
© 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license https://creativecommons.org/licenses/by-nc-nd/4.0/ 
Doi: https://doi.org/10.1016/j.jallcom.2016.09.125 

Paper submitted to: 
Journal of Alloys and Compounds 

 
TITLE:  

A phenomenological investigation on Chlorine intercalated Layered Double 
Hydroxides used as room temperature gas sensors 
 

AUTHORS:  
D. Polesea, A. Mattocciab, F. Giorgib, L. Pazzinia, L. Di Giamberardinob, G. Fortunatoa, P. G. Medagliab 

 

aIstituto per la Microelettronica e Microsistemi - Consiglio Nazionale delle Ricerche, Rome, 

Italy 

bDipartimento Di Ingegneria Industriale, Università degli studi di Roma Tor Vergata, Rome, 

Italy 

 

 

Corrispondence to: 

Davide Polese, PhD 

davide.polese@cnr.it 

  

https://creativecommons.org/licenses/by-nc-nd/4.0
https://doi.org/10.1016/j.jallcom.2016.09.125


© 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license https://creativecommons.org/licenses/by-nc-nd/4.0/ 
Doi: https://doi.org/10.1016/j.jallcom.2016.09.125 

Abstract 

In this paper, a phenomenological study of Layered Double Hydroxide sensing properties 

respect to common pollutants is presented. Layered Double Hydroxides are a class of 

nanomaterials characterized by a large surface/volume ratio, able to strongly interact with a 

wide amount of different chemical compounds. Layered Double Hydroxides materials are also 

relatively easy to achieve by different synthesis methods on a multiplicity of substrates. 

Although their characteristics make these materials promising candidates to act as gas sensor, 

Layered Double Hydroxide gas sensing properties have not still been intensively investigated. 

To this purpose, a chlorine-intercalated Zn/Al-Layered Double Hydroxide layer is grown by 

hydrothermal technique on an interdigitated finger array to achieve a resistive gas sensor. The 

sensing layer has been characterized by Scanning Electron Microscope, X-Ray Diffraction and 

Energy-Dispersive X-Ray Spectroscopy and then its sensing characteristics have been 

successfully investigated at room temperature on five common volatile compounds (CO, CO2, 

NO, NO2, CH4) at six different concentrations. The results demonstrate that Layered Double 

Hydroxide have interesting properties as low temperature sensing tool for a large range of 

volatile compounds. 

Introduction 
Indoor/outdoor air quality monitoring represents a key technology to control the presence of 

molecules that can be responsible for greenhouse effect and can have a detrimental impact on 

health and life quality in big cities. Indeed, according to the data of World Health Organization 

(WHO), the air pollution is one of the main risks to the human health [1]. Therefore, the 

development of low cost and high sensitivity gas sensors can represent a valuable method to 

monitor the goodness of the environment and quickly react to the deterioration of the air quality. 

In this scenario, several different types of sensors are nowadays available. Among them, solid-

state gas sensors are one of the most investigated devices. Their appeal is generally due to 

the reduced cost of the sensors, high sensitivity and ability to detect a broad range of 

compounds. In the past years, solid-state gas sensors have implemented a large variety of 

active materials such as SnO2, TiO2, WO3, ZnO, etc. [2–5] but the requirement of a high working 

temperature limits their use in low power applications. Although, several techniques have been 

presented to reduce the power consumption such as nano-structuration of the active material 
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or take advantage of the high temperature to improve the gas detection [3,6–8], their use in low 

power application is still challenging. In this work, we introduce another family of material called 

Layered Double Hydroxides (LDHs) to successfully detect various volatile pollutants at low 

temperature. In particular, we investigate the sensing characteristics of chlorine-intercalated 

Zn/Al-LDH nanoplatelets at room temperature. 

LDHs, also known as hydrotalcite-like compounds, are a class of ionic lamellar materials 

belonging to the group of the anionic clays [9]. The natural structure of the material was 

discovered in the 1842 by Hochstetter and then synthesized for the first time in 1942 by 

Feitknech [10,11]. In Figure 1, a schematic representation of the LDH structure is shown, the 

figure reveals the LDH conformation composed of stacked lamellas. Synthetically, the chemical 

composition of LDH materials can be expressed by the following general formula [9,12]: 
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where, M2+ and M3+ are two metals (respectively Zn2+ and Al3+ in our case) and An- is an anion 

that is Cl- in our application.  LDHs have a lattice structure formed by stacking positively charged 

brucite-shaped layers, consisting of a divalent metal ion M2+, octahedrally surrounded by six 

(OH)- hydroxyl groups. 

The substitution of the M2+ metal with a trivalent M3+ cation gives rise to the periodic repetition 

of positively charged sheets (lamellas) alternating with charge-counterbalancing An- ions that 

allows the electrostatic neutrality of the brucite layers. This charge displacement produces the 

possibility of dipole-dipole interactions onto the lamella surfaces, enabling interaction with 

anions or molecules possessing an electrical dipole. Moreover, inside the interlayer space, 

water molecules are generally accommodate and a network of hydrogen bonds are present 

among layers, providing also interacting sites for external molecules. Eventually, it was largely 

demonstrated the possibility of intercalating different anions in LDH structure [13,14] and  

changing the anion, it is possible to modify chemical, electronic or optic properties of LDH  

[12,15]. In this way, at least in principle, the relative response to various volatile compounds 

could be tuned by means of anion substitution. 
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LDHs are characterized by a large surface/volume ratio and these structures were proved able 

to adsorb any kind of atoms/molecules [15,16], indeed, as of their discovery, LDHs materials 

were used in a very large number of applications ranging from catalysts to drug delivery media, 

Oxyanion adsorption, etc. [15,17]. Nevertheless, their applications as gas sensors are very 

limited. The first examples of sensors application adopting LDH is reported in 2006, when 

Morandi et al. [18] calcinated Zn/Al-LDH to obtain ZnO dust for gas detection and in the same 

way, Xu et al. [19] in 2013 used LDHs as precursors to obtain composite oxides for gas 

detection. However, only in 2015, Polese at al. [20] and Sun at al. [21] showed the existence of 

gas sensing properties of this kind of material. In this paper, we want to provide an accurate 

phenomenological analysis of the gas sensing properties of one of these materials. To this 

purpose, several resistive sensors based on Zn/Al-LDHs material have been prepared, 

characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD) and Energy-

Dispersive X-Ray Spectroscopy (EDS) and tested in various atmospheres. The results show 

that this kind of material is able to detect the tested volatile compounds (CO, CO2, NO, NO2 

and CH4) and to discriminate different concentrations at room temperature.  

Materials and Methods 
 

Sensors preparation 
Resistive sensors based on Zn/Al-LDHs were manufactured by hydrothermal growth on 

interdigitated fingers array, hereafter called IDA. IDA were designed and fabricated on standard 

commercial printed circuit board (PCB) with 35 µm thick golden copper track, with the intent of 

conceiving a device that can be robust and cheap (e.g. prototype production has a price of less 

50 euro cent per piece). The starting IDAs are composed of 8 couples of 10 mil (0.254 mm) 

wide fingers interleaved each other and spaced 10 mil apart. A sensor 3D rendering showing 

the device dimensions can be observed in Figure 2a.  

To prepare the substrates to Zn/Al-LDHs growth, each IDA was progressively cleaned in 

acetone, isopropyl alcohol and deionized water for 5 mins respectively and finally dried in 

nitrogen flux. Then, a 200 nm thick layer of Al was deposited on IDA to trigger the following 

growth mechanism for LDH using a DC magnetron sputtering. The hydrothermal growth of 

LDHs was carried out by using a nutrient solution composed of a 1:1 ratio of Zinc chloride 
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(ZnCl2) and hexamethylenetetramine (C6H12N4) at 20 mM concentration [22]. 

Hexamethylenetetramine was used as a pH regulator to control the solution basicity through 

the hydrolyzation and release of ammonia at growth temperature [23].  

During the growth, the samples were kept in the middle of the solution bottle, anchored to a 45° 

tilted glass slide in order to avoid any possible contamination. The temperature was fixed at 

80°C for 6 hours to promote the LDH nanostructure growth. After the growing time, the samples 

were removed from the nutrient solution and cooled down in ambient atmosphere. At the end, 

the samples were washed in ethanol at room temperature to take out some possible precipitate 

onto the top of the LDHs surface. Figure 2b shows a sensor at the end of the preparation 

process. Eventually, it is worth to be highlighted that the hydrothermal process allows to grow 

LDHs on a very large area and it was already demonstrate the possibility of achieve growth on 

areas larger than 400 cm2 [24]. In this way, it is possible to prepare several sensors at the same 

time and potentially at very low cost.   

Material characterization 
The LDH morphology has been evaluated by SEM: in Figure 3a a SEM image of LDHs grown 

on IDA layer is shown. In the figure, it is possible to note the typical porous structure of the 

LDHs, in particular the classical LDH-nanoplatelets that significantly enhance the surface area 

to volume ratio. To further evidence of the LDH structure, a XRD analysis of the grown LDH 

layer was performed in addition to an EDS analysis that highlights the elemental composition 

of the material.  

XRD was carried out by using a RIGAKU -2 diffractometer equipped with a Co anode, to 

generate Co K𝛼 radiation (average value of 𝜆 = 1.79206 Å). In Figure 3b, we report the 

diffraction spectrum of a (Zn/Al) LDH sample with Cl- intercalated anions, synthesized on a pre-

deposited Al coating. Even though only weak diffraction peaks can be achieved due to the 

random distribution of the LDH-nanopaletes, we are able to deduce the lattice parameters of 

the LDH hexagonal structure. In detail, from angular positions of 00l reflections, i.e. 003 and 

006 peaks, we can calculate an average value of c-axis parameter (corresponding to the 

thickness of a three stacked basal spacings, see  Figure 1) close to 22.70 Å. This experimental 

result can be used to estimate the value of a lattice parameter (giving the distance between two 

metal cations in the brucite-like lamella, parameter a in Figure 1). In particular, from the angular 
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position of asymmetrical hkl reflections (i.e. having h and k not simultaneously zero) and by 

applying the conventional formula for the hexagonal structure, we obtain: 
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where d is the distance between adjacent (hkl) planes, a and c the lattice parameters. The 

average values of a parameter obtained from 101, 012, 018, 110 and 113 reflections is 3.064 

Å. These values (a and c parameters)  are in good agreement with those reported in literature 

[22,25,26]. 

To estimate the elemental composition of the sensing layer and in this way verify the presence 

of Chlorine anion into the LDH structure an EDS analysis is performed. In particular, to highlight 

the elemental composition of the surface layers, i.e. the LDH layers that mainly interact with the 

volatile compounds and to avoid the contribution of the underlying bulk structure, the Extra High 

Tension parameter is set to 5 kV. In Figure 3c, an EDS spectrum is shown, in the figure, it is 

possible to see the peaks corresponding to Zinc, Aluminum, Chlorine and Oxigen. The peaks 

recognition has been performed with Inca suite software [27] that has been also used to perform 

a quantitative elemental analysis of LDHs surface. In Table 1 the estimated content of the found 

elements is reported. These results confirm the presence of the Chlorine in our sample. Finally, 

it is important to note that the Zinc/Aluminium ratio is 3:1, this result is in agreement with LDHs 

literature [28,29]. 

Experimental setup 
The prepared sensors were placed in a customized sealed chamber with tube fittings for gas 

inlet and outlet. The chamber was endowed of a particular shield, above the sensors 

accommodation, to permit a homogenous distribution of the gas mixture under test and avoiding 

a direct flow on the samples. A mass flow system controlled by PC was used to control the flux 

through the chamber. During the measurements, a constant flux of 200 sccm was fixed by the 

mass flow system that also sets the dilution factors of the testing gases. 
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Each concentration was obtained diluting in nitrogen carbon monoxide (CO), carbon dioxide 

(CO2), nitric oxide (NO), nitrogen dioxide (NO2), and methane (CH4) concentrations measured 

from certified bottles where they were diluted in pure nitrogen. For each compound, the same 

dilution factors were applied and the resulting concentrations are shown in Table 2. Nitrogen 

was chosen as carrier gas since we did not observe significant differences in the measurements 

with dry air carrier and these results can be compared more easily with others reported in 

literature. The sensors were exposed for 60 s to six increasing concentrations and then cleaned 

in wet nitrogen for 500 s. During the whole measurements the humidity was kept constant to 

50% RH fluxing 100 sccm of pure nitrogen through a gas bubbler containing deionized water. 

The RH level was maintained constant to avoid the possible change of the LDH inter-lamellar 

content of water. Finally, every volatile compound was measured in triplicate at room 

temperature (approximately 22°C) and the DC sensor resistances were measured by means of 

an Agilent 34401a multimeter connected to PC.  

 

Results and discussion 
 

To investigate the sensor characteristics, a set of key parameters have been taken into account 

such as sensitivity and selectivity [30,31]. To this purpose, several sensors were exposed to 

diverse volatile compounds at different concentrations in order to evaluate the above-

mentioned parameters. In particular, each sensor was randomly exposed to the five volatile 

compounds at six increasing concentrations at room temperature.  

 

Gas measurements  
As first experiment, we studied the behavior of the sensing material increasing the content of 

water in the nitrogen flux. In fact, the LDHs are particularly sensitive to the specific humidity 

range in which operates. We found out that the value of the resistance of all the samples tends 

to constantly increase in a pure nitrogen flux due to the dehydration of the nanostructures that 

change also in the morphology. This effect is reversible and after few hours in nitrogen enriched 

with deionized water, the samples resistance value decreases again towards the initial value. 
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As can be seen in Figure 4, also the specific response to a known concentration changes if we 

choose to work at a different humidity value. Again, this suggests that the presence of water 

inside the porous structure also plays a crucial role probably decreasing the active sites of the 

sensor, thus minimizing the response of the sample. To make a fair comparison among the 

different analytes, we decided to measure the samples with a constant value of humidity of 50% 

RH.  

In order to evaluate the selectivity and sensitivity of LDH sensors, several samples were 

exposed to six concentrations of five volatile compounds (namely CO, CO2, NO, NO2 and CH4). 

In Figure 5a, the measured sensor resistance for a complete sequence of concentrations of 

CH4 (taken as an example) is shown. Even if a slight linear drift appears, this does not invalidate 

the measurements. Indeed, the sensor response variation or the sensor relative variation 

shown in figure 6 or figure 7 respectively shown consistent responses that are almost not 

affected by drift.  

Figure 5b shows a detail of two consecutive concentrations (namely 62 and 125 ppm) of CO, 

where it is possible to appreciate also the recovery time of the sensors, which is less than 100 

s. Finally, Figure 6a-e show the typical sensor response to the different concentrations of the 

tested gases: CO, CO2, NO2, CH4, NO respectively. For each concentration, three repetitions 

are shown. Comparing the sensor response to the compounds, it is important to note the 

different shapes of the sensor responses to the different compounds and the different time of 

sensing. These differences are probably due to the peculiar processes of absorption or possible 

reactions onto the sensor surfaces, hypothesis that need a more accurate investigation. It must 

also be pointed out that for the highest concentration in some compounds an initial increase of 

the resistance is observed. This trend that seems to present an inverse behavior is probably 

due to a temporary poisoning of the sensor. However, this effect does not affect the following 

measurements. 

To summarize the results, the relative variation of the sensor response 
𝑅−𝑅0

𝑅0
 has been 

calculated, where R is the minimum dc resistance of the sensor during the gas exposure and 

R0 is the dc resistance of the gas sensor in the wet nitrogen just before the gas exposure. Figure 

7 shows the sensor response to the different compounds, the standard deviation puts in 
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evidence the repeatability of the sensor response along the three repetitions. Indeed, in this 

case the standard deviation takes into account the variation of the sensor response to distinct 

exposures of the same atmosphere, i.e. volatile compound and concentration. In this way, the 

short-term stability of the sensor is also highlighted, whereas, a long-term stability analysis is 

outside of the aim of this work and will be taken into account in future works. 

The sensor response data, showed in Figure 7, have been fitted with the classical power law 

for semiconductor gas sensors [32] relation that is also in agreement with the results of Sun at 

al. [21]. 

 𝑅([𝑐]) = 𝑎 ∙ [𝑐]𝑏 + 𝑑 (3) 

 

where the parameter a, b and d are the fitting parameters and c is the concentration of the 

compound taken into consideration. The fitting are performed in MATLAB and the resulting 

profiles are shown in Figure 7 too, showing a good agreement with the experimental data, (R2 

parameter greater than 0.9090 for all fittings). The values obtained for the different volatile 

compounds are listed in Table 3. 

The reckoned power law curves are used to estimate the sensitivity, according to D’Amico et 

al. [31] as the derivative of the sensor response: 

 
𝑆(𝑐) =  

𝜕𝑅(𝑐; 𝑔𝑎𝑠, 𝐻, 𝑇, 𝑃 … )

𝜕𝑐
= 𝑎𝑏[𝑐]𝑏−1 

(4) 

    

In Figure 8 the specific sensitivity to each compound is reported. As can be seen for almost all 

analytes, the trends are similar as expected for Langmuir-like adsorption while for NO2, the 

sensitivity shapes suggests a different interaction with the LDH material. 

Finally, in Figure 9 the comparison among the sensor responses to the middle scale 

concentration of the different compounds are shown. This comparison clearly shows the un-

selectivity of this kind of sensors. We believe that by changing the specific intercalated ion into 

the LDH matrix, it will be possible to discriminate an increasing number of volatile compounds 
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with different cross sensitivities, by using the same low cost and low working temperature 

material.  

The results highlight that sensors based on this LDH material permit to detect all the five gases 

for a wide range of concentrations. Moreover, the LDH materials have shown an intrinsic ability 

to respond to the various volatile compounds and require the maintenance of a certain 

hydration. However, due to the very few studies on sensor applications of these materials and 

the few available experimental data, the sensing mechanisms are still not clear and only some 

assumptions on them can be done. In our opinion, several interaction mechanisms work 

together to produce the sensor response. How it was previously described, the presence of 

hydrogen bonds among layers makes available interacting sites, and the charge displacement 

between LDH lamellas can produce dipole-dipole interaction but in our opinion these processes 

assist a dissociative gas sensing effect onto or into firsts lamellas of the LDH surface that let 

the sensor working as a pH sensor [33]. Clearly, a definitive conclusion needs more focused 

investigations. 

 

Conclusions  
 

In conclusion, the use of LDH material as gas sensor at room temperature has been 

demonstrated. In particular, the sensing properties of the chlorine intercalated LDHs have been 

shown. Several resistive sensors based on this material have been fabricated, characterized 

by SEM, XRD and EDS analysis and then successfully tested in the detection of five volatile 

compounds (CO, CO2, NO, NO2 and CH4) at controlled values of humidity. Under these 

conditions, the sensors have shown the capability of distinguishing several concentrations with 

a very good short-term stability. This kind of material appears very interesting in gas sensor 

applications for its ability of detecting various pollutant volatile compounds at room temperature 

without the requirements of a heating element. Some possible sensing mechanisms has been 

identified and they will be the aim of further studies.  
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Figure Captions 

Figure 1 A schematic representation of the LDH structure is shown. In the figure, 

the atomic species assembling the nanostructructure are highlighted. In particular, it 

is possible to note how the octaedrically surrounded metallic atoms shape the 

lamellas and how stacked lamellas form the LDH plates. Moreover, the figure shows 

the cell parameters (a and c) calculated by XRD analysis. 

Figure 2 a) A 3D rendering of the interdigitated finger. b) An interdigitated finger 

structure covered by LDH layer.  

Figure 3 a) A SEM image of the LDH structure growth on the interdigitated finger. 

The image shows LDH-nanoplateles and how their arrangement form the 

characteristic porous structure of LDH.  b) XRD spectrum of LDH structure is shown, 

in the figure the reticular peaks are labeled. c) EDS spectrum of LDHs surface the 

peak labeling is performed by INCA suite version 4.15 Oxford Instrument. Extra High 

Tension is set to 5kV to avoid the bulk contribution and highlight the elemental 

composition of the surface composed of LDH nano-plateles. 

Figure 4 Sensor response to 125 ppm of CO2 at different RH values (namely 30%, 

50% and 70%) is shown. It is possible to note how the aqueous content inside the 

porous structure of LDHs play a role in the sensing mechanism of the material 

changing the sensor response. 

Figure 5 a) Sensor response to the full sequence of concentrations of methane. In 

the figure is pointed out the different concentrations; only the first repetition is 

highlighted. Each gas exposure is followed by a cleaning in wet nitrogen. b) A detail 

of the sensor response for two consecutive concentrations of CO (62 and 125 ppm) 

is shown; the gas exposure is highlighted in blue. From the figure it is possible to 

appreciate a recovery time of roughly 100 s. 

Figure 6 Normalized sensor response variation to the different volatile compounds. 

Each concentration has been measured in triplicate. a) CO, b) CO2, c) NO2, d) CH4, 

e) NO. The different concentrations for each compound are listed in table 2. 

Figure 7 Sensor response fittings. In figure, the fitting curve obtained for the 

experimental data presented in figure 6 are shown. 

Figure 8 The plot shows the specific sensitivity of the LDH device to each detected 

compound. 

Figure 9 Sensor response to middle scale concentration (i.e. approximately 125 

ppm for all compounds) to the different volatile compounds under test. The figure 

puts in evidence the unselective characteristics of this kind of sensors. 
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Table Captions 

Table 1 EDS quantitative element analysis performed with INCA suite version 4.15 Oxford 

Instrument on the EDS spectrum of figure 3c. A Zinc/Aluminium ratio of 3:1 can be 

appreciated, this result is in agreement with LDHs literature. 

Table 2 The concentrations of the measured compounds are listed. 

Table 3 The fitting parameters for the different compounds are shown. Moreover, the 

parameter R2 of the fittings is reported. 
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Figure 3. 
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Table 1 

Element Weight [%] Atomic [%] 

O K 20.62 45.69 

Al K 8.28 10.87 

Cl K 10.68 10.68 

Zn L 60.42 32.77 

Total 100.00  

 

Table 2 

 CO [ppm] CO2[ppm] NO [ppm] NO2[ppm] CH4 [ppm] 

Conc 1 25 25 25 28 25 

Conc 2 62 62 62 69 62 

Conc 3 100 100 100 111 100 

Conc 4 125 125 124 139 125 

Conc 5 162 162 162 180 162 

Conc 6 250 250 249 277 250 

 

Table 3 

Compound CO CO2 NO NO2 CH4 

Fitting a 0.01348  -6.093  0.03339  8.693e-05 0.006751 

b 0.3926           -1.486        0.3363   1.435          0.6134   

c -0.0477 0.1069 -0.08936 0.004818 0.03702   

R2 0.9414  0.9090     0.9584 0.9446 0.9624 
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