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A B S T R A C T   

Despite enormous attention on lead halide perovskite, the stability of material is of major concern that is in 
critical needs of attention. Lead iodide-based CH3NH3PbI3 (3D) perovskite (MIP) and (H2C=C(CH3) 
CO2CH2CH2NH3)2PbI2Cl2 (2D) perovskite (AMP) were synthesised and investigated for different days under 
various storage conditions. After few days, the original surface morphology of both samples changed and small 
scattered particles were found. RMS (roughness) of MIP decreased from 51.78 to 18.00 nm, while AMP showed 
otherwise (from 37.70 to 95.52 nm). The increase in roughness favours the diffusion of ammonia gas molecules 
into perovskite and consequently increases gas response properties. Based on roughness, FWHM, crystallite size, 
crystallinity and lattice strain parameters, it can be concluded that 2D AMP exhibited better sensing properties 
than 3D MIP although the finding shows superior stability of 3D over 2D due to the self-crystallization of 3D 
perovskite materials.   

1. Introduction 

Lead halide perovskite CH3NH3PbX3 (X = Cl, Br, I) have brought 
such important impacts in the scientific world in the past decades due to 
its strong light harvesting, high charge-carrier mobility and long charge- 
carrier diffusion length [1–3]. However, long term stability of lead 
halide perovskite remains a major challenge for practical application 
due to its vulnerability towards environmental elements such as hu-
midity that leads to severe degradation over time [4–6]. Typically, 
lead-halide perovskite structure is in conventional three-dimensional 
(3D) form as shown in Fig. 1a, with the ABX3 (A:anion, B: metal 
cation and X:halide) formula. Lead halide perovskite presents a great 
potential to become the leader in next-generation photovoltaic tech-
nologies [7]. Yet, the instability of 3D perovskite towards moisture and 
oxygen exposure is the main challenge for commercialization [8–10]. 

Meanwhile, two-dimensional (2D) perovskite has recently been 
identified as a promising material in terms of better stability and less 

defect passivation since 2D layered perovskite film contains long-chain 
organic cations. In particular, 2D possesses long-chain hydrophobic 
organic cations that ensure better stability and performance [12]. 2D 
exhibits promising long-term stability by exchanging alkyl halides, 
simple compositional substitution and variation of precursor solution 
[13–15]. Previously, 2D lead halide perovskite solution was reported 
based on the formula of R2(CH3NH3)n-1MnX3n+1 (R: organic group, M: 
metal cation and X: halide) [1,8] (Fig. 1b). Due to the longer alkyl chain, 
2D structure has greater dielectric characteristics as long alkyl groups 
composed of high partial charge and dipole moments [16,17]. 

2D halide perovskites have gained interest due to their superior 
stability in ambient conditions with structural diversity and tunable 
optoelectronic properties [18]. Low dielectric constant of organic spacer 
cations of 2D leads to the confinement of charge carriers in quantum 
wells, which effect on the anisotropic optical and electrical properties of 
material. 2D halide perovskite has been approached as new dimension of 
perovskite as it has tunable photoelectric properties and environment 
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stability compared to 3D perovskite [19,20]. It is formed by distortions 
from the cubic structure that can arise from the size-mismatch of the ions 
that contributed to the additional perovskite structures [21–23]. 

Recently, an inorganic halide and methylammonium lead perovskite 
material (CH3NH3PbI3) with the structure of ABX3 has drawn such 
attention from researchers because its ability to interact with gas in the 
atmosphere [24]. It has been addressed before that the changes of color 
of methylammonium lead perovskite after exposure to ammonia gas, 
which led to resistance change of materials [24,25]. The sensitive nature 
of photovoltaic in fact turns into opportunity for gas sensor application, 
which recently reported for detecting ammonia gas [26,27]. 

Previous studies have revealed the potential of perovskites as gas 
sensors for various types of gas analytes [26,28]. In terms of improving 
perovskite’s stability, 2-aminoethyl methacrylate hydrochloride 
(H2C=C(CH3) CO2CH2CH2NH2 ⋅ HCl) was used as ligand to stabilize 
perovskite by retaining the architecture of perovskite by allowing pol-
ymerizable groups (vinyl) on the surface of perovskites [29]. These 
perovskite-crosslinked networks reported as high air and water dura-
bility, as well as remarkable for high photoluminescence quantum yields 
[29,30]. 

Hence, in this study, an investigation was conducted to identify the 
difference in material stability between 2D and 3D lead-halide perov-
skites and evaluate their potential for gas sensor application. The ob-
jectives of the study are to synthesis a novel 2D-perovskite material 
(AMP) based on 2-aminoethyl methacrylate hydrochloride and to 
compare the 2D and 3D typical CH3NH3PbI3 (methylammonium iodide 
perovskite) in terms of material stability over time under room tem-
perature, silica and vacuum storage conditions. Few analysis such as 
optical microscope, X-ray diffraction and Atomic Force Microscope were 
conducted at day 1 (D1), day 15 (D15) and day 20 (D20). Then, appli-
cation of AMP and MIP as ammonia gas sensors was also investigated 
based on XRD and AFM analyses by observing the changes in crystal-
linity, surface morphology and roughness parameters [31,32]. 

2. Experimental 

2.1. Materials 

Lead (II) iodide (Sigma Aldrich (M) Sdn. Bhd., Selangor, Malaysia) 
(99%) (PbI2), methylammonium iodide (Sigma Aldrich (M) Sdn. Bhd., 
Malaysia) (≥99.0%) (MAI), 2-aminoethyl methacrylate hydrochloride 
(Acros Organics) (90%, stabilized), titanium (IV) dioxide powder (R&M 
Chemicals) (≥ 99.5%, 1 to 150 nm) and titanium diisopropoxide bis 
(acetylacetonate) (Sigma Aldrich (M) Sdn. Bhd., Malaysia) (75 wt. % in 
isopropanol) were used without further purification. Few solvents used 
for the reaction include N,N-dimethylformamide (Sigma Aldrich (M) 
Sdn. Bhd., Malaysia) (anhydrous, 99.8%), dimethyl sulfoxide (Sigma 
Aldrich (M) Sdn. Bhd., Malaysia) (anhydrous, ≥ 99.9%), ethylene glycol 
(5M, R&M Chemicals, Malaysia) and 2-propanol (Sigma Aldrich (M) 
Sdn. Bhd., Malaysia) (anhydrous, ≥ 99.5%). Indium Tin Oxide (Sigma 
Aldrich (M) Sdn. Bhd., Malaysia) (surface resistivity: 70-100 Ω/sq.) was 

used as base for gas sensor devices. 

2.2. Fabrication 

Upon the preparation of the perovskite materials thin film, Indium 
Tin Oxide (ITO) conductive plate was undergone specific treatment as 
reported previously [12]. In this study, there are two types of titanium 
(IV) dioxide (TiO2) were prepared as substrate layers of perovskite. Ti-
tanium (IV) dioxide (TiO2) paste (pTiO2) made from the solution of TiO2 
in ethylene glycol that undergone overnight stirring before forming 
off-white paste. After obtaining homogeneous paste, the dilution solu-
tion was prepared by mixing 1 mL of TiO2 paste into 100 mL of ethanol. 

A dense TiO2 layer (dTiO2) was deposited on the ITO/glass substrate 
in similar method reported elsewhere [9,10]. The pTiO2 layer on 
dTiO2-covered ITO/glass (dTiO2/ITO/glass) was made by spin-coating a 
50 µL solution of pTiO2 at 2000 rpm for 20 seconds, followed by heating 
at 125◦C and 550◦C for 35 minutes. The resulted pTiO2/dTiO2/ITO/-
glass was preheated at 500◦C upon use. 

For the synthesis of 3D methylammonium iodide perovskite (MIP), 
1.2 M of PbI2 was prepared in solvent mixture of N, N-dimethylforma-
mide (DMF) and dimethyl sulfoxide (DMSO). Meanwhile, 0.025 M of 
methylammonium iodide (MAI) was prepared in 3 ml of 2-propanol 
solvent. Then, the solution of PbI2 (90 μL) was dropped on preheated 
TiO2/ITO glass, spin-coated at 4000 rpm for 30 seconds before 
immersed in solution of MAI for 30 minutes. Next, it was spin-coated at 
2500 rpm for 30 seconds and finally annealed at 100◦C for 20 minutes. 

For the synthesis of 2D aminoethyl methacrylate perovskite (AMP), 
0.42 M of PbI2 was mixed with 0.83 M of AEMA before heated up until 
100◦C. TiO2/ITO glass was immersed in this mixed solution for 30 mi-
nutes before spin-coated at 1000 rpm for 10 seconds, and continously at 
5000 rpm for 30 seconds and heated up until 200◦C for 30 minutes. The 
process was re-run by immersing the film in mixed solution for 15 mi-
nutes and spin-coated again. The perovskite sample was then heated at 
100◦C for 10 minutes followed by 200◦C for 1 hour. 

The final substrates of MIP and AMP are shown in Fig. 2 which were 
prepared based on the fabrication method (Fig. 3). The samples were 
kept in different conditions which are at room temperature (25◦C) (RT), 
silica (S) and vacuum (V). The samples were denoted as D1, D15 and 
D20 for day 1 (24 hours preparation), day 15 and day 20. 

2.3. Characterization 

To evaluate the changes of materials at D1 (after 24 hours prepara-
tion), D15 and D20 under different conditions, several physical char-
acterizations were conducted using an optical microscope (OM), X-Ray 
Diffraction (XRD), atomic force microscope (AFM) and scanning elec-
tron microscope (SEM) analysis. Microstructure morphologies of MIP 
and AMP were checked using ProgRes Microscope Cameras (Jenoptik, 
Jena, Germany) at 50 × magnification. The crystallite size, crystalline 
structure and lattice strain were evaluated from X-ray diffraction spectra 
(XRD D2 Phaser) (Bruker, Shah Alam, Malaysia) under monochromated 
Cu Kα irradiation (λ = 1.5418 Å) at 4◦C min− 1 from 10◦ until 90◦. AFM 
analysis was carried out using Zetasizer (Nanoseries Model ZEN 3600 
AFM) (Malvern Instruments, UK) via dynamic light scattering method to 
identify the changes of surface morphologies of samples at Day 5 before 
and after ammonia gas exposure. For surface morphology of perovskites, 
SEM analysis using SEM-EDX (Quanta 450) (Field Electron and Ion 
Company, FEI, Oregon) at 200 µm magnification was done before and 
after ammonia gas exposure that conducted at room temperature in 
various durations from 1 min, 3 min, 5 min and 10 min. 

For gas sensor application, MIP and AMP (D1 samples) underwent a 
direct exposure for 5 min at a constant flow of 99.99% ammonia gas 
(Sani Sdn. Bhd.) (NH3) in a sealed vessel. Fig. 4 shows the general 
illustration for the process of NH3 gas exposure on the samples. Both 
samples were inserted individually into the test chamber before purified 
nitrogen gas (99.99%, Dira Resources) was purged at 10 sccm (standard 

Fig. 1. Structures of: (a) three-dimensional (3D) lead halide perovskite and (b) 
two-dimensional (2D) lead halide perovskite [11]. 
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cubic centimetres per minute) for 15 minutes. NH3 gas was then flow-in 
into the chamber to expose the sample to the gas for 5 minutes. After the 
exposure, N2 gas was re-purged for 10 minutes to flush NH3 gas into the 
vessel containing acid sulphuric neutralization (Fig. 4). The difference in 
crystallite size, crystallinity and lattice strain before and after gas 
exposure were identified and calculated from XRD spectra while 
roughness and surface morphology parameters were observed using 
AFM images and SEM images respectively. 

3. Results and discussion 

3.1. Optical microscope 

Surface morphology of particle size and shape was observed using an 
optical microscope (OM) for all samples that kept under room temper-
ature (RT), silica (S) and vacuum (V) at various days (D1, D15 and D20), 
respectively (Fig. 5). 

Both samples exhibited distinct characteristics for different days of 
storage and under different conditions. For MIP, under all conditions, 

samples showed needle-like shape except for sample under V that 
appeared as small particles. Similar surface morphology was reported 
previously in which the needle-like particles represent PbI2 materials 
[33,34]. However, it can be seen that the crystal needle-like particles 
were found to diminish over few days. 

In terms of surface morphology, MIP morphology exhibited in 
different shape compared to AMP. AMP appeared as small particles 
scattered on the surface with irregular shape, as reported from SEM 
morphology [35,36]. It is reported that the presence of AEMA acts as 
ligands that linked to the size and shape of the perovskites layer [37]. 
Particles of sample kept in V were identified with irregular shape. 
Disordered morphological features under V could be explained to the 
decomposition of crystalline perovskite [38,39]. 

Every condition was affected by environmental elements including 
moisture, oxygen, light and heat (Seok et al., 2020). However, several 
studies reported moisture can retard the crystallization of perovskite 
films in which slow and complete inter-diffusion of precursor element 
would occur [19,40]. Excessive water or moisture may degrade the 
perovskite material, while light and oxygen can also accelerate the 

Fig. 2. Samples of: (a) MIP and (b) AMP.  

Fig. 3. Fabrication process for: (a) MIP and (b) AMP.  
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process [41]. 

3.2. X-ray diffraction 

3.2.1. Structural and crystallinity 
X-ray diffraction was performed to check the structural properties of 

different dimension types of inorganic perovskite that used lead-iodide 
as the starting material namely AMP and MIP at different durations 
namely D1, D15, and D20. Results of the analysis revealed that the peak 
of the spectrum of final product exhibited a correlation with the lattice 
planes of the inorganic perovskite as shown by diffraction peak at 24.8◦

which corresponded to the (101) lattice planes of inorganic perovskite. 

For MIP, all samples exhibited primer peaks of perovskite at 24.8◦ (101) 
and PbI2 at 12.5◦ (001) and 38.9◦ (004) in similar peak locations as 
reported by other studies [42,43]. From (Fig. 6), it can be noted that 
there is only a little shift in MIP peak at 24.8◦ (101) for condition of S. 

In Fig. 7, for AMP, it can be noticed that the gradual decrease in 
perovskite peaks (101) correlate with the increase in the PbI2 peaks 
(001) (● marks peaks) after several days [44]. After 24 hours of prep-
aration, the intensity of the PbI2 peak was higher than the perovskite, 
suggested that the prompt transformation of the compound into a 
by-product was occurred [12]. The decline in perovskite peak (101) 
intensity and increase in PbI2 peak (001) intensity became apparent at 
later days, with the intensity of perovskite peak (101) decreasing and 

Fig. 4. Process flow for the ammonia gas sensor application [12].  

Fig. 5. Optical morphology of MIP and AMP at room temperature (RT), in silica (S) and in vacuum (V) for D1, D15 and D20.  
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PbI2 peak (001) increasing. There was a shift of peak location of AMP 
(101) and (004) at conditions of S and V although there was no 
noticeable change in PbI2 peak (001) intensity over the duration for all 
conditions. The peak intensity of perovskite plane (101) decreased with 
the increase in time and the shift resulted mainly because of strain/stress 
present in the lattice [12,45]. These observations suggested that 
moisture-induced breakdown had altered the crystallographic structure 
of perovskites [46]. As perovskite crystal decomposition turn to PbI2, it 
could be seen that PbI2 peak (001) increase with the decline of the in-
tensity of perovskite (101) peak (Fig. 7). 

Hence, AMP shows high crystallinity under RT condition while under 
S and V conditions, the spectra were appeared as amorphous and 
broaden spectrum. However, the intensity for all peaks of MIP was 
higher than AMP. Whilst, stability of AMP and MIP deteriorated over 
time as most of organometallic perovskite from halide group would 
break down into hydroiodic acid (HI), methylamine (CH3NH2) and PbI2 
in the presence of water moisture (H2O) or oxygen (O2) [12]. 

Fig. 8. shows the plot of full width at half maximum (FWHM), 
crystallite size, crystallinity and lattice strain of MIP (•••••) and AMP 
(□) recorded at various durations in different conditions. FWHM is used 

to calculate the crystallite size and lattice strain using Scherrer equation 
[47] based on XRD peaks as stated in Formulas (1) and (2) below: 

D =
kλ

βcosθ
(1)  

ε =
βcosθ

4
(2)  

where D is average crystallite size (nm), k is Scherrer constant (0.89), λ is 
wavelength of the incident X-rays (0.154 nm for Cu Kα radiation), β is 
FWHM of the reflection peak which represents the diffraction pattern (in 
radians), θ is Bragg diffraction angle (in degrees) and ε is lattice strain 
(in percentage). 

From Fig. 8a, it can be noticed that FWHM values of MIP decreased 
over time under all conditions except for S that increased from D1 to D15 
but declined at D20 while AMP showed otherwise. Linear increase of 
FWHM can be explained because of the density of point defects that 
affect crystallinity, crystallite size and lattice strain [12]. This shows that 
FWHM varies inversely with crystallite size, with XRD peak becomes 
broader as crystallite size decreases. Thus, it may be deduced that as 

Fig. 6. XRD spectrum of MIP shows ● for PbI2 (001), ▴ for perovskite (101) and ■ for TiO2 (004).  

Fig. 7. XRD spectrum of AMP shows ● for PbI2 (001), ▴for perovskite (101) and ■ for TiO2 (004).  
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FWHM values rise, the size of perovskite crystallites decreases. 
As expected, increasing trends of MIP crystallite size was found as 

FWHM values decreased (Fig. 8b). MIP crystallite size under all condi-
tions became bigger with course of time from 30 nm to 50 nm from D1 to 
D20 while AMP showed otherwise. The perovskite degradation leads to 
the phase segregation, morphological changes, and lattice shrinkage and 
crystallite size reduction [38]. Thus, AMP was found to be less stable 
compared to MIP. This reveals that peak width (FWHM) is inversely 
proportional with crystallite size, with the peak (101) (Fig. 7) becoming 
broader as crystallite size decreases, revealing the amorphous structure 
of the XRD spectrum. It may be deduced that as FWHM values rise, the 
size of perovskite crystallites decreases. 

To evaluate the ratio of intensity from crystalline peaks to the sum of 
the crystalline and amorphous intensities, the crystallinity percentage is 
determined based on Formula (3): 

Io =
Icrystalline

Itotal
× 100 (3)  

where Io is crystallinity in percentage (%), Icrystalline is area of crystalline 
peaks and Itotal is total area of peaks. 

From the formula, MIP showed improved crystallinity from D1 until 
D20 under all conditions (Fig. 8c). At D1, the crystallinity of AMP 
exhibited highest value under RT condition at 63.57%, than only 
38.35% and 24.84% for S and V [12]. However, the crystallinity of AMP 
was kept decreased from 63.57% to 40.50% for RT, 38.35% to 26.77% 
for S and 24.84% to 19.31% for V in the course of time until D20 [12]. It 
is reported that crystallinity is related to crystallite size, whereby 
smaller crystallite size exhibits less crystallinity [48]. Decrease in crys-
tallinity over time was expected for all samples, suggesting the occur-
rence of perovskite degradation [12,48]. 

Lattice strain (Fig. 8d) of AMP increased for all conditions from D1 
until D20 influenced by the decrease in crystallite size [12]. MIP lattice 
strain was decreased gradually after several days when crystallite size 
increased. The lattice strain indicated that atoms of the material were 
removed from their original lattice position [12,49]. Overall, MIP is 
more stable than AMP due to its crystal structure having continuous 3D 
perovskite network structure while 2D perovskite in the structure of 
edge-sharing of octahedral layers and cations packed in the voids be-
tween the layers [50]. The continuous network structure in 3D perov-
skite compared to 2D perovskite that has long alkyl chain makes 3D 
perovskite a better candidate due to its superior stability. The arrange-
ment of long-chain has a weak force between neighbouring inorganic 

layers and large distance between the layers may be adverse effect on the 
stability of the 2D [16,20]. Besides, researchers also highlighted that 
there is self-crystallization phenomenon in 3D perovskite that makes the 
diffraction peaks become stronger and improves material stability [51]. 

3.2.2. Effect of ammonia gas exposure 

3.2.2.1. Structural and crystallinity. AMP and MIP films were exposed to 
ammonia gas (NH3) to observe any structural changes using X-Ray 
Diffraction (XRD) analysis. Fig. 9 and Fig. 10 show the comparison of 
XRD spectra of MIP and AMP before (A) and after (B) gas exposure. 

For the case of MIP (Fig. 9), it shows that the diffraction peak of PbI2 
(001) at 12.5◦ shifted and few peaks appeared at diffraction peaks of 
perovskite (101) at 25.35◦ after ammonia gas exposure [12]. These re-
sults were due to a cation exchange in the presence of an NH3 gas 
molecule, as well as an electron transfer from an ammonia molecule to a 
nitrogen-bound hydrogen atom during the transition of MIP to NH4PbI3. 
After the exposure, the XRD peak of PbI2 at 12.5◦ was indistinguishable 
from the background signal [52] as it shifted due to the decrease in 
perovskite peak intensity (101) (Fig. 9). It can be seen that the surface 
morphology of MIP changed from grey to yellow. Hence, it can be said 
that exposure to ammonia gas caused a permanent change in the MIP 
crystal structure [12]. 

Meanwhile, AMP (Fig. 10) also showed similar trend as MIP. A 
broaden peak was observed around 24.2◦ (Fig. 10B) that was identified 
as NH4PbI3 based on published data [53]. This indicated a complete 
breakdown and material change of AMP was occurred [12]. The surface 
morphology and roughness parameters of AMP also show the potential 
of AMP as gas sensor in which surface-to-volume ratio provides more 
adsorption sites on the surface for adsorbed gas and thus increase the 
interactions with gas molecule and sensitivity [54]. 

Both samples were further investigated based on full width at half 
maximum (FWHM), crystallite size, crystallinity and lattice strain 
(Fig. 11) to observe the changes of perovskite material upon ammonia 
gas exposure. 

From Fig. 11a, an FWHM value of MIP was found decreased after 
exposure while AMP shows otherwise. As FWHM for MIP decreased 
(Fig. 11b), crystallite size of perovskite increased from 33.36 nm to 
40.73 nm, while for AMP, crystallite size of perovskite decreased 
(Fig. 11b) from 29.49 nm to 1.61 nm. The reduction of crystallite size 
can be explained due to perovskite deterioration because of phase 
segregation, morphological deformation and lattice shrinkage [12]. In 

Fig. 8. Parameters of: (a) full width at half maximum (FWHM), (b) crystallite size, (c) crystallinity, and (d) lattice strain of MIP (•••••) and AMP (□) with ■ marked 
for RT, ▴ marked for S and ● marked for V. 
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contrast to MIP, the crystallite size was increased, affecting the grain size 
and crystallinity since it is made up of agglomerations of crystallite [12]. 
As shown in Fig. 11c, crystallinity of MIP increased from 38.35% to 
43.71% while crystallinity of AMP dropped from 63.57% to 30.78% 
after exposure. Other researchers also reported that structural lattice 
parameters decrease with increase in crystallite size [55]. Hence, the 
increase in AMP lattice strain (Fig. 11d) after exposure is related to the 
reduced in crystallite size. Incomparable pattern was noticed for MIP, 
whereby the lattice strain was found to reduce [12]. 

From the findings, it can be stated that AMP has better potential in 
comparison to MIP due to the advantage of 2D perovskite structure from 
staggered arrangement and organic cations tails between adjacent 
inorganic layers which connected by a weak force of van der Waals 
forces [12]. In addition, MIP has methylammonium (CH3NH3

+) cations 
that easily undergo decomposition when exposed to humid air forming 
(CH3NH3PbI3.H2O) and (CH3NH3)4PbI6.2H2O. Meanwhile, AMP from 
(2H2=C(CH3)CO2CH2CH2NH3

+) cations have hydrophobic properties 
arising from the aliphatic or aromatic based organic spacers caused 
better material stability [56]. This arrangement also beneficial towards 
the sensitivity of 2D perovskite towards ammonia gas [16,53]. 

3.2.2.2. Surface roughness. Atomic Force Microscopy (AFM) was used 

as complement to study point-by-point topographic images [57] in order 
to observe the morphological features of MIP and AMP at D5 after 5 
minutes of ammonia gas (NH3) exposure. 

As shown in Fig. 12, the prepared perovskite materials composed of 
grains size in the range of 200 until 920 nm. Grains size of MIP is larger 
than AMP (MIP: 335 nm, AMP: 240 nm) (Fig. 12 (a) and (b)) [15,58]. 
This may be due to the cubic-symmetry structure of MIP that has octa-
hedra linked to each other via the vertex sharing, while AMP materials 
possess a lateral structure with the side length of up to microscales [15]. 
The result is in accordance to OM analysis which MIP exhibits bigger 
particles in the shape of needles and particles, compared to small par-
ticles that dispersed on TiO2 for the case of AMP. Degradation that 
occurred caused MIP to become rougher compared to AMP. This can be 
explained by the fact that MIP is less stable and more vulnerable towards 
environment elements such as humidity [4,6]. 

As expected, after ammonia gas exposure, the morphology of both 
samples changed and the grains size turned bigger, which for MIP 
increased from 334.90 to 911.73 nm and AMP increased from 239.23 to 
550.40 nm (Fig. 12 (e) and (f)). Based on previous report, this is because 
of the decomposition of perovskite materials upon specific gas exposure 
[59]. It was reported that the exposure to ammonia gas caused chemical 
reaction between methyl ammonium (MA) ions of perovskites with 

Fig. 9. XRD spectrum of MIP with ▴, ◆, ■ represent PbI2 (001), perovskite (101) and TiO2 (004).  

Fig. 10. XRD spectrum of AMP with ▴, ◆, ■ and * for PbI2 (001), perovskite (101), TiO2 (004) and new phase peak.  
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ammonia gas. A-site of MA perovskite is replaced with ammonia ions 
(NH4 

+) that could dissociate MA molecules with PbI2. Weak bonding 
between MA and PbI2 causes the bond to broke and thus affect the grains 

size of perovskite [24,59]. 
Meanwhile, roughness of surface material was also calculated 

(Fig. 12 (c), (d), (g) and (h)). It is measured by root mean square (RMS) 
defined as the increase in area due to interaction between the active 
semiconductor material of perovskite and ammonia gas [28]. In this 
case, two parameters were evaluated which are average roughness (Ra) 
and ten-point mean height (Rz). Ra is the mean height calculated over 
the entire measured length/area of the perovskites while Rz is based on 
the difference in height between the average of five highest peaks and 
five lowest valleys in the evaluation profile/surface [60,61]. The 
roughness parameters of both samples are summarized in Table 1. 

Based on Table 1, values of MIP decreased from 51.78 to 18.00 nm, 
while AMP increased from 37.70 to 95.52 nm. RMS roughness of MIP 
decreased after exposure while AMP shows otherwise. Values of Ra and 
Rz, exhibit the same trend of RMS which represent good description of 
the overall roughness of surface as high values show higher roughness 
[62,63]. The increase in surface roughness increases the 
surface-to-volume ratio that facilitates more adsorption sites on the 
surface for adsorbed gas species and thus increase rate of interactions 
with gas molecule and sensitivity [54]. The roughness of AMP increased 
compared to MIP highlighting its greater potential as ammonia gas 
sensor. The roughness of MIP decreased may be due to its 
self-crystallization [51], as the perovskite deposited on the substrate is 
thermodynamically unstable and becomes easily converted to PbI2 [15]. 
Besides, the roughness of MIP can also be explained by PbI2 formation 
after severe degradation due to gas exposure. It is well confirmed that 
surface morphology and roughness of gas sensor material represent the 
potential for gas sensing applications [28,64]. 

3.2.2.3. Surface morphology. Morphological changes of MIP and AMP 
were also observed to compare before and after ammonia gas exposure 
that conducted at room temperature in various durations from 1 min, 3 

Fig. 11. (a) FWHM, (b) crystallite size, (c) crystallinity and (d) lattice strain of for MIP (●) and AMP (▴), before and after exposure.  

Fig. 12. Changes of morphology (a, b, g, h) and RMS (c, d, g, h) of MIP and 
AMP before and after gas exposure. 

Table 1 
Roughness parameters for MIP and AMP.  

Gas exposure Sample RMS (nm) (5 × 5 µm2 sample) Ra (nm) Rz (nm) 

Before MIP 51.78 39.11 22.84 
AMP 37.70 27.52 23.56 

After MIP 18.00 14.17 55.10 
AMP 95.52 75.58 37.71 

*Remarks: RMS represents the root mean square roughness, Ra is average 
roughness and Rz is ten-point mean height. 
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min, 5 min and 10 min (Fig. 13). 
As shown in Fig. 13, slight change can be seen in the film surface for 

both samples after ammonia gas exposure. After exposure, the surface 
morphology of the film was found to be more random and rougher 
compared to homogeneous morphology before gas exposure. This type 
of morphological change is also reported elsewhere [24,65–67]. 

For the case of MIP, SEM images exhibited almost similar structural 
morphology as optical microscope images (Fig. 5). The sample that 
initially exhibited needle-like shape in the chain structure was turned to 
rough chained structure after several minutes of gas exposure. It can be 
explained that the film morphology properties strongly depend on the 
gas exposure time [68]. The SEM images represent that there is a slight 
agglomeration of perovskite grains after several minutes of gas exposure 
due to the reversible formation of NH4PbI3 and reconstruction of 
CH3NH3PbI3 grains [69]. Gas exposure caused conversion reactions 
where by the gas can oxidize the I− ions in the inorganic sheets to I2, 
while generating NH4+ ions that coordinate to the Pb2+ centers [24,70]. 

The small particles scattered on the surface with irregular shape in 
the chained structure on the substrate turned into a fibrous shape after 

gas exposure [35,36]. There is significant variation in the porosity of the 
perovskite surface was observed. The porosity can facilitate the diffusion 
process and enhances the interaction between ammonia gas molecules 
and the perovskite surface [71]. The porous morphology provides a high 
surface area, which is important for improved sensitivity of ammonia 
molecules [24,69]. This SEM morphology trend has found related to the 
finding from AFM previously. Based on Table 1, average roughness (Ra) 
of MIP decreased significantly after gas exposure while AMP showed 
otherwise. The roughness of samples is another factor that has strong 
influence on the sensing capability of a sensor [72,26]. A rougher sur-
face and larger surface to volume ratio of AMP allows more gas mole-
cules to contact and react with the sensing film [26] to finally yield 
better sensing response. 

4. Conclusion 

A novel lead-iodide based perovskite of two-dimensional (2D) ami-
noethyl methacrylate was successfully synthesised to be compared with 
typical three-dimensional (3D) methylammonium for ammonia gas 

Fig. 13. Surface morphology changes of MIP and AMP in different durations of exposure (1, 3, 5 and 10 mins).  
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sensing applications. The difference in physical properties and their 
stability were identified for few days from Day 1 until Day 20 in different 
storage conditions. From OM, the images show the changes of surface 
morphology of samples after few days. For MIP, needle-like shape could 
be seen while for AMP, irregular and scattered small particles were 
recorded. XRD spectrum proved that the formation of perovskite in both 
samples with the peak existence (101) at around 25.35◦. The increase in 
crystallite size and crystallinity with time confirmed the increase in the 
stability of MIP materials, whilst, for AMP, the result shows otherwise. 
In order to observe the structural changes of MIP and AMP and their 
potential application as ammonia gas sensors, XRD analysis and AFM 
analysis were conducted. Formation of NH4PbI3 from the MIP spectrum, 
same goes to AMP indicating that complete breakdown of MIP and AMP 
have occurred. For the case of MIP, the diffraction peak of PbI2 (001) at 
12.5◦ was shifted and few peaks appeared in the region of diffraction 
peaks of perovskite (101) at 25.35◦ after ammonia gas exposure. The 
diffraction peak of AMP perovskite (101) at 25.35◦ was red-shifted after 
gas exposure and exhibited an amorphous structure, highlighted sudden 
changes in structural properties of the perovskite material. The rough-
ness parameters of AMP increased while the same parameters for MIP 
decreased, highlighting AMP’s greater potential as ammonia gas sensor 
that same trend as SEM images that samples were found to be more 
random and rougher compared to homogeneous morphology before gas 
exposure. It can be said that, MIP roughness decreased due to its self- 
crystallization because the substrate is thermodynamically unstable 
and easily converted to its original raw material of PbI2. It is well 
confirmed from the literature that surface morphology and roughness of 
gas sensor materials represent their gas sensing potential. Although the 
stability of MIP is superior compared to AMP but AMP exhibits greater 
potential as gas sensor. 
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