity
of 2308 Ah/L, even higher than lithium metal, as well as long
cycle life (>150 cycles) and a high specific capacity in coin-
type cells and ZnO-free alkaline electrolyte (Table S3). This
work demonstrated the effectiveness of nanoscale structure
design in addressing intrinsic passivation and dissolution
problems of Zn anodes in alkaline electrolyte; the design
principles can possibly be extended to enable other soluble
active materials (e.g., sulfur) for future high-energy and safe
batteries.
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