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Abstract A simple, rapid method for developing

conductive, ultrafine, and high aspect ratio silver

nanowires (AgNWs) is reported. Transparent and

flexible nanocomposites were fashioned from bacte-

rial cellulose (BC) and AgNWs in a very straightfor-

ward and direct manner without the addition of

materials or the need for specific facilities. The as-

prepared BC/AgNWs composite thin films were able

to demonstrate acceptable transparency (near 80% at

550 nm), high flexibility, good mechanical strength

(18.95 MPa) and stable conductivity (7.46 X sq-1)

under various bending states.

Keywords Silver nanowires � Bacterial cellulose �
Transparency � Flexibility � Thin films � Mechanical
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Introduction

Recently, flexible and stretchable electrodes have

elicited significant attention due to their intrinsically

fascinating properties that include adaptability under a

variety of conditions, light weight, and potential for

high functionality. They have found great utility as

optoelectronic devices artificial skin, stretchable dis-

plays, solar cells, touch screens, and light-emitting

diodes (LEDs) (Ellmer 2012; Liu et al. 2017; Sekitani

et al. 2009). One of the leading and most applied

electrodes for transparent conducting applications is

indium thin oxide (ITO) because of its high optical

transmittance ([ 90% at 550 nm) and excellent elec-

trical conductivity (10–20 X sq-1). However, ITO

suffers from serious drawbacks such as brittleness,

high cost, hard-fabrication process and inherent pro-

cessing difficulties, all of which further limits its

industrial application as a flexible electrode (Kim et al.

2013). To date, ITO is now being gradually substituted

with flexible transparent materials, such as conducting

polymers, carbon-based materials and metallic (cop-

per or silver) nanowires (NWs) (Bobinger et al. 2017;

Dong et al. 2018; Hecht et al. 2011; Lin et al. 2013; Lu

et al. 2017; Zhang et al. 2017). Among them, silver

nanowires (AgNWs) have been a leading candidate

because of their good mechanical properties, efficient

electrical performances, high transmittance, easy

large-scale preparation and facile deposition on var-

ious types of substrates (Bade et al. 2016; Celle et al.

2012; Wu et al. 2016; Zeng et al. 2010). Despite the
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significant benefits of AgNWs for developing trans-

parent conducting materials, to date few transparent

and flexible devices based on AgNWs have been

reported.

Bacterial cellulose (BC) is a biomaterial synthesized

by vinegar bacteria, such as Komagataeibacterxylinus

(K. xylinus) (ATCC 10245). It is a low-cost and eco-

friendly biomacromolecule that in relation to its

analogous plant-based fibers, has many advantages

including high mechanical strength (200–300 MPa),

excellent flexibility, and very high biocompatibility

(Ramani and Sastry 2014; Thiruvengadam and Vitta

2017). Hence, it has been widely used in many areas

such as biomedicine (Qiu et al. 2016; Schumann et al.

2009), foods (Fabra et al. 2016; Ullah et al. 2016),

flexible electrodes (Hu et al. 2011; Peng et al. 2016;

Wang et al. 2013) and reinforced materials (Trovatti

et al. 2013;Wu et al. 2018), etc. Meanwhile, BC has the

unique ability to endow high optical capacity such as

witnessed in the fabrication of transparent nanobio-

composites that possess excellent optical properties and

flexibility (Pinto et al. 2015). Recently, Wu and Cheng

(2016) reported highly transparency (83% at 550 nm)

BC composite films that upon oxidation with 2,2,6,6-

tetramethylpiperidine-1-oxyl radical (TEMPO) self-

assemble.

In this work, a simple and rapid method for the

preparation of highly conductive and stretchable

AgNWs is reported. A new type of AgNWs nanocom-

posite transparent films based on a flexible BC matrix

as the overcoating layer was fabricated via a rapid one-

step method. This approach endows a flat surface

highly stable conductivity, good mechanical strength,

satisfactory transparency, easy ablation, and good

resistance to organic and inorganic solvents.

Experimental section

Materials

The BC was self-made from in-house lab (Jiangnan

University, China). The AgNO3 was purchased

from Sigma Aldrich (USA). Poly(N-vinyl-2-

pyrrolidone) (PVP) (Molecular weight: 15,000),

Ethanediol (EG) and CuCl2 were obtained from

Sinopharm Chemical Reagent. Co., Ltd. (China).

Yeast extract, D-mannitol, Bacto peptone and

NaOH of analytical grade were purchased from

Aladdin Bio-Chem Technology Co., Ltd (Shang-

hai, China). All of the chemicals were of analytical

grade and solutions were prepared with deionized

water.

Preparation of AgNWs-attached BC

nanocomposites

BC pellicles were synthesized by a typical method as

previously reported (Lv et al. 2017). The details of the

synthesis procedure are described as follows: BC

pellicles were produced by cultivating K. Xylinus in

the classical Hestrin and Schramm (HS) medium that

contained 5 g L-1 yeast, 3 g L-1 bacto-peptone and

25 g L-1
D-mannitol. The flasks were incubated at

30 �C for 4 days in a static incubator. The as-prepared

cellulose was dipped into 1 wt% NaOH at 80 �C to

remove remaining bacterial and culture liquid, and

subsequently washed several times until neutral pH.

The AgNWs synthesis procedure was as follows:

100 mL EG was heated at 170 �C for 1 h in oil-bath

pan to remove water. * 0.2 g PVP as stabilizer,

0.17 g AgNO3, and 2.4 mg CuCl2 were all dispersed

into 60 ml EG in hotplate by stirring for 30 min to

ensure uniform dispersion. The mixture was added

into a 100 ml beaker and heated at 145 �C for 6 h in

oil-bath pan. The precipitate was centrifuged three

times under 1000 rpm for 3 min with acetone and

centrifuged three times to obtain AgNWs in ethyl al-

cohol. Lastly, under the condition of optimum ratio,

10.8 mg AgNWs was dispersed into 200 mL ethyl al-

cohol and filtered on the as-prepared single-sided BC

matrix, as shown in Scheme 1.

Measurement and characterization

Themorphologies andmicrostructure of these samples

were characterized by scanning electron microscope

(SEM; Hitachi S4800), transmission electron micro-

scope (TEM/HRTEM; JEOL-2100) and X-ray diffrac-

tion (XRD; X’Pert Pro MPD). The elemental

composition of the obtained BC/AgNWs films was

analyzed by X-ray photoelectron spectroscopy (XPS,

Escalab 250Xi, Thermo Scientific Escalab, USA). The

conductivity of the sample was tested by a four-point

probe (Baishen Technology, China). The optical

transmittance was measured by ultraviolet–visible

spectroscope (UV-3600, SHIMADZU). An uniaxial

testing machine (INSTRON1185, Instron
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Corporation, USA) was used to test the mechanical

properties of the samples, and an average value was

calculated by ten reduplicative tests of each sample of

1 cm in width, 5 cm in length.

Results and discussion

Morphology analyses

Figure 1a, b shows the SEM images of the as-prepared

BC and BC/AgNWs composite films. Figure 1a shows

the width of BC ranges from 10 to 70 nm with an

average width of 30 nm. The BC nanofibers formed a

highly ultrafine porous network stabilized by exten-

sive hydrogen bonding that lead to its character as a

highly flexible and mechanically robust system (Feng

et al. 2012). Figure 1b reveals AgNWs have been

synthesized and no other impurities could be detected.

As shown in the inset Fig. 1b (top right), the width of

AgNWs varied from 180 to 210 nm with an average

width of 196 nm and length of 150 lm (Fig. 1d).

Thus, a high aspect ratio of the AgNWs materials was

calculated (* 1000) which is superior to what has

been previously reported (Xu and Zhu 2012; Yu et al.

2017). Figure 1c reveals interface between AgNWs

and BC matrix, suggesting AgNWs tightly attached to

the surface of BC matrix. Figure 1e provides a TEM

image of the as-prepared AgNWs that demonstrates a

smooth and flat surface. Such results imply that the

applicability of AgNWs as flexible transparent

electrodes and potentially wearable/implantable de-

vices is very high. The thickness of composite thin

films is close to 98.8 ± 0.44 nm, as presented in

Fig. 1f.

XRD and TEM analysis

The XRD pattern shown in Fig. 2a proves the presence

of the AgNWs in the films. Typical diffraction peaks at

2h of 14.5� and 22.6� can be assigned to (100) and

(110) of the crystallographic planes of BC, which

mostly has the Ia allomorph (French 2014; Lv et al.

2016). The substantial variations in peak intensities

from ideal patterns for Ia (French 2014) can be

attributed to preferred orientation of the crystallites in

the films. Additionally, the significant diffraction

peaks at 2h of 38.3�, 44.32�,65.54� and 77.40�
correspond to the (111), (200), (220) and (311) planes

of pure face-centered-cubic silver crystals, respec-

tively (JCPDS file No. 04-0783). No impurities were

detected, implying the formation of highly pure silver.

Figure 2b reveals a typical TEM image of an individ-

ual AgNW that is 195 nm in diameter with a d spacing

of 0.286 nm corresponding to the (111) plane of silver

crystals.

XPS analysis

XPS further supports the characterization of the

elements and structure of BC/AgNWs films shown

in Fig. 3. Figure 3a illustrates five crucial peaks at

Scheme 1 Schematic dagram of synthesis of AgNWs/BC composite films (not to scale)
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608, 584, 532, 378, and 285 eV corresponding to the

binding energies of Ag 3p1/2, Ag 3p3/2, O1 s, Ag3d,

and C1 s (Oytun et al. 2017; Wan and Li 2016; Zheng

et al. 2003), respectively. The as-prepared sample is

mainly composed of C, O, and Ag. The high-

resolution spectrum of Ag 3d further confirms the

presence of two peaks at 373.88 and 367.68 eV, which

can be assigned to Ag 3d3/2 and Ag 3d5/2 of metallic

silver (Cheng et al. 2010), respectively, as illustrated

in Fig. 3b. Thus, XRD and XPS results indicate that

AgNWs have been successful synthesized and

attached onto the BC matrix.

Fig. 1 a, b FE-SEM images of as-prepared samples: BC and

BC/AgNWs composite films; c FE-SEM image of interface

between AgNWs and BC matrix, corresponding the top right

inset presents FE-SEM of AgNWs-attached BC matrix

(enlarged); d FE-SEM image of as-synthesized AgNWs

(enlarged); corresponding TEM of e AgNWs, respectively;

SEM image of cross sections of f BC/AgNWs composite films

Fig. 2 a XRD pattern of as-prepared BC and BC/AgNWs; b HRTEM of the AgNWs, corresponding the top right inset has TEM of an

individual AgNW
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Mechanical properties

Typical tensile stress–strain (TS) curves were evalu-

ated by TS and elongation at break (EB). Figure 4

clearly displays that as-prepared samples showed a

linear elastic behavior at the first stage until reaching

to the yield point, and then until the samples were

broken, due to the individual fibers and nano-layers

were slipped and pulled out along the stretching

direction. The data reveals the TS and EB value of the

pure BC were about 12.92 ± 0.42 MPa and

4.29 ± 0.18%, respectively. The as-synthesized

AgNWs on BC membrane increased of its corre-

sponding values as compared to pure BC which nearly

18.95 ± 0.53 MPa of its fracture stress at EB

(5.35 ± 0.23%). Thus, BC/AgNWs nanocomposites

films shows a higher TS and EB a finding that could be

attributed to two mechanisms. Firstly, some fibrils

could be appear fracture and slippage in the process of

pulling, and while concomitantly part breakage of

AgNWs nano-layers may be occur under some

external force. Meanwhile, by comparison with BC,

the Young’s modulus value for BC/AgNWs films was

3.54 ± 0.24 MPa as shown in the inset of Fig. 4. In

general, BC/AgNWs exhibited the best tolerance

across a broader mechanical strength, making it a

desirable material for many practical areas.

Optical and electrical properties

Figure 5a reveals that pure BC membranes exhibit

excellent transparency with transmittance values of

88.4% at 550 nm and 89.1% at 700 nm in the UV–Vis

region. However, as-prepared BC/AgNWs films, as

compared to pure BC membrane display a slight

diminution, although still very acceptable, in trans-

parency of 79.1% at 550 nm and 80.1% at 700 nm,

respectively. Figure 5b reveals virtual transparency

for pure BC. Compared with Fig. 5b, AgNWs-at-

tached BC films has very little change detected by the

naked eye, as noted (Fig. 5c) by the University Logo

(Jiangnan) displaying very clearly. To demonstrate the

effect of bent states on conductivity, the sample was

tested in flat and bent states at angle of various degrees

shown in Fig. 5d. The conductivities were tested at the

central regions of the films to reveal resistances from

Fig. 3 a XPS spectrum of as-prepared BC/AgNWs films and corresponding high-resolution Ag peaks of the films

Fig. 4 Tensile stress–strain curves of pure BC, BC/AgNWs

films and corresponding the fracture stress, elongation at break

and Young’s modulus of as-prepared samples
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7.46 ± 0.22 X sq-1 at bending angles of approxi-

mately 0�, to 7.55 ± 0.26 X sq-1 at a bending angle

of approximately 0�. Meanwhile, to demonstrate the

toughness-enabled flexibility, the films were bent until

the ends contacted each other as shown in the inset of

Fig. 5d. The results showed the conductivity of bent

states of the obtained films were unchanged, a finding

that points to stability of the junction of BC and

AgNWs. Figure 5e reveals that the as-prepared films

were endowed with excellent conductive

performance.

Conclusions

Herein, AgNWs were synthesized via a simple and

rapid one-step method that not only provided materials

with high aspect ratios, but also exhibited high

transparency. The as-prepared BC/AgNWs films pos-

sessed low sheet resistance, good mechanical strength,

satisfactory optical properties, and excellent flexibil-

ity. Thus, green, easily prepared, and flexible BC-

based transparent composites films were successful

fabricated that may have significant potential for

transparent conductive applications.

Fig. 5 Photographic images of a BC and b BC-based AgNWs

films; c light transmittance of the films from 400 to 700 nm;

d the effect of bent states on the conductivity of BC/AgNWs

nanocomposites at different degrees (�): 0; 60; 120; 180; 210;
240; 300; and 360; e photographic image of the transparent film
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