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This work investigated the mechanism underlying the effect of polyoxyethylene ether (PEO-1100) on
Zn nucleation and growth in a neutral solution (5 M NH4Cl). The mechanism underlying the
modification of the Zn morphology in a Zn?>'-NH4"-CI" solution by PEO-1100 was studied through
cathodic polarization, cyclic voltammetry, chronoamperometry, X-ray diffraction (XRD),
metallographic examination, and scanning electron microscopy (SEM). A dendrite-free Zn film was
obtained at a current density of 40 mA c¢cm™. The internal microstructure of Zn in the presence and
absence of PEO-1100 was observed through metallographic examination and SEM. XRD revealed that
the Zn crystal growth exhibited a preferential orientation in the presence of PEO-1100. The reduction
kinetics of zinc were inhibited by the addition of PEO-1100. The effects of PEO-1100 on Zn nucleation
and the overpotential of Zn deposition were observed.
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1. INTRODUCTION

In metallurgical industries, cathodic zinc (Zn) is mainly electrotwinned in a sulfuric acid system
[1]. Metallic Zn is a promising anode material for secondary rechargeable batteries, given its high energy
density, good reversibility, and economic feasibility [2]. Zn dendrite growth is harmful to batteries and
metallurgical and electroplating processes. A smooth sediment layer is expected to be obtained [3-5].
Dendrites can easily cause short circuits in batteries and metallurgical processes, reduce corrosion
resistance and wear resistance during electroplating, and affect the appearance of the final electroplating
product. Organic additives are used to inhibit the growth of dendritic crystals in traditional acidic and
alkaline systems [6,7]. The addition of organic compounds can reduce the grain size of dendritic crystals
[8]. Glue, gelatin, ammonium base salts, and polyethylene glycol are commonly used as additives in Zn
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electrochemical research [9-12].

Organic additives can change the growth orientation and nucleation mechanism of crystals [13].
Nucleation and crystal growth play decisive roles in microstructural development during
electrodeposition. If nucleation and crystal growth are ordered, the growth of dendrites will be inhibited,
the numbers of pores inside the sedimentary layer will drastically decrease, and the density of the
sedimentary layer will increase.

The addition of organic additives can change the internal microscopic morphology of Zn
deposits. The internal microscopic morphology of Zn deposits has a considerable effect on the formation
of dendrites and the density of the sedimentary layer [14]. XRD has been used to detect the growth
orientation of Zn and calculate the Zn grain size [15]. The internal structure of the Zn deposit layer has
rarely been directly observed. Only the microstructure of the front side of the sediment layer, not the
internal microstructure of the side of the sediment layer, has been observed through scanning electron
microscopy (SEM) [16]. The arrangement of Zn crystal grains and the location of pores can be directly
inferred from the internal microstructure of the sediment layer.

Numerous studies on the electrochemical behavior of Zn under acidic and basic conditions have
been conducted. Nevertheless, the effect of polyoxyethylene ether (PEO-1100, whose main functional
groups are -C-O-C- and -O-H and molecular weight is 1100) on the electrochemical behavior of Zn
deposition in a neutral system has not been reported. The internal microstructure of Zn deposits has also
been rarely visualized. In this work, the effect of PEO-1100 on the electrochemical behavior of Zn under
neutral conditions was studied, and the internal structure of the Zn deposit was characterized.

The following research was conducted to explore the effect of organic additives on the
electrochemical behavior and microstructure of the Zn sedimentary layer in a neutral system.

2. EXPERIMENTAL

Electrolyte solutions were prepared by the reaction of ZnO (10 g L' Zn?"), ZnCl» (15 g L'! Zn?"),
and NH4ClI (267.45 g L) in water (analytical grade, Shanghai Chemistry Reagent Company, China).
Cathodic polarization and cyclic voltammetry were performed at 45 °C with a scan rate of 1 mV s’!.
Chronoamperometry was performed at 45 °C. The samples used for XRD, the metallographic
examination, and SEM testing were prepared at 45 °C and a current density of 40 mA cm™ and with an
animal glue concentration of 0.2 g L'\. PEO-1100 and the electrolyte were mixed well prior to the
initiation of the electrochemical experiment. The electrochemical setup was a conventional three-
electrode cell. A glassy carbon plate (chronoamperometry) or Zn plate (cathodic polarization and cyclic
voltammetry) with a surface area of 0.225 cm? was used as the working electrode. A Pt plate with a
surface area of 1.0 cm? was used as the counter electrode, and a saturated calomel electrode was used as
the reference electrode. The working electrode was enclosed in epoxy resin, polished to a mirror finish
with 3 mm abrasive paper, and then washed with acetone and alcohol. The electrochemical experiments
were controlled by using a Galvanostat CHI660C system (CH Instrument, China) linked to a computer.

The XRD results were obtained for the Zn films with a RIGAKU-TTRIII (Japan) D/max2550
diffractometer with a slit width of 0.25° using Cu Ka radiation (40 kV, 200 mA, A = 0.154 nm), and data
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were collected over the 20 range of 10° to 80°. SEM was performed using a TESCAN MIRA3 instrument
(Czech Republic). The front and side of the Zn deposits must be ground to a mirror finish and then etched
with dilute HCI prior to SEM observation.

3. RESULTS AND DISCUSSION

The cathodic polarization curves obtained in the presence or absence of PEO-1100 are shown in
Fig. 1. Zn deposition is characterized by a slight increase in current. The rapid increase in current when
the potential is negatively shifted to a certain value corresponds to the reduction of Zn ions. The onset
potential in the presence of PEO-1100 is drastically lower than that in the absence of PEO-1100. This
result indicates that PEO-1100 can enhance cathodic polarization and inhibit Zn electrodeposition.
The Tafel equation is as follows:

n=a+blg j 1
o 230RT ,
anF 0
2.303RT
b="r 3
anF

where jo is the exchange current density, 1 is the overpotential, a is the transfer coefficient, T is the temperature,
R is a constant 8.315, and nF is the molar charge of zinc.

The effects of the PEO-1100 concentration on the kinetic parameters calculated from Fig. 1 are
given in Table 1. The equilibrium potential (Ee), transfer coefficient (o) and exchange current density
(jo) decrease as the concentration of the additive increases. The reduction kinetics of zinc are inhibited
due to the addition of PEO-1100. These changes likely stemmed from the occupation of H,O molecules
by PEO-1100 on the zinc electrode surface [17].
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Figure 1. Cathodic polarization plots obtained in the presence of various PEO-1100 concentrations
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Table 1. Kinetic parameters

PEO concentration Equilibrium potential Tafel slope Tran_sfer Ex'cha_nge gurrent )
J(mLL) E/(V) b coefﬁu_&;:nt density, Jo-120 /(mA cm
a-10 )

0 -1.108 0.028 1.111 0.573

0.05 -1.119 0.089 0.353 0.527

0.1 -1.124 0.148 0.213 0.513

0.15 -1.127 0.188 0.168 0.492

0.25 -1.128 0.247 0.127 0.490

The similar shapes of the cyclic voltammetry curves (Fig. 2) obtained in the presence or absence
of PEO-1100 indicate that the basic process of the electrochemical reaction has not been changed by the
addition of PEO-1100. The peak current decreases drastically with the addition of PEO-1100. The
decrease in the peak current becomes increasingly pronounced as the concentration of PEO-1100 is
increased. The corrosion current shows a similar trend. The adsorption of PEO-1100 on the electrode
surface blocks Zn deposition and corrosion.
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Figure 2. Cyclic voltammetry plot obtained in the presence of various PEO-1100 concentrations

Chronoamperograms (Fig. 3a; and az) are used to study the nucleation and growth mechanism
that occur in the initial Zn deposition process. The charging of the electric double layer is represented
by an instantaneous increase to a specific value and subsequent reduction to 0 mA [18]. Current peak
generation is attributed to the formation of many crystal nuclei. The current decreases to a stable value
after peaking. This behavior indicates that nucleation and grain growth have reached equilibrium.

The nucleation mechanism involved in the electrodeposition of a metal onto a foreign substrate
is classified as either instantaneous or progressive, and the growth mechanism is termed as three-
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dimensional (3D) island growth. In instantaneous nucleation, all points that can be nucleated are

activated instantaneously, and nucleation occurs rapidly. In progressive nucleation, the points are

activated gradually, and nucleation occurs while other clusters are growing [19,20]. The Scharifer-Hills

model is the most used model. The Scharifer-Hills model provides a simple approach for distinguishing

instantaneous nucleus growth and progress. The theoretical transients of instantaneous and progressive

nucleation achieved with 3D growth under diffusion control are given by equations 4 and 8 [21,22]:
Instantaneous nucleation:

Ly = 1.9542(%)1{1— exp[—1.2564(ti)]}2 @
1.2564

"= NAD ©)

j2t, =0.1629(nFC)*D (6)

k=./87CM / p (7

Progressive nucleation:

Ly =1.2254(tl)1{1-exp[-2.3367(tl)2]}2 ®)
Jm m m
. _ [46733 ,
" \JAN_7zk D ©)
it =0.2598(nFC)’D (10)
4
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where j and ¢ are the current density and time, respectively, jm is the maximum value of the current density, and
tm 1s the time when the current reaches its maximum value. nF is the molar charge of the depositing species, D is its
diffusion coefficient, C its concentration in mol cm=, M its molecular weight and p its density, N is the number of
nuclei, and A is the steady state nucleation rate constant per site.

The curves corresponding to the instantaneous nucleation and progressive nucleation models are
shown in Fig. 3b; and Fig. 3bo, respectively. The nucleation mechanism changes from instantaneous
nucleation to progressive nucleation in the presence of PEO-1100. In an acid system,
cetyltrimethylammonium bromide also can change the nucleation mechanism from instantaneous
nucleation to progressive nucleation [23]. The electrochemical properties of the electrode change upon
the addition of PEO-1100. The effects of the PEO-1100 concentration on the diffusion coefficient (D)
and number of nuclei (N) calculated from Fig. 3 are given in Table 2. The quantity poles of the diffusion
coefficient (D) and nuclei (N) are 10~ and 10°, respectively. The increase in the D and N values with the
negative shift in the electric potential indicates that the overpotential has a great effect on the nucleation
mechanism [24]. The diffusion coefficient and number of nuclei are decreased by the addition of PEO-
1100.
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Table 2. Diffusion coefficient (D) and number of nuclei (N)

PEO-1100 0.1 mL L*! Absence of PEO-1100
Potential V D/(x10-°cm?-s°) N/(x10%cm-?) Potential V D/(x10-5cm?-s) N/(x10%cm-?)
-1.27 1.72 0.61 -1.22 1.48 0.81
-1.28 1.98 0.71 -1.23 1.55 1.09
-1.29 2.22 0.72 -1.24 1.65 1.71
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Figure 3. Chronoamperograms obtained for Zn deposition at different potentials (al, a2) and a
comparison of the dimensionless experimental model with the dimensionless theoretical models
for 3D nucleation (b1, b2) (al, bl in the absence of PEO-1100, a2, b2 0.1 mL L' PEO-1100)

Cross-sectional SEM images obtained in the presence of 2.5 mL L' PEO-1100 are shown in Fig.
4(a). A visible grain interface and grains with uniform sizes are clearly shown. The original grains grow
in one direction to sizes of approximately 800 nm % 200 nm. New grains form along the edges of the
original grains. Zn is easily reduced and deposited at the grain edges because of the high activity and
low steric hindrance at the grain edges. A dense Zn deposit is formed through reciprocal growth. Crystal
growth mainly occurs along two directions. The angle between these two directions is approximately
115°, as obtained by direct measurement. The orderly growth pattern exhibited by the Zn grains indicates
that the activities of certain crystal faces are inhibited by the addition of PEO-1100. The mechanism is
similar to the highly oriented pyrolytic graphite surface partially covered by a gelatine film which blocks
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the steps edges and surface defects [13].
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Figure 4 Cross-sectional SEM images (polished and etched) obtained in the presence of 2.5 mL L!
PEO-1100 (a) and in the absence of PEO-1100 (b)
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Figure 5. Front SEM images (polished and etched) obtained in the presence of 2.5 mL L™! PEO-1100 (a)
and in the absence of PEO-1100 (b)

Cross-sectional SEM images obtained in the absence of PEO-1100 are shown in Fig. 4(b). The
crystals present disorderly growth. Nonuniform and irregularly shaped grains are produced. A Zn deposit
with dense and ordered internal structures is hard to obtain. The negligible variation in the activity of



Int. J. Electrochem. Sci., Vol. 15, 2020 6998

each crystal plane induces Zn grain growth along a random direction. This disordered growth becomes
increasingly severe during growth and eventually results in the production of Zn particles with a loose
structure. Large quantities of dendrites are also generated as disorder intensifies during growth. A similar
phenomenon was found during zinc deposition on iron substrates from alkaline zincate solutions [25].

The front SEM image acquired in the presence of 2.5 mL L' PEO-1100 is shown in Fig. 5(a). As
shown in Fig. 4(a), Zn is present in the form of columnar crystals (with dimensions of approximately
100 nm x 200 nm x 800 nm). Addition of PEG gives rise to Cu deposit that is changed to a columnar
growth [26]. The grain boundaries (Fig. 5(a)) are clear, and the grain surface follows a certain orientation
[27]. The front SEM image acquired in the absence of PEO-1100 is shown in Fig. 5(b). The front sides
of the grains are highly irregular, and numerous corroded components are present between the crystal
grains. It is shown that large gaps exist between the crystal grains. Several holes exist between the grains,
and even cracks are present in some places. The numbers of holes and cracks increase as the duration of
electrodeposition is prolonged. The formed Zn deposit is loose and cannot be plated.
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Figure 6. Front SEM images (unpolished and unetched) acquired in the presence of 2.5 mL L' PEO-
1100

1 002
— 600

101

IN
o
o
1

103110

intensity (cps

200 -
100 102

0 -
8000 —

intensity (cps)
N » o]
(] o o
(@] (@] (@]
o o o
1 1 1

o

.

T T T T T

T
20 30 40 50 60 70
20 (®)

Figure 7. XRD images acquired in the absence of 2.5 mL L™! PEO-1100 (a) and the presence of PEO-
1100 (b)
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As shown in Fig. 6, Zn is stacked in layers in the form of columnar crystals. This finding is
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consistent with that shown in Fig. 5. The grains grow into columnar crystals that demonstrate a linear
and regular arrangement. Almost no irregular holes are found between the columnar grains. The grain
boundaries are highly pronounced at the grain boundaries in both directions. This situation will become
obvious over time, and a clear transition zone is observed in the SEM images. The nucleation number,
position and mechanism achieved with and without PEO-1100 are different because the additive changes
the property of the active sites. In the sunken region, the activity is weakened, and the transfer speed of
the material slows down [28]. This phenomenon will become increasingly obvious during the process of
grain growth. The macroscopic appearance reveals a high-low intermediate macroscopic shape on the
surface of the zinc plate [29,30].

As shown in Fig. 7, the growth of Zn on the 110 lattice plane intensifies with the addition of
PEO-1100 [31]. This result is consistent with that shown in Fig. 5. The grains exhibit a disordered
arrangement because the direction of grain growth is random in the absence of PEO-1100. The grains
are pressed against one another, and many caves are formed during the growth of the grains in the
absence of PEO-1100. The columnar crystals that are curved and earthworm-like gradually form, and
the grain boundaries are unclear (Fig. 4b). Many caves are formed between the grains. The trend of

random growth will become increasingly obvious over time. The resulting products are loose granular
dendrites [32].

4. CONCLUSIONS

This work investigated the mechanism underlying the effect of PEO-1100 on Zn nucleation and
growth in a neutral solution. Dendrite-free Zn was successfully electrodeposited in the presence of PEO-
1100 in a neutral solution. The adsorption of PEO-1100 on the surface of the electrode modified
nucleation and grain growth. The addition of PEO-1100 can enhance cathodic polarization and hinder
Zn electrodeposition but did not change the basic processes of the electrochemical reaction. The
reduction kinetics were inhibited because the exchange current density and coefficient decreased due to
the additive. The nucleation mechanism changed from instantaneous to progressive with the addition of
PEO-1100. The cross-sectional and front SEM images show that Zn is present in the form of columnar
crystals (with dimensions of approximately 100 nm x 200 nm x 800 nm). The grain size is uniform, and
Zn crystals grow along two directions [lattice planes 110 and 101].
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