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Figure 1 (Color online) Graphene gas sensor for single molecule de-
tection. (@) SEM image for graphene gas sensor!”; (b) the resistivity
response in different gas’”!
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Figure2 (Color online) Graphene-based gas sensor in different working principles. (a) SEM image for layered graphene covered interdigitated elec-
trodes®; (b) the schematic diagram for rGO FET. rGO was used as gate electrodé??; (c) the frequency response of graphene/LiTaO; SAW sensor in

HA%: (d) the SEM image for MHP sensort
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Tablel Thesummary of different resistive type graphene gas sensors

U EE7aNEN TAEHREE e 5 Bl RIGE LT TAE L2 == N
HMIE A A B A R NO;, % ~300°C 500 ppb~18 ppm? 2.5%~10%((G4—Gg)/G,)? 50~100 s [27]
HUBIRI S A1 B i NO, %R ~100°C 2.5~50 ppm 0.005(R/Ry) ~1h [22]
HUBIRIES A1 B i NO, il 100~10000 ppm 9%~14%((Ra—Ry)/Ra)? 70~100's [28]
4K MARCVD NO;, E40 100 ppb 4.5%~6% ppm AR/R, 4 min [29]
WFE A BIETGO) NO,, Cly I 500 ppb~100 ppm 40% 150 s [30]
L GO NO, Eilh 3.6 ppm 0.443 ppmAG/G? 15 min [26]
rGO/SnO, NO;, Eti] 100 ppm 2.87 65s [31]
rGO IET-EE % 5 ppm 2% <100's [32]
rGO/Cu,0 NO, = I 2 ppm 67.8% 70s [33]
A1 AR H, 175°C 1% 5% ((Ra—Rg)/Ra) 200~300 s [34]
CVDA =M H, e} 0.0025%~1% 0.2%~10%((R—Ry)/Rs)  213s [35]
A1 545 1Pd H, il 0.5%~1% 0.038 (R/Ry) 40s [36]
Z E A1 B IPd H, i 40~8000 ppm 55%~77% ((Ra—Rg)/Rs) 10-30's [37]
CVDA & 0, 150~250°C 50~150 mL/min 6%~13% ((Ra—Rg)/Rs) 1~26 min [38]
B B A B 0, =i 100 ppb 1.25 vol% 10 min [39]
VaE- sy il Co, ZEH~60C 10~100 ppm 11%~26% ((Go~Gg)/Gy)  ~8s [40]
CVDA &% NH; 150~200°C 65~75 ppm 3.8%~4.3% 9~14 min [23]
MU 5 41 220 NH; il 10 ppm 0.07 7 min [41]
rGO DMMP i 5~80 ppm 50%~14.5% ((R—Rg)/R;) 18 min [42]
fIGIRHAEJFHrGO NO, Eik 2 ppm 1.56 30 min [43]
YK A 5 NO, EiR <60 ppm 90% 120s [44]

a) 1 ppb=10"°, 1 ppm=10"%; b) Gx: MK ELILZRTHI A F; Gy MR EAAZ GRS ¢) Ry AR IEA L Z ATAY B, Ry:
SARWEAS L Z S BB, d) AG: AR AR ML T B BT B A U, AG=G4-Gy
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A AE R A e R ] L A PRR T — R A
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A BN (GO), il A LA a1k (K1 2(b)).
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(iv) MEMSUfLIRAR. b TS lde il /NELE | I
UIFE, PO At iy, b A e, EAME AR A
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Table2 Thesummary of different FET type graphene gas sensors

TR e H bR A4 TAER B Ao S RIE i) i s ] 27 ik
rGO NO, ZE 2~100 ppm 1.41%-~1.56%((G—Gy)/Ga) 15 min [24]
NHs = 1% 22.2%((G—Gyg)/Ga) 30 min
UGBS A Bl OhE = - 16.5%~17.39% ((l—1g)/12)? 5~10 min [46]
MM B A G O = I ~0.5P/P, ~50%((Ry—Ra)/Ra) ~5 min [47]
FH e = i -40%
U Sk i = it +18%
Ay et —-25%
ZIE R -35%
rGO/Pd NO, =i 156 ppb 0.08 71s [48]
Ag-S-1GO NO;, i 50 ppm 74.6% 12s [49]
i BI7/Cu,0 NOy e 97 ppm 95.1% 9.6s [50]
rGO/C030, NO; =i 60 ppm 4% Ns [51]
rGO/Fe, O3 NO; =i 90 ppm 150.63% 80s [52]
IR % LR A NHs 120°C 1000 ppm 30% 500 s [53]
rGO/AgQ NH3 =i 10000 ppm 17% 6s [54]
a) o MWL Z T I R g AR BE AR AL 2 )5 B HL TR
3 AEWARKREREXSBEEESENEE
Table3 The summary of different mass-sensitive type graphene gas sensors
U EE7aNEN TAERE L oRUUF(ENG | RAIFE W) 3 s ] 22 3CHk
T B K H, EiR~40C 0.06%~1% 1.7 kHz(Af)? ~5min [25]
Co Fi~40C 60~1000 ppm 7 kHz(Af) ~5min
A 254 1Pd Ha =R 10000 ppm 17.7% 8 min [55]
EZ{RE: I &S =ik ~1 ppb 0.05 20s [56]
AL BRI K i 6.4%~93.5% RH 22.1Hz 18s [57]
A B JH1Zn0 2 300°C 10~50 ppm ~90 (RJ/Ry) ~5min [58]
f1 BH51ZnO co il 22 ppm 24.3% (AG) 5s [59]
NH3 =8 1 ppm 24% (AG) 6s
NO =i 5 ppm 3.5% (AG) 25s
11 #4120 H,S % I ~270°C 2ppm 50% ((Ry-Ra)/R)  1900~2000 s [60]
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DL A 75 1 R

1.2 AR R 2
20104F, HillZs A48 3 gk — b 2 THE P e,

DA EAIE G F O A A B0 1) SR B L. Hill &8 A
AN 7 b 2% T AR A A R 2 SR LT 2 (R W B L, AR
P RE 15 2 5 R AT, H A AR B A 5 % Az I e
7 B R] A K O = B R U . 2 5 JLAR B Y S
B BB R s L S oAb A R E A L
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TE 43 I A7 5 XM AY T B W R ST, T 4 0
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AR FAMESF U 3T GORME ERAs £ H T
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Figure3 (Color online) GO/rGO gas sensor. (a) Optical microscopy image for humidity sensor and the SEM image'®?; (b) optical microscopy image
for GO sensor with Ti/Au electrode®; (c) the resistive response for both multi-wall carbon nanotube (MWCNT, | line) and rGO (11 ling)®®
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Graphene, a honeycomb structure with single layer sp? hybridization carbon atom, has extraordinary mechanical and
electrical properties, exhibiting great potential in sensing area. The ultrahigh electron mobility in room temperature as
well as the ultrahigh specific surface area, endows graphene a promising candidate for ultrasensitive gas sensor. As a
typical two dimensional material, every atom in graphene can be regarded as surface atom. Therefore, every atom will be
able to interact with gas molecule, which provides an ultrahigh sensitivity and the ultralow detection limit (as low as for
single molecule detection). The current researches for improvement of gas sensing mainly focus on two aspects: (1)
Design of different working principle devices, (2) surface modification on graphene and composite with other materials
(i.e. metal, metal oxide and organic polymer). The specific adsorption sites can be achieved, resulting the improvement of
selectivity. This review will present and summarize recent achievements of graphene-based gas sensor in both aspects
and a so predict the potential research direction in the future.

According to different working mechanism, graphene-based gas sensor can be classified as resistive type,
field-effect-transistor (FET) type, mass sensitive type, and micro-electromechanical system (MEMS) type. Each kind has
its advantages. Thanks to the simple manufacture process, resistive gas sensor is investigated broadly. Compared to
passive resistive sensor, the active FET sensor exhibits better performance in sensitivity and stability generally. As for
mass sensitive sensor, the unique mechanism can provide a new device structure different from the other three types.
However, concerning the compatibility with integrated circuits (IC) manufacture, MEM S sensor can be a good choice.

Materials with high specific surface area are able to provide more adsorption sites. Consequently, sensor performance
can be improved sharply. Therefore, surface modification on graphene and composite with other materials attracts broad
attention recently. By changing the density and the type of functional groups on graphene surface, specific adsorption
sites can be achieved. Hence, the ability for selective gas detection is enhanced. Besides, graphene-based composite with
other materials (i.e. metal, metal oxide and organic polymer) is another effective strategy to optimize sensor performance.

In conclusion, lots of achievements and big breakthroughs for graphene-based gas sensor have been made in recent
years. Especially the obvious enhancement for sensitivity (as low as for single molecule detection) and gas selective
detection, graphene-based gas sensor exhibits great advantage compared with traditional sensors. However, the
time-consuming process of gas adsorption and desorption hampers the real-time measurements due to the long response
and recover time. Therefore, improvement in response and recover performance will be a potential research direction in
the future. In addition, the integration of different kinds of gas sensors even other types of sensorswill be atrend. Also, it
will be a desirable fundamental research to give explanations for the sensing mechanism as well as to investigate the
dynamic interaction between gas molecules and graphene. Recently, it is believed that with the help of specia in-situ
holder, researchers can launch experiments in transmission electron microscope (TEM) to explore this fundamental
study.

graphene, gas sensor, working principle, surface modification, composite material
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