
D
e

E
a

b

c

a

A
R
R
A
A

K
E
E
M
N

1

i
a
g
a
t
b
a
t
c
g
g

b
e

w
i

h
0

Sensors and Actuators B 236 (2016) 858–864

Contents lists available at ScienceDirect

Sensors  and  Actuators  B:  Chemical

jo u r nal homep age: www.elsev ier .com/ locate /snb

esign  and  investigation  of  thin  film  nanocomposite  electrodes  for
lectrochemical  sensors

lena  Medvedevaa,  Alexander  Baranovb,  Andrey  Somovc,∗

FSUE SPA ‘Analitpribor’, Smolensk, Russia
‘MATI’-Russian State Technological University, 121552 Moscow, Russia
College of Engineering, Mathematics and Physical Sciences, University of Exeter, EX4 4QF Exeter, United Kingdom

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 28 November 2015
eceived in revised form 30 January 2016
ccepted 21 February 2016
vailable online 24 February 2016

eywords:
lectrochemical sensors

a  b  s  t  r  a  c  t

It is  well  known  that  even  negligible  continuous  gas  leaks at industrial  plants  may  lead  to  serious  occu-
pational  diseases.  This  fact  – along  with  growing  urbanization  –  impose  more  stringent  requirements  for
ubiquitous  gas  leak monitoring  and  air quality  control.  To  address  this  problem,  sensitive,  selective  and
stable  sensors  are  required.  The  given  work  demonstrates  the  design  and  investigation  of  highly  selective
electrochemical  sensors  for continuous  monitoring  of carbon  monoxide  (CO)  and  hydrogen  sulfide  (H2S)
gases. In  particular,  we  present  highly  sensitive  thin film  nanocomposite  electrodes  for  electrochemi-
cal  sensors.  The  nanocomposite  electrodes  are obtained  on the  porous  Polytetrafluoroethylene  (PTFE)
nvironmental monitoring
agnetron sputtering
anocomposite electrode

substrate  by  magnetron  sputtering  co-deposition  of  the  graphite/platinum  target.  As a  result,  the thin
film  nanocomposite  electrode  consists  of an amorphous  carbon  matrix  which  includes  platinum  metal
nanoclusters  (a-C/Pt).  The  electrochemical  gas  sensors  with  the  developed  electrodes  are  produced  and
tested in  several  gas  atmospheres.  The  experimental  results  demonstrate  that  a-C/Pt  has  high sensitivity
and  stability  as compared  to  traditional  powder  catalysts.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Even though there has been a tremendous progress in gas mon-
toring equipment for industrial plants over the last decades, small
nd negligible gas leaks still occur. As a matter of fact, even negli-
ible concentrations of continuous gas leaks may  result in serious
ccidents and cause occupational diseases of factory workers. At
he same time, global urbanization is projected to be around 66%
y 2050 [1] that will lead to significant air pollution in urban areas
nd, as a result, will lead to respiratory infections. An improved con-
rol of air quality within metropolitan areas and at huge factories
an be realized by the application of cheap, tiny and autonomous
as sensors which can ubiquitously and promptly detect hazardous
ases as well as their overconcentration.

To address this problem, different sensing technologies have
een used so far: semiconductor [2], catalytic [3], optical [4] and
lectrochemical [5].
A viable approach to guarantee secure detection of gas leak
hile ensuring the sensor performance and autonomous operation

s the application of electrochemical sensors [5] which can detect

∗ Corresponding author.
E-mail address: and-somov@yandex.ru (A. Somov).

ttp://dx.doi.org/10.1016/j.snb.2016.02.104
925-4005/© 2016 Elsevier B.V. All rights reserved.
and quantify various gases, e.g., carbon monoxide (CO), hydrogen
sulfide (H2S), nitrogen oxides (NOx). Sensitivity and selectivity of
electrochemical sensors depend on a number of factors associ-
ated with a catalyst production, i.e., the catalyst morphology, size
of nanoparticle, catalyst support, working electrode porosity and
resistivity.

The novelty of this work is in designing of highly selective elec-
trochemical sensors for continuous monitoring of carbon monoxide
(CO) and hydrogen sulfide (H2S) in the gaseous environment.
The selectivity of the sensor is provided by the thin film carbon-
platinum working electrode which enables the oxidation reaction
at predefined potential. This solution prevents other oxidation-
reduction reactions happen on the working electrode in aqua
system.

This paper is organized as follows: in Section 2 we overview
the state-of-the-art in terms of catalyst deposition and magnetron
sputtering to introduce the reader to these technologies. Section 3
describes the sensor fabrication process followed by the extensive
experimental results presentation and discussion in Section 4. In
Section 5 we provide our concluding remarks and plans for future

work.

dx.doi.org/10.1016/j.snb.2016.02.104
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.02.104&domain=pdf
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ig. 1. (a) Electrochemical sensor where “1” —diffusion barrier, “2” —locking ring, “3
b)  Installation diagram of magnetron sputtering.

. State-of-the-art

.1. Catalyst deposition

The traditional technology of catalyst production includes the
echanical deposition (or pasting) [5], screen-printing [6] and

hemical reduction processes [7]. These deposition technologies
re not always suitable for mass production due to their high cost
ssociated mainly with labor expenses and noble metal consump-
ion (platinum, palladium and etc.). At the moment, there is an
ngoing research aiming at decrease of Pt used in the technological

rocess while ensuring high electrocatalytic activity. As a result,
he technology catalyst support was actively investigated last time
8]. Different carbonaceous materials, e.g., graphene, carbon fibers
rking electrode, “4”—reference electrode, “5” —auxiliary electrode, “6”—electrolyte,

and carbon nanotubes, have been studied as catalyst support [9–11]
and demonstrated excellent catalytic activity [12].

A number of deposition techniques including electrodeposition
and vacuum deposition (sputtering) have been widely employed to
apply the catalyst layers to working electrode. It should be noted
that sensitivity and selectivity of nanocomposite materials can be
further increased by reducing the size of the noble metal nano-
inclusions [13]. As the size of a particle is progressively reduced, the
particle volume properties become altered by its surface character-
istics. As a matter of fact, the reduction of geometrical dimensions
leads to the volume reduction of the surface area ratio which makes

the properties of the substance dependent on the particle size
[14,15]. It is quite natural that the surface properties dominate over
the bulk properties when the particle size decreases below a cer-
tain limit (5–10 nm). This allows one to change the properties of the
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anocomposite structure by changing the size of the nanoparticles
n a wide range. As a result, nanocomposite materials with defined
ombinations of properties (electrical, chemical, and optical) can
e produced. In contrast, the production of bulk materials typically
ails in this respect.

.2. Magnetron sputtering

In our work we use the technology of magnetron sputter-
ng for the catalyst production on the inert porous support for
pplication to electrochemical gas sensors. Even though the mag-
etron sputtering technology is well known [16], in this work
e present the results of magnetron sputtering co-deposition of

raphite/platinum catalyst on the porous substrate. The deposited
atalyst consists of an amorphous carbon matrix (a-C) which
ncludes metal nanoclusters [17], platinum in our case.

Magnetron sputtering provides nanocomposite materials with
ree combination of components, in particular, C and Pt.  This feature
s highly important when a component saturation concentration in

 matrix of another one is small. Catalyst injection into the carbon
atrix at vacuum sputtering helps to avoid agglomerating of Pt

articles that improves catalycity of catalyst.
Another important feature of magnetron sputtering co-

eposition (with respect to the electrochemical sensors with a
iquid electrolyte) is the ability to form the metal clusters inside

 highly irregular carbon matrix. It happens during the process of
anocomposite a-C/Pt formation and is in contrast with the typical
pproaches [18,19] when a metal is injected in previously formed
tructure of main metal or when clusters are deposited on a sup-
ort.

The basic components of an electrochemical sensor are a work-
ng (sensing), a counter (auxiliary) and a reference electrode. These
lectrodes are enclosed in the sensor housing and contact with a
iquid electrolyte. The above mentioned feature of the magnetron
puttering co-deposition is highly relevant to the processes run-
ing on the working electrode. In our case the working electrode is

 Teflon membrane (that is porous to gas but impermeable to the
lectrolyte) with the deposited catalyst layer on its inner face. The
as diffuses into the sensor through the membrane and the cata-
yst layer. On the inner side of the working electrode electrolyte
ermeates into the catalyst layer. As a result, a three-phase bound-
ry appears (gas-electrolyte-catalyst) inside the catalyst at which
he electrochemical reaction occurs. For that reason, it is crucial to
egularly distribute the catalyst (Pt) around the catalytic layer to
mprove the effective contact area with Pt.

Also, the magnetron sputtering technology for thin film
anocomposites is characterized by the improved sensor repro-
ucibility, while keeping the production costs low [20,21]. It is
chieved by the application of a single technological process pro-
ucing a whole array of electrodes.

. Sensor design

.1. Electrochemical sensor

Fig. 1 presents schematic of the electrochemical sensor used in
his work. It is a three-electrode cell which enables investigating
f electric current intensity depending on voltage on the work-
ng electrode. This cell is designed for detecting and controlling
f hazardous gases concentration in the environment.
.2. Synthesis of electrodes

In this work, we use the technology of magnetron sputtering for
he production of thin a-C/Pt thin film electrodes of electrochemical
Fig. 2. (a) Pasted electrode and synthesized electrodes: (b) working, (c) reference
and auxiliary.

sensors. The choice of a-C and Pt combination is due to unique phys-
ical, chemical and electrochemical properties which depend on the
relationship among sp-, sp2- and sp3- hybridized conditions of car-
bon atom [22,23]. Injection of nanoclusters of metals (noble [24],
rare earth [25], ferromagnetic [26]) into a-C expands their physical
and chemical properties, e.g., makes them catalytically active [27].

The amorphous matrix provides a reasonable electrical conduc-
tivity and the necessary permeability to gas diffusion, while the
noble metal nano particles provide higher electrochemical activ-
ity. As a result, thin film catalysts with the required combination of
properties can be produced.

The a-C/Pt thin films are deposited by magnetron co-sputtering
of carbon-platinum target in argon. We  note here that the plat-
inum target was  inserted in the carbon one. The synthesis of a-C/Pt
catalyst is conducted on a magnetron facility equipped with the
magnetron of constant current and system ensuring the carrier
rotation (see Fig. 1b). The films are deposited on a porous PTFE FM-
400 substrate with 15 mm diameter and porous size 1 �m at room
temperature. The argon pressure is 10−1–10−2 Pa and the mag-
netron operating conditions are U = 500 V, I = 200 mA.  The thickness
of the thin film electrodes was changing and is around 0.4 �m.

The electrodes fabricated using the pasted powder catalyst
(Fig. 2a) and magnetron deposition (Fig. 2b and Fig. 2c) are shown
in Fig. 2. The second option is performed in this work. It ensures
higher selectivity, increased long-term stability, reduced leakage
current and reduced dependency on temperature and pressure.

Fig. 3 depicts electronic photograph showing the surfaces of
evaporated and pasted electrodes. It is clearly seen that the sur-
face roughness of evaporated electrode is much higher compare to
pasted electrode. It results in a larger active surface.

4. Experimental results

In this section we  evaluate the sensor performance in terms
of sensitivity, selectivity and response. In fact, we  conduct all the
experiments for CO and H2S sensors. The experiments are con-
ducted on ten sensors of each type and, therefore, present average

results. The developed thin film electrodes are embedded in the
sensor nodes with a liquid electrolyte and tested in the presence of
CO and H2S.
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Fig. 3. Electronic photograph of (a) evaporated electrode and (b) pasted electrode.

Table 1
Sensitivity of electrochemical cell.

Gas Sensitivity of electrochemical cell

Background current, �A Sensitivity, �A
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Fig. 4. Electrochemical sensor sensitivity dependence on the concentration of (a)
CO and (b) H2S.

Table 2
Cross sensitivity of carbon monoxide and hydrogen sulfide sensors.

Tested gas Concentration
(ppm)

Sensors’ readings (ppm)

CO H2S

Chlorine (Cl) 100 0 0
Carbon monoxide (CO) 100 100 0
Hydrogen sulfide (H2S) 30 0.5 30
Nitrogen dioxide (NO2) 30 0.3 0
Hydrogen chloride (HCl) 100 0 0
Sulfur dioxide (SO2) 25 0 0
Formaldehyde (CH2O) 10 0 0
CO 0.05 48.6 (100 ppm)
H2S 0.01 30.1 (30 ppm)

.1. Sensitivity

The sensitivity of the electrochemical sensor, K, is character-
zed by a linear dependence of the sensor output signal on the gas
oncentration fluctuation and is given by:

 = I1 − I0
C1 − C0

× 100 (1)

here I0 and I1 are the initial and final output sensor signals, respec-
ively, measured during the change of gas concentration, while C0
nd C1 are the initial and final measurements of gas concentration
n the atmosphere.

Table 1 demonstrates the sensor sensitivity (response) in the
resence of two gases CO and H2S in the environment. In the

bsolute numbers the sensors improve the results of commercial
ensors by Nemoto (NAP-505 for CO and Ne4 for H2S) [28] while
uarantying low background current which is lower than 1%. A
horough analysis of sensitivity is detailed in Fig. 4.
Ethylene oxide (C2H4O) 100 0 0
Ammonia (NH3) 200 0 0

Fig. 4a and b shows that sensitivity of the sensor to CO and H2S
in the range 0–500 ppm and 0–150 ppm, respectively. These curves
have linear dependence on gas concentration in the environment
that simplifies the sensors’ calibration. The figures are the average
values obtained from ten sensors. The sensitivity thresholds are 1
and 2 ppm for H2S and CO, respectively.

4.1.1. Cross sensitivity
The evaluation of the electrochemical sensor cross sensitivity

to different acid gases is highly important when considering the
long-term operation of the cell. The results of this evaluation are
presented in Table 2.

As a matter of fact, H2S sensor has no sensitivity to other gases
listed in the column ‘Tested Gas’ in Table 2. In contrast, Nemoto’s
NE4 sensor for H2S has significant response to SO2 and NO2 [28]. As
for the CO sensor fabricated in this work, it has negligible sensitivity
(at the level of an error rate) to H2S and NO2.

4.2. Sensor response

The response time of the electrochemical sensor is set by the

material properties of a diffusion membrane, i.e., by the coefficient
of gas penetration to a certain material, membrane structure and
its geometry inside packaging. In this section, we evaluate the sen-
sors’ response time with respect to the measured gas concentration
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Fig. 5. Typical response and recovery characteristics to (a) H2S, (b) CO.
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Fig. 7. Relative sensitivity dependence of the electrochemical sensor on the ambient
temperature in the range from −20 ◦C up to +50 ◦C.
Fig. 6. Stability of electrochemical sensor sensitivity over time (6 months).

hange. The special focus is made on the time when the readings of
 gas analyzer are set and stable in time.

Fig. 5a and b shows the sensor response with respect to 15 and
0 ppm H2S concentrations, as well as 100 and 200 ppm CO. To
onduct this experiment, the sensors are placed in a chamber with
lean air for measuring their background current. Then the proper
as concentration is supplied to the chamber to measure the sen-
or response. The required gas concentration in the chamber sets
ithin 2–3 s. The gases were supplied for three minutes in each

xperiment. After three minutes the tested gas is changed for clean
ir. We  note that T0,9 (time required to achieve 90% of maximal
ignal response) does not exceed 30 s for all the cases.

.3. Sensor stability

The sensor output signal degrades over time due to an ageing
rocess. It influences the electrical, mechanical, chemical and ther-
al  properties of the sensor materials. Fig. 6 shows the stability of
he electrochemical sensor sensitivity over six months. This experi-
ent is performed as follows. The sensors are placed in the chamber
ith constant concentration of CO (100 ppm) or H2S (30 ppm) for
Fig. 8. Background current dependence of the electrochemical sensor on the ambi-
ent  temperature in the range from −20 ◦C up to +50 ◦C.

six months. At the same time the sensors were conducting the gas
measurement once a week.

Fig. 6 demonstrates that the sensitivity of the CO and H2S cells
are stable enough within six months. There is a slight increase in
sensitivity at around ‘50’ days tick. This increase happens due to
the set of three-phase system mode.

4.4. Temperature effect

Environmental temperature influences a high number of sensor
properties such as response time, sensitivity, deterioration. Fig. 7
and Fig. 8 show the sensor sensitivity and its background current
with respect to the change of the ambient temperature in the range
from −20 ◦C up to 50 ◦C, respectively.

This experiment is conducted in a climate chamber. First, we
place the sensor in the chamber and set up the temperature. As
soon as the required temperature is set up, the sensor must be in
the chamber within fifteen minutes prior to starting the measure-
ments. After that we measure the background current of the sensor.
Then a tested gas is supplied to the chamber to measure the sensor
sensitivity. Gas concentrations for CO and H2S during the sensor
sensitivity measurement are 100 ppm and 30 ppm, respectively.

To ensure that the background current is stable at this temper-
ature, we repeat the background current measurement with clean
air.

Afterwards we change the temperature and repeat the measure-

ment of the background current and sensitivity for the required
temperature levels. The rate of the temperature change must not
be higher than 1 ◦C/min.
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The effect of the ambient temperature on the electrochemical
ensor sensitivity K is normalized by KT and is defined in Eq. (2).

T = I1Tc − I0Tc

I1T20 − I0T20
× 100 (2)

here I0 T20 and I1 T20 are the initial and final output signals of
he sensor at 20 ± 2 ◦C temperature, and I0 Tc and I1 Tc are the ini-
ial and final output signals of the sensor at the current ambient
emperature.

The effect of temperature on sensitivity is negligible and both
ensors react on its change almost equally (see Fig. 7).

Fig. 8 demonstrates that the background current of the electro-
hemical sensor starts to change drastically at 40 ◦C. This change
s connected with the sensor side effects, e.g., chemical reactions,

hich are not well investigated at the moment. However, the back-
round currents for both cases are negligible within the tested
emperature range.

. Conclusion

In this work, we have demonstrated electrochemical sensors
ased on thin film nanocomposite electrodes which are manu-
actured using magnetron sputtering. Experimental results have
hown high potential of magnetron sputtering approach for fab-
icating the electrodes sensitive to CO and H2S gases. In particular,
he developed sensors have no cross sensitivity to other hazardous
ases apart from negligible cross sensitivity of CO sensor. In terms
f stability, the sensors’ sensitivity does not degrade much over
ime (200 days) and at the temperature variation conditions (from
20 ◦C up to +50 ◦C) are selective to toxic gases and have good

ensitivity in terms of the response signal.
The experimental results lead to a conclusion that the devel-

ped sensors could be a good option for application in the
utonomous monitoring systems, such as wireless sensor net-
orks, in difficult-to-access areas and used for developing actions

o prevent dangerous situations, e.g., gas leaks, fire, and poisoning
f the staff.

Our future plans include the development and evaluation of
ireless gas sensor nodes with the sensors presented in this work

nd their deployment in field conditions.
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