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Abstract

The present work investigates the efficiency of an alkaline water electrolysis process in the
presence of a complexing agent like citric acid (CA) when added directly into the
electrolyte during the electrolytic process. High surface area nickel electrodes prepared by
electrodeposition technique were used as the electrode to evaluate the efficiency of the
oxygen evolution reaction (OER) by the polarization measurements and cyclic
voltammetry. The quantity of the complexing agent CA in the electrolyte was varied from
0-1 wt. %. An increase in the current density of about 25 % resulted at a temperature of
30 °C in the presence of 0.2 wt. % of CA at 1.0 V vs. Hg/HgO. CA was found to improve
performance by forming a complex with the alloy electrode and by formation of the high
surface area catalyst for efficient OER.
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Introduction

Clean energy is considered as the solution to world’s increasing energy demand and to concerns
regarding pollution and contamination. Hydrogen is important energy alternatives as its combustion
product is only water. Water electrolysis is the best technology for producing hydrogen and oxygen
with no resulting greenhouse gas emissions [1-3]. The energy required for production of hydrogen
by electrolytic method is very high (4.5-5 kWh N m of Hz) in most industrial electrolyzers. Alkaline
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water electrolysis (AWE) offers the advantages of the use of non-noble metal catalysts, ease of
manufacturing and scalability. Therefore, research on suitable catalyst materials and methods for
modifying the electrodes to improve efficiency of water electrolysis techniques are always being
carried out. Efficiency in electrolysis can be improved by reducing the cell voltage through the use
of catalysts with increased surface area or by changing the nature of the overpotential of the
reaction. In AWE anodic overpotential is a major factor that limits the efficiency and hence is
researched frequently [4-6]. Ni based electrodes, being less corrosive in alkaline solution, offer low
cost solution despite its higher overpotential in alkaline solutions when compared to costly RuO;
and IrO; based catalyst used in acidic media [7]. Further, it has been found that incorporation of zinc
and sulphur in the nickel electrode increases surface area and catalytic activity, lowers overvoltage
and helps in increasing the current density by removal of the gas bubbles from the electrode
surface [8].

Citric acid (CA) is a chelating agent often used for depositing metals at a controlled rate in
electroplating and electroless plating operations. It is also used to buffer the pH of the plating bath.
The effects of additives in the electroless nickel deposition process have been studied by
electrochemical analysis [9,10]. It has been shown that the additives significantly improved the
deposition rate and helped in forming finer grain structure during the plating process. The
importance of additives such as boric acid, citric acid and ascorbic acids in influencing the
electrodeposition of nickel alloys was described by Kieling [11]. It was shown that complexing agents
influence the kinetics of powder electrodeposition, as well as the morphology of the Ni powders.
According to the conclusion of the authors finer powders were produced in the presence of citric
acid than those obtained with oxalic acid. A study on organic additive, tri sodium citrate as a
stabilizing agent reveals that they can be used for structure related factors to control the nucleation,
growth and alignment of crystal phases [12,13].

Nikoli¢ et al. [14] have shown that alkaline electrolytic hydrogen production can be made efficient
(~15 %) by the addition of activating compounds of tungsten and cobalt in the ionic and complex
form into the electrolyte (6 M KOH) during electrolytic process. Additions of ionic activators were
found to increase surface area, porosity and performance due to the synergistic effect of the two
different metals on the surface of the electrode. The effect of ionic activators and complexes in
alkaline water electrolysis has been emphasized by improved performance in the presence of
molybdate, chromate and cobalt based compounds [15,16]. The ability of citric acid to form
complexes with Ni is very well established. It has been used to decrease the precipitation of Ni as
hydroxides thus stabilizing it in the electrolyte. It has been used in both the electroless and
electrodeposition of Ni and its alloys [17,18]. It was hence decided to study the effect of this
stabilizer during the electrolysis of water by adding it to the electrolyte, i.e. to study whether the Ni
citrate complex formed will act similar to the ionic activator and improve the efficiency of the
electrolytic process. In the present system the activator is formed in situ from the electrode and the
complexing agent in the solution compared to those in the literature where the metal complexes
are externally added. A systematic study on OER has been carried out by varying the concentration
of citric acid in the electrolyte between 0 and 1 % by weight.

Experimental

1. Materials

Nickel sulphate (Merck), nickel chloride (Merck), zinc sulphate (Merck), ammonium nickel sulfate
(Merck), sodium thiocyanate (Fisher), potassium hydroxide (Merck), citric acid (Merck) and other
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chemicals were all used as received. Ni mesh (procured from Champion Manufacturing Co, India
with 0.10x0.32x0.20 mm nominal thickness, long diagonals of the diamond and strand width
respectively) of area 9.0 cm? size were used for preparation of the electrodes.

2. Electrode fabrication

The surface of nickel mesh was electrochemically cleaned before electroplating using the bath
solution containing nickel chloride (240 g L) and conc. HCI (125 ml L). A plating current density of
50 mA cm? was used for cleaning. The plating bath consisting of nickel () sulphate (70 g I'%),
ammonium nickel sulfate (40 g L), zinc sulphate (35 g L) and sodium thiocyanate (12 g L) were
used for plating. Electrodes were prepared by the pulse electrodeposition technique as mentioned
in our previous paper with a pH of 5-6, a current density of 40 mA cm2and duty cycle of 40 % under
the influence of ultrasonic vibration [19]. Once the electrodeposition was concluded, the electrodes
were treated with 28 g L'! of KOH to leach out excess zinc to give a porous electrode having a high
surface area.

3. Cell frame-up

Electrochemical measurements were carried out using a Solartron analytical potentiostat/galva-
nostat 1400 cell test system in a small undivided beaker cell (volume 50 cm3). As prepared nickel
alloy electrode (working electrode), large area platinum gauze (counter electrode) and Hg/HgO
reference electrode in 1 M NaOH were used for the study. The area of the electrode was 9 cm? and
30 % KOH solution to which CA between 0 and 1 wt. % has been added was used as the electrolyte.
Figure 1 shows the cell set up used for testing of the electrodes of the present study.

Pt Counter
electrode

Figure 1. Three electrode cell set up used for electrochemical characterization

4. Electrode characterization

The surface morphology of the electrodes was studied using Hitachi SU1500 Scanning Electron
Microscopy (SEM). Energy dispersive analysis of X-ray (EDAX) using Hitachi 4300 was used to study
the composition of metals on the electrode. Rigakuminiflex X-Ray diffraction (XRD) with CuKq
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(A- 0.154 nm) radiation was used for X-ray characterization of the electrodeposits. Perkin-Elmer
system was used to obtain the Fourier Transform Infrared spectra (FT-IR).

Results and discussion

1. FT-IR analysis

Figure 2 shows FT-IR spectra of the nickel electrode with and without the addition of stabilizer.
The bands due carboxyl groups of citric acid are present between 1800 and 1300 cm™. The band at
1721 cm™ has been ascribed to free COO™ group. The band at 1630 cm™ has been ascribed to the
carboxylic group forming intramolecular hydrogen bonds. The band at 1425 cm™ may be assigned
to the bidentate carboxylate anion. For nickel alloy electrode in citric acid spectra, the band around
3450 cm* was very broad, due to hydration by water molecule indicating the electrolytes ability to
wet the electrode. In spectra without citric acid due to less adsorbed water molecule this peak was
small. The bands around 1150 and 650 cm™ represent the stretching vibrations of the nickel sulphate
used for electroplating of nickel [12]. These studies confirm the formation of nickel citrate complex
on dipping the electrode in the electrolyte containing CA. Literature studies have shown that upon
immersion of a nickel electrode into the solution of aqueous alkali, a film of Ni(ll) oxide species (a-
Ni(OH)2) is formed spontaneously [20]. This on ageing dehydrates and gets converted into
LS—Ni(OH),. The electroprecipitation of this oxide forms Ni plaques and may lead to decrease in
performance. On addition of citric acid into the electrolyte Ni forms citrate complexes that may help
in cleaning the surface of the oxide layer. The complexes formed may improve the wetting ability of
the electrolyte by decreasing the surface tension of the electrodes.
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Figure 2. FT-IR Spectra of electrolytic surface: (a) before and (b) after citric acid addition

2. Effect of variation of CA

Figure 3 shows the polarization curves with the variation in the amount of CA at 30 °C. A current
density of 0.40 Acm™ was achieved with 0.1 wt % addition of CA compared to 0.32 A cm2 achieved
without the addition of CA at 1.0 V vs. Hg/HgO reference electrode. The maximum current density
of 0.47 A cm? was obtained on the addition of 0.2 % CA at 1.0 V. Further increase in citric acid led
to decrease in current density to 0.37 A cm at 0.3 % CA addition. In alkaline solution without CA,
Ni(OH). precipitates on the surface and gets absorbed on the electrode, passivates the electrode
decreasing the kinetics of the reaction. On the addition of CA, formation of Ni(OH), on the surface

218 () er |



S. Seetharaman et al. J. Electrochem. Sci. Eng. 6(3) (2016) 215-223

decreases and a citrate complex of Ni is formed resulting in increase of current density. An increase
in CA concentration leads to a strong citrate adsorption on the surface reducing the catalytic activity.
Ni citrate particles present on the surface of the electrode may also act as nucleation sites for in situ
deposition of metal thereby increasing the activity.
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Figure 3. Polarizations curve for alkaline water electrolysis with the different wt.% of CA at 30 °C.

3. Cyclic voltammetry studies

Cyclic voltammograms obtained for the nickel alloy electrodes when scanned between 0to 0.8 V
vs. NHE at a scan rate of 5 mV s in 30 % KOH solution are represented in Fig. 4. The oxide formation
on surface of the nickel electrode is represented by the anodic current between the potentials of
+0.37 and +0.58 V vs. Hg/HgO. The peak at potential of +0.16 V vs. Hg/HgO represents the oxide
layer reduction upon current reversal. The Ni(ll)- Ni(lll) oxide transformations as represented by
peaks acts as electrocatalyst for the OER[13,21]. Of all the additions, 0.2 wt. % of CA in 30 %
potassium hydroxide solution showed the highest area.
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Figure 4. Cyclic voltammograms of nickel alloy electrode with different wt.% of CA.

The addition of 0.2 wt. % of CA enabled the current to increase more sharply when the potential
reaches ~0.52 V. However, upon increasing the citric acid concentration above a 0.2 wt. % a further
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increase was not seen and the curve almost truncated. CA may reduce the surface tension of the
electrolyte so the bubbles formed due to evolution of oxygen gas can leave the system easily. At
higher concentration of CA, a strong absorption on the surface leads to decrease in catalytic sites
and decrease in activity.

4. Effect of temperature

Figure 5a shows the steady state polarization curves of Ni-Zn-S alloy electrode at different
temperatures on the addition of citric acid (0.2 wt. %) in alkaline water electrolysis. As can be seen
from the polarization curves, performance increases with increase in temperature. A high current
density of 0.78 A cm? was achieved at 1.0 V and 80 °C. With the introduction of citrate in the system,
the overall efficiency increases and overvoltage also decreases for OER. The improved performance
may be explained on the basis of an increase in the conductivity of the electrolyte at higher
temperatures and also due to increase in catalytic activity with the increase in temperature. Figure
5b gives the long term stability of the cell, studied by holding the cell continuously at a potential of
1.0 Vvs. Hg/HgO electrode and monitoring the current at the temperature of 30 °C. The current was
constant indicating the stability of the cell with added citric acid.

(a) (b)
0.6 4
0.8{——80°C
—— 60°C

o —— 80°C o

0.6
g g 0.54
< < | | | —
2: 0.4 é ™ e .\.\lll\l
‘o 1%}
[ <
@ o)
o a .
€ 0.2 = 0.4 1
g o
5 5
(@] O

0.0 4

: . : . : . : . : . 0.3 . . .
0.0 0.2 0.4 0.6 0.8 1.0 0 10 20 30
Potential, V vs. Hg/HgO Time, h

Figure 5.Effect of temperature on the addition of CA (0.2 wt. %) in alkaline water electrolysis (a)
and stability test with addition of CA (0.2 %) at 1.0 V vs. Hg/HgO at 30 °C (b)

5. SEM analysis

Scanning electron microscopy (SEM) of the nickel anode was performed before and after (24 h
of continuous operation) the electrolytic process with the addition of the CA in the electrolyte. The
typical SEM images are presented in Fig. 6. The morphology of deposits before electrolysis are
shown in Figure 6 (a) and (b). In these micrographs homogenous globular particles are seen. The
surface of the electrodes is also divided by coarser cracks and channels. The cracks are likely to be
filled with the electrolyte when dipped in the solution. This increases the surface area of the catalyst
in contact with the electrolyte and leads to increase in current density. Further, efficiency may also
be increased due to convective replenishment of the electrolyte due to gas evolution. The EDAX
data of the nickel alloy electrodes prepared has a composition of nickel (55 %), zinc (30 %) and
sulphur (15 %).

The morphology of deposits after addition of the CA during the electrolytic process is shown in

Fig. 6 (c) and (d). The surface of the electrodes is characterized by the presence of flakes covering
the electrodeposited layers.
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Figure 6. SEM Images of nickel alloy electrodes: (a) and (b) after electrolysis with KOH,
(c) and (d) After electrolysis with KOH and CA
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The deposits appear to be interspersed on the surface of the electrode and make the surface
appear rough. Thus, it is evident that the addition of CA in the electrolyte has resulted in the
deposition of Ni metal particle on the surface during the electrolytic process. Thus, an increase in
surface area and an increase in possible active centers are revealed in the SEM micrographs of the
sample after electrolysis. The citric acid complexing agent thus acts as a bridge for the transfer of
electrolyte on the surface of the electrode and the in situ metal deposits with their high surface area
and catalytic activity improve the performance of the electrode for OER. These results compare well
with the powder deposits of Fe-Ni observed by use of citric acid by Laénjavec et al. [22] in their
studies on electrodeposition of Fe-Ni from citrate electrolytes.
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6. XRD analysis

Figure 7 shows the XRD patterns of electrodeposited nickel electrodes before and after (24 h of
continuous operation) electrolysis. The X-ray diffraction pattern of the before electrolysis sample
has a broad peak around 44° corresponding to (111) position of Ni. Due to the high concentration
of nickel, the intensity of these peaks is high and hence only these are seen. The Zn and S present
are detected only by the EDAX analysis. In the after electrolysis curve the intensity of the nickel peak
is very high and the peak is also very sharp. The average particle size was calculated using Debye-
Scherrer relation. The particle size of samples after and before electrolysis was found to be between
11 and 16 nm respectively. This may be explained by the deposition of the in situ Ni particles from
the Ni citrate complex formed. Such in situ deposited particles may be responsible for the increased
electrochemical activity shown in the OER reaction. It shows that the size of Ni deposit particles can
be modified by the addition of citric acid. Similar observations of metal deposition have been
reported from the solution by Nikoli¢ et al.[14].
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Figure 7. XRD patterns of nickel surface: (a) after electrolysis; (b) before electrolysis

The addition of 0.2 wt. % citric acid to the standard electrolyte as a complexing agent thus
decreases the energy consumption during electrolysis of water. The addition resulted in the in situ
deposition of Ni on the surface (as shown in SEM figures). The improved performance suggests that
an extremely active surface center is created to improve the catalytic activity of the electrode.
Further the formation of the nickel citrate complex may improve the wettability of the electrode
and may act as a bridge for ion transfer between the electrolyte and the metal surface [23].

Conclusions

The results presented help in concluding that a deposit formed in-situ during the electrolytic
process by using a complexing agent such as CA in the electrolytic solution is extremely active. An
increase in the current density of about 25 % resulted at a temperature of 30 °C in the presence of
0.2 wt. % of CA at 1.0 V vs. Hg/HgO. The CA distributed throughout the nickel matrix as a complex
created more organized transfer channels to produce high surface area electrodes for alkaline water
electrolysis. SEM and XRD figures obtained after electrolysis confirm the deposition of the metal.
This form of deposit is very active and improves the catalytic activity of the electrode. Improvement
may also be explained due to increase in wettability and the bridging ability of the complexing agent
to transfer ions between the electrolyte and metal surfaces. Thus, through simple processing, high

222 () er |



S. Seetharaman et al. J. Electrochem. Sci. Eng. 6(3) (2016) 215-223

current density and good efficiency can be obtained. We believe this type of complexing agent
deserves further investigation and is a good candidate for use in alkaline water electrolysis.
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