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a b s t r a c t

An integrated sensor that combines electrochemical and piezoelectric transduction mechanisms into a
single miniaturized platform was developed and validated for the detection of nitro aromatic compounds
such as ethyl nitrobenzene (ENB) and dinitrotoluene that are analogues of redox active explosives. An ionic
liquid (IL) BMIBF4 was used as both the electrolyte and the sorption solvent for the two-dimensional
electrochemical and piezoelectric gas sensors.

The electrochemical behaviors of these nitro compounds in BMIBF4 were studied by cyclic voltammetry,
differential pulse voltammetry and square wave voltammetry, in parallel. The electrochemical properties
of these compounds resembled the electrochemical reduction processes in their aprotic solutions, show-
ing first a reversible reduction process and then subsequently an irreversible reduction processes. The
redox properties of these compounds also depend on the number of nitro groups and the position of the
nitro groups on the benzene ring. Square wave voltammetry was used to quantitatively analyze the ENB
in BMIBF4. Reduction peaks in the square wave voltammetric curves could be obtained when the concen-

trations were at ppm level. A small amount of moisture in the IL electrolyte did not significantly affect
the redox behaviors. Piezoelectric quartz crystal microbalance (QCM) electrodes and the electrodes for
amperometry were fabricated on a single piece of quartz plate. Detection of the volatile ENB vapor with
this integrated EQCM chip was tested with both QCM and amperometric methods. The sensor’s signal
was related quantitatively to the ENB vapors adsorbed in BMIBF4 from air. Combining amperometric and
QCM detection simultaneously can cross-validate the detection technology, reduce false positives and

se th
false negatives and increa

. Introduction

Gas sensors are of increasing interest due to their potential
pplications in ambient air monitoring, occupational health and
afety, biomedical diagnostics, industrial process control, and secu-
ity. Electrochemical (EC) sensors have historically proven to be
ery effective for measurement of airborne trace compounds. How-
ver, they are also known to suffer from interference and limited
pecificity. Similarly, piezoelectric gas sensors are very sensitive but
re typically not very selective. To overcome these critical limi-
ations of existing technology, in this report, we have developed
n integrated sensor that combines electrochemical and piezoelec-

ric transduction mechanisms into a single miniaturized platform.
he piezoelectric electrodes for mass sensing and the electro-
hemical electrodes for amperometric detection were fabricated
n a single quartz plate, allowing two-dimensional sensing via two
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orthogonal detection methods: quartz crystal microbalance (QCM)
sorption and amperometric electrochemical reactivity. Simultane-
ous sensing with these two orthogonal methods provides additional
selectivity to the sensor and significantly increases the accuracy
of the detection at little or no power cost. This multidimensional
sensing takes advantage of the unique properties of ionic liquids
to realize both the electrolyte for amperometric detection and the
sorption material for piezoelectric QCM detection, enabling a single
gas sensor with enhanced sensitivity, specificity, and stability.

Amperometric sensors require the use of an electrolyte, an
ionically conducting medium, to transport charge within the elec-
trochemical cells, contact all electrodes effectively, and solubilize
the reactants and products for efficient mass transport. Similarly
QCM mass sensors require the use of a selective coating or film
over the electrodes to absorbed gas into the film and generate a
mass change. Ionic liquids (ILs) satisfy the requirements for both
the electrolytes and the selective sorption coatings, permitting

two-dimensional electrochemical and piezoelectric gases sensing
from a single device. ILs have high ion conductivity, wide poten-
tial window (up to 5.5 V), high heat capacity and good chemical
and electrochemical stability. They have been explored as media
in electrochemical devices including super capacitors, fuel cells,

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:zeng@oakland.edu
dx.doi.org/10.1016/j.snb.2009.04.038
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ithium batteries, photovoltaic cells, electrochemical mechanical
ctuators and electroplating [1–4]. A small amount of water mois-
ure absorbed in ionic liquids has been shown to have little effect on
he electrochemical behavior of ionic liquid electrolytes [2]. ILs have
egligible vapor pressure and thus low risk of drying out of the elec-
rolytes. ILs are stable at relative high temperature (up to 350 ◦C), so

ost volatile organic contaminates could be removed by increasing
he temperature of the system. Moreover, due to the excellent ther-

al stability of ILs, the problem of fouling by organic compounds
nd water moisture could be easily minimized or eliminated by
eating to regenerate the ionic liquid-based sensors.

To validate the two-dimensional sensing approach, explosives
ith nitro (–NO2) groups such as TNT were selected as target ana-

ytes because they have been used extensively to make homemade
ombs. The increasing incidents and threats of terrorist attacks
y improvised explosive devices have been the driving force to
evelop highly sensitive, specific and fast detection explosives sen-
or devices and systems. Many chemical sensing materials and
etection devices for explosives detection have been developed
5–8]. The nitro (–NO2) groups in most explosive compounds can
e reduced electrochemically at a negative potential where most
f aqueous electrolyte solutions are not stable [9–11]. However,
hen ionic liquids are used, the reductions of nitro compounds can

e clearly observed and investigated without any decomposition
f the ionic liquid electrolytes. A series of reports on amperomet-
ic detection of explosive materials has been published [12–26].
irect sampling of explosives is very difficult because explosives
re often being concealed. Most of the current techniques for
xplosive detection are based on the detection of explosive vapors
ecause most organic nitro compounds, solid or liquid, have a
easurable vapor pressure at room temperature. However, some

xplosive materials, such as 2,4,6-trinitrotoluene (TNT), have very
ow vapor pressure at room temperature. Mass produced TNT
lways has mono- or bi-substituted toluenes as impurities that
re quite volatile at room temperature [27]. Therefore, detection
f ethyl nitrobenzene (ENB) and dinitrotoluene (DNT) vapors as
nalogues of TNT and other explosives could be an effective alter-
ative. We have developed ionic liquid-based QCM sensors for
etection of volatile organic compounds [28,29] including ENB and
NT. QCM/IL sensors have shown sensitivities as low as 115 ppm

or methane at room temperature [28]. However, a QCM/IL sensor
lone often cannot provide the selectivity needed for identification
f any specific vapor analyte. Previously, QCM/IL sensor arrays were
sed for classification (identification) of volatile organic compound
apors, such as ethanol, benzene, or dichloromethane [28–30]. In
his paper, the electrochemical behavior of ENB and DNT was first
nvestigated in bulk ionic liquid solutions. Then, QCM and electro-

hemical sensing methods were tested separately on a standard
CM device and a thin-layer electrochemical setup on glass slide.
inally, QCM electrodes and the electrodes for amperometry were
abricated together on a single piece of quartz to produce an inte-
rated electrochemical quartz crystal microbalance (EQCM) chip.

Fig. 1. (A) Pattern of electrodes on an RsDE and (B)
rs B 140 (2009) 363–370

Detection of volatile ENB vapor was tested using both QCM and
amperometric methods with this new integrated chip. The results
demonstrate that the EQCM sensor chip performed excellently both
as a QCM sensor and as an amperometric sensor. This integrated,
two-dimensional sensing technology permits reduction or elimi-
nation of false positive or false negative results and significantly
increases the accuracy of the detection. The integrated device per-
mits miniaturization, effectively reducing the size and number of
the parts required for electrochemical and QCM detection, and sup-
ports lab-on-chip analytical chemistry. Furthermore, ionic liquids
are proven to be a unique material that satisfies the requirements
of both detection methods, being a gas absorption material for QCM
and a molten electrolyte for amperometry.

2. Chemicals and methods

2.1. Chemicals

Ionic liquid butylmethylimidazolium tetraflouroborate
(BMIBF4) was purchased from Acros Inc. with over 98% purity
and used as received. Ethylnitrobenzene (ENB), 2,4-dinitrotoluene
(2,4-DNT), 3,4-dinitrotoluene (3,4-DNT), and 2,6-dinitrotoluene
(2,6-DNT) were purchased from Aldrich Inc. and also used as
received without any further purification.

2.2. Electrodes

Concentric rings-disk electrode (RsDE) devices were prepared
by vapor deposition of 5-nm of Ti followed by 100-nm of Au on
glass slides. Then photolithography and wet etching were applied
to pattern of the electrodes as shown in Fig. 1A. The disk electrode
in the center has a diameter of 2.54 mm. The disk electrode is sur-
rounded by three concentric ring electrodes, each with an opening
on the same side for wiring. The first, second, and third rings are
0.7 mm, 0.5 mm, and 0.75 mm wide, respectively. The gap between
the first and the second ring electrodes and the second and the
third electrodes are 50 �m and 250 �m, respectively. The disc elec-
trode was used as quasi reference electrode. The first and the second
rings were used as working and counter electrodes, respectively.
This choice of electrode allows the working electrode and counter
electrode to be close together so that the IR drop can be reduced.
Additionally, the quasi-reference electrode and the counter elec-
trode are placed far apart to prevent the product at the counter
electrode to diffuse to the reference electrode and affect reference
electrode stability.

The EQCM device shown in Fig. 1B was prepared using the same
methods as the RsDE device, with the RsDE pattern on one side of

a quartz plate. The other side of the quartz plate was coated with a
gold disk electrode. The two disk electrodes overlapped concentri-
cally. Our experience shows that the gold and non-polished quartz
plate substrates are very wettable by ionic liquid BMIBF4. When
the RsDE was used, 4 �L of BMIBF4 or its solutions were pipet-

on front and back sides of an EQCM electrode.
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Fig. 2. CVs of 1 mM ENB solution in BMIBF4 from 0 V to −1.5 V (a), from 0 V to −2.0 V

is the fact that the peak positions did not depend on water contam-
ination in the electrolyte. Hence, the first reduction of ENB that is
reversible and stable is excellent for ENB amperometric analysis, as
will be demonstrated in this paper. Fig. 4 shows that CV of ENB at
L. Yu et al. / Sensors and A

ed on the center of the disk electrode and allowed to cover the
hole area of the rings-disk electrodes. A very small fraction of

he ionic liquid may spread out of the concentric electrodes area
ue to the handling. The surface tension of the ionic liquid makes
he thin layer “uniform” and holds the BMIBF4 solutions within
he desired area without further dispersion. The final BMIBF4 elec-
rolyte thin layer was on-average about 150 �m thick. (Thicknesses
t the center and the edge of the film is likely not identical.)
he RsDE were either exposed in the air or in a sealed chamber.
he chamber was initially filled by air, and then a drop of ENB
as introduced into the chamber using a syringe. Given enough

ime, the air in the chamber would be saturated with ENB or DNT
apors.

Solutions with different concentrations of nitro compounds
ere prepared by directly dissolving the nitro compounds in
MIBF4 ionic liquid and then diluting them with BMIBF4. While
edox behaviors of the nitro aromatic compounds were studied
n BMIBF4 bulk solutions, a quasi-reference electrode (Au or Ag)
as used to avoid the contamination of the IL electrolyte by the

eference electrode filling solution [31]. To reduce reference elec-
rode drift problems associated with a quasi-reference electrode,
n this report, most of the voltammograms were further calibrated
o O2/O2

•− or Fc/Fc+ redox potential. When the analyte sample
oncentration was below 10 mM, their redox peak currents were
omparable to that of oxygen reduction; therefore, the O2/O2

•−

eak was used as reference. When the analyte sample concen-
rations were relatively high, the O2/O2

•− peak was very small
ompared with the peaks of analytes. Hence, ferrocene was added
nto the IL electrolyte to calibrate the electrode potential.

.3. Electrochemical and QCM measurements

The EQCM or QCM was set up in a gas flow detection system
hown in our prior publication [28]. Pure nitrogen gas was used as
carrier gas. A nitrogen flow of 200 mL/min bubbled through an

NB reservoir generating saturated ENB vapor. The ENB saturated
2 was further diluted by nitrogen gas and the final concentration
as calculated based on ideal gas laws. The overall flow rate was
00 mL/min. Each side of the QCM was covered by 4 nmol BMIBF4.
or QCM measurement, the two disk electrodes on the front and
ack sides were connected to a Mextak® RQCM instrument, which
easured the frequency change in real-time.
All the electrochemical measurements were done with an EG&G

73 potentiostat. The scan rate of CV was 100 mV/s unless specially
entioned. Square wave voltammetry (SWV) was done with a pulse

eight of 50 mV and a frequency of 15 Hz and scan rate 60 mV/s.
ifferential pulse voltammetry (DPV) was done with a pulse height
f 25 mV, a scan rate of 20 mV/s, and a pulse width of 50 ms.

. Results and discussion

.1. CV and SWV of ENB and DNTs in bulk BMIBF4 solutions

Cyclic voltammetry, differential pulse and square wave voltam-
etry were used in parallel to characterize the electrochemical

ehavior of ENB in bulk BMIBF4 solutions without removal of trace
mounts of dissolved O2 and H2O. Cyclic voltammetry is espe-
ially powerful in the study of electrode reaction mechanisms.
he DPV and SWV are among the most sensitive methods for the
irect evaluation of the concentrations in trace analysis but they

ften require more sophisticated instrumentation and software.
ig. 2 shows the CVs and DPV of 1 mM ENB in BMIBF4 on a gold
lectrode. Typically, a reversible reduction and a subsequent irre-
ersible reduction were observed in the potential range of 0.75 V
o −1.25 V vs. the redox potential of oxygen. The first reduction
(b), and DPV of 1 mM ENB solution in BMIBF4 (c). The reduction of oxygen was used
as an internal reference since the oxygen concentration is always saturated in the
BMIBF4 electrolyte. The working, counter, and quasi-reference electrodes were gold
disk, platinum wire, and silver wire, respectively.

peak corresponds to the reduction of the nitro (–NO2) group to a
nitro anion radical (–NO2

•−) [23–25]. In most electrolyte solutions
this reduction is electrochemically and chemically reversible. The
redox peak currents increased as scan rate increased. The peak cur-
rents are proportional to the square root of scan rates indicating a
diffusion controlled mechanism of the redox reaction. The second
reduction of ENB, mostly irreversible, is related to the protons in the
electrolyte solutions. In this step, the nitro radical anion is further
reduced to nitro dianion and eventually hydroxylamine. Therefore,
the existence of proton-donor compounds such as water will affect
the second reduction of nitro compounds. As shown in Fig. 3, after
the addition of a tiny amount of water, the peak current of the sec-
ond reduction in an SWV curve reduced, while the peak current of
the first reduction did not change significantly. Also shown in Fig. 3
Fig. 3. SWVs of ENB in pure BMIBF4 (solid) and BMIBF4 containing 0.01% (volume)
of water (dashed).
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Fig. 4. (A) CVs of 0.01 M ENB in BMIBF4 at scan rates from 100 mV/s to 1 V/s (potential r
redox peaks as a function of the square root of the scan rates.

Table 1
Reduction peak positions in SWVs of DNTs and ENB.

Peaks potential (V vs. Fc/Fc+)

2,6-DNTa 2,4-DNTa 3,4-DNTa ENBa

−1.23 −1.15 −1.05 −1.14
−1.37 −1.35 −1.70 −1.41
−
−

d
w
t
t
r
t
D
p
d
s
w

1.53 −1.75 −2.24
1.93 −2.05

a Compounds.

ifferent scan rates. The first two pairs of reduction peaks of ENB
ere proportional to the square root of the scan rate. Therefore,

he reductions of ENB were diffusion-controlled processes. When
wo sites of benzene are substituted by nitro groups, the reduction
eactions are more complicated. Fig. 5 shows the SWVs of three
ypical isomers of DNT and mixture of the three DNTs. All three
NTs showed more than two reduction peaks in the investigated

otential range. The reduction peak positions were all different
epending on the sites of the nitro groups on the benzene ring,
ee Table 1. However, for all three DNTs, the first reduction peaks
ere reversible.

Fig. 5. SWVs of 0.1 M DNT solutions in BMIBF4.
eferenced by quasi reference electrode Au) and (B) peak current of the first pair of

In addition to the chemical and electrochemical reversibility, the
redox reactions were also found to be reversible when the ENB was
absorbed and removed from the electrolyte. Since BMIBF4 is very
stable at temperatures as high as ca. 300 ◦C while the ENB is evap-
orable, an ENB solution in BMIBF4 was heated by an infrared lamp
to about 150 ◦C to remove the ENB. Afterwards, the peaks of ENB in
the DPV disappeared. ENB was then added into the same BMIBF4
electrolyte at the same concentration as before heating, and a DPV
similar to before heating was observed. These DPVs are shown in
Fig. 6. In these curves, the peak position and the peak current of dis-
solved oxygen did not change, indicating that BMIBF4 is a very stable
electrolyte across the studied temperature. When ENB was added
at the same concentration after heating, its peaks were observed
at close to the same positions, but the peak currents were reduced
slightly, which may be due to a baseline change. These results indi-
cate that, when BMIBF4 is used as an electrolyte for amperometric
analysis of volatile chemicals, the electrolyte could be regenerated
by simply heating to remove the analytes. Therefore, ionic liquids

such as BMIBF4 could be used for long-term monitoring and detec-
tion of nitro compounds.

Fig. 7 shows the DPVs of ENB in BMIBF4 at very low concentra-
tions, up to 10 ppm. Down to 1.34 ppm, a very clear reduction peak
of ENB at about −0.45 V (vs. O2/O2

•−) could be distinguished. The

Fig. 6. DPVs of 11 ppm ENB in BMIBF4 (dash), after removal of ENB by heating (dot)
and add ENB to 11 ppm again after heating (solid).
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Fig. 7. (A) DPVs of ENB at different concen

xperimental results in Fig. 7B show that, as expected, the peak
urrent has a linear relationship to the ENB concentration.

.2. Use thin film BMIBF4 and concentric rings-disk gold thin film
lectrodes

The excellent electrochemistry results in bulk BMIBF4 solutions
how that BMIBF4 is a good electrolyte material for amperometric
nalysis of nitro compounds. However, if a bulk BMIBF4 ionic liquid
r solution were used to uptake or absorb nitro compound vapors in
he atmosphere, the detection process would be slow. Since ionic
iquids typically have higher viscosity than common organic sol-
ents, a longer time is needed for vapors partitioned in it to reach
quilibrium. From the data in Fig. 4 (peak current vs. square root of
can rate), the diffusion coefficient of ENB in BMIBF4 was calculated
o be ca. 2.4 × 10−7 cm2/s. This value is significantly smaller than the
eported diffusion coefficients of metal, metal complex, or organic
ompounds in aqueous or organic (such as acetonitrile) electrolyte
olutions, which are usually in the 10−5 cm2/s to 10−6 cm2/s range.

his value indicates a very slow diffusion of the ENB in ionic liquids,
hich is consistent with the fact that BMIBF4, being an ionic liquid,

s much more viscous than water.
To overcome this limitation, it is desirable to realize a sensor

sing a thin film electrolyte, which would reduce the time required

ig. 8. CV (scan rate = 100 mV/s) and SWV of 0.01 M ENB BMISF4 solution on con-
entric gold rings-disk electrodes.
ns and (B) peak current vs. concentration.

to achieve absorption and/or partition equilibrium. The planar, con-
centric multi-electrode, RsDE device described above (Fig. 1) was
utilized to develop an amperometric sensor featuring a thin film
ionic liquid electrolyte. About 4 �L of solution was applied to cover
all the area of the electrodes, about 0.28 cm2. This yields a solution
layer thickness of about 150 �m. As shown in Fig. 8, the CV and SWV
results for ENB obtained with the thin film electrolyte resembled
those obtained in bulk solutions. These results show the two reduc-
tion processes of ENB, the first reversible and the second irreversible
peaks. The peak positions were almost identical to those observed
in bulk solutions. The oxygen peak that can also be observed was
used as a reference.

The peak current in the SWVs increased with increasing ENB
concentrations, as shown in Fig. 9. However, with the thin film elec-
trolyte device, the peak current is no longer directly proportional
to the ENB concentration. Instead, the logarithm of peak current
was found to be approximately proportional to the logarithm of
ENB concentration. A quantitative description of the diffusion pro-
cesses and the boundary conditions of this system are not clear
yet. Therefore, an empirical quantitative amperometric analysis was

performed using calibration curves from the RsDE and thin film
ionic liquid electrolytes. Fig. 10 shows SWVs obtained with the RsDE
device in a sealed chamber filled with air only or with ENB vapor
saturated air. The SWV of ENB shows a significant signal for ENB
reduction.

Fig. 9. Peak current of the first reduction peak in SWV vs. ENB concentration in
BMIBF4. SWVs were obtained with thin film electrolyte on gold rings-disk electrodes.
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Fig. 10. SWVs in air (solid line) and in ENB saturated air (dot line).

Fig. 11. A sensorgram (baseline adjusted) of ENB with different concentrations on
QCM/BMIBF4.

Fig. 12. (A) sensorgram on the EQCM electro
rs B 140 (2009) 363–370

3.3. EQCM sensing of ENB

Our previous publications have demonstrated that QCM with
ionic liquids (include BMIBF4) as the sensing materials could be
used for sensing organic vapors [28]. Fig. 11 shows a typical sen-
sorgram of ENB on a QCM/BMIBF4 sensor. The response of ENB is
reversible, reproducible and proportional to the ENB concentration.
Using the method described in our previous publications [27,28],
the Henry’s constant of ENB in BMIBF4 was evaluated to be about
139 Pa according to the data in Fig. 11. Typically, when ionic liquids
are used as sensing materials, a single QCM sensor cannot pro-
vide good selectivity to target analytes. In our previous report, a
QCM/ionic-liquid sensor array was used for classification and iden-
tification of gases or vapors [28]. In this paper, we introduce an
alternative: a single element EQCM gas sensor that can detect and
identify electroactive vapors such as ENB or other nitro compounds.
Concentric gold rings-disk electrodes (Fig. 1) were deposited on one
side of a piece of quartz substrate. On the other side, a single gold
disk electrode was formed to align exactly with the disk electrode
on the opposite side. A tiny drop (2–4 �L) of BMIBF4 was deposited
on the rings-disk side and spread to form a thin film. The resulting
single piece of quartz functions both as an amperometric sensor as
well as a QCM sensor. Fig. 12A shows the sensorgram obtained while
ENB was switched on and off. The N2 carrier gas was saturated with
ENB vapor (ca. 0.0895 mmHg at 25 ◦C) [29]. According to Henry’s
law and the aforementioned Henry’s constant the ENB concentra-
tion in BMIBF4 was calculated to be about 4.1 wt% in BMIBF4. Several
factors may cause the QCM frequency change upon absorption of
organic vapors into the IL film. Two of them are most important:
mass loading on the surface and viscosity change of the surface
layer. For thin film that is elastically coupled as the whole quartz
surface, the frequency change and mass change can be described as
the Sauerbrey equation [32]:

�f = − 2f 2
0 �m

A
√

�Q �Q
, (1)

where f0 is the resonance frequency of the crystal, A is the area
of the QCM electrode, �Q is the shear modulus of the quartz and
�Q is its density. However, the effective of mass loading of a thick
viscoelastic films with the shear wave penetration depth of ı and

a fluid density �l and viscosity �l, will yield a change of resonant
frequency due to damping in a fluid [33]:

�f = −f 3/2
0

√
�l�l

��Q �Q
(2)

de. (B) SWVs on the EQCM electrode.
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When an ionic liquid film is very thin, a frequency change is only
aused by mass loading on the surface, as ruled by the Sauerbrey
quation. In this case, frequency would reduce upon absorption of
ases. We have previously reported observing this kind of change
27,28]. The viscosity change or the damping resistance change of
he QCM (related to viscosity) was not significant [28]. However,
hen the ionic liquid film is thicker, the viscosity change is not
egligible. When viscosity change is the major cause of frequency
hange in a QCM, the frequency will increase upon absorption of
ases due to a decrease of viscosity upon absorption [30]. In Fig. 11,
very thin BMIBF4 film (tens of nm) was used, so the frequency

ecreases due to ENB mass loading. In Fig. 12A, the frequency
hange was positive due to the viscosity change of the BMIBF4 film.
ere, a thicker BMIBF4 film (ca. 150 �m) was used to permit electro-

hemistry on the concentric rings-disk electrodes. Fig. 12B shows
he background SWV and the SWV when the ENB was switched
n. Signal due to ENB reduction could be clearly observed. These
esults demonstrate that that an EQCM gas sensor, which integrates
oth amperometric and QCM sensing modes on a single piece of
uartz, could be developed for practical applications. The reported
CM sensing and amperometric sensing experiments utilized the

ame EQCM device but were performed separately due to instru-
entation limitations. Setups for simultaneous EQCM sensing are

n going in our laboratory.

. Conclusions

In this report, we demonstrated that IL BMIBF4 can be used
s both a solvent for pre-concentration of explosives vapors and
s the electrolytes for amperometric detection of explosive com-
ounds. Amperometric sensing and QCM sensing were verified in
ulk BMIBF4 solutions and in BMIBF4 thin film coated QCM, respec-
ively. Furthermore, amperometric sensing and QCM sensing were
ntegrated together on a single quartz chip. Taking advantage of
he fact that ionic liquids could be used as both electrolytes and
apor absorption materials, the sensing probes of amperometry and
CM methods were integrated on one EQCM chip. This detection

echnology was validated with the aromatic nitro compound ENB.
esults indicate that both techniques could be used with the sim-
le EQCM device. The two orthogonal methods may cross-validate
he measurement and increase the accuracy of detection. Further

iniaturization of the EQCM detection device incorporating both
mperometric and QCM methods could lead to highly sensitive,
pecific and rapid detection gas sensor devices and systems.
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