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Ni-Co  alloys  and  oxides  have  attracted  considerable  attention  in diverse  fields,  such as  magnetic  materi-
als, 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  tech-
niques.  The  annealed  and post-CO  oxidation  Ni and  Co-rich  samples  showed  the crystal  structures  of
NiCo2O4(Co3O4)/NiO and NiCo2O4/Co3O4, respectively.  The  Ni-Co  oxides  showed  better  supercapacitor
i-Co alloy
i-Co oxide
ater-gas shift reaction

O oxidation
upercapacitor

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.
. Introduction

Nickel (Ni) and cobalt (Co)-based materials have been studied
xtensively for applications to environmental and clean energy
roducing catalysts, and energy storage systems [1–7]. Attempts
o improve the application performance by modification of the

orphology and changing the relative chemical composition with
wo (or more) different metals have been made. A range of mor-
hologies have been reported [8–69], which include (porous)
anowires [8–13], mesoporous nanosheets [14–16], microspheres
17,18], nanoneedle arrays [19,20], mesoporous nanoneedles [21],
anosheets [22–28], porous nanotubes [29], yolk-shelled struc-
ures [30], flowerlike nanostructures [31–34], and nanoprisms
30] prepared using a variety methods [8–69], such as precip-
tation, hydrothermal/solvothermal methods, a single-spinneret
lectrospinning technique [29], and microwave heating approaches
ollowed by pyrolysis [33,26]. Bimetallic mixed (or hybrid) tran-

ition metal oxides have attracted considerable attentions and
een applied to CH4/CO oxidation [35], oxygen reduction reaction
36,37], supercapacitors [9,14,15,22,34,38,39,40–43], and Li-ion
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batteries [2,37,44,45]. Rajeshkhanna et al. synthesized a festuca
scoparia-like Ni0.3Co2.7O4 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
Ni0.3Co2.7O4 on Ni foam had a capacitance of 1423 F/g. Yuan
et al. synthesized hierarchical layered Co0.5Ni0.5 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 sin-
gle Co (or Ni hydroxide) and Co0.5Ni0.5 hydroxide nanosheets. Feng
et al. recently summarized and discussed the applications of Ni-
based materials (mainly crystal phases of hydroxides and oxides)
to pseudocapacitor electrodes [6]. Zou et al. prepared NiCo2O4
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 supercapaci-
tors [17]. The use of Ni-Co materials as a catalyst (e.g., for water
splitting, steam reforming and CO oxidation) is of great inter-
est [1,3,11,46–48,50]. Urchin-like NiCo2O4 spheres (diameters of
∼6 �m)  were prepared by a hydrothermal method and demon-

strated 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-

dx.doi.org/10.1016/j.apsusc.2016.06.050
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o catalysts and reported high catalytic performance with superior
nti-sintering ability [46].

Although NiCo2O4 has been studied extensively, there have
een few studies on Ni (or Co-rich) Ni-Co oxides and alloys. In the
resent work, two different transition metals of Ni and Co were
sed to prepare mixed metal oxides and alloys. The application
ests included CO oxidation, water-gas shift reaction, magnetism,
nd supercapacitor electrochemical measurements.

. Experimental

.1. Chemicals and the preparation of the materials

A stoichiometric amount (Co/Ni = 0.02 mol/0.02 mol  and
.027 mol/0.013 mol) of cobalt chloride hexahydrate (98%, Sigma-
ldrich) and nickel chloride hexahydrate (≥98%, Sigma-Aldrich)
ere dissolved completely in 40 mL  of deionized water by mag-

etic stirring. Subsequently, 2 mL  of a 1.0 M NaOH solution was
dded to the solution to obtain precipitates. The solution was
ransferred to a Teflon-lined autoclave and heated to 120 ◦C in
n oven for 12 h. After the desired reaction time, the sample was
ooled naturally to room temperature and the powder samples
ere collected by centrifugation followed by washing repeatedly
ith deionized water and ethanol. The collected samples were

ully dried in an oven set to 70 ◦C before further characterization.
he as-prepared sample was annealed thermally in a furnace at
00 ◦C for 3 h.

.2. Characterization

Scanning electron microscopy (SEM, Hitachi S-4800) images
ere obtained at an acceleration voltage of 10 keV. Energy disper-

ive X-ray spectroscopy (EDS) was carried out on a Hitachi S-4200
canning electron microscope. The crystal phases of the samples
ere examined by X-ray diffraction (XRD, PANalytical X’ Pert Pro
PD) using Cu K� radiation (40 kV and 30 mA). X-ray photoelectron

pectroscopy (XPS, Thermo-VG Scientific K-Alpha spectrometer
quipped with a hemispherical energy analyzer) was  performed
sing a monochromated Al K� X-ray (E = 1486.6 eV) source. The
ourier transform infrared (FT-IR) spectra were collected using a
hermo Scientific Nicolet iS10 spectrometer in diamond attenuated
otal reflectance (ATR) mode. The magnetization versus applied
eld (M-H) profiles of the samples (after WGS  reaction) were
ecorded using a Quantum Design MPMS  SQUID magnetometer.
he applied magnetic field was between −30 and 30 kOe and the
emperatures were at 1.8, 5, 77, and 300 K. The temperature depen-
ent magnetization curves were recorded in zero field cooling (ZFC)
nd field cooled cooling (FCC) modes.

.3. CO oxidation and water-gas shift reactions

The CO oxidation experiments were performed using the as-
repared powder samples. 20 mg  of the sample was  loaded in

 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 oxi-
ation (or CO2 formation) profile with temperature (heating rate
f 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
ample. The other experimental conditions were the same as the
O oxidation experiment.
.4. Electrochemical property tests

A typical three-electrode (working, counter and reference elec-
rodes) system was used for electrochemistry. A Pt wire and
nce 386 (2016) 393–404

Ag/AgCl electrode were used as the counter and a reference elec-
trodes, 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  embed-
ded onto a Ni foam and dried completely in an oven (70 ◦C). The
Ni foam was finally pellet-pressed to produce the working elec-
trode. 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 capaci-
tance (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 infor-
mation, 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 as-
prepared 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 hexag-
onal P-3m1 Co(OH)2 (JCPDS 1-074-1057). Based on EDS  (Fig. 1),
the XRD result was  attributed to NixCo1-x(OH)2, where x > 1 − x,
which is in good consistence with the literature [15,71]. Uniform
mixed NixCo1-x(OH)2 could be obtained because of the similar sol-
ubility constants of Ni(OH)2 and Co(OH)2 [14], via the reaction
of xNi2+ + (1-x) Co2+ + 2OH− → NixCo1-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 perfor-
mance [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 NiCo2O4 (JCPDS
1-073-1702) with a 66% and 34% in composition, respectively (Sup-
porting information, Fig. S3). The XRD patterns of NiCo2O4 were
also attributed to Co3O4 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)3Cl (JCPDS 1-073-2134). Based on
EDS (Fig. 1), the XRD pattern was  attributed to NixCo1-x(OH)3Cl,
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.
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ig. 2. Powder X-ray diffraction patterns of the as-prepared (A and B) and annealed
atterns  emphasized the selected regions for the as-prepared (A and B) and anneal
ere found to be NiCo2O4 (and minor Co3O4). Similarly, Hu et al.
repared Ni1/3Co2/3(OH)2Br1/3·nH2O layered plates (in pink color)
y a precipitation method using cobalt chloride, nickel chloride
nd Ban) samples. Sample A was Ni-rich and sample B was Co-rich. The bottom XRD
n and Ban) samples.
and hexamethylenetetramine in deionized water, and obtained
NiCo2O4 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.
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ig. 4. First and second run WGSR mass profiles of the Ni-rich (A) and Co-rich (B) sa
amples after WGSR.

erformed actively to achieve clean environment [48,72–79]. Pure
o3O4 commonly shows very low temperature CO oxidation activ-

ty, as low as −78 ◦C [79]. For the first run of the Ni-rich sample A, the

nset of CO oxidation appeared at 230 ◦C and T10% (the temperature
t 10% CO conversion) was observed at 255 ◦C. In the second run,
he activity was rather poor, and the onset and T10% were observed
t 250 ◦C and 285 ◦C, respectively. In the first run, the Ni-Co com-
. The inset photographs show the magnetic properties of the corresponding powder

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 com-

plexes [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.
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ig. 6. Powder XRD patterns of samples A (top left) and B (top right) after CO oxid
o-rich. The bottom XRD patterns emphasize the selected regions for the samples a

f the stable oxides was confirmed by XRD, which will be discussed

ater. For the first run of the Co-rich sample B, the CO oxidation
nset was observed at approximately 80 ◦C. In the second run, the
nset was observed at 220 ◦C, which was 30 ◦C lower than that of
he Ni-rich sample. T10% was observed at approximately 250 ◦C.
 (ACO and BCO) and WGSR (AWGSR and BWGSR). Sample A is Ni-rich and sample B is
O oxidation and those after WGSR.

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.
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Fig. 8. FT-IR spectra of the as-prepared (A and B), annealed (Aan and Ban)

erature region while all three species were detected together in
he high temperature region. In the first run, the CO2 signal began
o appear at approximately 100 ◦C and showed fluctuations of the
ntensity between 100 and 500 ◦C. In this region, CO reacts with the
xygen of the material to form CO2. In addition, the unstable Ni-Co
omplex decomposed to form Ni-Co oxide, as discussed in Fig. 3.
t 495 ◦C for sample A and 530 ◦C for sample B, abrupt increases

n both CO2 and H2 were observed, which can be explained by the
GSR mechanism below[80–82].

2Oad → Had + OHad

Oad + OHad → CO2(g) + Had
ad + Had → H2(g)
CO oxidation (ACO and BCO), and post-WGSR (AWGSR and BWGSR) samples.

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 + H2O

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 oxy-
gen to form CO2. As there was no external supply of oxygen, the
oxygen of the Ni-Co oxides could be consumed completely dur-
ing 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 cat-
alytic activity. Before WGSR, the two samples were non-magnetic.
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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.

F 0, 40,
a

O
t

ig. 10. CV curves (a voltage range: −0.2 V ∼+0.7 V) at different scan rates (5, 10, 2
nd BCO) and WGSR (AWGSR and BWGSR).
n the other hand, the samples became black and magnetic after
he WGSR (Supporting information, Fig. S2).
 60, and 100 mV/s) of the samples after annealing (Aan and Ban), CO oxidation (ACO
Fig. 5 shows typical SEM images of the Ni-rich and Co-rich sam-
ples 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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ig. 11. Charge-discharge curves at different current densities (0.83, 1.67, 3.3, 8.3, a
GSR  (AWGSR and BWGSR).

ion were similar to the corresponding annealed samples shown
n Fig. 1. This suggests that the crystal structures of the samples
fter CO oxidation were similar to those of the annealed samples.
pon WGSR, the color of the sample became brighter compared to

he annealed and post-CO oxidation samples, and the morphology
hanged to a worm-like structure with a sub-�m size. Interestingly,
he oxygen intensity decreased dramatically according to EDS of the
amples after WGSR. The Ni-rich sample, AWGSR, showed a negligi-
le amount of oxygen and sample BWGSR showed very weak oxygen
ignal. The Ni/Co ratios for the AWGSR and BWGSR samples were esti-
ated to be 72%/28% and 14%/86%, respectively. The oxygen of the
i-Co oxides was consumed by CO oxidation via the reaction, CO +
ad (the oxides) → CO2(g), with no external oxygen supply.

The resulting crystal structures of the Ni-rich and Co-rich sam-
les after the 2nd run CO oxidation (ACO and BCO) and WGSR (AWGSR
nd BWGSR) were examined. We  assumed that the crystal struc-
ure after the 1st run was  similar to that of the 2nd run because
f thermal decomposition to more stable form after the 1st run.
owever, the crystallinity of the 2nd run sample was plausibly
igher compared with that of the 1st run sample. Fig. 6 shows the
orresponding powder XRD patterns. For the Ni-rich sample after
O oxidation (ACO), the crystal structure was similar to that of the
nnealed sample, which consists mainly of NiO and NiCo2O4/Co3O4
ut appeared to be more uniform (Supporting information, Fig.
3). For the Co-rich sample after CO oxidation (BCO), the crystal
tructure was assigned to NiCo2O4/Co3O4. After the WGSR, the
RD patterns were changed dramatically. Three XRD peaks were
bserved between 15◦ and 80◦ 2�, which were assigned to the
111), (200) and (220) planes of the Ni-Co alloy. The XRD peak
ositions of the (111) plane for the Ni-rich (Ni0.72Co0.28) and Co-
ich (Ni0.14Co0.86) samples were observed at 44.36◦ and 44.18◦ 2�,
espectively.

XPS was employed to check the chemical composition of the Ni-
o alloy particles fabricated by WGSR. The survey XPS scan showed
he peaks only corresponding to Co, Ni, O, and C. The Ni-rich sample
WGS showed a stronger Ni 2p signal than the Co 2p signal, while

he Co-rich sample B showed a stronger Co 2p signal than the Ni 2p
ignal. This suggests that samples A and B were Ni-rich and Co-rich

amples, respectively. Although the relative intensities were differ-
nt, the XPS peak positions were similar for the AWGSR and BWGSR
amples. Because EDS and XRD showed no oxide/hydroxide states,
he strong O 1s XPS peak was attributed mainly to surface states.
.7 A/g) of the samples after annealing (Aan and Ban), CO oxidation (ACO and BCO) and

The O 1s peaks at 529.5 and 531.8 eV were assigned to lattice oxy-
gen 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 sam-
ple (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) split-
ting 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 oxida-
tion 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  stretch-
ing vibrations [39,84,85]. As discussed in Fig. 2, samples A and B
were NixCo1-x(OH)2 and NixCo1-x(OH)3Cl, respectively, which con-
tained 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 mag-
net 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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ig. 12. Comparison of the charge-discharge curves (top) at a fixed current dens
bottom) for samples A and B after annealing (Aan and Ban), CO oxidation (ACO and B

bserved at a low temperature of 1.8 K, indicating ferromagnetic
roperties (Supporting information, Fig. S5). For the Ni-rich sam-
le after WGSR (AWGSR), the saturation magnetization values were
easured to be 58 and 61 emu  g−1 at 300 K and 1.8 K, respec-

ively. The FCC and ZFC curves showed separation from 300 K with
ecreasing temperature. The FCC was increased gradually with
ecreasing temperature, which is related to the improvement of
he magnetic alignment. On the other hand, the ZFC curve first
ncreased and then decreased with decreasing temperature. The
urve showed a broad maximum at 125K, which was  related to
locking-unblocking of magnetic alignment [86]. For the Co-rich
ample after WGSR (Ni0.14Co0.86), the magnetization magnitude
as double that of sample AWGSR (Ni0.72Co0.28), and the saturation
agnetization values were measured to be 110 and 114 emu  g−1

t 300 K and 1.8 K, respectively. The FCC and ZFC behaviors were
ritically different from those of the AWGSR sample. The FCC curve
howed an almost constant value, which was attributed to the hin-
rance of magnetic order and/or interparticle interactions [87]. In
ddition, the ZFC value showed a sharp decrease with decreas-
ng temperature. Wei  et al. reported saturation magnetization
f 111.33 emu  and 103.58 emu/g for flower-like Ni0.48Co0.52 alloy
pheres (∼800 nm)  and hierarchical flower-like Ni0.47Co0.53 alloys
∼5 �m),  respectively [66], which is consistent with the Co-rich

ample.

Fig. 10 shows the cyclic voltammetry (CV) curves, which were
btained over the potential range, −0.2 V and 0.7 V, at differ-
nt scan rates of 5, 10, 20, 40, 60, and 100 mV/s. The strong
1.67 A/g. Calculated specific capacitances (middle) and Nyquist impedance plots
d WGSR (AWGSR and BWGSR).

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 Ni-
rich 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 oxi-
dation 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 eval-
uate 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 capaci-
tance (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 poten-
tial 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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ng current density, as expected. The charge-discharge time was
trongly dependent on the sample treatment and the relative
mount of Ni and Co.

Fig. 12 compares the charge-discharge time for the Ni-rich A and
o-rich B samples after annealing, CO oxidation and WGSR at a fixed
urrent density of 1.67 A/g. The calculated specific capacitances and
yquist plots for samples A and B are also shown. For the Ni-rich

amples, the specific capacitance (or discharging time) was  gener-
lly in the order of AWGSR <ACO <Aan. The specific capacitance of the
i-rich samples after thermal annealing (Aan), CO oxidation (ACO)
nd WGSR (AWGSR) were 230, 154 and 73 F/g at a fixed current den-
ity of 1.67 A/g, respectively. The specific capacitance commonly
ecreased after WGSR. For the Co-rich samples, the specific capac-

tance was in the order of BWGSR (334 F/g) <Ban (351 F/g) <BCO (473
/g) at a fixed current density. The Ni-rich sample showed poorer
upercapacitive performance than the Co-rich sample. The Nyquist
lot consists of imaginary (Z′′) and ideal (Z′) parts. For the Ni-rich
ample, the solution/charge-transfer resistance in the high fre-
uency region was observed in the order of AWGSR <ACO ≈ Aan. The
i-Co alloy was more conductive after the WGSR due to the pres-
nce of metallic Ni and Co, as discussed above. The straight slope in
he low frequency region represents the Warburg diffusion resis-
ance [10,34]. For the Co-rich sample, the solution/charge-transfer
esistance showed an order of Aan < ACO ≈ AWGSR. Sample B after the

GSR showed higher resistance, possibly due to surface oxidation,
s discussed in Fig. 7.

. Conclusions

Magnetic worm-like Ni-Co alloys could be fabricated by the
GSR over Ni-Co complex and the non-magnetic Ni-Co oxides
ere synthesized by annealing and post-CO oxidation.

) XRD showed that the annealed and post-CO oxidation Ni-rich
samples exhibited the crystal structures of NiCo2O4(Co3O4)/NiO
formed from the NixCo1-x(OH)2 complex. On the other hand, the
Co-rich sample showed the NiCo2O4/Co3O4 structure after the
annealing and CO oxidation of NixCo1-x(OH)3Cl.

) The CO oxidation activity (CO + 1/2O2 → CO2) for the Ni-rich and
Co-rich samples was observed at 285 and 250 ◦C, respectively.

) Magnetic Ni-Co alloys were formed by the complete consump-
tion 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.

) The Co-rich alloy (Ni0.14Co0.86) showed a saturation magnetiza-
tion 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 (Ni0.72Co0.28).

) Ni-Co oxides showed superior supercapacitor performance to
the Ni-Co alloys. The Co-rich oxides showed a specific capac-
itance 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 sam-
ple.

This study further emphasized the possible applications of Ni-Co
ased materials to various areas of CO oxidation for a clean envi-
onment, WGSR for energy production and supercapacitor tests for
nergy storage. In addition, WGSR was found to be useful for the
abrication of magnetic bi-metal alloys.
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