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In situvisualizationof interfacial processes at
nanoscale in non-alkaline Zn-air batteries

Jiao Wang1,2, Shuang-Yan Lang1,2, Zhen-Zhen Shen1,2, Yan-Liang Zhang3,
Gui-Xian Liu1,2, Yue-Xian Song4, Rui-Zhi Liu 1,2, Bing Liu 2,5 & Rui Wen 1,2

Zn-air batteries (ZABs) present high energy density and high safety but suffer
from low oxygen reaction reversibility and dendrite growth at Zn electrode in
alkaline electrolytes. Non-alkaline electrolytes have been considered recently
for improving the interfacial processes in ZABs. However, the dynamic evo-
lution and reaction mechanisms regulated by electrolytes at both the positive
and Zn negative electrodes remain elusive. Herein, using in situ atomic force
microscopy, we disclose that thin ZnO2 nanosheets deposit in non-alkaline
electrolyte during discharge, followed by the formation of low-modulus pro-
ducts encircled around them. During recharge, the nanosheets are completely
decomposed, revealing the favorable reversibility of the O2/ZnO2 chemistry.
The circular outlines with low-modulus, composed of C =C and ZnCO3, are left
which play a key role in promoting the oxygen reduction reaction (ORR)
during the subsequent cycles. In addition, in situ optical microscopy shows
that Zn can be uniformly dissolved and deposited in non-alkaline electrolyte,
with the formation of homogeneous solid electrolyte interphase. Our work
provides straightforward evidence and in-depth understanding of the inter-
facial reactions at both electrode interfaces in non-alkaline electrolyte, which
can inspire strategies of interfacial engineering and material design of
advanced ZABs.

Rechargeable Zn-air batteries (ZABs) have been considered one of the
promising next-generation energy storage systems because of their
low cost, environmental-friendliness, and high theoretical energy
density1–5. A typical ZAB is operated in alkaline electrolytes, under-
going a 4e− reaction pathway. Basically, O2 will be reduced to hydro-
xide ions (OH−) through the oxygen reduction reaction (ORR) during
discharge, and OH− is reversely oxidized to release O2 via the oxygen
evolution reaction (OER) during recharge (O2 + 2H2O + 4e−↔ 4OH−,
E° = 0.40V vs. SHE)6–8. However, the practical application of ZABs is
largely limited by the severe interfacial issues, mainly including the
sluggish reaction kinetics of the 4e− transfer oxygen reaction at the air

positive electrode and the poor cycle stability from Zn electrode
deformation in conventional alkaline electrolytes9–13.

Recently, researchers found that employing non-alkaline electro-
lytes can achieve a 2e− ORR reaction at the positive electrode and
suppress Zn dendrite formation at the Zn negative electrode, which
benefits the ORR/OER reaction kinetics and the interfacial stability of
the Zn electrode, respectively14–18. For example, in a zinc tri-
fluoromethanesulfonate (Zn(OTf)2) non-alkaline electrolyte, a loca-
lized H2O-poor environment can be formed due to the adsorption of
OTf− on the air electrode, enabling the aprotic 2e− ORR18,19. As a result,
the ZAB can smoothly operate over 1600h. Sun et al. reported a
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non-alkaline ZABwith excellent cycling performanceby employing the
zinc acetate aqueous solution as the electrolyte. The discharge pro-
duct, zinc glycolate dihydrate, showed high reversibility, which
allowed the ZAB to operate steadily in the air for almost 600 h20. In
addition, studies focusing on the negative electrode claimed that
dendrite-free Zn growth and high utilization efficiency can be achieved
in non-alkaline electrolytes21,22. Despite the significant advancements in
the electrochemical performance of ZABs, the detailed dynamic pro-
cesses, reaction pathways, and reaction mechanisms of the electrode/
electrolyte interfaces at the nanoscale are far from being well under-
stood due to the difficulties in investigating the complex triple-phase
interfacial reactions23,24. In situ and high-resolution observations of
both positive and negative electrode interfaces, and profound insights
into the correlations between the interfacial evolution and electro-
chemical performance during cycling are urgently required, which is
essential for further optimizing the ZABs25,26.

Herein, mechanistic insights into the interfacial reactions,
including the dynamic evolution of the chemical and structural prop-
erties at both the positive and Zn negative electrodes, were system-
atically provided in a Zn(OTf)2-based non-alkaline ZAB. Using in situ
atomic force microscopy (AFM), we observed the nanoscale, real-time
evolution of the discharge products, ZnO2, and a circular structure
around it upon cell operation. During the discharge, ZnO2 deposits as
nanosheets (the thickness of 1-2 nm) on the Pt electrode surface, along
with the circular outlines showing lowermodulus. During the recharge,
the nanosheets start to decompose from the edge and can be fully
reacted. While the circular outlines, composed of ZnCO3 and C =C,
remain and promote the deposition of ZnO2 during the 2nd discharge.
In addition, dendrite-free deposition and reversible dissolution pro-
cesses were clearly monitored on the Zn negative electrode by in situ
optical microscopy (OM), which, together with the optimized pro-
cesses at the positive electrode, contributes to the enhancement of the
electrochemical performance of the ZAB. Our work provides direct
insights into the interfacial evolution and systematically elucidates
reaction mechanisms at both positive electrode and negative elec-
trode interfaces in a non-alkaline ZAB, which is essential for gaining a
fundamental understanding of the interfacial reactions and promising
strategies for advancing high-performance ZABs.

Results
In situ AFM observations of ORR/OER processes in Zn(OTf)2
electrolyte
The Zn(OTf)2-based non-alkaline electrolyte presents a specific capa-
city of 812.5mAhg−1 (based on Zn metal) and remains stable for 50
cycles in Zn-air coin cells (Supplementary Fig. S1). In contrast, only
19.8mAhg−1 specific capacity and one cycle can be achieved in alkaline
electrolytes, in accordance with Sun’s work18. To understand the
underlying mechanisms regulated by electrolytes, in situ AFM was
utilized to further investigate the interface evolution. The scanning
electron microscopy (SEM) images of the electrode after discharge
verify the favorable ORR activity of Pt nanoparticles (Supplementary
Fig. S2). Accordingly, in situ AFMexperiment was performed on the Pt-
modified highly oriented pyrolytic graphite (HOPG) electrode.

Figure 1a shows the 1st-cycle cyclic voltammetry (CV) curve
obtained in an in situ electrochemical cell with O2-saturated non-
alkaline electrolyte (Supplementary Fig. S3). The cathodic peak at
0.99 V is related to the reduction of O2, and the broad anodic peak
around 1.86 V corresponds to the reverse oxidation process. Under an
Ar environment, no evident redox peak is observed (Supplementary
Fig. S4). In situ AFM was performed to investigate the interfacial evo-
lution during ORR and OER processes. Figure 1b displays the pristine
surface of the Pt-modified HOPG electrode at an open circuit potential
(OCP) of 1.33 V. Upon discharging, a nanosheet initially appears at
1.11 V on the electrode surface (Fig. 1c). The thickness of the single
nanosheet can be clearly measured as 1-2 nm as shown in

Supplementary Fig. S5 and the inset of Fig. 1c. As the discharge con-
tinues, multiple nanosheets stack together, which corresponds to the
ORR proceeding on the Pt electrode (Fig. 1d). The thin nanosheets
keep growing and propagating along the horizontal direction
(Fig. 1e, f), which possess a large contact area with the substrate and
may contribute to a reduced Gibbs free energy during the
following decomposition reaction27,28. No sediments can be found
in the experimental conditions under Ar (Supplementary Fig. S6).
In addition, there is no obvious change on the Pt electrode in
O2-saturated alkaline electrolyte because the discharge product of
Zn(OH)2 is soluble (Supplementary Fig. S7).

Figure 1g–l exhibits the decomposition process of the nanosheets
upon recharging. No significant variation can be observed before
1.66 V (Supplementary Fig. S8). When recharged to approximately
1.78 V, evident decomposition of the nanosheets can be detected, as
indicated by the yellow arrows in Fig. 1g, h, which corresponds to the
anodic peak in the CV curve. On further proceeding with the OER, the
discharge products at the bottom of the image are completely
decomposed, whereas the edged structure of the nanosheets remains
intact (Fig. 1h–j), referred to as “outline”. Note that the circular outline
(marked by the blue arrows in Fig. 1j) can be clearly observed on the
upper edge of the nanosheet, which is not in direct touch with the Pt
substrate. This indicates that the formation of the outlines should be
related to the intrinsic properties of the electrochemical reduction
reaction, rather than the catalytic effect of Pt nanoparticles. The
decomposition reaction gradually proceeds from the edge, as marked
by the green arrows in Fig. 1j, k. This finding is more evident in another
parallel experiment (Supplementary Fig. S9), providing direct evi-
dence of the decomposition pathway of the products. The nanosheets
can be completely decomposed as OER continues, revealing the
reversible discharging and recharging processes in the non-alkaline
ZAB. However, the circular outlines cannot be decomposed after
recharge process as shown in Fig. 1l. The detailed evolution processes
during discharge/charge processes are shown in Supplementary
Video S1. The corresponding in situ OM images of the interfacial
evolution at the Pt electrode are presented in Supplementary Fig. S10.
Large-scale in situ AFM images in Supplementary Fig. S11 further
confirm the favorable reversibility of the nanosheets, the formation of
the circular outlines, and the uniform distribution of the discharge
products on the Pt electrode.

Characterizations of the nanosheet and the surrounding outline
Ex situ characterizations were conducted to identify the chemical
component and underlying properties of both the nanosheet and its
surrounding outline. The high-resolution transmission electron
microscopy (HRTEM) image of the nanosheet shows lattice fringes
with lattice spacing of 2.81 Å and 1.72 Å innon-edgedomains,matching
well with the (111) and (220) planes of ZnO2. The image also indicates
the presence of a lattice fringe of ZnO (Fig. 2a). In the O 1 s X-ray
photoelectron spectroscopy (XPS), the peak at approximately 532.1 eV
canbe attributed to ZnO2 (Supplementary Fig. S12)29. In addition, X-ray
diffractometer (XRD) investigations provide additional insights into
the chemical features of the discharge products (Supplementary Fig.
S13). The characteristic peaks 31.79°, 36.87°, and 41.42° are visible,
corresponding to the lattice planes of (111), (200), and (210) in ZnO2.
The additional peak at 37.3° may originate from the electrolyte
decomposition. These results reveal that the discharge products
mainly consist of ZnO2.

As shown in the TEM image in Fig. 2b, an amorphous layer with a
thickness of about 5 nm is observed surrounding the edge of the
nanosheet. This is in accordance with the outlines found in the in situ
AFM experiment. Figure 2c, d provides the topography and the
corresponding DMT modulus mapping, respectively, showing the
lower modulus of the outlines when compared to the nanosheets
(Supplementary Fig. S14), which could indicate a difference in
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chemical composition between the nanosheets and outlines. Nota-
bly, the varying thicknesses of the stacked nanosheet layers result in
differing widths of the outlines left after decomposition. This
difference can be seen in Supplementary Fig. S15 (indicated by the
black lines), which shows that the thicker layers have outline widths
of 21.28 ± 0.38 nm, whereas the thinner layers have outline widths of
5.68 ± 0.22 nm.

TEM, Raman, infrared (IR), and XPS spectra were used to investi-
gate the chemical features of the outlines. The TEM and elemental
mapping in Fig. 2e visualize that more C element accumulates on the
border while Zn, O, S and F are concentrated on the nanosheet,
showing the different chemical compositions of the nanosheets and
the outlines. The nanosheet shows a distinct Raman peak at 835 cm−1,
attributed to ZnO2 (Fig. 2f)

30. While the outline displays a unique peak
at 1062 cm−1 associated with ZnCO3 (Fig. 2g)31. Furthermore, the
nanoIR spectra show a characteristic C =C at 960 cm−1 for the outline,
as depicted in Fig. 2h and Supplementary Fig. S16. The presence of
C =C in the outline is further confirmed by the Raman mapping when
integrating the peak intensity ratio at 1580 cm−1 and
835 cm−1(Supplementary Fig. S17). Besides, the AFM-IR reveals that the
absorption peak at 3345 cm−1, corresponding to the O-H stretching
vibration mode, is only observed on the outline (Supplementary
Fig. S18)32,33. XPS (Supplementary Fig. S19) was conducted to further
analyze its components (Supplementary Fig. S20 shows the

morphology of the sample), which provides the appearance of peaks
related to C =C and inorganic ZnCO3 species. The above results indi-
cate that the outlines are rich in C =C and inorganic ZnCO3, which
could be formed by the decomposition of the electrolytes.

To better disclose the interfacial mechanism in real systems, the
morphology and chemical composition of discharge products in full
cells were also investigated. The nanosheets (Supplementary Fig. S21b)
with obvious outlines (Supplementary Fig. S21c, d) are observed after
discharge,which are assigned toZnO2characterizedbyXPSandelement
mapping images (Supplementary Fig. S21e–g). In addition, the outlines
remain on the surface of the Pt/C electrode after recharge (Supple-
mentary Fig. S22a, b). Thesefindings are consistentwith results obtained
from in situ electrochemical cells. Therefore, it is believed that the in situ
experiments conducted on electrochemical cells can provide valuable
insights into the mechanism and optimization of real battery systems.

Functional role of the outline during the following cycles
The effect of the residual outline during cycling is further disclosed. It
is observed that the outlines remain at the Pt electrode after the initial
OER process (Fig. 3a). When the potential approaches 1.13 V (Fig. 3b),
interestingly, the discharge products of nanosheets tend to generate
near the outlines instead of on the bare Pt electrode, which indicates
that the residual outlines can improve the ORR activity to a certain
extent. In addition, the discharge products form and remain constant

Fig. 1 | In situ AFMmonitoring of the ORR/OER processes on the Pt electrode
during 1st-cycle. a The 1st-cycle CV curve obtained in the in situ electrochemical cell
at a sweep rate of 1mV s−1. In situ AFM images showing themorphological evolution
on the Pt electrode at (b) open circuit potential (OCP), upon discharge at (c) 1.26-

1.11 V, (d, e) 1.11 V, (f) 0.82-0.67 V, and upon recharge at (g) 1.66-1.78 V, (h) 1.78 V, (i)
1.78-1.90 V, (j–l) 2.00V. The height profile for the dashed line in (c) is shown in the
inset of the image. The scale bars are 500nm. The white arrows indicate the
scanning direction.
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within 5min, but it takes 15min during the 1st-cycle, suggesting an
enhancement in the kineticsprocess. Thus, webelieve that theoutlines
serve as active sites on the Pt substrate for the subsequent ORR in
ZABs. The discharge products are formed on an incline relative to the
substrate under the effect of the outlines, which is evidently observed
at a larger scale (Fig. 3c, d) and a positive electrode within Zn-air coin
cells (Supplementary Fig. S22c, d). In contrast, the nanosheets hor-
izontally grow along the electrode surface during the 1st-cycle since
there are no distinct catalytic sites at the bare Pt surface. The sche-
matic illustrations in Supplementary Fig. S23 clearly illustrate the dif-
ferences in growth patterns. In addition, it noted that the presence of

surface defects may serve as sites for preferential crystal growth. To
investigate the impact of the surface defect on the discharge process,
the Pt-modified HOPG with edges was used as a working electrode to
analyze the interface evolution (Supplementary Fig. S24a1 and b1). As
shown in Supplementary Fig. S24a1–4 and b1–4, the nanosheets do not
grow along the HOPG edges but instead grow parallel to the electrode
surface, similar to the growth mode during 1st-cycle. Therefore, it is
believed that the surface defect brought by the outline is not, at least
not the primary cause, of guiding product deposition.

During the recharge process, the products begin to decompose at
1.78 V, as marked by yellow arrows in Fig. 3e. In addition, some

Fig. 2 | Ex situ characterizations of the nanosheet and the surrounding outline.
a, b TEM images of the nanosheet. c AFM image and (d) corresponding DMT
modulus mapping of the deposited products on the Pt electrode after discharge.

e TEM micrograph with elemental mapping images of the nanosheet. f, g Raman
mappings of the deposited products at 835 cm−1 and 1062 cm−1, respectively. h IR
spectra of the nanosheet and the outline.
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products are desorbed suddenly from the electrode, as indicated in
Supplementary Fig. S25, whichmay be attributed to the detachment of
the vertically distributed nanosheets. There is no evident observation
of new outlines during the 2nd-cycle, which can be partly due to the
growth mode of the nanosheet (Fig. 3f). In addition, the outline
remains intact without obvious decomposition during the subsequent
cycle with O2-free electrolyte, indicating excellent stability (Supple-
mentary Fig. S26).

To further investigate the effect of the outline, we use the Pt elec-
trode with outline as working electrode, new Zn strips as counter and
reference electrodes, and 1M Zn(OTf)2 saturated with O2 for 2h as
electrolyte to test the discharge capacity and CV curves. The discharge
capacity increases from 3.46μAhcm−2 to 3.84μAhcm−2 (Fig. 3g), and the
cathodic peak at 1.07V is higher than that in the 1st-cycle (Fig. 3h), indi-
cating improved kinetics in the presence of the outline. The improved
performancewith thepresenceof theoutline is alsoevident inZn-air coin
cells, further illustrating its functional effect (Supplementary Fig. S27).

In situ monitoring the interfacial processes at Zn electrode
To achieve a comprehensive understanding of the interfacial pro-
cesses in ZABs, in situ OM was employed to investigate and compare
the Zn electrode/electrolyte interfaces in alkaline (6M KOH+0.2M
Zn(CH3COO)2) and non-alkaline (1M Zn(OTf)2) electrolytes. To
enhance the focus resolving capability, a series of images along the Z-
axis were taken, which in turn were used to obtain the final height
images. The schematic illustration of the homemade in situ electro-
chemical OM cell is presented in Fig. 4a, in which the polished Zn foils
are used as the working and counter/reference electrodes, respec-
tively. The corresponding CV curves of the Zn-Zn cells in the two dif-
ferent electrolytes are displayed in Supplementary Fig. S28. Figure 4b
depicts the continuous dynamic evolution processes in the alkaline
electrolyte. Several bubbles (indicated by arrows in Fig. 4b1) are
observed on the Zn surface at OCP. As time increases at OCP, the
bubbles become larger, with more fresh ones appearing, and the Zn
surface with a metallic luster is darkened (Fig. 4b2 and Supplementary
Fig. S29), indicating the rapid corrosion of the Zn electrode at OCP.

which can be also observed by SEM in detail (Supplementary Fig. S30).
During the dissolution process, uneven pits are found on the electrode
surface, as shown in the inset of Fig. 4b3. This can induce the hetero-
geneous Zn nucleation during the subsequent deposition process and
the dendritic Zn growth as shown in Fig. 4b4 and 4b5. During the 2nd

dissolution process, the deposited Zn dendrites show no evident
changes (Fig. 4b6 and Supplementary Fig. S31), which indicates that
they become “dead” and have poor reversibility. Such uneven
deposition and irreversible processes can lead to the accumulation of
the Zn dendrite and the shape change of the electrode upon long-life
cycles, which hinder the stability of the Zn electrode interface.

The interfacial process of the Zn electrode in the non-alkaline
electrolyte was investigated as displayed in Fig. 4c. There is no evident
change on the Zn electrode within 0.5 h at OCP (Fig. 4c1 and Supple-
mentary Fig. S32), which is different from the corrosion occurring in
alkaline electrolyte.When discharged to 0.2 V, the Zn surface becomes
darkened homogeneously, indicating a uniform dissolution process
(Fig. 4c2). During the deposition process, the Zn uniformly forms on
the electrode surface, whichcanbedue to the smooth surface after the
1st dissolution process (Fig. 4c3). The reversibility of the depositedZn is
disclosed by the 2nd discharge process, as shown in Fig. 4c4–c6. From
the height transition of the Zn electrode in Fig. 4c7–c9, it can be found
that the heights of the Zn electrode decrease uniformly, further illus-
trating the homogeneous Zn dissolution process and excellent rever-
sibility.Moredetails of the interfacial evolution on the Zn electrode are
shown in Supplementary Video S2 (alkaline electrolyte) and Supple-
mentary Video S3 (non-alkaline electrolyte), respectively.

Furthermore, the morphologies of the Zn electrode after dis-
charge and recharge processes were explored by SEM. As shown in
Fig. 4d, e, significantly larger pits are observed on the Zn surface after
dissolution in the alkaline electrolyte (Fig. 4d) compared to those
formed in the non-alkaline electrolyte (Fig. 4e). After the subsequent
deposition process, blocky Zn crystal grain and nanoparticle ZnO, as
marked by thewhite arrows, present on the Zn electrode surface in the
alkaline electrolyte (Fig. 4f and Supplementary Figs. S33, 34), which
can deteriorate the electrode surface and puncture the battery

Fig. 3 | In situ AFM images showing the 2nd-cycle morphological evolution on
the Pt electrode. In situ AFM images (a) at OCP (1.33 V) and (b) upon discharge at
1.13 V. AFM images with a larger scale at the end of (c) 1st recharge and (d) 2nd

discharge. e, f In situ AFM images upon recharge at 1.78 V. The scale bars are

500 nm in (a, b, e, f) and 1μm in (c, d). g Discharge profiles of in situ electro-
chemical cells with/without the outline at a current density of 40μA cm−2.h The CV
curve obtained in the in situ electrochemical cell with the outline-decorated Pt
electrode at a sweep rate of 1mV s−1.
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separator. Even after 2nd dissolution process, significant amounts of Zn
blocks and dendrites are observed on the Zn surface, indicating poor
Zn plating/stripping reversibility (Supplementary Fig. S35a, b). How-
ever, a homogeneous film and flat Zn electrode surface are found in
the non-alkaline system (Supplementary Fig. S35c, d). This film formed
on the Zn electrode may be ascribed to the formation of the solid
electrolyte interphase (SEI), which is already present after 1st dissolu-
tion (Supplementary Fig. S36a, b) and induces the dendrite-free
growth (Fig. 4g and Supplementary Fig. S36c, d). The corresponding
schematics of the interfacial processes in alkaline and non-alkaline
electrolytes are illustrated in Fig. 4h, i, respectively. It is concluded that
the rapid corrosion of the Zn electrode results in the formation of H2

and Zn(OH)4
2− in alkaline electrolytes. Zn(OH)4

2− easily decomposes
into the inert ZnO, which blocks the ion diffusion and aggravates
dendrite growth (Fig. 4h). In contrast, the corrosion and passivation
issues can be avoided in non-alkaline electrolyte because of the

absence of hydroxyl. Uniform SEI forms at the interface, which can
induce homogeneous Zn deposition and irreversible dissolu-
tion (Fig. 4i).

Interfacial reaction mechanisms in the non-alkaline ZAB
On the basis of the above experimental results, mechanistic insights
into the interfacial processes in the non-alkaline ZAB are provided. In
1M Zn(OTf)2 electrolyte, the hydrophobic OTf− anion is absorbed on
the positive electrode surface to create a water-poor and Zn2+-rich
inner Helmholtz plane (IHP) in view of the electrostatic force. In this
case, O2 obtains two electrons from the electrode to generate
nanosheet ZnO2 with a thickness of 1-2 nm (Fig. 5a). It was revealed
from the DFT calculations that the two electrons transfer with Zn2+ has
the lowest free-energy barriers compared with other reactions invol-
ving both Zn2+ andH2O

18. Interestingly, the edges of the nanosheets are
surrounded by low-modulus outlines, mainly including C =C and

Fig. 4 | In situ OM monitoring of the stripping/plating processes on the Zn
electrode during cycling. a Schematic illustration of the in situ electrochemical
OM setup. The polished Zn foils were used as the working electrode (WE) and
counter electrode (CE)/reference electrode (RE), respectively. b In situ OM images
of interfacial processes on the Zn electrode at different potentials in 6M KOH+
0.2M Zn(CH3COO)2 electrolyte. c In situ (c1–c6) OM and (c7–c9) corresponding
height images of interfacial processes on the Zn electrode at different potentials in
1MZn(OTf)2 electrolyte. The scale bars are 200μmin (b1–c5) and 50μmin (c6). The

SEM images of the Zn electrode after the stripping process in (d) 6M KOH+0.2M
Zn(CH3COO)2 and (e) 1M Zn(OTf)2 electrolytes, respectively. The SEM images of
the Zn electrode after the plating process in (f) 6M KOH+0.2M Zn(CH3COO)2 and
(g) 1MZn(OTf)2 electrolytes, respectively. “S-Zn”means stripped Zn electrode, and
“P-Zn” means plated Zn electrode. Schematic illustrations of Zn electrode/elec-
trolyte interfaces in (h) 6M KOH+0.2M Zn(CH3COO)2 and (i) 1M Zn(OTf)2 elec-
trolytes, respectively.
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inorganic ZnCO3 species. Note that the edges exposed in ZnO2

nanosheets are mainly terminated by oxygen, which possess higher
activity due to the more unsaturated dangling bonds34,35. Inspired by
this, the ions in the electrolyte are adsorbed on the edges36. Simulta-
neously, ZnO2 nanosheets will transfer electrons to ions, resulting in
the reduction of the adsorbed ions to form C=C and ZnCO3

37. In
addition, the width of the outline increases with the number of
nanosheet layers. During the recharge process, the nanosheets will be
decomposed completely, leaving the low-modulus outlines at the
interface. This indicates the excellent reversibility of O2/ZnO2 chem-
istry and stability of the outline structure (Fig. 5b). Remarkably,
nanosheet ZnO2 deposits only near the outlines during the 2nd dis-
charge,which reveals that theORRactivity can be enhancedwhen such
outlines are present on the Pt electrode surface (Fig. 5c). Then, the
overall reactionprocesses of theZAB in the non-alkaline electrolyte are
summarized in Fig. 5d. At the positive electrode side, as discussed
above, the O2 undergoes a two-electron reaction on the Pt electrode
and combines with Zn2+, forming ZnO2 that deposits during the dis-
charge and exhibits satisfactory reversibility during cycling. At the
negative electrode side, a homogeneous SEI film can be generated on
the electrode surface which induces even dissolution and deposition.
The excellent interfacial evolution at both electrode/electrolyte
interfaces jointly contributes to the interfacial stability, which in turn,
leads to the promising performance of ZABs in non-alkaline
electrolyte.

Discussion
In summary, we monitored the real-time Zn-air interfacial evolution in
Zn(OTf)2-based non-alkaline electrolyte using in situ AFM and in situ
OM in a working battery. The nanosheets ZnO2 with a thickness of 1-
2 nm form at 1.11 V on discharge with the formation of low-modulus
materials encircled around it. During the recharge process, the
nanosheets are completely decomposed, leaving a circular outline.
The outlines consisting of C =C and ZnCO3, are found to improve the
ORR performance during the subsequent cycle. Furthermore, the
dendrite-free deposition, reversible dissolution processes, and for-
mation of uniformSEI were observed by in situOM,which is critical for
the interfacial stability and reversibility at the Zn electrode. These
results provide compelling evidence and an in-depth understanding of
the dynamic evolution and reaction pathways at both electrode

interfaces, which provide useful information on interfacial construc-
tions and optimized designs for advanced ZABs.

Methods
Preparation of the electrode and electrolyte
Freshly HOPG (ZYH type, Bruker Corp.) was used as the substrate of
the working electrode. The Pt nanoparticle electrode was prepared by
sputtering Pt on HOPG for 500 s using a Leica EM SCD 500 high
vacuum sputter coater. The non-alkaline electrolyte (1M Zn(OTf)2,
pH ≈ 5.3) was prepared by dissolving Zn(OTf)2 (Sigma-Aldrich, 98%) in
deionized water according to the molarity. The alkaline electrolyte
(6M KOH+0.2M Zn(CH3COO)2) was prepared by dissolving KOH
(Sigma-Aldrich, 99.99%) and Zn(CH3COO)2•2H2O (Sigma-Aldrich,
99.999%) in deionized water according to the molarity.

Zn-air coin cell assembly
A polished Zn foil (Alfa Aesar, 99.994%) with a thickness of 0.25mm
and catalyst-loaded carbon cloth (CC, WOS 1002, CeTech) were
employed as the negative and positive electrodes, respectively. The
electrolyte volumewas 150μL. A cleanedCC substratewashot-pressed
with a gas diffusion layer (GDL, 1.2 × 1.2 cm2) at 80 °C for 90 s. To
fabricate a Pt/C positive electrode, 10mg Pt/C, and 20.0μL Nafion
solution (5.0wt%) were first dispersed in a mixture of 990μL ethanol
and 990μL deionized water, followed by 1 h sonication to form a
homogenous catalyst ink. A certain volume of catalyst ink was trans-
ferred onto the CC side of the CC/GDL hybrid via a controlled drop
casting method to achieve a catalyst loading of 1mg cm–².

In situ OM
Polished Zn foils were used as the working and reference/counter
electrodes inside a homemade electrochemical cell for in situ OM
measurements. The electrolyte volume was about 350μL. A Teflon
plate was positioned in a sealed container with an optical glass win-
dow. An “O” ring of per-fluorinated elastomer, with a diameter of
38mm, was used to seal the cell. In situ OM investigation was carried
out by using an optical microscope (OLYMPUS, OLS-4000) with a 10 ×
objective lens (MPanFLN, numerical aperture value = 0.3) coupledwith
the electrochemical workstation (ACHI760E, Chenhua, Shanghai) for
the experiments. The laser with a wavelength of 405 nm is used as the
probing light. For the imaging process, by moving the sample surface
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Fig. 5 | Schematic illustration of the interfacial reaction mechanisms in a
Zn(OTf)2-based Zn-air cell. The interfacial evolution of the air positive electrode
(a) upon the 1st discharge showing the horizontal growthof the nanosheetZnO2, (b)
upon the 1st recharge showing the remaining of the surrounding outlines, and (c)

upon the 2nd discharge showing the nanosheet growth near the outline.
d Summarization of the overall reaction processes of the ZAB at both positive and
negative electrodes.
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stepwise through the focal plane with a Z-scanning stage, the three-
dimensional surface topography can be calculated by assembling of
the slices taken at each Z-step. Thus, the height profiles can be
obtained. TheCV curveswere recorded in the range from −0.2 to0.2 V
at a sweep rate of 0.2mV s−1. All potentials were referred to Zn2+/Zn.

Electrochemical AFM
In situ AFM monitoring of Zn-O2 interfacial reactions was realized by
assembling a Zn-O2 model cell onto AFM equipment. In the Zn-O2

model cell, Pt-modified HOPG served as the working electrode, and Zn
strips were employed as the counter and reference electrodes. The
electrolyte volume was about 300μL. The working electrode with an
area of 1.2 × 1.2 cm2 was exposed to the electrolyte that was saturated
withO2 ( > 99.999%) for 2 h. Afluorosilicone “O” ringwith a diameter of
10mm was used to seal the cell. In situ electrochemical AFM cell was
assembled on the commercial AFM system (Bruker Multimode 8 with
Nanoscope V controllers) coupled with an electrochemical work-
station. CV curves coupled with AFM scanning were recorded in the
range of 0.6-2.1 V at a sweep rate of 1mV s−1. In situ AFM images were
acquired at different potentials. All potentialswere referred to Zn2+/Zn.
The electrode surface was scanned by a silicon AFM probe (Bruker,
k = 1.74Nm−1, f0 = 90 kHz, rectangular AFM probe tip) with the tip
radius of curvature of 10 nm in the mode of PeakForce Quantitative
Nano-Mechanics. The scan rates are 0.977Hz for scan size ≤ 5μm×5
µm and 0.62Hz for 8 µm×8 µm.

Material characterizations
The electrodes were disassembled from the cells and washed with
deionized water to remove the residual electrolyte on the surface.
Samples for characterizing the nanosheets and the outlines were
obtained after the cell was discharged from OCP to 0.60 V, and sub-
sequently charged to 2.0 V, respectively. SEM (Hitachi S-4800) was
employed to image the nanosheets. HRTEM imageswereobtained by a
TEM (IEM 2100 F, IEOL, Japan) with an accelerating voltage of 200 kV.
Raman spectroscopy (Thermo Scientific DXRxi) with a laser wave-
length of 532 nm and AFM-IR (Bruker) were employed to characterize
the chemical composition. XPS analysis was performed on an ESCALab
250Xi (Thermo Fisher) using monochromated Al Kα (1486.6 eV) with
an energy of 150W. The base pressurewas about 3 × 10−9 mbar, and the
binding energies were referenced to the sp3 -hybridized carbon C 1 s
peak at 284.8 eV. XRD patterns were performed on an Empyrean
instrument (PANalytical) in the range from 30° to 42°.

Data availability
All data supporting this study and its findings are available within the
article and Supplementary Information. Additional supporting data of
this study are available from the corresponding author on request.
Source data are provided with this paper.
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