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Abstract Cellulose-Ag@AgCl composites have

been directly fabricated by electrospinning of cellu-

lose/LiCl/dimethylacetamide solution with AgNO3

under visible light. AgCl is formed when AgNO3 is

added into a cellulose solution, and then the sufficient

Cl- interacts with AgCl, which leads to the complete

dissolution of AgCl. Meanwhile, AgCl is easily

precipitated when the jet encounters water during

electrospinning. Finally, cellulose-Ag@AgCl com-

posites are formed because of the visible light

irradiation during the whole electrospinning process.

X-ray diffraction, scanning electron microscopy,

X-ray photoelectron spectroscopy measurements,

thermogravimetric analysis and ultra-violet-visible

diffuse reflectance spectra are used to characterize

the crystal structure, morphology, composition, ther-

mal stability and ability of cellulose-Ag@AgCl com-

posites to absorb visible light, respectively. In

addition, the photocatalytic properties of cellulose-

Ag@AgCl composites are examined by a model

experiment of the degradation of methyl orange under

visible light. The photocatalyst still exhibits a good

catalytic ability in the process of reuse.

Keywords Cellulose � Ag@AgCl � Composites �
Electrospinning � Photocatalyst

Introduction

Photocatalysis has recently attracted attention because

it is becoming promising in many applications with the

utilization of solar energy (Fujishima 1972; Carey

et al. 1976; Frank and Bard 1977). Especially for

Ag@AgCl, it shows highly efficient photocatalytic

activity under visible light because of the strong

surface plasmon resonance of Ag nanoparticles (Wang

et al. 2008; An et al. 2010; Zhu et al. 2012; Jiang and

Zhang 2011; Lou et al. 2011; Cai et al. 2014; An et al.

2011; Zhu et al. 2011; Xu et al. 2010). Ag@AgCl is a

very promising photocatalyst, but the efficiency of

photocatalytic materials is greatly influenced by their

size and morphology (Wang et al. 2008; An et al.

2010; Zhu et al. 2012). Nanoparticles of Ag@AgCl,

which can achieve high efficiency during
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photoreaction, have recently been fabricated (Wang

et al. 2008; Zhu et al. 2012; An et al. 2011). However,

some new problems appear concerning Ag@AgCl

nanoparticles: (1) easy aggregation of particles; (2)

difficulty in the recovery process; (3) difficulty in

application to continuous flow systems. To solve these

problems, some studies adopt a method to immobilize

Ag@AgCl onto a support (Ma et al. 2011; Zhou et al.

2016; Lei et al. 2011a, b; Zhu et al. 2013; Zhang et al.

2011; Lei et al. 2011a, b; Shah et al. 2015).

Inorganic materials and polymers are used as the

support for Ag@AgCl, which includes Ag@AgCl–

graphene oxide (Zhu et al. 2013), Ag@AgCl-cotton

(Ma et al. 2011), Ag@AgCl-polyacrylonitrile (Lei

et al. 2011a, b) and Ag@AgCl–cellulose acetate (CA)

(Zhou et al. 2016). According to the studies on

polymer supports, electrospun polymer fibers are a

good choice. Its specific properties of a large specific

surface area and length to diameter guarantee highly

photocatalytic efficiency. Moreover, these supports

can be obtained easily by means of electrospinning,

which is a facile way to fabricate ultra-fine fibers with

sub-microscale diameters from a polymer solution or

melts (Subbiah et al. 2005; Teo and Ramakrishna

2006; Burger et al. 2006; Huang et al. 2003).

Cellulosic-based fibers have been used as a support

for Ag@AgCl (Ma et al. 2011; Zhou et al. 2016)

because the cellulose and cellulosic base show excel-

lent advantages of biodegradability, accessibility, bio-

compatibility and high mechanical properties (John

and Thomas 2008; Rodrı́guez et al. 2012). However,

there have been no reports about native cellulose

nanofibers as the support directly through electrospin-

ning. In addition, the synthetic process of Ag@AgCl-

cellulosic-based nanofibers reported in the literature is

complicated. The method is that cellulosic-based

nanofibers are fabricated first by electrospinning, and

then AgCl is deposited on the electrospun fibers

through an ion-exchange reaction. Finally, the com-

posite containing Ag@AgCl is obtained under ultra-

violet light (UV) or visible light illumination (Zhou

et al. 2016).

In the present study, we find a novel and direct way

to produce cellulose-Ag@AgCl composites based on

electrospinning under ambient conditions. With the

addition of AgNO3 in cellulose/DMAc/LiCl solution,

AgCl is formed when Ag? meets with Cl-, and then

AgCl dissolves in DMAc/LiCl because of the suffi-

cient Cl-. Furthermore, the composite is obtained

directly from electrospinnning because AgCl is pre-

cipitated when the jet contacts water in ambient

conditions, and Ag@AgCl is formed under visible

light illumination. The detailed mechanism of cellu-

lose-Ag@AgCl composite formation will be studied,

and the photocatalytic activities of cellulose-

Ag@AgCl will be evaluated by degrading MO under

visible light irradiation.

Experiments

Materials

Absorbent cotton cellulose was used as a cellulose

source (DP *1400). It was purchased from Xuzhou

Lierkang Sanitary Material Co., Xuzhou, China.

DMAc (anhydrous, 99.8 %, CP), MO (dye content

96 %) and silver nitrate (AgNO3, 99 %, AP) were

obtained from the Guoyao Group. LiCl, AP, 97 %,

was purchased from Shanghai Jufeng Chemical Co.

Fabrication of cellulose-Ag@AgCl composites

Preparation of cellulose solution: The cellulose was

soaked in DMAc at 160 �C for 30 min, and then the

activated cellulose was obtained when DMAc was

squeezed at about 180 �C. Cellulose solution with a

concentration of 1.5 wt% was prepared by adding

1.5 g activated cellulose into 98.5 g DMAc/LiCl

solution (91.5/8.5, weight ratio) and stirred at

100 �C for 3 h until the gel was formed. A transparent

cellulose solution was obtained after the above gel

solution cooled at room temperature for some days.

The solution was prepared on a weight basis.

Preparation of the mixed solution: A different

quantity of AgNO3 was added to 9.8 g cellulose

solution (1.5 wt%), and then the mixed solution was

stirred until the white precipitate was dissolved. The

homogeneous solution was kept at room temperature

for 24 h before electrospinning. The solution was

prepared on a weight basis.

Electrospinning for the preparation of cellulose-

Ag@AgCl composites: The mixed solution was

electrospun into ultrafine fibers by using an electro-

spinning equipment (HD-2335, Beijing Ucalery Tech-

nology Development Co.). The applied voltage was

under 18–20 kV, the feed rate of the solution was

controlled at 0.03 ml/min, and the rotating collector
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wrapped with aluminum foil was placed 15 cm away

from the tip of the nozzle to collect fibers. Electro-

spinning was carried out at room temperature and at

60 % relative humidity. The obtained fibers were

soaked in water for an hour and removed from the

aluminum foil and then completely dried under

vacuum at 60 �C. The whole process was carried out

under a visible light.

Solubility of AgNO3 in DMAc and DMAc–LiCl

The determination of solubility of AgNO3 in DMAc

and DMAc–LiCl was based on the equilibrium

method; 0.5 g AgNO3 was added to a bottle, and then

DMAc or DMAc–LiCl was added dropwise until the

solid was dissolved completely. This experiment was

repeated three times, and the solubility of AgNO3 in

DMAc and DMAc–LiCl was determined by the

average value.

Evaluation of photocatalytic activities

The photocatalytic experiments were conducted by

visible light irradiation. In the study, MO was chosen

as a model for degradation. The cellulose-Ag@AgCl

photocatalyst (50 mg) was immersed in a 30 ml

aqueous solution of MO (10 mg/l) in a 50-ml flask

used as the reactor, and the visible light source was a

500-WXe arc lamp equipped with an ultraviolet cutoff

filter (k[ 420 nm). To ensure the accuracy of the

experiment, the support of polyethylene terephthalate

(PET) was set in the flask for better interaction

between the photocatalyst and MO, and the flask was

kept in the dark for 30 min to achieve an equilibrium

adsorption state before visible-light irradiation. Dur-

ing the photoreaction, the aliquot of the sample was

taken out for real-time investigations at certain time

intervals. The efficiency of the degradation reaction

was monitored by measuring the real time for the UV-

Vis absorption of MO at 464 nm where C and C0 refer

to the concentrations of MO at real time and initial

time (10 mg l-1), respectively.

Characterization

The cellulose-Ag@AgCl composites were examined

by X-ray diffraction (XRD), scanning electron micro-

scopy (SEM), X-ray photoelectron spectroscopy mea-

surements (XPS), thermogravimetric analysis (TGA)

and ultra-violet-visible (UV-Vis) diffuse reflectance

spectra. XRD was used to characterize the composi-

tion and crystal structure of the obtained cellulose-

Ag@AgCl composites, and their patterns were col-

lected by a D8 ADVANCE (Bruker AXS) with Ni-

filtered Cu-Ka radiation (k = 0.154 nm) from 5� to

80�. The morphology of the electrospun fibers was

observed by a field emission scanning electron

microscope (S-4800, JEOL, Japan). The measurement

of XPS was use to characterize the composition and

chemical state of elements of the cellulose-Ag@AgCl

composites, and it was conducted on a Kratos

spectrometer (AXIS Ultra DLD, Shimadzu/Kratos

Analytical, Hadano, Kanagawa, Japan) with

monochromatic Al Ka radiation (hm = 1486.69 eV)

and with a concentric hemispherical analyzer. TGA

was characterized by STA-409PC (NETZSCH Co.,

Germany) for analysis of the thermal stability of

composites and Ag@AgCl content determination. The

sample was heated from 25 to 800 �C at a rate of

10 �C/min under nitrogen atmosphere; set C0 (%) as

the residual weight of cellulose fibers, Cx (%) as the

residual weight of composite fibers and C (%) as the

Ag@AgCl content in composite fibers (C = (Cx-C0)/

(1-C0)). UV-Vis diffuse reflectance spectra were

obtained with a spectrophotometer (3310, Hitachi,

Japan), and they were used to prove the absorption of

the cellulose-Ag@AgCl composites in the visible

region.

Results and discussion

Preparation and mechanisms of cellulose-

Ag@AgCl composites

In this article, we have found a novel way to directly

fabricate cellulose-Ag@AgCl composites (Scheme l).

In the process of fabrication, AgCl is initially formed

when AgNO3 is added to cellulose/DMAc/LiCl cellu-

lose. Then, AgCl is dissolved completely under

stirring because of the reaction between AgCl and

Cl-, but the mixed solution is susceptible to water.

According to the literature (Parker et al. 1979),

AgCl2
- is easy to transform into AgCl when it

contacts water. Cellulose is also sensitive to water

because of the hydrogen bonding, and the water is

beneficial to the solidification of the jet of the cellulose

solution during electrospinning. Therefore, AgCl is
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precipitated on electrospun cellulose fibers during

electrospinning in ambient conditions. Moreover, the

process of electrospinning is always accompanied by

visible light that partially reduces Ag? into Ag0.

Finally, the cellulose-Ag@AgCl composites are suc-

cessfully fabricated. Compared with other methods,

the unique characteristic of this method is that the

cellulose-Ag@AgCl composites are prepared through

in situ electrospinning. All of the operations are

completed in the process of electrospinning, which

immensely simplifies the process of preparing the

cellulose-Ag@AgCl composites.

In order to prove the above mechanism, the

solubility of AgNO3 in DMAc and DMAc–LiCl and

the effects of water on mixed solutions are examined.

The solubility results show that 1 g AgNO3 can be

dissolved in 1 g DMAc (the summit solubility is not

characterized), but the solubility of AgNO3 in DMAc–

LiCl exhibits a power-law behavior with the LiCl

content (see in Fig. 1). With the enrichment of the

concentration of LiCl, the solubility of AgNO3 in

DMAc–LiCl increases. The molar ratio of Ag? and

Cl- is 1–2.15 when the solubility of AgNO3 in

DMAc–LiCl reaches the summit, and this is similar to

the precipitation-solubility equilibrium of AgCl (see

Eq. 1, 2). Because the maximum solubility of LiCl in

absolute DMAc at 25 �C is 8.46 wt% (Potthast et al.

2002), the quantity of AgNO3 dissolved in DMAc–

LiCl is limited. In addition, the solution of AgNO3

dissolved in DMAc–LiCl is sensitive to water, and the

white precipitate (AgCl) is precipitated when a little

water is added to this solution. These results indicate

that the mechanism for the preparation of cellulose-

Ag@AgCl composites is reasonable.

AgNO3 þ LiCl ! AgCl# ð1Þ

AgCl# þ Cl� ! AgCl�2 ð2Þ

Characterization of cellulose-Ag@AgCl

composites

The morphology of composites

Themorphology of cellulose-Ag@AgCl composites is

shown in Fig. 2. As for the electrospun cellulose-

Ag@AgCl composites, the electrospun cellulose

fibers randomly orient and distribute well. However,

the size and dispersion of Ag@AgCl particles are

related to the Ag@AgCl content in composites. As

shown in Fig. 2a and b, it can be clearly seen that

cube-like nanoparticles disperse uniformly on the

outside of cellulose fibers, and the diameters of

nanoparticles range from 100 to 300 nm when the

percentage of Ag@AgCl in composite fibers is at

2 wt%. The composites that contain the Ag@AgCl

below 2 wt% have the same results, but the capacity of

particles is less. In addition, the Ag@AgCl particles

start to agglomerate, and the sizes of particles become

Scheme 1 The process of preparation of cellulose-Ag@AgCl

composites

Fig. 1 The fitting curve of the solubility of AgNO3 in different

concentrations of LiCl–DMAc solution (the solubility of

AgNO3 in 1 g LiCl–DMAc)
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larger when the percentage of Ag@AgCl exceeds

2 wt% as shown in Fig. 2c and d. The Ag@AgCl

particles with different contents have different sizes

and dispersion states, which has an influence on the

photocatalytic activity. Therefore, all of the next

characterizations are based on the composites con-

taining 2 wt% Ag@AgCl.

As for the cellulose-Ag@AgCl composites, AgCl

can grow in the fibers because of the reaction between

AgCl2
- and water when the cellulose jets solidify

during electrospinning. Moreover, the large quantity

of hydroxyl on the surface of cellulose fibers is good

for controlling the growth and aggregation of particles

when the content of AgCl is not above 2 wt%. The

nanoscale and good dispersity of Ag@AgCl particles

will improve the photocatalytic activity of the

composites.

XRD analysis

The crystal structure of the obtained cellulose-

Ag@AgCl composites is examined by XRD patterns.

As shown in Fig. 3, the XRD patterns of composites

display distinct diffraction peaks (2h) at 38.1� (111),
44.5� (200), 64.7� (220), 77.8� (311), 27.8� (111),

32.2� (200), 46.3� (220), 54.7� (311), 57.4� (222),

67.5� (400), 74.5� (331) and 76.6� (420), which

Fig. 2 The SEM of

cellulose-Ag@AgCl

composites: a, b cellulose-

2 wt% Ag@AgCl;

c cellulose-3 wt%

Ag@AgCl; d cellulose-

4 wt% Ag@AgCl

Fig. 3 XRD patterns of a cellulose and b cellulose-Ag@AgCl

Cellulose (2016) 23:3737–3745 3741

123



correspond to the typical cubic phase of metallic Ag

(JCPDS file: 65-2871) and that of AgCl (JCPDS file:

31-1238), respectively. These results indicate that Ag

and AgCl exist in the composites, and Ag nanoparti-

cles are successfully produced on the surface of AgCl

crystals under visible light illumination during elec-

trospinning. Moreover, the two diffraction peaks in the

range from 2h = 20� to 22� are the typical diffraction
peaks of cellulose II, which is consistent with the early

work (Kim et al. 2006). The XRD results prove that the

samples are composed of Ag, AgCl and cellulose, and

the cellulose-Ag@AgCl composites are successfully

produced through electrospinning.

XPS Analysis

The chemical state of Ag and Cl elements is investi-

gated by XPS. It shows the XPS peaks of Ag 3d and Cl

2p in Fig. 4. It is clear that the peaks at 367.2 and

373.2 eV are attributed to the Ag 3d5/2 and Ag 3d3/2
binding energies, respectively. Furthermore, the peaks

at 368.2 and 374.2 eV appear through deconvoluting

the peaks of Ag 3d5/2 and Ag 3d3/2, and this is the peak

ofmetallic silver (Du et al. 2006). The binding energies

located at 197.9 and 199.6 eV are fittedwith Cl 2p1 and

2p3 binding energies, respectively, indicating the

existence of Cl-. These results show that Ag and AgCl

exist in the composites, like the XRD analysis results.

Therefore, theXPS andXRDanalysis indicates that the

sample is the cellulose-Ag@AgCl composite.

UV-Vis analysis

As shown in Fig. 5, the UV-Vis diffuse reflectance

spectra show the absorption of composites in the

visible region. Compared with the sample of cellulose,

the cellulose-Ag@AgCl composite has distinct

absorption at wavelengths of 400–800 nm. According

to the literature (Wang et al. 2008; An et al. 2010),

AgCl nanospecies could indicate negligible absorption

in the visible region, but Ag nanospecies have strong

absorption at 435 nm. However, the band of cellulose-

Ag@AgCl composites shows a large red shift com-

pared with Ag, which is due to the recombination of

Ag and AgCl. A similar phenomenon has been

reported in other literature (Jiang and Zhang 2011;

Wang et al. 2008). Consequently, this result reveals

the existence of metallic Ag nanospecies in compos-

ites, which is in agreement with the results of XRD and

XPS. The visible light absorption ability of cellulose-

Ag@AgCl composites has a great effect on the

photocatalytic activity in the visible region.

Fig. 4 XPS patterns of cellulose-Ag@AgCl composite nanofibers

Fig. 5 The UV-Vis diffuse reflectance spectra: a cellulose;

b cellulose-Ag@AgCl
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Thermal stability

The thermal stability of the cellulose fibers and

cellulose-Ag@AgCl composite fibers under nitrogen

atmosphere is characterized. From Fig. 6, the TGA

curves show that the main weight loss of the cellulose

fibers and cellulose-Ag@AgCl composite fibers is in

the range of 300–350 �C. Moreover, the thermal

degradation temperature of the cellulose-Ag@AgCl

composite fibers is lower than that of cellulose fibers,

which indicates that the addition of Ag@AgCl

nanoparticles slightly reduces the thermal stability of

the materials. This is because AgCl has an interaction

with the –OH of cellulose, and then the hydrogen

bonding of cellulose is partly destroyed. This result is

similar to the composites based on electrospun cellu-

lose fibers (Shu and Li 2011; Li et al. 2013). In

addition, the Ag@AgCl content in the composite

fibers is 46 %.

Photocatalytic Activity

Photocatalytic behaviors of cellulose-Ag@AgCl com-

posites for the degradation of MO are explored under

visible light irradiation. As shown in Fig. 7, the

composites can completely degrade MO in 180 min.

The composites exhibited excellent photocatalytic

activity for MO degradation, and it can be easily

retrieved without centrifugation and filtration pro-

cesses. The degradation of MO under visible light is

due to Ag@AgCl, which has a visible light absorption

ability and produces active species for MO decompo-

sition. The mechanism of the photocatalytic properties

of Ag@AgCl has been reported in other literature

(Wang et al. 2008; Hu et al. 2014; Zhou et al. 2016).

Moreover, the repeated photocatalytic experiments of

cellulose-Ag@AgCl are also examined. The results

show that the catalytic activity remained 75 % at the

third cycle in Fig. 8.

Conclusion

In summary, cellulose-Ag@AgCl composites have

been successfully prepared through a one-step method

based on electrospinning. This novel method is

attributed to DMAc–LiCl being able to dissolve AgCl,Fig. 6 The TGA curves: a cellulose; b cellulose-Ag@AgCl

Fig. 7 UV-Vis spectral evolution of MO as a function of

irradiation time over cellulose-Ag@AgCl composites

Fig. 8 Recycling tests of cellulose-Ag@AgCl composites for

MO photodegradation under visible light irradiation
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and AgCl easily precipitates from the mixed solution

with the appearance of water. Experimental results

show that the cellulose-Ag@AgCl composite exhibits

highly efficient photodegradation of MO and good

catalytic ability in repeated use. This work not only

provides a novel method for preparing the composite

cellulose-Ag@AgCl, but it also can stimulate the

development of photocatalysts based on silver halide

for the utilization of solar energy.
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