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a b s t r a c t
Using Cu(NO3)2·3H2O and NH4NO3 as raw materials, a series of copper hydroxyfluoride (CuOHF) 
catalysts were synthesized with various amounts of HF addition by the solvothermal method at 
110°C. The products were characterized by X‐ray diffraction, Fourier transform infrared, scanning 
electron microscopy. Their catalytic activity as heterogeneous Fenton catalysts was evaluated by 
using rhodamine B (RhB) as a simulated pollutant. The results showed that the amount of HF addi‐
tion significantly affected the catalytic activity of the products. Their activity depended on not only 
the chemical composition but also the physical structure of the products. The spherical CuOHF syn‐
thesized under the condition of F/Cu  =  1.7 showed the highest catalytic activity. The hierarchical 
structure of the spherical CuOHF may enhance the catalytic activity by providing more active sites. 
Using this CuOHF as the catalyst, the decolorization efficiency of 98% were reached for 50  mg/L 
RhB in 120 min under the condition of 40°C, pH 4.5, 20 mmol/L H2O2, and 0.15 g/L CuOHF. Under 
the same condition, the removal of TOC reached near 50%. This CuOHF also showed a wide usable 
pH range (3.5–9.5), high H2O2 utilization, and excellent stability. The highly oxidized HO• generated 
by the spherical CuOHF activating H2O2 contributed to the degradation of the pollutant.

Keywords: �Copper hydroxyfluoride; Solvothermal synthesis; Heterogeneous Fenton; Advanced 
oxidation

1. Introduction

Wastewaters discharged by many industries contain 
toxic organic substances such as dyes, drugs, pesticides, 
and phenols. These pollutants are difficult to be treated 
by conventional biological systems, seriously threatening 
the water ecological environment. Treating these pollut‐
ants by physical methods, such as flocculation, adsorption, 
and membrane technique can only separate pollutants, 
which still need to be further treated [1]. Chemical meth‐
ods, especially advanced oxidation processes (AOPs), can 
degrade these recalcitrant organic pollutants into harmless 
small molecules such as water and carbon dioxide by highly 

active free radicals [2–5]. An example of AOPs is the classi‐
cal Fenton method. In this method, Fe2+ ions are employed 
to activate H2O2 generating hydroxyl radicals (•OH), the 
second strongest oxidant known after fluorine. The classical 
Fenton method has been widely used in commercial treat‐
ment systems because of its high activity and mild operat‐
ing conditions [6,7]. However, some obvious defects, such 
as a narrow acidic pH range (2.5–3) of operation, the low 
utilization efficiency of H2O2, and a large residue of iron 
hydroxide, hamper the wider application of this method. 
To overcome these defects, heterogeneous Fenton catalysis 
with solid Fe-containing materials instead of homogeneous 
Fe2+ ions has been widely concerned [8–11]. Nevertheless, 
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when using these Fe-containing materials as heterogeneous 
Fenton catalysts, their highest catalytic activity appeared 
usually still at weak acid conditions of around pH 3 [6,12–15]. 
In view of this, much attention has been paid to non-iron 
materials in recent years [16]. Copper may be the most stud‐
ied active species of non-iron heterogeneous Fenton cata‐
lysts, and Cu-containing materials usually have a wider pH 
range of application [16,17]. Studied Cu-containing active 
materials include copper oxide, cuprous oxide, layered 
hydroxy copper salt, etc. [16–26]. Low activity and poor 
stability of the catalysts were the main obstacles to practi‐
cal application. Therefore, exploring new catalytic materials 
is still an important work.

Copper hydroxyfluoride (CuOHF, CAS 13867-72-6), also 
known as cupric hydroxide fluoride, copper hydroxide flu‐
oride, or copper fluoride hydroxide, is a layered hydroxyl 
salt (LHS) with brucite structure [27]. The layer structure is 
formed by sharing edges of Cu(OH)3F3 octahedrons. In an 
octahedron, one F atom and three O atoms connect with one 
Cu atom on the equatorial plane, and the other two F atoms 
are located at the two ends of the octahedron, which con‐
nect with the Cu atom through the elongated F–Cu bonds. 
O atoms is further bound to H atoms forming hydroxyl 
groups (–O–H). These layers are connected to each other by 
hydrogen bonds (–O–H ······ F).

CuOHF is mainly used as a sensitizer in the atomic emis‐
sion spectrometric analysis, which can significantly improve 
the determination sensitivity of boron and silicon [28]. There 
are few studies on its synthesis and application. The only 
example as a catalyst was reported by a Chinese patent 
(CN 103274917A) that CuOHF catalyzed the synthesis of 
benzoyl derivatives from diphenylacetylene. In this reac‐
tion, the CuOHF catalyst was prepared complicatedly by 
mixing the copper powder with 1-Chloromethyl-4-fluoro-
1,4-diazabicyclo [2,2,2] octane bis (tetrafluoroborate) in the 
mixed solvent of organic solvent and water.

In this study, we report the solvothermal synthesis of 
CuOHF and its catalytic performance as a heterogeneous 
Fenton catalyst for the first time. We found that the struc‐
ture and morphology of the synthesized products obviously 
affected the catalytic performance. The spherical CuOHF 
showed high catalytic activity, good stability, and effective 
H2O2 utilization.

2. Methodology

2.1. Preparation of catalysts

The catalysts were synthesized by a solvothermal 
method using anhydrous ethanol as solvent. In a Teflon-
lined stainless steel autoclave, 0.97  g of copper nitrate 
(Cu(NO3)2·3H2O) and 0.16 g of ammonium nitrate (NH4NO3) 
were mixed in 30 mL of anhydrous ethanol. Then a certain 
amount of hydrofluoric acid (HF, 40%) was dropped in the 
ethanol solution under stirring. The autoclave was sealed 
and put into an oven. The crystallization was carried out 
at 110°C for 20 h without stirring. The autoclave was then 
quenched to room temperature and the solid product was 
filtered, washed, and dried at 80°C for 8  h. To investigate 
the effect of HF amount on the synthesis, various amount 
of HF was added and the range of F/Cu ratio was 0–3.4.

2.2. Characterization of catalysts

X-ray diffraction (XRD) patterns of the synthesized prod‐
ucts were determined by using a D8 advance X-ray diffrac‐
tometer (Bruker, German) employing Cu Kα radiation. Fourier 
transform infrared (FTIR) spectra were obtained on a WQF-510 
FTIR spectrophotometer (BRAIC Co., China). Scanning elec‐
tron microscopy (SEM) images were recorded on a JSM-7500F 
SEM (JEOL, Japan). X-ray photoelectron spectroscopy (XPS) 
measurements were conducted on a Thermo Scientific-Escalb 
250XI electron spectrometer (Thermo Scientific Inc., USA).

2.3. Evaluation of catalytic activity

The catalytic activity of the synthesized products as het‐
erogeneous Fenton catalysts was evaluated using rhodamine 
B (RhB) as a simulated pollutant. The degradation experi‐
ments of RhB were carried out in a glass reactor of 400 mL 
with magnetic stirring. The reactor was immersed in a con‐
stant temperature water bath. In a typical run, 200 mL of RhB 
solution (pH  =  4.5) with the concentration of 50  mg/L and 
30 mg of the synthesized catalyst were added in the reactor 
(catalyst dosage 0.15 g/L). After the temperature was constant 
at 40°C, the degradation was initiated by adding 4 mL of H2O2 
solution, which was diluted by 10-fold with hydrogen perox‐
ide reagent (H2O2, 30%) before the experiment. In this case, 
the H2O2 dosage was 20 mmol/L. At given time intervals, a 
5  mL solution was taken out and centrifuged immediately 
to remove the residual catalyst. The solution concentration 
of the dye was measured at the maximum absorption wave‐
length (554 nm) of RhB using a UV-2450 UV-vis spectropho‐
tometer (Shimadzu, Japan). The decolorization efficiency (η) 
of RhB solution was calculated by the following equation:

η =
−

×
C C
C

t0

0

100% 	 (1)

where C0 is the initial concentration of RhB, and Ct is the 
concentration of RhB at time t.

To study the effect of variables on the degradation, the 
experiments were repeated under different initial pH val‐
ues (3.5–9.5), catalyst dosages (0–0.5  g/L), H2O2 dosages 
(0–50  mmol/L), initial dye concentrations (25–150  mg/L), 
and temperatures (30°C–60°C). If necessary, the pH of the 
RhB solution was adjusted by adding a small amount of 
NaOH or H2SO4 solution. Unless otherwise specified, the 
operating parameters were the same as those of the typical 
run.

The UV-vis absorption spectra of RhB degradation 
process were also recorded using the UV-2450 UV-vis 
spectrophotometer. The removal of total organic carbon 
(TOC) was monitored using an Elab-TOC TOC analyzer 
(Suzhou Elab Analytical Instrument Co., Ltd., China).

3. Results and discussion

3.1. Preparation of CuOHF

3.1.1. XRD analysis

We have reported the solvothermal synthesis of copper 
hydroxynitrate (Cu2(OH)3NO3) at a higher temperature 
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of 150°C by using Cu(NO3)2·3H2O and NH4NO3 as raw 
materials. Due to the high temperature, a trace amount 
of Cu2O formed by the reduction of Cu(II), doping in the 
Cu2(OH)3NO3 phase [29]. In this study, the synthesis tem‐
perature was lowered to 110°C and the pure Cu2(OH)3NO3 
without Cu2O impurity was obtained (Fig. 1a and Fig. S1). 
When adding a small amount of HF (F/Cu = 0.6) to this syn‐
thesis system, the Cu2(OH)3NO3 diffraction peaks of the 
product decreased significantly, while the obvious CuOHF 
diffraction peaks appeared [30]. When increasing HF to F/
Cu  =  1.1, which is only slightly higher than the theoreti‐
cal amount of CuOHF, the Cu2(OH)3NO3 diffraction peaks 
disappeared completely, indicating the pure CuOHF prod‐
uct was synthesized. When further increasing the amount 
of HF, the intensity of 001 peak increased rapidly and the 
width of the peak narrowed obviously. Meanwhile, 12-1 
peak shifted obviously, 120 and 12-2 peaks shifted slightly to 
the low angle, but 001 and 20-2 peaks almost remained con‐
stant (Fig. 1a and Fig. S2). These results showed that CuOHF 
was stabler in this solvothermal system, and Cu2(OH)3NO3 
was easy to be converted into CuOHF. This conversion was 
accomplished by partially replacing O atoms of Cu(OH)6 
octahedrons with F atoms to form Cu(OH)3F3 octahedrons. 
When the addition of HF was low, F content of CuOHF did 
not achieve the theoretical amount, thus a small amount of 
Cu(OH)4F2, Cu(OH)5F1, or Cu(OH)6 octahedrons still existed 
in the structure of CuOHF. This inconsistency of structural 
units resulted in the lower crystallinity of the synthesized 
products. With the increase of HF, more Cu(OH)3F3 octahe‐
drons formed and the crystallinity of CuOHF increased. The 
elongated F–Cu bonds at the two ends of the octahedrons 
may form finally, mainly resulting in elongation in the b 
direction of the crystal cell of CuOHF. So, the layer spacing 
(d001) almost kept constant and the 12-1 peak obviously shift 
to the low angle (Fig. S1).

It should be pointed out that if NH4F was used instead 
of HF, the pure phase of CuOHF cannot be synthesized, 
and the product was mainly Cu2(OH)3NO3 mixed with a 
small amount of CuOHF. When using HNO3 instead of HF, 
the formation of Cu2(OH)3NO3 was not affected (Fig. 1b). 
These results showed that the acidity of HF played an 
important role in the formation of CuOHF pure phase.

3.1.2. FTIR analysis

The influence of the amount of HF on the synthesis was 
further confirmed by FTIR (Fig. 2). Without adding HF, the 
FTIR spectrum of the product was consistent with that of 
Cu2(OH)3NO3 reported in the literature [31,32]. The absorp‐
tion peak between 3,600 and 3,000 cm–1 was caused by the 
stretching vibration of O–H, and the peak near 3,544  cm–1 
indicated the existence of free O–H groups. The peaks at 
1,422 and 1,337  cm–1 belonged to the antisymmetric and 
symmetric stretching vibration of –NO2, respectively. The 
peak at 1,047  cm–1 belonged to the stretching vibration of 
N–O bonds in O–NO2 groups. The peak at 1,384 cm–1 indi‐
cated the existence of free NO3

–. The absorption peaks at 
878, 784, and 675 cm–1 are caused by the bending vibration 
of Cu–O–H. The different frequencies were due to the dif‐
ferent degree of hydrogen bonding. The peaks at 512 and 
427 cm–1 were attributed to the vibration of Cu–O. In partic‐
ular, there was no characteristic absorption peak of Cu2O in 
the range of 640–610 cm–1 [33,34], which further proved that 
Cu2(OH)3NO3 synthesized at a lower temperature (110°C) 
did not contain Cu2O impurity.

When a small amount of HF was added to the synthe‐
sis system (F/Cu  =  0.6), the absorption peaks associated 
with Cu2(OH)3NO3 decreased obviously, and some new 
absorption peaks began to appear. When HF was increased 
to F/Cu  =  1.1, only a weak peak (1,384  cm–1) of free NO3

– 
remained. This result indicated that there existed residual 
NO3

– in the synthesized CuOHF, although according to the 
XRD results the product should be pure CuOHF. With the 
increase of HF, the peak of free NO3

– disappeared completely. 
In this case, the FTIR spectrum of pure CuOHF was obtained.

There are few studies on the vibration spectra of CuOHF. 
As far as we know, the infrared spectrum of CuOHF has not 
been reported, and its Raman spectrum was reported in only 
one paper [27]. Based on the Raman spectrum of CuOHF 
and the infrared absorption of related groups, we tried to 
assign the characteristic absorption peaks of CuOHF. The 
wide peak between 3,600 and 3,000 cm–1 was undoubtedly 
considered as the stretching vibration of O–H. The maxi‐
mum absorption shifted to 3,176 cm–1 due to the formation 
of stronger hydrogen bond (–O–H ······ F). There was no 
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Fig. 1. XRD patterns of the products synthesized under (a) various amount of HF and (b) different additives.
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stretching vibration peak of the free O–H near 3,600  cm–1. 
The absorption peak at 1,638 cm–1 belonged to the bending 
vibration of adsorbed water. The strong absorption peak at 
951 cm–1 and the shoulder peak at 994 cm–1 can be attributed 
to the O–H deformation vibration. The peak at 448 cm–1 can 
be attributed to the vibration of Cu polyhedron.

3.1.3. SEM and XPS analysis

The SEM images of the samples synthesized under 
different amounts of HF are shown in Fig. 3. It can be seen 
from the figure that the morphology of Cu2(OH)3NO3 syn‐
thesized without HF was mainly plate-like crystal. When a 

small amount of HF was added to F/Cu = 0.6, the sample was 
a mixture of plate-like crystal, small debris, and microsphere 
with a rough surface. Based on the XRD and FTIR analysis, 
it can be inferred that the small debris and microsphere was 
CuOHF. With the increase of HF content, the microsphere 
in the product increased gradually. When the F/Cu was up 
to 1.7, the product was almost microsphere with a diameter 
of about 5–15 μm. The microsphere had an intertexture-like 
hierarchical structure formed by thin sheets. However, with 
the further increase of HF addition, the regular microsphere 
decreased, and the disk-like product with a diameter of 
about 20 μm appeared.

The spherical product of F/Cu = 1.7 was further charac‐
terized by XPS, the results as shown in Fig. S3. The element 
composition (Cu2p 935.5  eV, O1s 532.0, and F1s 684.4  eV) of 
the product was confirmed by the survey scan. The weak 
C1s peak at about 285  eV comes from carbon contami‐
nants. The high-resolution spectrum of Cu2p showed that 
there was Cu(II) in the product, because of the existence of 
shake-up peaks along with the main peaks [35].

3.2. Effect of synthesis conditions on catalytic activity

The catalytic activity of the products was significantly 
affected by the amount of adding HF in the synthesis sys‐
tem (Fig. 4). The pure Cu2(OH)3NO3 synthesized without 
HF showed relatively low catalytic activity, and the decol‐
orization efficiency of RhB was only about 30% in 20  min. 
With the increase of HF the catalytic activity of the products 
obviously improved. The microsphere of CuOHF synthe‐
sized at F/Cu  =  1.7 exhibited the highest catalytic activity. 
The decolorization efficiency of RhB was up to about 70% 
in 20 min. The calculated initial first-order kinetic constant 
is 3.3  times higher than that of Cu2(OH)3NO3. However, 
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Fig. 3. SEM images of the products synthesized under various amount of HF.
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the further increase of HF addition resulted in a decrease 
of catalytic activity. This indicated that the catalytic activ‐
ity of the synthesized products depended on not only 
the chemical composition but also the physical structure. 
The hierarchical structure of the spherical CuOHF enhanced 
the catalytic activity by providing more active sites.

It should be noted that the catalytic degradation of the 
dye by the spherical CuOHF in 120 min was slightly lower 
than that by the other samples. This phenomenon may be 
the embodiment of high catalytic activity. Properly reduc‐
ing the dosage of the catalyst can solve this problem (see 
the following discussion about the effect of the CuOHF 
dosage). If the degradation temperature increased from 
30°C to 40°C, the catalytic activity of all samples enhanced 
significantly, and the difference in the activity between the 
samples decreased. In the following sections, the catalytic 
performance of only the spherical CuOHF was studied.

3.3. Effects of operation conditions on the dye degradation

3.3.1. Initial pH

The spherical CuOHF presented a wide range of usable 
initial pH (3.5–9.5) (Fig. 5a), which can reduce the operation 
cost of adjusting the pH before and after the wastewater 
treatment. At around the initial pH 4.5 the catalyst showed 
the highest catalytic performance. The decolorization effi‐
ciency reached about 80% in 20  min and 98% in 120  min. 
When pH increased to 9.5, the decolorization efficiency 
was still over 60% in 20 min and nearly 90% in 120 min.

3.3.2. CuOHF dosage

The effect of CuOHF dosage on the RhB degradation is 
shown in Fig. 5b. As a comparison, H2O2 itself showed very 
weak oxidative ability, and the decolorization efficiency was 
below 10% in 120 min. H2O2 can be activated significantly by 

adding only 0.05 g/L CuOHF as the catalyst. The decoloriza‐
tion efficiency was about 50% in 20 min and 98% in 120 min. 
This dosage was considerably lower than that of many het‐
erogeneous Fenton catalysts reported in recent years [11], 
indicating CuOHF had high catalytic activity. Increasing 
CuOHF dosage can improve the initial degradation, but 
excessive catalyst (>0.15 g/L) reduced the final degradation 
instead. For example, when the CuOHF dosage was 0.5 g/L, 
the decolorization efficiency was about 80% in 20 min but 
only 87% in 120 min. This phenomenon was different from 
the decrease of degradation performance caused by exces‐
sive catalyst scavenging hydroxyl radicals, as reported in 
many literature [11]. It may be explained by the high cat‐
alytic activity of the spherical CuOHF for activating H2O2. 
The excessive catalyst contacted H2O2 with a relatively high 
concentration at the initial stage of the degradation, par‐
tially resulting in the decomposition of H2O2, because the 
hydroxyl radicals produced by catalytically activating H2O2 
did not attack the dye immediately owing to the diffusion 
limitation. In fact, tiny bubbles were observed releasing 
from the surface of the catalyst at the initial stage of degra‐
dation. To reduce the H2O2 decomposition and improve its 
utilization, batch adding H2O2 should be a useful strategy.

3.3.3. H2O2 dosage

The efficient utilization of H2O2 plays a key role in 
reducing the cost of wastewater treatment when using 
Fenton process. However, the H2O2 dosage required in 
many heterogeneous Fenton processes was too high, usu‐
ally dozens of times higher than the theoretical value [11]. 
The spherical CuOHF showed a high utilization of H2O2, as 
shown in Fig. 5c. According to the stoichiometric relation‐
ship, an H2O2 dosage of 7.3 mmol/L is theoretically required 
for completely mineralizing RhB of 50  mg/L (correspond 
to 0.1 mmol/L) [36]. When the H2O2 dosage was 5 mmol/L, 
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which is only 68% of the theoretical value, the decolorization 
efficiency was more than 80% in 120  min. When the H2O2 
dosage was 10 mmol/L, which is only 1.4 times the theoret‐
ical value, the decolorization efficiency was about 93% in 
120  min. When the dosage was 20  mmol/L, which is only 
2.7 times the theoretical value, the decolorization efficiency 
reached about 98% in 120 min. Of course, decolorization of 

the dye does not mean its complete mineralization. Further 
increasing H2O2 dosage did not obviously improve degra‐
dation. An excessive H2O2 concentration would result in a 
decrease of the degradation, because H2O2 itself was a free 
radical scavenger [11]. On the other hand, almost no decol‐
oration was observed in the absence of H2O2, indicating that 
the spherical CuOHF hardly adsorbed RhB.
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3.3.4. Degradation temperature

Expectedly, increasing the temperature significantly 
increased the degradation, as shown in the Fig. 5d. The 
decolorization efficiency in 120 min was about 78% at 30°C 
and 98% at 40°C. When the temperature rose to 50°C and 
60°C, the decolorization efficiency in 10 min was close to 90% 
and 100%, respectively. It can be expected that at a higher 
temperature, a better degradation can be achieved at a lower 
concentration of H2O2 and a smaller dosage of the catalyst.

3.3.5. Initial RhB concentration

The degradation at various initial concentration of RhB 
is shown in Fig. 5e. In these experiments, the initial H2O2 
concentrations were kept at 20 mmol/L, so the decoloriza‐
tion efficiency of RhB decreased with the increase of ini‐
tial RhB concentration. When the initial concentration of 
RhB was 100  mg/L, the decolorization efficiency reached 
more than 90% in 120 min, although in this case, the H2O2 
dosage is only 1.4  times of the theoretical requirement. 
When the initial concentration of RhB was increased to 
150 mg/L, the decolorization efficiency was still over 80%, 
in this case, the H2O2 dosage was only 91% of the theoretical 
value. These results also showed that the spherical CuOHF 
presented high activity and high utilization of hydro‐
gen peroxide. It can be predicted that wastewaters with 
higher concentration can be more completely degraded by 
increasing temperature and H2O2 dosage.

3.4. Stability of the spherical CuOHF

The long-term stability of a catalyst is the key factor 
for its practical application. We tested the stability of the 
spherical CuOHF by filtering out the used catalyst, dry‐
ing, and then reusing it to catalytically degrade RhB. 
The results showed that the spherical CuOHF had good 

stability. Although the third repeated experiment showed 
that the catalytic activity decreased slightly, and the decol‐
orization efficiency in 120 min decreased from 98% in the 
first use to about 93%, the activity tended to be stable. In 
the fifth repeated experiment, the decolorization efficiency 
was still about 93% in 120 min (Fig. 6).

We also characterized the crystal phase, structure, and 
morphology of the spherical CuOHF before and after use 
by XRD, FTIR, and SEM (Figs. S4–S6). The results showed 
that the crystallinity of the used catalyst was lower than that 
of the fresh catalyst, but the crystal phase did not change 
and no new phase formed. The morphology remained 
spherical without obvious change.

3.5. Mechanism of catalytic degradation

The determination of effects of quenching agents on 
degradation is simple ways to identify active species 
[37,38]. The active species of Fenton process is HO•. In 
order to identify HO•, isopropanol as the HO• quenching 
agent was added into the reaction system, and the results 
are shown in Fig. 7. The addition of isopropanol almost 
completely inhibited the activity of the spherical CuOHF. 
In this case, the decolorization efficiency was only about 
18% in 120  min. Nevertheless, without adding isopropa‐
nol, the decolorization efficiency was 98% in the same 
period. This result confirmed that HO• was produced by 
CuOHF activating H2O2 and acted as the dominating reac‐
tive species [38].

The UV-vis adsorption spectra of RhB degrada‐
tion process are shown in Fig. 8. It can be seen that the 
RhB solution has a strong absorption peak at 554  nm 
attributed to xanthene-conjugated chromophore and an 
obvious absorption peak at 260  nm attributed to aromatic 
ring. The highly oxidized HO•, which was generated 
by the spherical CuOHF activating H2O2, destroyed the 
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Fig. 6. Catalytic stability of the spherical CuOHF and the catalytic activity of the filtrate.
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unsaturated bonds of these chromophores and conjugated 
groups rapidly, making these peaks drop sharply, and dis‐
appear almost at last [39,40]. As we all know, the oxidation 
decolorization of a dye does not mean its complete miner‐
alization. We monitored the removal of TOC in the degra‐
dation process. The results showed that although the decol‐
orization efficiency reached 98% in 120  min, the removal 
of TOC was only nearly 50%. This is mainly because the 
intermediate products such as formic acid and acetic acid 
are more difficult to be removed than dyes by Fenton oxi‐
dation. Although the dyes are not completely mineralized 
into inorganic substances, these intermediates are generally 
nontoxic, and easy to be further treated by conventional bio‐
logical methods.

The leaching of metal species of heterogeneous Fenton 
catalysts is almost inevitable during the degradation pro‐
cesses [8]. Due to iron and copper ions is also used as homo‐
geneous Fenton catalysts, in some cases, the degradation of 

pollutants may be mainly attributed to the homogeneous 
catalysis of leaching metal ions [41]. For the CuOHF cat‐
alyst not only Cu2+ but also F– may leach out during the 
degradation process. There may be promoting effect of 
F– on Cu-Fenton catalysis [36]. In order to confirm that 
the degradation is mainly attributed to the heterogeneous 
catalysis of the spherical CuOHF, we tested the homoge‐
neous catalysis of the filtrate after dye degradation, and 
the results are also shown in Fig. 6. The results showed 
that the catalytic activity of the first filtrate was very low, 
and the decolorization efficiency was only about 30% in 
30 min and 70% in 120 min, which were far lower than 93% 
in 30 min and 98% in 120 min when using CuOHF as the 
catalyst. This fully confirmed the degradation was mainly 
based on the heterogeneous catalytic activation of H2O2 
by the CuOHF. After five repetitions the catalytic activity 
of the filtrate further lowered, and the decolorization effi‐
ciency decreased to only about 50% in 120 min. This also 
implied that after several repetitions the copper leach‐
ing decreased gradually and the CuOHF catalyst tended  
to be stable.

4. Conclusions

Copper hydroxyfluoride (CuOHF) was synthesized 
by a solvothermal method under various HF additions. Its 
catalytic activity as a novel heterogeneous Fenton catalyst 
was evaluated by using rhodamine B (RhB) as a simu‐
lated pollutant. The amount of HF addition significantly 
affected the catalytic activity of the products. The catalytic 
activity of the synthesized products depended on not only 
the chemical composition but also the physical structure. 
The spherical CuOHF synthesized under the condition of 
F/Cu = 1.7 showed the highest catalytic activity. The hier‐
archical structure of the spherical CuOHF may enhance 
the catalytic activity by providing more active sites. This 
CuOHF also showed a wide usable pH range and excel‐
lent stability. The highly oxidized HO•, which generated 
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Fig. 7. Inhibition of adding isopropanol on the catalytic 
activity of the spherical CuOHF.
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Fig. 8. UV-vis spectra of RhB during degradation process (insert: TOC changes with degradation).
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by the spherical CuOHF activating H2O2, contributed to 
the degradation of the pollutant.
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Supplementary information

Solvothermal synthesis of spherical copper hydroxyfluoride (CuOHF) and its heterogeneous Fenton catalytic activity
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Fig. S1. XRD patterns of the products synthesized under various amount of HF.
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Fig. S2. Interplanar spacing changes of the synthesized CuOHF with F/Cu ratio (based on the F/Cu = 1.1).
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Fig. S3. XPS (a) survey scan and (b) high-resolution spectrum of Cu2p of the spherical CuOHF.
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Fig. S4. XRD patterns of the spherical CuOHF before and after use.
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Fig. S5. FTIR spectra of the spherical CuOHF before and after use.
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Fig. S6. SEM images of the spherical CuOHF before and after use.
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