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ABSTRACT: Materials with a high specific surface area including a
porous structure have been widely researched due to the applicability in
the adsorption of various organic dyes. However, further application of
porous materials is limited by the complicated and expensive preparation
process. Herein, a Sn−Ni coating with a polyporous structure is
successfully prepared via a simple and high-efficiency electrodeposition
approach in deep eutectic solvents (DESs). The prepared Sn−Ni coating
exhibits a uniform polyporous structure with a diameter of 15 μm.
Furthermore, the coating shows excellent adsorption capacity in the
removal of acid grain black organic dyestuff. With the rise of preparation
temperature from 85 to 105 °C, the electrochemical active surface area and
the ratio of nickel increase, which further enhance dye adsorption capacity.

1. INTRODUCTION
With the rapid development of industrialization, organic dyes
are widely applied and discharged into water. Simultaneously
released dyes are nonbiodegradable and toxic, which could result
in water pollution and a great threat to biological health. The
research on the removal of dyes from dye-polluted water has
captured much attention. Adsorption is one of the most
promising methods to treat dye wastewater due to the efficiency,
low cost, and sustainability.1 There are various materials
reported to be used as adsorbents, including activated carbon,
zeolite,2 compound biosorption,3 and porous nanostructure
materials. Themain research routes for adsorption improvement
consist of the construction of high specific surface area structures
and the change of surface chemical properties.4 For activated
carbon materials, though they are the most traditional and
broadly employed adsorbents, there are limitations to improve
the adsorption capacity. Strategies such as oxidation and
reduction have been reported to improve absorption capa-
bilities. However, these modification methods would damage
the structure and surface of carbon. Meanwhile, the difficulty of
separation still blocks the application of carbon adsorbents.
Recently, the metal-based adsorbents with properties of the
improvement of adsorption capability and the magnetic
separation from wastewater have attracted attention. Therefore,
metal-based nanostructured adsorbents are considered to be the
promising candidates.

Among these metal-based materials, Sn and its alloys play an
important role in the applications for removing organic dyes.
SnO2 has been synthesized with different nanostructures
including nanosheets, nanoflowers, and porous flower-like
structures.5 It has broad applications in gas sensors and dye

adsorption through various nanostructures, such as porous tin
dioxide sheets.6 Meanwhile, Ni could be doped into themetal Sn
to change surface properties for the improvement of
adsorption.7,8 With the addition of nickel elements, the
performance is improved and the properties are enlarged.
Furthermore, doping Ni could cause smaller sizes of
nanostructure, and the performance of adsorption has been
enhanced.9 Materials of Ni-doped Sn with high specific surface
area nanostructures containing magnetic metal nickel are
promising in adsorption.

However, the preparation process of the metal and metal-
doped nano/microstructure materials is commonly compli-
cated, expensive, and environmentally unfriendly. Metal−
organic frameworks (MOFs) and MOF-derived materials have
attracted tremendous attention as excellent candidates in the
application of adsorption.10 MOFs are synthesized usually by a
hydrothermal method for more than 12 h,11−13 even reaching 72
h.14 After centrifugation and washing, the prepared products still
cannot be applied because of its poor stability. Moreover, the
synthesis process with carbon or carbonization at high
temperatures are common steps before adsorption.10 Compared
to these time-consuming and multistep preparation methods,
electrodeposition seems to be a better choice with the merit of
easy process and high efficiency.
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The electrodeposition of tin with conventional aqueous
electrolytes is accompanied by a hydrogen evolution reac-
tion.15−17 The electrodeposition in deep eutectic solvents
(DESs) has attracted much attention, and DESs are acknowl-
edged as a promising new form of iconic liquid (ILs) that share
many similar properties including wide potential windows, low
vapor pressures, no hydrogen evolution reaction, and composi-
tional tunability.16,18−21

Herein, this work prepared a Sn−Ni polyporous coating by
the electrodeposition approach in DESs with high current
density. The coating exhibits a uniform polyporous network
structure with a high specific surface area. The addition of nickel
and the increase of temperature can change the cathode
polarization degree. The Sn−Ni coating of a higher temperature
(105 °C) shows outstanding adsorption ability of acid grain
black dyestuff.

2. EXPERIMENTAL SECTION
2.1. Materials. The copper substrate was 99% copper with a

size of 10 × 40 × 0.3 mm. The tin block and nickel block were of
99% purity and hung by copper wires. The materials for
electrodeposition were urea (Macklin, AR, 99%) and choline
chloride (Macklin, AR, 99%). The material for copper substrate
pretreatment was H2SO4(98%) and was diluted to 10%. The
materials were purchased from Innochem Co., Ltd.

2.2. Deep Eutectic Solvent Preparation. The electrolyte
matrix was first prepared by mixing urea and choline chloride in
a molar ratio of 2:1. After stirring at 75 °C for 2 h, the electrolyte
matrix was obtained as the solids turned into the mobile phase
solvent.

As for the tin deep eutectic solvent, tin and copper listed
before were respectively used as anode and cathode. With the
current density set as 20mA·cm−2, the tin anode was dissolved at
105 °C for 1 h in 195 g of the electrolyte matrix. Concentrated
hydrochloric acid (15 mL) was added. As for the Sn−Ni deep
eutectic solvent, tin and nickel were both used as anode and
dissolved at 105 °Cwith a current density of 30 mA·cm−2 for 1 h
in 195 g of the electrolyte matrix. The tin and nickel ions came
mainly from the dissolution of the anode instead of the salt.
Then, moisture was removed by reduced pressure as solvents
were heated at 105 °C for 1 h. After the vacuum distillation step,
the deep eutectic solvents for electrodeposition were obtained.

As the deposition temperature was set to 105 °C, higher than
reported, the electrical conductivity was enough that the salts
were not added. Though the high temperature equates to more
energy consumption, it is beneficial to the deposition of nickel.

2.3. Morphology and Structure Measurements. The
surface morphology of coatings was characterized by scanning
electronmicroscopy (SEM, CAMScan-3400). Energy dispersive
spectroscopy (EDS) was applied to investigate the composition
and the element ratios of coatings. X-ray photoelectron
spectroscopy (XPS, Thermo Escalab 250Xi) was utilized to
evaluate the chemical states of compositional elements. X-ray
diffraction (XRD, BRUCKER D8 ADVANCE) was used to
characterize the crystal structure of deposits. The scan rate and
range were 6° per min and 20 to 100°. The morphology and
microstructure of coatings were characterized by transmission
electron microscopy (TEM, JEM-2100 and JEM-2100F). Two
types of sample treatment methods were used before acquiring
TEM images. One is scraping off the coating and dispersing in
ethanol for 15 min by ultrasound treatment, then dripping on a
copper grid. The other one is depositing on an ultra-thin
aluminum foil and applying ion-beam milling from the back of

the sample. DSC (NETZSCH STA 449 F5/F3 Jupiter) was
used for the phase change thermal properties of deposits, set in
an Ar atmosphere with a rate of 5 °C per min.

2.4. Electrochemical Characterizations. Electrochemical
testing including linear sweep voltammetry (LSV) and cyclic
voltammetry (CV) was carried out in a three-electrode
electrochemical cell by electrochemical workstations (CH
Instruments Ins. CHI440C). LSV was conducted to evaluate
the difference between Sn deposition and Sn−Ni co-deposition
behaviors.

The three-electrode system used for LSV consisted of a
copper substrate electrode, a platinum electrode, and a silver
wire as a working electrode, a counter electrode, and a reference
electrode. The Sn and Sn−Ni deep eutectic solvents were used
as electrolytes. The cathodic polarization curve was charac-
terized at a constant temperature of 85/95/105 °C with a scan
rate of 0.005 V·s−1.

CV was conducted to evaluate the specific surface area of
coatings. The three-electrode system used for characterizing CV
curves consisted of a sample electrode, platinum electrode, and
saturated calomel electrode used as a working electrode, counter
electrode, and reference electrode. NaCl (3.5%) was selected as
the electrolyte.

Adsorption characteristics were determined through a
dyestuff color variation test. The organic dyestuff was prepared
in the concentration of 1 mg of dyestuff powder in 100 mL of
deionized water. The absorbance was measured by a UV−vis
spectrophotometer (Shimadzu UV-3600).

3. RESULTS AND DISCUSSION
Themain process is presented in Figure 1. The Sn−Ni coating is
electrodeposited in DESs at 13.5 A·dm−2 for 20 min. A

polyporous structure uniformly grows on the copper substrates.
Then, the coating is immersed in acid grain black dye. Finally,
the organic dyes are removed by the adsorption performance of
polyporous coating.

3.1. The Micrographs of Sn−Ni Coatings. The SEM
micrographs of Sn and Sn−Ni coatings prepared on copper
substrates are shown in Figure 2. The images of Sn coating
(Figure 2a,b) consist of bar-shaped particles connected with
each other. The compact structure is a typical morphology in

Figure 1. The preparation of Sn−Ni coatings and application for
removing organic dyes.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04354
ACS Omega 2022, 7, 41013−41020

41014

https://pubs.acs.org/doi/10.1021/acsomega.2c04354?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04354?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04354?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04354?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ILM-Sn systems.20 Compared with the Sn coating prepared at
80 °C, the Sn−Ni coatings could hardly be deposited at the
temperature below 85 °C. With the addition of Ni, the structure
turns into uniform and small particles. The surfacemorphologies
of Sn−Ni coatings prepared at 85 °C present as uniform porous
network structure.

The SEMmicrographs of Sn−Ni coatings prepared on copper
substrates at 105 °C are exhibited in Figure 3a,b. It can be seen
that the structure still appears as a uniform porous network,
while the porous network becomes stacked layers. The pore is
about 15 μm in diameter. The magnified images (Figure S1a−f)
clearly reveal the influence of deposition temperature on the
microstructure of particles. As the deposition temperature rises,
the pore sizes slightly decrease and the porosity increases. The
needlepoint-like particles prepared at 85 °C disappear and
switch to stacked lumps.

The coatings were deposited on the aluminum foil at 105 °C
and were soaked in 50 g/L NaOH. After the substrate dissolved

in NaOH, the relatively complete deposits at different
preparation times were observed in the SEM pattern. In the
coatings deposited above 10 min (Figure 3c,d), a porous
structure had formed. The stripped coatings containing the
topside and backside maintained similar structures, which could
further demonstrate that the structure of coatings is three
dimensional and layer-stacked.

More detailed morphology information of coatings was
obtained by TEM and HAADF-STEM techniques. As for the
images taken by JEM-2100, the sample scraped from the coating
is shown in Figure 3e−h. The sample scraped from the coating
and supported on a copper grid is shown to have uniform dot
structures in Figure 3e. HRTEM examinations carried out in
Figure 3f clearly demonstrate that the crystalline phase grains are
distributed in different orientations. The average width of every
lattice fringe area is less than 5 nm. The main interplanar spacing
is 1.43 Å, corresponding to diffraction spots in Figure 3h. The
SAED patterns are shown in the red dotted lined area of Figure

Figure 2. SEM images of (a, b) Sn and (c, d) Sn−Ni coatings.

Figure 3. SEM images of Sn−Ni coatings prepared at 105 °C on (a, b) the copper substrate and (c, d) the aluminum foil dissolved byNaOH. (e) TEM
image, (f) HRTEM image, and (h) SAED pattern obtained from (g) the selected area of Sn−Ni prepared at 105 °C.
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3g. The clear and sharp diffraction spots indicate that the
selected area is a single-crystalline structure. Through the
comparison with the XRD patterns, the coating contains body
centered cubic (bcc) tin with [110] zone-axis.

More SAED pattern information is listed in Figure S4. The
interplanar spacing is in the range of 2.16 to 3 Å, containing
lattice fringes different from those of the pure metallic tin and
nickel. The various and different lattice fringes result from the

Figure 4. (a) XRD obtained in the Sn−Ni ion deep eutectic solvent at 85/95/105 °C. XPS obtained in the Sn−Ni ion deep eutectic solvents of Ni at
(b) 85 °C, (c) 95 °C, and (d)105 °C and Sn at (e) 85 °C, (f) 95 °C, and (g) 105 °C.
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lattice distortion in the Sn−Ni intermetallic compound.22 The
diffraction patterns can reflect the nano-polycrystal structure of
coatings.

EDS of the coatings obtained at 85/95/105 °C demonstrates
Sn, Ni, andCu signals, indicating different ratios of tin and nickel
elements. The atom percentages of tin and nickel are 95.19%
Sn−4.81% Ni at 85 °C, 94.44% Sn−5.56% Ni at 95 °C, and
94.24% Sn−5.76% Ni at 105 °C. It can be seen that with the
increase of the preparation temperature, the ratio of nickel to tin
increases. The reason for the phenomenon is probably because
the increasing temperature improves the growth of nickel
instead of tin.

3.2. The Effect of Temperature on the Electro-
deposited Coating Structure. The XRD patterns of Sn−Ni
coatings prepared at 85/95/105 °C are displayed in Figure 4a.
The diffraction peaks in the XRD spectra are indexed to
tetragonal Sn (PDF#04-0673) and cubic Cu (PDF#04-0836).
The strong diffraction peak from crystalline phases relating to Ni
is hardly detected. According to the EDS analysis, the content of
Ni is about 5%. On the other hand, Ni is uniformly doped in Sn.

The most distinct differences between the XRD patterns of
samples prepared at different temperatures are the intensity of
peaks. In the XRD pattern of coatings prepared at 85 °C, the
peaks at 30.63, 32.02, 43.87, 44.90, and 79.49° correspond to (2
0 0), (1 0 1), (2 2 0), (2 1 1), and (3 1 2) of Sn. The peaks from
55.31 to 73.195° correspond to (3 0 1), (1 1 2), (4 0 0), (3 2 1),
(4 2 0), and (4 1 1) of Sn.

The major peaks are (2 0 0) and (1 0 1) planes with the same
intensity. In the XRD pattern of the coating prepared at 95 °C,
the intensity of the (2 0 0) peak decreases and the (1 0 1) peak
increases. In the XRDpattern of coatings prepared at 105 °C, the
major peak turns into (2 0 0). However, the crystal orientation of
Sn does not have a regular unidirectional change. The peak
corresponding to 79.24°, close to (3 1 2) of tin, appears and
becomes sharp as the temperature is increased. The peak
corresponding 45.00°, close to (2 1 1) of tin, shifts to the low
angle and tends to get fused with the peak (2 1 1). The major
peaks like (1 0 1) and (2 0 0) have the same situation.

To analyze the element composition of the prepared coatings,
XPS measurements were conducted. The elements of tin and
nickel can be detected in the full spectrum analysis. The Ni 2p3/2
and Sn 3d5/2 XPS spectra are presented in Figure 5b−g. For the
Ni spectrum of prepared coating at 85 °C, the peaks at 852.41
and 856.18 eV could be assigned to Ni0 and Ni2+, with the broad
satellite at 860.53 eV. The peak of Ni2+ can be attributed to the

generation of NiO in air.23 As for the spectra of 95 and 105 °C,
the peaks of Ni0 and Ni2+ shift toward lower binding energy. It is
probably because of the increase of nickel coverage.24 The
intensity change indicates that the NiO/Ni ratio is the lowest at
105 °C. The higher content of active Ni results in better
activity.25

In the XPS Sn 3d5/2 spectra of 85 °C, the peaks at 486.57 and
484.30 eV are indexed to the Snx+ and metallic Sn, respectively.
With the rise of temperature, the binding energy corresponding
tometallic Sn0 becomes relatively stable (484.24 eV at 95 °C and
484.27 eV at 105 °C), which could probably be the
measurement error.

The peak at 486.57 eV can be related to the Sn4+ valence state
(SnO2) or Sn2+ valence state (SnO). With the increase of
temperature, the binding energies corresponding Sn4+/Sn2+

decline by about 0.1 eV compared to the peak at 95 °C.
3.3. The Effect of Nickel Ions and Temperature on

DESs. The electrochemical measurements were performed to
analyze the difference of DESs containing Sn and Sn−Ni. For
the electrolyte of tin in Figure 5a, the current density drops from
0.62 to −0.1 mA·cm−2 at −0.3 V. The deposition current barely
decreases until the overpotential exceeds over 1.2 V. In contrast,
the initial polarization current density of Sn−Ni is much higher.
The cathodic polarization curve of the electrolyte containing
nickel ions reveals a steeper decrease of the current density. In
addition, with the overpotential increase from 0.6 to 1.25 V, the
current density remains unchanged before the overpotential of
1.0 V and first decreases from −0.1 to −5 mA·cm−2 then
increases until the overpotential arrives 1.25 V. The peak of the
current reversal demonstrates that there is an intermediate
reaction process in the electrodeposition of Sn−Ni coating in
DESs. The extra reaction hinders the continuous electro-
deposition of Sn−Ni, thus causing the pore formation.

The difference of cathodic polarization behavior between the
two kinds of deep eutectic solvents shows that the addition of
nickel ions has a great impact on the electrochemical properties
of the tin ion deep eutectic solvent, hence resulting in the
difference of the structure and properties of coatings electro-
deposited.

The cathodic polarization curves of the Sn−Ni deep eutectic
solvent obtained at 85/95/105 °C are presented in Figure 5b.
With the increase of temperature, the cathode current density of
the corresponding overpotential increases significantly, and the
cathode polarization decreases. It indicates that the increase of
temperature results in the reduction of the required deposition

Figure 5. Cathodic polarization curves obtained in (a) the Sn and Sn−Ni ion deep eutectic solvents at 95 °C and (b) the Sn−Ni ion deep eutectic
solvent at 85/95/105 °C.
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potential at the same current density. The characteristics of
cathodic polarization curves are consistent with the results of
EDS.

3.4. The Effect of Temperature on Electrodeposited
Coating Performance. Cyclic voltammetry (CV) tests were
carried out to measure the electrochemical active surface area
(ECSA). The CV curves of the Sn−Ni coatings prepared at 85,
95, and 105 °C are shown in Figure 6. Within the scan rate in the
range of 20 to 80 mV/s, the CV curves are enlarged in different
degrees.

The double-layer capacitance Cdl can be calculated from the
slope of the scan rate−current density to compare the specific
surface area of coatings. The Cdl of the Sn−Ni coatings prepared
at 85/95/105 °C is 1.215, 1.455, and 1.545 mF·cm−2. It is clear
that the increase of temperature will result in the enlargement of
the specific surface area of coatings. Connected with the images
of SEM, the phenomenon is reasonable and further demon-
strates that the increase of temperature can improve the deposit
of the dense porous structure.

On the basis of SEM, the physical models are set in Figure 7a.
It can be clearly seen that the coatings deposited at 85 and 95 °C
have a similar structure and the immersed acid grain black
dyestuff shows similar color changes. By comparison, the coating
deposited at 105 °C is composed of denser particles. After 3 h
absorption, the dyestuff color becomes lighter, which means
better adsorption performance. The SEM images of adsorbed
samples prepared at 105 °C show less vacancy between the
stacked particles. In addition to the difference of preparation,
which is exhibited in the SEM images of primary samples, more

dye particles were adsorbed, resulting in the higher density
stacked particle structure. Figure 7b further shows the color
change and the absorbance of dyestuff immersed by the coatings
prepared at 85, 95, and 105 °C. The absorbance reflects the
concentration of dyes. The coating prepared at 105 °C exhibits
the best performance of the adsorptive removal ability.
According to the statistics of pore sizes of samples prepared at
85, 95, and 105 °C in Figure S5, the adsorption effect is
presented to be related to the pore sizes.

Adsorption effects of Sn−Ni coatings prepared at 105 °C are
exhibited in Figure 7c. To accelerate the adsorption effects, the
dyes were heated at 60 °C. The adsorption studies were
performed at different contact times (1, 2, and 3 h) as shown in
Figure 7c. It can be clearly seen that the decolorization degree
increases with the increase of contact time. Therefore, the
decolorization phenomenon presents the excellent adsorption
capacity of the polyporous Sn−Ni coatings. To further
demonstrate the absorption effect of Sn−Ni coating, open
circuit potential−time was examined to monitor the potential of
the coating prepared at 105 °C in Figure 7d. The potential of the
coating immersed in KCO3 remains constant at −0.98 V, while
the potential of the coating immersed in the grain black dyestuff
increases continuously. The change might be due to the
hydrogen bonds that were formed between N in the molecular
chain and active amino of azo dyes and the coating.

4. CONCLUSIONS
In summary, uniform 3D polyporous network structure Sn−Ni
coatings have been deposited with high current density in the

Figure 6. ECSA measurements of Sn−Ni coatings’ CV curves and current density differences plotted against scan rates of (a) 85 °C preparation
temperature, (b) 95 °C preparation temperature, and (c) 105 °C preparation temperature. (d) Current density plotted against scan rates (105 °C in
blue line, 95 °C in red line, and 85 °C in black line).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04354
ACS Omega 2022, 7, 41013−41020

41018

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04354/suppl_file/ao2c04354_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04354?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04354?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04354?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04354?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


DESs. The dye adsorption experiments indicated that the
prepared Sn−Ni coatings have outstanding adsorption capacity
of the acidic grain black dyestuff. Through the comparison of the
adsorption effect and CV examination, the coatings at the
preparation temperature of 105 °C with more electrochemical
active surface area show superior performance in the adsorption
of dye. The coatings were composed of 94.24% tin and 5.76%
nickel nanoparticles uniformly dispersed. The results offer an
insight into the electrodeposition of high specific surface area
Sn−Ni coatings in the deep eutectic solvents with promising
applications in the dye separation in water.
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Figure 7. (a) The absorption process of coatings prepared at 85, 95, and 105 °C (from top to bottom). (b) UV−visible spectra of the acid grain black
dyestuff after contact with the coatings prepared at 85, 95, and 105 °C (from left to right). (c) UV−visible spectra of the acid grain black dyestuff after
contact with the coating at 60 for 0 to 3 h. (d) Open circuit potential−time curve of the coating prepared at 105 °C immersed in KCO3 and dye.
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