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Table S1. List of acronyms. 

Acronyms Definition Acronyms Definition 
CWAs  Chemical warfare agents IPA  Isopropyl alcohol 
QCM  Quartz Crystal Microbalance  sccm  standard cubic centimeters per minute 
SAW  Surface Acoustic Wave MFCs  Mass Flow Controllers 

DMMP  Dimethyl methyl phosphonate ppm  parts per million 
NGO  Nitrogen doped Graphene Oxide Fc  Carrier gas flow rate 
MnO2  Manganese dioxide Po  Outlet pressure 
PPy  Polypyrrole Pth  Thermodynamic pressure 

VOCs  Volatile Organic Compounds Ps  Saturated vapor pressure 
MEMS  Micro-electromechanical system Fd  dilution gas flow rate 
CO3O4  Cobalt oxide SRS  Stanford Research System 
R.H.  Relative Humidity VNA  Vector Network Analyzer 
ZnO  Zinc Oxide SMA  SubMiniature Version A Connector 
M.W.  Molecular weight ∆f  Resonant frequency 
FTIR  Fourier Transform Infrared Spectroscopy  Cf  Sensitivity factor 
XRD  X-Ray Diffraction  ∆m  mass change 
XPS  X-ray Photoelectron Spectroscopy  IDTs  Interdigital Transducers 
SEM  Scanning Electron Microscopy Fc  Central frequency 
TEM  Transmission Electron Microscopy  v  Velocity 
H2O2  Hydrogen peroxide λ  Wavelength 

DD  Double distilled water  FE-SEM  Field Emission Scanning Electron Micros-
copy 

NaNO3  Sodium Nitrate  FE-TEM  Field Emission Transmission Electron Mi-
croscopy 

H2SO4  Sulfuric acid  EDX  Energy Dispersive X-Ray Analysis 
KOH  Potassium hydroxide  R2  Coefficient of determination 
FeCl3  Ferric chloride D  Coefficient of variation 

KMnO4  Potassium permanganate  δ  Standard deviation (δ) 
NH4OH  Ammonium hydroxide   k  Average  

PTFE  PTFE = Polytetrafluorethylene T90  response time to attain 90 % of the equilib-
rium 
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Figure S1. Chemical warfare agents (a) Sarin, (b) Soman, (c) Tabun, and its simulant (d) DMMP. 

 
Figure S2. The chemical structure of (a) NGO@MnO2 (b) NGO@MnO2/PPy. The figure is not to scale. 

Table S2. Coefficients used for various vapors in this study [1–5]. 

Vapors Equation Unit A B C Temp. Range [K] 
DMMP (2) T (K), P (Pa) 22.31900 4340.00 −51.700 263.2–453.8 
Ethanol (3) T (K), P (kPa) 7.24739 1599.04 −46.391 292.8–366.6 

N-hexane (3) T (°C), P (mmHg) 6.87776 1171.53 224.366 286.2–342.7 
Water (3) T (K), P (bar) 5.40221 1838.67 −31.737 273.0–303.0 

Toluene (3) T (°C), P (mmHg) 6.95464 1344.80 219.482 279.0–409.0 
Methanol (3) T (°C), P (mmHg) 8.07240 1574.99 238.870 257.0–364.0 
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Figure S3. Schematic diagram of gas sensing system for QCM sensor. 

 
Figure S4. Schematic diagram of gas sensing system for SAW sensor. 
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Figure S5. (a) QCM200 setup (digital controller, QCM crystals in Petri dish, crystal controller, and 
flow cell) (b) QCM flow cell (c) QCM signal monitoring program (d) Schematic of gas flow pattern 
in the flow cell. 
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Figure S6. (a) SAW sensor setup for the experimentation (b) Top view of the SAW sensor mounted 
on the test board (c) Front view of detection chamber with top cover for gas monitoring (d) Sche-
matic of gas flow diagram in the detection chamber (e) SAW sensor monitoring program to check 
signals from SAW ports. 
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Figure S7. Schematic of (a) QCM crystal (SRS) (b) SAW sensor developed in-house. 
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Figure S8. (a,b) FTIR analysis and (c,d) XRD pattern, of NGO@MnO2 (red), and NGO@MnO2/PPy 
(Green). 
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Figure S9. XPS analysis of NGO@MnO2 composite. (a) Mn 2p, (b) O 1s, (c) C 1s and (d) N 1s bind-
ing energy and (e) survey spectrum. 

 
Figure S10. XPS analysis of NGO@MnO2/PPy composites. (a) Mn 2p, (b) O 1s, (c) C 1s and (d) N 1s 
binding energy and (e) survey spectrum. 
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Figure S11. FE-TEM images of NGO@MnO2 at the magnification of (a) 1 µm, (b) 500 nm, (c) 100 
nm (d) 50 nm, (e) 20 nm, and (f) 10 nm. 

 
Figure S12. FE-TEM images of NGO@MnO2/PPy at the magnification of (a) 1 µm, (b) 200 nm, (c) 
100 nm (d) 50 nm, (e) 20 nm, and (f) 10 nm. 
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Figure S13. The effect of mass accumulation of (a) NGO@MnO2 (b) NGO@MnO2/PPy on the QCM 
sensor (1) adsorption (2) desorption (3) regeneration (T = 20 °C, R.H. = 25–30%). 
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Figure S14. Repeatability of (a) NGO@MnO2, and (b) NGO@MnO2/PPy in QCM sensor (T = 20 °C, 
R.H. = 25–30%). 
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Figure S15. Response and recovery times of (a) NGO@MnO2 (b) NGO@MnO2/PPy in detection of 75 
ppm DMMP (T = 20 °C, R.H. = 25–30%). 
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Table S3. Summary of sensing materials and its performance in QCM sensor. 

Ref. Sensing Materials Concentration Response  
(Hz) 

Response Time  
(s) 

Recovery Time  
(s) 

[6] Acetylcholinesterase 20 mg/m3 ~4.5 - - 
[7] HFIPP-GR 5 ppm 71 ± 4  T80 < 108 T80 = 600 
[8] PMDFPS 40 ppm ~600  - - 
[9] WO3 nanoflakes 3.91 ppm <160  30 73 

[10] WO3 particles 4 ppm 281  153 - 
[11] Cu-ZSM-5 (5) 40 ppm ~410  T80 < 100 T90 > 1800 
[12] ZnPcs-HF4O-Cl (1b) 12 ppm ~175  T90 = 1080 - 
[13] TiO2 10 ppm ~45  27 31 
[14] MIP 100 ppm ~80  - - 
[15] TiO2-SiO2-HFIP (S4) 60 ppm ~575  < 60 < 60 
[16] U3/SBA-15 1 ppm 398  44 66 
[17] ZSM-5 zeolite 20 ppm 120  < 100 - 
[18] Ag+ZSM-5 5 ppm 35  < 80 - 

[19] 
Hexafluoroisopropanol functional-

ized siloxane 50 ppm ~1150  T80 = 90 ~175 

[20] ZrO2 particles 1.5 ppb ~32.5  20 40 
[21] TU-4 60 ppm 3910  - - 
[22] HFIP/SBA-15 60 ppm ~1600  - - 
[23] Co3O4@gold /MWCNT/ PPy 60 ppm 90  T98 = 60 T98 = 493 
[24] TU13 60 ppm 3200  - - 
[25] PMTFMPS 50 ppm ~1400  T80 = 60–80 170 
[26] Nano-SnO2 5 ppm 450  ~10 - 
[27] BHPHFP functionalized MCM-41 140 ppb ~60  - - 
[28] V2O5 coated ZnO nanorods (S4) 15 ppm ~40  T80 < 300 T80 > 900 
[29] PVDF 300 ppm ~145  ~60 ~60 
[30] POSS 120 ppm ~2500  - - 
[31] Fluorosiloxane 150 mg/m3 ~220  - - 
[32] Vic-Dioximes (O4C) 12 ppm ~3000  T90 ~ 780 T90 ~ 1200 

[33] ZnO-modified NW- structured 
MnO2 

1.75 ppm ~200  300 400 

[34] Hollow Ball-Like Nano-Fe2O3 4 ppm 115  25 - 
[35] NSrGO-HFHPB (1:4) 60 ppm 83  T98 = 22 T98 = 27 
[36] HFHPB-GQD 4 ppm ~10  T90 = 31 T90 = 34 
[37] PVDF 40 ppm ~140  - - 
This 
work 

NGO@MnO2 
75 ppm 

14  T90 = 96 T90 = 116 
NGO@MnO2/PPy 107  T90 = 103 T90 = 117 

Table S3 summarizes the various sensing materials and their performance in a QCM 
sensor. From this table, we observe that the NGO@MnO2/PPy shows similar or greater 
frequency response compared to the materials given in Refs. [14,23,29,35,37], similar or 
shorter response time compared to the materials given in Refs. [7,10–12,19,25,28,32,33], 
and similar or shorter recovery time compared to the materials given in Refs. 
[7,11,19,23,25,28,32,33]. This excellent performance of NGO@MnO2/PPy may arise from 
the increased surface area, higher conductivity from π-electron conjugation, the formation 
of hydrogen bond or Van der Waals forces, and good cohesive contact between the mate-
rials and electrodes [38–46]. The present work is not comparable to the reported works in 
the literature [7,9,10,12,13,16,18,20,26,27,32–34,36] in terms of frequency responses since 
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they all tested the materials in relatively lower concentrations. It is also important to note 
here that the present work is focused in DMMP detection ranging from 25 to 150 ppm. To 
add more to the comparisons, we notice the following. For the case of response time, some 
works [9,13,20,26,34,35] in the literature reported very fast response times (≤30 s) while 
some others showed the long response at low ppm and the short response at high ppm 
[8]. Response times of 5 min ≤ Tresponse < 10 min [24,28,31,33,37], and ≥10 min [12,14,27,32] 
were also reported in the literature. Similar observation is also made for the recovery 
times. Some of the sensing materials exhibited fast recovery (≤ 40 s) [13,20,35,36], whereas 
some other materials exhibited long recovery times of 5 min ≤ Trecovery < 10 min 
[23,24,31,33,37] and ≥10 min [7,11,12,14,27,28,32]. The literature also reports an incomplete 
recovery [10], and a case in which it was difficult to desorb [17]. 
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Figure S16. Repeatability of (a) NGO@MnO2, and (b) NGO@MnO2/PPy in SAW sensor (T = 20 °C, 
R.H. = 25–30%). 
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Figure S17. Response and recovery times of (a) NGO@MnO2, and (b) NGO@MnO2/PPy in SAW 
sensor (T = 20 °C, R.H. = 25–30%). 
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Table S4. Summary of sensing materials and its performance in SAW sensor. 

Ref. Sensing Materials 
Center  

Frequency 
(MHz) 

Concentration 
Response 

(Hz) 
Response Time 

(s) 
Recovery Time 

(s) 

[47] PMPS 434 20 ppm ~150,000 T80 ~ 30 - 
[48] Diamond nanoparticles 433 0.5 ppm 2400 ~60 - 
[49] PIB 264 5 ppm 5369 - - 
[50] MIP 300 50 mg/m3 14000 1200 1200 
[51] PCPMS 157 1 ppm ~ 2300 300-600 1800 
[52] Carbowax 163 1 ppm ~ 14,000 T50 ~ 60 T50 ~ 240 
[53] SnO2 433.9 50 ppm 4210 - - 
[54] ZnO 433.9 100 ppb 355 - - 
[55] ZnO (80 nm) 433.9 1600 ppm 52,000 37 720 
[56] SXFA (24 °C) 150 5.0 mg/m3 5833 20 37 
[57] PMFOS 194 10 ppm 6400 - - 
[58] SXFA 433.9 10 ppm 8070 - - 
[59] Bisphenol 70 0.5 ppm 700 15 - 
[60] SXFA 150 200 mg/m3 ~38,000 T75 = 300 T75 < 1200 
[61] ZnO QDs 150 91 ppm ~3000 ~120 ~120 
[62] DKAP 434 20 mg/m3 ~80,000 T80 ~ 40 T80 ~ 25 
[63] Calixarene (20 °C) 300 20 mg/m3 2150 174 80 
[64] Polymer 4 500 0.5 mg/m3 3629 300 - 

[65] 
25-(thioalkyl-alkoxy)-p-
tertbutylcalix [4] arene 300 5 mg/m3 6041 229 - 

[66] HB-PE-COOH 2 500 0.05 ppm 5292 300 300 

[67] 
1-benzyl-3-phenylthiou-

rea 250 98.6 ppm 51,200 260 470 

[68] Graphene/PVDF 433 10 ppm ~ 30,000 T90 ~ 4.5 T90 ~ 5.8 
[69] SXFA 158 1000 mg/m3 ~ 35,000 10 <10 
[70] PLF 434 1 mg/m3 3100 T80 < 50 180 
[71] PEI with AchE ~ 69 6 ppm 65,000 90-100 - 
[72] POSS 250 507 mg/m3 12,600 T80 = 22 - 
[73] LSFA 434 1 mg/m3 10,000 T80 < 20 - 
[74] LaBHA 78 5 ppm 140 T80 = 240 T80 = 780 
This 
work 

NGO@MnO2 
250 150 ppm 

1129 T90 = 121 T90 = 208 
NGO@MnO2/PPy 1546 T90 = 120 T90 = 197 

Table S4 summarizes the various sensing materials and their performance in a SAW 
sensor. The composite materials that we have developed are compared to other sensing 
materials in SAW sensors to find that the fabricated composite materials excelled with 
similar or shorter response time than the materials in the Refs. [50–53,57,60,63–67,74] and 
similar or shorter recovery time than the materials in the Refs. [47,50,51–55,57,60,65–
67,72,74]. This exceptional response of the fabricated materials may have resulted from 
the sensitive behavior of MnO2, NGO, and PPy, increment of free and mobile hole charge 
carriers, increased surface area, and the formation of hydrogen bond [39,42,46,75–77]. It is 
also interesting to note that some reported works [47,56,59,68,69,72,73] in literature 
showed short response time (≤ 30 s). The literature also reports response times of 5 min ≤ 
Tresponse < 10 min [51,53,57,60,64,66] and ≥ 10 min [50]. While studying recovery time, some 
works [56,62,68,69] report short recovery time (≤ 40 s). Similarly, there are reports for 
longer recovery time of 5 min ≤ Trecovery < 10 min [57,66,67] and ≥ 10 min [50,51,53,55,60,74] 
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as well. There are cases [58,65] in which the recovery time was longer than response time. 
Some studies [48,49,64,71] have not reported information on recovery time which is an 
important observation from the literature. 
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Figure S18. The effect of different R.H. conditions on the SAW sensor coated with NGO@MnO2/PPy 
under 25–30, 60–65, and 85–90% R.H. conditions at 20 °C for 75 and 150 ppm DMMP. 
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Figure S19. The stability test of NGO@MnO2/PPy for the detection of 150 ppm DMMP for five con-
secutive days. 
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