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Unraveling chemical origins of dendrite
formation in zinc-ion batteries via in situ/
operando X-ray spectroscopy and imaging

Hongliu Dai1,6, Tianxiao Sun2,3,6, Jigang Zhou 2,5 , Jian Wang 2 ,
Zhangsen Chen1, Gaixia Zhang 4 & Shuhui Sun 1

To prevent zinc (Zn) dendrite formation and improve electrochemical stabi-
lity, it is essential to understand Zn dendrite growth, particularly in terms of
morphology and relation with the solid electrolyte interface (SEI) film. In this
study, we employ in-situ scanning transmission X-ray microscopy (STXM) and
spectro-ptychography to monitor the morphology evolution of Zn dendrites
and to identify their chemical composition and distribution on the Zn surface
during the stripping/plating progress. Our findings reveal that in 50mM
ZnSO4, the initiation ofmoss/whisker dendrites is chemically controlled, while
their continued growth over extended cycles is kinetically governed. The
presence of a dense and stable SEI film is critical for inhibiting the formation
and growth of Zn dendrites. By adding 50mM lithium chloride (LiCl) as an
electrolyte additive, we successfully construct a dense and stable SEI film
composed of Li2S2O7 and Li2CO3, which significantly improves cycling per-
formance. Moreover, the symmetric cell achieves a prolonged cycle life of up
to 3900 hwith the incorporation of 5% 12-crown-4 additives. This work offers a
strategy for in-situ observation and analysis of Zn dendrite formation
mechanisms and provides an effective approach for designing high-
performance Zn-ion batteries.

To date, lithium-ion batteries (LIBs) are widely used due to their high
specific capacity, no memory effect, and long cycle life1. However,
challenges such as limited lithium mineral resources, high production
costs, and safety issues with organic electrolytes (e.g. toxic and flam-
mable) restrict the further applications of LIBs2,3. In this regard, aqu-
eous zinc-based batteries (AZBs) have emerged as promising next-
generation energy storage technologies with potential for indus-
trialization. AZBs utilize zinc (Zn)metal as the negative electrode and a
neutral or acidic solution as the electrolyte. AZBs offer advantages
such as high ionic conductivity, low cost, abundant Zn reserves,
environmental friendliness, and enhanced safety4–6.

With the rapidly increasing demand for large-scale energy storage
solutions, there is an urgent need for high-performance AZBs.
Achieving the desired high energy density in AZBs hinges upon
designing Zn negative electrodes with high Zn utilization efficiency,
particularly at high current densities. However, under such conditions,
the heterogeneous and rapid deposition of Zn2+ ions accelerates the
formation of Zn dendrites. Moreover, the rough surface of the Zn foil
contributes to anuneven electricfieldon the surfaceof theZnnegative
electrode, resulting in a sharp point effect. This effect leads to pre-
ferential deposition of protruding parts of Zn2+ ions, culminating in
dendrite formation. These dendrites not only cause capacity
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degradation but also pose the risk of short circuits. Zn dendrites
exhibit various morphologies, including one-dimensional branched
cone and two-dimensional hexagonal shapes, and unbranched den-
drite morphologies. The morphology difference of the Zn dendrites
reflects their ability to penetrate the separator6,7. Therefore, under-
standing the morphology of Zn deposition is crucial for mitigating Zn
dendrites growth. Although mildly acid electrolytes like ZnSO4 are
commonly used in AZBs8–14, the high activity of H+ ions promotes the
thermodynamic tendency of the hydrogen evolution reaction (HER)15.
The hydrogen (H2) gas generated during HER disrupts the stability of
the SEI film and promotes the formation of zinc oxide (ZnO)/zinc
sulfate hydroxide hydrate (ZSH), fostering the growth of Zn
dendrite16,17. Additionally, the rapid corrosion of the Zn negative elec-
trode exacerbates the dendrite formation. Therefore, understanding
the chemical origin of Zn dendrite formation and its relation with SEI
film through advanced characterization techniques is paramount in
addressing the dendrite-related issues in Zn-based batteries.

From this perspective, numerous characterization techniques
have been employed in the research of AZBs. For instance, the in situ
X-ray diffraction (XRD) has been utilized to investigate the crystal-
lography of Zn dendrite by observing the phase transformation
between Zn and ZnO18. Moreover, the in situ XRD has been employed
to demonstrate the phase transformation of Zn (102)/ZnO (002) dur-
ing charge/discharge cycles, revealing the effectiveness of the anion-
exchange ionomer coatings in inhibiting Zn dendrite growth19.
Although many previous studies have focused on the relationship
between the crystal phases and dendrite morphology using XRD, this
technique cannot directly observe the morphology of Zn dendrites
and the influence of SEI film composition on dendrite nucleation.
Therefore, other spectroscopic techniques such as X-ray photoelec-
tron spectroscopy (XPS), Fourier transform infrared spectroscopy
(FTIR), and Raman spectroscopy have been employed to study the
mechanisms of SEI film formation and dendrite growth20–23. Never-
theless, it is important to note that the utilization of XPS, Raman and
FTIR primarily provides averaged information from a large sample
area, which limits the ability to explore the morphology of Zn den-
drites and the SEI film on the Zn surface.

Microscopic techniques have been extensively utilized tomonitor
the growth direction, nucleation speed, and morphology of Zn den-
drites. For example, in situ optical microscope24 and scanning electron
microscopy (SEM)25 can directly observe the dendritic morphology on
the surface of Znmetal. Liu et al. reportedmossy and poorly nucleated
Zn dendrite on carbon paper using operando optical microscopy24.
Qian et al. used laboratory-scale Sigray PrismaXRM X-ray microscopy
to study the visualization of Zn plating and peeling behavior on 3D Cu
foam, demonstrating that zinc ions tend to nucleate preferentially on
convex substrates with positive local curvature. Additionally, they
observed that the spontaneous reduction of Cu substrates can sig-
nificantly affect the nucleation and growth behavior of Zn deposits26.
Moreover, transmission electronmicroscopy (TEM)27 and atomic force
microscopy (AFM) have been utilized to monitor the nucleation of Zn
dendrites. For example, Li et al. used in situ AFM to characterize the
morphological evolution andmechanismsofZndeposition. Their AFM
results demonstrated that dense, blocky Zn growth was controlled by
instantaneous nucleation in concentrated electrolytes (≥0.4M). Con-
versely, in electrolytes with a concentration below 0.3M, mossy Zn
formations occurred due to the low nucleation rates28. While these
characterizationmethods are effective in testing protection strategies,
the structure of Zndendrite and the composition of the SEI filmmaybe
compromised due to the highly energetic beam spot employed in
techniques such as TEM, SEM and XPS. Moreover, these technologies
lack the capability to directly detect Zn corrosion and H2 evolution.
Instead, they can only infer conclusions regarding hydrogen evolution
or Zn corrosion based on their results. Therefore, it is necessary to
develop in situ characterization technologies with spectroscopic

imaging capabilities, offering high spatial resolution and non-
destructive capabilities, to detect the morphology of Zn dendrites
and identify the chemical composition of the SEI film.

Synchrotron-based scanning transmission X-ray microscopy
(STXM) has been proven invaluable for monitoring the dynamic evo-
lution of electrode material structure and identifying chemical com-
ponent distributions in both bulk and surface during the charge and
discharge progress, due to its high spatial resolution, improved ele-
mental selectivity, high chemical sensitivity, and non-destructive
nature29–31. Therefore, the STXM characterization technique holds
great promise for directly exploring the dynamic process of Zn
deposition and understanding the dendrite formation, particularly
regarding their chemical origins and relationship with the SEI film.
Figure 1a illustrates the setup for in situ STXM, utilizing a spatially and
temporally coherent soft X-ray beam. In both cases, STXM enables
chemical mapping, providing valuable insights into the chemical
composition and structure of deposited Zn and the SEI.

Results
In situ optical and STXM study of Zn deposition
In Zn-ion batteries, the initial morphology and the stability of the
deposited Zn on the Zn electrode have a significant influence on the
later Zn2+ ion deposition/stripping (e.g., dendrite formation). Optical
images of the Zn foil electrode were taken during the Zn plating/
stripping experiments to investigate the growth and dissolution of Zn
dendrites. As shown in Supplementary Fig. 1a, during the Zn plating
cycle, in the 50mM ZnSO4 electrolyte, Zn dendrites began to grow on
the Zn foil surface. ‘Clusters’ of Zn dendrites initiated/grew at various
sites on the surface of the Zn electrode. For example, some tiny and
uneven tips can be observed on the Zn surface after 30min of plating.
When the electroplating time reaches 40minutes, Zn ‘clusters’/den-
drites tend todeposit on the convexparts compared toflat areasof the
Zn foil. This phenomenon is consistent with the conclusion of Liu et al,
who utilized the in situ and operando X-ray microscopy methods to
visualize the Zn plating and stripping behaviors26. In addition,
according to previous reports32 in neutral solution, the equilibrium
potential of H2O/hydrogen (H2, 0 V vs standard hydrogen electrode
(SHE)) is higher than that of Zn2+/Zn (−0.76 V vs SHE), and the coex-
istence of Zn and H2O is thermodynamically unstable, meaning that
they will react spontaneously and release H2. During the plating pro-
cess, there is a competition between Zn deposition and H2 evolution;
theoretically, hydrogen evolution takes precedence over Zn deposi-
tion. The accumulation of H2 during the HER process, adhering to the
surface of the negative electrode, could impede the nucleation of Zn,
thereby facilitating the growth of Zn dendrites33. Additionally, as the
plating time gradually increased, mossy Zn was formed after 120min
due to the rough and uneven Zn surface. On the other hand, during the
subsequent Zn stripping process, as shown in Supplementary Fig. 1b,
the Zn dendrites gradually dissolve and diminish in size with the
increases in stripping time. Interestingly, comparing the initial and
final states of the Zn electrode (i.e., before the plating cycle and the
end of the stripping process; the durations of both processes are
120min), it is obvious that after the completion of the stripping pro-
cess, there is a small amount of undissolved Zn dendrite could be
observed on the Zn electrode surface, which couldbe attributed to the
dead Zn or by-products (e.g. ZnO, ZSH). These insoluble Zn metals
serve as the preferential deposition sites of Zn2+ ions in the following
plating cycle due to the tip effect, thereby promoting the growth of Zn
dendrites. Moreover, as shown in Supplementary Fig. 2, online gas
chromatography (GC) analysis indicates that H2 is produced during
Zn2+ ion deposition progress, in the 50mM ZnSO4 electrolyte, indi-
cating that hydrogen evolution may also affect the deposition of Zn2+

ions and thereby promote the growth of Zn dendrites.
The limited resolution of the optical observation cannot reveal

the specific composition of deposited Zn in real-time. Therefore, to
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further monitor the stages, composition, and stability of Zn deposi-
tion, the in situ/operando STXM investigations were conducted.
Figure 1a and Supplementary Fig. 3 show the schematic diagram and
digital photograph of the in situ STXM set-up. The aurum foil (Au) was
used as the current collector on the in situ electrochemical Si3N4

window in the set-up, 50mM ZnSO4 solution was used, and Zn metal
was pre-deposited at a high constant voltage of −1.7 V (vs. Ag/AgCl) for
90 s. To determine the spatial distribution of the chemical composi-
tion of various deposited Zn species, a linear combination fitting was
performed on the acquired STXM image stack as a function of photon
energy. Figure 1b shows the chemical imaging of the deposited Zn on
the surface of the Au electrode. The red, green, and blue regions
represent the deposited Zn species with thicknesses of 150, 75, and

15 nm, respectively, determined from their absorption edge jumps at
the Zn L-edge. As shown in Fig. 1b, at the thick region (150nm), the
deposited Zn exhibits moss-like, whisker-like (region I) and flake-like
(region II) morphologies. In the thin region (75 nm), it shows granular
and moss-like morphologies. In addition, the more evenly distributed
signals (blue color) at the right edge of the Au electrode are likely to be
from the electrolyte, indicating thatmost of the signals in the thinnest
region (15 nm) come from the ZnSO4 electrolyte, along with a small
amount of the deposited Zn (Fig. 1b). The existence of this 15 nm-thick
region only on the far right side of the STXM images is due to the
spatial distribution of these species. Figure 1c presents the corre-
sponding XANES spectra of Zn L-edges with different species and
thicknesses in Fig. 1b, and Fig. 1d shows the Zn L-edge spectra of four

Fig. 1 | In situ/operando scanning transmission X-ray microscopy (STXM) of
Zn deposition. a Schematic diagram of in situ STXM setup (OSA: order sorting
aperture). b The linear combination fitting result of different thicknesses (red
color: 150nm; green color: 75 nm; blue color: 15 nm, scale bar: 2 µm) and species of
the deposited Zn by in situ STXM (Region I: dashed oval; Region II: dashed square).
c Zn L-edge X-ray absorption spectroscopy (XAS) spectra in different color regions
extracted from (b). d Zn L-edge XAS reference spectra of the standard samples

(Zn foil, ZnO, ZnSO4 and Zn(OH)2). e The evolution of the distribution and mor-
phology of the deposited Zn (Region I: dashed oval; Region II: dashed square;
Region III: dashed circle, scale bar: 4 µm). fThe operando STXMobservations of the
Zn deposition process (A: red dashed oval; B: orange dashed oval; C: blue dashed
square; D: green dashed oval; E: cyan dashed circle, scale bar: 4 µm). The colored
regions in (e) and (f) are created using masks derived from the corresponding
colored regions in (b).
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standard Zn-containing samples (Zn foil, ZnO, ZnSO4 and Zn(OH)2).
Subsequently, the evolution of the morphologies of the deposited Zn
was monitored by the in situ STXM electrochemical investigations
(Fig. 1e). The pre-edge region (circled in red) in Fig. 1c may be attrib-
uted to the transitions of Zn 2p electrons to the Zn 4s and antibonding
3d states34. Supplementary Fig. 4 shows the spatial distribution of ZnO,
ZnSO4, Zn foil, and Zn(OH)2. Supplementary Fig. 4a indicates that the
composition of mossy Zn is mainly metallic Zn, while the composition
of flaky and whisker-like deposited Zn is ZnO, Zn(OH)2, ZnSO4/ZSH
(Supplementary Fig. 4b–d). To further interpret the information in
Fig. 1e, the results derived from Fig. 1c, d and Supplementary Fig. 4
shouldbe collectively considered. As shown inFig. 1e, thedepositedZn
species on the Au electrode surface with a loose and porous form can
be observed, indicating that the deposition of Zn2+ ions is not uniform,
which promotes the formation of Zn dendrites. Moreover, at low
energy between 1010.0 and 1025.5 eV, the morphology of Zn2+ ion
deposition is mainly granular (region III) andmossy. When the photon
energy reaches above 1030.3 eV, the morphology of deposited Zn
begins to exhibit whisker (region I) and flake (region II) topography.
Additionally, the size ofwhiskers and flakes increases with the increase
of the photon energy (from 1033.0 to 1060.0 eV). Interestingly, from
1010.0 to 1021.5 eV, in region III of Fig. 1e, the composition is mainly
metallic Zn (Supplementary Fig. 4a). However, from 1023.0 to
1060.0 eV, in region III, the green part gradually disappears and is
gradually replaced by the red part, which also means that the com-
position of the deposited Zn gradually changes from metallic Zn to
ZnSO4 or Zn(OH)2 or ZSH (Supplementary Fig. 4c, d). These results
indicate the existence of the self-corrosion phenomenon of Zn. As
commonly understood, the corrosion process involves the dissolution
of Znmetal at the corrosion site, resulting from the loss of electrons. In
a neutral solution, H2O gains electrons, generating H2 and OH-35–37.
Moreover, the formed OH- and H2O react with the electrolyte, produ-
cing electrochemically inert corrosion by-products that accumulate on
the Zn negative electrode surface. These deposits impede ion trans-
mission, exacerbate electrodepolarization, and consequently facilitate
the formation of Zn dendrites32,38. Therefore, the self-corrosion of the
deposited Zn produces by-products such as ZSH, which in turn pro-
mote the formation of Zn dendrites and affect the electrochemical
performance of Zn ion batteries. Moreover, the blue part exhibits its
maximum brightness at the beginning of the Zn deposition reaction
(from 1010.0 to 1011.0 eV). However, as the Zn deposition reaction
progresses (from 1021.5 to 1060.0 eV), the blue segment gradually
dims without entirely vanishing. This observation suggests that the
electrolyte undergoes depletion during Zn deposition, which can be
attributed to the formation of ZSH or the occurrence of HER.

To further investigate the effect of HER on themorphology of the
deposited Zn, the operando STXM experiment was performed, based
on the findings illustrated in Fig. 1e. The experiments were carried out
at −1.6 V (vs Ag/AgCl) using the potentiostatic deposition method, as
detailed in Supplementary Figs. 5 and 6. Supplementary Fig. 5f shows
both the current vs. time curve and STXMmap generated during these
tests. Additionally, it displays the time corresponding to different
photon energies. For this analysis, six X-ray energy points (1015.0,
1023.5, 1025.5, 1029.3, 1032.5, and 1038.3 eV) were chosen to represent
the characteristic XANES features of the deposited Zn (Fig. 1c, d). In
Fig. 1f at 1015.0 eV (Stage 1), there is a minimal disparity between the
map and the results in Fig. 1e, except for a slight change in the current
value (Supplementary Fig. 5f) which could be attributed to the
migration of Zn2+ ions. To more accurately identify the changes from
Fig. 1f-Stage 1, new maps of Stage 1 (from 1023.5 to 1038.3 eV) are
obtained by subtracting the maps of Fig. 1f-1015.0 eV (Stage 1) on the
absorption scale (i.e., optical density), as depicted in Supplementary
Fig. 5a–e. In Supplementary Fig. 5a–e, the bright color represents the
Zn species that are formed, while the dark color represents the Zn
dendrites that disappear. The positive signal observed in

Supplementary Fig. 5a–e indicates the formation of Zn species during
the deposition process. These figures demonstrate themoss shapes of
the generated Zn species, attributed to the strong electric field at the
original moss-shaped Zn, which attracts Zn2+ ions, as reflected in the
increased current in Supplementary Fig. 5f. In region B of Supple-
mentary Fig. 5, the gradually brightening color indicates the deposi-
tion of Zn2+ ions. This observation supports the notion that Zn2+ ions
are preferentially deposited on convex substrates with positive local
curvature26. However, region A in Supplementary Fig. 5d appears
darker compared to Supplementary Fig. 5a–c, indicating the dis-
appearance of deposited Zndue to corrosion by the ZnSO4 electrolyte.
The corrosion current results from the electrochemical corrosion
process of the deposited Zn by the ZnSO4 electrolyte, leading to a
decrease in deposition current. Therefore, in the i-t curve (Supple-
mentary Fig. 5f), the current gradually returns to zerobetween 250and
300 s. In the range of 300–382 s (stage 1), the current fluctuates
around zero mA (Supplementary Fig. 5f), which indicates that only a
small amount of Zn2+ ions are deposited during the plating process.
This phenomenon is due to the presenceof a ZnO/ZSHpassivation film
on the outer surface of the deposited Zn layer, hindering the rapid
capture of electrons by Zn2+ ions to generate Zn metal. This result
suggests that the later deposition of Zn2+ ions is controlled by ion
transport kinetics. In the initial state of Stage 2 (Fig. 1f), the current
experiences a sharp increase followed by a gradual decrease. This
behavior could be attributed to the uneven deposition of Zn2+ ions, the
generation of by-products, and the significant fluctuations in incident
energy during the X-ray measurement process. The map of Fig. 1f at
1015.0 eV monitored in Stage 2 is similar to that in State 1 (Figs. 1f,
1015.0 and 1038.3 eV). However, as the deposition reaction progresses,
the i-t curve (Supplementary Fig. 5f) in Stage 2 exhibits a very poor
signal-to-noise ratio, indicating the potential generation ofH2 gas or an
increased generation of corrosion by-products. The generated H2 gas
can disrupt the electrode structure, leading to the dissolution of Zn
dendrites. Therefore, compared to the map in Fig. 1f at 1015.0 eV
(Stage 2), the morphologies of the maps from 1023.5 to 1038.3 eV
(Fig. 1f, Stage 2) gradually change: first, the whisker-like dendrites
(region B in Fig. 1f) begin to disappear, followed by the disappearance
of the sheet-like (region A and D in Fig. 1f) dendrites, and eventually,
themoss (region C in Fig. 1f) and granular (region E in Fig. 1f) dendrites
start to vanish. This observation indicates that H2 production initiates
at 1023.5 eV in Fig. 1f (Stage 2), albeit at a minimal level initially, pri-
marily affecting the most unstable whisker-like dendrites. With the
gradual increase of H2 production, flaky (region A and D in Fig. 1f) and
mossy (region C in Fig. 1f) dendrites progressively disappear as well. In
Supplementary Fig. 6a-c, brighter colors indicate the formation of
more products, while darker colors (Supplementary Fig. 6d–f) indicate
the disappearance of dendrites. Supplementary Fig. 6a-c reveal an
increase in topography during Stage 2 compared to Stage 1. Supple-
mentary Fig. 6d–f shows a reduction in the topography of Stage 2
compared to Stage 1. As shown in Supplementary Fig. 6a, d, in stage 2,
despite the formation of only a small amount of deposited Zn, a sig-
nificant number of whisker-like dendrites disappear (region B in
Fig. 1f). In Supplementary Fig. 6e, f, the disappearance of the sheet-like
dendrites commences (region A andD in Fig. 1f), while the whisker-like
dendrites (region B in Fig. 1f) disappear at a slower rate due to their
substantial loss during the initial stages. Supplementary Fig. 6b, c
indicate the continued appearance of a small amount of products,
which can be attributed to the by-products (ZnO or ZSH) pro-
duced by HER.

The above studies present the visualization of the morphology
(granular, mossy, flake, and whisker-like) of the deposited Zn and its
corrosion using the in situ STXM technique. Notably, it reveals that the
granular deposited Zn is unstable and prone to rapid dissolution.
Interestingly, previous literature primarily inferred the existence of
corrosionphenomenabasedon the intrinsic property (highH+ activity)

Article https://doi.org/10.1038/s41467-024-52651-5

Nature Communications |         (2024) 15:8577 4

www.nature.com/naturecommunications


of ZnSO4 solution
15,16,39,40, with few reports employing advanced char-

acterization techniques to prove this41,42. In this work, we directly
observe dynamic corrosion phenomena and HER using the in situ
STXM technique. Furthermore, to mitigate Zn negative electrode
corrosion and enhance Zn utilization, it is necessary to create a pro-
tective layer on the Zn negative electrode surface.

STXM spectro-ptychography and in situ synchrotron-based
X-ray diffraction of Zn dendrites
To further investigate the relationship between Zn dendrite morphol-
ogy and chemical composition, ex situ spectro-ptychography STXM
measurements were carried out following the cyclic voltammetry (CV)
test (Supplementary Fig. 7a). In the initial cycle, the peaks at −0.75 and
0.25 V correspond to the oxidation and reduction peaks of Zn2+ ions,
respectively. However, after 7 cycles, the curve is notably different from
the first cycle due to the dendrite formation and the resultant dead Zn,
indicating significant irreversibility. The STXM image corresponding to
the CV curve in the 7th cycle is shown in Supplementary Fig. 7b. The
conventional STXM image depicts increased Zn deposition at the edge
of the Au electrode in Region 1 and dead Zn fall-off in Region 2 (Sup-
plementary Fig. 7b). To better distinguish themorphology and chemical
composition of Region 1 and Region 2, a series of high-resolution multi-
energy spectro-ptychographic images and XAS spectra were obtained,
as displayed in Fig. 2a–j.

The amplitude (absorption) images and phase images of Region 1
and Region 2 are displayed in Fig. 2a, d and Fig. 2b, e, respectively. In
principle, the absorption image can highlight the denser areas and
specific target element/chemical species within the sample, whereas
the phase contrast image can resolve tiny structures and other ele-
ments beyond the measured elemental edge with high precision.
Moreover, the absorption images, which provide details based on the
attenuation of the X-ray beam, are crucial for identifying the presence
and concentration of materials. The phase images, on the other hand,
provide valuable insights through the detection of the phase shift
experienced by the beam, revealing structural and compositional
details that may not be readily apparent in absorption images. Com-
bining the amplitude (Fig. 2a, d) and phase (Fig. 2b, e) images provides
information onmorphology with higher spatial resolution43. As shown
in Fig. 2a, b, the Zn dendrites at the edge of the Au electrode exhibit
“thoracic” (green) and “cluster”-like (red) morphologies. Figure 2d, e
reveals that the exfoliated dead Zn has a regular hexagonal and den-
dritic morphology, possibly resulting from the production of H2. To
analyze the chemical phase distribution in different regions, principal
component analysis (PCA) was used, and the results are shown in
Fig. 2c, f. The various colorful clusters in these figures correspond to
distinct chemical phases. Figure 2g, i and Fig. 2h, j present the average
O K-edge and Zn L-edge spectra extracted from the various corre-
sponding clusters in Fig. 2c, f, respectively. The colors in these spectra
align with those of clusters in Fig. 2c, f. The solid lines represent the
absorption spectra and the dotted lines represent the phase spectra. In
region 1, as evidenced by Fig. 2g, h (solid line) and Fig. 1d, the com-
ponents of “thoracic” and “cluster”-like Zn dendrites are mainly ZnO
and Zn(OH)2. Moreover, in Fig. 2h (red and green spectra, solid line),
the peak at around 1023 eV indicates the presence of metallic Zn. In
region 2, Fig. 2j (red solid line), the peak at around 1023 eV demon-
strates the presence of metallic Zn, while in the green solid line, a peak
at around 1023.6 eV suggests the presence of Zn(OH)2. Moreover, as
shown in Fig. 2i, the peak at 537.1 eV is attributed to water43, and this
peak is formed due to the O-H bond in ZSH. Therefore, the compo-
nents of planar dead Zn encompass ZnO, ZSH, and metallic Zn (red
region). Furthermore, compared to the absorption spectra (solid line),
the phase spectra (dotted line) at the O K-edge shifted to lower ener-
gies by approximately 0.9 eV (peak A) and 1.5 eV (peak B) in Region 1,
and 1.8 eV (peak D) in Region 2. The Zn L-edge phase spectra of peak C
in Region 1 and peak E in Region 2 also shifted to lower energies by

roughly 1.6 eV and 2.1 eV, respectively, compared to their corre-
sponding absorption peaks.

Based on the above discussions, in 50mM ZnSO4 electrolyte, the
occurrence of HER and self-corrosion gives rise to Zn dendrites with
moss, plate and whisker-like morphologies, thereby forming an SEI film
containing ZnO and ZSH. This SEI film with poor ionic conductivity
further facilitates Zn dendrite formation and manifests inadequate
electrochemical stability (Fig. 1e, f). The planar dead Zn and regular
hexagonal Zn dendrites are prone to detach from the electrode surface
due to their weak adhesion and relatively inert electrochemical reac-
tivity, coupled with H2 production (Supplementary Fig. 7b and Fig. 2f).
Consequently, the Zn negative electrode exhibits poor cycle stability in
50mM ZnSO4 electrolyte due to the presence of ZnO and ZSH (Fig. 3a).
As illustrated in Fig. 3a, the cycling stability of the Zn negative electrode
in the 50mM ZnSO4 electrolyte was assessed at a current density of
1.0mAcm−2/1.0 mAh cm−2. The Zn | |Zn symmetric cell with the 50mM
ZnSO4 electrolyte exhibited poor cycling stability (46h, overpotential:
approximately 135mV) due to the unstable and porous SEI film. Notably,
Supplementary Fig. 8a shows a top-view SEM image of Zn deposition
(plating progress) on Cu foil in the 50mM ZnSO4 electrolyte (plating
time: 3 h). It clearly indicates the growth of regular hexagonal flakes,
leading to a loose and porous surface, which is consistent with the
observations in Fig. 1e. Therefore, in the 50mM ZnSO4 electrolyte sys-
tem, this porous structure cannot effectively prevent the electrolyte
contact with fresh Zn, which accelerates the Zn surface corrosion and
leads to the formation of by-products ZSH and ZnO. Supplementary
Fig. 8b shows a top-view SEM image of the Zn negative electrode in the
50mM ZnSO4 electrolyte after 20 plating/stripping cycles. It demon-
strates that the dead Zn, massive mossy Zn, dendritic Zn and cracks
emerge on the Zn surface, leading to the formation of Zn dendrites.
Moreover, to ascertain the composition of the Zn negative electrode,
ex situ synchrotron-based X-ray diffraction (SXRD) was conducted, as
displayed in Fig. 3b, c and Supplementary Fig. 9. Figure 3b shows the
collection area of the diffraction pattern, and Fig. 3c shows the most
representative 48 SXRD spectra. As presented in Fig. 3c, the peaks at
～4.7°, ～5.1°, ～5.6°, ～6.9°, ～8.7°, ～8.8°, ～9.4°, ～9.9°, ～10.1° and
～10.3° are attributed to Znmetal. The peaks at～7.16° and～10.7°may
be attributed to 6Zn(OH)2·ZnSO4·4H2O and ZnO, respectively (Supple-
mentary Fig. 9). These findings suggest that the by-products may be
attributed to ZnO and 6Zn(OH)2·ZnSO4·4H2O. As shown in Fig. 3b
(orange box) and Supplementary Fig. 9a, the presence of
6Zn(OH)2·ZnSO4·4H2O is unevenly dispersed across the grids, indicating
the random occurrence of HER on the Zn surface. Moreover, the
peak intensity and full width at half maximum (FWHM) of
6Zn(OH)2·ZnSO4·4H2O (Supplementary Fig. 9a) and ZnO (Supplemen-
tary Fig. 9b) exhibit constant variation, leading to diverse crystal forms
and grain sizes of 6Zn(OH)2·ZnSO4·4H2O and ZnO. These results indi-
cate that the distribution of 6Zn(OH)2·ZnSO4·4H2O and ZnO on the Zn
surface is not uniform, which hinders the deposition of Zn ions and
promotes the growth of Zn dendrites. Therefore, based on the STXM
results, tomitigate self-corrosion, inhibit the formation of zinc dendrites
and hydrogen evolution reactions, and reduce by-product generation, it
is imperative to explore new and efficient interface protection strate-
gies. The electrolyte additive approach emerges as a simple, rapid, and
cost-effective method for constructing a dense and stable protective
film on the Zn negative electrode surface.

To validate the conclusions drawn from STXM characterizations,
lithium chloride (LiCl) material was employed as an electrolyte addi-
tive to inhibit Zn dendrite growth due to its low cost and high
solubility32,44. Supplementary Fig. 10 illustrates the cycling stability of
Zn negative electrode in 50mM ZnSO4 electrolyte with 50mM LiCl
additive at a current density of 1.0mAcm−2/1.0 mAh cm−2. The inclu-
sion of LiCl additive in the cell demonstrated higher cycling stability
(overpotential: approximately 118mV), lastingup to 138h compared to
the Zn negative electrode in the electrolyte of 50mM ZnSO4 (Fig. 3a).
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Fig. 2 | Scanning transmission X-ray microscopy spectro-ptychography of Zn
dendrites. a, b Ptychography averaged amplitude (optical density) and phase
images from O K-edge and Zn L-edge in region 1 after 7 plating/stripping cycles,
respectively. c Chemical mapping of Zn dendrites by ptychography amplitude
images in region 1. d, e Ptychography averaged amplitude (optical density) and

phase images from O K-edge and Zn L-edge in region 2 after 7 plating/stripping
cycles, respectively. f Chemical mapping of Zn dendrites by ptychography ampli-
tude images in region 2 (a–f: scale bar: 1 µm).g–jAmplitude (absorption) and phase
spectra extracted from “Thoracic” and “Cluster”-like dendrites in regions 1 and 2.
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This enhancement can be attributed to the formation of a stable and
dense SEI film, consisting of Li2CO3 and Li2S2O7, on the Zn surface
when the 50mM LiCl additive was added into the 50mM ZnSO4

electrolyte. This film effectively hinders direct contact between water
and Zn, thus preventing the generation of by-products (ZSH, ZnO).

To further confirm the protective effect of the LiCl additive on the
Zn negative electrode, in situ SXRD, ex situ XRD, XPS and SEM char-
acterizations were employed, and the results are displayed in Fig. 3d–f,
Supplementary Figs. 11–17. As presented in Fig. 3d–f, during the initial
stripping/plating progress, in situ SXRD was used to characterize the
changes in the composition of the Zn electrode surface in the 50mM
ZnSO4 electrolyte containing 50mM LiCl additive at 0.5mA cm−2/
1.5 mAh cm−2. Figure 3d illustrates the first cycle curve at 0.5mA cm−2/
1.5 mAh cm−2, while the SXRD spectra at different times are shown in
Fig. 3e, f. After introducing the LiCl additive into the 50mM ZnSO4

electrolyte, signals corresponding to the metallic Zn signal were
observed at ~4.7°, ~5.1°, ~5.6°, ~6.9°, ~8.7°, ~8.8°, ~9.4°, ~9.9°, ~10.1° and
~10.3°. Moreover, the peaks at ～6.49°, ～9.18° and ～10.78° are also
obviously detected, whichmay be attributed to Li2S2O7 (Fig. 3e, f). This
indicates that the Li+ ion participated in the SEI film-forming reaction,
generating Li2S2O7 during the first cycle. Additionally, the shoulder
peak at～10.71° is attributed to ZnO (Supplementary Fig. 11a, b), which
differs from the spike peak of ZnO in Supplementary Fig. 9b. Fur-
thermore, as delivered in Supplementary Fig. 12a, during the Zn

stripping process, a weak peak of 6Zn(OH)2·ZnSO4·4H2O inevitably
emerged. However, during Zn plating, this peak disappeared (Sup-
plementary Fig. 12b).Moreover, the presence of 50mMLiCl additive in
the 50mM ZnSO4 electrolyte (Supplementary Fig. 13) effectively sup-
presses HER, which is 0.22 times that observed in the 50mM ZnSO4

electrolyte (Supplementary Fig. 2). These findings indicate that the
introduction of LiCl additive effectively suppresses the generation of
ZnO and ZSH by-products and improves the cycle life of Zn metal. As
shown in Supplementary Fig. 14a, after introducing the LiCl additive
into the 50mM ZnSO4 electrolyte, a dense and smooth Zn deposition
was detected due to the formation of a stable SEI film. Over time, this
robust SEI film inhibits the formation of by-products (ZSH, ZnO) and
Zn dendrites during extended cycling. Supplementary Fig. 14b pre-
sents a top-viewSEM imageof theZnnegative electrode after 20cycles
at 1.0mAcm−2/1.0 mAh cm−2, revealing a smooth surface. Based on
these observations, it can be inferred that the growth of Zn dendrite is
effectively suppressed by using LiCl as an additive to form a stable and
dense SEI film, thus enhancing the cycling stability of the Zn negative
electrode (Supplementary Fig. 10). To study the inhibitory effect of the
SEI film after adding the LiCl additive, XRD (λ = 0.1541 nm) character-
ization was conducted (Supplementary Fig. 14c). When the 50mMLiCl
was added to the 50mM ZnSO4 electrolyte, most peaks of ZnO dis-
appeared and the intensity of the peak at 11.2° weakened, confirming
the inhibition of ZSH and ZnO growth via a stable and dense SEI film.

Fig. 3 | The performance of Zn||Zn symmetric cell in 50mM ZnSO4 electrolyte
with or without LiCl additive. a The long cycle performance of Zn||Zn symmetric
cell in the 50mM ZnSO4 electrolyte at 1.0mA cm−2/1.0 mAh cm−2 (Zn utilization:
2.4%, Blank: 50mMZnSO4). b A schematic illustration of X-ray diffractionmapping
employing a 21 × 21 grid, with each grid segment being 1 × 1 μm2 and featuring no
overlap. c The ex situ synchrotron-based X-ray diffraction (SXRD) spectra of Zn
negative electrode in the 50 mMZnSO4 electrolyte after 20 cycles at a current

density of 1mA cm−2/1mAh cm−2. d The 1st cycle curve of Zn||Zn symmetric with the
50mM ZnSO4 electrolyte containing 50mM LiCl additive at a current density of
0.5mA cm−2/1.5mAh cm−2. e and f The in situ SXRD spectra of Zn||Zn symmetric cell
for Zn Stripping state Zn Plating state, respectively, with the 50mM ZnSO4 elec-
trolyte containing 50mM LiCl additive at a current density of 0.5mA cm−2/1.5 mAh
cm−2. These spectra are labeled in (d).
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This result is consistent with Supplementary Fig. 12. To further deter-
mine the composition of the SEI film, XPS measurements were carried
out. Supplementary Fig. 14d presents the O 1 s spectrum of the Zn
surface after 10 cycles at a current density of 1.0mAcm−2/1.0 mAh
cm−2. The O 1 s spectrumwas deconvoluted into four peaks at 531.3 eV,
532.1 eV, 533.5 eV and 534.5 eV, corresponding to Li2CO3,
Li2ZnCl4·9H2O, H2O and surface-adsorbed oxygen, respectively45–48.
Moreover, Cl 2p and Zn 2p3/2 XPS spectra were also examined (Sup-
plementary Fig. 15). When LiCl is introduced into the 50mM ZnSO4

electrolyte, the Zn-Cl bond and Li2ZnCl4·9H2O were detected (Sup-
plementary Fig. 15a, b)48–50. This SEI film (Li2S2O7, Li2CO3, Zn-Cl and
Li2ZnCl4·9H2O) not only inhibits the occurrence of HER but also pro-
motes the transmission of Zn2+ ions, resulting in a uniform and smooth
deposition surface, thereby preventing Zn dendrite growth.Moreover,
to further validate the in situ formation of dense SEI films by the LiCl
additive, and confirm their chemical compositions as Li2S2O7 and
Li2CO3, the XRD, SEM, energy-dispersive X-ray spectroscopy (EDX),
high-resolution transmission electronmicroscopy (HRTEM), and TEM-
EDX analyses were conducted and presented in Supplementary
Figs. 16, 17. Prior to the measurements, the Zn electrode was rinsed
with deionized water to remove any additional electrolytes adsorbed
on its surface. As shown in Supplementary Fig. 16a, Li2S2O7 and Li2S2O6

2H2O were detected following immersion of the Zn electrode in the
50mM ZnSO4 electrolyte containing 50mM LiCl additive for serval
days. Subsequently, SEM-EDX analysis was carried out to study the
element distribution on the Zn surface at a constant potential of−0.8 V
for 3000 s. In the electrolyte of 50mM ZnSO4, the deposited Zn
appeared loose, porous and mostly mossy (Supplementary Fig. 16b).
Conversely, in the 50mM ZnSO4 electrolyte with 50mM LiCl additive,
a densely deposited layer is observed on the Zn surface (Supplemen-
tary Fig. 16c). Moreover, SEM-EDX results (Supplementary Fig. 16b–d)
reveal the presenceof carbon (C), sulfur (S), and chlorine (Cl) elements
in the 50mM ZnSO4 electrolyte containing 50mM LiCl additive, indi-
cating the formation of an SEI film containing these elements on the Zn
surface. In addition, the S content in the electrolyte containing 50mM
LiCl additive is lower than that in the untreated electrolyte of 50mM
ZnSO4 (Supplementary Fig. 16d), suggesting that the dense SEI film
inhibited the production of ZSH by-products. Supplementary Fig. 17a
illustrates the elemental distribution of the plated Zn electrode 50mM
ZnSO4 electrolyte with 50mM LiCl additive, with clear mappings of C,
O, S, Zn, and Cl. Notably, the outer edge of the Zn electrode is covered
with a SEI film containing C, O, S, and Cl elements. As shown in Sup-
plementary Fig. 17b, the TEM image of the Zn electrode reveals a
uniform and dense SEI film with a thickness ranging from 8.09 to
9.75 nm. This uniform and dense SEI film can effectively suppress the
production of by-products and the growth of Zn dendrites. As dis-
played in Supplementary Fig. 17c, the interplanar spacing of the
deposited metallic Zn is 0.247 nm, which corresponds to the (002)
crystal plane of Zn metal (highlighted in the green square). An addi-
tional product with a lattice space of 0.262 nm is identified at the outer
edge of the Zn electrode (highlighted in red square), corresponding to
the (−112) crystal plane of Li2CO3. Furthermore, the presence of Li2S2O7

is also observed (highlighted in the cyan square) with a lattice space of
0.2605 nm. Moreover, since the reaction product containing Cl ele-
ment may be amorphous, its crystal structure is not discernible in
HRTEM analysis. By combining the findings from Supplementary
Figs. 15, 16 and 17, as well as Fig. 3e, f, it becomes evident that, after
adding LiCl additive to 50mM ZnSO4 electrolyte, the main compo-
nents of the SEI film formed on the Zn surface comprise Li2S2O7,
Li2CO3, and Li2ZnCl4·9H2O. The Tafel plot was employed to assess the
charge transfer kinetics at the electrolyte/Zn negative electrode
interface (Supplementary Fig. 18). Compared to the 50mM ZnSO4

electrolyte, the LiCl-containing electrolyte exhibited a higher i0 value,
indicating enhanced charge transfer kinetics (i.e., increased transmis-
sion ofZn2+ ions), facilitating uniformZndeposition and improving the

electrochemical performance51,52. Therefore, based on the above dis-
cussions, the in situ STXM characterization technique has demon-
strated significant utility in investigating Zn dendrite growth and
suggesting optimization strategies for Zn batteries.

The performance of ZIBs with 12-crown-4 additive
Moreover, as depicted in Fig. 1e, f and Supplementary Fig. 8a, the pre-
sence of a loose and porous Zn2+ ion deposition layer exacerbates Zn
dendrite growth during the repeated plating/stripping process. There-
fore, it is necessary to introduce a Zn2+ ion deposition inducer into the
electrolyte, which can inhibit the formation of Zn dendrites and pro-
mote the commercial application of ZIBs. In this study, the 12-crown-4
(12-C-4), 15-crown-5 (15-C-5) and 18-crown-6 (18-C-6) are used as Zn2+ ion
deposition inducers to suppress Zn dendrite growth. To validate the
absorption effect of various additives on the Zn surface, the differential
capacitance was measured in different electrolyte systems (Supple-
mentary Fig. 19). The potential of zero charge (PZC) means that the
capacitance on a surface is minimal53. A distinct absorption behavior is
observed due to different PZC reflections53. As illustrated in Supple-
mentary Fig. 19a, the introduction of 12-C-4 and 15-C-5 additives into the
2M ZnSO4 electrolyte alters the PZC, indicating that additives are
absorbed on the Zn surface. Although the PZC of 18-C-6 is similar to that
of untreated electrolyte of 2M ZnSO4, the capacitance is lower51, indi-
cating that the 18-C-6 additive is also absorbed on the Zn surface.
Moreover, the adsorption behavior of the electrolyte with various
additives at the inner Helmholtz plane (IHP) was analyzed bymeasuring
the differential capacitance curves, as shown in Supplementary Fig. 19b.
The capacitance is obtained by Eqs. (1) and (2)54:

C =
εS
d

ð1Þ

C � CIHP ð2Þ

where C, d, ε and S represent the capacitance, the thickness of
adsorbed species on the Zn surface, dielectric constant and the area
of the electrode, respectively. The capacitance is inversely propor-
tional to the thickness, d. Notably, with 2M ZnSO4 electrolyte con-
taining 5% 12-C-4 additive, the value of C is lower than that of the 2M
ZnSO4 electrolyte and electrolytes with 5% 15-C-5 and 5% 18-C-6
additives. This observation suggests the presence of a loose
adsorption layer in the IHP, which may facilitate the transport of
Zn2+ ions and inhibit the formation of Zn dendrites. Moreover,
Supplementary Fig. 20 shows the results of electrochemical
impedance spectroscopy (EIS) conducted in electrolytes with various
additives at a current density of 2mA cm−2 with a capacity of 2 mAh
cm−2. The 2M ZnSO4 electrolyte containing 5% 12-C-4 additive
exhibits the lowest resistance compared to those with 5% 15-C-5
and 5% 18-C-6 additives. The low resistance indicates that the
electrolyte containing 5% 12-C-4 additive enhances the transport of
Zn2+ ions. Hence, combining the data from both the differential
capacitance and EIS analyses, it is apparent that the introduction of
15-C-5 and 18-C-6 additives not only changes the structure of the IHP
layer but also increases the resistance at the electrode/electrolyte
interface, consequently promoting the formation of Zn dendrites.
Therefore, as demonstrated in Supplementary Fig. 21, the 2M ZnSO4

electrolyte containing the 5% 12-C-4 additive exhibits the best
performance (230 h, overpotential: approximately 277.1mV) com-
pared to the electrolyte with 5% 15-C-5 (166 h, overpotential:
approximately 299.4mV) and 5% 18-C-6 (170 h, overpotential:
approximately 304.4mV). This is because 5% 15-C-5 and 5% 18-C-6
additives contain abundant ether-based functional groups, conse-
quently promoting Zn dendrite formation Zn negative electrode
surface. Furthermore, the long cycle stability of the Zn | |Zn
symmetric cell without or with 5% 12-C-4 additive was evaluated.
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As shown in Supplementary Fig. 22, when operating at a current
density of 4.0mA cm−2 with a capacity of 10.0 mAh cm−2, the 2M
ZnSO4 electrolyte containing 5% 12-C-4 additives demonstrates
improved cycle stability for up to 700 h (equivalent to 140 cycles,
overpotential: approximately 306.2mV). This performance is 10.8
times superior to that observed with untreated electrolyte of 2M
ZnSO4, which only lasts for 65 h (or 13 cycles). These findings indicate
that the 5% 12-C-4 additive effectively inhibits Zn dendrite growth,
particularly at high current density conditions and with a high
capacity. Moreover, based on the discussions above (Fig. 1b–e and
Fig. 3b, c), it becomes evident that the by-products of Zn corrosion
accelerate Zn dendrite growth. The lower corrosion current density
(icorr) and higher inhibition efficiency (η%) represent the reduced Zn
corrosion rate55. As exhibited in Supplementary Fig. 23a, among all
the additives investigated in this study, the 2M ZnSO4 electrolyte
containing the 5% 12-C-4 additive exhibits the best performance.
Furthermore, the difference of η% also reflects the compactness and
the stability of the 5% 12-C-4 derived SEI film. The η% value is
calculated using Eq. 3, where i0corr and icorr are the corrosion current
densities of Zn without and with 5% 12-C-4 additive in 2M ZnSO4

electrolyte, respectively55,56. Thus, for the 2M ZnSO4 electrolyte with
5% 15-C-5 additive, the η% is 46.8%, for 5% 18-C-6 additive, it is 43.5%,
while for the 2M ZnSO4 electrolyte containing 5% 12-C-4 additive, it
reaches 74.2%, indicating that the 5% 12-C-4 derived SEI film is more
compact and stable than those derived from the other two additives
(Supplementary Fig. 23b). Therefore, the 2M ZnSO4 electrolyte with
5% 12-C-4 additive demonstrates the best cycle stability for the Zn
negative electrode (Supplementary Fig. 21, red line). To validate the
effect of the 5% 12-C-4 additive on Zn2+ ion deposition, SEM
investigations were conducted (Supplementary Fig. 24). Supplemen-
tary Fig. 24a demonstrates that, in 2M ZnSO4 electrolyte, the
deposition of Zn2+ ions is inhomogeneous and characterized by large-
grains, leading to Zn dendrite growth. By contrast, in the 2M ZnSO4

electrolyte with 5% 12-C-4 additive, the Zn negative electrode surface
shows a dense and smooth deposition layer, which indicates
improved Zn2+ ion deposition inducibility (Supplementary Fig. 24b).
This improved inductivity can be attributed to the change of the
electrolyte’s wettability (the contact angle) on the Zn surface by the
12-C-4 additive. As shown in Supplementary Fig. 25, upon introducing
the 5% 12-C-4 additive into the 2M ZnSO4 electrolyte, the contact
angle decreased from 66° to 53°. The lower contact angle may
enhance the wettability between the Zn negative electrode and the
electrolyte, thereby accelerating the Zn2+ ion transfer number and
promoting uniform Zn2+ ion nucleation. The Zn2+ ion transfer number
(tZn2+) was determined through direct current polarization and EIS
measurements, which are displayed in Supplementary Fig. 26. The
tZn2+ for the 5% 12-C-4 additive is 0.7 (as shown in Supplementary
Fig. 26b), which is higher than that of the 2M ZnSO4 electrolyte (0.2,
as depicted in Supplementary Fig. 26a). A high tZn2+ promotes Zn2+

transmission within the SEI film and suppresses Zn dendrites
growth51. Therefore, at a current density of 0.5mA cm−2 with a
capacity of 1.5 mAh cm−2, the 2M ZnSO4 electrolyte with 5% 12-C-4
additives maintains exceptional cycle stability up to 3900 h (650
cycles, overpotential: approximately 235.2mV), which is 10.5 times
better than that with untreated electrolyte of 2M ZnSO4 (Supple-
mentary Fig. 27). After optimizing the composition of the electrolyte
additive, the influence of the 12-C-4 additive concentration on the
cycling stability of Zn | |Zn symmetric cells was carried out and is
displayed in Supplementary Fig. 28. As displayed in Supplementary
Fig. 28, although the overpotentials of 0.5% 12-C-4 (overpotential:
approximately 202.3mV) and 2% 12-C-4 (overpotential: approxi-
mately 182.2mV) are smaller than that of 5% 12-C-4, their cycling
stabilities are lower than that of 5% 12-C-4. Because at excessively low
additive concentrations, 12-C-4 cannot induce the uniform deposi-
tion of Zn2+ ions, resulting in Zn dendrite growth. Therefore, the 2M

ZnSO4 electrolyte containing 5% 12-C-4 additive presents the best
cycle stability.

η%=
i0corr�icorr

i0corr
× 100 ð3Þ

After pairing Zn negative electrode with MnO2, using 2M ZnSO4

electrolyte with 5% 12-C-4 additive, itmaintains a high specific capacity
of 136.86 mAh g−1 (3.4 times that when using untreated electrolyte of
2M ZnSO4, 40.32 mAh g−1) at a specific current of 500mAg−1 after 50
cycles (Supplementary Fig. 29a). Moreover, in the 2M ZnSO4 electro-
lyte, the columbic efficiency (CE) is very low (87.87%) after 50 cycles
due to the presence of self-discharge in ZIBs (Supplementary
Fig. 29b)57. The HER, Zn corrosion, Zn dendrite growth and shape
change of the Zn negative electrode during the plating/stripping
process may promote self-discharge57,58. As illustrated in Supplemen-
tary Fig. 23a, the untreated electrolyte of 2M ZnSO4 exhibits a higher
icorrr (0.62) and lower corrosion potential (cV) (-0.027 V) compared to
the 2M ZnSO4 electrolyte containing 5% 12-C-4 additive (icorr: 0.16, cV:
−0.015 V). Moreover, the cV shifts towards a more positive value may
indicate that the additive-derived SEI film can better inhibit Zn
dissolution55. Therefore, the untreated electrolyte of 2M ZnSO4

accelerates Zn corrosion, which is consistent with the results in Fig. 1.
This outcome demonstrates that the 5% 12-C-4 additive is adsorbed on
the Zn surface to form a stable protective film, thereby mitigating the
self-discharge of ZIBs. Therefore, the introduction of the 5% 12-C-4
additive improves the electrochemical performance of Zn||MnO2

full-cell.
Based on the aforementioned findings, the introduction of elec-

trolyte additives (LiCl, 12-C-4) into the untreated electrolyte effectively
inhibits the growth of Zn dendrites by suppressing HER and self-
corrosion. Phase field simulation was used to further validate the
necessity of introducing additives (Fig. 4). To statistically characterize
the dendritic pattern, we simulated the dendrite growth with or
without the presence of ZnO. In the simulation, the left side of the area
represents a thin layer of initial Zn crystal, while the right side repre-
sents the formationof dendrite. In the presence of ZnOby-products, at
t =0 s, the solid-liquid interface of the Zn negative electrode appears
smooth without any unit cell bulges (Fig. 4a, a’). However, by t =0.1 s,
the existenceof ZnOby-products on theZn surfacedisrupts the kinetic
balance at the interface of Zn/electrolyte interface, resulting in

Fig. 4 | Phasefield simulationofZndendrite growth. a–f Phasefield simulation of
Zndendrite growthwithZnOby-product. a’–f’Phasefield simulationofZndendrite
growth without ZnO by-product.
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numerous protruding unit cells on the Zn surface (Fig. 4b). In com-
parison, the absence of ZnO by-products results in minimal unit cell
protrusions (Fig. 4b’). Between 0.4 < t ≤0.9 s, the Zn dendrites on the
Zn negative electrode surface experience rapid growth, accompanied
by the tip-splittingphenomenon along the Zndendrites (Fig. 4c–e). Tip
splitting occurs due to the competitive growth among Zn dendrites,
where the electric field gradients at the tips of the most favorable Zn
dendrites facilitate easier capture of Zn2+ ions from the electrolyte,
leading to the formation of new dendrites. At t > 0.9 s, the electric field
gradient difference within the simulated region basically diminishes,
halting further growth of Zn dendrites (Fig. 4f). Conversely, in the
absence of ZnO by-products, the shape and number of Zn dendrites
remain unchanged over time (Fig. 4c’–f’). This stability arises from
better interfacial kinetic properties of the Zn negative electrode sur-
face, which reduces the driving force for Zn dendrite growth, inhibit-
ing their further formation at the Zn/electrolyte interface.

Discussion
In this study, we present the employment of the synchrotron-based in
situ STXM technique to investigate the relationship between Zn den-
drite morphology and the SEI film. In the electrolyte of 50mM ZnSO4,
we not only visualized the evolution of Zn dendrites, but also revealed
that the formation of a dense and stable SEI film is crucial for miti-
gating Zn dendrite growth. During the initial stages of dendrite for-
mation, the hydrogen evolution reaction accelerates Zn dissolution
and promotes the formation of Zn dendrites with whisker and moss
morphologies on the Zn surface. Moreover, the in situ STXM and
ptychography-based XAS characterizations revealed that the main
components of thesemorphologies are ZSH and ZnO (a component of
the SEI film). As Zn deposition progresses, the existence of the loose
and porous SEI film not only hinders the transmission of Zn2+ ions,
favoring the deposition of Zn2+ ions at the outer edge of the electrode,
but also increases the contact area with water, leading to enhanced H2

gas generation. This combination of poor ion transmission kinetics
and the H2 gas evolution promotes the exfoliation of the partially
deposited metallic Zn from the electrode, resulting in dead Zn with a
planar hexagonal morphology. To address these challenges, we
introduced LiCl as an electrolyte additive to effectively construct a
dense and stable SEI film on the Zn surface. After the addition of the
50mM LiCl additive into the electrolyte of 50mM ZnSO4, the Zn
negative electrode exhibited the ability to suppress HER and maintain
stable cycling for 138 h at a current density of 1mAcm−2/1 mAh cm−2,
compared to 46 h for the cell without the additive. Furthermore, the
in situ synchrotron-based XRD analysis revealed that the LiCl additive
facilitated the formation of a LiS2S2O7-based SEI film, which effectively
mitigated the generation of ZnO and ZSH by-products during the
stripping/plating progress, thereby improving the electrochemical
performance of ZIBs. Additionally, with the introduction of the 5% 12-
C-4 additive into the 2M ZnSO4 electrolyte, the Zn negative electrode
demonstrated remarkable stability, cycling stably for 3900h at a cur-
rent density of 0.5mAcm−2/1.5 mAh cm−2, in comparison to 370 h for
the cell without the additive.

Methods
Materials
Manganese oxide (reagent grade, ≥90%), lithium chloride (≥99%),
Separator (Whatman glass microfiber filters, grade GF/A, diameter =
16mm), zinc sulfate 7H2O (ACS reagent, 99%) and 12-crown-4 (98%)
were purchased from Sigma-Aldrich. Zn foil (70 µm thickness) was
purchased from Alibaba.

Characterization
STXM. The CLS SM (10ID-1) beamline uses an undulator to emit a
continuous spectrum of X-ray beams, which subsequently pass
through the monochromator, generating the X-ray beam with the

desired energy. Then, the beam is directed to the Fresnel zone plate
(FZP) and the order sorting aperture (OSA) to forma 30-50 nm spot on
the sample in the STXM chamber. The transmitted X-ray intensity is
recorded by a phosphor scintillator coupled photomultiplier tube
(PMT) for the conventional STXMmeasurement. Chemicalmappingby
STXM provides insights into the chemical composition and structures
of the deposited Zn and SEI. All STXM data analysis, including align-
ment of stack images, optical density (O.D.) conversion and principal
component analysis-cluster analysis (PCA-CA), were performed using
the aXis2000 software package (Adam Hitchcock’s group, McMaster
University, Canada).

Spectro-ptychographymeasurement. The Zn dendrite samples used
for STXM-ptychographywere the same silicon nitride window samples
as those used for the conventional in situ STXM measurements. The
ptychography measurement in defocus mode under a high vacuum of
10-5 mbar utilized a 40 nm outer-zone-width ZP to focus the mono-
chromatic soft X-ray beam to the focal plane of the sample, producing
a 2.5 µm beam spot on the sample. The sample underwent raster
scanning in 8 × 8 pixels with 0.5 µm increments, ensuring sufficient
overlap of the scanned area. To block all but the first-order beam from
the zone plate, a 50 µm order-sorting aperture (OSA) was used. The
diffraction images were captured by a CCD (AndorTM DX434-BN), with
a resolution of 1024 × 1024 pixels, which was cooled to −45 °C and
positioned 60mm downstream from the sample. Moreover, the
spectro-ptychography techniquewas used to conduct energy stacks at
the Zn L-edge and O K-edge. The energy was scanned from 525-560 eV
at the O K-edge and 1010-1060 eV at the Zn L-edge, all with a varied
energy step size of 0.2-0.5 eV at the XANES features and coarser in the
pre- and post-edges, and using 1 s exposure time. The ptychography
results were obtained through batch reconstruction using the PyPIE
software (SM beamline team, Canadian Light Source, Canada).

SEM characterizations. Themorphology of Zn foil and the deposition
process of Zn2+ ions were characterized by SEM (Bruker, Quanta 450
ESEM, FEI).

XPS and XRD analysis. XPS (VG ESCALAB 220i-XL) experiments were
conducted using the monochromatic 1486.6 eV Al Kα radiation. The
peak energies were calibrated by assigning the graphite C 1s peak to
284.6 eV. The spectra were fitted with mixed Gaussian-Lorentzian
component profiles after a Shirley background subtraction. The sur-
face compositionwasverifiedbyX-raydiffraction (XRD) (40 kV, 25mA,
Cu Kα radiation, λ = 1.5418Å).

H2 test. The H2 yield analysis was performed using a three-electrode
system employing the potentiostatic method on a CHI-760D electro-
chemical workstation. Both the working electrode and counter elec-
trode are Zn plates. The reference electrode was an Ag/AgCl electrode
with a saturated KCl filling solution. 50mL ZnSO4 solution (with and
without the LiCl additive) was applied as the electrolyte. N2 gas
(Praxair, 99.999%)wasbubbled through the electrolytewith aflow rate
of 20 standard cubic centimeters per minute (SCCM) for at least
30min. Then, during the electrochemical chronoamperometry tests,
the gas outlet was directed into a gas-sampling loop of the gas chro-
matography (GC; 9790 II, Fuli) for the online GC quantification of H2.
The GC was equipped with a packed HaySep A column and a packed
MolSieve 5A columnwith argon (Praxair, 99.999%) as the carrier gas. A
thermal conductivity detector (TCD)wasused for the qualification and
quantification of H2.

Electrochemical test
All experiments were conducted at room temperature. CV test was
conducted using a three-electrode electrochemical flow cell in 50mM
ZnSO4 solution (3 µL). TheAg/AgCl andAu (200 µm×30 µm)wereused
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as reference and counter electrodes, respectively. The CV test was
conducted by using a BioLogic SP-200 potentiostat with a scan rate of
20mV s−1, the open-circuit voltage was scanned backward to −1 V, then
forward swept to 1.0 V. All the assembled batteries (coin cells) were
operated in ZnSO4-based electrolyte (100 µL). The concentrations of
LiCl and 12-crown-4 additives are 50mM and 5% (volume ratio),
respectively. The pH values of 50mM ZnSO4, 50mM ZnSO4 + 50 Mm
LiCl, 2MZnSO4 and 2MZnSO4 + 5% 12-C-4 are 4.46, 4.52, 3.47 and 2.36,
respectively. The pH tested temperature is 22.4 °C. The ionic con-
ductivity of 50mMZnSO4, 50mMZnSO4 + 50MmLiCl, 2MZnSO4 and
2M ZnSO4 + 5% 12-C-4 are 8.36, 13.57, 54.2 and 42.7 mS/cm, respec-
tively. The ionic conductivity tested temperature is 22.3 °C. ThepHwas
tested by FiveEasy meters (Mettler Toledo). The ionic conductivity
experiments were measured by the OAKTON CON 11 conductivity
meter. To evaluate the cycling performance of Zn||Zn symmetric coin
cells in different electrolyte systems (e.g., 50mMZnSO4, 50mMZnSO4

with 50mM LiCl, 2M ZnSO4, 2M ZnSO4 with 5% 12-C-4, 15-C-5, and 18-
C-6 additives), cyclic plating/stripping and galvanostatic testing were
conducted at current densities of 0.5, 1.0, 2.0 and 4.0mAcm−2,
respectively. The cycle performance was tested by a Neware battery
tester. Both the working electrode and counter electrode were Zn foil
(1.13 cm2). To study the electrochemical performance of the Zn||MnO2

full-cell in 2M ZnSO4 with or without 5% 12-C-4 additive, MnO2 and Zn
foil were used as positive and negative electrode, respectively. To
prepare the MnO2 positive electrode, MnO2 powder (purchased from
Sigma)wasmixedwith carbon black andpolyvinylidene fluoridewith a
mass ratio of 7:2:1 using N-methyl-2-pyrrolidone as the solvent to form
a homogenous slurry. The resulting slurries were uniformly coated
onto carbon cloth, followed by drying the foils at 60 ̊C under vacuum
for 12 h. The carbon cloth was then cut into discs with a diameter of
12mm. The charge and discharge cut-off potentials were measured at
1.85 and 1.0 V (vs. Zn2+/Zn), respectively. The mass loading of MnO2 is
1–2.5mgcm−2 (N/P = 29.2, Zn utilization is 1.1%). The capacitance-
potential curves of the cellwere collected based on the following Eq. 4,
where C is the capacitance, f is the frequency (1 kHz), Zim is the ima-
ginary component of the impedance59. The potential of the polariza-
tion was scanned positively from −0.5 to +0.5 V with a sweep rate of
10.0mV s−1 using a CHI-760D electrochemical workstation. The Zn2+

ion transfer number using the Zn | |Zn symmetric cell can be calculated
according to the following Eq. 5, where ΔV is the constant voltage
(10mV), ibp and iap are the values of the before polarization and after
polarization currents; and Rbp and Rap are the interfacial resistances of
before polarization and after polarization, respectively51.

C =
1

2πfZim
ð4Þ

tLi + =
iapð4V � ibpRbpÞ
ibpð4V � iapRapÞ

ð5Þ

In situ synchrotron XRD annealing was used to investigate chan-
ges in the surfacecompositionof Znmetal during the stripping/plating
process. The study was carried out at the Canadian Light Source (CLS,
Saskatoon Canada) at their Brockhouse high-energy wiggler beamline.
The beam energy used was 65.07 keV (λ =0.0238 nm) and diffraction
patterns were acquired using a Perkin Elmer XRD 1621 area detector
with a collection time of 15 s for each measurement (20 × 20 μm2 in
area). All data collected from the experiment were analyzed using the
GSAS-II software60.

Data availability
The data that support the findings of this study are available within the
text, including the Methods, and Supplementary information and the
source data are deposited in figshare database (https://doi.org/10.
6084/m9.figshare.26885332). Rawdatasets related to the currentwork

are available from the corresponding author on request. Source data
are provided with this paper.
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