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Abstract 

Highly toxic chemical compounds known as chemical warfare agents (CWA) 

present substantial threats to human health and safety. Their swift 

detection and identification play a critical role in preventing exposure and 

ensuring timely intervention. This work develops nanohybrids to detect 

dimethyl methylphosphonate (DMMP), a simulant gas for sarin compound, 

which is classified as a nerve agent. Specifically, two different compositions 

(Cs3Cu2Br5 and Cs2AgBiBr6) of lead-free perovskite nanocrystals (NCs) have 

been employed to decorate graphene. The sensitive films exhibit 

remarkable sensitivity to DMMP at the ppb range and under ambient 

temperature conditions. It is worth mentioning that this work reports for 

the first time the successful use of perovskite NCs for the detection of 

DMMP. Besides, the sensing performance of both perovskites has been 

compared, revealing that Cs3Cu2Br5-decorated graphene outperforms 

Cs2AgBiBr6, offering up to a 4-fold improvement. The synthesis and 

decoration process are straightforward, industrially scalable, and 

inexpensive, while the use of lead-free perovskites leads to an 

environmentally friendly and harmless approach. These facts linked to a 

sensitive and reversible detection of DMMP at low concentrations pave the 

way for developing new CWA gas sensors based on the use of lead-free 

perovskite NCs. 
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Chemical warfare agents (CWA) have been developed as weapons of mass 

destruction due to their ability to inflict severe harm, and even death, upon 

humans [1]. Among the different types of CWAs, nerve agents are 

engineered to disrupt the normal functioning of the nervous system, often 

leading to fatal outcomes [2]. The susceptibility to exposure in the event of 

a chemical terrorist attack and the potential for mass casualties pose 

significant challenges for authorities responsible for incident prevention. 

Thereby, detecting nerve agents promptly becomes crucial to preventing 

exposure, and early warning detection systems play a crucial role in 

minimizing casualties, given the limited time available to perceive an attack 

and set alarms for evacuation. 

In laboratory settings, the use of sarin gas presents substantial risks. 

Therefore, dimethyl methylphosphonate (DMMP), belonging to the 

organophosphorus compound class, serves as a widely utilized simulant for 

sarin gas [3]. DMMP is moderately toxic, can cause irritation to the eyes, 

skin, and respiratory system, along with symptoms such as nausea, 

vomiting, and headaches upon inhalation in substantial quantities [4]. 

Notably, DMMP's high volatility makes it suitable for gas-phase detection. 

Different techniques have been employed to detect CWAs. For instance, gas 

chromatography (GC) coupled to mass spectrometry  (MS) has been 

employed to detect and quantify DMMP accurately [5,6]. However, GC-MS 

presents several bottlenecks for its implementation in real-time monitoring 

settings. This technique requires trained personnel, it is expensive and their 

miniaturization for in-field measurements remains an issue [7]. Conversely, 

the use of chemical sensors based in different technologies such as 

electrochemical devices [8], acoustic wave sensors [9], colorimetric sensors 

[10] and semiconductors [11] have been attracted a growing research 

interest owing to their easy operation, cost-effectiveness and quick 

readouts. 

Thereby, real-time monitoring of organophosphorus compounds in the 

atmosphere, especially in critical areas susceptible to terrorist attacks, 

necessitates the establishment of extended sensing networks for timely 

interventions. In this perspective, the implementation of such networks 

faces challenges, requiring low-powered, inexpensive, and accurate sensors 

[12]. Among the various gas sensor types, chemical resistive 

(chemiresistive) gas sensors have garnered significant attention due to their 
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high sensitivity, cost-effectiveness, ease of fabrication, real-time monitoring 

capabilities, and rapid detection [13,14]. 

Traditionally, metal oxide (MOX)-based gas sensors have been employed to 

detect DMMP. Various nanostructures, including SnO2 [15], WO3 [16], ZnO 

[17] and Co3O4 [18], have been utilized for the detection of CWAs. However, 

MOXs typically demand high operating temperatures (i.e., some hundreds 

of Celsius degrees), leading to drawbacks such as increased power 

consumption, reduced long-term stability, and higher costs due to the 

complexity of circuitry and additional elements like heaters. Alternatively, 

carbon-based nanomaterials have emerged as a feasible option for 

detecting gas compounds at ambient temperature [19]. Yet, the use of bare 

nanostructures, such as graphene layers, presents limitations in sensitivity 

compared to MOX. The primary reason is the poor specificity and reactivity 

of the sp2 carbon configuration, which usually leads to poor sensing 

performance [20–22]. 

To address this limitation, a common approach involves functionalizing, 

decorating, or creating nanohybrids by combining carbon-based materials 

with other nanomaterials exhibiting higher reactivity. Some examples 

include graphene functionalized with organic compounds such as 

triphenylene [23], p-phenylenediamine [24] or cobalt phthalocyanine [25]. 

It is worth mentioning that combining graphene with organic compounds 

enable ambient or moderate working temperatures, avoiding the potential 

degradation issues faced by MOX-based sensors operated at elevated 

temperatures. Another common strategy is combining carbon-based 

nanomaterials with polymers. For instance, graphene can be decorated with 

polypyrrole (PPy) nanoparticles to effectively detect DMMP gas at ppm 

levels and under room temperature [26,27]. In a more advanced hybrid 

development, Yang and collaborators engineered a PPy-rGO composite with 

the introduction of CuX+ ions, inducing a 4.5-fold improvement in the 

detection of DMMP [28]. 

Nevertheless, the use of halide perovskites for the detection of nerve agents 

remains unexplored. This work marks the first successful implementation of 

perovskite nanocrystals (NCs) for the detection of DMMP, a simulant for 

CWA. Specifically, graphene has been decorated with NCs of two 

compositions, Cs3Cu2Br5 and Cs2AgBiBr6. Furthermore, the lead-free nature 

of these perovskites adds to their significance, considerably reducing the 
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hazardous nature of the sensitive film while maintaining outstanding 

sensing properties. 

Materials and methods 

Lead-free nanocrystal synthesis and graphene decoration 

Two lead-free perovskite nanocrystals, Cs3Cu2Br5, and Cs2AgBiBr6, were 

synthesized using hot injection methods [29,30]. In the initial step, cesium 

oleate was prepared by mixing 0.814 g of Cs2CO3, 2.5 mL of oleic acid (OA), 

and 40 mL of Octadecene (ODE) in a 100 mL 3-neck flask. The mixture was 

heated to 120 °C under vacuum for 1 hour, followed by an increase in 

temperature to 150 °C under a nitrogen atmosphere to completely 

solubilize Cs2CO3. The resulting Cs-oleate solution was cooled to room 

temperature, causing the precipitation of Cs-oleate and ODE as 

supernatant. In subsequent synthesis steps, the Cs-oleate solution was 

preheated to 100 °C before injection. 

For Cs3Cu2Br5 nanocrystals, 71 mg of CuBr2 were added to 6 mL of ODE. The 

solution was heated at 120 °C for 1 hour under vacuum, followed by the 

addition of 1 mL of OA and 1 mL of dried oleylamine (OLA) under a nitrogen 

atmosphere. The temperature was then increased to 160°C, and 6 mL of the 

Cs-oleate solution was swiftly injected. After 5 seconds, the reaction 

mixture was rapidly cooled using an ice-water bath, leading to nanocrystal 

precipitation. The nanocrystals were extracted through centrifugation (6000 

rpm for 5 min) and redispersed in isopropanol, resulting in a stable 

perovskite suspension. 

For Cs2AgBiBr6 nanocrystals, BiBr3 (45 mg), AgNO3 (17 mg), and HBr (100 μL) 

were added to 4 mL of ODE. The solution was heated at 120 °C under 

vacuum for 1 hour, followed by further heating to 200 °C under a nitrogen 

flow. 0.8 mL of the Cs-oleate solution was injected, and the mixture was 

rapidly cooled using an ice-water bath after 5 seconds. Finally, the 

nanocrystals were obtained through centrifugation (7000 rpm for 10 min) 

and redispersed in isopropanol after multiple washing steps. 

Following the perovskite synthesis, commercially available graphene 

nanoplatelets (Strem Chemicals Inc., US) were dispersed in isopropanol (0.3 

mg/mL). Graphene was exfoliated using pulsed sonication (1s on/2s off) at 

280 W for 90 minutes in an ultrasonic tip. Subsequently, Cs3Cu2Br5 and 

Cs2AgBiBr6 nanocrystals (5% wt.) were added to the graphene solutions. To 
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achieve suitable suspension of perovskite nanocrystals on graphene, the 

mixtures were sonicated in an ultrasonic bath for 1 hour. The presence of 

defects and surface oxygenated functional groups in graphene likely 

facilitated non-covalent interactions with the perovskite nanocrystals, such 

as Van der Waals forces and hydrogen bonds [31,32]. 

Sensor Fabrication and Gas-Sensing Setup 

The resulting graphene decorated with different lead-free perovskite 

nanocrystals were deposited using a spray coating technique with pure 

nitrogen as the carrier gas. Specifically, the hybrid nanomaterials were 

deposited onto interdigitated electrodes (IDE) already screen-printed on 

alumina substrates. The layer deposition was performed by placing the 

substrate on a hotplate at 85°C. The spray was generated for about 30-40 

seconds until the whole electrode area was covered by the active 

nanomaterial. Regarding the device dimensions, the full size of the alumina 

substrates is 25.4 x 4.1 mm, while the electrodes comprise an area of 7.3 x 

2.5 mm. Figure S1 shows images of the top and bottom sides of the 

substrates. 

An advanced gas system was engineered to assess varying concentrations 

of DMMP diluted in synthetic air. This system consisted of two mass flows, 

both receiving synthetic air (Air Premier Purity: 99.995%) directly from a 

calibrated bottle. One of these mass flows was connected to a permeation 

system that generates DMMP gas, comprising a stainless-steel tube covered 

with a heated belt. The entire permeation system was linked to a PID 

controller (proportional integral derivative) to maintain a stable 

temperature inside the tube. At this line’s end, another mass flow controller 

facilitated the dilution with the synthetic air-controlled mass flow. 

Additional details of the gas system setup are detailed at the supplementary 

information. 

The internal tube of the permeation system to generate DMMP was 

calibrated by the customer. The gas concentration to be generated could be 

adjusted by regulating the system's temperature and flow. The following 

formula was applied to calculate the DMMP concentration generated: 
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However, it is worth noting that this work applies a constant temperature 

and flow through the stainless-steel tube. In that way, the reproducibility 

was ensured and the potential deviations in the analyte concentrations 

were mitigated. Alternatively, since a constant concentration of DMMP was 

generated, the second mass flow controller was used to apply synthetic air 

and dilute the DMMP until the desired concentration. 

Nevertheless, to know the DMMP concentration generated, is essential to 

calculate the permeation rate of the analyte. This parameter can be 

adjusted at different temperatures as the following equation illustrates:  

 

However, since the temperature of the permeation tube was set to a 

constant 85 °C, the permeation rate of DMMP was 1042 ng/min. 

Consequently, a concentration of 2.1 ppm was constantly produced, 

representing the maximum concentration tested. This flow, containing this 

2.1 ppm of DMMP, was subsequently diluted with synthetic dry air to 

achieve the desired pollutant concentrations. To ensure the precision and 

the reproducibility of these experimental conditions, both the temperature 

of the permeation tube and the overall flow rate (100 mL/min) were 

maintained constant. Figure S2 depicts a scheme of the gas sensing system 

setup. 

Results and discussion 

Nanomaterial Characterization 

Figure 1a depicts the Raman spectrum of the bare graphene, showing 

prominent bands at 1345 cm−1 (D), 1565 cm−1 (G), 2690 cm−1 (2D). The D is 

indicative of structural defects such as disorder in the sp2 carbon 

nanostructure, amorphous carbon, or carbonaceous impurities [33]. While 

the G band represents the in-plane vibrations of sp2 carbon bonds. Finally, 

the 2D band is a characteristic peak related to the presence of monolayer 

graphene. The assessment of the D/G ratio confirms that the graphene does 

not present high crystallinity, due to the presence of defects and oxygen 

functional groups grafted on the graphene surface [34]. Nevertheless, 

defects and oxygen species play a crucial role in the interaction and 

immobilization of lead-free perovskite nanocrystals on the graphene 

surface [35]. 
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The X-ray Diffraction (XRD) patterns of the perovskite NCs were recorded 

using a Philips X’PERT diffractometer equipped with a proportional detector 

and a secondary graphite monochromator. The data was registered over the 

range 2θ = 2–20°, with steps of 0.02°, an accumulation time of 20 s/step, 

and employing Cu Kα radiation (λ = 1.54178 Å). Figure 1b shows the 

obtained diffractograms for both NCs. A comparison with previously 

reported patterns [29,30,36] revealed a consistent match, confirming the 

orthorhombic and cubic phases for Cs3Cu2Br5 and Cs2AgBiBr6, respectively. 

In addition, the obtained patterns do not show any preferential crystal 

orientation. 

(a) (b) 

  
Figure 1. (a) Raman spectrum of bare graphene. (b) XRD patterns of both 

lead-free perovskite nanocrystals. 

High-Resolution Transmission Electron Microscope (HRTEM) images were 

obtained using a JEOL JEM 2100F. Figure 2a and Figure 2b shows examples 

of both Cs3Cu2Br5 and Cs2AgBiBr6 NCs, respectively. It is worth noting that 

all nanocrystals present diameters below 10 nm and both types present 

high crystallinity. These similar parameters facilitate a reliable comparison 

of sensing performance employing both NCs. 

Finally, the resulting nanomaterial, comprising graphene decorated with 

lead-free perovskites, underwent analysis using a high-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM). Figure 2c 

and 2d show, the Cs3Cu2Br5 and Cs2AgBiBr6 perovskite NCs distribution on 

graphene. Besides, Figure S3 presents histograms of the nanocrystal size 

distribution, showing that both perovskites have a higher prevalence in the 

diameter ranging from 5 to 10 nm. Figure S4 shows a field-effect scanning 

electron microscope (FESEM) image, exhibiting a uniform layer of the 

developed nanohybrid, emphasizing the crucial porous surface for gas 
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sensing performance. In this regard, a previous analysis found that the 

graphene employed presents an extremely high BET area of 730 m2/g [37].  

(a) (b) 

  
(c) (d) 

  
Figure 2. HRTEM images for (a) Cs3Cu2Br5 and (b) Cs2AgBiBr6 NCs. HAADF-

STEM images for (c) Cs3Cu2Br5@Graphene and (d) Cs2AgBiBr6@Graphene. 

Bright spots indicate the distribution of lead-free perovskites, while the grey 

background corresponds to the graphene. 

Gas sensing performance 

The sensing performance of the lead-free perovskite NCs decorating 

graphene for detecting DMMP was assessed at room temperature. Various 

concentrations of the simulant nerve agent, ranging from 600 ppb to 2.1 

ppm were applied for 5 minutes, succeeded by exposure to dry air for 15 

minutes to restore the baseline resistance. Figure 3a and Figure 3b depict 
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the dynamic electrical responses of graphene decorated with Cs3Cu2Br5 and 

Cs2AgBiBr6 nanocrystals (NCs), respectively. It is worth highlighting that both 

lead-free perovskites demonstrate clear resistance changes upon exposure 

to DMMP.  

However, the dynamic responses of Cs3Cu2Br5@Graphene present a more 

effective baseline recovery compared to Cs2AgBiBr6@Graphene. This 

observation suggests a partial reversibility in the interaction between 

Cs2AgBiBr6 and DMMP, leading to a linear baseline drift. In contrast, 

Cs3Cu2Br5 NCs exhibit an almost complete baseline recovery after 

interaction with DMMP, indicating a higher degree of reversible interaction. 

From this perspective, Cs3Cu2Br5 NCs likely offer superior repeatability and 

long-term stability compared to Cs2AgBiBr6.  

(a) (b) 

  
Figure 3. Electrical responses for graphene decorated with (a) Cs3Cu2Br5 and 

(b) Cs2AgBiBr6 for detecting DMMP at ambient temperature. 

Considering the observed resistance changes, the calibration curves for 

detecting DMMP at room temperature are illustrated in Figure 4. Notably, 

when graphene is decorated with Cs3Cu2Br5 NCs, the responses are up to 4-

fold higher compared to Cs2AgBiBr6 NCs. This substantial enhancement in 

the sensing performance of Cs3Cu2Br5 is further confirmed by the sensitivity, 

determined by the slope of the calibration curves. In this context, the 

sensitivity values are 7.2% and 1.6% per ppm of DMMP for Cs3Cu2Br5 and 

Cs2AgBiBr6 NCs, respectively. Additionally, bare graphene was also studied 

to unravel the role of the perovskite NCs. Figure S5 presents an example of 

the electrical responses obtained for the detection of the analyte, while 

Figure 4 demonstrates that the presence of perovskite NCs enhances the 

sensing responses. Specifically, graphene decorated with Cs3Cu2Br5 exhibits 

a sensitivity of 7.2% per ppm, compared to only 0.6% per ppm for bare 
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graphene. This translates to a 12-fold increase in sensitivity when graphene 

is decorated with Cs3Cu2Br5 compared to its bare counterpart. 

 

Figure 4. Calibration curves obtained for lead-free perovskite NCs 

decorating graphene when detecting DMMP at RT. 

Table 1 summarizes the sensing performance of various graphene-based gas 

sensors for detecting DMMP at RT. By comparison, graphene decorated with 

lead-free perovskite NCs, particularly for the Cs3Cu2Br5 NCs, has shown one 

of the highest sensing performances. Other experimental details should be 

considered besides critical parameters, such as the sensing response given 

by the response per unit of DMMP concentration. For instance, the flow rate 

is paramount since higher flow rates induce greater responses and faster 

baseline recovery. Conversely, a constant high flow rate tends to increase 

the power consumption of the sensing setup. Thus, despite the present 

work employing one of the lowest flow rates, the sensing performance 

registered enhances many other nanomaterials. Similarly, the present work 

reports one of the lowest exposure times associated with the overall 

percentage of responses registered. 

Table 1. Comparison of the sensing performances to detect DMMP at room 

temperature employing different carbon-based nanomaterials. ND: 

information not disponible. SWCNTs and MWCNTs: (single-walled) and 

(multi-walled) carbon nanotubes. PDLC: polymer-dispersed liquid crystal. 

Nanomaterial 
Response (%) / 

Concentration (ppm) 
Flow rate 
(mL/min) 

Exposure 
time (s) 

DMMP 
concentration  
(ppm) range 

tested 

Ref 
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Cs3Cu2Br5/Graphene 10.2 % / 2.1 ppm 100 300 0.6 - 2.1 
This 
work 

Cs2AgBiBr6/Graphene 2.6 % / 2.1 ppm 100 300 0.6 - 2.1 
This 
work 

Graphene 1.35 % / 2.1 ppm 100 300 0.6 - 2.1 
This 
work 

p-phenylenediamine rGO 8 % / 20 ppm 1000 1080 5 - 80 [24] 

cobalt phthalocyanine 
/Graphene 

9.3 % / 20 ppm ND 600 0.5 - 100 [25] 

Porous graphene multilayer 8.95 % / 50 ppm 1000 240 1 - 50 [38] 

SWCNTs 5 % / 25 ppm ND 1200 25 - 50 [39] 

PDLC/CNTs 62.5 % / 250 ppm ND 300 5 - 250 [40] 

Mo6/Graphene 5.5 % / 1.1 ppm 100 300 0.6 - 2.1 [41] 

PPy/rGO 12.9 % / 100 ppm 1000 43 5 - 100 [42] 

Functionalized MWCNTs 0.8 % / 100 ppm ND 30 5 - 100 [43] 

 

Additionally, to assess the potential applicability of the developed 

nanohybrids in real-world scenarios, the limit of detection (LOD) and limit 

of quantification (LOQ) should be determined using the following 

equations: 

LOD = 3Sa/b 

LOQ = 10Sa/b 

Here, Sa and b represent the standard deviation of y-intercepts and the 

slope of the fitting, respectively. It has been considered the lowest 

concentration range tested for performing the linear fitting, ranging from 

600 ppb to 1.6 ppm. Table S1 summarizes the linear regression equations 

obtained and the coefficients of determination. Considering that Cs3Cu2Br5 

NCs decorating graphene shows the highest sensing performance, the 

calculated LOD and LOQ are 305 and 1019 ppb of DMMP. These results 

constitute the first successful detection of a simulant of a chemical nerve 

agent using halide perovskites. However, it is worth mentioning that the 

accuracy of these results would probably influenced by humidity, a major 

interferent in gas sensing [44]. In this context, several studies have shown 

that some strategies, such as incorporating humidity filters, can effectively 

mitigate the interfering effects [45,46]. Besides, further optimization of the 

experimental conditions may lead to more accurate readouts and, hence, 

potentially lowering the limits obtained. 

Sensing mechanism 

DMMP is a well-known electron donor molecule [47], and its adsorption on 

the sensor surface induces an electron transfer to the defects of the NCs. It 
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has been demonstrated that these defects induce electronic states within 

the bandgap, which act as trapping states for charge carriers [48]. This 

trapping can form self-trapped excitons, which can eventually dissociate 

into free charges. As a result, these charges generated at perovskite NCs are 

transferred to the graphene sheets, leading to a decrease in hole 

concentration (Figure 5). Notably, the hybrids present a typical p-type 

semiconductor behavior since the resistance of the sensitive films increases 

upon interaction with an electron donor gas. Following partial oxidation, a 

small number of oxygenated groups are formed, graphene presents a subtle 

p-type semiconductor behavior, meaning that holes become the dominant 

carriers. Additionally, carrier mobility can also be affected, altering the 

effective carrier density [49]. In any case, considering that perovskite 

nanocrystals present and ambipolar behavior, the films overall act as p-type 

semiconductors owing to the prevalence of graphene [50]. 

 

Figure 5. Sensing mechanism of DMMP employing graphene decorated with 

lead-free perovskite nanocrystals. 

The sensitivity observed in both nanohybrids is largely attributed to the 

perovskite nanocrystals. In essence, while a weak interaction between 

DMMP and graphene cannot be entirely ruled out, the electrical responses 

primarily stem from the interaction of lead-free perovskites with the 

analyte, as observed in analogous previous works [51]. When the DMMP 

interact with sensitive films, negative carriers likely accumulate at the 

perovskite nanocrystals. This prompts graphene to transfer positive carriers 

to the nanocrystals, resulting in an excess of electrons in the graphene 

layers. Consequently, resistivity increases, given that electrons are not the 

majority charge carriers in p-type semiconductors. 

The noteworthy sensing performance achieved when using lead-free 

perovskites can be partially attributed to the quantum confinement effect 
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stemming from the nanocrystal shape [52,53]. This confined structure 

provides an efficient radiative recombination of carriers [54], contributing 

to an enhanced overall sensing performance. Besides, perovskite 

nanocrystals tend to form self-trapped excitons, increasing their interaction 

with gaseous analytes [55]. But not limited to this, the high and efficient 

carriers’ mobility of graphene likely facilitates the interaction of DMMP with 

lead-free perovskites [56]. 

Nevertheless, a significant difference in the sensing performance depending 

on the composition of the lead-free perovskite employed was observed. The 

results obtained with Cs3Cu2Br5 NCs surpass those recorded for Cs2AgBiBr6 

NCs across various sensing parameters like response, sensitivity, and 

reversibility. This discrepancy is likely rooted in the semiconductor type, as 

Cs3Cu2Br5 and Cs2AgBiBr6 present direct and indirect bandgaps, respectively 

[51]. Consequently, Cs3Cu2Br5, with its direct bandgap, exhibits superior 

sensing performance, benefiting from advantages such as the presence of 

radiative self-trapped excitons with moderate strength of exciton-phonon 

coupling and a more efficient recombination of carriers [57,58]. 

Conclusions 

The graphene decoration with lead-free perovskite nanocrystals, 

particularly Cs3Cu2Br5, have demonstrated superior properties to detect 

DMMP, a simulant for chemical nerve agents. The LOD and LOQ are 

estimated as 55 ppb and 182 ppb, respectively, outperforming the sensing 

performance of other carbon-based hybrids. Besides, the Cs3Cu2Br5 

presents better reversibility than Cs2AgBiBr6, which probably lead to a better 

repeatability and long-term stability. It is worth noting that the DMMP was 

performed at ambient temperature, resulting to inexpensive sensing 

devices with minimal power consumption. The lead-free nature of the 

synthesized perovskites significantly enhances safety while maintaining 

excellent sensing properties, paving the way for the development of 

advanced gas detection systems for chemical defense and safety 

applications. 
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