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� Bimetal CuNiOS oxysulfide
nanoflower was prepared by a
feasible method.

� CuNiOS performed high redox activity
in the dark without additional
reagents.

� The Cu+/Cu2+ ratio in CuNiOS affected
its catalytic activity for redox
reactions.

� Redox reactions involve the electron
or hole transport between Cu+ and
Cu2+.

� Kinetic mechanism is schematically
proposed to explain for the fast redox
reactions.
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CuNiOS bimetal oxysulfide catalysts with catalytic activity in the dark were synthesized by a feasible
solution method below 100 �C. It has a hexagonal CuS covellite structure with the Cu+/(Cu++Cu2+) molar
ratio above 0.6. S6+ was formed to balance the deficiency in positive charge due to a high Cu+ content. The
effect of hydrazine (N2H4) amount added during the CuNiOS synthesis on the redox reactions was eval-
uated. The N2H4-free CuNiOS showed the fast methylene blue (MB) degradation capability and the
[N2H4]-high CuNiOS had the high Cr(VI) reduction capability all in the dark condition. The adjustable
redox reactions by the CuNiOS catalyst system are demonstrated and explained. The catalytic reaction
mechanism is elucidated, depending upon the Cu+/Cu2+ ratio for different charge transports. CuNiOS also
exhibited relatively good stability and durability during its reusability tests. The catalytic reactions under
the mild conditions without heat and electrical and thermal energies are encouraging for green synthesis.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Since Fujishima and Honda in 1972 discovered the photoin-
duced water splitting on TiO2 electrodes, semiconductor-based
photocatalysis has attracted extensive interest (Fujishima and
Honda, 1972). One particular focus for TiO2 has been on application
for the photodegradation of organic pollutants (Ajmal et al., 2014;
Chen and Mao, 2007; Chen et al., 2016), but its wide band gap of
�3.2 eV has made it only active under ultraviolet-light of
k < 387 nm (Pelaeza et al., 2012). Less than 5% of the solar light
spectra belongs to ultraviolet-light, thus the application of TiO2 is
limited (Tang et al., 2007; Chen et al., 2010).

It is the second-generation catalyst to improve visible-light sen-
sitivity (k > 387 nm) of TiO2, therefore many attempts have been
dedicated. The first approach is to use the non-metal doping. Asahi
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et al. (Asahi et al., 2001) for the first time reported nitrogen-doped
TiO2 to be excited by visible-light. Since then, many non-metals
such as N, S, C, F, P etc. have been incorporated into TiO2 (El-
Sheikh et al., 2014; Manamon et al., 2015; Randorn and Irvine,
2010; Zhang et al., 2014; Li et al., 2012; Ma et al., 2014). The second
method is to incorporate with metals such as Ag, Pt, Au, In, Ru, Fe,
etc. (Kuo et al., 2016; Vaiano et al., 2016; Yamashita et al., 2002;
Rico-Santacruz et al., 2017; Yu et al., 2010). The third way is to
form the composite catalysts by coupling with a low bandgap
semiconductor; such as g-C3N4 (Tong et al., 2015), graphene
(Wang et al., 2012), Ag2O (Chen, 2016), Cu2O (Barreca et al.,
2011), CuO (Barreca et al., 2011), WO3 (Dozzi et al., 2016), CuS
(Khanchandani et al., 2016); SnIn4S8 (Wang et al., 2014) etc. In
addition to the three aforementioned methods, dye-sensitization
of TiO2 also has been evaluated (ÓRegan and Gratzel, 1991).

However, the above-mentioned catalytic degradation needs
ultraviolet-light, visible-light, or sun light. In order to alleviate
such mentioned drawbacks, the third-generation catalyst for pollu-
tant degradation in the dark is being developed. Recently, Huang
et al. (Shu et al., 2015) firstly reported CuS caved superstructures
and its application for dye degradation in absence of light, but it
needed to add the strong oxidant of hydrogen peroxide. Molla
et al. (Molla et al., 2015) reported that Ag–In–Ni–S nanocomposites
with high catalytic activity could be applicable for dye-polluted
waste water purification even without light. Molla et al. (Molla
et al., 2016) again reported a nickel sulfide nanoparticle as a cata-
lyst for the degradation of dyes in presence and absence of light.
Wu et al. (Wu et al., 2016) applied the piezo-catalytic effect of
MoS2 to enhance dye degradation by using the sonication vibration
wave to initiate reactions in the dark. Although there are some
reports for the dye degradation in the dark; there still are no
reports on the dark reduction reactions. If the dark oxidation
reactions can be fulfilled, the dark reduction ones should be possi-
ble. The development of the dark redox reactions can be interesting
and useful for the green synthesis.

In this paper, we synthesize bimetal oxysulfide CuNiOS cata-
lysts by a feasible method. The CuNiOS can be used for oxidation
or reduction reactions, depending upon the addition of N2H4

during the synthetic process. The CuNiOS with high oxidation
and reduction catalytic activities could be directly applied to
the purification treatment of the dye and pollution removal of
wastewater even in the dark condition, or even for the green
chemistry.

2. Experimental

Under magnetic stirring, 1.5 g thioacetamide (CH3CSNH2)
was added into a 500 mL solution containing cupric nitrate
(Cu(NO3)2�2.5H2O) and nickel (II) chloride (NiCl2�6H2O) with the
molar ratio of n(Ni): n(Cu) = 1/3, 2/3, 3/3, 4/3. After 30 min stirring,
the solution was heated to 95 �C with a rate of 2 �C/min, then
added 0, 0.1, 0.2, 0.3 or 0.4 mL N2H4. After further 2 h stirring,
the precipitate solid was collected by centrifugation, washed with
deionized water until pH = 7, then further washed with absolute
ethanol for two times. Finally, the solid was vacuum dried at 80
�C for 24 h. The obtained catalysts which were obtained by adding
0, 0.1, 0.2, 0.3 and 0.4 mL N2H4 were labeled as CuNiOS-0, CuNiOS-
1, CuNiOS-2, CuNiOS-3, and CuNiOS-4. For the CuNiOS-0 prepared
at the n(Ni)/n(Cu) molar ratio of 3/3 as an example, the symbol
of CuNiOS-0(3/3) was used. For comparison, Ni-free CuOS was
synthesized with the same procedure except for the Ni precursor.
Characterization approaches of CuNiOS can be referred to our
previous paper on CuInOS (Chen and Kuo, 2017).

CuNiOS catalytic degradation activity on MB was tested in a
home-made and jacketed quartz reactor wrapped by aluminum
foil (Chen et al., 2016). The catalytic degradation was tested with
Please cite this article in press as: Chen, X., et al. The effect of the Cu+/Cu2+ rat
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the 100 mL MB solution of 10 ppm, while the catalyst concentra-
tion kept at 0.25 g/L. The reactant mixture was under magnetic
stirring with 280 r/min. The 3 mL solution was taken every 5 min
from the reactor, followed by instant centrifugation in 1 min.
Absorbance of the supernatant was measured. To evaluate the
reusability of CuNiOS, the catalysts after the first run was reused
for the next at the same condition after re-filling with a fresh MB
solution without being washed.

To execute the reduction of Cr(VI) (Chen and Kuo, 2017), the 50
mg CuNiOS was added into the foil-wrapped reactor filled with
100 mL Cr(VI) solution of 50 ppm. After reaction for 5 min, the 5
mL solution was taken out and passed through a 0.45 lm mem-
brane filter syringe to immediately separate catalysts from the
solution. The diphenylcarbazide (DPC) colorimetric method with
JASCD V-670 spectrophotometer and the Thermo ICS-5000 ion
chromatography spectrophotometer (ICS) was used to determine
the Cr(VI) concentration in filtrate. To evaluate the reusability,
the catalysts after the first run were re-used for the second run.
3. Results and discussion

3.1. XPS analysis

Fig. 1a shows the high resolution Cu2p XPS spectra of CuNiOS-0.
The two peaks of Cu2p3/2 and Cu2p1/2 located at 933.4 eV and
953.3 eV, respectively, with a separation of 19.9 eV indicates that
copper belongs to the monovalent Cu+ (Zelekew and Kuo, 2017;
Qiu et al., 2012). The two peaks of 2p3/2 and 2p1/2 located at
934.9 eV and 955.0 eV, respectively, were attributed to the spin-
orbit splitting of the bivalent Cu2+ (Xu et al., 2016; Kumar et al.,
2015). According to the peaks area, the molar contents of Cu+

and Cu2+ were calculated and listed in Table 1. It can be seen that
the catalyst prepared with a higher N2H4 content have a higher
Cu+/Cu2+ ratio. Fig. 1b shows the high resolution Ni2p XPS spectra
of CuNiOS-0. The spectrum exhibited two peaks located at 853.7 eV
and 871.7 eV, which corresponded to Ni2p3/2 and 2p1/2, respec-
tively, for the existence of Ni2+ (Liu, 2013; Swesi et al., 2016).
Fig. 1c shows the high resolution O1s XPS spectra of CuNiOS. The
O1s peak can be convoluted into two peaks at binding energy of
531.7 eV from the hydroxyl oxygen (Strohmeier et al., 1985) and
at 530.3 eV from the lattice oxygen of monovalent CuAO; bivalent
CuAO, and NiAO (Khawaja et al., 1989; Haber et al., 1978; Klein
et al., 1984). Fig. 1d shows the high resolution S2p XPS spectra of
CuNiOS. The S2p peak at 163.4 eV came from the S2� state
(Strohmeier et al., 1985; Perry and Taylor, 1986) and at 170.1 eV
from the S6+ state (Liu and Chen, 2008). According to the peaks
area, the molar contents of S6+ and S2� were calculated and listed
in Table 1. It noted that the catalyst prepared with a higher N2H4

content had a higher S6+/S2� ratio. The XPS composition analyses
of CuNiOS-0 are compiled in Table 1. The Cu, O, S, and Ni molar per-
centages in the four kinds of CuNiOS at different n(Cu)/n(Ni) molar
ratios were similar, but the CuNiOS prepared with a higher N2H4

content had higher Cu+/Cu2+ and S6+/S2� ratios, as shown in Table 1.
The Ni/(Cu+Ni) molar percentage of 3.57–3.69% indicates that it is
the Cu-dominant CuNiOS. For the Olattice/S2� molar ratio, it is 0.84–
0.93 indicates that CuNiOS is a slightly sulfur-rich oxysulfide.
3.2. XRD analysis

XRD diffraction patterns of different CuNiOS are shown in Fig. 2.
Notice that the XRD peaks of CuNiOS is well matched to the JCPDS
No. 65-3561 data of the hexagonal CuS covellite structure (Meng
et al., 2013; Lin et al., 2013; Li et al., 2012). The main peaks located
at 28.06�; 29.53�, 31.93�, 32.69�, 48.26�, and 59.02� attributed to
the (1 0 1), (1 0 2), (1 0 3), (0 0 6), (1 1 0), and (2 0 3) crystal planes,
io on the redox reactions by nanoflower CuNiOS catalysts. Chem. Eng. Sci.
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Fig. 1. High resolution (a) Cu2p, (b) Ni2p, (c) O1s, and (d) S2p XPS spectra of CuNiOS.

Table 1
XPS composition analyses of CuNiOS.

Catalyst Molar percentage Cu molar
percentage

Cu+/Cu2+

molar ratio
O molar
percentage

S molar
percentage

S6+/S2�

molar ratio
Olattice/S2�

molar ratio
SBET
m2/g

Pore
volume m3/g�1

Cu Ni O S Cu+ Cu2+ O-H OLattice S6+ S2�

CuOS 46.92 0 24.42 28.66 75.5 24.5 3.09 25.6 74.4 20.9 79.1 0.264 0.802 26.3 0.035
CuNiOS-0 42.98 1.59 26.72 28.71 61.79 38.21 1.62 23.89 76.11 15.85 84.15 0.188 0.842 21.5 0.136
CuNiOS-1 43.59 1.67 26.45 28.29 70.98 29.02 2.45 23.26 76.74 17.30 82.70 0.209 0.868 22.9 0.140
CuNiOS-2 42.70 1.58 27.15 28.57 76.70 23.30 3.29 24.12 75.88 19.05 80.95 0.235 0.891 22.5 0.138
CuNiOS-3 43.01 1.64 27.21 28.14 81.2 18.8 4.32 23.75 76.25 20.70 79.30 0.261 0.930 21.7 0.132
CuNiOS-0

after 2nd run
43.02 1.60 26.70 28.70 61.54 38.46 1.60 24.22 75.78 15.79 84.21 0.188 0.837 – –

CuNiOS-3
after 6th run

43.11 1.61 27.17 28.11 80.94 19.06 4.25 23.26 76.74 20.80 79.20 0.263 0.936 – –
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respectively. The XRD diffraction patterns had no second phases of
CuO, Cu2O, Cu2S, NiO, and NiS, which certified that the CuNiOS
formed the solid solution. The addition of different amounts of
N2H4 had little effects on the crystal structure and crystallinity,
as evaluated from the full widths at the peak half maxima.

3.3. SEM and TEM analyses

Fig. 3a,b shows the FE-SEM images of CuNiOS-0 at different
magnifications. CuNiOS-0 displayed superior particle dispersion
with a particle size of 300–500 nm and like petal-gathered flowers.
Fig. 3c shows the TEM image of CuNiOS, which further verifies the
microstructure of the CuNiOS. Fig. 3d shows HR-TEM image of
CuNiOS with different lattice fringes from different grains. The
HR-TEM micrograph evidence CuNiOS weakly crystalline, lattice
Please cite this article in press as: Chen, X., et al. The effect of the Cu+/Cu2+ rat
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spacings from some crystal planes are shown in Fig. 3d with the
3.18 Å for (1 0 1), 3.02 Å for (1 0 2), 2.78 Å for (1 0 3), and 1.87 Å
for (1 1 0) plane. Fig. 3e shows the selected area electron diffrac-
tion (SAED) pattern of CuNiOS. The ring patterns from the (1 0 1),
(1 0 2), (1 0 3), and (1 1 0) planes explains its polycrystalline nat-
ure. The scattered ring pattern explains the solid solution nature
of CuNiOS, and the intensity of ring patterns also indicates the rel-
atively weak crystallization of CuNiOS. Fig. 3f gives the HAADF-
STEM image, which can reveal many pores with different sizes
inside the petal-gathered CuNiOS particle. Fig. 3g shows the
HAADF-STEM-EDS spectrum to verify that the existence of Cu, Ni,
O, and S in the catalyst aggregates. Fig. 3h–k show the HAADF-
STEM-EDX elemental maps of Cu, Ni, O and S. It is obverted from
these maps that all the elements are virtually evenly distributed
over the sample.
io on the redox reactions by nanoflower CuNiOS catalysts. Chem. Eng. Sci.
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3.4. UV–Vis absorption spectra and PL spectra

The optical absorption property of CuNiOS was characterized by
UV–Vis absorption spectra. The CuNiOS had a better visible-light
absorbance than CuOS. From the UV–Vis spectra, the direct band
gap was measured with the equation below (Yoon et al., 2005):
ðahmÞ2 ¼ kðhm� EgÞ
where a is the absorbance coefficient, h is the Planck constant, k is
the absorption constant for a direct transition, hm is the absorption
optical energy, and Eg is the band-gap energy.

Fig. 4a shows the hm - (ahm)2 curves of CuOS and CuNiOS. The
band-gaps of CuNiOS were determined to be 1.54, 1.57, 1.59,
1.61, and 1.63 eV for CuNiOS-0, CuNiOS-1, CuNiOS-2, CuNiOS-3,
and CuNiOS-4, respectively, while it was 2.00 eV for CuOS. The
band-gap slightly increases with the increase in the Cu+/Cu2+ ratio.
Such energy band-gap further indicates that CuNiOS is a bimetal
oxysulfide solid solution instead of monocrystalline CuO with
band-gap of Eg = 1.2–1.4 eV, Cu2O of 2.0–2.2 eV, NiO of 3.5 eV,
CuS of 2.15–2.36 eV, Cu2S of 1.2–1.25 eV, and NiS of 0.4 eV. Such
an energy band-gap further identifies that CuNiOS is a bimetal oxy-
sulfide solid solution and not a monocrystalline of CuO, Cu2O, NiO,
CuS, Cu2S, or NiS.

Fig. 4b shows PL spectra of the CuNiOS and CuOS. Under a laser
beam of 330 nm wavelength, catalysts were excited with PL spec-
tra at fixed 592 nm. The observed PL and absorption bands are in
good agreement. The occurrence of PL spectra is related to the
radiative decay process for the charge transfer from the excited
to the ground states. The increased PL peak intensity is propor-
tional to the Cu+/Cu2+ ratio and the band gap. As the Cu+/Cu2+ ratio
becomes higher, the S6+ content also increases. The Burstein–Mos-
s effect for a degenerate semiconductor with high electron carrier
concentration over the conduction band edge density of states
occurs for the S6+ donor-doped CuNiOS. S6+ substitution in TiO2

had been reported (Román et al., 1997).
Please cite this article in press as: Chen, X., et al. The effect of the Cu+/Cu2+ rat
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3.5. BET and pore size analyses

Fig. 5a shows the N2 adsorption-desorption isotherms of
CuNiOS-0, which displays a type-IV isothermwith a hysteresis loop
at relative pressure (P/P0) between 0.6 and 0.9, indicating its meso-
porous feature (Xu et al., 2015). Based upon the NLDFT (Non Local-
ized Density Functional Theory) and GCMC (Grand Canonical
Monte Carlo method) analyses from the computer simulation soft-
ware, the plot of pore volume versus the meanmicrospore width of
CuNiOS was shown in Fig. 5b. The SBET and the pore volume were
listed in Table 1. It noted that CuNiOS papered with different
N2H4 amount had the similar SBET and pore volume at �22
m2�g�1 and �0.15 cm3�g�1, respectively. The effect of SBET of
CuNiOS on the catalytic performance can be negligible.

3.6. Catalytic activity of CuNiOS

Fig. 6a shows CuNiOS-0 prepared with different molar ratios of
Cu(NO3)2 and NiCl2 for MB degradation in the dark. It is noted that
the degradation activity of CuNiOS was much higher than CuOS.
CuNiOS-0(3/3) can completely degradation MB in 5 min. However,
the CuOS-0 only removed 9.9% MB in 30 min. The efficiency of MB
in the degradation of MB was in the order: CuNiOS-0(3/3) >
CuNiOS-0(2/3) � CuNiOS-0(4/3) > CuNiOS-0(1/3) > CuOS-0. Fig. 6b
shows the dark degradation of MB over CuNiOS prepared at differ-
ent N2H4 contents while keeping the n(Ni)/n(Cu) molar ratio at 3/3.
The efficiency was in the order: CuNiOS-0 > CuNiOS-1 > CuNiOS-2
> CuNiOS-3 > CuNiOS-4. CuNiOS-0 could completely degrade MB
in 5 min. However, CuNiOS-4 only removed 28.3% MB in 30 min.
The data indicate that the addition of N2H4 for preparing CuNiOS
has degraded its oxidation capability. For the catalyst reusability,
the 2nd run was also completed in 5 min. After the 3rd run, the
CuNiOS-0 remained effective to degrade 93% MB in 5 min. To dif-
ferentiate MB degradation from adsorption, the wash-out ethanol
solution of CuNiOS-0 after run was analyzed. The disappearance
of UV–Vis characteristic peak confirmed there was no MB residues
adsorbed on CuNiOS. A comparative experiment on activated car-
bon (AC) with SBET above 1000 m2/g did show the characteristic
peak at 663 nm for MB on AC. Our CuNiOS has a too low SBET value
of �22 m2/g for adsorption to proceed, so the MB here looks to be
degraded by the catalytic reaction in the dark.

Fig. 7a shows the FTIR spectra of fresh CuNiOS-0, CuNiOS-0 after
one- and two-time MB degradation tests, and the pure MB. It can
be seen that the characteristic peaks of CuNiOS-0 after degradation
of MB were similar with those of fresh CuNiOS-0. There were no
characteristic peaks of MB on CuNiOS-0 after the degradation of
MB, which further confirmed that MB was degraded and did not
adsorbed on CuNiOS. Fig. 7b shows the C1s high resolution XPS
spectra of fresh CuNiOS-0 and CuNiOS-0 after degradation of MB.
The peak at 284.6 eV was assigned to the polluted carbon from
XPS instrument and used for calibration. Comparing with the C1s
peaks from the fresh CuNiOS-0 and the one after degradation of
MB, it appears that no extra peaks and no changes in peak shape
occur, which verify that MB is degraded instead of being adsorbed
on CuNiOS-0. The used CuNiOS-0 was analyzed by XPS to evaluate
the Cu valence state in the used CuNiOS. Fig. 7c shows the high res-
olution Cu2p XPS spectrum of CuNiOS-0 after runs. The Cu+ peaks
of Cu2p3/2 and Cu2p1/2 located at 933.3 and 953.2 eV, respec-
tively, and the Cu2+ peaks of 2p3/2 and 2p1/2 located at 935.2
and 955.5 eV, respectively. According to the peak area, the molar
contents of Cu+ and Cu2+ were calculated to be 61.54% and
38.46%, respectively. It can been found that the Cu+ and Cu2+ con-
tents are similar to those in the fresh CuNiOS-0 with the corre-
sponding values of 61.8% and 38.2%. Fig. 7d shows the high
resolution Ni2p XPS spectrum of CuNiOS-0 after two runs. The
spectrum exhibited two peaks located at 853.7 and 871.7 eV with
io on the redox reactions by nanoflower CuNiOS catalysts. Chem. Eng. Sci.
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a separation of 18.0 eV, indicating that nickel belongs to the biva-
lent Ni2+. Fig. 7e shows the high resolution O1s XPS spectrum of
CuNiOS-0 after two runs. The two peaks were observed at 531.7
and 530.3 eV, originating from the hydroxyl oxygen and the lattice
oxygen, respectively. Fig. 7f shows the high resolution S2p XPS
spectrum of CuNiOS-0 after two runs. The two peaks of S2p3/2
and S2p1/2 at 161.8 and 163.2 eV, respectively, belonged to the
S2� and the peaks of S2p3/2 and S2p1/2 at 168.5 and 170.8 eV were
ascribed to S6+. The S2� and S6+ percentage contents were 84.21%
and 15.79%, respectively. The element contents of the used
CuNiOS-0 after two runs were also listed in Table 1. From the com-
parison, the used CuNiOS-0 after two runs has its compositions un-
changed. All the data indicate that the CuNiOS prepared in this
work is quite stable and the structure has not changed after degra-
dation MB.

In order to justify the superior degradation activity of the syn-
thesized CuNiOS-0, the present study was compared with the
Please cite this article in press as: Chen, X., et al. The effect of the Cu+/Cu2+ rat
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recent reports of MB degradation in the dark and under the light
illumination, as shown in Table 2. The weight ratio of MB to cata-
lyst is the key parameter to show the ability of MB degradation per
catalyst weight. Due to the difficulty in using the inorganic cata-
lysts for MB degradation, the reported MB/catalyst weight ratios
were not high. Our CuNiOS catalyst with the highest MB/catalyst
weight ratio of 0.04 showed the fastest 100% degradation in 5
min without the additional light illumination, reagent, and exter-
nal excitation. This fast MB degradation indicates the good dye oxi-
dation behavior with the CuNiOS-0.

Fig. 6c shows the CuNiOS-3 prepared with different molar ratios
of Cu(NO3)2 and NiCl2 for Cr(VI) reduction in the dark. It is noted
that the reduction activity of CuNiOS-3 is faster than CuOS.
CuNiOS-3(3/3) can completely reduction Cr(VI) in 5 min, However,
the CuOS-0 only reduction 19.4% Cr(VI) in 30 min. The reduction of
Cr(VI) with the efficiency in the order: CuNiOS-3(3/3) > CuNiOS-3
(4/3) � CuNiOS-3(2/3) > CuNiOS-3(1/3) > CuOS-3. Fig. 6d shows
io on the redox reactions by nanoflower CuNiOS catalysts. Chem. Eng. Sci.
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Table 2
Reports on the MB degradation over different catalysts.

Catalyst Testing condition Removal (%) Refs.

Catalyst (mg) MB (ppm) Solution (ml) Time (min) Light-type (W) MB/Catal. (mg/mg)

CuS+H2O2 10 10 10 15 dark 0.01 100 Shu et al. (2015)
Ag-In-Ni-S 20 3.16 14 12 dark 0.00221 98 Molla et al. (2015)
NiS 5 3.16 14 15 dark 0.00885 100 Molla et al. (2016)
MoS2 +ultrasonic wave N/A 10 N/A 5 dark N/A 100 Wu et al. (2016)
CeGeO4 150 6 100 1440 dark 0.004 100 Li et al. (2016)
ZnO:Eu 100 10 100 150 Xe-300 0.01 88 Trandafilović et al. (2017)
Ag/Ag3PO4 50 20 50 120 Xe-500 0.02 100 Wang et al. (2014)
Au/SiO2/WO3 10 4.9 50 60 Xe-72 0.0245 100 DePuccio et al. (2015)
Mn3O4-MnO2 50 10 100 60 Xe-300 0.02 93.5 Zhao et al. (2017)
TiO2-GO 20 �5 50 25 UV-100 0.0125 100 Atchudan et al. (2017)
CuNiOS-0 25 10 100 5 Dark 0.04 100 This work
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the reduction of Cr(VI) over different kinds of CuNiOS in the dark.
CuNiOS prepared with different N2H4 amounts performed differ-
ently with the efficiency in the order: CuNiOS-4 � CuNiOS-3 >
CuNiOS-2 > CuNiOS-1 > CuNiOS-0. CuNiOS-3 and CuNiOS-4 could
completely reduce of Cr(VI) in 5 min, while the CuNiOS-0 only
completed 28.5%. For the evaluation of the excellent CuNiOS-3 to
repeatedly reduce Cr(VI), the corresponding removal percentages
for the 2nd, 3rd, 4th, 5th, and 6th runs were reported to be 100%,
97.2%, 96.6%, 93.8%, and 89.9%. Here CuNiOS with a lower
Cu+/Cu2+ ratio favors the oxidation reaction such as the MB degra-
dation, while CuNiOS with a higher Cu+/Cu2+ ratio favors the reduc-
tion reaction such as the Cr(VI) reduction. The trend in redox
reactions has changed with the Cu+/Cu2+ ratio or the added N2H4

content during CuNiOS synthesis, as is demonstrated in Fig. 8.
Fig. 9a–f show the SEM image of CuNiOS-3 and its elemental

maps of Cu, Ni, O, S, and Cr after six Cr(VI) reduction runs. From
the element mapping, it was seen that there were some Cr left
on the catalyst after six runs, as shown in Fig. 9f. The peak positions
at 572.9, 575.9, and 580.0 eV corresponded to the Cr(0), Cr(III), and
Cr(VI) peaks, respectively. There were 12.7% Cr(VI), 21.3% Cr(III),
and 66.0% Cr(0). The results indicated that over the CuNiOS catalyst
Cr(VI) was reduced to Cr(III) and to Cr(0). The Cr(0) was expected
to be deposited at the inner layer. With the high amount of Cr(0)
formed on catalyst after six runs, the further reduction of
CuNiOS-3 is blocked and its activity becomes weak. The 12.7% Cr
(VI) was caused by the adsorption after the reduction reaction.
Cu2p XPS spectrum of CuNiOS-3 after six Cr(VI) reduction runs
did not change, similar to the CuNiOS-0 after the degradation of
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Fig. 8. The redox reactions catalyzed by CuNiOS in terms of the Cu+/Cu2+ ratio or the
N2H4 content.
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MB. After the reduction of Cr(VI), the XPS Cu2p peak positions
and the molar contents of Cu+ (80.9% vs. 81.2%) and Cu2+ (19.1%
vs. 18.8%) were nearly the same as the fresh CuNiOS-3, as shown
in Table 1. The results further certify the catalyst structure and
charge state were quite stable.

Here we make some comparisons with other reported litera-
tures in the catalytic Cr(VI) reduction by inorganic catalysts, as
shown in Table 3. A large amount of inorganic catalysts were still
used for the Cr(VI) removal by photocatalysis under the high
power lamp. However, there are still no reports for the Cr(VI)
reduction in the dark except for the adsorption by AC and the
charge attraction by the surface functionalized grapheme oxide.
Our CuNiOS-3 with a K2Cr2O7/CuNiOS weight ratio of 0.1 had com-
plete the 100% reduction in 5 min. The fast Cr(VI) reduction perfor-
mance indicates that CuNiOS-3 behaves as a catalyst to accelerate
the reduction reaction.

3.7. The proposed redox reaction mechanism

Redox activity of the CuNiOS had been evaluated through degra-
dation of MB and reduction of Cr(VI). It is interesting that the
CuNiOS performs degradation and reduction activity in dark,
depending upon the processing condition. From the XPS analyses,
it is noted that the CuNiOS with a lower Cu+/Cu2+ ratio has higher
degradation activity, while the one with a higher Cu+/Cu2+ ratio has
the higher reduction activity. The excellent degradation and reduc-
tion activities over CuNiOS need to be reasonably explained. From
all the structure and property analyses, we suggest the defect-
assisted surface reaction on catalyst (Zhang et al., 2016; Lakshmi,
2015). The CuNiOS with a hexagonal CuS or covellite structure is
in the form of poor crystallinity due to the composition complexity
with the different cations in Cu+, Cu2+, S6+, and Ni2+, and anions in
S2� and O2�. Due to a high Cu+ content in CuNiOS with a CuS struc-
ture, S6+ has formed to compensate the charge imbalance. There-
fore, the Cu+ concentration is strongly proportional to the S6+

content. The S6+ ratios were 4.55, 4.90, 5.44, and 5.83% for
CuNiOS-0, CuNiOS-1, CuNiOS-2, and CuNiOS-3, respectively. Such
a high S6+ ratio of �5% is rare to observe and attributed to the
low processing temperature to establish the thermodynamic equi-
librium in our defect structure. The feasibility of transforming S2�

to S6+ makes the adjustment of the Cu+/Cu2+ ratio and the redox
reactions in the CuNiOS system become possible.

The other important factor for the redox reactions in the dark is
the Ni incorporation in CuNiOS. Ni-free CuOS did not show the
redox reactions at all. The possible explanation is that CuOS with
the highest S6+ ratio of 5.99% and the highest S6+/S2� ratio of
0.264 while without the assistance of the extrinsic Ni cation to dis-
tort the lattice can form strong bonding with anions, therefore the
hopping charges in the plamons become localized and more diffi-
cult to transport for redox reactions.
io on the redox reactions by nanoflower CuNiOS catalysts. Chem. Eng. Sci.
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Table 3
Report data on the Cr(VI) reduction over different catalysts.

Catalyst Testing condition Removal (%) Ref.

Catalyst
(mg)

K2Cr2O7

(ppm)
Solution
(ml)

Time
(min)

Light-type
(W)

K2Cr2O7 /Catal.
(mg/mg)

CuO + tartaric acid 20 29.4 50 70 Xe-500 0.0735 100 Xu et al. (2016)
SnS2 300 50 300 120 Xe-250 0.05 100 Zhang et al. (2011)
g-C3N4+citric acid 300 50 300 240 Xe-250 0.05 100 Zhang et al. (2015)
Fe2O3/g-C3N4+citric acid 100 28.2 50 15 Xe-300 0.0141 100 Xiao et al. (2015)
SnS2/TiO2 300 50 300 100 Xe-250 0.05 100 Zhang et al. (2012)
N-TiO2 400 50 300 100 Xe-250 0.0375 100 Zhang et al. (2013)
AC-adsorption 200 50 100 180 adsorption 0.025 55.6 Liu et al. (2007)
Active GO 50 500 50 90 adsorption-reaction 0.5 94.5 Dinda et al. (2013)
TiO2-CNTs 30 132.4 30 40 UV-light 0.132 100 Shaham-Waldmann and Paz (2013)
MoSe2 96 80 80 180 Xe-300 0.0667 91 Chu et al. (2016)
In-SnS2+COOH 100 20 250 60 LED-48 0.05 99.9 Park et al. (2017)
AgI/BiOI/Bi2O3 50 23.5 50 90 Xe-300 0.0235 95 Wang et al. (2016)
TiO2/MoSe2 80 20 80 120 Xe-400 0.02 91 Chu et al. (2016)
CuNiOS-3 50 50 100 5 Dark 0.1 100 This work

Fig. 10. Schematic reaction mechanism of the redox reactions by CuNiOS catalyst.
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For the condition at a higher Cu+/Cu2+ ratio in CuNiOS, the gen-
erated Cu+ can be viewed as Cu2+ with the attachment of an elec-
tron to form the plasmon for electron hopping transport (Chen
and Kuo, 2017; Qiu et al., 2012; Riha et al., 2011). This Cu+/Cu2+

electron hopping can continuously provide the electron flux for
the reduction reaction. On the other hand, for the condition at a
lower Cu+/Cu2+ ratio in CuNiOS, Cu2+ can be viewed as the Cu+ with
the attachment of an electrical hole to form the plasmon for hole
hopping transport. The Cu+/Cu2+ hole hopping can continuously
provide the hole charge flux for the oxidation reaction. The self-
supplying electron and hole charges in CuNiOS have made them
proceed the redox reactions in the dark without the needs of
energy excitation and additional reagents. This basic concept was
proposed in our recent works for catalysis (Chen and Kuo, 2017;
Abdullah et al., 2017; Chen et al., 2017a, 2017b). If the experiments
are proceeded under the light, the light excitation to produce the
electron-hole pairs can shadow the major reaction mechanism
Please cite this article in press as: Chen, X., et al. The effect of the Cu+/Cu2+ ratio on the redox reactions by nanoflower CuNiOS catalysts. Chem. Eng. Sci.
(2018), https://doi.org/10.1016/j.ces.2018.02.016
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for this catalyst system. Although the Cu+/Cu effect with the
metal-to-metal charge transfer mechanism had been mentioned
(Chen and Kuo, 2017; Graciani et al., 2014; Wu et al., 1998; Lin
and Frei, 2005), the systematic redox reactions in terms of the
Cu+/Cu2+ ratio becomes clear in this work. Fig. 10 schematically
illustrate the reaction mechanism for the redox reactions by the
CuNiOS catalysts with different Cu+/Cu2+ contents.

4. Conclusions

As the catalysts for the reactions in the dark just start to attract
the attention for dye oxidation degradation, the ones for the Cr(VI)
reduction in the dark still have no reports until our work. We have
successfully synthesized of CuNiOS bimetal oxysulfide catalysts in
the form of nanoflower by a feasible method. The XRD analysis
showed that CuNiOS is a hexagonal CuS structure with poor crys-
tallinity. The FE-SEM and TEM analyses indicated it had a
nanoflower-like shape with uniform element distributions across
the samples. XPS analysis confirmed that Cu2+, Cu+, Ni2+, S6+, O2�,
and S2� were present in CuNiOS. The S6+ content in CuNiOS was
proportional to the Cu+ content. The catalytic performance tested
in the dark condition showed that the CuNiOS with a lower
Cu+/Cu2+ ratio had a higher oxidation activity for MB degradation
and with a higher Cu+/Cu2+ ratio a higher reduction activity for
Cr(VI) reduction. The 25 mg CuNiOS-0 completely degraded MB
(10 ppm, 100 mL) in 5 min. The 50 mg CuNiOS-3 and CuNiOS-4
completely degraded Cr(VI) (50 ppm, 100 mL) also in 5 min. Our
catalysts showed the superior catalyst activity in accelerating the
pollutant redox reactions. The major key characteristics for the
redox reactions are the electrical hole transport between Cu+ and
Cu2+ in CuNiOS with a lower Cu+/Cu2+ ratio and the electron trans-
port between Cu+ and Cu2+ in CuNiOS with a high Cu+/Cu2+ ratio.
The exchangeability in charge is related to the existence of S6+

and its chemical bonding state with others in lattice. This study
develops a novel CuNiOS catalyst system, which provides possible
practical applications for MB degradation and Cr(VI)-containing
wastewater treatment and other environment issues, even for
green chemistry.
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