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AL EE. Chu 2 U3 4R0E T Pt A& A 880 19 Hy 8
R, MU PR N 5 nm, TAEREN
175 °CHF, A 1% (AFL 5 %0 M Hy (No) 36
Bi. Pandey %5 ' 3)3E 7 Pd &1 I8 IR AL A AR
Jfii (reduced graphene oxide, rGO) &S AL BH, 1E
PRAR BN 5 x 1075 19 Hy B8 ) 43 B SH T 90
IR E N 30, 50, 75 °C I AL B E < kg, &5
SRR, it W B v, o JRZEST [] B] A 1000 s
(30 °C ) 4% % 700 s (75 °C ). Anand %5 9] 41
% T A B/ InO B EM B A SRS, RIA
SR R BUN 1.2% IO e i, AEAR RS
2 x 1074 ) Ho FREEH, WiGR B2 150 ©C I,
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Fig. 1. (color online) Preparation process of the rGO gas sensor.
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rGO A 4 KB A 50 uL, 3 g/L
GO /KA BURRELE Ag-Pd “F1H XI5 Ak _F3RH
1 min, W55 A5 LA 500, 800, 1600 r/min %
HERE 2 min, #4615 285 H LM GO HE,
¥ 17 GO ) Ag-Pd “F1H X Hg r Al B T & b v,
FEZ AR T AN AR B E (100, 150, 200, 250,
300, 350 °C) F# 4L 60 min, 7£ Ag-Pd V1 X i§
HLBR SRS [ 65 o il B 0 R A B ) 1 GO T,
Oy B RE ARG N rGO-T, Horp T oNIE JRIR . X
Bl FE A 1 TR,

rGO ST s AN [ 8
N IE AR AT B GO S 25 1 Ag-Pd P T X
T FEL AW P A o R 5] 2k, i e GO TS S BT A,
G5 TR,

2.3 HMFTIME

X AT (XRD) 43 7 K F Aif 2= i g0 R} 2 7
"4 72 ) X'Pert MPD Pro 4 X B 28 fi7 S, Cu#E,
R 4% (DS) 8 0.5°, Bl B0 Bk 4% (SS) 24 0.04°,
PEC B 82 (AAS) N 5.5 nm, 71336 Fl v 3°—80°;
{8 BLIH- A5 3 -1 4 (FT-IR) Y6 1% 23 47 2K 35 [ Je s
F105 ] A2 77 ) Nicolet-5700 B 21 464, #9370
9 4000—400 cm !, KBr JE FridilRE; i 2 okik
S3HT R FH B [E & SR 48 W AP I InVie RO =
AL

BEL I R 14 (PR PH -3 B2 it 28) 0 3R 5% GO
AN JiR 33 FE ) v GO-T < B e A i B AE i #uiiR
., WE B IR E N 80 °C. ETHE AN BRI AR
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e

A BE IR FH B N s A 2% A 7 AR PR 1
WS-30A B SR oo AR, I 08 8 50 30 B,
SRR N1 s, WIKHE NS5 V DC(HEIR), &4t
ERZENT £1%.

3 #RE5H®
3.1 STk

Kl 22 GO AN AL iR FE rGO-T (T = 100,
150, 200, 250, 300, 350 °C) f XRD K%, LA
FH, MR JEIEE < 150 °C R, ANAE 11° T H
A R B AT 0, HBE G TR A BRI FE B T
(60, 100, 150 °C), Hx K J& I 7] #HIZ T/ (8.527,

8.443, 8.000 A, 1 A = 0.1 nm); Mk JFIRE A
200 °CH}, [FI HY I 1 S A A 880 AL J5 S8 A A
S AT IR IR > 250 °C I, A ILIE
J S AN A SR M AT G U, LB 8 SR R T
(250, 300, 350 °C), KT A]HEZ#T ) (3.815,
3.769, 3.760 A).

i LTIk, fEARURURT, A IE JEUR ) T
i, T8 R AL AR A A S I VB 5 A TR BN A
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5 | d=7435A
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] o
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Fig. 2. (color online) XRD patterns of GO and rGO-T

samples.
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Fig. 3. (color online) Raman spectra of GO and rGO-T'

samples.
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I JF R FE N 200 °C B, #R 25 #4940 T GO 17 rGO
AR IR B, B JFR R 250 °C B, TSR I H
T SR SRS (R

Kl 3 9 GO FIAN [F3E Ji i FE rGO-T' (T = 100,
150, 200, 250, 300, 350 °C) (K2t MEH
A LUE H, &R A A U R AR U, B 7R
1350 cm ™! BRI FHERFE 512 A D IEF1 1597 cm ! Ak
H Eog #RENFZ A1 G U, JEH, DGR G IE AL
A Z L (In /1) W] FH R AL 25 14 1 Bk b A0 G 7

FREE, In/IcEBRK, S5t 6k iaEk 2. J0 )7 B2
j( [2()].

2 1 8K H Lorentz v X i 1 D WA G g3k
TMERFRANSH. TUAEH, JEFERE
< 150 °C i, Fifi 5 i i Ab #E3E B /9 7 = (60, 100,
150 °C), In/Ic M 1.09 3K 1.24; 2438 7 EE
200 °CHY, In/Iq 1EEHKAE 1.59; 243 J5E &
> 250 °C I, B 7 4 JE A 2 B 0 = (250, 300,
350 °C), In/Ic EM 1.57 Ji/N 2 1.41.

#1 GO AAFLE R E rGO-T WL 8 3% B2 4
Table 1. Raman spectral parameters of GO and rGO-T" samples.

D-band

G-band

Sample Raman shift/cm™1 FWHM/cm ™! Raman shift/cm™1 FWHM/cm ™! In/Te
GO 1359 105 1595 72 1.09
rGO-100 1357 113 1593 73 1.21
rGO-150 1358 112 1594 72 1.24
rGO-200 1358 152 1592 71 1.59
rGO-250 1358 148 1590 71 1.57
rGO-300 1360 164 1593 76 1.55
rGO-350 1357 128 1585 70 1.41

7 FWHM il 06 40
HE 3 3 o 25 SR ) = 2 Ji R S IR P O Ji

B, Ko & B R BRI A 6, hiaiid,
MEA BN In /I 8; ZiR TS 2 200 °C L LA
b, EJEEE AR R, SRR R R E RN 25, JF
W P4 & B B IR 1l L, TR Rk I, In /I 8
BTG R, Y GO SR AR BE G it , A 8800 )=
1) 5y ME B BN A 2, DT I I /I 8
Ik g 121,220,

3.2 REEHAELTL

Bl 4 28 GO AN AL iR FE rGO-T (T = 100,
150, 200, 250, 300, 350 °C) M FT-IR i, w] LA
EH, GO &ERE AR REESAY
Rell, HBEERGE IR E T, &8 B RN EE
B>, Hd 1730 em ! A C=0 KIH 45 R 5
UEEFE 250 °C 3 R IR BE R FE AN 2K 1630 em 1 4bsK
o3 C—OH 125 iR 2N I AH Lk 555 1400 cm !
Ab ¥R C—OH (1 2 it #R 3 I £E 250 °C LL ik
Jir U B N R 55 BE 9 B R, {H B 28 9F OR SR AT TH R
1228 ecm ™t &b C—O—C f# 45 41 2l 1 A1 1048 cm 1
b C—OH 4R BHIEAEIL IR B2 R T 150 °C JE1E
PN

Kl 4 85 538 GO gk h AR & B Re 2k 2%

F9 S 0 R A XA g (291, 3% 5 S e AT R Wi i
BEEES, HIFR G R. GO & A E e 1M

ek b, B E I B AR AR R AR A FEAIK
I (100—200 °C) fr B, = E i 2: C—OH, H k&2
C—O0—C; 7 & (250350 °C) B, EE M %
C—O—C s C=0.

1400 1298
~\1630
1730 N ; ~ 1048 rGO-350
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Transmittance/arb. units

1000 800 600
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4 (MTRA) GO MARZEEIEE rGO-T 1 FT-IR Kl

Fig. 4. (color online) FT-IR spectra of GO and rGO-T

samples.
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3.3 Hoh

K58 GO K TG-DTA i £k. w] LLA H, #
m I REA AN E: BRI ERS
100 °C, 7E DTA #i £k I 60 °C &b — HH & i W 4
A, KR TG #h 2 & p= 2 2 Bk B By, R E
BN14%, KRR THERRERBEZERETAT
RE T W B 7K 43 15 28 B Baol 100—165 °C, 2K
HENLS%, FEENRRES A ERAHE
DAEUBE S 452 1) 7K 3 1 BB =B Be R 165250 °C,
o 22%, X2 KO B AR R H 3o
fif, FERZC—OH, Hik2EC—-O0—C; HIH B
N 250—450 °C, REFN5.7%, FEEC—0—C
I 7 C=0 [ # A fif; 28 TB BN 450620 °C,
RE RN 54%, 1 DTA #h4k L 560 °C b H I —14
SRR T R A0 PR S A X 2 ER R i RV SRR e 70 it
B8 45 B3 FE L AE 100—350 °C ik JFE T nf
KL DVESR LS G IR TR AUE R, b5
T 450 °C IRE S R A RS,

560 C

100 | e

Weight /%

,_
Temperature difference/°C-mg—1!

1 n 1 n 1 n 1 n 1
0 200 400 600 800
Temperature/C
5 (MTIRM) A SRR TG-DTA #HiZk
Fig. 5. (color online) TG-DTA curves of GO sample.

3.4 THRZIFHE

K16 9 GO FIAS [F] #4vid J5 i 2 rGO-T (T =
100, 150, 200, 250, 300, 350 °C) K HLE - HLE (I-
V)RR ZE. ATRAE H, BT R -V R i 4G

)RR I REIEOC R, A OC R 0N 0.9988,
0.9987, 0.9980, 0.9993, 0.9991, 0.9971 F10.9979.

SRR, R DU T-V RFA: R ) e v 2 fid
A, UM HIAE - FU T A2 RO ZR PR R, 1
Al T ) PR BELEZE /N T2 3 A B B HRBHL, TRt m)
DL it S A5 AR A GO 37 5 1A R 32 figh A 784 D)y gt T
(¥ R A 2 .

3.5 JUHFRIEFMH

K79 GO MIAN [A] #vik J5 i 5 rGO-T (T =
100, 150, 200, 250, 300, 350 °C) ) Hi BH -3 FE B
2. WL, 4I8 5 E < 150 °CHY, GO, rGO-
100 A1 rGO-150 [ BEAR bl 2 033 0 o v T o ¥
K A JEIEEE N 200 °C I, rGO-200 K BHAE BE
CE R W AP = YA N T SR N RN
B ML R > 250 °C, rGO-250, rGO-300 Fl
rGO-350 11 BHAEL Fifi 25 IR 1) T v T sk ).

X GO MM, & A A E e Em A
A RIFRIEKERE P LA B A 2 T W Bk
SR, GRERR COH. RIEH I KR
HHT JERNKSTZ. F, FERARESEER
b 58 S5 J2 1 S R0 2 TR 3 b B HY UK
HLS B3 [F AR . i Wi A o R Bt =R
KERIKSF, SHEMLE, BN P B 5 R
FEFt R, GO LW B 7K 7, S A JI9855,
L BEL A K. X 3 ] rGO-100 A rGO-150 o #% 6 JR
BOE JFE R BERRA, R I GO MR ARE M. AF &
rGO-200 (1) HLBHAE WS A 8N, A b2 N 22 4 AN B
. FE S rGO-250, rGO-300 A1 rGO-350 f H BELAE
W 5 AR (1 T v 22 T ek /), 3 AL H 7R O %) BHL
X R, BRI S AR PO X% RN B
5 WU P 1 v, A e R R RO T 3R
19 R BIA T4, (15 2 Re g oR, R
ANETLNFR 238 T LA AR PR 2 2R
UF R 2RI DG R, HLBH O J IR P T s 2 PEAE ¢ R 8K
(R?) K.

£ 2 GO FAIALE R rGO-T HiFH -5 il 22 2 AR S 1

Table 2. The linear regression coefficients of resistance-temperature curves of GO and rGO-T samples.

Sample GO rGO-100 rGO-150

rGO-200

rGO-250 rGO-300 rGO-350

R? 0.7750 0.9153 0.8324

0.9106 0.9807 0.9840 0.9881

080701-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 66, No. 8 (2017) 080701
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2 4r 2 2.0r 2 3l
2 2 £
. ol
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0 L 1 1 1 1 : 1 1 Il 1 1 1 1 1 Il Il
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140 F (d) 700} (e) ()
120k y=29.4142x—14.962 600k y=140.83x—15.371 10k y=2.214x—0.4264
R2=0.9993 R2=0.9991 R?=10.9971
< 100 ~« 500f < st
Z 80t Z Z
g = 400 2 gl
2 60r = 300f #
40 | al
200}
20 Sample-rGO-200 100k Sample-rGO-250) PN Sample-rGO-300
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
HIE/V WIE/V A%
45 o
g
401 — 8.96632—3.6401
351 R2=10.9979
< 30}
~
£ o25F
F o
15}
10
5L Sample-rGO-350
1 2 3 4 5
WHE/V
6 GO FAREIEREE rGO-T K I-V i fh 28
Fig. 6. Voltage-current characteristic curves of GO and rGO-T samples.
00— SURTF IS RO, U R 2 5 R
= e N — N —1 v S,
o B0r =GO E S raose P AT AT, B8 AN FIE SR L rGO-T 1) R
rGO- 30-3
< 2000 A7rGOI0 Fre : FE - B2k, FTLAE H, 28 SR < 200 °C Y,
8 -, = N .
2 1500} 16005 FE 5 rGO-100, GO-150 A1 rGO-200 (1) 7 5 2
2 1000] Ho 4 B 1 7 v T 14 0, FLAS (LML B 2 2 5
sool 1300 8 R > 250 °C I, K rGO-250, rGO-300 Al rGO-
oL 350 AR A FAR AN B s 3K R R B A 0 R R T
T GO R AR AL R AMMIR, A
200800 40 50 607080 Friss. seak, I 8B R LA H, 78 = Il il 5% 1
Temperature/C

7 (MFEEA) GO R FIE IR E rGO-T 1) H B -5 i 2
Fig. 7. (color online) Resistance-temperature curves of GO

and rGO-T samples.

3.6 SEU4RE
3.6.1 #ESRXHENMH

RPEEXNS = (AR/R) x 100%, HF R
NFE S TE SR N AR E R M BRE, ARNH,

N, FEAL rGO-100 [ 5 K R R AT 5 88.56%, BA
Mo ) Ho SRR RE.
3.6.2 A& R SHT

9 (a) NFEM rGO-150 75 10~ AR E T I
Wi N PR B A M2, AT RAE H, rGO-150 £E M Bt
FE AR il R BELAE 20 L THEa %A 1 & 0 2 BELAE
SULN S, BAE SR N EART DIRE YRR
25 B9 (b) AFEM rGO-200 76 10~* HSIKE T
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Abstract

As precursors exfoliated from graphite oxide gels, graphene oxide thin films are annealed in a temperature range
of 100 °C to 350 °C to obtain a series of reduced graphene oxide samples with different reduction degrees. For the
gas sensing experiments, the reduced graphene oxide thin film gas sensing element is prepared by spin coating with
Ag-Pd integrated electronic device (Ag-Pd IED). The functional groups, structures, and gas sensing performance of all
the samples are investigated by X-ray diffraction, Raman spectroscopy, Fourier transform infrared spectroscopy, and gas
sensing measurement. The results show that the structure of the graphene oxide samples are transformed to the graphitic
structure after reduction at different thermal treatment temperatures. When the reduction temperature is lower than
150 °C, materials exhibit features of graphite oxide. When the reduction temperature reaches about 200 °C, the samples
show characteristics transformed from graphite oxide to reduced graphite oxide gradually. When the temperature is
higher than 250 °C, materials show features of reduced graphite oxide. During the reduction process, the disorder
degree increases from 0.85 to 1.59, and then decreases slightly to 1.41 with the rise of temperature. Additionally,
the oxygen containing functional groups are removed with the increasing reduction temperature, and these functional
groups can be removed at specific temperatures. In the lower temperature stage (100-200 °C), the first kind of oxygen
containing functional group removed is the hydroxyl group (C—OH) and the epoxy group (C—O-—C) is the second. In
the higher temperature stage (250—350 °C), the main removed oxygen containing functional groups are the epoxy group
(C—0—C) and the carbonyl group (C=0). The materials treated at 150, 200, 350 °C exhibit n-type, ambipolar, and
p-type behaviors, respectively, while rGO-200 exhibits considerable increase in resistance upon exposure to hydrogen
gas. rGO-200 exhibits very small decrease of resistance at room temperature and moderate increase of resistance at
elevated temperatures upon exposure to hydrogen gas, while rGO-350 exhibits considerable decrease of resistance at
room temperature upon exposure to hydrogen gas. These results indicate that the reduction temperature affects the
distribution of density of states (DOS) in the band gap as well as the band gap size. The graphene oxide and the reduced
products at low temperature show good sensitivity to hydrogen gas. With the increasing reduction temperature, the
sensitivity fades while the response time and recovery time increases. The gas sensor exhibits high sensitivity (88.56%)

and short response time (30 s) when exposed to the 10~* hydrogen gas at room temperature.

Keywords: reduction temperature, graphene oxide, room temperature, hydrogen gas sensing
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