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Copper/iron composite anode materials were synthesized by one-step co-precipitation method
followed by calcination at high temperature in this paper, which had shown excellent high-rate
discharge capacity and low temperature capability. Even the discharge-rate is as high as 10 C (1 C=200
mA g7, or the temperature is as low as 253 K, the batteries still exhibited good discharge capacity
(130 mA h g*and 115 mA h g™, respectively). XRD and SEM results revealed that under the reduction
treatment of acetylene carbon black at high temperature, copper atoms were preferentially reduced,
removed from the spinel lattice and deposited on the surface, leading to the formation of porous
structure with high specific surface. EIS and polarization tests proved that the copper/iron composite
anode materials not only delayed the passivation but also raised the hydrogen evolution overpotential,
both improved the dynamics of the iron electrode.

Keywords: copper/iron composite anode, excellent high-rate discharge capacity, low temperature
performance, Nickel-Iron battery

1. INTRODUCTION

By the good safety and reliability, low-cost, environmental friendliness, resistance to
overcharge and deep discharge and a long service life with simple maintenance, nickel-iron batteries
have been widely used in industrial traction vehicles and railway-carriage service and so on, since it
was invented in 1901[1]. Lately, due to the exhausted fossil fuels and the associated environmental
problems, nickel-iron batteries have been a research hotspot as the energy conversion and storage
systems, competing with lead - acid and nickel-cadmium batteries [2, 3].
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However, hydrogen evolution at the iron electrode during charging is a big trouble, due to the
standard reduction potential of the hydrogen evolution reaction (Equation 1) is positive to that of the
iron electrode reaction (Equation 2), which will lead to low charge efficiency [4].

H,O + M = MH +OH" E%=-0.828V vs. SHE (1)

Fe + 20H = Fe(OH), + 2¢” E%=-0.877V vs. SHE (2)

Another problem is the passivation of iron electrode because of an insulating layer of iron
hydroxide generated during the discharge process, which will cause inferior discharge rate and low
temperature performance [4]. To resolve these problems, some valuable studies have been committed
to improve the performance of iron electrodes. Metal sulfides (FeS, PbS, K,S, Bi,S3) have been proved
to increase the specific capacity and capacity retaining of the electrodes [4-11]; nanoparticles are
beneficial for enhancing the utilization of the active materials [12-15]; besides, organic sulfur can
hinder the hydrogen evolution to improve the charge efficiency [16]; H,-O, combination catalyst can
make the nickel-iron battery sealed with starved electrolyte [17]. But neither the low-temperature
performance nor the capacity at high discharge rate has been paid close attention to. So far, majority of
the iron electrodes tests were carried out at temperature higher than 258 K and discharge rate lower
than 1.5 C (1 C = 200 mA g*) [4,6,7,9-11,17-21].

As good conductive nucleation, metallic Cu in the iron electrodes will promote the dissolution-
deposition process of iron electrode. Kao et al. [15] synthesized Fe/Cu composite nanoparticles
through reduction of copper compound by NaBH,, which presented favorable capacity even at
discharge rate of 16 C. However, the preparation process was complicated, and the low temperature
performance and anodic dynamics of the electrode were not investigated.

In this paper, the copper/iron composite materials were synthesized through one-step co-
precipitation method followed by calcination at high temperature. The impact of metallic Cu in the
composite materials to the performance of the iron electrode was investigated, especially the charge
efficiency, capability at high discharge rate and low temperature performance.

2. EXPERIMENTAL

2.1 Materials preparation.

The reagents were purchased and used without further purification. The copper/iron composite
anode materials were synthesized through one-step co-precipitation method to acquire the precursor
CuxFes;xO4 (X=0, 0.2, 0.6) followed by calcination at high temperature.

The typical process example (x=0.2) is as below. First, aqueous solution I (0.175 M
FeSO,-7H,0O and 0.0125 M CuCl,-2H,0) and I1I(1.8 M NaOH and 0.3 M KNOj3 with amount of
acetylene carbon black, ultrasonic dispersed) were ready respectively. Then the aqueous solution II
was slowly added into the solution I which had been heated to 90 °C in a thermostatic bath, followed
by vigorous stirring for 3 h. After being filtrated and washed with deionized water and ethyl alcohol,
the resulting mixed powder was dried in the oven at 60 °C for 6 h. Finally, the as-prepared materials
were loaded into a tube furnace and heated under an argon atmosphere at 800 °C for 2 h with a ramp
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rate of 5 °C min™*. The acquired material was noted as Cu0.2. Correspondingly, the sample Cu,Fes.O4
(x=0.6) was also prepared by changing the mole ratio of Fe**/Cu®* and noted as Cu0.6. For
comparison, crystalline Fe3O4/C composites were also prepared by the same route without the
CuCl,-2H,0 and noted as CuO.

2.2 Sample characterizations.

The phase structure of the obtained samples was identified by the X-ray diffractometer
(DANDONGFANGYUAN, DX-2600X) utilizing Cu-K; source with a step of 0.02°. The morphology
was characterized by scanning electron microscopy (SEM, Japan JSSM-6490LV).

2.3 Electrode preparation and electrochemical test.

The iron electrode consisted of 93 wt.% active materials, 5 wt.% acetylene carbon black, 2
wt.% polytetrafluoroethylene (PTFE, 60 wt.%, in diluted emulsion). The above materials were mixed
and dispersed in ethanol to form homogeneous slurry followed by loaded into a Ni foam sheet. After
dried in an oven at 65°C for 6 h, the pasted plate was cut to several circular electrodes. The prepared
iron electrode and excessive commercial Ni(OH), electrode was used as the anode and cathode
respectively with mercury-mercury oxide electrode as the reference electrode. An aqueous solution of
8 M KOH + 0.05 M Na,S was used as the electrolyte in battery system.

The Galvanostatic charge-discharge tests were performed on a Land battery testing system -5
V/100 mA (LandCT2001A) at room temperature. Fifty activation cycles were carried out at a charge
rate of 1 C for 90 min and discharge rate of 0.5 C to —0.8 V (vs. Hg/HgO). As for coulombic
efficiency, the cells were charged to 100 mA h g™, 150 mA h g™, 200 mA hg*and 250 mAhgtata
rate of 1 C, and the charge capacity was noted as Qc, then discharged to —0.8 V at a rate of 0.5 C, and
the discharge capacity was noted as Qq. The coulombic efficiency was calculated by Q. / Qg * 100%.
To evaluate the rate performance, the cell was charged at a rate of 1 C for 90 min, and then discharged
at different rates, ranging from 1 C to 10 C. The cut-off voltages were set at —0.7 V for 1 C, —0.6 V for
3C,-0.5Vfor5C,-0.4V for 10 C respectively. To evaluate the power performance, the cells were
charged at 1 C for 90 min, and then discharged at the rate ranging from 0.2 C to 26 C for 5 s. The
discharge current and voltage at 5 s were noted as I (mA g*) and E (V) respectively, so the power of
the electrode was calculated by I*E. As for the low-temperature performance, the cells were first
charged at 1 C for 90 min, and then discharged at 0.2 C to —0.65 V after stayed at 253 K for 2 h. For
cycling performance, the test operation was as same as the activation. The discharge capacity of the
negative electrode was based on the amount of active material without considering the conducting
additives in the electrode. Electrochemical impedance spectroscopy (EIS) was recorded by
electrochemical station (Parstat2273) of American Princeton Company in a frequency ranging from
100 kHz to 5 mHz with an amplitude of 5 mV. The polarization curves of the electrode were recorded
by potentiostatic method ranging from —0.8 to —1.2 \/ with a scan rate of 1 mV s .
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3. RESULTS AND DISCUSSION

(@) 1 1-Fe,0, (89-0691)
2.FeO (46-1312)

3

=

2

g 1

= 1 i !

2 1
2
1 Il 1 1
20 30 40 50 60 70

2-Theta (Degree)

2 1-Fe 0, (79-0419) 4-Fe0 (74-1886)]

b 1 K g c
(b) 1-Fe O, (87-0245) (c) 2 ’3 2y g0 (791973 5-CU (04-0636)
2-Cu Fe, O, (73-2317) cuo “ < £9¢ ggg0 (340302) 58-Fe (06-0696)
3-CuFeO, (75-2146) W “= \‘ - Lﬁ
11 L
= 1 1 WJ M bm;lw-) J\
= | 1 ‘;‘ 4
& Mf 1 | 1 ﬂ I 3
é‘ W W\mﬂm ; 4 ’
] =
8 |cuo2 2 2 |cuoz
£ 2 2 2 5 5
2 2 2 £ A b
4
Cu0.6 2
4
Cu0.6
z3 3 2 2 3234 ' 6 5 0
L f 1 X
40 50 60

20 30 40 50 60 70 20 30 70

2-Theta (Degree) 2-Theta (Degree)

Figure 1. XRD patterns of various materials: (a) commercial powders from Sichuan CHANGHONG
Battery Co., Ltd; (b) precursors; (c) products calcined

Fig.1 presents the XRD patterns of various materials. As can be seen from Fig.1(b), the peaks
at 20 value of 30.3", 35.5, 37.3", 43.2", 53.7°, 57.2°, and 62.7° could be well indexed to the standard
magnetite phase (JCPDS no.87-0245) and the narrow sharpness of the diffraction peaks indicates good
crystallinity of the Fe3O4 phase for the precursor (Cu0). After calcination, the atomic ratio of Fe/O
rises (the phases of FeggsO and Feg 090 are generated), due to the reducibility of the acetylene carbon
black at high temperature added during co-precipitation. These results are consistent with the
commercial powders from Sichuan CHANGHONG Battery Co., Ltd (Fig. 1(a)). When synthesized by
co-precipitation with Cu®*, the precursors are chemical compounds of Cu-Fe-O, rather than the mixture
of Cu-O and Fe-O; Interestingly, after calcination, metallic Cu and Fe are generated and the ratio of
Fe/O rises to 1. Tsuda et al. [22] reported that the charge density of Fe/Cu—O bonding at octahedral
sites is weaker than that of Fe—O bonding at tetrahedral sites for the tetragonal spinel CuFe,O,,
indicating that the bonding nature of Cu—O is weaker than that of Fe—O in the structure. According to
thermodynamic data, the formation enthalpies for Fe304 and CuO are -1121 kJ/mol and -155 kJ/mol,
respectively [23]. Therefore, we can infer that copper atoms are preferentially reduced and removed
from the spinel lattice under the reduction treatment of acetylene carbon black, which will conducive
to improve the electro-conductivity and minute afflux. As the copper atoms migrating to and
depositing on the surface, it perhaps leads to the formation of porous structure with high specific
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surface. This will help to the reduction of Fe**/Fe?" to metallic Fe to raise the ratio of Fe/O. As the
ratio of Fe/O increased, the specific capacity of the iron material will be enhanced.

Figure 2. SEM images of various iron materials: (a) Cu0; (b) Cu0.2; (c) Cu0.6

Fig. 2 shows the SEM images of various iron materials. The cotton-shaped materials are the
acetylene carbon black added in the co-precipitation process. As seen from Fig. 2(a), the products
(Fe304, according to the XRD patterns in Fig. 1(a)) are particles with uniform size and smooth surface.
All of them touch with each other tightly, formed a huge honeycomb-like thing which is separated with
the acetylene carbon black. The phenomenon described above will lead to inferior electro-conductivity
and bad electrochemical properties of the electrode. As to material Cu0.2 (Fig. 2(b)), the
microstructure is different with the material Cu0 (Fig. 2(a)), distinctly. Clear edges and smooth surface
of the particles disappeared, with non-uniform particle size. The particles and acetylene carbon black
have a preferably connection, due to the rough surface. As to materialCu0.6 (Fig. 2(c)), the surface of
the particle is more rougher and petal-like materials are generated on it, having adsorbed a lot of
acetylene carbon black.
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Figure 3. Activation cycle and coulombic efficiency curves of various iron electrodes: (a)Activation
curves at charge rate of 1 C for 90 min and discharge rate of 0.5 C to —0.8 V (vs. Hg/HgO); (b)
Charge-discharge curves of the 50 cycle at charge rate of 1 C for 90 min and discharge rate of
0.5 Cto-0.8 V (vs. Hg/HgO); (c) (d) Coulombic efficiency of the cells charged to 100 mA h g’
1 150 mA h g?, 200 mA h g™ and 250 mA h g respectively at a rate of 1 C, discharged to —0.8
V (vs. Hg/HQgO) at a rate of 0.5 C

As mentioned before, with the copper atoms migrating to and depositing on the surface, it
perhaps leads to the formation of porous structure with high specific surface during the reduction
process, which will help to the reduction of Fe®**/Fe** to metallic Fe. Both metallic Cu and Fe
deposited on the surface of the particles created the rough surface which make more acetylene carbon
black adhered on the surface, and evidently improved the electroconductivity of Fe;O,. Fig.3 presents
the activation cycle and charging efficiency curves of various iron electrodes. As can be seen from (a),
either the copper/iron composite anode or the Cu-free iron electrode, both of their discharge capacity
increases gradually and attains a stable value after 50 times formation cycles, which is consistent with
the Manohar’s study [4].

In a rechargeable iron electrode, iron (1) hydroxide is reduced to iron during charging and the
reverse reaction takes place during discharge. The discharge product, iron (I1) hydroxide, is oxidized to
iron (I11) hydroxide upon further discharge (Equation. 3). The reaction occurs at a very low cell
voltage with poor reversibility, which is not adopted in actual batteries. Consequently, herein, we focus
on the inter-conversion of iron and iron (I1) hydroxide as the basis of the rechargeable operation of the
iron electrode (Equation. 2). Although in most papers [11, 15, 24], the discharge capacity is calculated
by the two reaction equations.

Fe(OH), + OH = Fe(OH)3 + & E%=-0.560V vs. SHE (3)

The discharge capacity of the copper/iron composite anode is nearly 250 mA h g™ (Fig. 3(b)),
enhanced by 25 % than the Cu-free iron electrode. This should be attributed to the better electro-
conductivity of metallic Cu in the composite materials and high ratio of Fe/O which is conducive to
increase the capacity. What’s more, the coulombic efficiency of the iron electrode is enhanced
remarkably by the copper/iron composite anode. The coulombic efficiency of the iron electrode is
60~70% (Fig. 3(d)), in accord with the commercial iron electrodes obtained from nickel-iron batteries
manufactured by Sichuan CHANGHONG Battery Co., Ltd [4]. As for copper/iron composite anode,
the coulombic efficiency is 82~95% at different charge capacity varying from 100 mA h g™ to 250 mA
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h g, much higher than the Cu-free iron electrode. Manohar et al. [4] have demonstrated a high-
performance iron electrode with a high charging efficiency of 92%, based on in situ electro-deposition
of elemental bismuth by the electro-reduction of expensive bismuth oxide to suppress the HER.
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Figure 4. Discharge curves of different iron electrodes at various discharge-rates: (a) 1 C; (b) 3 C; (c)
5 C; (d) 10 C; the cell was charged at a rate of 1 C for 90 min, and then discharged at different
rates; the cut-off voltages were set at 0.7 V for 1 C, -0.6 V for 3 C, -0.5 V for 5 C, 0.4 V for

10 C respectively
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Figure 5. Polarization and power curves of various iron electrodes: the cells were charged at 1 C for
90 min, and then discharged at the rate ranging from 0.2 C to 26 C for 5 s; the discharge
currents and voltages at 5 s were noted as I (mA g™) and E (V) respectively, the power of the
electrodes was calculated by I.*E
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As for our work, the same high coulombic efficiency is obtained just by in situ reduction of
metallic Cu through the co-precipitation of cheap copper ion salts.

The discharge curves at various discharge-rates are shown in Fig.4. As expected, the
copper/iron composite anode exhibit higher specific capacity at each discharge rate. As we can see that
the specific discharge capacities (denoted as C) at the same discharge rate increase in the following
trend: Ccuo < Ccuo2 < Ccuos, implying that metallic Cu in the composite materials played an important
role in the improvement of the rate performance. Especially for the materials (Cu0.6), a specific
discharge capacity of about 230 mA h g is obtained at a rate of 1 C. Even at rates of 3 C and 5 C, the
values of 220 and 180 mA h g’ are achieved respectively, presented distinctively high rate
performance. Simultaneously, it is worth noted that the copper/iron composite anode are capable of
being discharged at an impressively high rate of 10 C, and a specific discharge capacity of about 130
mA h g is achieved, with 65% of the nominal capacity, indicating that the copper/iron composite
anode materials have an enormous potential as a high-rate anode material for nickel-based
rechargeable batteries. Generally, the discharge rate capability of the iron electrodes was limited to 0.2
C due to the formation of a passive layer of iron (11) hydroxide [25].

Fig.5 shows the polarization and power curves of the copper/iron composite anode. As the
current densities increasing, the polarization becomes serious. However, the polarization of
copper/iron composite anode is mild than the pure iron electrode. Correspondingly, the power output is
higher than that of the Cu-free iron electrode. Especially for the electrode of materials (Cu0.6), the
peak power of 3800 W kg™ is acquired, nearly enhanced by 35% to 2800 W kg™ of the peak power of
the electrode of materials (Cu0).
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Figure 6. Discharge curves of the copper/iron composite anodes: the cells were first charged at 1 C for
90 min, and then discharged at 0.2 C to —0.65 V after stayed at 253 K for 2 h

Fig.6 presents the discharge curves of the copper/iron composite anodes at 253 K. As seen, the
discharge curve of the Cu-free iron electrode declined in line directly with the discharge capacity of
nearly zero. Hariprakash et al. [17] had studied the low temperature performance of the nickel-iron
battery and the cell delivered only about 12% of the nominal capacity at a rate of 0.2 C at 253 K. The



Int. J. Electrochem. Sci., Vol. 13, 2018 7053

reduced capacity at low temperatures is due to decreased solubility of the reaction intermediates, as
also due to increased resistance and viscosity of the electrolyte [17]. But for the copper/iron composite
anodes, the discharge capacity is 115 mA h g™ with 57.5% of the nominal capacity for the sample
(Cu0.2) and 73 mA h g™* with 36.5% of the nominal capacity for the sample (Cu0.6), respectively. The
excellent low temperature performance is due to the high electro-conductivity of the metallic Cu in the
materials.
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Figure 7. The cycle performance of the copper/iron composite anode: the cells were charged at a rate
of 1 C for 90 min and discharged at a rate of 0.5 C to -0.8 V (vs. Hg/HgO)

The cycle performance of copper/iron composite anode is presented in Fig.7. After formation,
the discharge capacities of the copper/iron composite anodes increase gradually with cycles going on,
as high as 266.6 mA h g and 246.5 mA h g™ at the 200" cycle for the electrodes (Cu0.2, Cu0.6),
respectively. However, the discharge capacity of the electrode (Cu0) gradually decays with cycling
after the formation process finished (1~50" cycles), and the bad trend is not improved even exchanged
to fresh electrolyte at 82™ cycle. Apparently, the cycle performance of the iron electrode is improved
by the copper/iron composite materials.
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Table 1. Kinetics parameters of various iron electrodes

After activation

Resistance %=0 %=0.2 X=06
Rad/ Q 0.3556 0.3484 0.3477
R/ Q 79.41 56.93 57.92

The dynamic properties of different iron electrodes were investigated by the electrochemical
impedance spectroscopy (EIS). Fig.8 and Fig.9 are the Nyquist plots and equivalent circuit of various
iron electrodes, respectively. The initial intercept of the horizontal ordinate represents the solution
resistance (Rs) of the battery. The capacitive arc in the high frequency region represents surficial
resistance (Rag) and capacitance (Qaq). The semicircle similarly in the low frequency region represents
charge-transfer resistance (R;) and double capacitance (Qq). The fitting values are presented in table 1.
As we can see, the Ryg-values of the copper/iron composite electrodes are lower slightly than the pure
iron electrode, but all are small; However, the Re-values of the electrodes decrease from 79.41 Q for
electrode (Cu0) to 56.93 Q and 57.92 Q for electrode (Cu0.2, Cu0.6), respectively. Thus, illustrate that
the metallic Cu in the composite materials improves the dynamic performance of pure iron electrodes.
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Figure 10. Polarization curves of various iron electrodes in alkaline liquid of 8 M KOH + 0.05 M
Na,S

Fig.10 shows polarization curves of various iron electrodes in alkaline solution of 8 M KOH +
0.05 M Na,S. As can be seen, the hydrogen evolution potential is -0.960 V and -0.965 V for the
electrode (Cu0.2) and (Cu0.6) respectively, which is lower than the -0.940 V for the electrode (Cu0).
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Thus, fully illustrates that the copper/iron composite electrode raises the hydrogen evolution over-
potential of the iron electrode.

4. CONCLUSIONS

In summary, the copper/iron composite anode materials were synthesized by co-precipitation
method followed by calcination at high temperature, which exhibited significantly improved
electrochemical performance. Even the discharge-rate is as high as 10 C, or the temperature is as low
as 253 K, the cells still exhibited good discharge capacity (130 mA h g* and 145 mA h g*,
respectively). EIS and polarization tests proved that metallic Cu in the composite materials not only
delayed the passivation of the iron electrode, improved the anodic dynamics, but also raised the
hydrogen evolution overpotential, both resulting in the excellent performance of the copper/iron
composite anode.
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