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In  this  paper,  we  report  a dimethyl  methylphosphonate  (DMMP)  gas  sensor  using  synthesized  Al-doped
ZnO  nanoparticles  (NPs)  via  a hydrothermal  method.  The  average  particle  size  of the  Al-doped  ZnO  NPs  is
∼25  nm.  The  single  crystalline  phase  was  observed  by scanning  electron  microscopy  (SEM)  and  transmis-
sion  electron  microscopy  (TEM)  analyses.  The  variation  in  the  response  of  the  Al-doped  ZnO  NP  sensors
eywords:
ydrothermal synthesis
l-doped ZnO
MMP
as sensor

within  operating  temperatures  showed  the  highest  response  and  recovery  at  2  and  96  s,  respectively,
at  10  ppm  in  DMMP  at 350 ◦C compared  with  undoped  ZnO NP  sensors.  Our  results  showed  remarkable
sensitivity  and selectivity  of the  Al-doped  ZnO  NPs  sensor  toward  DMMP.  Such  increased  O2 vacancies
and  surface  reactions  with  small  nanocrystals  in  the Al-doped  ZnO NP sensors  offer  outstanding  sensing
performance  for  DMMP  detection.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Chemical warfare agents (CWA) are lethal chemicals used in
arfare and terrorist attacks and are classified as blood, blister,
erve, nettle, and pulmonary agents. Among the nerve agents, sarin
as is an organophosphorus compound in a colorless and odorless
iquid that can cause death within 1–10 min  by suffocation from
ung muscle paralysis. Therefore, it is necessary to detect lower con-
entration levels of this agent than the immediately dangerous to
ife and health (IDLH) value of 0.1 mg/m3 with a fast response time.
he dimethyl methylphosphonate (DMMP; C3H9O3P) molecule is
sed in a laboratory as a simulant for sarin (C4H10FO2P) because of
afety issues.

Recently, some groups have developed gas sensors based
n various metal-oxides for on-site monitoring of DMMP  vapor
1–7]. These metal-oxide-based sensors offer advantages such
s low cost, fast response time, ease in manufacturing, small

ize, high efficiency, low power consumption, and portability. In
articular, ZnO is an n-type semiconductor with a wurtzite crys-
al structure. Such a material with various nanostructures has

∗ Corresponding authors.
E-mail addresses: purejung@yonsei.ac.kr (M.-J. Song), wooyoung@yonsei.ac.kr

W.  Lee).

ttp://dx.doi.org/10.1016/j.snb.2015.06.076
925-4005/© 2015 Elsevier B.V. All rights reserved.
been used widely in gas sensors because of its unique proper-
ties including high stability, suitability to doping, high electrical
conductivity, wide band gap at approximately 3.37 eV, large
binding energy of approximately 60 meV, non-toxicity, and low-
cost.

Appropriate doping, an important and effective method used to
increase conductivity, enhances the sensing properties of metal-
oxide semiconductors by changing the energy-band structure and
morphology because dopants can provide electronic defects. This
process increases the surface-to-volume ratio and creates more
centers on the surface of the metal-oxide semiconductor for gas
interaction [8]. Choi et al. reported that an Al dopant exhibited
excellent performance among a variety of dopants (e.g., Al, In, Pt,
Pd, and Zn) in an SnO2-based gas sensor for DMMP  detection [9].
Al doping in ZnO can improve the electrical conductivity caused by
the small size of the Al3+ ion, at 0.53 Å, compared with that of the
Zn2+ ion, at 0.74 Å, thereby decreasing the resistivity of the host
ZnO.

In this study, we report the fabrication of an Al-doped ZnO
nanoparticle (NP)-based gas sensor for DMMP  detection. The Al-
doped ZnO NPs are synthesized by a hydrothermal process, and

their sensing properties are investigated. The Al-doped ZnO NP
sensor with small nanocrystals is shown to introduce further O2
vacancies and surface reactions, which offers enhanced sensing
performance for DMMP  detection.

dx.doi.org/10.1016/j.snb.2015.06.076
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2015.06.076&domain=pdf
mailto:purejung@yonsei.ac.kr
mailto:wooyoung@yonsei.ac.kr
dx.doi.org/10.1016/j.snb.2015.06.076
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. Experimental

.1. Fabrication of Al-doped ZnO nanoparticle based sensor

Al-doped ZnO NPs were synthesized by using a hydrothermal
ethod [10] in which 9 g of Zn(CH3COO)2·2H2O (reagent grade
98%; Sigma–Aldrich) was first dissolved in 200 mL  of methanol to

orm a solution of 0.205 M.  Then, 3.5 g of KOH (reagent grade ≥85%;
igma–Aldrich) was dissolved in 105 mL  of methanol. To prepare
he Al-doped ZnO NPs, Al (C2H3O2)3 (Sigma–Aldrich) was added as
n Al source to the Zn(CH3COO)2·2H2O solution under stirring. The
oping concentration, which was controlled to 1 atomic percent,

s defined as the Al:Zn atomic ratio (at.) and is shown in percent-
ges. A 0.06 mol  KOH solution was mixed with the Zn precursor
olution under stirring at 60 ◦C for 24 h. The synthetic product
as collected by centrifugation and was washed with methanol

hree times. Then, it was dried at 90 ◦C for 60 min  and annealed at
50 ◦C for 30 min  in H2 atmosphere. The obtained product was  then
round uniformly by using a ball miller.

Prior to fabrication of the Al-doped ZnO-based sensor, Ti and Pt
ayers 5 and 150 nm thick, respectively, were deposited in situ on
he patterned SiO2 substrate through a direct current (DC) sput-
ering process. Here, the Ti layer was used as an under-layer to
nhance the adhesive strength between the Pt thin-film and the
iO2 substrate. The synthesized Al-doped ZnO NPs were blended
ith �-terpinol paste, and this mixture was dispersed onto the

nterdigitated Pt electrode through a dropping method. This sam-
le was dried at 100 ◦C for 1 h and at 250 ◦C for 1 h. To remove the
-terpinol paste and to enhance the stability of the sensor, it was
nnealed at 600 ◦C for 1 h.

.2. Characterization

The morphology of the Al-doped ZnO NPs was observed by
eld-emission–scanning electron microscopy (FE–SEM; Hitachi S-
200, Japan). Their chemical compositions were analyzed by energy
ispersive spectroscopy (EDS; Hitachi S-4200, Japan). Further,
he phase and crystal structures as well as the doping proper-
ies were identified by X-ray diffraction (XRD; Rigaku, Ultima
V/ME 200DX, Japan) and Raman spectroscopy (Horriba Jovin Yvon
abRam Aramis, Japan).

.3. Gas-sensing properties

In order to determine the sensitivity of the sensor to DMMP
as, the sensor’s electrical properties were measured by using a
as-sensing system consisting of a furnace (Korea Vacuum Tech.,
orea), mass flow controllers (MFCs), cylinders of the target gas
nd the balance gas, a current source (Keithley 6220), a nanovolt-
eter (Keithley 2182), and a personal computer (PC). The sample
as placed on a quartz cylinder in the furnace, and its signals were

btained from two Pt probes connected to the current source and
he voltmeter, respectively. The DMMP  gas concentration in the
ynthetic air was achieved by controlling its partial pressure by
sing MFCs. All of the gas-sensing measurements were conducted
t an operating temperature of 300–400 ◦C. The sensing response
S) for the DMMP  gas was estimated using the following equation:

 = Rair − Rgas

Rgas
, (1)

here Rgas and Rair denote the resistances of the sensors when
xposed to the target gas and air, respectively. The response time

nd the recovery time are defined as the times required to reach
0% of total resistance change upon exposure to the test gas and
o return to 10% of the original resistance in air after the test gas is
eleased, respectively.
Fig. 1. (a) Schematic illustration of sensor device, (b) scanning electron microscope
(SEM) image of an actual Pt electrode, and (c) SEM image of the synthesized Al-doped
ZnO nanoparticles (NPs).

3. Results and discussion

3.1. Characterization of Al-doped ZnO-based nanoparticles.

The Al-doped ZnO NPs were synthesized by using a hydro-
thermal method; the formation mechanism is explained by Eqs.
(2)–(5).

Zn(CH3COO)2(s) + 2KOH(aq) → Zn(OH)2(aq) + 2CH3COOK(aq) (2)

Zn(OH)2(aq) + 2OH−
(aq) → Zn(OH)4

2−
(aq) (3)

Zn(OH)4
2−

(aq) → ZnO(s) + 2OH−
(aq) + H2O(aq) (4)

Al2O3 + ZnO → ZnZn + 2AlZn + 3OOX + (1/2)O2(g) + 2e− (5)

The Zn source is converted to Zn(OH)2 precipitate in an aqueous
KOH solution (Eq. (2)). Zn(OH)4

2− ions are produced, which may
exist as spherical clusters because of the steric effects and the
hydrophilicity of the hydroxyl groups (Eq. (3)). ZnO was formed
together with two  hydroxyl ions and one water molecule, and the
ZnO nuclei coalesced at a high temperature in order to decrease
the total surface energy of the system, resulting in a larger effective
surface area. Finally, the Al-doped ZnO NPs were obtained through
the replacement of Zn2+ by Al3+ ions in the ZnO lattice (Eq. (5)). It
is known that Eq. (5) is predominant for a doping of 1 wt.% Al [11].

Fig. 1 shows a schematic illustration of a sensor device with
an actual Pt electrode image (inset) and SEM image of the syn-
thesized Al-doped ZnO NPs. The sensor device is composed of Pt
interdigitated electrodes on the SiO2 substrate via a photolithogra-
phy method, as shown in Fig. 1a. The inset in the figure shows the
SEM image of a highly interdigitated array of the Pt electrode in
the actual sensor device. As shown the SEM image in Fig. 1b, the
Al-doped Zn NPs after annealing on the Pt electrodes appeared in
a uniform distribution of highly crystalline particles. The average

particle size of the Al-doped ZnO NPs was ∼25 nm,  which is smaller
than that of the un-doped ZnO NPs, at ∼40 nm (image not shown).

Fig. 2 a and b, respectively show energy dispersive X-ray
(EDX) spectra and SEM images with EDS mapping of Al-doped ZnO
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ig. 2. (a) Energy dispersive X-ray (EDX) spectra and (b) scanning electron microsc
anoparticles (NPs).

Ps. As shown in Fig. 2a, the EDS spectrum of the Al-doped ZnO
Ps exhibited peaks in the presence of Zn, O, and Al signals at
0.99 at.% of Al. The SEM images with EDS mapping of Al-doped
nO NPs showed uniform distribution of Zn and O atoms, and the
l atom exhibited a low density, as was expected (Fig. 2b).

Fig. 3 presents the magnified high-resolution TEM (HRTEM)
mages with a selected-area electron diffraction (SEAD) pattern
f the Al-doped ZnO NPs. It was observed that the particles were
pherical in the size range of 25 nm and were agglomerated. The
AED pattern in the inset showed the preferred direction of growth
f the ZnO particles on the (0 0 2) plane with a single crystalline
tructure.

Fig. 4 shows the XRD patterns of the un-doped ZnO and Al-
oped ZnO NPs. All detected patterns on both samples indicate that
nO (JCPDS: # 36-1451) formed a hexagonal wurtzite phase with
o impurity phases. The crystalline state and crystal orientation
f these samples exhibited (1 0 0), (0 0 2), (1 0 1), and (1 1 0) orien-
ations. The ZnO peak positions with Al were found to shift with

lightly larger diffraction angles, indicating that the unit cell size
ecreased in samples in which Al was substituted for Zn, since the

onic radius of Al3+, at 0.53 Å, is smaller than that of Zn2+, at 0.74 Å
12], as shown in the inset.
EM) images with energy dispersive spectroscopy (EDS) mapping of Al-doped ZnO

Fig. 5 displays the Raman spectra of the un-doped ZnO and
Al-doped ZnO NPs. For both, a dominant peak was observed at
438 cm−1, which corresponds to the E2

high mode of the wurtzite
structure of ZnO. Moreover, the E2

high mode corresponds to a ZnO
hexagonal structure with vibrations of the O sub-lattice as non-
polar phonons. The full width at half maximum (FWHM) of the
E2

high peak was  broadened, and its intensity decreased according
to the increase in doping concentration, showing a lattice disor-
der due to the ionic radii difference between Al3+ and Zn2+ [14].
Thus, the ZnO hexagonal structure resulted in an increase in effi-
ciency of the scattering mechanisms including phonon scattering
and ionized impurity scattering [12].

3.2. Sensing properties of the Al-doped ZnO sensor to DMMP  gas

Fig. 6 shows variation in the response properties of the un-
doped and the Al-doped ZnO NPs sensors in the temperature range
of 300–400 ◦C for 10 ppm DMMP  in air. The un-doped ZnO NPs

sensor showed no change of the response at any temperature. In
contrast, the response of the Al-doped ZnO NPs sensor increased
up to 350 ◦C and then decreased from 375 to 400 ◦C; the best
response was observed at 350 ◦C. The Al-doped ZnO NPs exhibited
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ig. 3. (a) Transmission electron microscopy (TEM) image of Al-doped ZnO nanop
nset  shows selected-area electron diffraction (SAED) patterns of the particle.

xcellent sensing properties to DMMP  gas in terms of sensor
esponse and response time, at 4347 and 2 s, respectively. This
nhancement might be explained by the adsorption/desorption
ates of DMMP  or the surface reactivity of DMMP  with adsorbed

 species along with the operating temperatures. That is, a large
mount of DMMP  was adsorbed onto the ZnO surface, since the
MMP chemisorption reaction occurred until 350 ◦C; thus, desorp-

ion of DMMP  was predominant at temperatures higher than
50 ◦C.

More detailed sensing properties of the un-doped and the Al-
oped ZnO NPs sensors investigated with the best temperature of
50 ◦C in 10 ppm concentration of DMMP,  as shown in Fig. 7. In
ig. 7a and b, reproducibility of un-doped ZnO NPs sensor showed a
ow resistance level with no saturation of the sensor response; how-
ver the resistance level of the Al-doped ZnO NPs sensor exhibited

 rapid response of 2 s with a relatively short recovery time of 96 s
hen exposed to 10 ppm DMMP  at 350 ◦C. The dynamic response of

he Al-doped ZnO NPs sensor for different concentrations of DMMP
n the range of 0.1–10 ppm at 350 ◦C was also tested, as shown in
ig. 7c. The measured response and recovery times of the Al-doped

nO NPs sensor as a function of DMMP  concentration were 2, 3,
, 7.6, and 10.2 s and 96, 85, 79, 72, and 65 s for 10, 5, 1, 0.5, and
.1 ppm, respectively. From these results, the values of the times of
ighest response, 2 s, and recovery, 96 s, at 10 ppm in the DMMP

Fig. 4. X-ray diffraction (XRD) patterns of un-dop
s (NPs) and (b) high resolution TEM (HRTEM) image of the Al-doped ZnO NP. The

were fairly comparable or superior to those of existing metal-
oxide-based sensors for the DMMP  detection. It is obvious that
the variation in electrical resistance of the Al-doped ZnO NPs sen-
sor decreased with a reduction in DMMP  concentration, indicating
that the Al doping retained the n-type semiconducting properties
in the un-doped ZnO and that DMMP  acted as a reducing gas. Fig. 7d
presents the response of the Al-doped ZnO NPs sensor at various
DMMP  concentrations at 350 ◦C. A general overview of the data
showed a linear increase of the response with an increase in DMMP
concentration. The sensitivity of the Al-doped ZnO NPs sensor was
approximately 26.55 (correlation coefficient, r = 0.9982) with a lin-
ear range from 0.1 to 5 ppm. This enhanced sensing performance
can be attributed to the synergistic effect of the smaller crystallite
size and the low lattice disorder of the Al-doped ZnO NPs, which
led to a rapid response [12,15,16].

For the enhanced DMMP  sensing properties, the reactions and
response mechanism of the Al-doped ZnO NPs sensor may be
explained by the following process. First, O was adsorbed onto
surface of the ZnO upon exposure to air. During chemisorption,
atmospheric O formed ionosorption of molecular (O2

−) and atomic
− 2− ◦
(O and O ) species at 25–500 C due to the capture of electrons

from the conduction band. Because the O− species is generally
dominant above 150 ◦C, O− was frequently chemisorbed onto the
surface of the ZnO at the operating temperature of 350 ◦C in this

ed and Al-doped ZnO nanoparticles (NPs).
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Fig. 5. Raman spectra of un-doped and Al-doped ZnO nanoparticles (NPs).

ork. These O species removed conduction electrons, forming an

lectron-depletion layer on the ZnO surface. The O adsorption pro-
esses can be represented by Eqs. (6) and (7).

2(gas) ↔ O2(ads) (6)

ig. 7. Reproducibility of (a) un-doped and (b) Al-doped ZnO nanoparticle (NP)-based sen
esponse of the Al-doped ZnO NP-based sensor to different concentrations of DMMP  at 35

able 1
ensing performance of the semiconductor-based gas sensors for dimethyl methylphosph

Material Operating temp. (◦C) Response 

Al doped (1 wt%) ZnO nanopatricle 350 4347 (10 ppm) 

Mo5Sb1-SnO2 350 0.7 (0.5 ppm) 

SnO2 nanoparticles (precipitated) 350 0.4 (0.5 ppm) 

ZnO (4 wt%) doped SnO2 300 0.55 (1 ppm) 

Pt(12%) doped ZnO 300 230 (2 ppm) 

Ni doped SnO2 500 7 (5 ppm) 
Fig. 6. Variation of the response of the Al-doped ZnO nanoparticle (NP)-based sensor
as  a function of the operating temperature.

O−
2(ads) + e− ↔ 2O−

(ads)(dominatesat150–500 ◦C) (7)
As shown in a schematic reaction in Fig. 8a, DMMP adsorbed,
dissociated into ethyl methylphosphonate (MMP) and methylphos-
phonic acid (MP), and then reacted with the adsorbed oxygen
ions on the ZnO surface. Finally, volatile components such as CO2,

sors for the dimethyl methylphosphonate (DMMP) detection at 350 ◦C. (c) Dynamic
0 ◦C in air. (d) Sensitivity with calibration curve.

onate detection.

Sensitivity Detection limit (ppb) Response time (s) Refs.

26/ppm 100 2 s This work
0.75/ppm 500 600 s [18]
0.64/ppm 200 >100 s [19]
– 100 – [20]
– 2000 15 s [21]
– 5000 Few miniutes [22]
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ig. 8. Schematics of (a) reactions and (b) response mechanism of the Al-doped Zn

3PO4, and H2O were produced. The electrons could have been
eleased to the conduction band of the ZnO NPs, which would
ave led to a decrease of the resistance in the ZnO NPs due to the
hinned depletion layer. In the case of the Al-doped ZnO NPs, the
n2+ ions, at 0.74 Å, were partially replaced by Al3+, at 0.53 Å, in the
nO lattice with a smaller ionic size. These Al dopants can generate
ore oxygen vacancies and act as preferential adsorption sites for
MMP molecules, as shown a schematic illustration of the mecha-
ism in Fig. 8b. Accordingly, an increase in oxygen vacancies by Al
oping and surface reactions with small nanocrystals can result in
nhanced gas sensing performance [16,17].

To evaluate the selectivity of the Al-doped ZnO NPs sensor with
arious gases, the selectivity was tested by using NH3, CO, NO, and
O2 gases at the same concentration of 10 ppm at 350 ◦C, as shown

n Fig. 9. The response to DMMP  exhibited a remarkably higher
electivity compared with that of the other gases.

As shown in Table 1, we summarized the DMMP  gas sens-
ng properties of the Al-doped ZnO NPs sensor from above
esults. Our results showed an extraordinary response time of

 s with a low detection limit of 100 ppb compared with the

esults of several metal-based ZnO or SnO2 sensors. This demon-
trates that the Al-doped ZnO NP is a promising material for
chieving superior response and sensitivity in DMMP  sensor appli-
ations.
Fig. 9. Selectivity of the Al-doped ZnO nanoparticle (NP)-based sensor to other
gases.

4. Conclusions
In this work, we  fabricated a DMMP  gas sensor using synthesized
Al-doped ZnO NPs via a hydrothermal method. The average parti-
cle size of the Al-doped ZnO NPs was  ∼25 nm,  and we confirmed
a single crystalline phase through SEM and TEM observations. The
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ariation in the response of the Al-doped ZnO NPs sensor within
perating temperatures showed a rapid response of 2 s and a rela-
ively short recovery time of 96 s, compared with the un-doped ZnO
Ps sensor, when exposed to 10 ppm DMMP  at 350 ◦C. The sensi-

ivity exhibited a linear increase of the response with an increase
n DMMP concentration, and the selectivity for DMMP  showed
he fastest response among the gases. Such increased O2 vacan-
ies and surface reactions with small nanocrystals in Al-doped ZnO
P sensors provide enhanced gas sensing performance for DMMP
etection.
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