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Abstract A solid-state compact potentiometric hydrogen

gas sensor was developed using CH3COONH4-doped

chitosan as polymer electrolyte. The 40 wt% CH3COONH4-

doped chitosan was used as the electrolyte in the sensor.

The X-ray diffraction and the scanning electron microscope

results showed that the nano-sized platinum working elec-

trode and silver reference electrode were deposited on

the respective side of polymer electrolyte by the impregna-

tion–reduction method. The generated electromotive force

increased linearly with the logarithm of hydrogen concen-

tration at room temperature. Either insufficient or exces-

sive impregnating time works against the gas sensitivity,

and the polymer electrolyte prepared by impregnating

5 min endows the sensor with the best hydrogen-sensitive

performance.
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1 Introduction

With prominence of environment and energy issues,

hydrogen has been applied widely as a clear and renewable

energy to replace the depleting fossil fuel resources. How-

ever, the flammable and explosive properties of hydrogen

gas and hydrogen embitterment in most metals bring great

troubles in the production, storage, transportation, and

application of hydrogen [1–3]. Consequently, the develop-

ment of hydrogen sensors to detect gas leakage has attracted

much attention for safe use of hydrogen energy. Many

hydrogen sensors based on thermoelectric effect, optical

effect, and semiconductor effect were reported [4–10].

Compared with them, the electrochemical hydrogen sensor

with solid-state electrolyte polymers has advantages of

simple design, reliable measurement, and low cost [4, 11].

The solid-state hydrogen sensor based on Nafion mem-

brane has been studied widely [12, 13], but the high cost

and free dehydration limit the development of corre-

sponding hydrogen sensor [14, 15]. Chitosan electrolyte is

a promising candidate of the proton exchange membrane of

hydrogen sensor due to low cost and high conductivity

under dry condition [16–18]. In addition, chitosan can

easily absorb noble metal ions, which works for the

deposition of catalyst and electrode in the impregnation–

reduction process.

To our knowledge, there was no systematic study on the

hydrogen sensor with chitosan electrolyte. In this article,

the properties of a solid-state compact potentiometric

hydrogen sensor were investigated, where ammonium

acetate (CH3COONH4)-doped chitosan was used as the

proton exchange membrane.

2 Experimental

2.1 Chitosan electrolyte preparation

Chitosan electrolytes doped with different concentration

CH3COONH4 were prepared by solution casting technique.

After 1 g chitosan powder was dissolved in 100 mL of 1%

acetic acid solution, CH3COONH4 was added. After 24 h

continuous stirring at room temperature using a magnetic
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stirrer, the obtained homogeneous solution was cast into a

plastic petri dish and dried by room temperature evapora-

tion to form chitosan membrane electrolyte.

2.2 Sensor preparation

The chitosan membrane was stretched and fixed in a poly-

acrylic holder with a circular opening of 10 mm in diame-

ter. Platinum anode and silver cathode were deposited on

each side of the chitosan membrane by the impregnation–

reduction method. The solvents were 0.01 mol/L chloro-

platinic acid (H2PtCl6) solution, 0.4 mol/L silver nitrate

(AgNO3) solution, and 0.4 mol/L sodium tetrahydroborate

(NaBH4) solution (pH 11–12).

After exposure in the H2PtCl6 solution for 3–10 min, the

membrane was rinsed thrice with double distilled water.

The impregnated metal ions were reduced by a strong

reducing agent of freshly prepared NaBH4 solution for

5 min. The metal-plated membrane was rinsed again by

double distilled water. Subsequently, a similar procedure

was applied to the other side of the membrane to get the

silver electrode. Both impregnation and reduction were

carried out at room temperature. The sensors were signed

as A, B, and C according to the different impregnation time

of 3, 5, and 10 min.

2.3 Characterization

The conductivity measurement of polymer electrolyte was

preformed using Schlumberger 1255 Frequency Response

Analyzer in the frequency range from 10 Hz to 1 MHz at

room temperature. Phase composition was carried out by the

X-ray diffraction (XRD) patterns via a Rigaku X-ray dif-

fractometer Dmax-RB12 kW with Cu Ka radiation. The

microscope morphology of the electrode was characterized

by a field emission scanning electron microscope (SEM)

SUPRA55. In the hydrogen sensitivity measurement, the

anode sensing side of sensor was exposed to the hydrogen–

air mixture, while the cathode side was exposed to air. The

cell electromotive force (EMF) was measured with a

PZ158AB DC digital voltammeter. All measurements were

performed under 45 ± 3% relative humidity and 298 K

temperature.

3 Results and discussion

3.1 The conductivity of polymer electrolyte

The previous study showed that the proton conductivity of

chitosan depended on the ammonium salt doping [19]. The

pure chitosan has very low conductivity of 1 9 10-1 S

cm-1, while 40 wt% CH3COONH4-doped chitosan has a

maximum conductivity value of 2.87 9 10-4 S cm-1 with

the lowest activation energy of 0.19 eV [19]. It is because

the ammonium salt doping increases the free ion concen-

tration and promotes the polymer segment’s motion. In

addition, the complex impedance plot illustrates that the

total conductivity is mainly a result of ionic conduction.

The high proton conductivity can promote the proton

translocation, so the 40 wt% CH3COONH4-doped chitosan

electrolyte was chose as the proton exchange membrane.

3.2 XRD analysis of the film electrode

Figure 1 shows the XRD patterns of 40 wt% CH3

COONH4-doped chitosan electrolyte before and after the

impregnation–reduction process. The ionic conduction of

polymer electrolyte is dominated by the amorphous phase

instead of crystal phase [20–22]. The broad diffraction

peak around 20� in Fig. 1a suggests the existence of

amorphous phase of chitosan electrolyte. The notable

amorphous phase character indicates that the polymer

electrolyte has considerable conduction. The peak around

20� does not change after impregnation–reduction process,

which indicates the amorphous nature of polymer electro-

lytes is not affected; so does the conductivity. At the same

time, the XRD peaks of Ag and Pt clearly appear in the

XRD pattern, which indicates that the surfaces of chitosan

electrolyte are metalized after the impregnation and

reduction, i.e., the corresponding electrodes have formed.

3.3 Morphology of the membrane electrode

Figure 2 shows the surface morphologies of 40 wt%

CH3COONH4-doped chitosan electrolyte before and after

Fig. 1 XRD patterns of (a) 40 wt% CH3COONH4/chitosan electro-

lyte, (b) Ag electrode on the 40 wt% CH3COONH4/chitosan electro-

lyte, and (c) Pt electrode on the 40 wt% CH3COONH4
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the impregnation–reduction process. Figure 2a shows that

the chitosan membrane exhibits a rough surface initially

that indicates the occurrence of phase separation [23]. After

the impregnation–reduction process, Pt electrode and Ag

electrode are homogeneously deposited on respective side

of the electrolyte and show a porous structure, as shown in

Fig. 2b, c. Pt particles have uniform size smaller than

100 nm while Ag particles are larger than 100 nm. The

porous structure of Pt electrode and Ag electrode can

increase contacting area between the reactive gas and

catalyst and improve the efficacy of catalyst.

Figure 3a, b shows the section morphologies of Pt

electrode and Ag electrode deposited on the chitosan

electrolyte. Either Pt electrode or Ag electrode consists of

three parts: nanoparticles near polymer matrix, parallel

nanorods, and nanoparticles around surfaces. Figure 3c, d

shows the interface morphologies of Pt electrode and Ag

electrode with polymer matrix. It indicates that the for-

mation of electrode composes of three stages, which are

determined by the content of noble metal absorbed by

polymer matrix. After the solution of metal salt is dropped

on the polymer electrolyte, the metal ions diffuse into the

polymer matrix and some metal ions combine with poly-

mer matrix during this process. In the shadow layer of

electrolyte, the amount of metal ions is large, so nanorodes

form. In the deeper layer, the metal ions are less, so the

difficult aggregation of metal ions impedes the further

growth of nanoparticles. Around the surface, the effect of

surface tension works against the aggregation of metal ions

and the grain growth, so nanoparticles form.

3.4 Relationship of voltage and hydrogen

concentration

The hydrogen sensor can be described in terms of the

following galvanic cell:

Pt, (H2, air)|40 wt% CH3COONH4/chitosan electro-

lyte|Ag, air.

When the cell anode is exposed to the atmosphere

containing hydrogen, the EMF between anode and cathode

can be represented by the Nernstian equation:

DE ¼ EH2
� Eair ¼

2:303RT

2nF
logpH2

ð1Þ

where DE is the cell EMF in volts V, R is the gas constant

of 8.3143 J (mol K)-1, T is the absolute temperature, n is

the number of electrons involved in the electrochemical

reaction, F is the Faraday’s constant of 96487 C mol-1, pH2

is the partial pressure of hydrogen at the platinum elec-

trode/chitosan electrode interface. In addition, the con-

centrations of all the species other than H2 are assumed as

constant. After substituting the constants in Eq. 1, the

Nernstian slope at 298 K is calculated as 14.78 mV.

The response of hydrogen sensors to the hydrogen–air

mixtures at 298 K is shown in Fig. 4. After the sensor is

exposed to a hydrogen-containing gas, the measured EMF

increases rapidly first and reaches an equilibrium value.

With the rise of hydrogen concentration in the mixture, the

EMF increases monotonously. The saturation time from

initial to equilibrium state is short, which indicates a rapid

Fig. 2 SEM surfaces morphologies of a 40 wt% CH3COONH4/

chitosan electrolyte, b Pt electrode deposited on 40 wt%

CH3COONH4/chitosan electrolyte, and c Ag electrode deposited on

40 wt% CH3COONH4/chitosan electrolyte. The electrode prepared

by impregnating 5 min
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Fig. 3 SEM section morphologies of a Pt electrode deposited on

40 wt% CH3COONH4/chitosan electrolyte, b Ag electrode deposited on

40 wt% CH3COONH4/chitosan electrolyte, and c the interface between

electrode and polymer matrix, d the interface between Ag electrode and

polymer matrix. The electrode prepared by impregnating 5 min

b

Fig. 4 298 K EMF versus various concentrations of hydrogen in air

for the sensor impregnated different time at same reduction time:

a impregnation 3 min, b impregnation 5 min, and c impregnation

10 min. The sensor was flushed with air prior to the introduction of

each new hydrogen gas mixture (Relative humidity 45 ± 3%)
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response of this sensor. The experimental results show that

the sensor with CH3COONH4-doped chitosan as electro-

lyte has excellent hydrogen-sensitive performance.

When the concentration of hydrogen is low, the satu-

rated EMF value is low and the saturation time is a bit long

due to the sparsely available hydrogen at the platinum

electrode. With the increase of hydrogen concentration, the

reacted hydrogen on the surface of the platinum electrode

is more, so the saturated EMF value increases and the

saturation time shortens.

Figure 4 also shows that the performance of sensor is

affected by the impregnation time. The sensor with the

electrolyte impregnated 5 min exhibits the best hydrogen-

sensitive performance. The impregnation time influences

the quality of electrode by the number and the diffusion

depth of metal ion. When the impregnation time is short,

fewer metal ions are combined to form electrode. When the

impregnation time is too long, some metal ions are stabi-

lized by the amine groups of chitosan electrolyte, which

prevents those amine groups from transferring protons. So

the proper impregnation time is advantageous to improve

the performance of sensor.

Figure 5 depicts the equilibrium potential values of

three sensors to various hydrogen concentrations. The

response of sensors is linear with logarithm of hydrogen

concentration. The nonlinear least squares fit are done for

the EMF data of three sensors. The slopes of A, B, and C

sensor are 23.24, 51.21, and 14.75 mV, respectively. The

slope of C sensor is close to the calculated value

(14.78 mV) of Nernst equation, while those of A and B

sensor are much higher. This result shows the response of

C sensor to hydrogen follows the Nernstian behavior, but B

sensor and C sensor not. The non-Nernstian behavior may

ascribe to the oxidation of Pt electrode [12, 24].

4 Conclusion

A solid-state hydrogen sensor has been developed using

40 wt% CH3COONH4-doped chitosan as electrolyte, Pt as

anode, and Ag as cathode. The XRD and SEM results show

that the nano-sized electrodes are deposited on the

respective surface of electrolyte by the impregnation–

reduction method, and the porous structure can increase the

contacting area of electrodes. The response of sensors is

linear with logarithm of hydrogen concentration. The

sensor prepared by impregnating 5 min shows the best

hydrogen-sensitive performance. The simple-constructed,

convenient, and reliable application of hydrogen sensor

based on the low-cost chitosan electrolyte has obvious

superiority on detecting the micro-hydrogen leakage and

greatly promotes the safe use of hydrogen energy.
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