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A B S T R A C T

The morphological and interfacial evolution processes of electrodeposited zinc were studied from deep
eutectic solvents based on choline chloride (ChCl) and ethylene glycol (EG) by using the synchrotron
radiation X-ray imaging. The effect of three amine additives including thiourea, aqueous ammonia and
ethylenediamine on zinc deposits was compared, respectively. Raman spectra show that the presence of
ammonia or ethylenediamine results in the formation of chlorozinc complexes with low chloride
coordination number besides of the ZnCl42 species. The voltammetric and chronopotentiogram
behaviors were assessed to understand the effect of amine additives on the deposition mechanism of
zinc. The results indicate that the initial nucleation of zinc can be inhibited by the adsorption of thiourea
on the electrode surface, whereas the addition of aqueous ammonia and ethylenediamine could improve
the mass transport of active Zn species towards the cathode surface. The in situ X-ray imaging reveals the
evolution process of mossy zinc deposits from the deep eutectic electrolytes without additive. The
addition of thiourea and ethylenediamine can effectively modify the interfacial morphology of deposited
Zn, and the compact layer-like ﬁlms appear along the lateral direction of electrode. However, in the
presence of ammonia, the scattered dendritic deposits are observed accompanying with zinc
electrodeposition process.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
The metal zinc is currently considered as a promising negative
electrode material in secondary rechargeable batteries because of
its high energy density, good reversibility and economic feasibility
[1–4]. Nevertheless, the widespread application of zinc-based
batteries is limited due to the dendrite growth problem during
charging [5,6]. Although zinc deposition from alkaline zincate
aqueous solutions is of special interest to battery application, some
problems involving hydrogen embrittlement and low current
efﬁciency could lead to poor performance and gradual capacity loss
in the aqueous electrolytes [7,8]. Therefore, it is critical to ﬁnd
alternative electrolytes for the development of rechargeable zinc
metal batteries.
Compared with aqueous solutions, ionic liquids based electrolytes have some unique properties such as wide electrochemical
windows, good conductivity and extremely low vapor pressure [9–
11]. Especially, the metallic electrodeposition from deep eutectic
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ionic liquids has recently attracted much attention, such as AlCl3based and chlorozinc-based deep eutectic systems [12–14]. Sun
et al. studied the reducible zinc species in the mixtures of zinc
chloride and 1-ethyl-3methylimidazolium chloride, and found that
the unsaturated complex species like ZnCl3 , Zn2Cl73 and (ZnCl2)n
are easily reduced to metal Zn [15,16]. The electrochemical
deposition of Zn from deep eutectic solvents based on choline
chloride with either urea or ethylene glycol was investigated by
Abbott et al. [17]. EXAFS spectra show that the main species is
tetrechlorozincate ion (i.e., ZnCl42 ) in both electrolytes. The
different chloride activities could change zinc concentration in the
electrical double layer and the deposition mechanism, thus
resulting in the different deposition rates of zinc. Whitehead
studied the electrodeposition of zinc on the glassy carbon
electrode in ChCl:EG (1:2 molar ratio) solutions, and revealed
that the stable ZnCl42 species can transform to an easily reduced
intermediate species during zinc reduction process [18–20].
Furthermore, the morphology and corrosion performance of zinc
alloys like Zn-Cu, Zn-Mn, Zn-Ni and Zn-Sn were studied from deep
eutectic solvents under the different conditions including temperature, potential and zinc concentration [21–24]. Especially, the
additives have been added into deep eutectic solvents to improve
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the zinc electrodeposition. Abbott and coauthors reported that the
addition of ethylenediamine and ammonia can effectively enhance
the brightness of deposited Zn by inhibiting the adsorption of
chloride [25]. Another study on choline chloride/ethylene glycol
system showed that initial nucleation of zinc agrees with a 2D
progressive nucleation mechanism in the presence of tartrate acid,
but agrees with a 3D progressive nucleation mechanism when
adding potassium hydrogen tartrate [26]. Ibrahim et al. found that
the addition of acetonitrile and ethylenediamine can modify the
morphology and grain size of zinc deposits in choline chloride/urea
electrolytes [27].
The evolution behaviors of metal deposits at the electrode/
electrolyte interface have an important inﬂuence on their ﬁnal
morphology [28]. Generally, the ex situ atomic force microscope
(AFM) or scanning electron microscope (SEM) can directly present
the surface morphologies of electrodeposited metal, from which
the nucleation and growth mechanism can be speculated [29,30].
However, if one would like to investigate morphological evolution
of deposits as a function of deposition time, multiple samples need
to be previously collected. Besides, the interfacial deposition
reaction is an extremely fast process, which could limit SEM and
AFM to achieve the real time observation of deposits, especially for
the amorphous morphology [31]. Therefore, the in situ technologies are aspired to promptly capture the detailed microstructures
and the fast evolution characteristics of metal deposits. With the
characteristics of high time and spatial resolution, the synchrotron
radiation X-ray imaging has been used to observe the interfacial
morphology evolution of the deposited metal. For instance, Tsai
et al. revealed that the metal coating can directly form on the
bubble surface via X-ray imaging, thus leading to the formation of
voids in the deposited Zn [32]. An in situ X-ray imaging study
showed that the bismuth additive could smooth zinc anode in a
ﬂowing alkaline zincate electrolyte, but the high concentration
bismuth would cause the highly irregular layers and cell shorting
due to macroscopic bismuth buildup [33].
The present work studies the electrodeposition process of zinc
dependent on amine additives from a ChCl/EG-based deep eutectic
electrolyte. The structures of electrolytes in the absence and
presence of amine additives are determined with Raman
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spectroscopy. Cyclic voltammetry and chronopotentiogram measurements have been carried out to investigate the initial nucleation
process and reaction mechanism. Combined with in situ synchrotron radiation X-ray imaging, the interfacial evolution behaviors of
zinc deposits in the absence and presence of amine additives are
further investigated.

2. Experimental
Choline chloride, ethylene glycol and zinc chloride were used as
electrolyte components. Ammonia (28% aqueous solution), ethylenediamine and thiourea were selected as the amine additives. All
chemicals are of analytical grade. The deep eutectic solvent was
prepared by stirring two components as a 1:2 molar ratio for ChCl:
EG (ChCl:2EG) at 70  C until a homogeneous solution was formed.
The blank solution for Zn electrodeposition is a mixture of 0.3 M
ZnCl2 in the deep eutectic solvent. The additive concentration is
0.4 M in the blank electrolytes.
A three-electrode system consisting of a glassy carbon working
electrode (diameter 0.3 mm) and a platinum wire counter
electrode and a silver wire reference electrode was used. Prior
to each electrochemical measurement, the glassy carbon electrode
was polished to a mirror ﬁnish with 0.3 mm alumina power, then
ultrasounded about 5 min with deionized water and ethanol, and
followed by air drying. Unless special stated, all electrochemical
studies were performed at 50  C. The cyclic voltammogram and
chronopotentiogram measurements were performed using an
electrochemical workstation (Chenhua CHI660e).
The synchrotron radiation in situ X-ray imaging studies were
carried out at BL13W1 beamline of SSRF. The self-designed
electrochemical cell was used to perform zinc electrodeposition
with in situ X-ray monitoring, as shown in Fig. 1. The Kapton tube
was ﬁlled with ChCl:2EG electrolyte. The sample stage was
adjusted to ensure that the incident X-ray light can be focused
on the working electrode/electrolyte interface. The experimental
temperature was provided with a coaxially mounted ﬂexible
polyimide heating membrane and measured with a K-type
thermocouple. The real-time images with a resolution of

Fig. 1. Experimental setup of in situ synchrotron radiation X-ray imaging investigation for metal electrodeposition. (a) Schematic diagram of electrochemical cell; (b)
Photograph of the electrodeposition cell and temperature controller; (c) Picture of on-site experimental setup; (d) Schematic diagram of synchrotron radiation at BL13W1
beamline of SSRF.
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2.25 mm/pixel were collected by X-ray charged couple device
(CCD) camera at a frequency of one frame per second.
Raman spectra of the deep eutectic electrolytes were recorded
at 50  C using Renishaw Invia confocal Raman spectrometer with a
785 nm focused laser beam. The conductivity of each electrolyte
was measured using a Lei ci DDSJ-318 conductivity meter. Scanning
electron microscopy (SEM, JSM-6360LV) was used to obtain the
morphologies of ﬁnal deposits on the electrode surface. The
preferred orientations of zinc deposits were studied by X-ray
diffraction (XRD, Shimadzu XRD-7000S).
3. Results and discussion
Fig. 2A indicates the Raman spectra of ChCl:2EG electrolytes
with 0.3 M ZnCl2 in the absence and presence of amine additives at
50  C. Compared with ChCl:2EG solvent, the Raman signals at
240 cm 1 and 276 cm 1 are observed for the blank electrolyte
containing zinc. The strong peak at 276 cm 1 is attributed to the
vibrational spectrum of ZnCl42 species reported in the literature
[19]. Similarly, Abbott investigated zinc species in the deep eutectic
electrolytes by EXAFS, which also denotes the presence of
predominant ZnCl42 ions [17]. The band at 240 cm 1 is assigned
to v (Zn-N) owing to the interaction between Zn2+ cation and ChCl.
It is noted that the addition of thiourea has no marked effect on
Raman spectra of electrolyte in Fig. 2A(c). Thus, the addition of
thiourea could not change the coordination structure of Zn(II)
species.
When aqueous ammonia is added to the blank electrolyte, the
peak at 276 cm 1 shifts to the higher wavenumber of 283 cm 1,
indicating the weaker interaction between Zn2+ cations and Cl
anions. Besides, the intensity of Raman spectrum decreases and
the new Zn-Cl vibrations are observed at 296 cm 1, 313 cm 1 and
340 cm 1. In the ZnCl2/1-octyl-3-methylimidazolium chloride
system, Estager et al. assigned the peak at 312 cm 1 to [Zn2Cl6]2
and the peak at 340 cm 1 to [Zn3Cl8]2 , respectively. Thus, besides
of ZnCl42 species, there could be other Zn-Cl complexes with the
lower Cl coordination number in the electrolyte when adding
aqueous ammonia [34]. The bands at 218 cm 1 and 240 cm 1 could
be attributed to Zn-N stretching vibration, which indicating the
interaction between zinc cations and NH3 molecules. The Raman
proﬁles of the electrolytes in the presence of ethylenediamine and
ammonia are similar in the range of 200–400 cm 1 except that an
evident shoulder peak at 313 cm 1 is observed for the former.
Meanwhile, two new peaks with weak intensity can be found at
491 cm 1 and 500 cm 1 in the presence of ethylenediamine.
However, under the condition without ZnCl2, as observed in Fig. 2B,

the Raman peaks are identical for the ChCl:2EG solvents containing
thiourea, ammonia and ethylenediamine, respectively. The results
indicate that the peak at 491 cm 1 and 500 cm 1 should not be
assigned to the intrinsic ethylenediamine but the formed Zn-N
bonds.
The voltammetric study was carried out within the potential
range from 0.4 V to 1.7 V at the different scan rates (30, 50 and
100 mV/s). The cyclic voltammetric behaviors of Zn redox in the
ChCl:2EG electrolytes in absence and presence of amine additives
were compared in Fig. 3(a-d). It can be found that the presence of
amine additives causes a signiﬁcant change in the shape of
voltammetric curves, which indicates that the additives can
inﬂuence both Zn deposition and anodic stripping processes. In
Fig. 3a, for the blank electrolyte, there is little cathodic current
during the potential scan toward the negative direction until
1.7 V. It can be found that the cathodic peak of zinc reduction
appears only when the potential scan reverses to positive
direction, indicating that the reduction of ZnCl42 ions to Zn is
very difﬁcult. The similar results were reported for zinc
electrodeposition from ChCl:2EG system on the glassy carbon
electrode [20]. Some reports showed that during the initial
cathodic sweep process, the choline chloride or ethylene glycol in
the electrolytes could decompose into the deprotonated species
[RO = HOCH2CH2O or (CH3)3N+CH2CH2O ]. These RO species
could replace the Cl ions in the coordination sphere of ZnCl42 to
form an intermediate complex [19]. Thus, these zinc intermediates
in the diffusion layer can be reduced to zinc during the reverse
direction. Moreover, when the scan rate increases from 30 to
100 mV/s, the cathodic peak current decreases. This unusual
phenomenon indicates that the formation of intermediate
complex is very slow in the ChCl:2EG electrolyte, and more zinc
intermediates will be produced under the slower scan rate. After
adding thiourea, as shown in Fig. 3b, although the reduction
behavior of Zn2+ is similar with the case without additive, the
cathodic peak current of zinc reduction is smaller, which indicating
an inhibition role of thiourea on the nucleation and growth process
of zinc. Moreover, compared with Fig. 3a, the current of reduction
peak increases with the increasing scan rate.
When adding ammonia or ethylenediamine into electrolytes,
the evidently different voltammetric behavior is clearly observed.
The cathodic current in Fig. 3c starts to increase at ca. 1.35 V
towards the negative sweep direction. In general, if ammonia, a
stronger coordination ligand, replaces chloride in the coordination
sphere of zinc species, the ammonia-coordinated zinc species
should be more difﬁcultly reduced. However, as indicated in
Raman analysis, the zinc complexes with the low coordination

Fig. 2. (A) Raman spectra of ChCl:2EG electrolytes without ZnCl2 (a) and with ZnCl2 (b-e) containing additives: (b) blank, (c) thiourea, (d) ammonia, (e) ethylenediamine; (B)
Raman spectra of ChCl:2EG electrolyte without ZnCl2 and with thiourea (solid line), ammonia (dash line), ethylenediamine (dot line).
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Fig. 3. Cyclic voltammograms of zinc(II) in the ChCl:2EG electrolytes with additives. (a) blank, (b) thiourea, (c) ammonia, (d) ethylenediamine.

number of chloride could be formed when adding ammonia and
more easily reduced than ZnCl42 ions. A nucleation loop was also
observed in the presence of ammonia due to a nucleation driven
process. However, after adding ethylenediamine, it can be found
from Fig. 3d two reduction peaks at about 1.3 V and 1.5 V. The
two reduction peaks can be assigned to the formation of
complexed ions between Zn2+ and ethylenediamine. The previous
studies also showed that ethylenediamine could act as a strong
ligand for most transition metal ions [35,36]. Similarly, in the ChCl/
imidazolidone electrolyte, Zn(II) can be coordinated by three
ethylenediamine molecules to form the complex ion [Zn
(C2H8N2)3]2+ [37]. Moreover, the absence of nucleation loop
indicates that the Zn electrodeposition is not a nucleationcontrolled process. Namely, the nucleation of zinc is much faster
than the bulk growth. It is important to note that the peak current
of Zn reduction is greatly enhanced in the electrolytes containing
ammonia and ethylenediamine additives. The conductivity value
measured 50  C is 10.30 mS/cm for the blank electrolyte, and is
11.27 mS/cm and 10.95 mS/cm for the electrolytes containing
ammonia and ethylenediamine, respectively. Thus, the evident
increase of reduction peak current could be ascribed to the increase

of conductivity and mass transfer of the deep eutectic electrolytes
due to the presence of ammonia and ethylenediamine [38].
However, the conductivity value obtained in the presence of
thiourea additives is 9.59 mS/cm, which is smaller than the blank
electrolyte. Therefore, the addition of thiourea could inhibit the
reduction of zinc, which agrees with the voltammetric study.
Fig. 4 depicts the chronopotentiograms of zinc electrodeposition in ChCl:2EG electrolyte at the constant 3.0 mA/cm2. It is clear
in Fig. 4A that the deposition potential of zinc has the similar tread
in the absence and presence of thiourea. Moreover, the deposition
potential increases with increasing electrodeposition time, especially for the case containing thiourea. The potential for blank
electrolyte approaches to a steady value of about 1.56 V after
200 s, whereas the potential for the electrolyte containing thiourea
approaches to a steady value of about 1.70 V after 400 s. When
adding ammonia or ethylenediamine, the Zn deposition potential
has a relative constant value of about 1.2 V throughout the
electrodeposition process although the potential in the presence of
ammonia presents a slight increase trend. The results indicate that
the addition of ammonia and ethylenediamine could promote Zn
electrodeposition under the same current density. Generally, the

Fig. 4. Chronopotentiograms in 0–600 s (A) and 0–2 s (B) for zinc electrodeposition at a current density of 3.0 mA/cm2. (a) blank, (b) thiourea, (c) ammonia, (d)
ethylenediamine.
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metal deposits at more negative potentials could result in the
smaller particles due to the increased nucleation rate in the
electrodeposition process [39]. Chronopotentiograms exhibit a
beginning nucleation process in the early stages of electrodeposition as shown in Fig. 4B. The nucleation of zinc in the presence of
thiourea requires more negative potential and the longer time,
indicating that the adsorption of thiourea at the electrode surface
could inhibit the active sites of zinc reduction. However, the
addition of ammonia and ethylenediamine can easily motive the
initial nucleation of zinc, compared with the blank electrolyte.
The synchrotron radiation X-ray imaging technique is used to
compare the morphology characteristics of zinc deposits in the
absence and presence of amine additives at 50  C. Fig. 5 shows the
lateral view of zinc deposits obtained from ChCl:2EG electrolyte
with a current density of 3.0 mA/cm2 for 800 s. In order to more
clearly disclose the effect of amine additive, the corresponding
lateral views of zinc deposits obtained at 30  C was also presented
for comparison. At the low temperature of 30  C, the zinc deposits
at the electrode/electrolyte interface are less than that at 50  C in
the absence of additives. Moreover, the addition of three amine
additives at 30  C results in the formation of the scrambled
structure and the adverse adherence with substrate for zinc
deposits. Especially, the zinc deposits completely detach from the
electrode surface in the presence of thiourea (Fig. 5b). However, at
the higher temperature of 50  C, the presence of amine additives
can make the deposited zinc denser and better adherence with
substrate, as shown in Fig. 5(f-h). Thus, the high reaction
temperature is beneﬁcial for zinc reduction in the deep eutectic
electrolyte.
The real time X-ray images in Fig. 6 presents the morphological
evolution process of zinc deposits at 50  C in the absence and
presence of amine additives. It can be found that the growth of zinc
deposits is a very slow process in the deep eutectic electrolytes.
Under the condition without additive, as shown in Fig. 6a, the very
thin deposits are visible from the lateral view of the electrode/
electrolytes interface at 100 s. After 250 s, zinc deposits grow with
a relative faster rate and the morphology of deposits becomes
dispersive and uneven. Moreover, the low phase contrast indicates
that the zinc deposits are loose and porous. Especially, some mossy
protrusions are formed on the substrate after 250 s, as indicated
the red arrows. From SEM micrograph in Fig. 7a, the aggregation of

zinc crystals and the fractal ﬁlamentous structure can be observed
on the surface of zinc deposits at 800 s. The loose and porous
morphology of zinc deposits could result from the formation of
ﬁlamentous structure during the deposition process.
Fig. 6(b-d) shows the morphological evolution of the deposited
zinc in the presence of amine additives. It is noted that some
hydrogen bubbles emerge on the cathode surface during zinc
reduction process. It is supposed that the electrolytes itself could
contain a few residual moisture, or hydrogen gas is formed due to
reduction of HOCH2CH2OH or HOC2H4N(CH3)3Cl [19]. Moreover,
compared with the blank electrolyte, the growth of zinc deposits is
obviously slower in the presence of amine additives, and the loose
zinc deposits have been effectively inhibited. When adding
thiourea, as shown in Fig. 6b, the compact layer-like deposits
appear along the lateral direction of electrode. The thickness of
zinc deposits can reach ca. 50 mm at 800 s. It indicates that the
initiation and propagation of mossy deposits have been inhibited
by adsorption of thiourea molecules on the formed zinc nuclei.
Reents et al. previously reported that thiourea can act as an
effective additive during silver electrodeposition through the
adsorption of sulfur atoms on the substrate and/or deposits [40].
The ex situ SEM micrograph in Fig. 7b shows that the electrode
surface is covered by the nanoscale hexagonal zinc crystals. As
previously indicated in Fig. 6a, since zinc nuclei easily aggregate to
form the large clusters in the ChCl:2EG electrolytes without
additives, the adsorption of thiourea could decrease or block the
growth of the formed nuclei, thus suppressing the formation of
large clusters. In Fig. 6c, it can be found that the addition of
ammonia into the electrolytes has a pronounced effect on growth
of deposited Zn. After 250 s, some dendritic deposits are observed
on the bulk deposits throughout the zinc deposition process. The
corresponding SEM micrograph in Fig. 7c presents the zinc
aggregates in the presence of ammonia. Accordingly, the size of
zinc crystals is greater than that of blank electrolyte. Meanwhile,
the dynamic swinging movement of dendritic deposits is also
observed during the deposition process. It is noted that the partial
deposits detach from the electrode surface on the region of
massive dendrites, as instructed with the dotted circle in Fig. 6c.
Upon adding ethylenediamine, the Zn morphology is effectively
modiﬁed in Fig. 6d. The dense and compact deposits are developed
with increasing deposition time, indicating that the

Fig. 5. Synchrotron radiation X-ray imaging of zinc deposits obtained with a current density of 3.0 mA/cm2 for 800 s at 30  C and 50  C. (a, e) blank, (b, f) thiourea, (c, g)
ammonia, (d, h) ethylenediamine.
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Fig. 6. Synchrotron radiation real-time images of zinc electrodeposition at a current density of 3.0 mA/cm2 with additives: (a) blank, (b) thiourea, (c) ammonia, (d)
ethylenediamine.

Fig. 7. SEM micrographs of zinc deposits obtained at a current density of 3.0 mA/cm2 for 800 s with additives: (a) blank, (b) thiourea, (c) ammonia, (d) ethylenediamine.
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Fig. 8. (A) XRD patterns and (B) the Zn (101) plane of zinc deposits obtained at a current density of 3.0 mA/cm2 with additives: (a) blank, (b) thiourea, (c) ammonia, (d)
ethylenediamine.

ethylenediamine can inhibit the formation of mossy zinc and
modify the structure of deposits. In addition, the tiny dendrite-like
crystals appear on the compact zinc ﬁlm with the time increasing
to 600 s due to the diffusion limiting of zinc species in the vicinity
of electrode. Fig. 7d shows the larger boulder crystals of zinc
deposits and the aggregation of partial crystals with the large
holes. Ethylenediamine could bond with Zn(II) species in the
electrolytes due to its strong coordination ability and decrease
chloride adsorption at the surface of newly formed Zn crystals [25].
These roles are beneﬁcial for the formation of compact and well
textured zinc ﬁlms.
The XRD patterns of Zn deposits obtained with and without
additives are shown in Fig. 8. As shown in Fig. 8A, for the deposits
obtained from blank electrolyte, the XRD patterns show two
characteristic peaks of the (100) and (101) planes. However, there
is an additional diffraction peak for (002) crystal plane in the
presence of amine additives. The XRD patterns show that Zn
deposits in the electrolytes with and without additives have a
preferred orientation at the (101) plane. The peak intensity of (101)
plane increases in the order: thiourea < blank < ammonia < ethylenediamine. It is clear that the addition of thiourea can suppress
the diffraction peak of the (101) plane. In addition, the peak
intensity in the presence of ammnia and ethylenediamine is
evidently higher than that of the blank electrolyte, especially for
ethylenediamine. Fig. 8 B shows the comparison of peak (101) of
deposited Zn. The 2u value of Zn(101) peak exhibits the obvious
difference, and the peak split of Zn(101) plane is observed in the
presence of thiourea. These results indicate a structural distortion
of zinc crystal or an appearance of a new phase. Furthermore, the
full-width half-maximum (FWHM) of Zn(101) peaks in the
presence of ethylenediamine is minimum than that of other
electrolytes. Therefore, the grain size of deposited Zn becomes
bigger, as indicated from the corresponding SEM micrographs in
Fig. 7d.
4. Conclusions
The synchrotron radiation imaging technique is used to reveal
the effect of amine additives on the interfacial behaviors and
morphological evolution of deposited zinc from ChCl:2EG-based
deep eutectic solvent. The Raman spectra show that the addition of
thiourea has similar species of ZnCl42 ions with the blank
electrolyte. However, besides the ZnCl42 species, other chlorozinc
complexes with low coordination number of chloride can be
formed in the presence of ammonia and ethylenediamine. Cyclic

voltammetry shows that the addition of amine additives causes a
signiﬁcant inﬂuence on both Zn deposition and stripping
processes. The peak current of zinc reduction increases in the
electrolytes containing ammonia and ethylenediamine. However,
the addition of thiourea inhibits the Zn reduction. Moreover, the
chronopotentiogram also indicates that the initial nucleation of
zinc is inhibited due to the adsorption of thiourea at the electrode
surface. The real time X-ray imaging images reveal the formation
and evolution processes of mossy zinc deposits from the blank
electrolyte. Combined with the SEM observation, the aggregation
of fractal ﬁlamentous deposits could result in the initiation and
evolution of mossy zinc during the deposition process. The
presence of thiourea and ethylenediamine can effectively modify
the morphologies of deposited Zn, and the compact layer-like ﬁlms
appear along the lateral direction of electrode. When adding
ammonia, the dendritic deposits are observed accompanying with
the growth of compact zinc deposits.
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