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Abstract

This study shows a si/ver electrodeposition model (EDM) on a graphite sub-
strate. The electrolyte was a 0.01 M solution of pure silver and chromium ni-
trate using an electrolyzing cell. EDC with current density up to 20 mA/cm?
and 15 mV and pulse current were studied. Results revealed that silver depo-
sited at a rate of 0.515 mg/cm?/min with 12 mA/cm? that decreases to 0.21
and 0.16 mg/cm?*min with the decrease of current density to 6 and 5 mA/cm?
respectively. The model postulates that silver ions (a) were first hydrated
before diffusing (b) from the solution bulk to the cathode vicinity, The next
step (c) involved the chemical adsorption of these ions on certain accessible
sites of the graphite substrate (anode), The discharged entities (d) adhere to
the graphite surface by Van der Vales force. Silver ions are deposited because
the discharge potential of silver is low (0.38 mV) as compared to other metal
ions like chromium (0.82 mV). Pulse current controls silver deposition due to
flexibility in controlling steps (a)-(c) of the deposition mechanisms. Parame-
ters like current density, current on-time, current-off time, duty cycle (ratio
of current on time and total pulse time) and pulse frequency influenced the
shape and size of the deposits. Step (b) suggested that silver particles were
deposited in a monolayer thickness. The silver layer turned multiple after ful-
ly satisfying the accessible sites with the monolayer. The activation energy AE
value amounts to 86.32 kJ/mol/K. At high temperature and current density,
homogeneous diffusion occurs.
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1. Introduction

The process of electroless deposition of silver as affected by galvanic displace-
ment on the semiconducting substrates is a well-known process. This deposition
process proceeds via two concurrent electrochemical reactions involving the re-
duction of metal ions and simultaneous oxidation of the substrate surface. It was
reported that a uniform silver film about 50 nm thick was obtained on a graphite
thin sheet (GN) surface via an improved electroless plating method [1]. The au-
thors used 3-aminepropyltrimethoxysilane (AP7MS) as an encapsulation to help
to limit growth and aggregate formation. Other methods such as electrodeposition
[2], chemical vapor deposition [3] and electrophoretic deposition [4] have been
claimed for surface metallization of materials. Chamarthim et al [5] showed
that metallic silver was deposited on the surface of synthesized calcite via a sim-
ple electroless deposition method. Calcite with cubic morphology was prepared
first by homogeneous precipitation and with subsequent surface modification
using ammonium oxalate.

Tang et al reported ultrasonic electro-deposition of silver nanoparticles on
dielectric silica spheres [6]. The authors showed that silver nanoparticles with
sizes of 8 - 10 nm in diameter could be homogeneously deposited onto the sur-
face of preformed colloidal silica spheres. Silver particles with different sizes and
dispersive uniformity on silica sphere surfaces were obtained by adjusting the
current density, the concentration of electrolyte and the electrolysis time. The
possible ultrasonic electrodeposition mechanism was also suggested.

An electrochemical multiple scan cyclic voltammetry (CV) method [7] was
executed to prepare surface-enhanced Raman scattering (SERS) active silver films,
to investigate the effect of potential scan rate and the number of CV'scans on the
SERS performance. Silver nanoparticles were synthesized by the reduction of
silver nitrate using a reducing agent of ethylene glycol with polyvinylpyrroli-
done. Ethylene glycol containing hydroxyl groups have a functional structure as
both solvent and reducing agents. The SERS enhancement capability is particle
size and distribution as well surface profile amplitude-dependent with an optim-
al potential scan rate of 100 mV/s and 30 CV scans at the experimental condi-
tions used. The highest SERS effect associated with the homogeneously distri-
buted uniform size aggregates merged to interconnecting network as confirmed
by scanning electron microscopy and optical profilometry investigation. Rabah
[8] prepared preparation of size-controlled silver nanoparticles on graphite sub-
strate from e-waste. The route involved the extraction of the metals available in
nitric acid followed by treatment with hydrofluoric acid. Silver metal particles
deposited with an average size of 4 - 10 nm. A stabilizer concentration of “10 -
40 g/I” was used. N.V. Mandich [9] showed that Cr** is reduced to chromium
metal at 0.74 V. A pulsed electrochemical system was constructed to synthesize
size-controllable spherical silver nanoparticles (AgNPs) in the aqueous phase
[10] [11] [12]. The circulation system greatly reduces silver deposition rate, the-

reby making well-dispersed silver nanoparticles colloids to synthesize very con-
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veniently without ultrasonication and string system. Moreover, the particle size
of AgNPs was controlled by the experimental parameters (on-time, off-time, and
peak current) to improve the homogeneity of the prepared AgNPs. The smallest
sized AgNPs with a size of 14.9 + 4 nm were obtained with an on-time, off-time,
and peak current of 0.8 ms, 0.3 ms, and 0.2 A, respectively. In addition, a
clear correlation between the size of silver particles and the peak current was
found in that system. Samanta ef al [13] studied the deposition mechanism
of silver and gold nanoparticles. The authors showed that biomolecular mechan-
isms deposition of Au and Ag NPs will be helpful for the fabrication of desired
shape, size, surface charges and stability. The mechanism of deposition of mo-
nolayer nano-silver particles from silver nitrate solution by electroless deposition
has also been reported. The model involves hydration of the metal atoms and
diffusion of the hydrated ions from the solution bulk to the cathode vicinity [14]
in preference to ion discharge [15]. The characteristic quality of the product was
determined with the XRD, FTIR and SEM measurements Silver first diffuse and
deposit in preference to chromium because its ionic size and discharge potential
is lower than with chromium [16] [17]. Chromium ions then diffuse and deposit
on the silver particles, the metal silver is catalytically reactive [18]. Moreover, it
has been shown that the degree of polymerization and concentration of the sta-
bilizing polymer substrate have a marked influence on the size and properties of
the deposit the controlling the deposition parameters such as the current densi-
ty, current-on time, current-off time, duty cycle (ratio of current on time and
total pulse time) and pulse frequency.

This study predicts a mechanism model for silver and chromium nanopar-
ticles deposition by electrolysis and electroless methods on a graphite substrate.
Influential parameters affect the deposition such as electrolyte concentration,
current density, temperature, current on-time, current-off time, duty cycle (ratio
of current on time and total pulse time) and pulse frequency have been studied.
The model suggests that silver nanoparticles deposited in preference to chro-
mium on accessible sites of the substrate. Only multiple-layer would take place

after satisfying these accessible sites with a silver mono layer.

2. Experimental
2.1. Materials and Methods

Pure grade chemicals of Aldrich of silver nitrate, potassium nitrate and potas-
sium hydroxide were used in this work Glassy graphite thin plates having the
dimensions 2 x 10 x 30 mm and graphite-doped polypropylene sheet 0.3 mm in
thickness were the substrate for silver and chromium deposition. Doubly distill-
ed water was used to prepare the electrolyte. The chemicals were technical pure
grade.

2.2. Description of the Method for Silver and Chromium
Nanoparticles Deposition

Alkaline 0.1 N silver electrolyte having a pH value of 8.1 - 10.2 by addition of
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potassium hydroxide is used. Potassium nitrate solution of 0.05 N was added as
a stabilizing agent. Table 1 shows the conditions of electrodeposition of silver on

graphite substrate. Table 2 shows the experimental conditions of the work done.

2.3. Deposition of Silver with the Chemical Reduction Method

An impregnating device has been developed. It is composed of a dissector con-
taining a dish filled with silver solution. The dissector led is connected to a va-
cuum pump fitted with a valve. Graphite cathode were heated at 100°C - 120°C
outside the dissector and then carefully supported while hot on the edges of sil-
ver pot in the dissector. The dissector lid is placed and the vacuum valve is
switched on to attain 5 mm Hg. The graphite sample was kept under vacuum for
30 minutes after which the vacuum valve is closed. The dissector was gently
shacked to allow the graphite to fall in the silver pot. The vacuum tap is discon-
nected to maintain atmospheric pressure. After 1 h, the graphite samples were
taken out and dried in a drier. The loaded graphite was immersed in hydrazine
hydrate to reduce silver nitrate to yield silver metal. The chemical process of sil-
ver deposition can be repeated several times to control the layer thickness of the

deposit.

2.4. Deposition of Silver/Chromium with the Electrolysis and
Electroless Methods

An electrolyzing cell was developed to carry out the deposition of silver/
chromium from nitrate electrolyte. The cell is a one compartment box made of
Perspex 6 mm thick. The cell is fitted with cover supporting the anode, the ca-
thode, a separating funnel and a glass stirrer, The electrodes were made of gra-
phite-doped polymer sheet 0.3 mm un thickness connected to the DC main with
precise regulator. Figure 1 shows a schematic diagram of the electrolysis assem-
bly.

2.5. Measurements of the Physicochemical Properties

Identification and thickness of the deposited silver on the substrate was deter-
mined with weight, XRF and SEM. Phase identification of the ppt metal is

Table 1. Conditions of electro-deposition.

Concentration of materials, g/l

Parameter
Ag/Cr KCN KNO;
concentration 0.78/0.5 3.02 0.1M
pH 8.1-10.2
Time, ¢ s 2,4,6,12, 30,60 and 120
pulsed current, &n and & 1 (s)
Peak current density, mA/cm? 0.33,0.45,0.67, 1, 1.5
Temperature, °C 25, 50, 75

DOI: 10.4236/ijnm.2022.101001

4 International Journal of Nonferrous Metallurgy


https://doi.org/10.4236/ijnm.2022.101001

M. A. Rabah, N. N. Girgis

Table 2. The experimental conditions of the work done.

Nr. c.d. t pH fon Lot A (Area of
cathode, cm?)
1 12 2 9.1 1 1 1.7-2.7
2 6 2 9.1 1 1 1.7-2.7
3 5 2 9.1 1 1 1.7-2.7
4 4 2 9.1 1 1 1.7-2.7
5 3 2 9.1 1 1 1.7-2.7
6 6 4 9.1 1 1 1.7-2.7
7 6 8 9.1 1 1 1.7-2.7
8 6 12 9.1 1 1 1.7-2.7
9 6 16 9.1 1 1 1.7 -2.7
10 6 20 8.3 1 1 1.7 -2.7
11 8 2 8.3 1 1 1.7-2.7
12 6 2 10.3 1 1 1.7-2.7

Electrolyte

[
—p>

Figure 1. A schematic diagram of the electro electrolysis assembly.

performed at room temperature using X-ray diffraction (XRD, Bruker axes D8,
Germany) with Cu-Ka (1 = 1.5406 A) radiation and secondary mono-chromate
in the range 26-scale from 20 to 70 degree. The morphology information of the
samples such as particle size and particle shape were investigated using trans-
mission electron microscopy TEM with an acceleration voltage up to 120 kV, a
magnification power up to 600 k, and a resolving power down to 0.2 nm (TEM,
JEOL-JEM-1230, Tokyo, Japan). Scanning electron microscope (SEM) JEOL in-
strument model JSM-5410 was used to determine the microstructure of the de-
posited silver. The Fourier transform infrared (FT-IR) spectra were recorded on
a Jasco FT-IR-3600 pulse.

3. Results

Table 3 shows the specific rate of silver deposition on graphite substrate.
Figure 2 shows the deposited weight of silver as a function of electrolyte
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Table 3. The specific deposition rate of silver and chromium on graphite substrate.

Sample . . Rate of deposition,
Time, ¢, min .
Nr. C.d. (Ag) mg/cm*/ min
2 6 2 0.217
3 5 2 0.169
6 6 4 0.152
8 6 12 0.097
9 6 16 0.056
08 r
—4A—25°C —@—-50°C —e—75°C
0.7

L ]
o~

05 r

03 r

Deposition rate, mg/cm?-min
o
iy
T

0.1 |

4 mA/cm? 8 mA/cm? 12 mA/cm? 16 mA/cm? 20 mA/cm?

Current density, mA/cm?

Figure 2. Effect of temperature on the deposition rate, pH = 9.1.

concentration. It is seen that the rate of deposition amounts to 0.515 mg/cm?*/
min with 12 mA/cm? and decreases to 0.21 and 0.16 mg/cm?* with a current den-
sity of 6 and 5 mA/cm? respectively.

Figure 3 shows the specific rate of deposition of silver metal (d) on graphite.
It is seen that d value decreases linearly with time. Figure 4 shows the rate of
silver deposition on graphite as a function of time. It is seen that the rate passes
through plateau for the first 6 minutes after which it drastically increases to a
maximum value at 8 minutes. After which the rate value decreases with further
increase in time. It is seen that the rate of weight deposition of the metal (Ag or
Cr) is kept nearly at the same magnitude within the first 5 minutes after which it
increases sharply to attain its optimum value with 8 minutes. The extent of the
rate of deposition decreases with increasing the time. Figure 4 shows the effect
of temperature on the deposition rate.

Figure 4 shows the Arrhenius relation (In weight deposited of silver against
reciprocal absolute temperature, 1/T K), Activation energy AE as calculated
amounts to 27.78 kJ-mol™!. K and 27.220 kJ-mol™!. K with silver and chromium
respectively.

Figure 5 shows the cyclic Volta-monogram of Ag/C electrode in 0.1 M KOH
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Figure 3. The deposited weight of silver as a function of electrolyte con-
centration, pH = 9.1.

0
c 33.55 30.95 2833
S .02
i
a
S 04
©
e}
S .06
Ny
°
()
S .08
=

-1

1/T, K x 10*

@12 mA/cm? A16 mA/cm?

Figure 4. The Arrhenius relation (In weight deposited
vs 1/T, K x 107, pH 9.1).
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Figure 5. Cyclic Volta monograms of Ag/C electrode in 0.1 M KOH and 0.1 KOH + 0.2
Meth, 0.5 Meth, 1.0 Meth at a scan rate of 5 mV-s™!, pH 10.
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and 0.1 KOH + 0.2 M ethanol, 0.5 Meth, 1.0 M ethanol at a scan rate of 5 mV-s™".
It can be seen that current density is kept more or less the same magnitude up to
a scan rate value of 0.4 mV. With higher scan rate > 0.6 mV, the current density
increases drastically and such increase becomes pronounced the general trend of
the results indicate that the scan rate has no effect on the current density (I,
mA/an®) up to 9 mV. Increasing the scan rate > 9 mV and addition of ethyl al-
cohol to 1 M KOH alkaline electrolyte strongly increases the current density to
about 10.4 mA/cm? with 2 M alcohol. It is worth noting that with higher alcohol
up to 5 M has a pronounced decrease in the current density to 8 mA/cm?. with +
1.0V.

Figure 6 shows the effect of scan rate on the pulse current value at a scan rate
of 5mV/s - 100 mV/s. It is seen that the early low scan rate from -0.6 up to +0.2
mV has no significant effect on the current density. With further increase of the
scan rate, a marked increase of the current density takes place passing through
maxima with 0.5 mV and that effect is directly related to the scan rate.

Figure 7 shows the relationship of potential against current i E(mv)/i at a scan
rate of 5 mV/s in alkaline medium as affected by addition of potassium hydrox-
ide together with methyl alcohol. It can be seen that alkalinity suppress the
change in pulse current (<1 mV) with increase in potential up to 0.5 mV. The
current density value drastically increases (10 mA/cm?) with further increase in

potential up to 0.8 mV.

4. Discussion

Electrodeposition implies the deposition of a solid metal from a solution of so-

luble molecules, ions or complexes by the action of electricity. Because the

18
scanratebmV/s
6 - — — — scanrate10mV/s
wd—— e scanrate 25mV/s
scanrate50mV/s
pod-——-—-—-—- scanrate50mV/s
scanrate100mV/s
10
5 81
<
£ 67
4 -
2 -
oY [ RURU——
2 4
-4 T T T T T T T T

-0.6 0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
E/mV

Figure 6. Effect of potential on the pulse current density at different scan rate, pH = 10.
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Figure 7. E/i relation as affected by the addition of KOH/methyl alcohol using 5 mV
scan rate, pH = 10.

electrodeposition process of silver nanoparticles is of special interest
cause nanoparticles may display a high decorative activity. The parameters de-
termining the qualitative and quantitative deposition of silver on a graphite sub-
strate has been literature [19]. In that work, silver nanoparticles are deposited
applying moderate current density from silver electrolyte. Results given in Fig-
ure 2 proved that the deposition rate increases with increase of current density
and temperature in a regular relation. The deposition process takes place in suc-
cessive steps as follows.

1) silver Ionic radius amounts to 1.15 A (+1) [20] the metal ion (available in
the electrolyte) is firstly hydrated. The hydrate is defined as an inorganic salt
containing water molecules combined in a definite ratio either bound to a

al center or have crystallized with the metal complex to [M(H,O).]*".

A model of hydrated metal
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M +nH,0 = [M(H,0) |~ (1)

2) under the potential difference between the positive and negative electrodes,
the charged metal ions diffuse from the solution bulk to the cathode vicinity.
Diffusion enhances with temperature rise.

3) the diffusing ions then penetrate the boundary layer of the cathode and ad-
here to the charged cathode surface whereby it get reduced to a metal nanopar-
ticle.

The regular relation given in Figure 2 shows that step (b) is the rate-deter-
mining step. Figure 5 supports this assumption. The rate of deposition is low
within the early period of deposition and increases up to 6 min to 9 min. With
time >9 min, the rate of deposition decreases on the bases that the ions concen-
tration in the electrolyte gradually deplete despite stirring. Figure 4 shows the
Arrhenius plot of the electrodeposition process with silver. The computed AE
value amounts to 27.78 kJ-mol™-K and 27.220 kJ-mol™!. with 12 mA/cm? and 16
mA/cm?* respectively. The metal silver’s reactivity may be proportional to the
size and shape of the metal nanoparticles.

Ionic silver is a solution consisting of water and silver ions (dissolved silver)
containing no silver particles Ionic silver is up to 10* times more effective than
colloidal silver. The ionic radius of silver is 1 x 1072 meter (1 x 107 nm).

The regular relation holding the deposited weight and electrolyte concentra-
tion given in Figure 3 shows that step (b) is the rate-determining step. Figure 2
supports this assumption. The rate of deposition is low within the early period of
deposition and increases after 6 min - 9 min. With time >9 min, the rate of de-
position begins decreasing on the bases that the ion concentration in the elec-
trolyte gradually deplete despite stirring and for this reason the experimental
electrodeposition cell is fitted with a separating funnel filled with a freshly pre-
pared silver nitrate solution. The tap of the funnel is accurately adjusted to
compensate the continuous loss of the discharging silver ions and keep the elec-
trolyte concentration at more or less constant value. Figure 4 shows the Arrhe-
nius plot of the electrodeposition process with silver. The computed AE value
amounts to “27.78 kJ-mol™-K”. That shows that silver is reactive metal ions. The
reactivity seems to be proportional to the size and shape of the metal involved.
With silver, the atomic volume is 10.28 cm?®/mol [20]. In this context, the current
density directly relates to the amount of the deposited metal. That proposal is
because current supply of electrons to the electrolyte via the cathode surface
would increase in the potential and enhance step (b) to take place. Addition of
alcohol to the metal ions will squash the deposition process. Figure 8 shows im-
age of SEM of the deposited silver (a), silver with alcohol at 12 mA/cm? (b) and
16 mA/cm? (c). In Figure 8(a) the deposited silver is fine without any aggrega-
tion of the particles. Figure 8(b) and Figure 8(c) depicts that albohol increases
the size of the depsited silver particles with significant aggregation whereas in-
creasing the current density to 16 mA/xm? alleviates such increasing effect on

silver particle size.
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(a)

H mag O]
20.00kV | 8.29 pm | 9.1 mm | 50 000

(©

Figure 8. SEM images of deposdited silver. (a) Ag, 12 mA/cm? (b) Ag +
alcohol; (c) Ag 16 mA/cm.
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Figure 9. XRD pattern of the silver nanoparticles deposited by pulse current.

Figure 9 shows the XRD of the deposited silver nanoparticles by pulse cur-
rent.

Sharp peaks of the XRD pattern, appeared at 26 of 28, 34, 38, 48, explore the
material is crystalline, whereby the peaks are distinctive to silver.

5. Conclusion

Electrodeposition of silver nanoparticles exhibits a wide scope of applications in
the fields of energy, environmental, and medical technologies because of its
unique properties determined primarily by their size, composition, and struc-
ture. Silver nanoparticles have been of interest because of their unusual and fas-
cinating properties. The electrolyte conditions are nitrate solution with low con-
centration controlled by the addition of potassium nitrate and potassium cya-
nide as a stabilizer. The electrolyte was a 0.01 M solution of pure silver nitrate
using an electrolyzing cell. EDC with current density up to 20 mA/cm?* and
15 mV and pulse current showed that silver deposited at a rate of 0.515
mg/cm*/min with 12 mA/cm? and decreases to 0.21 and 0.16 mg/cm?*min with
the decrease of current density to 6 and 5 mA/cm? respectively. A mechanism of
deposition postulates that such mechanism is a multi-sequence process. Silver
deposited in reference to the discharge potential of silver is low (0.38 mV) as
compared to other metals (e.g. 0.82 mV with chromium). Pulse current controls
silver deposition due to flexibility in controlling one or more of the deposi-
tion-steps involved. The optimum electrodeposition conditions for silver in na-
no size are current density = 6 Adm™, pH 9.1, silver concentration 0.04 N, pulse
ton = t, off = 1 at room temperature. Nanoparticles of silver deposited success-
fully on graphite substrate and their catalytic activity increases when porous
graphite demonstrated as a substrate. Pulse current helps to deposit silver in

nano-size particles from silver nitrate at alkaline pH value.
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