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Well-ordered ultrathin films (UTFs) of {pyrenetetrasulf-
onate(PyTS)/ZnS}n were fabricated by alternating assembly
of 1,3,6,8-PyTS and exfoliated Zn2Al layered double hydrox-
ide (LDH) nanosheets through layer-by-layer (LBL) electro-
static deposition, followed by an effective in situ gas/solid
sulfurization reaction with H2S. The assembly process was
monitored by UV/Vis spectroscopy, which showed regular
stepwise growth of the (PyTS/LDH)n UTFs with consecutive
deposition cycles. It is worth noting that the structure of the
well-ordered UTFs is retained after the in situ gas/solid sulf-

Introduction

Ethanol sensors are used in industry to detect alcohol
leaks and to evaluate wine quality and monitor food safety,
amongst other applications.[1] Sensors for detecting ethanol
gas quickly and accurately are much needed. The ethanol
sensors currently used are based on metal oxides. However,
one significant disadvantage of metal oxide semiconductor
gas sensors is that the devices need to be operated at high
temperature in order to achieve satisfactory sensitivity and
response time, which is dangerous in practical applica-
tions.[2] With more and more strict requirements, the devel-
opment of new ethanol-sensing systems with low operating
temperatures has been a very active research field, in which
organic–inorganic hybrid thin-film sensing materials are
particularly attractive, since they can be well controlled at
a monolayer level as miniaturized devices with low cost and
low power consumption.[3] Furthermore, in contrast to the
individual organic and inorganic components, such hybrid
thin films could lower the working temperature and im-
prove the long-term stability of the devices.[4–7]
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urization reaction. Although both (PyTS/LDH)n UTFs and the
sulfurized (PyTS/ZnS)n UTFs respond to ethanol at a rela-
tively low operating temperature (70 °C), the (PyTS/ZnS)n

UTFs exhibit a much better response, a fact that can be at-
tributed to synergistic interactions between inorganic ZnS
and organic pyrene components. Moreover, the well-ordered
(PyTS/ZnS)30 UTF exhibits a stronger sensor response to eth-
anol than to other gases, including NH3, H2, CO, C2H2, and
CH4.

It is known that both pyrene-containing and ZnS-based
materials have remarkable sensing properties as individual
components. For instance, ZnS-based materials have been
utilized as sensors for UV,[8] volatile organic compounds,[9]

and ethanol;[10] pyrene-based derivatives can be used as ion
sensors and oxygen sensors, among other applications.[11,12]

Therefore, fabrication of hybrid thin films from a combina-
tion of organic pyrene and inorganic ZnS semiconductor
could reasonably be expected to produce materials that ben-
efit from synergistic interactions and show great potential
in gas-sensing applications.

Layered double hydroxides (LDHs) are a class of anionic
intercalated inorganic materials with a general formula of
[M2+

1–xM3+
x(OH)2][An–

x/n·mH2O], in which M2+ and M3+

are divalent and trivalent metal cations respectively, and
An– are the intercalated guest anions. LDHs have been
widely utilized as catalysts, absorbants, anion exchangers,
precursors, and magnets.[13] In recent years, it has been
demonstrated both that LDH ultrathin films (UTFs) can
be fabricated by a layer-by-layer (LBL) assembly tech-
nique;[14] and that Zn-containing LDHs can be used as tem-
plates for the generation of ZnS nanoparticles implanted in
the host layers.[15,16] In this paper, we describe how organic–
inorganic (PyTS/ZnS)n UTFs have been fabricated by LBL
assembly of pyrenetetrasulfonate with the exfoliated Zn2Al
LDH to create (PyTS/LDH)n UTFs, followed by in situ gas/
solid sulfurization. Preliminary studies of gas-sensing be-
havior indicate that the resulting (PyTS/ZnS)n UTFs show
a highly selective response to ethanol at the relatively low
working temperature of 70 °C.
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Results and Discussion

The multilayer assembly processes of the (PyTS/LDH)n

UTFs were monitored by UV/Vis spectroscopy after each
deposition cycle (Figure 1). It can be observed that the ab-
sorption bands assigned to the π–π* transition of pyrene at
247, 277, and 387 nm[11] increase linearly with successive
deposition cycles, indicating stepwise and regular film
growth.

Figure 1. UV/Vis absorption spectra of (PyTS/LDH)n (n = 3–30)
UTFs.

The in situ gas/solid sulfurization of (PyTS/LDH)n UTFs
leads to the formation of the corresponding (PyTS/ZnS)n

UTFs. It can be seen clearly from Figure 2 that the absorp-
tion bands of (PyTS/ZnS)n UTFs are broader than those
of (PyTS/LDH)n UTFs and the absorption intensities are
stronger. The apparent increase of the intensities below
300 nm is attributed to the formation of ZnS.[17] The ab-
sorbance at 247, 277, and 387 nm increases linearly with the
number of deposition cycles, suggesting that well-ordered
thin films have been achieved after the sulfurization process.

Figure 2. UV/Vis absorption spectra of (PyTS/ZnS)n (n = 3–30)
UTFs.

Deposition cycle n = 30 was taken as an example. The
gas-sensing behavior of the (PyTS/ZnS)30 UTF for 100 ppm
ethanol was investigated at 70 °C (Figure 3). The response
to ethanol gas is defined as Ra/Rg, where Ra and Rg are the
sensor resistances of the UTFs in air and in the target gas,

Eur. J. Inorg. Chem. 2013, 3348–3351 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3349

respectively. When the reductive ethanol gas is introduced,
an electron-releasing process begins. The ethanol gas reacts
with the surface oxygen species, leading to an increase in
the Ra/Rg value (Figure 3). In contrast, an electron-captur-
ing process starts when the (PyTS/ZnS)30 UTF is exposed
to air, and so the Ra/Rg value decreases. The maximum eth-
anol response for (PyTS/ZnS)30 UTF is 5.0 at the operating
temperature of 70 °C. It should be mentioned that the
(PyTS/ZnS)30 UTF is easy to handle given the relatively
low working temperature applied here compared with those
reported in the literature (Table S1).

Figure 3. Response of the (PyTS/ZnS)30 UTF to 100 ppm of eth-
anol at an operating temperature of 70 °C.

The response and recovery speeds are key parameters for
the performance of sensing materials. For most low-op-
erating-temperature sensing materials, response and recov-
ery times are relatively long because of the materials’ low
activation energies at low temperature. In the current work,
it is worth noting that the (PyTS/ZnS)30 UTF responds
quickly to ethanol gas; the response and recovery times are
calculated to be 50 s and 16 s, respectively, which indicate
that (PyTS/ZnS)30 UTF is potentially a good candidate for
detecting ethanol.

The relationship between the gas-sensing response and
the operating temperature was investigated further with
(PyTS/LDH)24, (PyTS/LDH)30, (PyTS/ZnS)24, and (PyTS/
ZnS)30 UTFs as examples. The ethanol response values for
these UTFs were found to grow at first before reaching a
maximum value, after which all the ethanol response values
start to drop (Figure 4). This phenomenon can be explained
by the fact that the ethanol response is related to the chemi-
sorbed oxygen species, and the concentration of chemi-
sorbed oxygen would increase when the operating tempera-
ture increases.[18] Nevertheless, the desorption process of the
adsorbed oxygen dominates until the operating temperature
reaches a certain point. In other words, the ethanol re-
sponse has a maximum value at an optimal operating tem-
perature. As shown in Figure 4, the optimal operating tem-
perature for the above UTFs is 70 °C. It should be emphas-
ized that this is a very mild operating temperature.

When the ethanol response values for the above four
UTFs are compared, it can be seen that the sulfurized
(PyTS/ZnS)n (n = 24, 30) UTFs are more responsive than
the corresponding (PyTS/LDH)n (n = 24, 30) UTFs below
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Figure 4. Responses vs operating temperatures of (PyTS/LDH)n (n
= 24, 30) UTFs and (PyTS/ZnS)n (n = 24, 30) UTFs exposed to
100 ppm ethanol.

80 °C. This is because, when the UTFs are surrounded by
air, oxygen molecules are adsorbed on the film surfaces to
form the chemisorbed oxygen species (O2–, O2

2–, and O–)
by capturing electrons from the conduction band of the
UTFs. In the (PyTS/LDH)30 UTF, the oxygen is mainly ad-
sorbed by the PyTS molecules alone. In contrast, in the
(PyTS/ZnS)30 UTF both ZnS and PyTS molecules can ad-
sorb the oxygen; the (PyTS/ZnS)n UTFs provide ZnS as
active sites for adsorbing oxygen species in addition to the
PyTS molecules, unlike (PyTS/LDH)n UTFs. Moreover,
ZnS has fertile trapped surface states,[10,19] which can accel-
erate the adsorption of oxygen species from the surround-
ings and the depletion of free electrons from the conduction
band in the (PyTS/ZnS)30 UTF, resulting in an improved
response to ethanol. Once the reductive ethanol gas is intro-
duced, it reacts with the ionic oxygen species, and then the
electrons that had been trapped by the chemisorbed oxygen
species are released back to the UTFs, increasing the con-
ductivity of the UTFs and thus elevating the response to
ethanol. The surface states of the (PyTS/ZnS)30 UTF there-
fore play an important role in the contact and subsequent
reaction with oxygen species. In addition, the coexistence
of ZnS and PyTS may have a synergistic effect in ethanol
sensing.

Figure 5 describes the correlation between the ethanol
gas concentration and the ethanol responses of four UTFs
at 70 °C. As gas concentration increases, the responses of
all four UTFs increase remarkably. These UTFs respond
even at concentrations as low as 10 ppm. Moreover, with
the increase in the number of assembled layers from 24 to
30, ethanol response increases accordingly. The possibility
of improving the ethanol response by increasing the number
of layers of the UTFs therefore seems very promising.

The selectivity of a chemical sensor is an important fac-
tor for practical consideration. It can be observed that the
(PyTS/ZnS)30 UTF exhibits a strong response to ethanol,
but a low response to NH3, H2, CO, C2H2, and CH4 at the
same concentration of 100 ppm at 70 °C (Figure 6), indicat-
ing that the (PyTS/ZnS)30 UTF is a good candidate for
highly selective detection of ethanol.

Eur. J. Inorg. Chem. 2013, 3348–3351 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3350

Figure 5. Responses of (PyTS/LDH)n (n = 24, 30) and (PyTS/
ZnS)n (n = 24, 30) UTFs to different concentrations of ethanol.

Figure 6. Responses of the (PyTS/ZnS)30 UTF to 100 ppm of dif-
ferent gases at a working temperature of 70 °C.

Conclusions

(PyTS/ZnS)n UTFs were fabricated through the sulfur-
ization of (PyTS/LDH)n UTFs, which in turn were prepared
by alternating LBL assembly of Zn2Al LDH and pyrenetet-
rasulfonate. The resulting (PyTS/ZnS)n UTFs respond to
ethanol gas at the low operating temperature of 70 °C.
Moreover, the well-ordered (PyTS/ZnS)30 UTF exhibits a
stronger sensor response to ethanol than to other gases in-
cluding NH3, H2, CO, C2H2, and CH4. It can be concluded
that the presence of the ZnS improves the ethanol response
of the (PyTS/ZnS)n (n = 24, 30) UTFs, which may be attrib-
uted to synergistic interactions between inorganic ZnS and
organic pyrene components.

Experimental Section
Materials and Methods: Zn2Al–NO3 LDH (0.1 g) was shaken in a
formamide solution (100 mL) for 24 h to produce a colloidal sus-
pension of exfoliated Zn2Al–NO3 LDH nanosheets. The quartz
glass substrates were first cleaned in concentrated NH3/30% H2O2

and concentrated H2SO4, and then dipped in the colloidal suspen-
sion of LDH nanosheets for 10 min and treated with an aqueous
solution of 1,3,6,8-pyrenetetrasulfonate (PyTS, 100 mL, 0.025 wt.-
%) for another 10 min. The two procedures were repeated alter-
nately for n cycles to fabricate (PyTS/LDH)n UTFs. After each pro-
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cedure, the quartz substrates were washed thoroughly with deion-
ized water. The resulting films were dried under nitrogen gas flow
at ambient temperature. Afterwards, the (PyTS/LDH)n UTFs ob-
tained were sealed into a glass vessel, which was evacuated before
excess H2S was injected into the vessel. The sulfurization reaction
was allowed to continue for 2 h at room temperature, resulting in
the formation of the thin films of (PyTS/ZnS)n.

Ethanol-Gas-Sensing Measurement: The gas sensing properties were
measured using a CGS-1TP intelligent gas-sensing analysis system
(Beijing Elite Tech. Co. Ltd., China).

Supporting Information (see footnote on the first page of this arti-
cle): XRD patterns and FT-IR spectra of Zn2Al-CO3 and Zn2Al-
NO3, ethanol-sensing sensitivity compared with other references.
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