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a b s t r a c t
Ni-Co alloys and oxides have attracted considerable attention in diverse ﬁelds, such as magnetic materials, energy storage and environmental/energy producing catalysts. Herein, the formation of magnetic
Ni-Co alloys was induced by the water-gas shift reaction (WGSR) and the oxides were prepared by
post-annealing and a CO oxidation reaction. The materials were characterized using a range of techniques. The annealed and post-CO oxidation Ni and Co-rich samples showed the crystal structures of
NiCo2 O4 (Co3 O4 )/NiO and NiCo2 O4 /Co3 O4 , respectively. The Ni-Co oxides showed better supercapacitor
performance than the corresponding Ni-Co alloys. The Co-rich samples exhibited better supercapacitor
performance and CO oxidation activity than the Ni-rich sample. In addition, the Co-rich alloy showed a
magnetization of 114 emu/g, which was approximately 2× larger than that of the Ni-rich alloy. The WGS
reaction and the wide application tests are useful for designing new materials applicable to a wide range
of areas.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Nickel (Ni) and cobalt (Co)-based materials have been studied
extensively for applications to environmental and clean energy
producing catalysts, and energy storage systems [1–7]. Attempts
to improve the application performance by modiﬁcation of the
morphology and changing the relative chemical composition with
two (or more) different metals have been made. A range of morphologies have been reported [8–69], which include (porous)
nanowires [8–13], mesoporous nanosheets [14–16], microspheres
[17,18], nanoneedle arrays [19,20], mesoporous nanoneedles [21],
nanosheets [22–28], porous nanotubes [29], yolk-shelled structures [30], ﬂowerlike nanostructures [31–34], and nanoprisms
[30] prepared using a variety methods [8–69], such as precipitation, hydrothermal/solvothermal methods, a single-spinneret
electrospinning technique [29], and microwave heating approaches
followed by pyrolysis [33,26]. Bimetallic mixed (or hybrid) transition metal oxides have attracted considerable attentions and
been applied to CH4 /CO oxidation [35], oxygen reduction reaction
[36,37], supercapacitors [9,14,15,22,34,38,39,40–43], and Li-ion

∗ Corresponding author.
E-mail addresses: youngkusohn@ynu.ac.kr, youngkusohn@hotmail.com
(Y. Sohn).
1
These authors equally contributed to this work
http://dx.doi.org/10.1016/j.apsusc.2016.06.050
0169-4332/© 2016 Elsevier B.V. All rights reserved.

batteries [2,37,44,45]. Rajeshkhanna et al. synthesized a festuca
scoparia-like Ni0.3 Co2.7 O4 material by precipitation followed by
post-annealing, and reported a speciﬁc capacitance of 396 F/g at
a current density of 1 A/g [38]. They showed that in situ grown
Ni0.3 Co2.7 O4 on Ni foam had a capacitance of 1423 F/g. Yuan
et al. synthesized hierarchical layered Co0.5 Ni0.5 hydroxides by a
solvothermal method and reported a speciﬁc capacitance of 1767
F/g at a current density of 1 A/g in a 1 M KOH solution [39]. The
speciﬁc capacitance was reported to be higher than those of single Co (or Ni hydroxide) and Co0.5 Ni0.5 hydroxide nanosheets. Feng
et al. recently summarized and discussed the applications of Nibased materials (mainly crystal phases of hydroxides and oxides)
to pseudocapacitor electrodes [6]. Zou et al. prepared NiCo2 O4
micro-spheres assembled by chain-like nanowires with different
exposed crystal facets, and reported that the chain-like nanowires
showed higher electronic conductivity than the other mesoporous
structures. They concluded that the higher electronic conductivity
played a major role in the higher performance of supercapacitors [17]. The use of Ni-Co materials as a catalyst (e.g., for water
splitting, steam reforming and CO oxidation) is of great interest [1,3,11,46–48,50]. Urchin-like NiCo2 O4 spheres (diameters of
∼6 m) were prepared by a hydrothermal method and demonstrated as a catalyst for the oxygen reduction reaction [48]. Steam
reforming of biomass was demonstrated using Ni–Co catalysts,
which showed superior activity to the respective monometallic Co
and Ni catalysts [11]. Wang et al. prepared LaFeO3 supported Ni-
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Co catalysts and reported high catalytic performance with superior
anti-sintering ability [46].
Although NiCo2 O4 has been studied extensively, there have
been few studies on Ni (or Co-rich) Ni-Co oxides and alloys. In the
present work, two different transition metals of Ni and Co were
used to prepare mixed metal oxides and alloys. The application
tests included CO oxidation, water-gas shift reaction, magnetism,
and supercapacitor electrochemical measurements.
2. Experimental
2.1. Chemicals and the preparation of the materials
A stoichiometric amount (Co/Ni = 0.02 mol/0.02 mol and
0.027 mol/0.013 mol) of cobalt chloride hexahydrate (98%, SigmaAldrich) and nickel chloride hexahydrate (≥98%, Sigma-Aldrich)
were dissolved completely in 40 mL of deionized water by magnetic stirring. Subsequently, 2 mL of a 1.0 M NaOH solution was
added to the solution to obtain precipitates. The solution was
transferred to a Teﬂon-lined autoclave and heated to 120 ◦ C in
an oven for 12 h. After the desired reaction time, the sample was
cooled naturally to room temperature and the powder samples
were collected by centrifugation followed by washing repeatedly
with deionized water and ethanol. The collected samples were
fully dried in an oven set to 70 ◦ C before further characterization.
The as-prepared sample was annealed thermally in a furnace at
600 ◦ C for 3 h.
2.2. Characterization
Scanning electron microscopy (SEM, Hitachi S-4800) images
were obtained at an acceleration voltage of 10 keV. Energy dispersive X-ray spectroscopy (EDS) was carried out on a Hitachi S-4200
scanning electron microscope. The crystal phases of the samples
were examined by X-ray diffraction (XRD, PANalytical X’ Pert Pro
MPD) using Cu K␣ radiation (40 kV and 30 mA). X-ray photoelectron
spectroscopy (XPS, Thermo-VG Scientiﬁc K-Alpha spectrometer
equipped with a hemispherical energy analyzer) was performed
using a monochromated Al K␣ X-ray (E = 1486.6 eV) source. The
Fourier transform infrared (FT-IR) spectra were collected using a
Thermo Scientiﬁc Nicolet iS10 spectrometer in diamond attenuated
total reﬂectance (ATR) mode. The magnetization versus applied
ﬁeld (M-H) proﬁles of the samples (after WGS reaction) were
recorded using a Quantum Design MPMS SQUID magnetometer.
The applied magnetic ﬁeld was between −30 and 30 kOe and the
temperatures were at 1.8, 5, 77, and 300 K. The temperature dependent magnetization curves were recorded in zero ﬁeld cooling (ZFC)
and ﬁeld cooled cooling (FCC) modes.
2.3. CO oxidation and water-gas shift reactions
The CO oxidation experiments were performed using the asprepared powder samples. 20 mg of the sample was loaded in
a quartz U-tube (4 mm of inner diameter) under a CO(1.0%)/O2
(2.5%)/N2 atmosphere at a ﬂow rate of 40 mL/min. The CO oxidation (or CO2 formation) proﬁle with temperature (heating rate
of 10 ◦ C/min) was recorded using a RGA200 mass spectrometer
(Stanford Research Systems, USA). For the water-gas shift reaction
(WGSR), 5% CO/N2 gas and water vapor were introduced into the
sample. The other experimental conditions were the same as the
CO oxidation experiment.
2.4. Electrochemical property tests
A typical three-electrode (working, counter and reference electrodes) system was used for electrochemistry. A Pt wire and

Ag/AgCl electrode were used as the counter and a reference electrodes, respectively. Three different samples were tested; thermal
annealed, 2nd run CO oxidation and 2nd run WGSR samples.
The preparation of a working electrode was as follows. 60% of
the synthesized materials, 10% of acetylene black and 10% of
poly(vinylidene ﬂuoride) (PVDF) were dispersed and mixed in a
N-methyl-2-pyrrolidone (NMP) solvent. The slurry was embedded onto a Ni foam and dried completely in an oven (70 ◦ C). The
Ni foam was ﬁnally pellet-pressed to produce the working electrode. Cyclic voltammetry (CV) and galvanic charging-discharging
tests were conducted in a 6.0 M KOH aqueous solution using the
three electrode cell on a CHI660D electrochemical work station
(CH Instruments, USA) at room temperature. The speciﬁc capacitance (C) from the charge-discharge curves was calculated using the
following equation: C(F/g) = (I· t)/(m·V), where I is the discharge
current (A), t is the time for discharge, m is the mass of the material,
and V is the voltage range. The electrochemical impedance was
examined over the frequency range, 0.01 Hz to 0.1 MHz.

3. Results and discussion
3.1. Morphology and crystal structure
Fig. 1 shows typical SEM images (Supporting information, Fig.
S1) of the as-prepared (A and B) and annealed (Aan and Ban ) Ni-Co
samples. Sample A was Ni-rich in synthesis while sample B was
Co-rich. The morphology of sample A appeared as hexagonal plates
(∼500 nm) with a green color while sample B had the appearance
of stacked sharp-edged rocks with a pink color (Supporting information, Fig. S2). Generally, Ni and Co complexes have green and
pink colors, respectively, which is consistent with the present study
[70]. Upon thermal annealing at 600 ◦ C, both the morphology and
the colors changed drastically, most likely due to their changes in
crystal structure. Sample A became aggregated chain-like particles
in white/gray and sample B became stacked particles (50–300 nm)
with a black color. The two annealed samples were examined by
EDS. Ni, Co and O were commonly found with no other impurity
peaks. The Ni-rich sample, Aan , showed Ni (31%), Co (14%) and O
(55%), while the Co-rich sample, Ban , showed Ni (7%), Co (31%) and
O (61%).
Fig. 2 shows the X-ray diffraction (XRD) patterns of the asprepared and annealed Ni-Co materials. For the as-prepared Ni-rich
sample A, all the assigned XRD peaks were matched to those
of hexagonal P-3m1 Ni(OH)2 (JCPDS 1-074-2075) and/or hexagonal P-3m1 Co(OH)2 (JCPDS 1-074-1057). Based on EDS (Fig. 1),
the XRD result was attributed to Nix Co1-x (OH)2 , where x > 1 − x,
which is in good consistence with the literature [15,71]. Uniform
mixed Nix Co1-x (OH)2 could be obtained because of the similar solubility constants of Ni(OH)2 and Co(OH)2 [14], via the reaction
of xNi2+ + (1-x) Co2+ + 2OH− → Nix Co1-x (OH)2 . Liu et al. reported
that the XRD peak position was not affected signiﬁcantly by the
Co2+ /Ni2+ ratio, due to the similar ionic radius of the two metal
ions [71]. Yuan et al. synthesized layered Co–Ni hydroxides using
Co nitrate and Ni nitrate in an ethanol/water mixed solution by
a hydrothermal method and evaluate the electrochemical performance [39]. Upon annealing the sample (Aan ), the XRD patterns
could be resolved into at least two crystal phases of rhombohedral
R-3m NiO (JCPDS 1-089-3080) and cubic Fd-3m NiCo2 O4 (JCPDS
1-073-1702) with a 66% and 34% in composition, respectively (Supporting information, Fig. S3). The XRD patterns of NiCo2 O4 were
also attributed to Co3 O4 because of the similar XRD patterns. For
the as-prepared Co-rich sample B, the XRD patterns matched those
of rhombohedral R-3m Co2 (OH)3 Cl (JCPDS 1-073-2134). Based on
EDS (Fig. 1), the XRD pattern was attributed to Nix Co1-x (OH)3 Cl,
where x < 1 − x. Upon annealing the sample (Ban ), the XRD patterns
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Fig. 1. SEM images of the as-prepared (A and B) and annealed (Aan and Ban ) samples. EDS (bottom) of the annealed (Aan and Ban ) samples. The inset photographs illustrate
the colors of the corresponding powder samples.

Fig. 2. Powder X-ray diffraction patterns of the as-prepared (A and B) and annealed (Aan and Ban ) samples. Sample A was Ni-rich and sample B was Co-rich. The bottom XRD
patterns emphasized the selected regions for the as-prepared (A and B) and annealed (Aan and Ban ) samples.

were found to be NiCo2 O4 (and minor Co3 O4 ). Similarly, Hu et al.
prepared Ni1/3 Co2/3 (OH)2 Br1/3 ·nH2 O layered plates (in pink color)
by a precipitation method using cobalt chloride, nickel chloride

and hexamethylenetetramine in deionized water, and obtained
NiCo2 O4 platelets by post-thermal annealing [70].
The CO oxidation activity was tested for the Ni and Co-rich
samples and displayed in Fig. 3. The CO oxidation study has been
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Fig. 3. Temperature programmed ﬁrst and second run CO oxidation conversion (%) proﬁles for the Ni-rich (A) and Co-rich (B) samples. The dot lines indicate 10% CO
conversion. The arrows pointing to the closed circles indicate the temperature at 10% CO conversion in the second run.

Fig. 4. First and second run WGSR mass proﬁles of the Ni-rich (A) and Co-rich (B) samples. The inset photographs show the magnetic properties of the corresponding powder
samples after WGSR.

performed actively to achieve clean environment [48,72–79]. Pure
Co3 O4 commonly shows very low temperature CO oxidation activity, as low as −78 ◦ C [79]. For the ﬁrst run of the Ni-rich sample A, the
onset of CO oxidation appeared at 230 ◦ C and T10% (the temperature
at 10% CO conversion) was observed at 255 ◦ C. In the second run,
the activity was rather poor, and the onset and T10% were observed
at 250 ◦ C and 285 ◦ C, respectively. In the ﬁrst run, the Ni-Co com-

plex was unstable and thermally decomposed to more stable Ni-Co
oxides. It should be emphasized here that the running temperature
was below the thermal decomposition temperature of the complexes [70]. In addition, the annealed sample showed no the crystal
structure of the Ni-Co complex. Therefore, the ﬁrst run was the CO
oxidation test for the unstable Ni-Co complex while the second run
was the test for the more stable Ni-Co oxides. The crystal structure
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Fig. 5. SEM images of the Ni-rich and Co-rich samples after CO oxidation (top; ACO and BCO ) and WGSR (middle; AWGSR and BWGSR ). EDS of the Ni-rich (AWGSR ) and Co-rich
(BWGSR ) samples after WGSR.

Fig. 6. Powder XRD patterns of samples A (top left) and B (top right) after CO oxidation (ACO and BCO ) and WGSR (AWGSR and BWGSR ). Sample A is Ni-rich and sample B is
Co-rich. The bottom XRD patterns emphasize the selected regions for the samples after CO oxidation and those after WGSR.

of the stable oxides was conﬁrmed by XRD, which will be discussed
later. For the ﬁrst run of the Co-rich sample B, the CO oxidation
onset was observed at approximately 80 ◦ C. In the second run, the
onset was observed at 220 ◦ C, which was 30 ◦ C lower than that of
the Ni-rich sample. T10% was observed at approximately 250 ◦ C.

The water-gas shift reaction (WGSR) has attracted considerable
interest for hydrogen production [80–82]. Fig. 4 presents the WGSR
proﬁles for the ﬁrst and second run of the Ni-rich (A) and Co-rich
(B) samples. Three species of CO2 , H2 and CH4 were commonly
detected. On the other hand, CO2 was only detected in the low tem-
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Fig. 7. Survey (top), high resolution Co 2p and Ni 2p XPS spectra of the Ni-rich (AWGSR ) and Co-rich (BWGSR ) samples after WGSR.

Fig. 8. FT-IR spectra of the as-prepared (A and B), annealed (Aan and Ban ), post-CO oxidation (ACO and BCO ), and post-WGSR (AWGSR and BWGSR ) samples.

perature region while all three species were detected together in
the high temperature region. In the ﬁrst run, the CO2 signal began
to appear at approximately 100 ◦ C and showed ﬂuctuations of the
intensity between 100 and 500 ◦ C. In this region, CO reacts with the
oxygen of the material to form CO2 . In addition, the unstable Ni-Co
complex decomposed to form Ni-Co oxide, as discussed in Fig. 3.
At 495 ◦ C for sample A and 530 ◦ C for sample B, abrupt increases
in both CO2 and H2 were observed, which can be explained by the
WGSR mechanism below[80–82].
H2 Oad → Had + OHad

COad + OHad → CO2 (g) + Had

Had + Had → H2 (g)

CH4 was also detected as an undesirable side product and was
formed via a reaction of CO and H2 as follows [80–82]:
CO + 3H2 → CH4 + H2 O
CO + H2 → 1/2CH4 + 1/2CO2
In the second run, the CO2 signal (or CO oxidation) began to
appear at approximately 160 ◦ C with no ﬂuctuations. In the region
between 160 ◦ C and 320 ◦ C, CO appears to react with surface oxygen to form CO2 . As there was no external supply of oxygen, the
oxygen of the Ni-Co oxides could be consumed completely during the WGSR, as conﬁrmed by XRD. At temperatures above 320 ◦ C,
three species were observed, which were explained using the same
mechanism discussed above. The WGSR temperature in the second
run was reduced dramatically by approximately 180 ◦ C compared
to the ﬁrst run. The Ni and Co-rich samples showed similar catalytic activity. Before WGSR, the two samples were non-magnetic.

S. Lee et al. / Applied Surface Science 386 (2016) 393–404

399

Fig. 9. Magnetization (M–H) curves (left column) at temperatures of 1.8, 5, 77, and 300 K for the samples (A and B) after WGSR. Magnetization with temperature in the FCC
and ZFC modes (right column) at an applied ﬁeld of 1.0 kOe.

Fig. 10. CV curves (a voltage range: −0.2 V ∼+0.7 V) at different scan rates (5, 10, 20, 40, 60, and 100 mV/s) of the samples after annealing (Aan and Ban ), CO oxidation (ACO
and BCO ) and WGSR (AWGSR and BWGSR ).

On the other hand, the samples became black and magnetic after
the WGSR (Supporting information, Fig. S2).

Fig. 5 shows typical SEM images of the Ni-rich and Co-rich samples after the 2nd runs CO oxidation (ACO and BCO ) and the WGSR
(AWGSR and BWGSR ). The morphology and color after CO oxida-
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Fig. 11. Charge-discharge curves at different current densities (0.83, 1.67, 3.3, 8.3, and 16.7 A/g) of the samples after annealing (Aan and Ban ), CO oxidation (ACO and BCO ) and
WGSR (AWGSR and BWGSR ).

tion were similar to the corresponding annealed samples shown
in Fig. 1. This suggests that the crystal structures of the samples
after CO oxidation were similar to those of the annealed samples.
Upon WGSR, the color of the sample became brighter compared to
the annealed and post-CO oxidation samples, and the morphology
changed to a worm-like structure with a sub-m size. Interestingly,
the oxygen intensity decreased dramatically according to EDS of the
samples after WGSR. The Ni-rich sample, AWGSR , showed a negligible amount of oxygen and sample BWGSR showed very weak oxygen
signal. The Ni/Co ratios for the AWGSR and BWGSR samples were estimated to be 72%/28% and 14%/86%, respectively. The oxygen of the
Ni-Co oxides was consumed by CO oxidation via the reaction, CO +
Oad (the oxides) → CO2 (g), with no external oxygen supply.
The resulting crystal structures of the Ni-rich and Co-rich samples after the 2nd run CO oxidation (ACO and BCO ) and WGSR (AWGSR
and BWGSR ) were examined. We assumed that the crystal structure after the 1st run was similar to that of the 2nd run because
of thermal decomposition to more stable form after the 1st run.
However, the crystallinity of the 2nd run sample was plausibly
higher compared with that of the 1st run sample. Fig. 6 shows the
corresponding powder XRD patterns. For the Ni-rich sample after
CO oxidation (ACO ), the crystal structure was similar to that of the
annealed sample, which consists mainly of NiO and NiCo2 O4 /Co3 O4
but appeared to be more uniform (Supporting information, Fig.
S3). For the Co-rich sample after CO oxidation (BCO ), the crystal
structure was assigned to NiCo2 O4 /Co3 O4 . After the WGSR, the
XRD patterns were changed dramatically. Three XRD peaks were
observed between 15◦ and 80◦ 2, which were assigned to the
(111), (200) and (220) planes of the Ni-Co alloy. The XRD peak
positions of the (111) plane for the Ni-rich (Ni0.72 Co0.28 ) and Corich (Ni0.14 Co0.86 ) samples were observed at 44.36◦ and 44.18◦ 2,
respectively.
XPS was employed to check the chemical composition of the NiCo alloy particles fabricated by WGSR. The survey XPS scan showed
the peaks only corresponding to Co, Ni, O, and C. The Ni-rich sample
AWGS showed a stronger Ni 2p signal than the Co 2p signal, while
the Co-rich sample B showed a stronger Co 2p signal than the Ni 2p
signal. This suggests that samples A and B were Ni-rich and Co-rich
samples, respectively. Although the relative intensities were different, the XPS peak positions were similar for the AWGSR and BWGSR
samples. Because EDS and XRD showed no oxide/hydroxide states,
the strong O 1s XPS peak was attributed mainly to surface states.

The O 1s peaks at 529.5 and 531.8 eV were assigned to lattice oxygen and chemisorbed OH/O− /O2 − species, respectively (Supporting
information, Fig. S4) [75,77,83]. The O 1s peak at 531.8 eV for the
Co-rich sample (BWGSR ) was stronger than that of the Ni-rich sample (AWGSR ). This was closely related to the stronger Co 2p XPS peak
of Co(OH)2 compared to the weaker Ni 2p XPS peak of Ni(OH)2 . For
Co 2p XPS, sharp Co 2p3/2 and Co 2p1/2 XPS peaks were observed
at 778.2 and 793.2 eV, respectively, and the spin-orbit (SO) splitting energy was 15.0 eV. This was attributed to metallic Co [36].
The other Co 2p3/2 XPS peaks were observed at 780.5 and 781.2 eV,
which were attributed to CoO and Co(OH)2 , respectively. The Co
2p1/2 XPS peak of Co(OH)2 was observed at 797.0 eV. The oxidation state of Co2+ was conﬁrmed by the broad satellite peaks at
approximately 786 and 804 eV [14,20,48,84]. Metallic Co and Ni
were oxidized to form CoO and NiO on the surface, respectively,
and the surface also showed metal hydroxide species. For Ni 2p
XPS, two Ni 2p3/2 peaks were observed at 852.7 and 870.0 eV, with
a spin-orbit splitting energy of 17.3 eV. This could be due to metallic
Ni. The other small Ni 2p3/2 XPS peaks at 853.8 and 855.8 eV were
attributed to NiO and Ni(OH)2 , respectively [20]. The corresponding
Ni 2p1/2 XPS peak of Ni(OH)2 was observed at 873.4 eV.
Fig. 8 displays the FT-IR spectra of the as-prepared (A and
B), annealed (Aan and Ban ), post-CO oxidation (ACO and BCO ),
and post-WGSR (AWGSR and BWGSR ) samples. For the as-prepared
samples A and B, the sharp peaks at 3630 (for sample A) and
3542 cm−1 (for sample B) were assigned to the M-OH stretching vibrations [39,84,85]. As discussed in Fig. 2, samples A and B
were Nix Co1-x (OH)2 and Nix Co1-x (OH)3 Cl, respectively, which contained M-OH bonds. The corresponding vibration modes were also
observed between 550 and 900 cm−1 . No M-OH vibration modes
were observed for the annealed and post-CO oxidation samples, as
expected. The Ni and Co-rich samples showed metal-O vibrations
for Ni-Co oxides at 657 and 648 cm−1 , respectively [13,27,28,84].
The magnetic properties were examined for the post-WGSR Ni
(AWGSR ) and Co-rich samples (BWGSR ), whose magnetic properties
were induced by WGSR [36]. As mentioned above, the Ni-Co oxides
were not attracted by a magnet, but were attracted to the magnet after WGSR. Fig. 9 presents the magnetization (M) with an
applied magnetic ﬁeld (H) by SQUID. The magnetization according
to temperature (1.8 − 300 K) was measured in ﬁeld-cooled-cooling
(FCC) and zero-ﬁeld-cooling (ZFC) modes in a magnetic ﬁeld of
1.0 kOe. The magnetic hysteresis loop was quite narrow but was
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Fig. 12. Comparison of the charge-discharge curves (top) at a ﬁxed current density of 1.67 A/g. Calculated speciﬁc capacitances (middle) and Nyquist impedance plots
(bottom) for samples A and B after annealing (Aan and Ban ), CO oxidation (ACO and BCO ) and WGSR (AWGSR and BWGSR ).

observed at a low temperature of 1.8 K, indicating ferromagnetic
properties (Supporting information, Fig. S5). For the Ni-rich sample after WGSR (AWGSR ), the saturation magnetization values were
measured to be 58 and 61 emu g−1 at 300 K and 1.8 K, respectively. The FCC and ZFC curves showed separation from 300 K with
decreasing temperature. The FCC was increased gradually with
decreasing temperature, which is related to the improvement of
the magnetic alignment. On the other hand, the ZFC curve ﬁrst
increased and then decreased with decreasing temperature. The
curve showed a broad maximum at 125K, which was related to
blocking-unblocking of magnetic alignment [86]. For the Co-rich
sample after WGSR (Ni0.14 Co0.86 ), the magnetization magnitude
was double that of sample AWGSR (Ni0.72 Co0.28 ), and the saturation
magnetization values were measured to be 110 and 114 emu g−1
at 300 K and 1.8 K, respectively. The FCC and ZFC behaviors were
critically different from those of the AWGSR sample. The FCC curve
showed an almost constant value, which was attributed to the hindrance of magnetic order and/or interparticle interactions [87]. In
addition, the ZFC value showed a sharp decrease with decreasing temperature. Wei et al. reported saturation magnetization
of 111.33 emu and 103.58 emu/g for ﬂower-like Ni0.48 Co0.52 alloy
spheres (∼800 nm) and hierarchical ﬂower-like Ni0.47 Co0.53 alloys
(∼5 m), respectively [66], which is consistent with the Co-rich
sample.
Fig. 10 shows the cyclic voltammetry (CV) curves, which were
obtained over the potential range, −0.2 V and 0.7 V, at different scan rates of 5, 10, 20, 40, 60, and 100 mV/s. The strong

reduction-oxidation (redox) peaks were observed and the redox
peak positions became wider with increasing scan rates, which are
characteristic of the pseudocapacitive behavior. The CV currents
increased with increasing scan rate from 5 to 100 mV/s, which is an
indication of a typical diffusion-controlled process. The CV curves
of the samples after CO oxidation were much broader than those
of the annealed sample and the sample after WGSR. For the Nirich sample, the areas of the CV curves were in the order of AWGSR
<Aan <ACo , which reﬂected the electrochemical performance of a
material [18]. The Co-rich sample B showed similar behavior. Cyclic
cathodic and anodic peaks were observed due to reduction and oxidation of Co2+ ↔ Co3+ ↔ Co4+ and Ni2+ ↔ Ni3+ [19,25,20,10,12]. For
the Co-rich sample, two cathodic peaks were observed and their
intensities were dependent on the relative amounts of Ni and Co
ions. For the Ni-rich sample, the former peak was stronger, whereas
the latter peak became dominant for the Co-rich sample, which is
good consistence with the literature [38].
Galvanostatic charge-discharge tests were performed to evaluate the capacitance over the potential range, 0.0–0.5 V. Fig. 11
shows the charge-discharge proﬁles of the Ni-rich (A) and Co-rich
(B) samples after thermal annealing (Aan and Ban ), CO oxidation
(ACO and BCO ) and WGSR (AWGSR and BWGSR ). The speciﬁc capacitance (F/g) was calculated using the equation, Cm = (I·t)/(V·m),
where Cm is the speciﬁc capacitance, I is the constant discharge
current (A), t is discharge time (sec), V is the applied potential window, and m is the mass (g) of the active material [8,10,12].
The charge-discharge time (t) generally increased with increas-
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ing current density, as expected. The charge-discharge time was
strongly dependent on the sample treatment and the relative
amount of Ni and Co.
Fig. 12 compares the charge-discharge time for the Ni-rich A and
Co-rich B samples after annealing, CO oxidation and WGSR at a ﬁxed
current density of 1.67 A/g. The calculated speciﬁc capacitances and
Nyquist plots for samples A and B are also shown. For the Ni-rich
samples, the speciﬁc capacitance (or discharging time) was generally in the order of AWGSR <ACO <Aan . The speciﬁc capacitance of the
Ni-rich samples after thermal annealing (Aan ), CO oxidation (ACO )
and WGSR (AWGSR ) were 230, 154 and 73 F/g at a ﬁxed current density of 1.67 A/g, respectively. The speciﬁc capacitance commonly
decreased after WGSR. For the Co-rich samples, the speciﬁc capacitance was in the order of BWGSR (334 F/g) <Ban (351 F/g) <BCO (473
F/g) at a ﬁxed current density. The Ni-rich sample showed poorer
supercapacitive performance than the Co-rich sample. The Nyquist
plot consists of imaginary (Z ) and ideal (Z ) parts. For the Ni-rich
sample, the solution/charge-transfer resistance in the high frequency region was observed in the order of AWGSR <ACO ≈ Aan . The
Ni-Co alloy was more conductive after the WGSR due to the presence of metallic Ni and Co, as discussed above. The straight slope in
the low frequency region represents the Warburg diffusion resistance [10,34]. For the Co-rich sample, the solution/charge-transfer
resistance showed an order of Aan < ACO ≈ AWGSR . Sample B after the
WGSR showed higher resistance, possibly due to surface oxidation,
as discussed in Fig. 7.
5. Conclusions
Magnetic worm-like Ni-Co alloys could be fabricated by the
WGSR over Ni-Co complex and the non-magnetic Ni-Co oxides
were synthesized by annealing and post-CO oxidation.
1) XRD showed that the annealed and post-CO oxidation Ni-rich
samples exhibited the crystal structures of NiCo2 O4 (Co3 O4 )/NiO
formed from the Nix Co1-x (OH)2 complex. On the other hand, the
Co-rich sample showed the NiCo2 O4 /Co3 O4 structure after the
annealing and CO oxidation of Nix Co1-x (OH)3 Cl.
2) The CO oxidation activity (CO + 1/2O2 → CO2 ) for the Ni-rich and
Co-rich samples was observed at 285 and 250 ◦ C, respectively.
3) Magnetic Ni-Co alloys were formed by the complete consumption of oxygen during WGSR. This was conﬁrmed by EDX, XRD
and XPS. Only CO2 was detected in the low temperature region,
whereas CO2 , H2 and CH4 were observed in the high temperature
region.
4) The Co-rich alloy (Ni0.14 Co0.86 ) showed a saturation magnetization of 114 emu g−1 at 1.8 K, which was signiﬁcantly higher than
that (61 emu g−1 at 1.8 K) for the Ni-rich sample (Ni0.72 Co0.28 ).
5) Ni-Co oxides showed superior supercapacitor performance to
the Ni-Co alloys. The Co-rich oxides showed a speciﬁc capacitance of 471 F/g at a current density of 1.67 A/g, which was
approximately 2× larger than that (230 F/g) of the Ni-rich sample.
This study further emphasized the possible applications of Ni-Co
based materials to various areas of CO oxidation for a clean environment, WGSR for energy production and supercapacitor tests for
energy storage. In addition, WGSR was found to be useful for the
fabrication of magnetic bi-metal alloys.
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