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“S
martmaterials” that respond to their
environmental/external stimuli to
produce a dynamic and reversible

change in properties1 have recently received
great interest due to their promising applica-
tions in sensors,2,3 display technologies,4,5

drug delivery,6,7 bioengineering,8,9 etc. The
external stimuli include environmental pH,10

thermo,11 photo,12 electro,13magnetic14 stim-
uli and so on. Of them, pH is an important
external stimulus factor because it plays
significant roles in chemical reactions for
general chemistry, biochemistry, clinical
chemistry or environmental science; more-
over, numerous life processes are also found
to be closely related to the pH value.10,15

Various pH-responsive materials have been
developed from organic/inorganic nano-
particles16�20 to polymer cluster or com-
plexes.21�24 These materials are generally
in nanoscale powder forms.16,17,19,21 How-
ever, in many practical applications such
as electrodes in cells etc., the free-standing
robust bulk materials rather than powders
are required.25�27 Consequently, conducting
polymers (CPs) are assumed as promising
candidates for pH-respondingmaterials. This
is because on the one hand, they contain
atoms that are prone to protonation,10,28

which provides their ability of pH-response;
on the other hand, CPs can be easily fabri-
cated into free-standing bulk films.29,30 Since
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ABSTRACT

A sensitive pH-triggered electrical switch is demonstrated by using a layer-structured silver nanowire/polyaniline nanocomposite film fabricated via an easy

vertical spinning method. The as-prepared nanocomposite film shows the high electrical conductivity of 1.03� 104 S cm�1 at the Ag-NW areal density of

0.84 mg cm�2 and a good cycling stability. Particularly, because of the layered structure, the switch achieves a very high contrast ratio of ca. 9� 108, which

is 2�6 orders higher than that reported previously. The high electrical conductivity and the high switching ratio make the layer-structured nanocomposite

film a sensitive switch candidate for pH-responsive systems. Finally, a smart pH self-adjusting switching system is successfully designed using the

as-prepared layer-structured nanocomposite film.
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size and thickness of the polymer-based free-standing
films can be easily controlled in an exact way, it enables
them to suit various application situations.31,32 Among
CPs, PANI owns many excellences such as low cost,
easy synthesis, outstanding environmental stability
and well-controllable physical properties.33�35 More
importantly, it shows great potential in pH response for
its outstanding reversible doping/dedoping perfor-
mance.10,36 In an acid/base chemistry, its electrical
and photorelative characteristics vary dramatically
between doped and dedoped form.10,37�40 Several
PANI-based pH-switching smart materials have been
reported to demonstrate switchable properties in
luminescence,10 chemoelectrical polarity39 and photo
absorption28 as responding signals. Compared with
these responding signals, electrical signal possesses
greater usability since electronics have become main-
stays of many applications in modern society and
the electrical signal can directly drive electronics to
execute actions in the smart systems, leading to higher
speed and efficiency of operation.41,42 Furthermore,
electrical signal response could be exploited for many
novel applications such as switching and transistor
actions, logic gates and data memories.43,44 Therefore,
it is of great practical importance to develop PANI-
based pH-switching materials that respond sensitively
to electrical signals.
The EC of PANI in doped form is in the level of

∼100 S cm�1,45�47 which is far below the required EC
for practical applications in electrical systems.48�50 This
is possibly why PANI-based electrical switches have
been rarely reported yet. Actually, a reasonably high EC
of ∼104 S cm�1 closing to that of eutectic solders
commonly used in applied circuits49 is usually required
so that the rated currents of the electrical components
can be achieved under a universal voltage.48,50 There-
fore, the EC of the PANI-based materials has to be
greatly improved in order to apply them to electrical
systems. Addition of conductive fillers to polymer
matrix is proven to be an easy but effective way for en-
hancing the EC of the polymer composites. Conductive
fillers suchascarbonnanotubes51�53 andgraphene54�56

have been employed to fabricate PANI-based compo-
sites, but the improvement of the EC by these fillers are
quite limited (about 10 S cm�1).51�56 This was mainly
attributed to the large contact resistance among the
carbon fillers. The contact resistance of the carbon-based
materials is rather huge compared to metals,57 which
results in the much lower EC of the composites than
expected. By contrast, silver nanowires (Ag-NWs) are
the ideal conducting filler for enhancing the EC of the
polymers. First, Ag possesses the highest EC among
metals; second, Ag is fairly resistant to corrosion, which
is important for serving in environments with various pH
values; third, the high aspect ratio of Ag-NWs is another
important advantage in forming electrically conduct-
ing networks in composites.50,58 Therefore, in this work,

Ag-NWs will be chosen as conductive fillers to fabricate
conductive PANI-based composite films to make sensi-
tive pH-triggered electrical switching systems.
It should be emphasized here that as an electrical

pH-responsive material, the conductivity should be
reversibly switched by the change of pH. And a high
contrast ratio in electrical property between doped
and dedoped form and thus a high switching ratio is
desired for a high performance switch with a high
sensitivity so that the high conductivity contrast ratio
will make the system sensitive and effective.59,60 Con-
ductive fillers are usually uniformly dispersed in the
PANI matrix to improve the EC.29,61,62 However, the
addition of conductive fillers to PANI matrix normally
leads to the reduction of switching ratio since the
electrical property of the uniform-structured compo-
site in dedoped form will also be greatly enhanced by
the conductive fillers.29,62,63 Herein a layer-structured
composite film is intentionally designed for the pur-
poses of not only greatly enhancing the EC in doped
form but also increasing the electrical switching ratio
between dedoped and doped forms. Through an easy
vertical spinning (VS) process, the layer-structured
composite films of a high pH-sensing PANI layer and
an ultrahigh EC Ag-NW layer are prepared. The PANI
layer apparent EC of the nanocomposite film can be
reversibly switched by adjusting the external pH and
be greatly enhanced in its doped form by the Ag-NW
layer while not obviously influenced in dedoped form,
bringing about a very high switching ratio. The as-
prepared nanocomposite film shows the high electrical
conductivity of 1.03 � 104 S cm�1 at the Ag-NW areal
density of 0.84 mg cm�2 and an excellent cycling
stability. The high electrical conductivity and the
high contrast ratio make the layer-structured nano-
composite film as a superswitch candidate with an
excellent sensitivity for pH-responsive systems. Finally,
a smart pH self-adjusting switching system is success-
fully designed using the as-prepared layer-structured
nanocomposite film. Particularly, the switching sys-
tem achieves a very high contrast ratio of ca. 9 � 108

due to the layered structure of the nanocomposite
film, which is much higher than that reported in the
literatures.31,32,63,64

RESULTS AND DISCUSSION

The original VS process is developed as shown in
Figure 1. Ag-NWs are first dispersed in PANI-N-methyl-
2-pyrrolidone (NMP) solution by a bath sonicator to
form a uniform mixture. The resultant mixture is then
poured into a barrel-like container made of Stainless
Steel 304 (06Cr18Ni9). The container is coaxially ro-
tated at a high speed of 2000 r min�1 by a motor. The
container has a vertical inside wall and an annular
baffle on the top. Because of the great centrifugal force
under a high speed rotation, the mixture is spread to
form a uniform liquid film along the inside wall of the
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container. Afterward, the container is heated to
evaporate the solvent, and the rotation maintains
throughout the whole evaporation procedure. Since
the density (10.5 g cm�3) of Ag-NW is much higher
than that (1.2 g cm�3) of PANI, Ag-NWs will be cen-
trifuged to the outside of the film during rotation,
forming a layer-structured composite film. The com-
posite film can be easily peeled off after immersing in
water from the inside of the container.
The as-synthesized Ag-NWs used in the present

work are displayed in Figure 2a. The details of the
length and diameter distributions of the Ag-NWs are
shown in Figure S1 (Supporting Information). Figure 2b
shows the scanning electronic microscopy (SEM) im-
age of the cross-section of the nanocomposite film
with an Ag-NWAD of 0.84mg cm�2. The content of the
Ag-NWs in the composite film is described by an areal
density (AD), namely the Ag-NWs weight in per unit
area of the composite films. From the SEM image, it
can be seen that the Ag-NWs are present only in the
Ag-side. This will keep the PANI-side of the composite
film in an insulating state in its dedoped form. A clear
boundary between the PANI layer and the Ag-NW layer
can be seen. The thickness is about 2.5 μm for the
Ag-NW layer and is about 10 μm for the PANI layer.
Ag-NWs in the layer-structured composite film

are tightly stacked due to the centrifugal force. This
ensures the good contact among Ag-NWs, leading to
an excellent electrical property of the Ag-NW network.
The layered structure makes the composite film an
excellent candidate as a switch: the PANI layer provides

a pH-sensing functionality while the Ag-NW layer
supplies a high conductivity when PANI is in the doped
form. Figure 2c and 2d are the corresponding SEM
images of the surfaces of the two sides. Figure 2e and 2f
shows the digital photographs of the PANI-side and the
Ag-side of the as-prepared layer-structured composite
film, respectively.
Since the composite film has a layered-structure, the

sheet resistance of its two sides will be different. The
bulk conductivity of the composite film and the sheet
resistances of both sides of the films are respectively
tested following the methods schematically shown in
Figure 3a. Figure 3b shows the bulk conductivity of the
composite film as a function of the Ag-NWAD, inwhich
all the samples consist of the same areal density of
the PANI (1.2 mg cm�2). It can be seen from Figure 3b
that the composite conductivity increases sharply
with increasing the Ag-NW AD when it is lower than
0.84 mg cm�2, indicating that the conductive network
is being gradually constructed. On the other hand,
the conductivity increases relatively slowly with fur-
ther increasing the Ag-NW AD when it is higher than
0.84 mg cm�2. This is because the continuous network
has beenbuilt upwhen theAg-NWareal density is equal
to 0.84 mg cm�2 and a further increase of the Ag-NW
amount will no longer influence the EC significantly.
Moreover, the conductivity value of 1.03� 104 S cm�1

at the Ag-NW AD of 0.84 mg cm�2 is close to that
of universal eutectic solders as mentioned above, which
can meet there requirements for various electronic
applications.48�50 Therefore, 0.84 mg cm�2 is chosen
as the proper Ag-NW AD for fabricating Ag-NW/PANI

Figure 2. (a) SEM imageof the synthesized silver nanowires,
(b) SEM image for the cross-section of the Ag-NW/PANI
composite film (AD = 0.84 mg cm�2), (c) SEM image for the
surface of the PANI-side of the composite film, (d) SEM
image for the surface of theAg-side of the compositefilm, in
which the Ag-NW AD of the film is 0.84 mg cm�2, (e) digital
photograph of the PANI-side and (f) digital photograph of
the Ag-side of the composite film.

Figure 1. Schematic diagram of the vertical spinning meth-
od: (a) prescribed silver nanowires are dispersed in PANI-
NMP solution to form uniform mixture, (b) the resultant
mixture is poured into a high speed rotating barrel-like
container, (c) the rotating container is heated to evaporate
the solvent and (d) the final nanocomposite film is obtained
by peeling it off from the inside wall of the container.
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composite film switch. The sheet resistance of the Ag-
side and PANI-side of the films is displayed in Figure 3c.
As expected, the sheet resistance of the Ag-side
decreases dramatically with the increase of Ag-NW AD.
More importantly, the sheet resistance of the doped
PANI-side also decreases greatly with the increase of Ag-
NW AD. This is because the layer-structured composite
film canbe regarded as a parallel resistance combination
of the two layers, and the apparent electrical property
of the PANI layer is enhanced by the conductive Ag-NW
layer.64 Thus, the sheet resistance of the PANI side is
dramatically reduced due to the parallel combination
effect. Besides the high conductivity of the Ag-NW layer,
the small contact resistance (RC) between the two layers
is another important reason for the large enhance-
ment of the electrical property in doped form. The RC
is evaluated by considering the layer-structured compo-
site film as a parallel resistance combination model
as described in the inset of Figure 3d.64 According to
the parallel resistance law, RC of the composite film can
be obtained from eq 1. The details for the derivation of
eq 1 are given in the Supporting Information.

1
RP

¼ 208:3þ FAg=σAgFS þ 2RC
208:3FAg=σAgFS þ 416:6RC

(1)

In eq 1, RP is the sheet resistance of the PANI-side
of the layer-structured composite film and σAg is the

conductivity of the Ag-NW layer. And FS is the areal
density of the Ag-NWs in the composite films, while FAg
is the bulk density of the Ag-NWs. Thus, RC can be
estimated by fitting the curve of 1/RP against FAg/σAgFS
as shown in Figure 3d. Finally, RC between the two layers
is evaluated to be about 0.11 Ω square�1, which is
smaller than that (>0.2 Ω square�1) of the stainless
steel-PANI systems.65 Therefore, the combination of
the small contact resistance and the high conductivity
of the Ag-NW layer finally results in the outstanding
electrical property of the nanocomposite film. However,
when the film is in dedoped form, the sheet resistance of
the PANI layer is rather huge (>106 Ω). For this case, the
electrical property of the composite film is mainly
determined by the resistance of the PANI layer; thus,
the contact resistance between layers is no longer a
major influencing factor.
As shown in Figure 4a, when the layer-structured

composite film is used as an electrical switch, two
copper electrodes are attached on the PANI-side of
the composite film by a conductive adhesive and the
insulated adhesive plaster is used to isolate the elec-
trodes from the conductive environmental solution.
Figure 4b schematically describes how the electrical
switch works. The composite film is connected with a
powered circuit by a direct current (DC) power supply
to build a switch circuit. When the PANI layer is in the

Figure 3. (a) Schematic diagrams for the measurement methods for bulk conductivity and sheet resistance of the Ag-NW/
PANI composite film, (b) bulk conductivity of the composite film as a function of the Ag-NW AD, (c) sheet resistance of the
PANI and Ag-NW sides of the composite film as a function of the Ag-NW AD and (d) fitting curve of 1/RP against FAg/σAgFS of
the composite film for evaluation of the contact resistance between the two layers. The inset is the schematic diagram of the
parallel resistance model of the composite film.
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dedoped form, the switch circuit is open due to the
nonconductive characteristic of the PANI layer, and
the switch shows the “off” state. When the PANI layer
is triggered to the doped form by the pH stimulus,
the switch circuit is close and the current is allowed to
pass through both the conducting PANI layer and the
Ag-NW layer, thus the switch shows the “on” state.
Therefore, the electrical property of the PANI-side
of the composite film is the dominating parameter
for the switch. The electrical property of the PANI-side
can be described by an apparent sheet resistance. The
PANI-side sheet resistance of the composite films is
presented in Figure 4c as a function of the Ag-NW AD,
in which the pH value is adjusted by the addition of
HCl. It can be seen that the PANI-side sheet resistance
of the composite film decreases gradually as the pH
value decreases, indicating that the PANI is gradually
doped by the proton acid. Moreover, the doped PANI-
side sheet resistance decreases dramatically with in-
creasing the Ag-NW AD, which indicates that the
apparent electrical property of the PANI-side is greatly
enhanced by the Ag-NW layer. The ratio of the de-
doped PANI-side sheet resistance to that of the doped
form is defined as a switching ratio. The switching
ratio is an important parameter for a switch and a high
switching ratio means that the switch has a high
sensitivity and efficiency.59,60 As shown in Figure 4d,
the switching ratio of the composite film is significantly
enhanced by the addition of Ag-NWs. Table 1 displays
that the switching ratio of the Ag-NW/PANI compo-
site film with an Ag-NW AD of 0.84 mg cm�2 is two to
six orders higher than that the previously reported

PANI-based electrical pH responsivematerials.29,30,62,63

This indicates that the as-prepared layer-structured
Ag-NW/PANI nanocomposite film is sensitive to the
pH change of the environment.
It can be seen that the switching ratio of the layer-

structured Ag-NW/PANI composite film is ca. two
orders higher than that of the pure PANI and up to
5.5 orders higher than that of uniform composites. By
contrast, the switching ratio of the previously reported
PANI-based materials29,30,62,63 is much lower than that
of the pure PANI. This is because for these composite
materials, their uniform structures make their EC in the
dedoped state also greatly enhanced by the conduc-
tive fillers, leading to the reduction of the switching
ratio, which is an adverse effect for switches. Both the
high switching ratio and the high electrical property
will allow a great current in the circuit to pass through
the composite film in its doped form under universal
voltage supplies. Figure 4e shows the comparison
of the current intensity passing through the switches
with different Ag-NW areal densities as a function of
pHwhen they are powered by the same voltage power

Figure 4. (a) Schematic diagramof the pH-triggered electrical switch based on the layer-structured Ag-NW/PANI films, (b) the
“off” and “on” state of the switch corresponding to the dedoped and doped form of the PANI layer, (c) the PANI-side sheet
resistance of the Ag-NW/PANI composite films with various Ag-NW ADs as a function of environmental pH, where the pH
value is controlled by adjusting the added amount of HCl, (d) switching ratio of the switch as a function of Ag-NW AD, (e)
comparison of the current intensity passing through the switcheswith different Ag-NWADs as a function of pHwhen they are
powered by the same voltage power supply and (f) PANI-side sheet resistance response of the composite filmwith an Ag-NW
AD of 0.84 mg cm�2 upon alternatively adjusting the solution pH value between 0 and 9.

TABLE 1. Switching Ratio of PANI-Based Electrical pH

Responsive Materials

materials switching ratio ref no.

Au/PANI 6.0 � 102 63
Gum acacia/PANI 3.2 � 103 62
CNT/PANI 1.5 � 105 29
PANI 8.6 � 106 30
Ag-NW/PANI 9.1 � 108 present work
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supply. It can be seen that the current-carrying ability
of the switch is dramatically improved by the layered
structure of the Ag-NW/PANI composite films. This
makes it possible to directly drive electronic devices
in smart systems by the switch via controlling the
current. Figure 4f shows the PANI-side sheet resistance
response of the composite film upon alternatively
adjusting the solution pH value between 0 and 9. For
the first two cycles, the PANI-side sheet resistance
of the dedoped form (pH = 9) decreases from 108 Ω
to 107 Ω, and subsequently stabilizes near 107 Ω. This
decrease results from the incomplete recovery of the
protonation upon returning from the doped state.28

The switching between the doped and dedoped form
is robust and maintains a switching ratio in excess

of 7 orders after 50 continuous cycles, which shows the
excellent cycling stability of the switch.
A smart pH self-adjusting system is demonstrated

by using the layer-structured nanocomposite film with
an Ag-NW AD of 0.84 mg cm�2 as the electrical switch.
The system simulates the pH self-adjusting process as
the acidity increases continuously, which is schemati-
cally described in Figure 5a. HCl is slowly released to
the solution and the pH of the solution is then reduced
gradually. When the pH reaches the critical value set at
(=0), the composite film switch is triggered to its “on”
state; at the same time, the electric relay controlled by
the composite film is triggered on, and the solenoid
valve and pilot lamp are powered. NaOH is then rapidly
released by the solenoid valve to neutralize the HCl.

Figure 5. A smart pH self-adjusting system using the Ag-NW/PANI composite film as a pH-triggered electrical switch: (a)
schematic diagramof the system; (b) digital photographof the smart systemwhen it is in its “on” state; (c) the sheet resistance
of the PANI-side of the composite film with an Ag-NW AD of 0.84 mg cm�2 and the electric current in the switch circuit as a
function of the solution pH, the dotted red lines are the “on” (upper) and “off” (lower) current value of the electric relay; (d) the
real pH value of the solution in the smart pH self-adjusting system as a function of time.
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Afterward, the system will then be back to the “off”
state when the pH of the solution exceeds the critical
value and a new cycle begins.
The working process in Figure 5a is explained here.

The switch as shown in Figure 4a is serially connected
to an electric relay (resistance = 28 Ω, open current =
100 mA and close current = 45 mA) to build a switch
circuit. A power supply with a 3 V voltage is used in the
circuit as a permanent potential. Thus, the electric
current in the electric relay is controlled by the switch.
The film is then immersed in water in a beaker.
The environmental pH is adjusted by controlling the
amount of HCl aqueous solution (5 M) and NaOH
aqueous solution (10 M) added to the beaker. After
added to the beaker, the solution is mixed rapidly by a
magnetic stirrer. The addition of NaOH is managed by
a solenoid valve, which is controlled by the electric
relay and powered by a voltage source (Keithley source
meter 2400) as well as the pilot lamps. In a typical
process, the solution is neutral initially. The PANI layer
of the composite film is insulated, namely the switch
is in the “off” state. Then, the HCl solution is dripped
slowly into the beaker and the dripping is kept
throughout the whole process. As the pH is reduced,
the PANI layer of the composite film becomes gradu-
ally doped, leading to the decrease of the PANI-side
resistance; at the same time, the electric current in
the switch circuit rises. When the current reaches the
current value required for opening the electric relay
(100 mA), the system turns to the “switch on” state: the
pilot lamp is lit up and the solenoid valve is opened.
Then the NaOH solution is released rapidly into the
beaker though the solenoid valve. After the addition of
NaOH, the pH of the solution rises and the PANI layer is
then gradually dedoped, causing the current decrease
in the switch circuit. When the current is decreased
to the one required for closing the electric relay
(45 mA), the system turns back to the “switch off” state
and the addition of NaOH is then stopped. Afterward,
as the HCl keeps dripping, a new adjusting cycle
begins. The system then starts to carry out the pH
self-adjusting process repeatedly. Figure 5b shows the
digital photo of the systemwhen it is in the “switch on”
state. Video S1 in the Supporting Information shows a
typical pH self-adjusting process as described above.

Figure 5c shows the sheet resistance of the PANI-
side of the composite film and the corresponding
electric current in the switch circuit as a function of
the solution pH. It can be seen that the sheet resistance
decreases dramatically as pH decreases especially
below 2. When the pH is decreased to about 0, the
current in the switch circuit approaches 100 mA, the
system is then triggered to addNaOH to the solution to
raise the pH. When the pH is raised to about 8.5, the
current in the switch circuit decreases below 45 mA,
the addition of NaOH is then stopped. This smart pH
self-adjusting system is set to adjust the pH value of
the solution in the range of 0 to 8.5. The practically
measured pH range of the solution is in the range of
about 0�11 as shown in Figure 5d. The pH value is
measured using a pH meter (PHS-3E, Rex) for 2 mL
solution taken out from the baker employed using a
pipet in a time span of 30 s. It is not needed to stop the
system while the measurement is conducted. The
excess range of the pH can be attributed to the rapid
addition of NaOH and the response time (several
seconds) of the PANI dedoping process.60 Eventually,
the smart system shows the promising potential of the
layer-structured Ag-NW/PANI composite films as high
performance switches in practical pH-responding ap-
plications owing to their very high switching ratio and
the excellent EC.

CONCLUSION

In summary, the sensitive pH-triggered electrical
switch with a much higher switching ratio compared
to other switches reported previously has been suc-
cessfully developed using a layer-structured Ag-NW/
PANI composite film prepared via an easy vertical
spinning method. The layer-structured Ag-NW/PANI
nanocomposite film shows a reasonable sensitivity as
switch owing to its high switching ratio and the high EC
of the Ag-NW layer. Finally, a smart system is demon-
strated to achieve a self-adjustment ability of the
environmental pH by employing the layer-structured
composite film switch. The successful demonstra-
tion of the layer-structured nanocomposite film as a
pH-responsive switch shows its promising potential
application in various pH-relative smart responding
systems.

MATERIALS AND METHODS

Materials. All reagents, including aniline, ammonium persul-
fate (APS), HCl, NH3 3H2O, AgNO3, FeCl3 3 6H2O, ethylene glycol
and N-methyl-2-pyrrolidone (NMP), are in analytical grade
and are used as received. All the above raw materials were
purchased from Beijing Chemical Works, Beijing, China.

Synthesis of PANI-Emeraldine Base Form (EB) Powders. Emeraldine
salt form of PANI was synthesized from a chemical oxidation
of aniline with APS oxidant in 1.5 M HCl solution at 0 �C.
Emeraldine base form of PANI was obtained by dedoping the
emeraldine salt form with 25 wt % ammonia solution for 24 h

andwas thenwashedwith alcohol for several times and dried in
a vacuum for 48 h at 60 �C.

Synthesis of silver nanowires. Silver nanowires were synthe-
sized by a solvothermal method. 1.7 g of AgNO3 was dissolved
in 100mL of ethylene glycol to form solution A. 1.6 g of PVP was
dissolved in another 100 mL of ethylene glycol and 2.7 mg of
FeCl3 3 6H2O was added to form solution B. Then solution B was
added to solution A dropwise with vigorous stirring. After that,
themixturewasmoved to an autoclave and heated to 160 �C for
3 h. Finally, the silver nanowires were obtained by rinsing with a
large amount of acetone.
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