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a b s t r a c t
The work reports the fabrication of C@(Fe3O4–halloysite nanotubes)–Ag/AgCl by growing Ag/AgCl on 
the surface of the carbonization of halloysite nanotubes (hereinafter referred to as HNTS) supported 
ferroferric oxide hybrid via precipitation–photoreduction method. The structural characteristics of 
the resulting composite catalyst were studied with X-ray powder diffraction, SEM–energy dispersive 
X-ray spectroscope, X-ray photoemission spectroscopy, Fourier transform infrared spectroscopy and 
UV–Vis diffuse reflectance spectra; the photocatalytic performance of the resulted catalysts were tested 
using methyl orange (MO) as a model contaminant under visible light irradiation (λ > 400 nm). The C@
(Fe3O4–HNTS)–Ag/AgCl composites with 5 wt% C@(Fe3O4–HNTS) showed the highest photocatalytic 
activity, degrading 97.71% MO after 40 min irradiation and maintaining the high activity even after 
five cycles. Except for the high removal efficiency of MO, remarkable ·O2

– generation performance, and 
good stability of C@(Fe3O4–HNTS)–Ag/AgCl could be attributed to the presence of carbon-containing 
organic group and Fe3+ as well, which can act as an electron acceptor for photo-induced electrons from 
Ag/AgCl during the photocatalytic process and then inhibit the photocorrosion.

Keywords: Halloysite nanotubes; Ag/AgCl; Fe3O4; Composite; Photocatalytic activity

1. Introduction

Photocatalytic technology, which can utilize solar energy 
as direct driving force, has obvious advantages and potential 
application value in solving the problem of energy shortage 
and environmental pollution, is one of the hot research topic 
in the field of environmental purification. The basis on which 
photocatalytic technology plays a role in the two fields men-
tioned above is preparation of efficient photocatalytic mate-
rials. However, traditional photocatalyst TiO2 with large 
band gap (3.0–3.2 eV) can only absorb UV light and restricts 
its wide practical applications in the case of natural solar 
light, hence exploiting visible-light–driven photocatalyst is 
the key to utilize solar energy efficiently. Except for anion 

doping, cation doping, co-doping, crystal facets control, het-
erojunction fabrication and surface amorphization, as a novel 
approach to improve the visible-light–driven photocatalytic 
performance, plasmonic photocatalyst which can combine 
the advantages of both surface plasmon resonance (SPR) and 
photocatalysis has attracted more attention since it was first 
reported in 2008 [1].

As a general rule, plasmonic photocatalysts include 
noble metal (such as Ag, Au and Pt) and semiconductor (such 
as Ag/AgCl, Ag/AgBr and Ag/AgI) [2]. It has been reported 
that silver–silver halide composite nano-photocatalysts 
with visible light response and SPR can be used for the 
degradation of pollutants [3]. Silver-based photocatalyst is 
widely used to study the degradation of organic pollutants 
in water, photocatalytic hydrogen production and chemical 
synthesis [4–6]. Tian et al. [7] reported that the main factor 
affecting the photostability of Ag/AgCl was the content of 
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Ag0 nanoclusters. Studies have also shown that oxidizability 
of Cl· generated by silver-based catalysts Ag/AgX (X = Cl, 
Br) in the photocatalytic reaction process is better than that 
of Br· and I· [8]. However, Ag/AgCl also suffers from a 
high recombination rate of photogenerated electron–hole 
pairs and photocorrosion in the photocatalytic process, 
which greatly inhibit their practical applications. As AgCl 
is reduced to Ag0, the content of AgCl is relatively lowered, 
which, in turn, will inhibit the generation rate of holes and 
Cl· [9]. In order to solve this problem, the silver/silver halide 
photocatalyst is deposited on the surface of the semicon-
ductor photocatalyst, and the composites photocatalysts 
with heterojunction is prepared, which can accelerate the 
transfer of photo-generated electrons, inhibit the recom-
bination of photo-generated electron–holes pairs and the 
photocorrosion of the photocatalysts [10], and noble metal 
nanoclusters can form Schottky junctions with semiconduc-
tor photocatalysts to enhance photocatalytic property of 
composites [11]. Liu et al. [12] prepared an Ag@AgCl/Cu2O 
composite photocatalyst by directly growing Ag@AgCl 
nanoparticles on (111) facets of octahedral Cu2O via a fac-
ile precipitation in situ photoreduction method, which can 
effectively inhibit the recombination of photo-generated 
electron–hole pairs. The separation and reclamation of 
Ag/AgCl particles are crucial for their further applications. 
Moreover, Li et al. [13] and Dong et al. [14] synthesized 
AgX-SmVO4 (X = Br, Cl, I) via deposition method, showed 
high visible-light photocatalytic activity for the photocat-
alytic degradation of rhodamine B (RhB) in aqueous solu-
tions. Zhao et al. [15] deposited Ag on Fe3O4@TiO2 surface 
by hydrothermal method to form binary composite photo-
catalyst. Fe3O4 not only provides more active sites for the 
formation of ·O2

– but also highlights the advantages of the 
composites for easy separation, and the heterojunction and 
Fe3O4 cocatalyst in the composite can facilitate the transfer 
of photogenerated charge carriers. The smaller specific sur-
face area of cubic Ag/AgCl is also the main factor restrict-
ing its photocatalytic activity. Some researchers synthesized 
Ag/AgCl/ZnO [16], Ag/AgCl/SiO2 [17], Ag/AgBr/TiO2 [18], 
flower-like Ag@AgCl/Bi2WO6 [19], K4Nb6O17/Ag@AgBr [20] 
and other composites photocatalysts. When Ag/AgCl is 
dispersed on these materials (such as SiO2 and ZnO), they 
become much smaller in size, therefore the specific surface 
area and active site of the composites increased. The Ag/AgX 
of smaller particles favors the transfer of photogenerated car-
riers and reduces the recombination rate of photogenerated 
electron–hole pairs [21]. So, it is the main approach to pro-
mote the application of Ag/AgCl plasmonic photocatalysts 
by suppressing the recombination of photogenerated elec-
tron–hole pairs, enhancing its separation performance and 
increasing its specific surface area. Song et al. [22] studied 
the photocatalytic activity of CS-Ag3PO4. The results showed 
that the interfacial effect of C-microspheres and Ag3PO4 con-
tribute to improving the photoactivity. Z-Scheme AgI/Bi5O7I 
hybrid and AgBr/Bi3O4Br hybrid were successfully prepared 
via a simple one-step ionic reaction, AgI particles are closely 
anchored on Bi5O7I micro rods, the interactions between the 
components are important for the formation of a hetero-
junction structure in the composite photocatalysts, and this 
structure contributes to the separation of electron–hole pairs 
and subsequently results in their high photoactivity [23,24].

Clay materials could be categorized into cationic clays 
and anionic clays [25], they have specific features such as their 
nanometer-scale layers and interlayers and their capacity 
for versatile tuning of the components on layers and within 
interlayers, so they are very suitable to be designed and 
transformed into function materials. In recent decades, clay 
materials have been widely used as adsorbents for the enrich-
ment of organic pollutants and heavy metal ions because 
of their special layered structure, large specific surface area 
and good adsorption performance. Xu et al. [26] synthe-
sized Ag3PO4/Fe-Al/Mt composites photocatalyst by loading 
Ag3PO4 on hydroxyl-iron-aluminum pillared montmorillon-
ite (Fe-Al/Mt), in which Fe3+ worked as an active site for the 
following oxygen reduction to reduce the recombination rate 
of photogenerated e–h+, accelerate the transfer of photogene-
rated carriers and prevent the photocorrosion of Ag3PO4. Liu 
and Zhang [25] proposed that clay materials as carriers for 
photocatalysts have two advantages: first, good adsorption 
performance and the hydrophilic group on the surface favor 
to enrich dye molecules and accelerate the photocatalytic 
reaction rate; second, some clay materials can directly partici-
pate in the photochemical reaction by their functional groups, 
improve the separation of electron and hole pairs, thereby 
enhancing the photocatalytic activity and photostability.

In the present paper, halloysite nanotubes (HNTS) were 
selected as the pore-forming agent to increase the specific 
surface area of Ag/AgCl. The carbon-containing functional 
groups were grafted on the surface of HNTS to improve the 
performance of photoexcited electron trapping. The pre-
pared composites material C@(Fe3O4–HNTS) was used as 
cocatalyst to accelerate the transfer of photogenerated charge 
carriers. Finally, composites plasmonic photocatalyst C@
(Fe3O4–HNTS)–Ag/AgCl was synthesized by the “three-step 
method”. This work provides a new material and theoretical 
reference for the photocatalytic degradation of organic sub-
stances such as azo dyes.

2. Experimental section

2.1. Materials

Hexahydrate ferric chloride, ethylene glycol, sodium 
acetate trihydrate, polyethylene glycol, glucose, anhydrous 
ethanol, silver nitrate and sodium chloride were all pur-
chased from Sinopharm Group Chemical Reagent Co., Ltd. 
(Shanghai China). HNTS were purchased from Yatong Mineral 
Powder Factory, Hebei Province, China.

All the chemicals used were of analytical grade. Deionized 
water was used throughout the experiments.

2.2. Preparation of Fe3O4–HNTS

A typical preparation method of Fe3O4–HNTS composites 
was as follows: 

Accurately weigh 1.08 g of FeCl3·6H2O and dissolve it in 
a beaker filled with 80 mL ethylene glycol (EG) under a mag-
netic stirring condition to form a stable orange solution, and 
then immediately add 0.8 g of HNTS into the beaker, stirring 
for 24 h continuously. 5.8963 g of sodium acetate trihydrate 
(NaAc·3H2O) and 1.0 g of polyethylene glycol were then 
weighed into the aqueous dispersion mentioned above, then 
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the dispersion was magnetically stirred for 30 min enabling 
sodium acetate and polyethylene glycol to completely dis-
solve, forming precursor. The precursor was then sealed in 
a 100 mL Teflon-lined stainless steel autoclave and heated at 
200°C for 8 h, and then cooled down to room temperature. 
The as-prepared Fe3O4–HNTS was centrifuged and washed 
for three times with ethanol and deionized water.

2.3. Preparation of C@(Fe3O4–HNTS)

0.4 g of Fe3O4–HNTS composites was dispersed in 40 mL 
of glucose solution (10 g/L) under ultrasonic vibration to 
form a homogeneous dark suspension at 25°C. The suspen-
sion was then sealed in a 100 mL Teflon-lined stainless steel 
autoclave and maintained at 180°C for 48 h, and then cooled 
down to room temperature. The as-prepared black product 
C@(Fe3O4–HNTS) was rinsed for five times with ethanol and 
then centrifuged followed by washing for three times with 
ultrapure water, finally, dried at 70°C for 12 h under vacuum.

2.4. Synthesis of C@(Fe3O4–HNTS)–Ag/AgCl

1 wt% C@(Fe3O4–HNTS)–Ag/AgCl composites were pre-
pared by precipitation–photoreduction method.

In a typical process, 7.24 mg of C@(Fe3O4–HNTS) was 
dispersed in 200 mL deionized water to form suspension A. 
0.85 g of AgNO3 was weighed and added into suspension A, 
then, agitated for 2 h at a dark condition. 25 mL of NaCl aque-
ous solution (0.2 M) was added dropwise into the suspension 
A successively within 30 min under mechanical stirring. The 
vigorous stirring was maintained for 24 h at room tempera-
ture to form homogeneous suspension. And then, the suspen-
sion was irradiated with a 500 W xenon arc lamp for 15 min. 
Then, the resulting precipitate was separated and washed 
with deionized water and dried under 80°C for 12 h. The 
products were named as 1 wt% C@(Fe3O4–HNTS)–Ag/AgCl.

As mentioned above, four photocatalysts with different 
mass fraction of C@(Fe3O4–HNTS) were prepared, which 
refer to 1 wt% C@(Fe3O4–HNTS)–Ag/AgCl, 5 wt% C@(Fe3O4–
HNTS)–Ag/AgCl, 10 wt% C@(Fe3O4–HNTS)–Ag/AgCl, and 
15 wt% C@(Fe3O4–HNTS)–Ag/AgCl. When the mass percent-
age of the composite C@(Fe3O4–HNTS) introduced to plas-
monic photocatalyst C@(Fe3O4–HNTS)–Ag/AgCl was 1 wt%, 
the sample was named as 1 wt% C@(Fe3O4–HNTS)–Ag/AgCl, 
and so forth.

The pure Ag/AgCl was prepared using a similar method 
mentioned above without the addition of C@(Fe3O4–HNTS). 
Other mass ratios of C@(Fe3O4–HNTS)–Ag/AgCl were 
obtained by adding different mass of C@(Fe3O4–HNTS). Note 
that the washing works mentioned above were performed 
without protection from the ambient light.

2.5. Characterization

The infrared spectra of C@(Fe3O4–HNTS) and HNTS were 
determined by TENSOR 27 Fourier transform infrared spec-
troscopy (FTIR) by diffuse reflectance scanning technique 
from 4,000 to 400 cm–1. The UV–Vis absorption spectra of 
C@(Fe3O4–HNTS)–Ag/AgCl in solid state were obtained 
using a UV–Vis spectrophotometer (UV-2550, Shimadzu 
Corporation, Japan). The morphology and structure of the 

products were studied by transmission electron microscope 
(TEM: Tecnai 12, Philips company, Holland) equipped with 
an energy dispersive X-ray spectroscope (EDS) running at an 
acceleration voltage of 10 kV. The crystalline phases of pre-
pared materials were studied by X-ray diffractometer (D8 
Advance system, Germany Bruker group, Karlsruhe) with Cu 
Ka radiation (λ = 1.54 Å) in the 2θ range of 10°–80°. X-ray pho-
toemission spectroscopy (XPS) was measured on a PHI5300 
with a monochromatic Mg Kα source.

2.6. Photocatalytic performance test of 
C@(Fe3O4–HNTS)–Ag/AgCl

Photocatalytic activities of composite C@(Fe3O4–HNTS)–
Ag/AgCl were evaluated by methyl orange (MO) degrada-
tion experiments under visible light irradiation, which was 
provided by a 300 W Xe lamp with λ > 400 nm and light 
intensity of 60 mW/cm2.

In a typical photocatalytic degradation experiment, 50 mg 
of photocatalyst prepared was dispersed in 100 mL of MO 
aqueous solution with initial concentration of 10 mg/L. Then 
the suspension was first stirred for 0.5 h in the dark to ensure 
adsorption/desorption equilibrium between photocatalysts 
and MO, and then the lamp was lit to start irradiation. 4 mL 
of suspension was sampled per 10 min and centrifuged com-
pletely to remove all of the powder. After that, MO concen-
trations of the supernatant were monitored by recording the 
maximum absorption band (465 nm for MO). The degrada-
tion rate was calculated as following formula: 

E
A A
A

t=
−

×0

0

100%  (1)

where A0 is primal MO absorbance, At is time-dependent MO 
absorbance upon irradiation.

3. Results and discussion

3.1. Characterization

3.1.1. TEM–EDS analysis of the materials

TEM images of the samples are shown in Fig. 1. Fig. 1(a) 
is transmission electron micrograph of HNTS. It can be seen 
from Fig. 1(a), HNTS appear a hollow tubular structure, the 
tube length distribution is inhomogeneous, the longer one is 
about 800 nm long, the tube wall is thinner and about 10 nm. 
In addition, the halloysite tubes have external diameters of 
about 50–60 nm and inner diameters of about 10–20 nm, 
which is identical to those of previously reported samples. 
Fig. 1(b) is transmission electron micrograph of the cocata-
lyst C@(Fe3O4–HNTS). It can be seen from Fig. 1(b) that Fe3O4 
nanospheres were synthesized by ethylene glycol solvother-
mal method [27], with an average diameter of 20 nm. After 
hydrothermal treatment, the Fe3O4–HNTS was covered with 
a layer of organic molecules, in this research; Fe3O4–HNTS 
acted as template for the deposition of organic molecules, the 
presence of templates in hydrothermal carbonization process 
could effectively prevent the homogeneous nucleation of 
carbon species and promote the homogeneous deposition of 
carbonaceous matter on the external of templates.
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From Figs. 1(c) and (d), we can see that when C@(Fe3O4–
HNTS) was introduced to the Ag/AgCl sample, some holes 
can be seen on the particles’ surface and small amounts of 
HNTS were observed on the surfaces of the samples. The par-
ticles on C@(Fe3O4–HNTS)–Ag/AgCl composites surface may 
be Ag particles with more uniformly distributed and smaller 
size (10–50 nm).

3.1.2. X-ray powder diffraction

The phase structure of the HNTS, Fe3O4, C@(Fe3O4–HNTS), 
Ag/AgCl and 5 wt% C@(Fe3O4–HNTS)–Ag/AgCl was investi-
gated by X-ray powder diffraction (XRD). A typical XRD pat-
tern of the as-obtained samples are shown in Fig. 2. 

The XRD pattern of C@(Fe3O4–HNTS) (Fig. 2(c)) shows a 
broad peak located at about 2θ = 20° which can be ascribed 
to the diffraction of amorphous carbon [28], indicating that 
glucose molecules were polymerized and carbonized on the 
surface of Fe3O4–HNTS, the peaks at 2θ = 12.57°, 20.18° and 
35.01° are assigned, respectively, to the (001), (100) and (002) 
planes of HNTS [29]. By comparing with patterns of HNTS 
(Fig. 2(a)), the peaks of (001), (100) and (002) of the original 
HNTS still existed but became weak and were covered by 
broad peak of amorphous carbon due to the carbonization of 
organic materials on the surface of Fe3O4–HNTS.

The diffraction peaks of C@(Fe3O4–HNTS) at 30.0°, 35.3°, 
43.18°, 57.0° and 62.4° can be assigned to the (220), (311), 

(400), (511) and (440) crystal planes of the pure cubic Fe3O4 
(JCPDS card no 19-0629), respectively (Fig. 2, curve c). The 
XRD peaks of 5 wt% C@(Fe3O4–HNTS)–Ag/AgCl at 27.8°, 
32.2°, 46.23°, 54.82°, 57.48°, 67.47°, 74.47° and 76.73° are 
assigned to the (111), (200), (220), (311), (222), (400), (331) 
and (420) crystal planes of the cubic phase AgCl (JCPDS 
card no 31-1238), respectively. The (111) and (200) planes 
of metallic Ag were observed at 38.12° and 44.28° [12]. The 
characteristic diffraction peak of Fe3O4 and HNTS is not obvi-
ous in the XRD of the composites plasmonic photocatalyst 
C@(Fe3O4–HNTS)–Ag/AgCl, which may be because of the 
low intensity of C@(Fe3O4–HNTS).

From TEM–EDS and XRD results, it can be inferred that 
the composite C@(Fe3O4–HNTS)–Ag/AgCl has been prepared.

3.1.3. Infrared spectrum analysis

Figs. 3(a)–(d) show FTIR spectra of the 5 wt% C@(Fe3O4–
HNTS)–Ag/AgCl, HNTS, Ag/AgCl and C@(Fe3O4–HNTS), 
respectively.

The characteristic bands at 3,685 and 3,619 cm–1 are due 
to the Al–OH stretching vibration, the peak at 1,034 cm–1 
corresponds to the Si–O network (Si–O–Si and O–Si–O) 
for HNTS. And the band at 912 cm–1 represents Al–OH 
bending vibration which is clearly seen in the HNTS and 
C@(Fe3O4–HNTS) samples [30] (see curve b). The bands at 
2,921; 1,700 and 1,625 cm–1 were attributed to C–H stretching 
vibration of grafted organic groups, C=O stretching vibra-
tions and C=C bond conjugated with carbonyl, respectively. 
The weak peaks between 1,300 and 1,450 cm–1 are assigned to 
various –CH2– stretching vibration modes and O–H in-plane 
bending vibrations, respectively [29,30] (see curve d).

It can be seen from Fig. 3 that the carbon-containing 
functional groups such as –COOH, –CH2– and C=C are suc-
cessfully grafted on the surface of Fe3O4–HNTS by hydro-
thermal method. When the hydrothermal temperature is 
below 200°C, glucose could not be completely carbonized 
but can form a large number of carbon containing functional 
groups and 5-hydroxymethyl furfural (HMF) on the surface 
of  Fe3O4-HNTS [31,32]. In addition, due to the presence 

 

 

Fig. 1. TEM image of HNTS (a), C@(Fe3O4-HNTS) (b), C@(Fe3O4–
HNTS)–Ag/AgCl ((c) and (d)) and EDS of C@(Fe3O4–HNTS) (e).

Fig. 2. XRD patterns of HNTS (a), Fe3O4 (b), C@(Fe3O4–HNTS) (c), 
Ag/AgCl (d), 5 wt% C@(Fe3O4–HNTS)–Ag/AgCl (e).
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of cocatalyst C@(Fe3O4–HNTS), the C@(Fe3O4–HNTS)–Ag/
AgCl shows new and several characteristic peaks at 3,685; 
3,619; 2,921; 1,700; 1,450; 1,300, 1,034 and 920 cm–1 com-
pared with pure Ag/AgCl. Therefore, nano-materials C@
(Fe3O4–HNTS)–Ag/AgCl was confirmed by FTIR results.

3.1.4. Diffuse reflectance UV–Vis spectroscopy

The UV–Vis diffuse reflectance spectra of C@(Fe3O4–
HNTS), Ag/AgCl and C@(Fe3O4–HNTS)–Ag/AgCl with differ-
ent C@(Fe3O4–HNTS) content are shown in Fig. 4.

From Fig. 4, we can see, due to the existence of plasmon 
resonance of Ag NPs, the pure Ag/AgCl and composite 
C@(Fe3O4–HNTS)–Ag/AgCl exhibits a broad absorption 
within the visible region (400–800 nm). This is due to the 
plasma resonance effect (SPR) of Ag nanoparticles [7,33]. 
The bulging peaks of surface plasmon resonance located 
around at 480 nm, which is also the function of SPR. When 
Ag/AgCl nanoparticles were grown on the C@(Fe3O4–HNTS) 
surface, the absorption efficiency of light (less than 400 nm) 
of the composite photocatalyst C@(Fe3O4–HNTS)–Ag/AgCl 
was obviously enhanced. When the content of cocatalyst 
C@(Fe3O4–HNTS) was more than 5%, the absorption effect 
of C@(Fe3O4–HNTS)–Ag/AgCl in UV and visible region 
were both decreased. Compared with Ag/AgCl, the com-
posite photocatalysts with different cocatalyst contents 
all weaken the absorption effect at 420–550 nm, which is 
the result of the substitution of C@(Fe3O4–HNTS) for some 
Ag/AgCl.

3.1.5. Elemental compositions

The elemental composition and chemical states of C@
(Fe3O4–HNTS)–Ag/AgCl prepared were further investigated 
by XPS measurements, as displayed in Fig. 5.

The survey XPS spectrum (Fig. 5(a)) confirms the 
existence of ingredient elements of Fe, O, Ag, Cl, C, Al and Si 
in the as-prepared sample.

Fig. 5(b) shows the high-resolution spectrum of O 1s. 
Fitting of the XPS O 1s spectra gives a detailed assignment of 
deconvoluted peaks. O 1s can be divided into four peaks, that 
is, the peak at 530.9, 532.2, 532.8 and 533.7 eV. The absorp-
tion peak at 530.9 eV is attributed to the binding energy of 
O element in carbonyl (C=O) group. The absorption peak 
at 532.2 eV is attributed to binding energy of O element in 
Si–O–Si chemical environment, and the binding energy of O 
element in the chemical environment of C–O–C is 532.8 eV. 
The binding energy at 533.7 eV is attributed to O element in 
–C–OH [34].

Fig. 5(c) shows high-resolution spectrum of Ag 3d, which 
exhibits two obvious peaks, corresponding to Ag 3d5/2 and 
3d3/2 binding energies, respectively. Specifically, the two Ag 
3d peaks can be further resolved into four peaks by the XPS 
peaks fitting program. The peaks at 374.9 and 368.7 eV origi-
nate from the metallic Ag species, and the 373.5 and 367.8 eV 
peaks are the Ag+ iron, respectively [35].

In addition, the C1s spectra consist of four species 
(Fig. 5(d)). The absorption peak at 284.7 eV belongs to the 
binding energy of C element in –CH. The absorption peak at 
286.08 eV is attributed to the binding energy of C elements in 
C–O and C=C. The absorption peak at 287.4 eV belongs to the 
binding energy of C elements in C=O and O–C–O. And, the 
peak at 289.2 eV is the absorption peak of carbon in O=C–O 
[36]. It can be shown that the carbon-containing functional 
groups are successfully grafted on the surface of composite 
Fe3O4–HNTS, which is consistent with the results given by the 
FTIR spectrum. Fe3O4 and γ-Fe2O3 have similar XRD patterns, 
Fe 2p binding energy of γ-Fe2O3 is 719.0 eV, and the peak 
intensity at 719.0 eV is weaker due to divalent Fe in Fe3O4 is 
on the surface of the particles, therefore, the Fe3O4 nanomate-
rials are further confirmed by XPS [37].

The XPS spectra of Fe 2p of C@(Fe3O4–HNTS)–Ag/AgCl 
(Fig. 5(e)) showed peaks at 711.8 and 724.7 eV, which are the 
binding energies of Fe 2p3/2 and Fe 2p1/2 in Fe3O4, respectively, 
and were consistent with the values given by literature [38].

The Cl 2p spectrum in Fig. 5(f) displayed double peaks at 
197.9 and 199.2 eV, which could be attributed to the binding 
energies of Cl 2p3/2 and Cl 2p1/2, respectively [39].

Fig. 3. FTIR spectra of 5 wt% C@(Fe3O4–HNTS)–Ag/AgCl (a), 
HNTS (b), Ag/AgCl (c) and C@(Fe3O4–HNTS) (d).

Fig. 4. UV–Vis absorption spectra of the composite photocatalyst 
with different C@(Fe3O4–HNTS) content.
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3.2. Photocatalytic degradation of methyl orange

The photocatalytic performance of Ag/AgCl, C@(Fe3O4–
HNTS) and C@(Fe3O4–HNTS)–Ag/AgCl with different con-
tent of C@(Fe3O4–HNTS) was evaluated by degradation of 
MO (10 mg/L) under visible-light irradiation (λ > 400 nm). 

The reaction of adsorption in the dark is also revealed in Fig. 6, 
all samples reach the adsorption equilibrium after 20 min.

As can be seen from Fig. 6, Ag/AgCl has no adsorption 
effect on MO, indicating that Ag/AgCl has very small specific 
surface area. With the cocatalyst C@(Fe3O4–HNTS) content 
gradually increased, the adsorption efficiency of MO on to 

 

 

 

Fig. 5. XPS survey spectra of C@(Fe3O4–HNTS)–Ag/AgCl (a) and high-resolution XPS spectra of O 1s (b), Ag 3d (c), C 1s (d), Fe 2p (e) 
and Cl 2p (f).
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the composite photocatalyst increased gradually in the dark 
adsorption stage due to adsorption of MO on to the carbo-
naceous functional groups and the HNTS with large specific 
surface area. For the composite photocatalyst with the best 
degradation performance, in which the cocatalyst C@(Fe3O4–
HNTS) content is 5 wt%, the adsorption removal rate of MO 
was only 2.56%.

After 40 min of visible-light irradiation, the decoloriza-
tion rates reached 83.68% for Ag/AgCl, while for 1 wt% C@
(Fe3O4–HNTS)–Ag/AgCl, 5 wt% C@(Fe3O4–HNTS)–Ag/AgCl, 
10 wt% C@(Fe3O4–HNTS)–Ag/AgCl and 15 wt% C@(Fe3O4–
HNTS)–Ag/AgCl, reached 89.53%, 97.79%, 97.71% and 
47.99%, respectively.

It can also be seen from Fig. 6 that C@(Fe3O4–HNTS) 
has no photocatalytic activity in itself, but its presence can 
accelerate the rate of photocatalytic reaction. This is because, 
first, the introduced HNTS could increase the specific surface 
areas of the composite photocatalyst; second, the carbona-
ceous functional groups and trivalent Fe on the surface of the 
C@(Fe3O4–HNTS) could capture the electrons produced by 
Ag/AgCl to make the electrons transferred to the surface of 
the supporter to hold back recombination of photogenerated 
electron and hole pair.

However, when the cocatalyst content reached 15 wt%, 
the function of C@(Fe3O4–HNTS) in the photocatalytic reac-
tion could not compensate for the photocatalytic activity of 
the same amount of Ag/AgCl. So, the catalytic performance 
is poor.

3.3. Possible reaction mechanism

In order to identify the major active species in the process 
of photocatalytic degradation of MO, radical-trapping exper-
iments were conducted by using three chemicals, that is, ben-
zoquinone (a superoxide anion radical scavenger), disodium 
ethylenediaminetetraacetate (EDTA-2Na, a hole scavenger) 
and isopropyl alcohol (an OH· radical scavenger) [40]. The 
result is shown in Fig. 7.

The scavenger (10 mmol/L) was added to the MO solu-
tions together with the photocatalyst prepared before the 

visible-light irradiation. As depicted in Fig. 7, when EDTA-
2Na and benzoquinone were added into the reaction liquid, 
the decolorization efficiency of MO was less than 20% after 
60 min irradiation. Here, degradation of MO was due to 
the function of ·OH. However, when isopropyl alcohol was 
added into the reaction liquid, the decolorization efficiency 
of MO could reach 95.22%. These results indicate that ·O2

– 
and h+ were the main active species in the photocatalytic 
reaction system. And, ·OH is also an active species in the 
system, but, it plays a secondary role in the photocatalytic 
degradation.

At present research, via comparing the decoloration effi-
ciency of MO by using C@(Fe3O4–HNTS)–Ag/AgCl with that 
by using (Fe3O4–HNTS)–Ag/AgCl, C@HNTS-Ag/AgCl, Fe3O4–
Ag/AgCl and C@Fe3O4–Ag/AgCl, respectively, we can deter-
mine which part of the composites C@(Fe3O4–HNTS) plays 
a major role in the photocatalytic reaction. The results are 
shown in Fig. 8.

As can be seen from Fig. 8, the carbonaceous material and 
Fe3O4 on the surface of C@(Fe3O4–HNTS) act as cocatalyst, 

Fig. 6. Photodegradation of MO in the presence of different 
samples under visible-light irradiation.

Fig. 7. Plots of active species trapping during photodegradation 
of MO by the as-obtained 5 wt% C@(Fe3O4–HNTS)–Ag/AgCl.

Fig. 8. Degradation of MO by Ag/AgCl embedding on various 
materials.
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and in the presence of them, the degradation rate of MO by 
Ag/AgCl embedded on other materials is faster than that 
only by Ag/AgCl. Li et al. [13] prepared the nanocomposites 
Fe3O4@TiO2@Ag and studied their photocatalytic properties. 
The results show that Fe3O4 plays the role of a cocata-
lyst during catalytic reaction process, it not only transfers 
photogenerated carriers but also provides active sites for 
O2 to be reduced to ·O2

–, thereby accelerating the photocat-
alytic reaction. Xu et al. [2] synthesized CNT/Ag/AgCl and 
found that the introduction of CNT can improve the pho-
tocatalytic reaction rate because CNT can not only increase 
the specific surface area of CNT/Ag/AgCl but also transfer 
photo-induced electrons. The results are consistent with 
those of this work. In other words, the separation of elec-
tron–hole pairs in the C@(Fe3O4–HNTS)–Ag/AgCl system 
would be more efficient than that in Ag/AgCl due to the 
presence of the cocatalyst C@(Fe3O4–HNTS). To prove this 
suggestion, photoluminescence (PL) measurement was 
performed. Fig. 9 shows the PL testing curves of Ag/AgCl 
and 15 wt% C@(Fe3O4–HNTS)–Ag/AgCl composites. It is 
noteworthy that in this range the photocatalysts exhibit 
increasing emission intensity in the sequence: Ag/AgCl > 
15 wt% C@(Fe3O4–HNTS)–Ag/AgCl. However, the activity 
of the photocatalysts declines in turns following the order: 
15 wt% C@(Fe3O4–HNTS)–Ag/AgCl > Ag/AgCl. In general, 
the weaker PL emission intensity means the higher possi-
bility of photogenerated carrier separation and hence the 
higher photocatalytic activity. Therefore, the PL spectra 
results suggest that high separation efficiency of the pho-
togenerated carriers of 15 wt% C@(Fe3O4–HNTS)–Ag/AgCl 
might help improve its photocatalytic activity.

According to the results mentioned above, the possible 
reaction mechanism is illustrated in Fig. 10. When the com-
posite catalyst C@(Fe3O4–HNTS)–Ag/AgCl was irradiated 
with visible light, the electron–hole pairs were generated due 
to the SPR [41], electron transferred to Ag0 nanoparticles far 
away from the surface of AgCl, while the holes transferred to 
the AgCl surface [42]. A part of electrons are trapped by O2 
in the solution to form ·O2

– and the other electrons migrate 
to the surface of the cocatalyst by carbonaceous functional 

groups’ trapping, and the electrons are trapped by O2 to form 
·O2

–. Furthermore, ·O2
– participate in degradation of MO. The 

holes as another active group were captured by OH– to gen-
erate ·OH free radicals in the solution or directly involved in 
degradation of MO by binding with Cl– to form Cl0 atoms. 
Cl0 atoms and ·OH free radicals were reduced back to Cl– and 
OH–, respectively, after receiving the electrons from MO.

3.4. Recycled performances

5 wt% C@(Fe3O4–HNTS)–Ag/AgCl was used repeatedly 
to degrade MO to evaluate its photocatalytic stabilities with-
out new catalyst. After reaction in each run (60 min), the 
photocatalyst was collected by centrifugation and dried by 
oven for the next use. The photocatalyst was recycled for five 
times. The results are shown in Fig. 11.

As can be seen from Fig. 11, the photocatalytic degradation 
efficiency of MO decreased from 99.29% to 91.2% after five 
cycles of 5 wt% C@(Fe3O4–HNTS)–Ag/AgCl. The slight activ-
ity decline could be attributed to washout loss of some photo-
catalyst during recovery steps and the deposition of reaction 
products on the catalyst surface [43]. Another possible reason 
is the photocorrosion of a part of Ag/AgCl during the reaction 
process. The third possible reason is that the dispersibility 
of the photocatalyst became worse compared with the ini-
tial use in the process of recycling [44]. These results (Fig. 11) 
indicate that the stability of C@(Fe3O4–HNTS)–Ag/AgCl is 
good and the catalyst can be reused. The growth of Ag/AgCl 
on the surface of C@(Fe3O4–HNTS) can improve the visible 
light photocatalytic performance of Ag/AgCl and inhibit the 
photocorrosion, resulting in a stable durability of photocata-
lytic activity.

Wang et al. [45] proposed the catalytic mechanism of 
Ag/AgCl that the Ag nanoclusters on the surface of AgCl are 
the main materials for absorbing photons, and an absorbed 
photon would be efficiently separated into an electron and 
a hole, so that the electron on Ag0 nanoclusters is transferred 

Fig. 9. Photoluminescence spectra of Ag/AgCl and 15 wt% C@
(Fe3O4–HNTS)–Ag/AgCl with excitation at 470 nm.

Fig. 10. Schematic photocatalytic reaction process and charge 
transfer of C@(Fe3O4–HNTS)–Ag/AgCl on MO removal.
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to another surface farthest away from the Ag/AgCl; e– is 
captured by O2 in solution to generate ·O2

–, and the hole 
(h+) transferred to the surface of the AgCl particle, Cl– was 
reduced to Cl0, as chlorine atoms are reactive radical species, 
they should be able to directly oxidize MO and hence be 
reduced to chloride ions again [12], or the holes of catalyst 
react with some OH– or H2O molecules to form hydroxyl rad-
icals (·OH), which can further participate in photocatalytic 
reaction. The reason for the high stability of Ag/AgCl and 
C@(Fe3O4–HNTS)–Ag/AgCl is that the photons are absorbed 
by Ag nanoclusters, a small fraction of the electrons sepa-
rated from the absorbed photons continued to locate at the 
end of the Ag nanocluster away from the AgCl, and most of 
the electrons were captured by C@(Fe3O4–HNTS), not were 
transferred to Ag+ ions of the AgCl lattice. Therefore, under 
visible light irradiation, C@(Fe3O4–HNTS) may carrier trans-
fer rapidly and photocorrosion will be inhibited. Thus the 
composite photocatalyst C@(Fe3O4–HNTS)–Ag/AgCl showed 
high stability and strong catalytic performance.

4. Conclusions

Plasma photocatalyst C@(Fe3O4–HNTS)–Ag/AgCl was 
synthesized successfully via the three-step method. The com-
posite photocatalyst containing 5 wt% of C@(Fe3O4–HNTS) 
has a strong light response in ultraviolet and visible regions 
(400–800 nm). The photo-degradation efficiency of MO by 
using 5 wt% C@(Fe3O4–HNTS)–Ag/AgCl reached to 97.79% 
after 40 min of visible light irradiation.

In the photocatalytic reaction system, the active oxidative 
species ·O2

– and h+ contributed most to the decolorization reac-
tion of MO, ·OH is a less important reactive group, which also 
plays a certain role in degradation. The carbonaceous mate-
rial on the surface of composite C@(Fe3O4–HNTS) and Fe3O4 
plays the role of cocatalyst. The photocatalytic degradation 
reaction rate of MO has been significantly increased because 
of the presence of the carbonaceous material and Fe3O4.

The as-prepared composite plasma photocatalyst C@
(Fe3O4–HNTS)–Ag/AgCl not only has strong photocatalytic 
activity under visible-light irradiation but also has good 
reusability, and has potential application in photodegrada-
tion of azo dyes.
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