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Nickel hydroxide is used as an active material in positive electrodes of secondary alkaline batteries. In alkaline batte-
ries, the capacity of the negative electrode is greater than that of the positive electrode, hence the cell capacity is lim-
ited by the positive electrode. The practical capacity of the Ni(OH), positive electrode depends on the efficiency of the
conductive network connecting the Ni(OH), particles with the current collector. In this study, hot-pressed-type elec-
trodes were prepared using fiber-like 3-Ni(OH), powder as the active material on a nickel mesh as a current collector.
The effect of carbon black as a conductive network for Ni(OH), active material and the partial substitution of Cu(OH),

Keywords:

Beta nickel hydroxide for B-Ni(OH), material on the electrode performance, are examined. The carbon black powder addition improves the
Beta nickel copper hydroxide utilization of the active material; however it lead to a decrease in stability of the electrode. The partial substitution of
Carbon black Cu(OH), for B-Ni(OH), significantly improves the coulombic efficiency of the 3-Ni(OH), active material and it also in-

Hot-pressed-type
Nickel positive electrode

creases the specific discharge capacity and enhance the stability of the electrode. These findings showed that the cop-
per modified 3-Ni(OH), electrodes possessed an improved specific capacity and stability and thus may be recognized
as a promising hybrid material for battery electrode applications.

1. Introduction

Non-renewable sources of energy such as fossil fuels, coal and nuclear
fission currently plays a vital role in meeting the economic energy demands
of the world [1]. The downside of fossil fuel use is CO, emissions, which
have been identified as a major global environmental threat owing to its
contribution to global warming [2,3]. This has encouraged the develop-
ment and use of alternative and sustainable renewable energy resources.
Two alternatives that have emerged as a suitable solution to upsurge energy
security and addressing of environmental issues are wind and solar power
[4-6]. The challenge is amplified with the highly concentrated demand
peaks in the early morning and early evening when solar generation is min-
imal. Therefore the energy generated from wind or solar systems is subject
to stochastic wind profiles and seasonal availability of resources [7].

Over the years, several energy storage technologies such as mechanical,
thermal, and electrochemical energy have been researched. Among the
studied electrochemical-based technologies, nickel-iron (NiFe) batteries
are commercially viable [8-10]. Yet, there are still several research that
hurdles to further enhance its performance which includes poor charging
efficiency and low discharge capability [9]. The capacity of the negative
electrode is greater than that of the positive electrode and hence the overall
poor performance of the NiFe battery is observed [11].

Nickel positive electrode is based on nickel hydroxide (Ni(OH),) as the
active material for storage of electrochemical energy [12-14]. Structurally,
two reduction phases, 3-Ni(OH), and a-Ni(OH), and two phases of the ox-
idized material, 3-NiOOH and y-NiOOH has been reported for the Ni(OH),
materials [10,15]. The oxidation of B-Ni(OH), on charge produces [
NiOOH, on discharge it yields a p-Ni(OH), and on overcharge it could be
converted to y-NiOOH. The oxidation of a-Ni(OH), on charge produces y-
NiOOH and on discharge it forms an a-Ni(OH),. In general, a-Ni(OH), is
unstable and can be transformed to -Ni(OH), in neutral or KOH aqueous
solution. Primarily a-Ni(OH), is dissolved in the aqueous solution slowly,
and then re-nucleated to form B-Ni(OH), [16,17]. Owing to the low stabil-
ity of a-Ni(OH), in alkaline media and possibility of battery swelling during
charge-discharge, the 3-Ni(OH)s is usually the preferred precursor material
used in alkaline batteries [18].

The theoretical specific capacity of 3-Ni(OH), material in the nickel pos-
itive electrode is 289 mAhg ! but in practice the specific capacity of B-Ni
(OH),, material is below the said expected theoretical capacity. The practi-
cal capacity of nickel positive electrode depends on the efficiency of the
conductive network connecting the 3-Ni(OH), particles with current collec-
tor [11]. Considering the poor conductivity of 3-Ni(OH), powder, it is ad-
visable to incorporate conductive materials during electrode construction.
It is also important to note that the quantity of B-Ni(OH), material could
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Fig. 1. Diffractograms of the synthesized Ni(OH), (a) stirred for 30 min (b) aged for
18 h at room temperature (c) hydrothermal treated for 18 h, and (d) commercial Ni
(OH),.

strongly influence the overall capacity of the electrode. When the 3-Ni(OH)
> amount is too high the electrode resistance becomes excessive, which in
turn could affect the exploitation of the material and thereby reduces the
capacity of the electrode material.

Many studies have revealed that the incorporation of divalent elements
such as magnesium, cobalt and zinc can improve active material utilization
and cycle life [17,19]. The electrochemical studies of the alpha form of Cu/
Ni composition has been reported [20,21]. However, in theory the alpha
form of Ni(OH), is associated with swelling of the battery during charge-
discharge of the battery cell [18].

In the present study the influence of carbon black and the partial substi-
tution of Cu(OH), for B-Ni(OH), is investigated. The copper is chosen
owing to the abundant active sites and synergistic effects between Ni and
Cu [22,23]. Ni and Cu are adjacent to one another in the periodic table of
elements with atomic numbers 28 and 29 and atomic masses 58.69 amu
and 63.55 amu, respectively. To the best of the authors knowledge there
are very little work that has been done to assess the effect of carbon black
and the partial substitution of Cu(OH), for (3-Ni(OH),.

2. Material and methods
2.1. Materials

Sodium carbonate (99%), sodium hydroxide (98%), nickel nitrate hexa-
hydrate, and copper nitrate trihydrate (99%) were purchased from Sigma-
Aldrich (South Africa). Carbon black was purchased from Alfa Aesar
(United States), coatheylene was purchased from Axalta (United States),
and nickel mesh was purchased from Q-Lite batteries (China).

Table 1
Crystallite size of the synthesized Ni(OH), stirred for 30 min, aged for 18 h at room
temperature, hydrothermal treated for 18 h, and the commercial Ni(OH),.

(001)

(101)

Sample name Crystallite size (nm) Crystallite size (nm)

30 min mixing: Ni(OH), 4,05 5,31
18 h ageing: Ni(OH)» 3,88 4,19
18 h hydrothermal: Ni(OH), 2,59 3,35
Commercial Ni(OH), 14,36 9,36
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Table 2
XRD lattice parameter “a”, “c” and “d-spacing” of the commercial and synthesized
Ni(OH),.
Sample name (001) dool (110) d110 a c
reflection (&)  reflection (A) (A (A)
20 () 20 ()
30 min mixing: Ni(OH), 20,19 439 59,11 1,56 3,12 4,39
18 h ageing: Ni(OH), 20,04 4,43 59,11 1,56 3,12 4,43
18 h hydrothermal: Ni(OH), 19,21 4,62 59,11 1,56 3,12 4,62
Commercial Ni(OH), 19,21 4,62 59,11 1,56 3,12 4,62
Standard Ni(OH), (JCP2No ~ 19.26 460 59.05 1.56 3.13 4.60

00-041-0117)

2.2. Synthesis of nickel hydroxide active material

The nickel-based active material were prepared using a modified co-
precipitation method followed by hydrothermal treatment at pH = 14
[24]. Briefly, two solutions were prepared; solution 1 contained NaOH
and Na,CO5 and solution 2 contained Ni?* as Ni(NO3),-6H,0 salt. The
two solutions were mixed dropwise under vigorous stirring at room
temperature. The slurry was further agitated at room temperature for
30 min and thereafter subjected to hydrothermal treatment at 65 °C
for 18 h. The resulting precipitates were cool at room temperature,
then filtered and washed with Milli-Q water. The precipitated samples
were dried at 110 °C for 12 h, milled and transferred into vials for
later application.

2.3. Synthesis of Ni;_,Cu,(OH) active material

The compositions of Ni;_,Cu,(OH), were prepared using a modified
co-precipitation method and followed by hydrothermal treatment at
pH = 14 [24]. Where “x” is the weight percentage of Cu®* i.e. 5 wt%,
10 wt%, 25 wt%, and 50 wt%. Briefly, two solutions were prepared; so-
lution 1 contained NaOH and Na,COj; and solution 2 contained Ni®* as
Ni(NO3)5'6H,0 salt, and Cu®* as Cu(NO3)»-3H,0 salt. The two solu-
tions were mixed dropwise under vigorous stirring at room tempera-
ture. The slurry was further agitated at room temperature for 30 min,
and thereafter subjected to hydrothermal treatment at 65 °C for 18 h.
The resulting precipitates were cool at room temperature, then filtered
and washed with Milli-Q water. The precipitated samples were dried
at 110 °C for 12 h. The dried powders were crushed and transferred
into vials and the samples were labeled as Nig 95Cug.o5(OH)o,
Nip.9Cug.1(OH)5, Nig 75Cug 25(0OH),, and Nig 5Cug 5(OH),, for the partial
substitution of 5 wt% Cu?™", 10 wt% Cu?", 25 wt% Cu?*, and 50 wt%
Cu?*, respectively.

2.4. Structural and morphological characterization of the materials

The diffraction patterns were recorded using a multi-purpose X-ray
Diffractometer D8-Advance from BRUKER AXS (Germany). Measure-
ments were operated in a continuous 6 - 6 scan in locked coupled
mode with Cu-Ka radiation (AKa; = 1.5406 10\) in the 2-theta ranged
from 10° to 70°, in steps of 0.034° per second. The functional groups
present in the materials were identified using Fourier Transform
Infra-red Spectrum II spectrometer (UATR-FTIR, Llantrisant UK), oper-
ated using spectrum software; and the absorption bands were collected
in the range of 4000 cm ™! - 400 cm ™. The thermal analysis was stud-
ied using a Perkin-Elmer (6300 instrument) thermal gravimetric anal-
ysis (TGA) coupled with differential thermal analysis (TGA-DTA).
Measurements were performed under argon gas using a heating rate
of 5 °C min~ ! with a flow rate of 20 ml min "~ from 30 °C to 1000 °C
temperature range. Their surface areas were analyzed using
Brunauer-Emmett-Teller (BET) nitrogen adsorption isotherms and ad-
sorption pore size using Barrett-Joyner-Halenda (BHJ). The composi-
tions were determined using inductively coupled plasma optical
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Fig. 2. FTIR spectra of the synthesized Ni(OH), (a) stirred for 30 min (b) age for 18 h at room temperature (c) hydrothermal treated for 18 h, and (d) commercial Ni(OH)s.

emission spectroscopy (ICP-OES). The crystal structures of the synthe-
sized materials were confirmed using transmission electron micros-
copy (TEM).

2.5. Fabrication of electrodes

The nickel electrodes were prepared by mixing 90 wt% active material
and 10 wt% coathylene binder thoroughly. The mixture was poured onto a
nickel mesh and hot-pressed at 80 °C at 6 MPa using a custom designed hy-
draulic press for 5 min to assure good electrical contact between the nickel
mesh and the active material. Electrode dimensions were kept at
1 cm X 1 cm for all the samples. For further characterization and optimiza-
tion studies, 85 wt% active material and 5 wt% carbon black, 80 wt% active
material and 10 wt% carbon black, and 70 wt% active material and 20 wt%
carbon black, respectively were mixed thoroughly with 10 wt% coathylene.
Each mixture was dispensed onto a nickel mesh and hot-pressed as men-
tioned above.

2.6. Electrochemical characterization

The as-prepared nickel electrodes were soaked in 4 M KOH prior to
the electrochemical measurements for 2 h. The cyclic voltammetry
(CV) was used for identification of redox couples and chrono charge-
discharge galvanostatic (CCDG) for capacities of the active materials.
Electrochemical characterizations were performed using the Metrohm
Auto Lab PGSTAT302N connected to a three-electrode set-up using
4 M KOH as the electrolyte. A graphite sheet (3 cm X 4 cm), and Hg/
HgO/4 M KOH were used as counter and reference electrode,
respectively.

3. Results and discussion

3.1. Influence of Ct** on the structure and morphology of the synthesized Ni
(OH),, material

3.1.1. Structural characterization of synthesized Ni(OH),

The crystalline phase of the synthesized Ni(OH), were confirmed using
XRD and indexed with the closest fit JCP2 standards. Further compared
with the commercial Ni(OH), and cross-referenced with published litera-
ture. Fig. 1, depicts the diffractogram of the synthesized Ni(OH), after
30 min mixing at room temperature (Fig. 1a), aged at room temperature
for 18 h (Fig. 1b), hydrothermal treated for 18 h (Fig. 1¢), and commercial
Ni(OH), (Fig. 1d).

The obtained diffractogram in Fig. 1a shows a significant presence of
nitratine (NaNO3z) (JCP2 No 00-036-1474) at around 29°, 32°, 35°, 42°,
46° and 48°. As the sample was further aged at room temperature for 18 h
(Fig. 1b) the presence of NaNO3; were minimal. The peak at 29° started to
compact as compared to Fig. 1a, however, it can be noted that the rest of
peaks at around 32°, 35°, 42°, 46° and 48° that corresponded to NaNO3
were not present. The double peak bump between 17.189° and 20.189°
(Fig. 1a-b) may be owing to the formation of a mixture of NaNO3 (JCP2
No 00-036-1474) and B-Ni(OH), (JCP2 No 00-014-0117).

The obtained patterns of the hydrothermal treated Ni(OH), (Fig. 1c)
were indexed to the pure hexagonal phase of 3-Ni(OH), standard (JCP2
No 00-014-0117). Similar diffractograms were reported in the literature
[12,25,26]. Furthermore, the hydrothermal treated Ni(OH), presented in
Fig. 1c exhibited no marked significant differences when compared to the
observed crystallite of the commercial Ni(OH) (Fig. 1d). However, an ad-
ditional three peaks at 26 equal to 36.53°, 42.58°, and 44.70° for the
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Fig. 3. TG-DTA curves of the synthesized Ni(OH), (a) stirred for 30 min (b) age for 18 h at room temperature (c) hydrothermal treated for 18 h, and (d) commercial Ni(OH)s.

commercial Ni(OH), were observed. These peaks may be the result of an
added modifier, conducting material and/or impurities which were closely
fitted to zincite (ZnO) (JCP2 No 00-036-1451), NaNO5 (JCP2 No 00-036-
1474) and Ni-metal (JCP2 No 00-004-0850), respectively.

The crystallite sizes of the materials were calculated from the two major
peaks (001), and (101) using the Debye-Scherer formula presented in Eq. 1
and the results are shown in Table 1.

Equation 1 Debye-Scherer equation.

K2
D=
pCosO

where D is the crystallite size, K is the Scherer constant (K = 0.9), {3 is the
full width of half maximum (FWHM) and 0 is the diffraction maximum
angle (°). As shown in Table 1, a decrease in crystallite size was observed
as the synthesized samples were further treated. The crystallite sizes of
the commercial Ni(OH), were higher as compared to the synthesized Ni
(OH), samples.

Table 3

BET surface area and BJH adsorption average pore size of the synthesized Ni(OH),
after 30 min mixing, 18 h ageing and 18 h hydrothermal treatment and the commer-
cial Ni(OH),.

Sample name BET surface area (m?®/g) Pore size (nm)

30 min mixing: Ni(OH), 8.74 22.12
18 h ageing: Ni(OH)» 44.48 11.62
18 h hydrothermal: Ni(OH), 361.92 6.29

Commercial Ni(OH), 9.27 14.66

7ok}

The unit cell parameters “a” and “c” were calculated using the formulae
a = 2dj10, and ¢ = dg1; where dgp; and d;1¢ are the basal spacing at a
miller indices (hkl) of (001) and (110) which were obtained using Bragg's
law equation (Eq. 2), assuming hexagonal stacking [27]. The obtained re-
sults are presented in Table 2.

Equation 2: Bragg's law

nA = 2d sin

where n is the order number, A is the wavelength (1.54098 R), d is the basal
spacing (&) and 6 is the diffraction angle (°). As presented in Table 2, the lat-
tice parameter “a” for all the synthesized samples (Fig. 1a-c) were the same
(3.12R). However, the parameter, “c” increases as samples were further
treated with the calculated c-parameters of 4.394, 4.434, and 4.624, re-
spectively. It can be noted that the hydrothermal treated sample had the
same “a”-parameter and “c”-parameter values as the commercial Ni(OH),
(a = 3.124, ¢ = dgo; = 4,62 R), which both corresponded to the 3-Ni
(OH), (JCP2 No 00-014-0117).

Fig. 2 depicts the FTIR spectra of the synthesized samples. The presence
of sharp peaks at around 3636.92 cm ™, 3635.33 cm ~ !, 3638.26 cm ™! and
3633.42 cm ™~ ! in Fig. 2(a-d), respectively is the confirmation of Ni(OH),
[28,29]. These absorption bands are assigned to O—H stretching vibrations
[11,12,28,30]. The peaks at around 1682.17 cm ~ ' on both the synthesized
Ni(OH), stirred for 30 min (Fig. 2a) and aged for 18 h at room temperature
(Fig. 2b), is attributed to the bending vibration mode of H,O molecules. The
absorption bands at around 1300 cm ™, 500 cm ™! and 400 cm ™" in Fig. 2
(a-d) are attributed to the existence of interlayer nitrate anions (NO ™ 3),
Ni—O stretching vibrations and an in-plane Ni-O-H bending vibration re-
spectively [11,12,28,30].
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Fig. 3 shows the thermal behavior of the synthesized Ni(OH), samples.
The DTA curve of the synthesized Ni(OH), stirred for 30 min (Fig. 3a)
showed six exothermic peaks with temperatures at 44 °C, 77 °C, 236 °C,
290 °C, 734 °C and 817 °C indicating continuous degradation of the sample
and continuous sample mass loss. The first two peaks (44 °C and 77 °C) may
be due to the evaporation of residual water in the dried sample [28]
resulting to the initial weight loss of 9.59% (TGA curve). The other sharp
peak located at 236 °C (DTA curve) may be the indicative of the removal
of OH group during the transformation of Ni(OH), to NiO [28,31], resulting
to a second weight loss of 8.32%. A gradual weight loss of 3.29% between
230 °C and 290 °C was observed, which may be owing to crystallization
within the sample. This loss continues at a slow rate up to 734 °C to yield
another weight loss of 15.77% and further 5.43% at 817 °C.

Fig. 3b showed three exothermic peaks with temperatures at 40 °C,
87 °C and 237 °C. The first two peaks (40 °C and 87 °C) may be due to the
evaporation of residual water in the dried sample [28], resulting in the ini-
tial weight loss of 5.0%. The other sharp peak located at 237 °C may be in-
dicative of the removal of an OH™ group during the transformation of Ni
(OH), to NiO [28,31], corresponding to a total weight loss of 13.28%
followed by a weight loss of 8.32% that may be due to structural changes
within the sample. It can be noted that the sample showed less reduction
as compared to the sample presented in Fig. 3a.
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Only two weight losses at 73 °C and 285 °C corresponding to weight
losses of 5.20% and 8.32%, respectively were observed on the hydrother-
mal treated sample (Fig. 3c). These weight losses may be due to the evapo-
ration of residual water in the dried sample [28] and decomposition of Ni
(OH), to NiO, respectively [28,31]. A further weight loss of 3.94% due to
structural changes within the sample was observed.

Fig. 3d showed a small peak at 35 °C resulting in a weight loss of 0.87%.
A radical weight loss of 14.09% was observed at 280 °C and as the sample
slowly crystallized, a weight loss of 1.27% was calculated followed by a fur-
ther weight loss of 0.8% corresponding to a small peak at 794 °C was ob-
tained. The thermal behavior of Ni(OH), based material using TG-DTA
has been reported in the literature. Shanaj and John [28], reported three
weight losses corresponding to DTA curves at 55 °C, 89 °C and 290 °C.
The general proposed thermal dehydration and decomposition reactions
are presented in Eq. 3 and Eq. 4 respectively.

Equation 3: Thermal dehydration composition reaction of Ni(OH),

Ni(OH), xH,0—Ni(OH), + xH,0
Equation 4: Thermal decomposition reaction of Ni(OH),
Ni(OH), **"° NiO + H,0

The Brunauer-Emmett-Teller (BET) specific surface areas (Table 3) in-
crease as further treatments were performed. A lower surface area of
8.74 m?/g and 44.48 m?/g for the synthesized Ni(OH), stirred for 30 min
and Ni(OH), aged for 18 h at room temperature, respectively were ob-
served. While the BET surface area of the commercial Ni(OH), was found
to be 9.27m2/g. Such lower surface areas have been reported [32,33].
The hydrothermal treated sample demonstrated a higher surface area
(361.92 m?/g) and this finding corresponded with the BET specific surface
area of Ni(OH), (384 m?/g and 343 m?/g) reported in literature [34].

The average pore size distribution obtained from the adsorption branch
of the isotherms by the Barrett-Joyner-Halenda (BJH) method (Table 3) fur-
ther confirms a mesoporous structure within a size range of 6-22 nm. As

shown in Table 3, the average pore sizes of the synthesized samples de-
creases as the sample were further subjected to treatment.

The nitrogen adsorption — desorption isotherms of the synthesized Ni
(OH), and the commercial Ni(OH), are presented in Fig. 4. The samples
can be classified as type IV isotherm with a distinct hysteresis loop, indicat-
ing the presence of mesoporous structures at the relative pressure (P/P°)
range between 0.48 and 1.0 (Fig. 4a, b, d) and 0.7 and 1.0 (Fig. 4c),
which could be revealing the presence of mesoporous characteristics.
These findings were in agreement with the results reported in literature
[35-371.

3.1.2. Structural characterization of Ni;_,Cu,(OH),

The obtained XRD patterns of Ni;_yCu,(OH), composition (where x is
equal to 5 wt%, 10 wt%, 25 wt%, and 50 wt%) are reported in Fig. 5(a-
d). Common peaks in the diffractograms of Nig 95Cug 05(OH)> (Fig. 5a),
Nig 9Cuo.1(OH), (Fig. 5b), Nig75Cug.25 (OH), (Fig. 5¢) and Nig sCug s
(OH), (Fig. 5d) at diffraction angles 32.964°, 38.43°, 51.769°, and
59.106°, were observed. These peaks corresponded to Ni(OH), (JCP2 No
00-014-0117) and Cu(OH), (JCP2 No 00-013-0420).

The calculated crystallite sizes using Debye-Scherer formula (Eq. 1)
from the two major peaks, (001) and (101) index, ranged from 2 nm to
3 nm depending on the sample composition. Furthermore, the calculated
unit cell parameters “a” were found to be 3.1244 for all the diffractograms
presented in Fig. 5a-d and this value was in agreement with the JCP2 No
00-014-0117 standard Ni(OH), (3.126A). The lattice constant, “c” in-
creases with increase in Cu?* addition, 4.460A (Fig. 5a-b), 4.486A&
(Fig. 5¢), and 4.5824 (Fig. 5d). This may be signifying the presence of for-
eign atoms at the Ni lattice points, which may be either larger or smaller
than the host atom (Ni).

Fig. 6, depicts the FTIR spectra of the as-prepared samples. The O—H
bond was observed at around 3638.12 cm™ !, 3637.43 cm”},
3633.58 cm ™! and 3571.96 cm ™" for Fig. 6a-d, respectively. It can be
noted that the bands slightly shifted to a lower wavenumber as the amount
of copper substituent was increased during the synthesis. Furthermore, ab-
sorption bands due to NO ™ 3 anion were observed at a wavenumber of
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Table 4
BET specific surface area and elemental composition ratio of Ni; yCu,(OH)s.

Sample name BET surface area (m?/g) Pore size (nm)

Expected Ni?*:Cu®* ICP-OES Ni?*:Cu?* SEM-EDS Ni?*:Cu?*

Ni.95CUg.05¢OH)2 129.688 11.370
Nio.oCuo.1(OH)> 130.064 9.125
Nio.75Cug.25(OH)2 119.073 7.666
Nig 5Cug, 5(OH)» 119.076 13.198

0.95: 0.05 0.95: 0.05 0.94: 0.06
0.90: 0.10 0.90: 0.10 0.89:0.11
0.75:0.25 0.75:0.25 0.74: 0.26
0.50: 0.50 0.52:0.48 0.47:0.53

1349.96 cm ! (Fig. 6a), 1354.54 cm ™! (Fig. 6b), 1356.13 cm ™! (Fig. 6¢)
and 1372.04 cm’l(Fig. 6d), respectively.

The thermal behavior of Ni;_Cu,(OH), were also investigated and the
obtained TG-DTA curves are presented in Fig. 7. Fig. 7a-c demonstrates
two distinct weight losses; the initial weight losses of 7.12 wt% (Fig. 7a),
6.5 wt% (Fig. 7b) and 8.37 wt% (Fig. 7c) corresponded to small endother-
mic peaks at 72 °C, 64 °C and 73 °C respectively. The melting point of Cu
(OH), and Ni(OH), are expected to occur at 80 °C and 230 °C, respectively.
In general the degradation of the dried sample is expected to occur before
its melting point [12]. It can be said that these initial weight losses are
due to evaporation of residual water in the dried Ni; yCux(OH), samples.
The second sharp peaks located at 290 °C, 285 °C and 285 °C corresponding
to a weight losses of 18.41 wt% (Fig. 7a), 18.22 wt% (Fig. 7b) and 20.15 wt
% (Fig. 7c), respectively may be related to the thermo oxidative decompo-
sition of Ni; ,Cu,(OH),.

It could be noted that Fig. 7d demonstrated that the sample underwent
five distinct weight losses corresponding to 44 °C, 82 °C, 182 °C, 283 °C and
896 °C. These observations were similar to that reported in the literature
[38].

The BET surface areas ranged between 130 m?/g to 119 m?/g and
the BHJ average pore size adsorption ranged from 7.666 nm to
11.370 nm (Table 4). The elemental composition confirmed using ICP
and SEM/EDS were in agreement with the intended compositions of
Nig.95CU.05(0OH)2, Nig.oCug.1(OH)2, Nig 75Cu0.25(0OH); and Nig.sCug s
(OH),, (Table 4).

Fig. 8, shows the nitrogen adsorption — desorption isotherm of the syn-
thesized Ni;_,Cu,(OH),, which could be classified as type IV isotherm with
a distinct hysteresis loop, indicating the presence of mesoporous structures
at the relative pressure (P/P°) range between 0.5and 1.0 (Fig. 8a-d). These
findings were in agreement with the results reported in literature [35-37].

3.1.3. Morphological characterization of synthesized Ni(OH), and Niy, 75Cug 25
(OH),

Fig. 9 demonstrates the TEM images of the charged state and the
discharged state of both synthesized Ni(OH), and Nig 75Cug o5(OH), after
20 cycles, compared to their pure materials before hot pressing and after
hot pressing. Morphological changes of the synthesized Ni(OH), was ob-
served after hot pressing as compared to pure powdered form before hot
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pressing (Fig. 9a,b). Although structural changes of the charge states on the
synthesized Ni(OH), (Fig. 9c) was observed it could be noted that the
discharged states (Fig. 9d) was similar to the observed morphology after
hot pressing (Fig. 9b). This could be an indication of the good reversibility
of the active materials. A similar trend was observed for the Nig 75Cug o5
(OH) active material (Fig. 9e-f).

3.2. Influence of CL2™ on electrochemical performance of electrode

3.2.1. Cyclic voltammetry of the synthesized Ni(OH), and Niy, 75Cug >5(OH) >

Fig. 10a shows the cyclic voltammograms (CVs) of the synthesized Ni
(OH), with and without carbon black, compared to the commercial Ni
(OH),. There is no difference observed between the synthesized Ni(OH),
and the commercial Ni(OH),; the results demonstrated a broad oxidation
and reduction potential peaks for all the CVs presented. The broad peaks
may be indicative of the capacitive nature of the material where capacitive
current overlaps with Faradiac current or a result of a diffusion limited
process.

It can be noted that Nig ,5Cug 25(OH), (Fig. 10b) also showed the
broad oxidation-reduction potential peaks thus the incorporation of

copper and the addition of carbon black did not affect the electrochemical
redox reactions of the Ni(OH),. However, from Fig. 8c it can be noted
that the oxidation of copper occurs at negative potentials and that the ad-
dition of carbon black promotes the oxidation of copper. At —0.4 V, a
small anodic peak is observed corresponding to the formation of the Cu
(OH), species while at —0.14 V the Cu(OH), species are oxidized to
form Cu,O [22].

Although both oxidation and reduction peaks (Fig. 10a-b) were broader,
their appearance in the approximately same potential window is indicative
of good reversibility of the active materials. These finding are in agreement
with the TEM images which showed good reversibility as indicated by sim-
ilar structural appearance of the hot-pressed electrode ((Fig. 9b,f) and
discharged electrode (Fig. 9d,h).

3.2.2. Optimization of Cu?™ substitution to Ni(OH)

The electrodes were prepared using the synthesized Ni; 4 Cu,(OH),
(where x is 5 wt%, 10 wt%, 25 wt%, 50 wt%) and the specific discharged
capacities were calculated from the chrono charge discharge galvanostatic
(CCDG) curves using Eq. 5. The plots of the calculated specific discharge ca-
pacities over 20 cycles are presented in Fig. 11.
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Fig. 9. TEM images of (a) Pure Ni(OH), before hot pressing, (b) 85% Ni(OH), with 5% carbon black and 10% coathylene after hot pressing (c) Charge state of 85% Ni(OH),
with 5% carbon black and 10% coathylene after the 20 cycles charge-discharge (d) Discharge state of 85% Ni(OH), with 5% carbon black and 10% coathylene after the
20 cycles charge-discharge, (e) Pure Nig 75Cug 25 (OH), before hot pressing, (f) 85% Nig 75Cug o5 (OH), with 5% carbon black and 10% coathylene after hot pressing
(g) Charge state of 85% Nig 75Cug 25 (OH), with 5% carbon black and 10% coathylene after the 20 cycles charge-discharge (h) Discharge state of Nig 75Cug 25 (OH), with

5% carbon black and 10% coathylene after the 20 cycles charge-discharge.

Equation 5 Specific discharge capacity formula

Applied current (mA)x Discharge time (h)
Loading mass (g) of the active material

Specific discharge capacity =

It can be seen in Fig. 11 that there was no reduction in specific dis-
charge capacities observed over the 20 cycles for 5%wt., 10%wt., and
25%wt copper substitution. The specific discharge capacity for the sub-
stitution of 50 wt% copper weight percentage decreased slightly after
12 cycles.

Table 5, presents the calculated specific discharge capacities of 5%wt.,
10%wt., 25%wt., and 50 wt% copper substitution for Ni(OH), at 20th cy-
cles. As shown in Table 5, the discharge capacity of 169 mAhg ™! at 20 cy-
cles was obtained when 25 wt% Cu?* was partial substituted for Ni(OH),
and appeared to exhibit the optimal composition.

3.2.3. Stability testing of the synthesized Ni(OH), and Niy, 75Cuy 25(0OH),

Fig. 12 presents the specific discharge capacities of the synthesized Ni
(OH), and Nig 75Cug 25(OH), active materials after 80 cycles and Table 6,
depicts the their calculated specific discharge capacities over 80 cycles.
The results are compared with the commercial Ni(OH), electrode. The elec-
trode of the synthesized Ni(OH), without the addition of carbon black
showed a reduction of only 18% decrease after the 80th cycle (Fig. 12a),
when compared to the electrode with the addition of 5 wt% carbon black,
which demonstrated a 66% decrease in discharge capacity after 80 cycles
(Fig. 12b).

Both the commercial Ni(OH), electrode (Fig. 12c) and Nig 75Cug 25(OH)
> electrode (Fig. 12d) showed no reduction after 80 cycles. However, the
Nig 75Cug 25(0OH), electrode (Fig. 12d) demonstrated a drastically improved
capacity (39% higher than of the commercial Ni(OH), electrode) and sta-
bility with a specific discharge capacity of 151mAhg " after 80 cycles. It
can also be said that copper stabilized the synthesized Ni(OH), resulting
in a specific discharge capacity of 151 mAhg ™! after the 80th cycle as

compared to 51 mAhg ™~ Land 92 mAhgf1 (Table 6) for the unmodified
Ni(OH), and the commercial Ni(OH),, respectively.

Table 7 illustrates the specific charge and discharge capacities of the
synthesized Ni(OH), and Nij 75Cug »5(OH), active materials and their cou-
lombic efficiencies measured at different currents (10 mA, 25 mA, 50 mA,
and 75 mA). A coulombic efficiency of 76% was achieved when a current
of 10 mA was applied as compared to when currents of 25 mA, 50 mA
and 75 mA were applied, where a coulombic efficiencies of 25%, 14%
and 10% were obtained, respectively. These results show that the synthe-
sized Ni(OH), may operate better at lower currents. The Niy ,5Cug o5(OH)
» can be applied in both low current and higher current applications. This
is evident by higher coulombic efficiencies of 86% at 10 mA and 72% at
25 mA and 55% at 50 mA.

3.3. Effect of carbon black with different weight percentages (0 wt%, 5 wt%,
10 wt%, and 20 wt%) on the electrochemical performance of electrode

Different weight percentages of carbon black (i.e. 0 wt% 5 wt%,
10 wt%, and 20 wt%) were assessed and the attained results were com-
pared with 0 wt% of carbon black (active material without a carbon
black). The electrodes were prepared using the synthesized Ni(OH),
and Ni 95Cug.05(OH), and the specific discharged capacities were cal-
culated from the CCDG curves using Eq. 5. The prepared electrodes
were cycled 20 time at 25 mA and the plotted graphs are shown in
Fig. 13 and Fig. 14. The calculated specific discharge capacities at
20th cycles are presented in Table 8.

As shown in Fig. 13 and Table 8 the discharge capacity of
45mAhg ! resulting to a coulombic efficiency of only 30% was ob-
tained for Ni(OH), after 20 cycles when carbon black was not
added. Mixing 5 wt% carbon black into the electrochemically active
material lead to an increase of capacity and coulombic efficiency to
128mAhg ! and 87% respectively. The specific discharge capacity
and coulombic efficiencies decreases as more carbon black was
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Fig. 11. Specific discharge capacity; assessing the effect of copper as a potential
modifier to Ni(OH), after the 20th cycles.

Table 5

Specific discharge capacity; assessing the effect of copper as a potential modifier to
Ni(OH); after the 20th cycles.

5 wt% Cu>*

91 mAhg ™!

10 wt% Cu®*
122 mAhg !

25 wt% Cu®*
169 mAhg !

50 wt% Cu®*

120 mAhg !

added. The addition of 10 wt% and 20 wt% carbon black resulted to a
coulombic efficiency of 59% and 51%, respectively. The decrease in
capacities may be the result of the electrode becoming too bulky,
which hinders the electron transfer between active material particles
and the active Ni(OH), sites.

The same trend was observed for Nig 95Cug os(OH), (Table 8 and Fig. 14).
Based on the obtained results it was therefore concluded that 5 wt% carbon
black (85% active material and 10% binder) could be the optimum percent-
age needed to improve the utilization of active material in this current
research.



D. Zide et al.

Journal of Electroanalytical Chemistry 878 (2020) 114539

180
.? 160 (d)
oo
<
<L w0
£
> 1w
.~
(9]
(3]
& - ©
(8]
gJD 80
o
£
i - )
©
(8]
g e (a)
Q
(]
o 20
(%]

r’o 10 20 30 40 50 60 70 80

No of cycles

Fig. 12. Specific discharge capacities of (a) synthesized Ni(OH), with 0 wt% carbon black, (b) synthesized Ni(OH), with 5 wt% carbon black, (c) Nig 75Cug 25(OH), with 5 wt

% carbon black and (d) commercial Ni(OH), over 80 cycles.

Table 6

Specific discharge capacities (mAhg ~!) of synthesized Ni(OH), with 0 wt% carbon
black, synthesized Ni(OH), with 5 wt% carbon black, Nig 75Cug »5(OH),, with 5 wt%
carbon black and commercial Ni(OH), after various cycle numbers.

Sample name 10th 20th 30th 40th 50th 60th 70th 80th

Synthesized Ni(OH), with 0 wt 39 36 34 33 33 32 32 32
% carbon black

Synthesized Ni(OH), with 5 wt 148 139 133 123 92 71 63 51
% carbon black

Nig75CUo25(OH), with 5 wt% 164 163 161 159 152 151 151 151
carbon black

Commercial Ni(OH), 96 98 94 93 92 92 92 92

Table 7

Specific charge and discharge capacities in mAhg ~ ! at 10 mA, 25 mA, 50 mA, and
75 mA and their coulombic efficiencies in %.

Current Ni(OH), + 5 wt% carbon black Nig.75Cug 25(OH), + 5 wt% carbon

applied black
Specific ~ Specific Coulombic  Specific Specific Coulombic
charge discharge efficiencies charge discharge efficiencies
capacity capacity capacity  capacity

10 205 156 76 209 179 86

25 205 51 25 209 151 72

50 205 28 14 209 116 55

75 205 20 10 209 22 11

4. Conclusion

In this work B-Ni(OH), and p-Ni; 4Cu,(OH), active materials were suc-
cessfully prepared by co-precipitation method followed by hydrothermal
treatment. The effect of carbon black was evaluated and the CCDG results
demonstrated an improved utilization of the active material when 5 wt%
of carbon black was added to the electrode composition. The specific dis-
charge capacity (after 20 cycle activation) was increased by 74% when
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Fig. 13. Specific discharge capacity; assessing the effect of carbon black to the
synthesized Ni(OH)s.

compared to 0 wt% carbon black added to the nickel positive electrode.
However, a drastic decrease in specific discharge capacity was observed
after an additional 60 cycles. The specific discharge capacity of the synthe-
sized Ni(OH), with 5 wt% carbon black electrode decreased by 66% while
the synthesized Ni(OH), with 0 wt% carbon black decreased by only 18%
after the 80 cycles. The addition of 25 wt% Cu?* to the Ni(OH), material
resulted to an improved stability and a specific discharge capacity of 151
mAhg ! when compared to 51 mAhg ! of unmodified Ni(OH),. Unmodi-
fied Ni(OH), has a coulombic efficiency of 25% compared to 76% for the
modified Ni(OH), after 80 cycles when a current of 25 mA was applied.
Therefore the Cu?>* modified Ni(OH), active material may be acknowl-
edged as a promising material for NiFe battery positive electrode
applications.
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