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Mesoporous Non-stacked 
Graphene-receptor Sensor for 
Detecting Nerve Agents
Hee Min Hwang1, Eunhee Hwang2, Doyoung Kim1 & Hyoyoung Lee1,2

A novel gas sensor consisting of porous, non-stacked reduced graphene oxide (NSrGO)-
heaxfluorohydoroxypropanyl benzene (HFHPB) nanosheets was successfully fabricated, allowing 
the detection of dimethyl methyl phosphonate (DMMP), similar to sarin toxic gas. The HFHPB group 
was chemically grafted to the NSrGO via a diazotization reaction to produce NSrGO-HFHPB. The 
NSrGO-HFHPB 3D film has a mesoporous structure with a large pore volume and high surface area that 
can sensitively detect DMMP and concurrently selectively signal the DMMP through the chemically-
attached HFHPB. The DMMP uptake of the mesoporous NSrGO-HFHPB was 240.03 Hz, 12 times greater 
than that of rGO-HFHPB (20.14 Hz). In addition, the response rate of NSrGO-HFHPB was faster than 
that of rGO-HFHPB, an approximately 3 times more rapid recovery due to the mesoporous structure of 
the NSrGO-HFHPB. The NSrGO-HFHPB sensor exhibited long-term stability due to the use of robust 
carbon and resulting high resistance to humidity.

Detecting hazardous materials in civilian and military systems has had increasing attention. Chemical warfare 
agents (CWAs) are highly toxic chemicals that have been used as chemical weapons. Among the CWAs, an organ-
ophosphate is a well-known nerve agent that is highly toxic, volatile, and can irreversibly alter enzymes in neu-
rons. Dimethyl methyl phosphonate (DMMP), that has an organophosphate, is a famous simulant for nerve 
agents, such as sarin and soman, that disrupts the balance of the sympathetic and parasympathetic autonomic 
nervous system inside DNA1,2. Due to the structural similarity to sarin and soman, most researchers use DMMP, 
dimethyl cyanophosphonate (DCNP), or dimethyl chlorophosphonate (DCP) as model compounds for detecting 
toxic gas vapor materials of CWAs. If humans ingest or are exposed to a high concentration of a 200 mg/m3 of 
sarin nerve agent, death can occur within two minutes3. Real cases of the use of nerve agents include the Iran-Iraq 
war (1980–1998) and the attack on the center of Tokyo in 1990 s by the Aum Shinrikyo sect4–6. In these cases, 
many researchers attempted to detect the nerve agents with the least amount (high sensitivity) of agent and the 
fastest response. However, problems still remain such as low detecting volume, slow response time, and the need 
for a complex process7,8.

To overcome these problems, sensory materials have been developed to fabricate a mesoporous structure 
(2–50 nm) while maintaining a large uniform pore size with a high surface area to produce a high level of sensor 
sensitivity. Control of the porous structure has been one of the largest challenges in the manufacture of sensory 
probes to achieve enhanced sensitivity and a fast response9. W. Xu et al. fabricated a porous structure sensor 
consisting of an In2O3 flower form. In fact, the porous structure sensor that had more active sites showed an 
approximately 50 times higher response than the flat structure sensor10. K. S Chou et al. also reported that the 
sensitivity of a porous ceramic sensor to humidity was greater than that of a film-type ceramic sensor due to the 
large capacity for water adsorption11. These results suggest the porous structure improves the sensitivity. However, 
in the case of only inorganic mesoporous nanomaterials, problems remain, especially for the long production 
time, slow response time, high selectivity and sensitivity.

To overcome the sensing limitations of inorganic mesoporous nanomaterials, a porous carbon-based sensor 
has been investigated as it has unique properties such as a rapid response time and low operating temperature 
for detecting heavy metals, moisture12, or CWA. However, to control the porosity of the carbon-based sensor, 
porous carbon materials have to be coordinated with other materials, such as metals and metal oxides, or have 
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to be connected to a networking form with a layered structure. Only a few papers have reported on the con-
trolled porous carbon architecture for enhancing sensitivities13. J.J. Steele at al. reported a nanostructured gradi-
ent index optical filter using a carbon-based material for high-speed humidity sensing. A high-speed response 
was attained from an unobstructed pore inside gradient films14. A. Stein at al. reported porous carbon materials 
that have large pore volumes are suitable for a fast absorption sensor by introducing K+ ions into porous carbon 
active materials15. Thus, based on previous reports, porous structured carbon materials can increase the sensing 
capacity and also the sensing speed. However, there are still limitations in terms of difficulty controlling the pore 
size and pore volume using a 1 Dimensional (1D) carbon-based network structure. Therefore, it is necessary to 
have 2-dimensioanl (2D) carbon-based materials for easy control of pore size and pore volume. To increase the 
porosity and pore volume of 2D graphene flakes, Yoon et al. reported that a non-stacked reduced graphene oxide 
(NSrGO) has a large surface area and also high pore volume16. The surface area (1435.4 m2 g−1) of the NSrGO 
powder was 53 times greater than that of other carbon materials (Table S1)17–19.

In addition, the use of a good receptor designed for a specific platform has been an important factor for the 
development of sensing materials. For enhancing the sensitivity and simultaneous selectivity in the sensing sys-
tem, a precisely designed receptor on the porous materials is still needed. A hexafluorohydoroxypropanyl benzene 
(HFHPB) compound is one of the best candidates for a receptor of sarin20,21. HFHPB has an acidic proton of the 
hydroxy group due to a strong electron-withdrawing trifluoromethly group and is highly sensitive and selective to 
the organophosphate group of DMMP via strong hydrogen-bonding (Fig. 1). However, there has been no report 
on a 3D porous carbon structure built from porous 2D carbon-based nanosheets anchored with a highly sensitive 
and selective receptor to CWAs.

Herein, we report a 3D nanostructured porous NSrGO-HFHPB sensor using wrinkled 2D non-stacking 
reduced graphene oxide (NSrGO) and a HFHPB receptor for effectively detecting DMMP. The HFHPB receptor 
was chemically attached to the NSrGO via diazotization reaction of 2-(4-Aminophenyl)-1,1,1,3,3,3-hexafluoro-
2-propanol to produce a new NSrGO-HFHPB compound. The HFHPB receptor consisting of two strong electron 
withdrawing CF3 groups chemically attached to the NSrGO is a strong Lewis acid and it can uptake a phospho-
nate group that most nerve agents have via hydrogen bonding, expecting to provide a highly selective response 
only to DMMP vapor even at room temperature22. The average pore size of the 3D porous nanostructured 
NSrGO-HFHPB film is expected to be large enough for DMMP to pass through easily, providing a fast response 
and also high sensitivity due to the large exposed surface area. To prove the capability of detecting DMMP using 
a quartz crystal microbalance (QCM), HFHPB-rGO derivatives were prepared including HFHPB-rGO and 
HFHPB-NSrGO from pristine rGO and pristine NSrGO.

Materials and Methods
Synthesis of rGO and NSrGO. Graphene oxide (GO) was prepared by the modified Hummer’s method 
from natural graphite using sulfuric acid, potassium permanganate, and sodium nitrate. The rGO made by heat 
treatment using a tube furnace at 1,000 °C for 1 hour (1.5 °C min−1). NSrGO was prepared from GO (500 mg) in 
which the solution was dispersed in ethanol due to full exfoliation of 1 L of the GO solution (5 mg/ml−1). After 
dispersion, 200 ml methyl chloride and 500 ml hexane were added to the GO solution until the GO flakes settled 
to allow for complete removal of water and the formation of GO sheets. To release, vacuum filtration was applied 
and the GO sheets were washed with hexane several times. The resulting product was heated by a muffle furnace 

Figure 1. Illustration of the molecular structure of non-stacked, grafted reduce graphene oxide with 
HFHPB derivative uptake of DMMP. 
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at 200 °C for 15 min as its surface area dramatically increased. NSrGOs were obtained by thermal treatment using 
a tube furnace at 1,000 °C for 1 hour (1.5 °C min−1) (Fig. S1).

Synthesis of HFHPB daizonium salts. For the synthesis of HFHPB daizonium salts, 0.9 g 2-(4-aminophenyl)-1, 
1,1,3,3,3-hexafluoro-2-propanol (2.9 mmol, Alfa Aesar) was dispersed in 10 ml distilled tetrahydrofuran (THF) 
in a 50 ml round flask and cool to − 5 °C. 0.6 ml isoamyl nitrite (4.6 mmol, 1.6 equiv.) was added to the HFHPB 
derivative solution using a drop wise method and stirred for 10 min. After stirring, 0.72 ml boron trifluoride 
etherate (5.8 mmol, 2 equiv.) was added to the flask and incubated for 12 h at 60 °C. All steps were performed in 
a N2 atmosphere under an ice bath (− 5 °C). The yellow solid was filtered and washed by Et2O until it produced a 
white solid product.

Synthesis of rGO-HFHPB and NSrGO-HFHPB. Different ratios of NSrGO-HFHPB (1:0.5, 1:4) were 
synthesized to check the effect of the DMMP sensing properties. For the samples chemically grafted between 
NSrGO with HFHPB salts, 200 mg NSrGO was dispersed in 200 ml dimethyl formamide with 1 wt% sodium 
dodecylbenzenesulfonate (SDBS) as a surfactant to maintain the equilibrium of the NSrGO dispersion solution 
by ultrasonication 1 h. 100 mg of HFHPB salts and 400 mg of controlled ratios of HFHPB 1:0.5, 1:4 with NSrGO) 
were added to the NSrGO solutions and stirred for 1 day. The resulting solutions were filtered with acetone and 
dimethyl formamide through a 0.2 μ m PTFE membrane (WhatmanTM) until excess HFIP salts and surfactant 
were removed. After treatment in a vacuum oven for 1 day at 80 °C, a black sample was obtained. A mass flow con-
troller (MFC) and quartz crystal microbalance (QCM) were used to check the sensing experiment with DMMP 
flowing at 2 to 64 ppm under 500 ppm of fixed N2 gas.

Material characterizations. The characterizations were confirmed using a JEOL JSM-7404F field emission 
scanning electron microscopy (SEM) operating at 15 kV, and X-ray photoelectron spectroscopy (XPS) meas-
urements were performed on a Thermo VG Microtech ESCA 2000 with a monochromatic Al-Kα  X-ray source 
at 100 W. Raman spectroscopy measurements were recorded using a Renishaw RM 1000-Invia micro-Raman 
system with an excitation energy of 2.41 eV (514 nm). The Brunauer-Emmett-Teller (BET) theory was used to 
determine the specific surface area and the Horvath-Kawazoe (HK) method was used for sub-nanopore analysis 
via a BELSORP-max. Water contact angle (WCA) analysis was used to confirm the hydrophobicity and hydro-
philicity angle. FT-IR spectra were collected using a Thermo Nicolet AVATAR 320 instrument and the powder 
XRD pattern was acquired using a D8-Advance instrument (Germany) with Cu-Ka radiation. A quartz crystal 
microbalance (EQCM, Shin) with gold-coated quartz crystal from International Crystal (10 MHz) Manufacturing 
Co, Inc. was also used.

Results
For samples, rGO, NSrGO, rGO-HFHPB and NSrGO-HFHPB, were prepared to examine the interaction 
between DMMP and a sensing platform that is directly influenced by the sensitivity and selectivity to DMMP. 
First, graphene oxide (GO) was prepared following a modified Hummer’s method from natural graphite. GO was 
thermally treated at 1,000 degrees to produce reduced graphene oxides (rGOs). Alternatively, GO was treated 
with nonpolar solvents to produce non-stacked GO (NSGO). The resulting NSGO was reduced by thermal heat-
ing to produce NSrGO. The HFHPB receptor was introduced to rGO and NSrGO to produce rGO-HFHPB and 
NSrGO-HFHPB via a diazotization reaction of rGO and NSrGO, respectively (Supplementary Fig. S1).

Structural characterization of rGO-HFHPB and NSrGO-HFHPB. Chemical analyses of rGO-HFHPB 
and NSrGO-HFHPB materials were performed by FT-IR, XPS, XRD and Raman, FT-IR spectra of rGO, 
rGO-HFHPB, and NSrGO-HFHPB (Fig. S2) illustrated stretching vibration peaks at 1579 cm−1 (C=C) and 
1353 cm−1 (C-H) for the rGO sp2 and sp3 backbone, respectively. However, the GO peak had a large domain of 
a broad stretching vibration peak from 3000 to 3600 cm−1 for the hydroxyl, carbonyl (C-O/C=O, sp3) and car-
boxyl (C(O)O) groups while rGO-HFHPB and NSrGO-HFHPB showed a new peak of the hydroxyl group from 
HFHPB at 3590 cm−1, an increase in the C-H stretched bending peak at 3038 cm−1 and a new peak at 1197 cm−1 
for the C-F stretching bond23. As expected, the intensity of the C-F stretching peak of NSrGO-HFHPB was greater 
than that of rGO-HFHPB due to the more exposed surface area of the porous NSrGO film. The XPS data supports 
the existence of a receptor on its NSrGO-HFHPB platform (Fig. S3). The carbon backbone peak (C-C/C=C, sp2)  
was confirmed at 284.6 eV, indicating the existence of the phenyl peak of HFHPB derivatives. The hydroxyl, 
carbonyl (C-O/C=O, sp3), and carboxyl (C(O)O) peaks of NSrGO-HFHPB were observed at 285.7, 287.1, and 
289.6 eV, respectively. The fluorine (C-F) peak appeared at 292.8 eV and the F1s XPS spectra showed that the C-F 
peak appeared at 688.4 eV24,25, indicating that the HFHPB moiety was successfully covalently bonded to the rGO 
sheets.

The XRD data could also confirm the amorphous structure that usually has a broad peak26. In general, the 
XRD spectrum of the rGO film had a very sharp peak at 2∂  =  26°27, while NSrGO has a broad peak at 2∂  =  25° 
due to a randomly-distributed, non-stacked form of NSrGO nanosheets (Fig. S4).

In addition, the Raman spectra also confirmed the formation of rGO-HFHPB and NSrGO-HFHPB (Fig. S5).  
Typical peaks of pristine GO existed at 1357 and 1595 cm−1 for the D and G peaks, respectively28. However, 
the intensity of the D peaks for rGO-HFHPB and NSrGO-HFHPB increased and shifted toward a lower value 
(1344 cm−1) compared to the rGO peak (1357 m−1) as the carbon double bonding (sp2) of rGO was hybrid-
ized to sp3 as the chemical reaction with HFHPB group proceeded. The intensity of the D/G bands (ID/IG) of 
NSrGO-HFHPB (ca.1.06) was greater than that of rGO (ca. 0.87) due to the HFHPB attached to NSrGO29,30. The 
Raman spectra of NSrGO-HFHPB also provided strong evidence that the HFHPB was chemically attached to the 
NSrGO surface and its large surface area of NSrGO- HFHPB provided more room to host the HFHPB, creating a 
more porous 3D structure compared to the NSrGO film.
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Properties of NSrGO and NSrGO-HFHPB. BET and SEM were conducted for investigating the 
porosity of NSrGO-HFHPB and its sensing properties. Figure 2 shows the SEM images of rGO-HFHPB and 
NSrGO-HFHPB. The molecular structure of rGO-HFHPB was similar to pristine rGO as shown in Fig. 2a, while 
that of NSrGO-HFHPB showed a wrinkled structure that can provide the high surface area and high pore volume 
shown in Fig. 2b. The BET data of absorption and desorption curves are consistent with the SEM results. The 
TGA curve of GO demonstrates that the weight of GO dramatically reached 50% before 200 °C due to decom-
position of the hydroxyl, epoxy, and carbonyl groups as shown in Fig. 2c 31. The TGA curves of NSrGO-HFHPB 
showed nearly similar behaviors and they slightly decreased from 300 °C with removal of the remaining hydroxyl 
group in the rGO part. Alternatively, NSrGO-HFHPB retained 71.8% up to 800 °C (Fig. 2c), which is very sim-
ilar with TGA curve of rGO due to a chemical bonding between NSrGO and HFHPB. This result indicates that 

Figure 2. Molecular structure of NSrGO-HFHPB. SEM images of (a) rGO-HFHPB and (b) NSrGO-HFHPB. 
TGA curves of (c) GO, rGO, and NSrGO-HFHPB. BET data of (d) rGO-HFHPB and NSrGO-HFHPB. (e) BET 
table of NSrGO-HFHPB and rGO-HFHPB. Pore size distribution of (f,g) NSrGO-HFHPB and rGO-HFHPB.
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the diazotization reaction of NSrGO with HFHPB diazonium salts successfully produced a chemical bond. We 
confirmed a surface area via BET. The BET method can provide that how many N2 gas can be adsorbed inside 
of the samples. Blue and green lines are absorption and desorption curves of NSrGO-HFHPB and red and black 
lines are those of rGO-HFHPB, respectively. The BET curve of NSrGO-HFHPB was changed dramatically due 
to an increased surface area while that of rGO -HFHPB did not change due to its stacked structure. The sur-
face area of NSrGO-HFHPB (507.5 m2 g−1) was 15 times greater than that of rGO-HFHPB (33.69 m2 g−1)32. The 
total pore volume (5.122 cm3 g−1) was 47.9 times greater than rGO-HFHPB (0.107 cm3 g−1) and the average 
pore size (40.37 nm) of NSrGO-HFHPB was 3.2 times greater than rGO-HFHPB (12.75 nm) (Fig. 2d,e). The 
Barrertt-Jouner-Halenda method (BJH) was used to measure the pore size distributions of NSrGO-HFHPB and 
rGO-HFHPB (Fig. 2f,g). The distribution plot of NSrGO-HFHPB provided only one peak at 21.1 nm with a nar-
row distribution, while that of rGO-HFHPB showed three different peaks such as 25, 60, and 120 nm. The thermal 
stability of NSrGO-HFHPB compared to GO and rGO was also observed. As stated earlier, rGO was produced by 
heat treatment at 1,000 °C using a tube furnace.

The hydrophobicity could also demonstrate that the HFHPB moiety was successfully grafted to NSrGO33,34. 
The hydrophobicity of NSrGO-HFHPB was confirmed by water contact angle (WCA) measurements as shown in 
Fig. 3. Generally, rGO has a much greater hydrophobicity than GO that includes large oxygen functional groups. 
The fluorines of the CF3 group of the HFHPB receptor, which has a low surface free energy even with a hydro-
philic hydroxy (− OH) group, sharply increased the hydrophobicity35. The higher ratio of the fluorine group ver-
sus rGO increases the WCA. Specifically, the WCA (99.4°) of NSrGO-HFHPB (1:4) is greater than that (93.5°) of 
NSrGO-HFHPB (1:0.5) as shown in Fig. 3a–c, confirming that HFHPB was successfully attached to the NSrGO. 
The advantage of using the high hydrophobic NSrGO-HFHPB is that it can be applied as a humid resistant sensor, 
even in environmentally harsh conditions.

Sensing properties of NSrGO and NSrGO-HFHPBs. The sensing properties of rGO, rGO-HFHPB, 
NSrGO, and NSrGO-HFHPB were investigated using a quartz crystal microbalance (QCM). The QCM tech-
nique has been used widely for mass sensitivity analysis in the sensor field. The QCM method modified with a 
mass flow controller (MFC) was used to exactly control the amount of DMMP vapor dissolved in various organic 
solvents36,37. With absorption and desorption of DMMP vapor on the NSrGO-HFHPB film, the mass changes of 
the analyte and DMMP were monitored as a frequency on the QCM. Four samples, rGO, rGO-HFHPB, NSrGO, 
and NSrGO-HFHPB, were prepared on the quartz cell (10 MHz) using a drop casting method on the QCM cell 
electrode to check the DMMP vapor. The concentrations of the DMMP vapors were 4 to 128 ppm. Nitrogen gas 
was used as the carrier gas and the flow rate was a fixed at 500 standard cubic centimeters per minute (sccm)38. 
In addition, the average pore size of the 3D porous nanostructured NSrGO-HFHPB film was 40.37 nm, which 
could easily pass DMMP through a 0.58–0.60 nm pore size39,40, providing a fast and highly sensitive response 
due to the large exposed surface area. As shown in Fig. 4a, the rGO sensor detected 128 ppm of DMMP vapor 
with a 19 Hz frequency, but it did not demonstrate a frequency at a lower concentration of 32 ppm even though 
a few OH groups on rGO could uptake DMMP via hydrogen bonding. Alternatively, the rGO-HFHPB sensor 
exhibited a higher frequency than that of the rGO sensor due to a HFHPB receptor, but its sensitivity was not 
high enough to detect 4 ppm of DMMP vapor. In addition, the porous NSrGO and NSrGO-HFHPB sensors 
displayed a higher sensitivity than those of the non-porous rGO and rGO-HFHPB sensors. Amazingly, the 
NSrGO-HFHPB sensor showed the highest sensitivity among the rGO, NSrGO, and rGO-HFHPB sensors with 
a synergy effect of the porous structure and HFHPB receptor. The NSrGO-HFHPB sensor showed 241, 140, 112, 
79, 59, and 43 Hz frequencies at 128 (15.18 ×  10−7 g), 64 (8.82 ×  10−8 g), 32 (7.05 ×  10−8 g), 16 (4.97 ×  10−8 g), 8 
(3.71 ×  10−8 g), and 4 ppm of DMMP vapor (2.70 ×  10−8 g), respectively. These frequency values and DMMP ppm 
on the NSrGO-HFHPB coated quartz crystal cell were calculated as shown in Calculus S141.

In addition, Fig. 4b,c showed two different frequency responses of NSrGO-HFHPB (1:4) and NSrGO-HFHPB 
(1:0.5) prepared with a NSrGO:HFHPB (1:4) and NSrGO:HFHPB (1:0.5) ratios at 64 ppm of DMMP vapor. The 
maximum frequency responses showed 83 (1:4) for NSrGO-HFHPB (1:4) and 76 Hz (1:0.5) for NSrGO-HFHPB 

Figure 3. Optical images of the water contact angles of (a) GO, (b) NSrGO-HFHPB (1:05), and NSrGO-
HFHPB (1:4).
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(1:0.5), respectively. As the ratio of HFHPB versus NSrGO increased, the absorption slope increased sharply. 
Furthermore, the response stabilizing time of the high ratio of HFHPB versus NSrGO (approximately 22 s) was 2.7 
times shorter than that of the low ratio of HFHPB versus NSrGO (approximately 60 s) for 98% of the maximum 
frequency response to DMMP vapor. The recovery stabilizing time (approximately 27 s) was also 2.2 times shorter, 
indicating that the HFHPB functional group more effectively catches the DMMP vapor than the enhanced sur-
face area of NSrGO at the 3D porous structure compared to the 3D non-porous structure (Fig. 4a,d). Thus, the 
NSrGO-HFHPB (1:4) sensor showed the fastest response and recovery to uptake the DMMP vapor. This substrate 
can be expanded to other poisonous gases. To understand the sensing properties of the NSrGO-HFHPB sensor, 
various analyzing vapors, such as acetone, methanol, ethanol, hexane, dichloromethane, water and DMMP, were 
tested under a fixed 500 sccm N2 carrier gas (Fig. 5a). EtOH, MeOH, and water vapors that have OH groups 
showed higher sensitivity than acetone and hexane, but their sensitivity compared to DMMP vapor was nearly 
negligible, which meant that NSrGO-HFHPB was the perfect material to selectively sense the DMMP vapor.

Finally, the humidity resistance of the NSrGO-HFHPB sensor was investigated from 10 min to 1 day with 
a homemade humidity system (Fig. S5) at 85% humidity and 25.5 °C temperature. After a moisture treatment, 
500 sccm of nitrogen gas was used as a carrier gas with 64 ppm of DMMP vapor flowing. The frequency responses 

Figure 4. Real response frequency curves of QCM data. Frequencies of (a) rGO, NSrGO, rGO-HFHPB and 
NSrGO-HFHPB under 4 to 128 ppm of DMMP. (b,c) Frequency curve response of different ratios of NSrGO-
HFHPBs. (d) Speed of absorption and desorption of different ratios of NSrGO-HFHPB.

Figure 5. Selectivities and resistance of humidity curves of NSrGO-HFHPB. (a) Selectivities of NSrGO-
HFHPB with acetone, hexane, MeOH, EtOH, and H2O. (b) Resistance of humidity of NSrGO-HFHPB over 
10 min to 1 day in a humid chamber (humidity: 85%, temperature: 25.5 °C DMMP flow: 64 sccm, N2 flow: 
500 sccm, time: 60 sec).
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of the NSrGO-HFHPB gradually decreased from 89 Hz after 10 min to 70 Hz after 1 day, indicating that the 
frequency response even after 1 day in the humid chamber did not change significantly due to its hydrophobic 
property (Figs 5b, S6 and S7), suggesting that the chemically-modified mesoporous NSrGO-HFHPB film can 
effectively detect nerve agents and guide a new direction for carbon-based sensor devices.

Discussion
In summary, we successfully prepared a new mesoporous NSrGO-HFHPB compound via a diazotization reac-
tion of NSrGO sheets with a HFHPB receptor and its 3D carbon nanostructured film. The resulting, mesoporous 
NSrGO-HFHPB film showed a high surface area (507.5 m2 g−1), high pore size (40.37 nm), and high pore volume 
(5.1219 cm3 g−1). The mesoporous NSrGO-HFHPB film structure with a high ratio of HFHPB receptors produced 
a largely exposed contact area and provided a fast response for receptor-target interactions inside the interlayers 
without obstruction. The NSrGO-HFHPB film sensor selectively detected only phosphonate nerve agents among 
other solvents including alcohol groups. As a result, the novel NSrGO-HFHPB sensor had 13 times greater sen-
sitivity to DMMP vapors than rGO. As the amount of the HFHPB receptor increased, NSrGO-HFHPB was 3 
times faster and had a 2 times shorter recovery, which shows a synergetic effect of the mesoporous structure and 
receptor. With the help of hydrophobic HFHPB receptors, the NSrGO-HFHPB hydrophobic sensor sustained 
even environmentally harsh humid conditions, maintaining the sensing capability at 70% in humidity. The new 
NSrGO-HFHPB sensor system will guide promising strategies of chemical engineering methods for embedding 
molecules on diverse carbon-based platforms.

References
1. Yang, Y. M., Ji, H. F. & Thundat, T. Nerve agents detection using a Cu2+ /L-cysteine bilayer-coated microcantilever. J Am Chem Soc 

125, 1124–1125 (2003).
2. Kim, K., Tsay, O. G., Atwood, D. A. & Churchill, D. G. Destruction and Detection of Chemical Warfare Agents. Chem Rev 111 

(2011).
3. Leikin, J. B., Thomas, R. G., Walter, F. G., Klein, R. & Meislin, H. W. A review of nerve agent exposure for the critical care physician. 

Crit Care Med 30, 2346–2354 (2002).
4. Moore, D. H. Long term health effects of low dose exposure to nerve agent. J Physiology-Paris 92, 325–328 (1998).
5. Worek, F., Koller, M., Thiermann, H. & Szinicz, L. Diagnostic aspects of organophosphate poisoning. Toxicology 214, 182–189 

(2005).
6. Szinicz, L. History of chemical and biological warfare agents. Toxicology 214, 167–181 (2005).
7. Zhu, Z. G. et al. A Critical Review of Glucose Biosensors Based on Carbon Nanomaterials: Carbon Nanotubes and Graphene. 

Sensors-Basel 12, 5996–6022 (2012).
8. Lu, G. H., Ocola, L. E. & Chen, J. H. Reduced graphene oxide for room-temperature gas sensors. Nanotechnology 20, 445502 (2009).
9. Gane, P. A. C., Ridgway, C. J. & Schoelkopf, J. Absorption rate and volume dependency on the complexity of porous network 

structures. Transport Porous Med 54, 79–106 (2004).
10. Xu, W., Li, J. W. & Sun, J. B. Fabrication of monodispersed hollow flower-like porous In2O3 nanostructures and their application as 

gas sensors. Rsc Adv 5, 81407–81414 (2015).
11. Chou, K. S., Lee, T. K. & Liu, F. J. Sensing mechanism of a porous ceramic as humidity sensor. Sensor Actuat B-Chem 56, 106–111 

(1999).
12. Tan, Q. L., Fang, J. H., Liu, W. Y., Xiong, J. J. & Zhang, W. D. Acetone Sensing Properties of a Gas Sensor Composed of Carbon 

Nanotubes Doped With Iron Oxide Nanopowder. Sensors-Basel 15, 28502–28512 (2015).
13. Stein, A., Wang, Z. Y. & Fierke, M. A. Functionalization of Porous Carbon Materials with Designed Pore Architecture. Adv Mater 21, 

265–293 (2009).
14. Steele, J. J., van Popta, A. C., Hawkeye, M. M., Sit, J. C. & Brett, M. J. Nanostructured gradient index optical filter for high-speed 

humidity sensing. Sensor Actuat B-Chem 120, 213–219 (2006).
15. Lee, D. et al. Simple fabrication of a highly sensitive and fast glucose biosensor using enzymes immobilized in mesocellular carbon 

foam. Adv Mater 17, 2828 (2005).
16. Yoon, Y. et al. Anti-Solvent Derived Non-Stacked Reduced Graphene Oxide for High Performance Supercapacitors. Adv Mater 25, 

4437–4444 (2013).
17. Albertus, P. et al. Identifying Capacity Limitations in the Li/Oxygen Battery Using Experiments and Modeling. J Electrochem Soc 

158, A343–A351 (2011).
18. Wang, Y. Y. et al. Gas sensors based on deposited single-walled carbon nanotube networks for DMMP detection. Nanotechnology 20 

(2009).
19. Hu, Y. H. & Ruckenstein, E. Pore size distribution of single-walled carbon nanotubes. Ind Eng Chem Res 43, 708–711 (2004).
20. Dyke, C. A., Stewart, M. P., Maya, F. & Tour, J. M. Diazonium-based functionalization of carbon nanotubes: XPS and GC-MS 

analysis and mechanistic implications. Synlett, 155–160 (2004).
21. Xu, P. C., Yu, H. T. & Li, X. X. In situ growth of noble metal nanoparticles on graphene oxide sheets and direct construction of 

functionalized porous-layered structure on gravimetric microsensors for chemical detection. Chem Commun 48, 10784–10786 
(2012).

22. Fifield, L. S. & Grate, J. W. Hydrogen-bond acidic functionalized carbon nanotubes (CNTs) with covalently-bound 
hexafluoroisopropanol groups. Carbon 48, 2085–2088 (2010).

23. Kong, L. T., Wang, J., Jia, Y., Guo, Z. & Liu, J. H. FT-IR and FT-Raman investigations of the chemosensing material para-
hexafluoroisopropanol aniline. J Raman Spectrosc 41, 989–995 (2010).

24. Sato, Y., Itoh, K., Hagiwara, R., Fukunaga, T. & Ito, Y. On the so-called “semi-ionic” C-F bond character in fluorine-GIC. Carbon 42, 
3243–3249 (2004).

25. Nakajima, T., Koh, M., Gupta, V., Zemva, B. & Lutar, K. Electrochemical behavior of graphite highly fluorinated by high oxidation 
state complex fluorides and elemental fluorine. Electrochim Acta 45, 1655–1661 (2000).

26. Ha, T. J., Im, H. G., Yoon, S. J., Jang, H. W. & Park, H. H. Pore Structure Control of Ordered Mesoporous Silica Film Using Mixed 
Surfactants. J Nanomater, doi: 10.1155/2011/326472 (2011).

27. Cui, P., Lee, J., Hwang, E. & Lee, H. One-pot reduction of graphene oxide at subzero temperatures. Chem Commun 47, 12370–12372 
(2011).

28. Sobon, G. et al. Graphene Oxide vs. Reduced Graphene Oxide as saturable absorbers for Er-doped passively mode-locked fiber laser. 
Opt Express 20, 19463–19473 (2012).

29. Chen, M. J. et al. Layer-dependent fluorination and doping of graphene via plasma treatment. Nanotechnology 23, doi: 10.1088/0957-
4484/23/11/115706 (2012).



www.nature.com/scientificreports/

8Scientific RepoRts | 6:33299 | DOI: 10.1038/srep33299

30. Ji, Z. Y. et al. A facile and general route for the synthesis of semiconductor quantum dots on reduced graphene oxide sheets. Rsc Adv 
4, 13601–13609, doi: 10.1039/c4ra00126e (2014).

31. Li, M. et al. Fabrication of two-dimensional hybrid sheets by decorating insulating PANI on reduced graphene oxide for polymer 
nanocomposites with low dielectric loss and high dielectric constant. J Mater Chem 22, 23477–23484 (2012).

32. Nugrahenny, A. T. U. et al. Preparation and application of reduced graphene oxide as the conductive material for capacitive 
deionization. Carbon Lett 15, 38–44 (2014).

33. Tao, K., Adler-Abramovich, L. & Gazit, E. Controllable Phase Separation by Boc-Modified Lipophilic Acid as a Multifunctional 
Extractant. Sci Rep-Uk 5, doi: 10.1038/Srep17509 (2015).

34. Lhor, M., Methot, M., Horchani, H. & Salesse, C. Structure of the N-terminal segment of human retinol dehydrogenase 11 and its 
preferential lipid binding using model membranes. Bba-Biomembranes 1848, 878–885 (2015).

35. Biffinger, J. C., Kim, H. W. & DiMagno, S. G. The polar hydrophobicity of fluorinated compounds. Chembiochem 5, 622–627 (2004).
36. Kong, L. T. et al. Novel pyrenehexafluoroisopropanol derivative-decorated single-walled carbon nanotubes for detection of nerve 

agents by strong hydrogen-bonding interaction. Analyst 135, 368–374 (2010).
37. Panayotov, D. A. & Morris, J. R. Thermal Decomposition of a Chemical Warfare Agent Simulant (DMMP) on TiO2: Adsorbate 

Reactions with Lattice Oxygen as Studied by Infrared Spectroscopy. J Phys Chem C 113, 15684–15691 (2009).
38. Raj, V. B. et al. Cross-sensitivity and selectivity studies on ZnO surface acoustic wave ammonia sensor. Sensor Actuat B-Chem 147, 

517–524 (2010).
39. Kanan, S. M., Waghe, A., Jensen, B. L. & Tripp, C. P. Dual WO3 based sensors to selectively detect DMMP in the presence of 

alcohols. Talanta 72, 401–407 (2007).
40. Webster, C. E., Drago, R. S. & Zerner, M. C. Molecular dimensions for adsorptives. J Am Chem Soc 120, 5509–5516 (1998).
41. Seo, S., Min, M., Lee, S. M. & Lee, H. Photo-switchable molecular monolayer anchored between highly transparent and flexible 

graphene electrodes. Nat Commun 4, doi: 10.1038/Ncomms2937 (2013).

Acknowledgements
This work was supported by the Institute for Basic Science (IBS-R011-D1) and also supported by Agency for 
Defense Development through Chemical and Biological Defense Research Center (CBDRC-12).

Author Contributions
All authors discussed the results and commented on the manuscript. H.L. designed the project. H.M.H. and 
E.H. synthesized the samples. H.M.H. and E.H. performed the structural characterizations. H.M.H. and E.H. 
performed the chemical characterizations. H.M.H. performed and analyzed the sensing properties disinfection 
experiments. H.M.H. and E.H. co-wrote the manuscript. H.M.H. and D.K. drew all Figures.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Hwang, H. M. et al. Mesoporous Non-stacked Graphene-receptor Sensor for Detecting 
Nerve Agents. Sci. Rep. 6, 33299; doi: 10.1038/srep33299 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Mesoporous Non-stacked Graphene-receptor Sensor for Detecting Nerve Agents
	Materials and Methods
	Synthesis of rGO and NSrGO. 
	Synthesis of HFHPB daizonium salts. 
	Synthesis of rGO-HFHPB and NSrGO-HFHPB. 
	Material characterizations. 

	Results
	Structural characterization of rGO-HFHPB and NSrGO-HFHPB. 
	Properties of NSrGO and NSrGO-HFHPB. 
	Sensing properties of NSrGO and NSrGO-HFHPBs. 

	Discussion
	Acknowledgements
	Author Contributions
	Figure 1.  Illustration of the molecular structure of non-stacked, grafted reduce graphene oxide with HFHPB derivative uptake of DMMP.
	Figure 2.  Molecular structure of NSrGO-HFHPB.
	Figure 3.  Optical images of the water contact angles of (a) GO, (b) NSrGO-HFHPB (1:05), and NSrGO-HFHPB (1:4).
	Figure 4.  Real response frequency curves of QCM data.
	Figure 5.  Selectivities and resistance of humidity curves of NSrGO-HFHPB.



 
    
       
          application/pdf
          
             
                Mesoporous Non-stacked Graphene-receptor Sensor for Detecting Nerve Agents
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33299
            
         
          
             
                Hee Min Hwang
                Eunhee Hwang
                Doyoung Kim
                Hyoyoung Lee
            
         
          doi:10.1038/srep33299
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep33299
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep33299
            
         
      
       
          
          
          
             
                doi:10.1038/srep33299
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33299
            
         
          
          
      
       
       
          True
      
   




