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(rGO) in Designing High-Performance Ammonia Sensors
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Abstract  

The confluence of metal-organic frameworks (MOFs) and conductive materials has revolutionized gas sensing technology. 
This study presents a synergistic composite of MIL-101(Cr) and reduced graphene oxide (rGO) for enhanced ammonia gas 
sensing. The rGO-MIL-101(Cr) with varying the percentage of MIL-101(Cr) were synthesized and further characterised with 
various techniques. By harnessing the exceptional surface area and tailored pore structure of MIL-101(Cr) in tandem with 
the superior conductivity of rGO, the composite exhibits remarkable sensitivity and expedited response times. Among the 
prepared compositions, 20 wt.% rGO-MIL-101 (Cr) has demonstrated exceptional sensitivity towards ammonia detection, 
with sensitivity of -18.87 for 60,000 ppm and -5.24% for 2,000 ppm of ammonia gas and a discernible response at 
concentrations as low as 1 ppm. Notably, the composite's response remained remarkably consistent and stable, even after 
one year. This outstanding durability and stability underscore the composite's potential for reliable and long-term ammonia 
sensing applications. At this percentage, highest sensitivity is due to the perfect coordination bonding between ammonia 
molecules and the chromium nodes in MIL-101(Cr), modulating its electrical properties. The formation of perfect interface 
between MIL-101 (Cr) and rGO facilitates the efficient charge transport, thereby enabling precise detection of ammonia gas. 
The FE-SEM and TEM analysis clearly shows the presence of this kind of interface. Notwithstanding the comparable or 
superior sensing capabilities of existing ammonia sensors under optimal conditions, their practical utility is frequently 
compromised by the susceptibility of the constituent materials to humidity. In contrast, our rGO-MIL-101(Cr) composite 
exhibits a unique synergy of outstanding sensing performance and notable stability in moist conditions, due to its remarkably 
high surface area and durable architecture. This exclusive combination of properties enables our material to surpass the 
performance of existing sensors in real-world settings, where moisture is a common factor, and thus offers a significant 
advantage over existing sensors. This research highlights the potential of MOF-based composites for advanced gas sensing 
applications, paving the way for further exploration and development of novel sensing platforms.

1 INTRODUCTION
Since 2003, following the pioneering work of Yaghi and co-
workers on porous and high-surface-area metal-organic 
frameworks (MOFs), these materials have garnered significant 
attention for their potential in gas storage and detection. MOFs 
are an extensive class of highly crystalline inorganic-organic 
hybrids assembled from metal clusters (secondary building 
units) linked by multidentate organic ligands, creating a three-
dimensional network of micropores (typically <2 nm) and 
channels. The organic ligands used are primarily carboxylates 

and/or nitrogen-containing heterocycles, while metal ions such 
as zinc, copper, and first-row transition metals are commonly 
employed. MOFs are characterized by their robust structures, 
high specific surface areas, and permanent porosity. The rigidity 
of organic carboxylate linkers contributes to the exceptional 
robustness of the porous framework, which is maintained even 
after solvent evacuation. As highlighted in the review by 
O'Keeffe and Yaghi, the combination of metal ion clusters and 
organic ligands yields numerous possible network topologies. 
MOFs have shown considerable potential in gas detection, 
leveraging their ultrahigh surface areas, tunable pore sizes, and 
predictable framework topologies. The reticular synthesis 
approach enables pore size enhancement and functionalization 
of pore walls, making MOFs highly versatile.1,2 Despite these 
advantages, practical applications of MOFs still face several 
challenges.
The significance of ammonia (NH₃) in diverse industrial sectors, 
including agriculture and chemical manufacturing, is 
underscored by its pivotal role in the production of essential 
commodities such as fertilizers, synthetic fibers, plastics, and 
pharmaceuticals. However, the liberation of NH₃ during 
industrial processes and natural events poses substantial health 
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risks, owing to its toxicological profile. Acute exposure to 
elevated NH₃ concentrations can precipitate severe ocular and 
respiratory irritation, whereas protracted exposure to lower 
concentrations can culminate in lasting pulmonary damage, 
thereby emphasizing the imperative need for stringent 
monitoring and control measures.3 The Occupational Safety and 
Health Administration (OSHA) has promulgated permissible 
exposure limits (PELs) for NH₃, specifying threshold values of 25 
ppm over an 8-hour time-weighted average and 35 ppm for 15-
minute short-term exposure intervals.3 Consequently, the 
development of advanced sensing materials capable of 
selectively detecting NH₃ in complex gas mixtures, replete with 
volatile organic compounds (VOCs) and other interfering gases, 
assumes paramount importance.
Although various NH₃ sensing techniques have been explored,3-

16 including metal oxide-based, conducting polymer, optical 
sensors, MOF based sensors, one-dimensional photonic crystal 
sensor and electrochemical sensor, this investigation focuses on 
the chromium-based MOF, MIL-101(Cr), owing to its 
exceptional porosity, high surface area, and remarkable 
chemical stability. Notably, MIL-101(Cr) has demonstrated 
efficacy in capturing NH₃,17 thereby underscoring its potential 
as a sensing material. By integrating MIL-101(Cr) with reduced 
graphene oxide (rGO), we aim to synergistically enhance the 
detection capabilities for ammonia gas, leveraging the unique 
properties of both materials to create a high-performance 
sensing platform. The chromium-based metal-organic 
framework MIL-101(Cr) possesses a unique hierarchical 
structure, wherein trimeric Cr(III) octahedral clusters are linked 
by benzene-1,4-dicarboxylate (BDC) ligands to form a zeotype 
architecture. This framework features two distinct mesoporous 
cages, approximately 2.9 nm and 3.4 nm in diameter, which are 
accessible through windows of corresponding sizes.
MIL-101(Cr)'s exceptional adsorption capacity, high surface 
area, and tailored pore structure render it an attractive material 
for sensing applications. Despite its inherent limitations in 
electrical conductivity, MIL-101(Cr) has been successfully 
employed as a sensing layer in various transduction platforms, 
including quartz crystal microbalances and interdigitated 
electrode transducers.18,19 Notably, MIL-101(Cr) exhibits 
remarkable hydrothermal stability, maintaining its structural 
integrity and porosity even under prolonged exposure to boiling 
water.20 This stability, combined with its high sensitivity and 
selectivity, positions MIL-101(Cr) as a promising candidate for 
gas sensing applications in complex environments. The 
integration of MIL-101(Cr) with rGO may potentially enhance its 
electrical properties, thereby enabling the development of 
advanced sensing platforms with improved performance.
Graphene, renowned for its exceptional electronic conductivity, 
has emerged as a premier material in the carbon family, 
garnering extensive utilization in gas sensing applications. Its 
derivatives, rGO and graphene oxide (GO), have also garnered 
significant attention for synthesizing functional materials. 
Notably, rGO exhibits superior conductivity compared to GO, 
rendering it an attractive candidate for sensing applications.21 
While GO has been employed in conjunction with MIL-101(Cr) 
for ammonia gas sensing,3 the substitution of GO with rGO is 

anticipated to yield enhanced results due to its higher 
conductivity. The unexplored potential of rGO-MIL-101(Cr) 
composites in ammonia gas sensing presents a promising 
avenue for investigation. The integration of rGO with MIL-
101(Cr) is a judicious choice, as it significantly enhances the 
composite's conductivity, thereby accelerating electron 
transfer and facilitating improved sensing performance. 
Consequently, the rGO-MIL-101(Cr) composite is expected to 
exhibit exceptional sensitivity towards ammonia gas, 
underscoring the potential of combining these materials to 
achieve high-performance composites. While existing ammonia 
sensors may exhibit comparable or even superior sensing 
performance under ideal conditions, they often employ 
materials that are unstable in humid environments, limiting 
their practical applications. In contrast, our rGO-MIL-101(Cr) 
composite combines excellent sensing performance with 
remarkable water stability, attributed to the ultra-high specific 
surface area and robust framework of MIL-101(Cr). This unique 
combination enables our material to outperform existing 
sensors in real-world conditions, where moisture is often 
present. Notably, the composite's response remained 
remarkably consistent and stable, even after one year. This 
synergy between rGO and MIL-101(Cr) may ultimately yield 
advanced sensing platforms with improved efficacy.

2 EXPERIMENTAL SECTION

2.1 Chemicals

Chromic nitrate nonahydrate (Cr(NO3)3 9H2O), Terephthalic acid 
(H2BDC) N, N-dimethylformamide (DMF), reduced graphene 
oxide (rGO), and ethanol (CH3CH2OH) were purchased from 
Sigma-Aldrich. All chemicals were of analytical grade with 99% 
purity and were used as received without further purification. 
All the solutions were prepared in deionized water.

2.2 Synthesis of MIL-101(Cr)

MIL-101(Cr) synthesis was optimized using the following 
variations (Table 1) to get the best surface area. The procedure 
for the optimized MIL-101(Cr) is given below. 
Initially, 4.0021 g (10 mmol) of Chromium nitrate nonahydrate 
was dissolved in 30 mL distilled water under continuous 
magnetic stirring. Meanwhile, 1.6613 g (10 mmol) of 
terephthalic acid was separately stirred in 30 mL of distilled 
water. After 30 min, two solutions were mixed and continued 
the stirring for 30 min. Further 0.4 mL of HF was added dropwise 
to this mixture and again stirred the mixture gently for 30 min. 
This mixture was transferred into a 100 mL Teflon lined stainless 
steel autoclave and then sealed. The autoclave was maintained 
at 220°C for 8 h and then cooled naturally to room temperature. 
The as synthesized greenish product was centrifuged. This 
product was then dispersed in 100 mL distilled water and 
continued the stirring for 30 min at 90°C, cooled naturally, 
centrifuged, filtered and rinsed with hot distilled water several 
times till the greenish colour of the supernatant liquid vanishes. 
After this, same process is repeated several times with 100 mL 
DMF for 1h stirring at 120°C, cooled naturally, centrifuged and 
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filtered to ensure the complete removal of white crystals of 
unreacted terephthalic acid. The product was dispersed in 100 
mL ethanol and continued the stirring for 30 min at 60°C, cooled 
naturally, centrifuged, filtered. This process is repeated three to 

five times to ensure the complete removal of guest DMF 
molecules. Then separated solid was dried at 80C in vacuum 
oven for 12h. Allowed to cool to room temperature naturally, 
ground well to get the MIL-101 crystals with uniform size.

Table 1: Synthesis parameters for MIL-101(Cr) optimization and rGO-MIL-101(Cr) composites

Sr. No. Codes HF amount mL Mole Ratio of 
Chromium nitrate: terephthalic acid 

Temperature (°C) Time hours

1. a 0.4 1:1 220 8
2. b 0.6 1:1 220 8
3. c 0.8 1:1 220 8
4. d 1.0 1:1 220 8
5. e 0.4 1:1.5 220 8
6. f 0.4 1:2 220 8
7. g 0.4 1:1 180 8
8. h 0.4 1:1 200 8
9. No product 0.4 1:1 220 4
10. i 0.4 1:1 220 12

Codes rGO-MIL-101(Cr) composites with wt% of MIL-101(Cr)
11. j 0 (Pristine rGO)
12. k 2.5
13. l 5
14. m 10
15. n 15
16. o 20
17. p 40
18. q 60
19. r 80

2.3 Synthesis Of rGO/MIl-101(Cr) Composite

A series of rGO-MIL-101(Cr) composite was prepared with 
varying weight percentages of optimized MIL-101(Cr) as 2.5, 5, 
10, 15, 20, 40, 60 and 80. rGO and MIL-101(Cr) were mixed well, 
ground in mortar and pestle for 30 min to make uniform 
mixture. The formed composites were used for further 
characterization and gas sensing application

2.4 Characterization of MIL-101(Cr)

The prepared rGO, optimized MIL-101(Cr) and rGO-MIL-101(Cr) 
composites were analyzed by powder X-ray diffraction (XRD) 
using a Rigaku MiniFlex equipped with a monochromator and a 
Ni-filtered Cu Kα radiation source (wavelength = 1.5418 Å)) in 
the 2θ range of 1−80. Fourier transform infrared (FTIR) 
spectra were recorded using a Shimadzu IRAffinity-1S WL model 
equipped with a Quest diamond attenuated total reflection 
(ATR) accessory in the range of 475−4000 cm1. The morphology 
of the as-synthesized samples was observed by field emission 
scanning electron microscopy (FESEM, HITACHI S4800, ZEISS 
GeminiSEM 560). The high-resolution transmission electron 
microscopy (HRTEM) and selected area electron diffraction 
(SAED) images were also recorded using a JEOL JEM-200FS. The 
chemical compositions were determined by X-ray 
photoelectron spectroscopy (XPS); for XPS measurements, a 
Thermo Scientific NEXSA equipped with an Al Kα X-ray source 
(1486.6 eV) was used. The surface area, pore size, and pore 

volume of the rGO, prepared MIL-101(Cr) and rGO-MIL-101(Cr) 
composites nanostructures were calculated from the N2 
adsorption−desorption isotherms recorded at liquid nitrogen 
temperature using a Quantachrome NOVA Touch LX1 
instrument. The samples were degassed in a vacuum at 100 °C 
for 1 h prior to surface area analysis.

2.5 Gas Sensing Measurement 

The gas sensing apparatus is a custom-designed setup 
comprising a 500 mL glass chamber, a KEYSIGHT DAQ970A Data 
Acquisition System for data logging, and a Printed Circuit Board 
(PCB) with an interdigitated (ITD) pattern of 4 fingers and a 3mm 
diameter active area where the sensing material (rGO-MIL-
101(Cr) composite) is deposited and interacts with the target 
gas (ammonia). The 10 mg of composite material was dispersed 
in 1mL of ethanol and sonicated for 5 minutes. A drop of the 
dispersed solution was placed on the 3mm active area of the 
ITD pattern PCB and dried in vacuum oven at 100ºC for 2 h. The 
PCB designed in a such way that, nine samples can be tested in 
one slot. In this experiment, a particular volume of ammonia gas 
was injected ranging from 30 mL to 1 mL (6% to 0.2% i.e. 60,000 
ppm to 2000 ppm) into the 500 mL glass chamber using a 
syringe and further down to 1 ppm using dilution technique. 
This static system utilizes the glass chamber as a controlled 
environment for gas introduction and measurement, allowing 
for precise control over experimental conditions. The data 
logging system features a high-resolution display and multiple 
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input channels, enabling simultaneous measurement and 
recording of temperature and resistance. The PCB, with 
deposited rGO-MIL-101(Cr) composite, acts as the sensing 
platform, facilitating the detection of ammonia gas through 
changes in electrical resistance. The same reaction set up was 
utilized for measuring the cross sensitivity for the gases such as 
acetone, chloroform, toluene, benzene, methanol and 
Hydrogen. These gases were injected in 25 mL only (5% i.e. 
50,000 ppm).

3 RESULTS AND DISCUSSION

3.1 X-Ray Diffraction Analysis 

The XRD pattern of the synthesized MIL-101(Cr) material with 
variation in amount of HF, mole ratio of reactants, reaction 
temperature and time, depicted in supporting information Fig. 
S1, exhibits diffraction peaks that are indexed to specific crystal 
planes and match well with the characteristic XRD pattern of 
MIL-101, validating the formation of this MOF.22 No additional 
diffraction peaks were detected, suggesting the absence of 

crystalline impurities or secondary phases.23 This observation 
confirms the phase purity of the sample, which exhibits a well-
defined crystalline structure. Furthermore, the presence of 
intense peaks at low angles is indicative of the material's high 
porosity.24 
The XRD pattern of pristine rGO reveals a distinct peak at 26.4° 
(2θ), corresponding to an interplanar spacing of 3.6 Å (shown in 
Fig. 1). This peak is attributed to the (002) crystallographic 
plane, indicative of rGO's layered architecture.25 This peak is a 
hallmark of the hexagonal graphene structure, providing 
evidence for the effective reduction of graphene oxide to rGO. 
The presence of a peak at 43.28° (2θ) is associated with the 
turbostratic structure of disordered carbon.26 The absence of a 
diffraction peak in the 2θ range of 10-12° in rGO is indicative of 

effective reduction, signifying substantial elimination of 
oxygenated functional groups inherent to graphene oxide.27 
The XRD pattern of rGO nanoparticles is consistent with the 
JCPDS card No. 89-7213, confirming the material's crystalline 
structure.28 The as-prepared rGO-MIL-101(Cr) composite 
retains the primary patterns of both the pristine MOF and rGO, 
indicating the successful formation of the composite material. 
As the wt. % of MIL-101(Cr) increases the corresponding peak 
intensities at 2.8°, 5.16°, 8.42° and 9.03°  increases [from k to r 
(see Table 1 )] and starts to appear from 5wt% onwards (Fig.1). 
Whereas with decrease in wt. % of rGO the corresponding peak 
intensities at 26.4°and 43.28° starts to diminish [from j to r (see 
table 1)] indicating the formation of composite between rGO 
and MIL-01(Cr). 

3.2 FTIR Spectroscopy Analysis

The FTIR spectrum of our optimized MIL-101(Cr) sample (Fig. 2) 
exhibits three prominent absorption peaks at 1394 cm⁻¹, 1510 
cm⁻¹, and 1629 cm⁻¹, which are attributed to the symmetric 

stretching vibration of O-C-O, asymmetric stretching vibration 
of C=O in dicarboxylate, and C=C stretching vibration in the 
aromatic ring, respectively. These characteristic peaks confirm 
successful incorporation of the linker into the MIL-101(Cr) 
framework. The deformation vibrations of C-H are observed at 
1160 cm⁻¹, 1017 cm⁻¹, 880 cm⁻¹, and 746 cm⁻¹, while the Cr-O 
vibration band at 580 cm⁻¹ provides evidence for the formation 
of MIL-101(Cr), indicating that the material has been 
synthesized as intended.29,30 The FTIR spectrum shows no 
evidence of adsorbed water in the MIL-101(Cr) pores, as 
indicated by the absence of a peak at 1640 cm⁻¹, even after 
exposure to air.31 Unreacted terephthalic acid trapped inside 
and outside the pores of MIL-101(Cr) can lead to a reduction in 
surface area and pore volume. The absence of the peak at 
1669 cm−1 wavenumber indicates that no unreacted H2BDC is 
present in the pores.30 

3.3 BET Surface Area Analysis

Figure 1. XRD pattern of rGO and rGO-MIL-101(Cr) composites with varying MIL-
101(Cr).

Figure 2. FTIR spectra of MIL-101(Cr) with different variations (a to i) and BDC
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Our objective was to synthesize MIL-101(Cr) with optimal 
surface area, and to achieve this, we optimized the reaction 
conditions. Initially, we investigated the effect of varying 
hydrofluoric acid (HF) amounts (0.4 mL, 0.6 mL, 0.8 mL, and 1 
mL) on the synthesis of MIL-101(Cr) with a 1:1 mole ratio of 
chromium nitrate and terephthalic acid. The reactions were 
carried out in an autoclave at 220°C for 8 h. As previously 
reported by Loiseau and Ferey, fluorine acts as a mineralizing 
agent that enhances the crystallinity of microporous materials 
and promotes the formation of highly crystalline phases in 
MOFs.32 We observed that a pH below 2 resulted in high 
crystallinity of MIL-101(Cr), and 0.4 mL of HF was sufficient to 
achieve this. Notably, we obtained a 57% yield with a BET 
surface area of 2717.5 m²/g when using 0.4 mL of HF. In 
contrast, higher HF concentrations (0.6 mL, 0.8 mL, and 1 mL) 
resulted in lower yields (28%, 26%, and 24%, respectively) and 
decreased surface areas (2046.4 m²/g, 1285.4 m²/g, and 1117.9 
m²/g, respectively). The higher HF concentrations also led to 
increased amounts of unreacted terephthalic acid, which 
required additional washings with DMF and reduced the 
product yield. Furthermore, repeated washings with distilled 
water were necessary to remove the greenish color of the 
supernatant liquid, which was attributed to unreacted 
chromium nitrate. If DMF molecules are not completely 
removed they remain occluded in the two types of mesoporous 
cages of MIL-101(Cr). To ensure the complete removal of guest 
DMF molecules, we performed repeated washings with ethanol 
by stirring for 30 min at 60°C. Our results indicate that 0.4 mL of 
HF maintains the optimal pH for maximum reaction completion, 
resulting in the highest product yield and porosity, and 
consequently, the maximum surface area.
Next, we investigated the effect of varying the mole ratio of 
terephthalic acid (1, 1.5, and 2 moles) while keeping the HF 
amount constant at 0.4 mL. The reactions were carried out at 
220°C for 8 h. We observed that increasing the amount of 
terephthalic acid resulted in higher amounts of unreacted 
terephthalic acid, which required additional washings with DMF 
and reduced the product yield. Moreover, the increased 
terephthalic acid concentration negatively affected the porosity 
of the product, as evident from the decreased surface areas 
(2294.2 m²/g and 1702.1 m²/g for 1.5 and 2 moles, 
respectively). These results confirm that the optimal conditions 
for synthesizing MIL-101(Cr) with the highest surface area and 
maximum reaction completion are 0.4 mL of HF and a 1:1 mole 
ratio of chromium nitrate and terephthalic acid.
Subsequently, we investigated the effect of reaction 
temperature (180, 200, and 220°C) on the synthesis of MIL-
101(Cr) while keeping the other parameters constant. At 180°C, 
the product exhibited a lower surface area (2351.3 m²/g) and a 
notably lower yield (1.32%). This suggests that only a few 

reactant molecules had sufficient energy to overcome the 
activation energy barrier and contribute to product formation, 
resulting in reduced porosity. When the temperature was 
increased to 200°C, the product yield significantly increased to 
27.34%, accompanied by a BET surface area of 2705.1 m²/g. This 
indicates that a greater number of molecules participated in 
product formation, and the crystallinity of the MIL-101 phase 
was slightly enhanced. Temperature plays a crucial role in the 
hydrothermal synthesis of MIL-101, influencing the 
condensation of chromium clusters and material crystallization. 
The controlled temperature and pressure environment of the 
solvothermal technique facilitates effective reactant 
interactions, thereby enhancing product yield. Furthermore, 
the coordination of metallic species, nuclearity, and 
dimensionality of the inorganic subnetwork in MOFs are known 
to be strongly dependent on the reaction temperature.33-35 
Based on our results, 220°C appears to be the optimal 
temperature for the synthesis of MIL-101(Cr), yielding the best 
results in terms of surface area and product yield.
Finally, we investigated the effect of reaction time (4, 8, and 12 
h) on the synthesis of MIL-101(Cr) while keeping the other 
parameters constant. No product formation was observed for 
the 4 h reaction time. The 12 h reaction time resulted in a lower 
product yield (42.66%) and surface area (1810.9 m²/g) 
compared to the 8 h reaction time. The XRD peaks for the 8 h 
reaction time were sharper and more intense than those for the 
12 h product. Our results indicate that the optimal conditions 
for synthesizing MIL-101(Cr) with the highest surface area and 
crystallinity are 0.4 mL of HF, equimolar ratio of reactants, 
reaction at 220°C, and a reaction time of 8 h.
The nitrogen adsorption-desorption isotherms for rGO, MIL-
101(Cr), and their composites are depicted in Fig. 3. The 
isotherm exhibits a type IV characteristic with a pronounced 
hysteresis loop, indicative of the mesoporous nature of MIL-
101(Cr) at loadings exceeding 10%. In contrast, lower MIL-
101(Cr) loadings result in a type III isotherm, suggesting weak 
interactions between the adsorbate and adsorbent molecules. 
Notably, further increases in MIL-101 loading beyond 15% do 
not yield a discernible hysteresis loop, implying the absence of 
larger pore structures within the sample. A systematic increase 
in MIL-101 loading leads to a corresponding enhancement in 
surface area, ranging from 57.6 m²/g (2.5 wt%) to 1269.6 m²/g 
(80 wt%). The surface area, average pore radius, and pore 
volume are summarized in Table 2. The adsorption isotherm 
exhibits two distinct steps at a relative pressure (P/P0) of 0.2, 
which can be attributed to the bimodal distribution of 
mesoporous channels in MIL-101(Cr), a characteristic feature of 
its nitrogen adsorption-desorption isotherm.

Page 5 of 13 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
11

:0
3:

11
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5MA01104C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01104c


ARTICLE

Please do not adjust margins

Please do not adjust margins

Table 2: The Surface area. Average pore radius and total pore volume of rGO, MIL-101(Cr) and their composites

Figure 4 presents the Barrett-Joyner-Halenda (BJH) curve, which 
illustrates the pore size distribution of the samples. The pore 
sizes are found to range from approximately 3.5 to 25 nm, 
confirming the mesoporous nature of the materials. Notably, as 
the MIL-101(Cr) loading increases, the average pore radius 
decreases, while the total pore volume exhibits a corresponding 
increase. The detailed values of these parameters are 
summarized in Table 2.

3.4 Morphological and Nano-structural Analyses

3.4.1 FESEM Analysis of Synthesised MIL-101(Cr) samples and rGO-
MIL-101(Cr) composites

The morphological characteristics of the composite and pure 
components were examined using FESEM, as illustrated in 
Figure 5. The SEM micrographs of MIL-101(Cr) (Figure 5a and a’) 
reveal a regular octahedral morphology36 with a smooth surface 
and an average size of approximately 400 nm. The rGO 
nanosheets (Figure 5b and b’) exhibit corrugations due to the 
aggregation of graphene layers,37 with lateral dimensions 
ranging from 0.5 to 3 μm.
The FESEM images of the composites demonstrate a uniform 
distribution of MIL-101(Cr) crystals over the rGO sheets. 
Specifically, the 2.5 wt.% MIL-101(Cr) composite (Figure 5c and 
c’) shows a sparse yet uniform dispersion of MIL-101(Cr) 
crystals. As the MIL-101(Cr) content increases to 20 wt.% 
(Figure 5d and d’), the crystal density on the rGO surface 
increases while maintaining uniform distribution. At higher MIL-
101(Cr) loadings (80 wt.%, Figure 5e and e’), the MIL-101(Cr) 
crystals densely cover the entire surface of the rGO sheets.

3.4.2 FETEM Analysis of Synthesised MIL-101(Cr) samples and rGO-
MIL-101(Cr) composites

The microstructural characteristics of pristine MIL-101(Cr), rGO, 
and the 20 wt.% MIL-101(Cr) composite were examined using 
FETEM, as depicted in Fig. 6. The pristine MIL-101(Cr) crystals 

Sr No. Sample Codes Samples BET Surface Area (m2/g)) Average Pore Radius (nm) Total Pore Volume (cc/g)
1. a) MIL-101(Cr) 2717.5 1.0223 1.389
2. j) rGO 37.5 5.7393 0.09165
3. k) 2.5% 57.8 3.3007 0.09549
4. l) 5% 90.2 3.0643 0.13523
5. m) 10% 114.2 2.3688 0.13824
6. n) 15% 193.6 2.0152 0.1951
7. o) 20% 258.4 1.6523 0.21351
8. p) 40% 470.0 1.2214 0.28704
9. q) 60% 888.8 1.1601 0.51555
10. r) 80% 1269.7 1.0726 0.68092

Figure 3. N2 adsorption -desorption isotherm of rGO, Mil-101(Cr) and their composites.

Figure 4. The BJH pore size distribution of rGO, Mil-101(Cr) and their composites.
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exhibit a regular octahedral morphology with sharp edges, 
measuring between 500-600 nm in size (Fig. 6a, b). The 
corresponding SAED pattern reveals a diffused ring, indicative 
of the polycrystalline nature of MIL-101(Cr), which is consistent 
with the PXRD results. The composites demonstrate a uniform 
distribution of MIL-101(Cr) crystals within a 3D interconnected 
network on the rGO sheets. This uniform mixing of rGO and MIL-
101(Cr) is evident, with a large number of MIL-101(Cr) crystals 
adhering to the rGO surface, confirming the successful synthesis 
of the composite. The rGO nanosheets exhibit corrugations due 
to the aggregation of graphene layers, with lateral dimensions 
ranging from 0.5 to 3 μm (Fig. 6d, e). The TEM images reveal 
that the rGO sample comprises nanosheets with a smooth 
surface, consistent with the SEM observations (Fig. 5b, b’). 
Furthermore, the separate layers of rGO are distinctly visible in 
Fig. 5e, where the transparent regions indicate single graphene 
layer structures, and the dark regions signify overlapping of 

layers. The SAED pattern of the rGO sheets (Fig. 6f) displays 
bright spots, indicating their highly crystalline nature. In the 
composite, the presence of MIL-101(Cr) octahedrons on the 
rGO surface is clearly evident (Fig. 6g, h). The SAED pattern 
further confirms the presence of highly crystalline MIL-101(Cr) 
in the composite, as indicated by the bright spots.

3.5 XPS Analysis

The surface properties of rGO and the 20% MIL-101(Cr) 
composite were investigated using XPS analysis, as presented in 
Fig. 7 and 8, respectively. The XPS survey spectra of rGO (Fig. 7a) 
reveal the presence of two primary elements: carbon (C 1s) and 
oxygen (O 1s), centered at binding energies of 284.5 eV and 
532.2 eV, respectively. The high-resolution C 1s spectrum of 
rGO (Fig. 7b) recorded a dominant peak at 284.5 eV, attributed 
to graphitic carbon. Additionally, shoulder peaks are observed 
at 285.3 eV, 287 eV, and 291.3 eV, corresponding to C-OH, C=O, 
and O-C=O, respectively. The O 1s spectrum of rGO (Fig. 7c) 
shows a primary peak at 532.2 eV, assigned to oxygen in rGO.38 
A smaller peak at 534.4 eV is attributed to surface-adsorbed 
water molecules.
The XPS spectrum of the 20% MIL-101(Cr) composite (Fig. 8a) 
recorded similar peaks to those observed in rGO, with the 
additional presence of Cr peaks. The high-resolution C 1s 
spectrum (Fig. 8b) shows a peak at 284.5 eV, attributed to the 
C-C bond in rGO. Furthermore, peaks at 285.6 eV, 287.8 eV, and 
290.8 eV correspond to carbon atoms in the BDC linker and rGO, 
specifically C-C, C=O, and O-C=O, respectively. The slight shifts 
in the carbon peaks confirm the formation of the MIL-101(Cr) 
and rGO composite. The high-resolution Cr 2p spectrum (Fig. 8c) 
displays two major peaks at 577.5 eV (Cr 2p3/2) and 587.2 eV (Cr 
2p1/2), assigned to Cr3+. The observed energy difference of 9.7 
eV between these peaks confirms the presence of Cr3+. A 

Figure 5. FESEM images of a, a’) pristine MIL-101(Cr), b, b’) pure rGO, c, c’) 2.5% 
MIL-101(Cr) composite, d,d’) 20% MIL-101(Cr) composite e,e’) 80% MIL-101(Cr) 
composite.

Figure 6. TEM and SAED images of a, b c) pristine MIL-101(Cr), d,e,f) pure rGO, and g,h,i) 
20% MIL-101(Cr) composite.
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smaller peak at 579.3 eV is attributed to Cr4+. The O 1s spectrum 
(Fig. 8d) shows a peak at 531.9 eV, corresponding to oxygen in 
MIL-101(Cr). An additional smaller peak at 533.6 eV is assigned 
to O 1s from rGO.36,37 

3.6 Sensitivity Measurements 

In the course of investigating ammonia gas sensing properties 
of reduced graphene oxide (rGO) and its MIL-101(Cr) 
composites, the determination of the operating temperature 
was undertaken as a preliminary step. To facilitate this, 10 mg 
of rGO and 10 wt.% MIL-101(Cr) composite were individually 

dispersed in 1 mL of ethanol via sonication for a duration of 5 

min. Subsequently, a droplet of each dispersed solution was 
deposited onto the 3 mm active region of the ITD patterned 
PCB, followed by drying in a vacuum oven at a temperature of 

100°C for a period of 2 hours. The schematic of the 
experimental set up for gas sensing measurement is shown in 
Figure S2. Upon cooling to ambient temperature, the PCB was 
employed to measure the resistance of the samples. The initial 
resistance measurements were conducted in an air 
environment (Rair) over a temperature range spanning from 
ambient to 150°C, with the glass chamber maintained in an 
open state. Thereafter, 25 mL of ammonia gas was introduced 
into the sealed glass chamber, and resistance measurements 
were acquired over the same temperature range. The 
percentage sensitivity (%S) was calculated utilizing the following 
formula,39 

% 𝑆 =
𝑅𝑎𝑖𝑟 ― 𝑅𝑔𝑎𝑠

𝑅𝑎𝑖𝑟 
× 100 

where Rgas represents the resistance in the presence of 
ammonia gas. A graphical representation of temperature versus 
percentage sensitivity for both rGO and 10 wt.% MIL-101(Cr) 
composite (Fig. 9) revealed that the operating temperature for 
ammonia gas detection is 115°C.
Subsequently, a comprehensive investigation was conducted on 
MIL-101(Cr) composites with MIL-101(Cr) wt% ranging from 2.5 
to 80, as well as pristine rGO. These materials were mounted on 
printed circuit boards (PCBs) following the aforementioned 
protocol. Upon attainment of the operating temperature of 
115°C, the glass chamber was sealed, and resistance values 
were meticulously recorded at this temperature. Thereafter, a 
precise volume of 30 mL (6 % i.e. 60,000 ppm) of ammonia gas 
was injected into the chamber via a syringe. The chamber was 
maintained in a closed state for a duration of 10 min, allowing 
for the measurement of resistance changes during the 
adsorption process, followed by a 10 min desorption period 
with the chamber open. This cyclical process, comprising 10 min 
of adsorption and 10 min of desorption, was repeated three 
times for 30 mL of ammonia gas. Analogous measurements 
were performed using varying volumes of gas, spanning from 25 
mL to 1 mL (50,000 ppm to 2000 ppm). Following data 
acquisition, the percentage sensitivity (%S) was calculated for 
all composite variations and pristine rGO with respect to 
ammonia gas volumes ranging from 30 mL to 1 mL (Figure 10 a). 
Notably, the 20 wt.% MIL-101(Cr) composite exhibited superior 
sensitivity across all ammonia gas volumes, with %S values of -
18.87 for 30 mL and -16.58 for 25 mL of ammonia gas (Figure 
11). Furthermore, the 20 wt.% MIL-101(Cr) composite exhibited 
remarkable detection sensitivity towards ammonia, with a 
detectable concentration as low as 1 ppm (Figure 10b). Notably, 
the composite maintained its performance for ammonia gas 
detection even after one year, demonstrating stable and 
uniform detection levels across the tested concentration range. 
(Fig.S3) This enduring performance underscores the exceptional 
stability and durability of the 20 wt.% MIL-101(Cr) composite, 
rendering it a promising candidate for practical applications in 
ammonia sensing.
To evaluate the cross-sensitivity of the sensor, the 20 wt.% MIL-
101(Cr) composite was utilized, and similar measurements were 
conducted for 25 mL of various gases, including acetone, 

Figure 7. XPS analysis of rGO a) wide scan spectra, b) high resolution C 1s and c) O 1s.

Figure 8 XPS analysis of rGO-MIL-101(Cr) 20wt. % composite a) wide scan spectra, and b 
- d) high resolution C 1s, Cr 2p and O 1s respectively.
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chloroform, toluene, benzene, methanol, and hydrogen. With 
the exception of acetone, all gases displayed a decrease in 
resistance value subsequent to gas injection (Figure 12). A 
comparative analysis of %S values for 25 mL of ammonia gas 
with those of other gases (Figure 12) (Table 3) revealed that 

ammonia gas exhibits significantly higher %S values, with most 
gases displaying positive sensitivities.

Table 3 %Sensitivity for 5% of ammonia and other gases

Sr. No. Gases % Sensitivity
1. Ammonia -16.58
2. Acetone -1.37
3. Chloroform 1.3
4. Toluene 0.81
5. Benzene 2.79
6. Methanol 1.6
7. Hydrogen 1.36

The rGO-MIL-101(Cr) composite exhibits p-type behavior upon 
exposure to oxidizing or reducing gases, attributed to the 
intrinsic p-type conductivity of rGO and the interaction of gases 
with the MIL-101(Cr) component. When exposed to reducing 
gases, such as ammonia and acetone, these gases donate 
electrons to the p-type material, resulting in an increase in 
resistance, which leads to negative sensitivity values, as 

Figure 9. Graph of % Sensitivity Vs Temperature for finding the operating temperature.

Figure 10. a) % Sensitivity for the ammonia gas (60,000 ppm to 2000 ppm) using rGO 
and rGO-MIL-101(Cr) composites, b) % Sensitivity for the ammonia (1000 ppm to 1 
ppm) gas using 20 wt% rGO-MIL-101(Cr) composite.

Figure 12. % Sensitivity of various gases using rGO-MIL(Cr) 20 wt.% composite.

Figure 11. Graph of % Sensitivity Vs composite concentration with ammonia 
concentration ranging from 30 mL (60,000 ppm) to 1 mL (2000 ppm).
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calculated by the %S formula. In contrast, oxidizing gases, 
including chloroform, toluene, benzene, methanol, and 
hydrogen, accept electrons, thereby increasing the hole 
concentration and reducing the electrical resistance of the p-
type material, which manifests as positive sensitivity values, as 
determined by the %S formula.
This study evaluates the sensitivity of various gases at the 
operating temperature optimized for ammonia detection. A 
comparative analysis of the %S values for 25 mL of ammonia gas 
with those of other gases (Figure 12) revealed that ammonia gas 
exhibits a significantly higher %S value (-16.58) compared to 
other gases (see Table 3). As anticipated, acetone exhibits a 
negative sensitivity value with a lower magnitude, whereas 
other gases display positive sensitivity values. The sensitivity of 
each gas is highly dependent on the operating temperature and 
the composition of the MOF and rGO, which is why other gases 
exhibit lower sensitivity values at the temperature optimized 
for ammonia detection.

The response and recovery times for the 20 wt.% MIL-101(Cr) 
composite, when exposed to 25 mL of ammonia gas, were 
ascertained to be 105 seconds and 83 seconds, respectively 
(Figure 13). Despite these values being marginally higher than 
those of a few other composites, the 20 wt.% MIL-101(Cr) 
composite's superior sensitivity renders it a promising material 
for applications involving ammonia gas sensing, as evidenced by 
its performance characteristics (Figure 14). 
A comprehensive comparison of our results with previously 
reported ammonia sensors is presented, considering key 
performance indicators such as detection range, detection limit, 
response time, recovery time, sensitivity, selectivity, stability, 
reproducibility, and operating temperature (OT). The details are 
summarized in Table S1 (Supporting Information), which 
encompasses a diverse range of gas sensors based on 
conventional solid-state materials, including semiconducting 
metal oxides and organic polymers, as well as unconventional 
materials like carbon nanotubes (CNTs), graphene, and metal-
organic frameworks (MOFs). These sensors have been 
evaluated under various working methodologies, fabrication 
techniques, and device integration approaches. While some of 
these sensors exhibit promising performance, they often 
compromise on one or two critical performance indicators. In 
contrast, our material demonstrates high sensitivity, excellent 
response and recovery times, notable selectivity towards 
interfering gases, and consistent performance even after one 
year, down to 1 ppm. Given the emphasis on practical 
applications and real-world performance, many of these 
sensors may suffer from instability in moist environments, 
which can significantly limit their practical utility. In contrast, 
the MIL-101(Cr) component in our composite exhibits a high 
surface area and remarkable stability in moist conditions, 
rendering it an attractive option for real-world applications.

3.7 Sensing mechanism

As previously described, we synthesized rGO-MIL-101(Cr) 
composites with varying MIL-101(Cr) percentages, which we 
subsequently evaluated for their ammonia gas sensing 
capabilities. Notably, the rGO-MIL-101(Cr) composite 
represents a novel material, and this study marks the inaugural 
report on its application in ammonia gas detection. We found 
that the operating temperature for this ammonia gas sensing is 
115°C. Herein, we have optimized the composition of rGO and 
MIL-101(Cr) and found that, among the synthesized 
compositions, the 20 wt.% rGO-MIL-101(Cr) variant 
demonstrated the highest selective sensing response towards 
ammonia gas in the presence of other gases like acetone, 
chloroform, toluene, benzene, methanol and hydrogen with % 
S of -18.87 for 30 mL (60,000 ppm) ammonia gas and -16.58 for 
25 mL (50,000 ppm) ammonia gas.
The inherent non-conductivity of MIL-101(Cr) arises from its 
electronic structure, which features metal-ligand interactions 
and aromatic linkers that impede the free flow of electrons 
necessary for electrical conductivity. Conversely, rGO exhibits 
conductivity due to its sp² hybridized carbon structure, 
facilitating electron mobility along the conjugated network and 
manifesting p-type behavior attributed to oxygen-containing 

Figure 13. Response and recovery time for ammonia gas using rGO-MIL-101(Cr) 20 
wt.% composite.

Figure 14. Response & recovery time and % Sensitivity for the ammonia gas using rGO 
and rGO-MIL-101(Cr) composites.
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functional groups and defects.40 This dichotomy in conductivity 
influences the composite's behavior, with rGO dominating the 
electrical properties and MIL-101(Cr) modulating them via 
ammonia gas adsorption. The sensing mechanism entails the 
interaction between ammonia molecules and the p-type MIL-
101(Cr) framework, resulting in electron donation, reduced hole 
concentration, and increased resistance, thereby inducing a 
change in electrical conductivity. Experimental evidence 
corroborates this p-type behavior and negative sensitivity of the 
composite, rather than just being assumed due to the presence 
of rGO. Compositional optimization revealed that 20% MIL-
101(Cr) yields enhanced sensor performance, culminating in the 
highest ammonia gas sensing response.

Pristine rGO, a p-type material, possesses an excess of holes 
(positive charge carriers) due to its inherent electronic structure 
(Fig. 15a). However, its limited surface area results in minimal 
ammonia molecule adsorption, leading to a reduced number of 
electrons available for charge transfer and consequently, a 
lower sensitivity. Below 20% MIL-101(Cr) loading, the limited 
surface area results in fewer ammonia molecules being 
adsorbed, leading to reduced charge transfer and sensitivity. As 
the MIL-101(Cr) content increases up to 20%, (as can be seen 
from FESEM and TEM images,) the sufficient quantity of rGO 
and increased adsorption of ammonia molecules enable more 
electrons to be donated to the rGO, filling more holes and 
facilitating charge transfer, thereby enhancing the sensing 
response (Fig. 15b). 
With increasing MIL-101(Cr) content, the ammonia adsorption 
capacity increases, leading to enhanced charge transfer and 
sensitivity. However, beyond a certain threshold, the excessive 
MIL-101(Cr) loading disrupts the percolation network of rGO, 
reducing conductivity and charge transfer efficiency. Our 
experimental results indicate that 20 wt% MIL-101(Cr) loading 

achieves the optimal balance between these two competing 
factors, where the benefits of increased ammonia adsorption 
are maximized without compromising the conductive 
pathways. This balance is likely due to the fact that as MIL-
101(Cr) content increases, the distance between rGO sheets 
also increases, eventually disrupting the conductive pathways 
and reducing charge transfer efficiency. At 20 wt% MIL-101(Cr) 
loading, the morphology of the composite, as seen from FESEM 
and TEM images, suggests an optimal distribution of MIL-
101(Cr) and rGO, enabling efficient charge transfer and 
maximizing sensitivity.
Above 20% MIL-101(Cr) loading, as the MIL-101(Cr) content 
increases, the BET surface area expands, providing additional 
adsorption sites. However, beyond the optimal 20% loading, the 
insulating nature of MIL-101(Cr) compromises the composite's 
electrical conductivity, dominating the sensing response and 
diminishing sensitivity. Excessive MIL-101(Cr) loading disrupts 
this percolation network (Fig. 15c), reducing conductivity and 
charge transfer efficiency, i.e. the distance between rGO sheets 
increase due to excessive MIL-101(Cr) loading (as seen from 
FESEM 80% MIL-101(Cr)). The percolation threshold is the 
critical concentration of MIL-101(Cr) at which the network of 
conductive pathways of rGO becomes continuous, facilitating 
efficient charge transfer.
A synergistic effect is evident between rGO and MIL-101(Cr), 
wherein MIL-101(Cr) provides active sites for gas sensing and a 
large surface area, while rGO enhances conductivity and charge 
transfer. This synergy confers unique properties, including 
selective sensitivity in the presence of other gases. The 
Gaussian trend in sensitivity can be attributed to the interplay 
between gas adsorption capacity and electrical conductivity. 
The optimal balance between these two factors is achieved at 
20% MIL-101(Cr) loading, resulting in the highest sensitivity.

4 Conclusion
This pioneering study demonstrates the transformative 
potential of rGO-MIL-101(Cr) composites for selective ammonia 
gas sensing, unlocking new avenues for environmental 
monitoring, industrial safety, and healthcare applications. By 
optimizing the composition of rGO and MIL-101(Cr), we 
identified the 20 wt.% variant as the most effective, exhibiting 
a high sensitivity towards ammonia gas [-18.87 for 60,000 ppm 
(6%) and -5.24% for 2000 ppm (0.2%)] while maintaining 
selectivity in the presence of other gases. This composite 
demonstrates exceptional potential for ammonia detection, 
retaining its remarkable sensitivity down to 1 ppm even after 
one year, thereby underscoring its stability and durability for 
practical sensing applications. The synergistic effect between 
rGO's conductivity and MIL-101(Cr)'s high surface area and gas 
adsorption capacity enable enhanced sensing performance. Our 
findings provide valuable insights into the design and 
development of novel MOF-based composites for advanced gas 
sensing applications. Notably, this study constitutes a significant 
step forward in the field, offering a new paradigm for gas 
sensing technologies. As we look to the future, our findings pave 
the way for scalable synthesis methods, real-world 

Figure 15. NH3 sensing mechanism using a) rGO-MIL-101(Cr) 2.5 wt.% composites, b) 
rGO-MIL-101(Cr) 20 wt.% composites and c) rGO-MIL-101(Cr) 80 wt.% composite.
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deployments, and further innovation in gas sensing 
technologies. Future research directions could involve exploring 
the applicability of these composites in real-world settings, 
investigating their stability and durability, and developing 
scalable synthesis methods. Ultimately, this work contributes to 
a safer, more sustainable world by enabling the detection of 
hazardous gases and promoting environmental stewardship.
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