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ABSTRACT: (Calcein−ZnS)n ultrathin films (UTFs) were fabricated through a two-step procedure including the layer-by-layer
(LBL) assembly of calcein and exfoliated Zn2Al layered double hydroxide (LDH) nanosheets, followed by an in situ gas/solid
reaction with H2S. The assembly process of calcein and exfoliated LDH was monitored by UV−vis absorption measurements to
get a stepwise and regular growth of the (calcein−LDH)n UTFs upon increasing the deposited cycles. By an in situ gas−solid
reaction with H2S, the resulting sulfurization derivatives denoted as (calcein−ZnS)n UTFs were obtained. The resulting
(calcein−ZnS)30 UTF possesses high ethanol sensing performance (response value is 8.9−100 ppm ethanol) at relatively low
working temperature (90 °C). The LBL assembly process and chemical conversion technique based on Zn2Al−LDH combine
the functional organic molecules and inorganic semiconductor, which enables us to develop innovative composite materials with
adjustable compositions for a broad range of applications.

1. INTRODUCTION
Gas sensors are greatly applied in the biomedical, chemical, and
food industries.1 For example, ethanol sensors are widely used
to detect alcohol on human breath, to detect leaks in industrial
distribution lines, to evaluate the wine quality, as well as to
monitor the food and biomedical safety, etc.2,3 Because of the
great demands of gas sensors with high sensitivity, good
selectivity, and long-term stability, so-called “3S” great efforts
have been made to fabricate novel sensing materials since the
first chemresisitive metal oxide-based gas sensor was prepared.
Until now, apart from conventional semiconductor oxide, gas
sensing materials have extended to conductive polymer, organic
compounds, carbon nanotubes, etc.4 Furthermore, the size and
shape of gas sensing materials are also adjustable from the
micrometer to nanometer scale in the form of particles, rods,
wires, belts, quantum dots, fibers, and even core−shell
structures, which are critical to their gas sensing capabilities.5,6

Nevertheless, the fabrication and manufacture techniques,
which are as important as new materials themselves, remain
to be explored and developed. It should be noted that a large
number of sensing materials have been prepared and deposited
for gas sensing applications as thin film, which involves, namely,
the physical (dry) and chemical (wet) techniques. The physical
techniques include chemical vapor deposition, thermal vapor
deposition, sputtering, laser ablation, etc., whereas the chemical
techniques include sol−gel, Langmuir−Blodgett, spin coating,
LBL assembly, etc.7 The advantage of gas sensing films via the
chemical route is that a large quantity of processable
nanostructures can be obtained in a cost-effective, highly
scalable, and mild reaction condition. In particular, organic−
inorganic hybrid thin films cannot be prepared by the standard
physical techniques because the vapor pressure and decom-
position temperature of the organic and inorganic individual
compounds differ significantly.8 As such, among the methods
that have been developed for preparing thin films, LBL

assembly, based on sequential adsorptions of oppositely
charged species in aqueous solution, is a unique method for
the deposition of composite films with controllable thickness at
a molecular scale and the merits of low cost, room temperature
process, and high reproducibility.9−14 It is worth noting that to
the best of our knowledge there are few reports regarding the
preparation of gas sensing composite thin films with the
combination of organic molecule and inorganic semiconductor
through the LBL assembly approach.
Organic molecule calcein (Scheme S1 of the Supporting

Information) and its derivatives are mainly used for detecting
metal ions (Ca2+, Cu2+, Fe2+, Zn2+, Mn2+, and Fe3+) and for
DNA fluorescent sensor.15−17 Previous reports have also shown
that the composites films of calcein−PAN [calcein-poly-
(acrylonitrile)], calcein−HMDA (hexamethylene diamine),
calcein-poly(ethylene oxide)/poly(acrylic acid), or thermally
deposited calcein films could be applied for ammonia sensor or
humidity sensor.18−20

Layered double hydroxides (LDHs) are a family of anionic
lamellar hydrotalcite-like clays with the general formula of
[M2+

1−xM
3+

x(OH)2][A
n−

x/n·mH2O], in which M2+ and M3+ are
divalent and trivalent metal cations respectively, and An− is the
intercalated guest anion. LDHs have been widely employed as
catalysts, adsorbents, anion exchangers, precursors, magnetics,
and electrodes for alkaline secondary batteries, etc.21−24

Previous experiments have shown that Cd- or Zn-containing
LDH can be used as a template to generate CdS or ZnS
nanoparticles implanted in the matrix of host layers.25,26 As
such, it is promising to build ZnS assembly films from a
template of Zn2Al−LDH. Additionally, as a wide band gap
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semiconductor of ZnS, ZnS-based materials have also been
investigated for sensors, such as for UV-light sensors,27

biosensors,28 and humidity sensors,29 as well as for gas
sensors,30−32 etc. Furthermore, it has also been reported that
LDHs can be delaminated into nanosheets, which allow us to
obtain positively charged single nanosheets.33−36 One of the
most important and attractive applications of such exfoliated
nanosheets is that they could serve as two-dimensional building
blocks to construct UTFs with superior functionalities.37−39

Herein, in this paper, (calcein−LDH)n UTFs have been
prepared by LBL assembly of calcein with exfoliated layered
double hydroxides Zn2Al−LDH (Scheme 1), which is followed

by an in situ gas−solid sulfurization of (calcein−LDH)n UTFs.
The exfoliated nanosheets of Zn2Al−LDH have been utilized as
templates for the preparation of ZnS implanted in the inorganic
building blocks. Generally, the two-step process including the
LBL assembly of calcein with exfoliated LDH and the in situ
gas−solid sulfurization process provides an approach for
preparing organic molecule−inorganic semiconductor compo-
site UTFs, which might have superior gas sensing properties to
one compound alone.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Zn2Al−LDH and Nitrate−Intercalated
LDH. Zn2Al−LDH was synthesized using a hydrolysis method
under hydrothermal conditions on the basis of a previous
report with slight modification by replacing cobalt salt with zinc
salt.37 A typical preparation process is described as follows:
Zn(NO3)2·6H2O (0.002 mol), Al(NO3)3·9H2O (0.001 mol),
and urea (0.012 mol) were dissolved in aqueous solution. The
mixture was sealed in a Teflon-lined stainless steel autoclave
and heated at 100 °C for 24 h. The obtained CO3

2− LDH
(Zn2Al−CO3) was washed with water and dried in air at 60 °C.
Afterward, this sample was converted to NO3

− form by ion
exchange using a NaNO3 and HNO3 solution while purging
with nitrogen gas for 1 day at ambient temperature. The
precipitate (Zn2Al−NO3) was separated through centrifugation,
washed with distilled water, and dried under vacuum.

2.2. Fabrication of (Calcein/LDH)n UTFs. The delamina-
tion of Zn2Al−NO3 was conducted according to that described
by Sasaki et al.21 A total of 0.1 g of Zn2Al−NO3 was shaken in a
100 mL formamide solution for 24 h to produce a colloidal
suspension of exfoliated Zn2Al−NO3 nanosheets. A clear
Tyndall light scattering was observed, and the well-dispersed
colloidal suspension was transparent and stable. The quartz
glass substrate was first cleaned in concentrated NH3/30%
H2O2 (7:3) and concentrated H2SO4 for 30 min each. After
each procedure, the quartz substrate was rinsed and washed
thoroughly with deionized water. The substrate was dipped in
the colloidal suspension of LDH nanosheets for 10 min
followed by washing thoroughly with deionized water, and then
the substrate was treated with a 100 mL of calcein aqueous
solution (0.025 wt %, pH was adjusted to 7.0 by NaOH) for 10
min. The washing procedure of calcein was the same as that for
the LDH nanosheets described above. (Calcein/LDH)n UTFs
were fabricated by depositing alternatively with a LDH
nanosheets suspension and calcein solution for n cycles. The
resulting films were dried under a nitrogen gas flow for 2 min at
ambient temperature.

2.3. Sample Characterization. Powder X-ray diffraction
(XRD) analysis was conducted on a Shimadzu XRD-6000
powder diffractometer using Cu Ka radiation at an accelerating
voltage of 40 kV and current of 30 mA. The Fourier transform
infrared (FTIR) spectra were recorded in the range of 400−
4000 cm−1 on a Nexus 670 spectrometer. The solid UV−vis
absorption spectra were collected in the range from 190 to 800
nm on a Shimadzu U-3000 spectrophotometer. The morphol-

Scheme 1. LBL Assembly Process for (Calcein−LDH)n UTF
and (Calcein−ZnS)n UTF

Scheme 2. Gas Sensing Analysis System
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ogy and thickness data of thin films were investigated by using a
scanning electron microscope (SEM Hitachi S-4700), and the
accelerating voltage applied was 20 kV. The surface roughness
of the UTFs was examined using an Agilent AFM-5500 atomic
force microscopy.
2.4. Gas Sensing Measurements. In this paper, (calcein−

LDH)30 UTF and (calcein−ZnS)30 UTF have been used for gas
sensing measurement. The gas sensing properties of the UTFs
were measured by a CGS-1TP intelligent gas sensing analysis
system (Beijing Elite Tech. Co. Ltd., China). This multifunc-
tional system consists of a heating system, gas distribution

system, probe adjustment system, vacuum system, measure-
ment and data acquisition system, and measurement control
software (Scheme 2). The heating system offers an external
temperature control (from room temperature to about 500 °C
with a precision of 1 °C), which could adjust the sensor
temperature directly. All the materials were preheated at
different working temperature for about 30 min. When the
resistances of the sensors were stable, target gas was injected
into the test chamber (18 L in volume) by the dynamic gas
distributing system. After the sensor resistances reached new
constant values, the test chamber was opened to recover the

Figure 1. (a) UV−vis absorption spectra of the (calcein−LDH)n (n = 3−27) UTFs. (b) Linear relationship between absorbance at 244 and 509 nm
and bilayer number n. Inset: Photographs of (calcein−LDH)n (n = 3−27) UTFs in (a).

Figure 2. (a) AFM images and (b) top-view of SEM of (calcein−LDH)n UTFs with n = 6, 12, 18, 24, and 30, respectively.
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sensors in air. The whole experimental process was performed
in a superclean room at a constant humidity (25% relative
humidity) and temperature (20 °C). The working temperature
of the sensors was reported by the analysis system automati-
cally.
The response was designated as Ra/Rg, where Ra was the

sensor resistance in air (base resistance), and Rg was that in
target gas. The time taken by the sensor resistance to change
from Ra to Ra − 90% × (Ra − Rg) was defined as response
time when the target gas was introduced to the sensor, and the
time taken from Rg to Rg + 90% × (Ra − Rg) was defined as
recovery time when the ambience was replaced by air.

3. RESULTS AND DISCUSSION
3.1. Powder X-ray Diffraction (XRD) Analysis of LDH

Precursor. The XRD pattern of the Zn2Al−CO3 is shown in
Figure S1 of the Supporting Information. The obtained
composite is typical for LDHs in the carbonate form. As the
NO3

− LDH intercalated LDH is found to possess excellent
delamination behavior, Zn2Al−NO3 was synthesized via a
conventional anion exchange of Zn2Al−CO3 with an aqueous
solution of NaNO3 and HNO3. As shown in Figure S1 of the
Supporting Information, the gallery height increases from 0.75
nm of Zn2Al−CO3 to 0.89 nm of Zn2Al−NO3, suggesting the
successful exchange of the guest anion from CO3

2‑ to NO3
− in

the LDH.37 The absorption band of CO3
2− at 1354 cm−1 in the

FT-IR spectra (Figure S2 of the Supporting Information) of
Zn2Al−CO3 disappears after the ion exchange process and a
new absorption band appears at 1385 cm−1, which provide
further proof for the successful exchange from CO3

2‑ to NO3
−.

3.2. UV−Vis Absorption Spectroscopy of (Calcein/
LDH)n UTFs. Multilayer films were obtained by alternately
dipping a quartz glass slide or silicon wafer into a colloidal
suspension of the LDH nanosheets and calcein solution. The
multilayer build-up process of the film was monitored by UV−
vis spectroscopy after each deposition cycle (shown in Figure
1(a)). From the UV spectra of the (calcein−LDH)n UTFs, the
strong absorption band is at 509 nm, which is consistent with
the light-yellow color of the UTFs.17 The absorption band at
190, 244, and 290 nm could be assigned to the π−π* transition
of CO bonds, conjugated π−π* transition of the aromatic
C−C bonds, and n−π* transitions of CO bonds,
respectively. Figure 1(b) shows the dependence of absorption
at 244, 290, and 509 nm against the number of deposition
units. It is shown that the absorption increases linearly with an
increase in deposition cycles, which indicates a stepwise and
regular film growth in thickness. This is also confirmed by the
gradual increase in the color intensity of the UTFs with the
increasing number of bilayers.
3.3. Morphology and Structural Characterization of

(Calcein/LDH)n UTFs. The deposited process of (calcein−
LDH)n UTFs was further monitored by atomic force
microscopy and scanning electron microscopy (AFM and
SEM). The AFM topographical images give the root-mean-
square (rms) surface roughness of the UTFs (n = 6−30)
(Figure 2(a)). The value of root-mean-square (rms) roughness
for the UTFs increases slowly with the number of deposition
cycles (Table 1) from 1.9 nm for 6 bilayers (n = 6) to 4.9 nm
for 30 bilayers (n = 30), indicating that all the films have
relatively smooth surfaces
A typical top view of the SEM images (Figure 2(b)) for

(calcein−LDH)n UTFs also confirm that the films surfaces are
microscopically smooth and uniform. Moreover, the continuous

and homogeneous UTFs can be further observed from the side
view of the SEM images (Figure 3) with the thicknesses of the

as-prepared UTFs (n = 6−30) in the range of 10−56 nm. The
approximately linear increase in the thickness with n confirms
that the UTFs possess a uniform and periodic layered structure.
It thus can be estimated that the average thickness of one
bilayer (calcein−LDH)n=1 is about 1.8 nm.

3.4. In Situ Sulfurization of (Calcein/LDH)n UTFs. The
(calcein−LDH)n UTFs with different n values were sealed in a
glass vessels, which were evacuated before excessive H2S gas
was injected into the vessel. Upon introduction of the H2S gas,
the color of the UTFs in the vessel turned from light red to
light yellow. The reaction was held for 2 h at room temperature
in order to ensure that the precursors were sulfurized
completely. All the UTFs were subjected to the gas−solid
sulfurization reaction separately to form ZnS implanted in the
inorganic layers of the UTFs.
It is shown that the transparent light-red color of (calcein−

LDH)n UTFs changed to light yellow after sulfurization. The
UV−vis spectra of the (calcein−ZnS)n UTFs are shown in
Figure 4 (a). The absorption peaks of the films in the whole
spectral region decrease, and the main absorption peaks of the
films blue shift gradually from 244 to 237 nm and from 509 to
481 nm, respectively. Furthermore the absorption at 290 nm
becomes inconspicuous. Compared with the absorption of
(calcein−LDH)n UTFs, the observed blue shift may be
attributed to the formation of ZnS and interactions between
ZnS and calcein. ZnS is n-type semiconductor that has excess
electrons, and its UV−vis absorption usually appears below 400
nm.40 The presence of ZnS might destroy the conjugated

Table 1. Depth and Thickness Parameters for the (Calcein/
LDH)n UTFs with 6, 12, 18, 24, 30 Bilayers

n 6 12 18 24 30

rms roughness (nm)a 1.9 2.6 3.3 4.1 4.9
SEM thickness (nm)b ca. 10 ca. 20 ca. 34 ca. 48 ca. 56

aValues of statistical rms roughness were obtained by AFM. bSEM
thicknesses were obtained from the side view of (calcein−LDH)n
UTFs.

Figure 3. Plot of the thickness of the (calcein−LDH)n UTFs as a
function of n. Insets show the side view of the SEM with n = 6, 12, 18,
24, and 30, respectively.
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system of calcein and weaken the planar electron transition of
calcein, which induced a decrease in the absorption intensity
and the blue shift of the absorption peak, and the color of the
UTFs changes from light red to light yellow, which is in
accordance with the absorption changing from 509 to 481 nm.
Figure 4(b) shows the dependence of absorption at 237 and
481 nm against the number of deposition units. It is shown that
the absorption still increases linearly with an increase in the
deposition cycles even after sulfurization process, which
indicates the sulfurization process does not destroy the
regularity of the UTFs.
3.5. Ethanol Gas Sensing Characterization for

(Calcein−LDH)n UTFs, and (Calcein−ZnS)n UTFs(n = 30).
In this paper, we observed the ethanol-sensing behavior
through measuring the change of the resistance of UTFs.
The principle of the gas detection of resistance-type sensors is
based on the conductance variation of the sensing element,
which depends on the gas atmosphere and the working
temperature of the sensing materials exposed to the test gas.41

The responses of the (calcein−LDH)30 UTF and (calcein−
ZnS)30 UTF to 100 ppm ethanol at various temperatures are
shown in Figure 5 (a).
Both UTFs exhibit different sensing properties in all the

tests. As shown, the responses are improved by increasing the
working temperature below 80 °C for (calcein−LDH)30 and
below 90 °C for (calcein−ZnS)30, which can be explained by
the enhanced activation of the materials. In ethanol gas-sensing,

oxygen sorption plays an important role in electrical transport
properties of (calcein−LDH)30 UTF and (calcein−ZnS)30
UTF. It should be noted that chemisorbed oxygen species
depend strongly on temperature. At low temperatures, O2

− is
commonly chemisorbed, whereas at high temperatures, O2

2−

and O− are commonly chemisorbed, while O2
− disappears

rapidly. Hence, the resistance of UTF decreases with the
elevating temperature, which is shown in Figure 5 (a). When
the working temperature continues increasing, the desorption
process of adsorbed oxygen becomes dominant, and the
concentration of chemisorbed oxygen decreases, which results
in the declined response. Therefore, the maximal response is
obtained on the basis of (calcein−LDH)30 at a working
temperature of 80 °C and (calcein−ZnS)30 at a working
temperature of 90 °C, respectively, and because the highest
response of (calcein−ZnS)30 is at the temperature of 90 °C, all
the tests below are focused on this sample at 90 °C.
At constant temperature, the response changes with gas

concentrations. Figure 5(b) depicts the correlation between the
concentration and responses of (calcein−LDH)30 UTF and
(calcein−ZnS)30 UTF at the working temperature of 90 °C.
Both UTFs can detect ethanol gas down to 10 ppm, and the
corresponding values are 3 for (calcein−ZnS)30 and 2 for
(calcein−LDH)30, respectively. With an increase in gas
concentration, the responses increase remarkably. The
responses are 3.5, 5, 7, 11, 12, and 14 for (calcein−LDH)30
to 50, 100, 500, 1000, 5000, and 10000 ppm ethanol, and the

Figure 4. (a) UV−vis absorption spectra of the (calcein−ZnS)n (n = 3−27) UTFs. (b) Linear relationship between absorbance at 237 and 481 nm
and bilayer number n. Inset: Photographs of (calcein−ZnS)n (n = 3−27) with different bilayer numbers (n) in (a).

Figure 5. (a) Response vs working temperature of (calcein−LDH)30 UTF and (calcein−ZnS)30 UTF exposed to 100 ppm ethanol. (b) Response of
(calcein−LDH)30 UTF and (calcein−ZnS)30 UTF to different concentration of ethanol.
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corresponding values for (calcein−ZnS)30 are 6, 8.9, 12, 16, 20,
and 28, respectively. This can be explained as the more ethanol
concentration increases, the more electrons from the
chemisorbed oxygen species are released, which further leads
to an increased conductivity of the UTFs.
From Figure 5, it is found (calcein−ZnS)30 UTF always

shows higher response than (calcein−LDH)30 UTF when they
were put at the same working temperature and exposed to
equal concentrations of ethanol. This result also reveals that the
presence of ZnS brought the high response of (calcein−ZnS)30
UTF to ethanol gas, and this phenomenon can be clarified by
the mechanisms of ethanol sensing, which is described as
follows: When the UTFs are surrounded by air, oxygen
molecules are adsorbed on the surface to form chemisorbed
oxygen species (O2

−, O2
2−, and O−) by capturing electrons

from the conduction band of UTFs. In (calcein−LDH)30 UTF,
the active sites to adsorb oxygen molecules are mainly calcein
molecules. However, compared with (calcein−LDH)30 UTF,
there are another two simultaneous steps in (calcein−ZnS)30
UTF to complete the adsorbed process of the oxygen molecule
when exposed to air ambient (Figure 6). These steps are that

the presence of ZnS in (calcein−ZnS)30 UTF provides more
active sites, which can adsorb more oxygen species than
(calcein−LDH)30 UTF. Differing from most semiconductor
sensors, the ZnS-based sensor has another parallel path to
adsorb oxygen molecules. ZnS has fertile trapped surface states,
sulfur vacancy, and interstitial sulfur lattice defects.32,42 These
states can further accelerate the adsorbing of oxygen molecules
from the surroundings and the depletion of free electron from
the conduction band in the (calcein−ZnS)30 UTF, resulting in
decreased conductivity of the UTF. Once the target ethanol gas
is introduced, the reductive ethanol gas reacts with the ionic
oxygen species, and then the electrons trapped by the
chemisorbed oxygen species are released to the UTF, leading
to increased conductivity of the UTF and thus an elevated
response of ethanol sensing. Consequently, the specific surface
states of the (calcein−ZnS)30 UTF play an important role in
the contact and subsequent reaction of oxygen species with the
ethanol gas, which clarifies very well about why (calcein−

ZnS)30 UTF always has a better response than (calcein−
LDH)30 UTF in our studies. Furthermore, the coexistense of
ZnS and calcein might have some interactions between them,
which play a synergistic effect on ethanol sensing and result in a
high response of (calcein−ZnS)30 UTF to ethanol gas. Further
investigations are proceeding in our lab.
Response and recovery speeds are vital parameters to

evaluate the performance of sensing materials, especially
when for most low working temperature sensing materials,
their response and recovery time are comparatively long due to
their low activation at low temperature. However, the current
(calcein−ZnS)30 UTF exhibits very quick response behavior to
ethanol gas at 90 °C. When the reductive ethanol gas is
introduced, the electron releasing process begins. The ethanol
gas reacts with the surface oxygen species, which causes an
increase in the conductivity of the (calcein−ZnS)30 UTF and
thus an increase in the Ra/Rg value of the UTF. Whereas, when
the UTF is exposed to air again, the electron capturing process
starts, which decreases the conductivity of the (calcein−ZnS)30
UTF and thus decreases the Ra/Rg value of the UTF. As shown
in Figure 7, the response and recovery time are calculated to be

45 and 15 s, respectively. The advantage of (calcein−ZnS)30
UTF in a fast response performance might be attributed to the
microstructure of this UTF.
Furthermore, the selectivity of chemical sensor is also an

important factor for further application. It is found that the
(calcein−ZnS)30 UTF exhibits higher response to ethanol but
less response to toluene, NH3, and very low response to 100
ppm of H2, CO, C2H2, and CH4 at 90 °C, indicating that the
(calcein−ZnS)30 UTF is a good candidate for highly selective
detection of ethanol.

4. CONCLUSIONS
This work reported an approach for fabricating ordered
assembly film of organic molecule calcein with semiconductor
ZnS. Zn2Al−LDH here serves both as a self-assembly unit and a
template for the preparation of ZnS. The (calcein−ZnS)30 UTF
shows high and fast response as well as short recovery time to
ethanol gas at 90 °C. Meanwhile, the presence of ZnS in the
(calcein−ZnS)30 UTF largely improves the response to ethanol.
Future investigation of ZnS-based or calcein-based sensors for
ethanol or other important volatile organic compounds as well
as the possible effect of M3+ in the LDH nanosheets to gas
sensing are in progress in our lab.

Figure 6. Schematic representation of gas-sensing mechanism for
(calcein−ZnS)30 UTF.

Figure 7. Response of (calcein−ZnS)30 UTF to 100 ppm of ethanol at
working temperature of 90 °C.
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