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Highly Sensitive Detection on Trace H,S Gas over CuCl,-modified WO,

WANG Bin*, HU Mengjie, LI Peilin, WANG Wenjing, YANG Ying, ZHU Lianjie"
(School of Chemistry & Chemical Engineering , Tianjin University of Technology, Tianjin 300384, China)

Abstract The honeycomb-like porous WO, assembled by nanowires was synthesized by solvothermal method. After
mixing and grinding with 1% (molar ratio to WO,) of CuO or CuCl,, the CuO-WO, and Cu*-WO, composites were
obtained. The morphology, composition, valence state and energy band structure etc. of the WO,, CuO-WO, and
Cu™-WO, samples were characterized systematically and their gas sensing performances to H,S were studied. The
results showed that the response value of the pure WO, was rather low, only 2.8, while the sensitivities of the two
composite sensors were significantly increased. Among the three sensors, the Cu*-WO, sensor had the highest
response value to H,S, 67.6, which is 24.1 times that of the pure WO, sensor. Moreover, the CuzJ'-VV()3 sensor can
effectively detect extremely low concentration of H,S gas, 20 pg/kg, indicating its superior sensitivity for H,S
detection. This might be due to copper ion doping enhancing the charge transfer efficiency/separation, narrowed band
gap and the redox reactions between the Cu** and H,S, leading to significantly improved H,S sensing performance.

Keywords WO, composite; Cu®" ion doping; H,S; Gas sensing; Sensing mechanism
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LA B E A (WO,) KA BHE & — P E 22 1 SRR IR R, i AR, 2 —Fh 2 fin Y
e ARERL, HBRAEL A 2. 4~2. 8 eV. ARRITESLHIWO,, TGN KM . 9IKER | GUAAE | QKRR TG K LT
Y S E N TG S SO 5 T . HGE Al WO, AR I B AE R
1% . PEREIER 22 b, A 42 I8 R B B AL WX WO, HEF T ROPE 3R B AR S AL I Pk RE A 5 s
Z— . MR UL p B4 R A ALY E SRR RE, CuO W R 5 WO BT 4, TERLp-n SHRSS, LIR
15 WO, ek RE

AL 2 T WO, KA R, SR 5 38 2 37 B A A S v 43 5 5 LA 1% (55 WO, /9 BE JK L) 9 CuCl,
CuO, XFEb TS Cu®-WO, Fll CuO-WO, X H,S B SAEMERE , $2H T AL LB .

1 SEIGESH

1.1 ik FA

HSERAN (4E1E 99. 5%) | /K (TR 4341 25. 09%~28. 0%) FIIC/K ZBE (46 JE 99. 7%) , |4 stk 4k
BHEABRZF] ; EALE (4l 99. 5%) . CuSO,+ SH,O (4l 99. 0% ) £l CuCl, (4l 99. 0% ) , f8 = (KH) 1k
SRR BR A F]; IR (SERE 99. 5% ), REETT Al ES A w5 kb iR (i 54341 36. 0%~38. 0%) ,
FHET R 2R R A R ]
1.2 #HmMEK
1.2.1 WO, 84K K53.299 (0. 01 mol ) E3EZ4HFN 0. 746 ¢(0. 01 mol) EALAI I f# T 60 mL & B 17K Hl
10 mL SRR AW, B4 30 min ZIEVRET , RIS AERFE F B IMAMRERR AR pHIE R 1. 5.
SV Y # 2 B RIUR N RIS 224, T 120 CR KA 12 h. #5210 4)
HEATEOAT S, o B TOK SRR 25 3 TR VR 3 IR, A B2 TR R 7E 60 “CF T4 24 h. 15
FFIRTE R ATE 350 “CTHBE 150 min, THEHEZ A 1.5 C/min, 35 WO, 90Kk
122 CuO# 4K F#1.000 g CuSO,SH,O % f#T 20 mL &K, F#E75 30 min, K532 TR AR
TR ZEH, 76150 "CR/KIANEE 12 h. K =W g0 B, TUIER 535l TG /K U 2 B8 Tk 45 &
3, FJATE60 CHAS THRAET T 24 h, 155 CuO Bk .
123 Cu®™-WO,# CuO-WO, th # & # WO, 20 F1H1 1% (5 WO, [ EE /R H) i CuCLEE CuO A TIRA, 16
WFER FP IS 30 min J WA EMAR A , 1580 PIFP A G A0 RH 252 R Cu®-WO, Fll CuO-WO,). FEWFEE L 4
FHORE A TR R A A
1.3 HMmBRIE

AT 7 B 5EE (SEM, Carl Zeiss AG Merlin Compact) #1355 4 B, F i /#(%% (TEM, Thermo Fisher
Scientific Talos F200X )/ #4 BHKTE S AGOM 254 , 81 X SFEATHHM(XRD, Rigaku Ultima IV ) 73 #7Ff
Sh Y SR GE R, I X SO L T-BERE (XPS, Thermo Fisher Scientific Esca lab 250 Xi) /b R oc =
ZH RIS . R AL 27 BEATLE (RIS ) F1 Mott-Schottky 126 F1 F CH1760E B Ak T AR, ( i
HEJRALERAT BR A R MR, T HAR SR b A8 1 1) 3% Btk FELAR (PR 2 mg A L 0.2 mLJC/AK ZEEFTS pl
Nafion 5 ¥ il 48 P B TR RIR A I T 6115 ), S HHARCH Ag/AgClHAR , XTHARCAEARM (1 emx1 em, 4l
99.99%) Hi % , LA 0.5 mol/L Na,SO, I ¥ W HL ff i . EIS M5k 19 45 S [ 4 0. 1~10° Hz. i 3J Hitachi
U-3900 74 [l {458 A= 1] LA 66 BE T M AA o 58 S0~ 1T UL i s S s 3%
14 SHETEHmHES N

1 30 mg FE SR BUR AT LE I ER o 70 20 IF S 25 S S5 SRR, K VR 7 vh 4 AR A S 1Y e T
L, BT 2~3 dJE A S IRy, #E400 CI SR 1 h, THEHE K 1.5 C/min. FE BT
PFIRIEAEAR IRAR IR EE |, 4 Ni-Cr 5 42 22 28 1) B B 8 i o ORI AR G B |, BB IR AE 350 “Ci&
b Ffb7 d. FIR WS-30A B ARAR IR 72 48 O NA BR28 w)) MBS BOT X H,S B B fE .
1L IRAR I RAUE (S) Bl SCH R, S RAYELAE, Terp R AR 4351 A ST A 23 S AR AR P G el
RELAEL . i o K A B ) SR 38 A BRSNS, 1584 1 FEAE AR (b 3k 21 S22 4K 90% BTt e st ] .
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2 FHRETE

2.1 HEmBIRIE

HE LA FTLUE ), 48 WO, A UK LA iU e s IR 2 LA s 500 CuCLIB G S, 15
B TRLIR Co?-WO,[ I 1(B) ], BEIAZEMFEE S AR rP KR LA T S5/0 8 CuO —EE S 5153 T
YORITRLAR CuO-WO,LE 1(C) ]. M T Co™-WO, HA A RE, DI LA T 1 2 5 s il il AR
SLHAMOWZEH . A 1(D) A 1(E) AT LLE ), WO, 48 K B0k iR 42 24 4 10~20 nm, A5 17 M7 19 S ks 45
g, RILEE BB WA, A D 5RAR 29 8 JLAR K i /N BURE , AT RE S CuO. HRTEM v
[EL(F) JHESE T WO, 5 CuO dbA7 . Firpr, SRR RIHE A 0. 384 nm 1A% 25 BOM R T WO, 19 (002) 1
A% A1 470, 231 nm AY A& 25806 1 F CuO AL T) SHTAT. FILAT UL, 78 CuClL 5 WO, i EE R FE v, R4y
CuClL, 525 H 1 0,25 B TE L T Cu0; WO, CuO 1) i S5 20 (B M 5, 1B p-n SERZETE K.

50 nm 50 nm 50 nm " 50 nm

Fig. 1 SEM images of WO,(A), Cu**-WO,(B) and CuO-WO,(C), TEM(D), HRTEM(E, F) and element
mapping(G) images of the Cu**-WO, sample

R T ML Cu®-WO, M B & T R B 40 A T 50, XFEUEAT T Element mapping R E .
EI1(G)TLAE H, Cu™-WOFE S FAFAE CudC s 1% BE XTI FAE i Cu TG R MRS, 85 179 15,40
AULRH Cu TR S BAAIC, 1X -5 A URE A R A B0 FE A X I . C oG A B TR A K15 etk .
0. WAl Cu 3FIICR MBI, AR THe s UG R RE

E2(A) A WO, CuO, Cu*-WO, 1 CuO-WO, 5 1) XRD 15 E . WO,-FEFE & i T A i S g ) &
RHmAH WO;, BT ETIEFBHRE S 45 R, B SR B Cu BLAL Y T a0, TRe 2 T
CuCL I CuO B H/0 . h T IS MEZ A CuCL A CuO J5 , 20 4T 20~30° 2 6] WO, 17 5T iy 25 1k,
TEOL, K XRD PG EIIEAT T Bk . & 2(B) iR, 8 A CaCL Al CuO Ji , A5t ugets B G i A2 %, 156
B WO, B & TR AR K, X AT RE R 1 T2 AR 5K Cu® (0. 073 nm) 4 BUR 12421/ We* (0. 065
nm) 3, HE—HAEP] T Cu®-WO, il CuO-WO B 5 1 A A%

FEEI2(C)H, 300 #1800 em™ BRI %) 2 N6 43 51l VA & F St AH WO, H O—W—0 B fif 45 4 2l Fi i
PRS0, 1M 263 F1699 em™ b AU K CuO 1 Cu—O BRI ZRIRBIIE, CuO 5 WO, 22 [ 45858 (1 AH B A
FH AR W b R 57 BT DB . T 2(C) AT L, Cu®-W O, i ) Raman 5 5 45 WO, A UG T FEAAH
], CuO AYPT 2 0EE4EHT , B Cu®-WO,FEM H CuO M5 BEAIK, M FE LU Cu* BTE A AE, XA R TH
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Fig. 2 XRD patterns(A), magnified XRD patterns in the 26 region of 20°—30°(B) and Raman spectra of
WO,, CuO, Cu**-WO, and CuO-WO,

AT B E Cu-WO, R R B R AU AN 2, MK T HXPS . 378 T W, OFICu
JCRMKA XPS T . A5G 5, KRB0, 1 XPS TEL I3 (A) T 1A SR AN 1455 1444 uﬂ:
530. 4 F1531. 8 eV AL ARFIEIEE S5 & T WO, Y itk 4 (07 ) MR IR WEE P 427", v SR R B 41 55
249709 28%. AR AT P BELAE A DR, BB ARt H ) 3 T B S S X A e R B 1 5 ) 51%11@@
I 3(B) N W, XPS L, Jorh W, BB A RFIEIED T 35. 7 eV, 11 W, BE B FFIEIE 6 T 37. 8 eV,
XRLF W, LT 41,7 eV ARR S5 )R T Wy, FE . [B13(C) K Cu, B XPS T, £7F933. 7 #1953. 5
eV IRHIEIEE 7> 5 S T Cu (9 Cuy,, , 1 Cuy,  BLIE , TIALT951.9 eV F1932. 0 eV ALY 2418 Cu' H
A0, BEIMHEL FE 3 Cu* 13 3 T T Cu.

*) ®) Wi, ©
530.4 eV Wy, 357eV

Cuzﬁ/z
531.8¢V
536 534 532 530 528 526 44 42 40 38 36 34 32 30 960 955 950 945 940 935 930
Binding energy/eV Binding energy/eV Binding energy/eV

Fig. 3 XPS spectra of O,(A), W,(B) and Cu,,(C) of Cu™-WO,

22 HRikfERMaE

BB T 3 MG R A TAEE . I 4(A)TAEH, M TAERE M 180 CHH =
260 °C, fRIEERXE R 5. 5 pe/g 1 H,S %MXB‘J M I (L4 S5 S R s/ N A 3, £ 200 “CH i [ (B
K, UL R TAEIEE M 200 °C. #£200 ‘CF, Cu™-WO,, CuO-WO, FI4fi WO, fLE %t 5. 5 we/g H,S I
NAEAST R0 67. 6, 24. 5 F12. 8, Cu™-WO, &A1 NAELR R, 4l WO, (L I&aER 1 24. 145

7E200 CLARMREET , Ml T 3AMEIRER AR BE R 5. 5 /e 19 HLS AR 100 pg/g Ho e i S PEUA
PR . B 4(B) AT LAE Y, Cu”-WO LR XT 5. 5 el H,S AR I N AE 294 % 100 pg/g Ho
BRI s, 20, W IR R ) 9 1045 2 A E, DEBH Cu®-WO, (&8s X HLS AR A A6 I
HA SRR, A5 28 e R Tk,

I 4(C) AT LB H 3 A SR AL IR 1 i [0 (B 34 Fﬁ% HLS AR U J32 1) 184 o i 38, kR 1 2
Cu™*-WO )%, ] 7 (1 7 4 e 3 Bl N 80 A e, TR LG G ARSI 45 SR i E A 7 T etk . 7E
H,S W54 0. 02~0. 14 pg/g 1EHEIN , S5 7R y=22. 67x+3. 80( R*=0.89); M H,SHRE HO0. 14~10 pglg
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Fig. 4 Response of the sensors to 5.5 pg/g H,S gas under the operating temperatures from 180 to 260 °C
(A), selective responses of the sensors to seven kinds of gases under the operating temperature of
200 °C (B), relationship between the response and concentrations of H,S gas(C) and the magnified
plots of Fig. 4(C) in the low concentration region of H,S gas

I, AN y=6. 04x+21. 29 (R*=0. 97). 1 TK H,S W BE [X A (500 d o 8, % X 18] B i 0k A 7
THORIE4D) 1. ATLAE HY, e DXOR = e P DX )0 {43 0 SR AN [ i e M MU, il i e vk P
FZAR TS T2 bR T . (SRR AR, Cu®-WO, (B R A SR (20 wefg) H,S SR A IA L)
M1 (1. 46) , & B HT H,S S I ELAG A o 9 R BURE , 3k (A5 P2 A5 I A R e LS SRR
Al RE

TR IR A e E A AR e P R TP AL AR PERE I E 248 AR, PRI T Cu?-WO, fL s
XF5. 5 welg H,S MR S IRAEFR B Sh 2SI B -PR 2100 . BB S(A)RTRAA H, 2200 CTAERE T, 5 kG
IR L B LT AR RS, BB Cu®-W O fE A HA RAFAIIE A RuE . ILAh, 5% Cu™-WO, 1%
AR AT T 5 56 d 1 RIS DR FR T LA e M, B S(B) AT LAE Y, Cu®-WO, f& IR ) H,S
SRR B AE 56 d PUAXUIEAT RIS, TREIRIE A 5. 8%, MORFFEE N (>60) , 28 Wi% 14 Bds HAT
PSR IR e . £5 LRTIR, Cu™-WO, I 8% 1 R A8 R4 & B4l WO, B8 i 24. 1%, B
AR (20 pefg) « VLSt IR ARG 1, SR H 5 s A SE B FH A (.

4 80

A) B)

g 3r &
g P
g 2r % 00
z 2 \ e
Q
=4 1E Q(“) I/ \I
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Fig. 5 Consecutive five cycles of detection(A) and 56 d of long term intermittent detection(B) of the
Cu**-WO, sensor to 5. 5 pg/g H,S gas
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23 KIKERENE

N T RGE Cu**-WO AL AN HLS AR AR IEALEE , M5l T AR F AL 24 BT S8 Ah-n i sz
JEHEFI Mott-Schottky 12k . FHIEI6(A) AT LAFE 1, #8244 CuO 5% CuCL )5 , MR R AL BHATIE AR AR A
FI/IN, AR Ca®-WOLRE S I AR RIS, BERIA B LA S RS AR KR 3R 5, F RN 28 704y
BIRRFEAR A, e I A ) 2 TR 1 L A 5 B 30503 R 4 B A B T BB s i L ARk B ) — DR R
p-n 5 FULE (I AFZE T REAE—E PR L3R TR B A R B R0% . 1T Cu?- WO, R i 1) L fer e B R0 e
T CuO-WO, K i AT IH A T Cu®-WO, FAATENF B Y Cu®, X E RS EIELE R HIESE . A 6(A)H AT
PIEH, Cu®-WO, RYBHPTIE /N, TR A S A AR R s L (R, , 0. 16 MQ) WA/, KT WO, HY
RE(0.27 MQ), KT Cu®-WO, Y R fH (3. 52 MQ)HGL R T WO, R (0. 97 MQ). AT WL, FHHTIR S,
RS MBHEZ S R E VIS, 1 R AE AT BB A RME AR A4 23 [] Ha far 2 (025 1k 2% DI AR € .

90000

(A) " * WO 1.5+ (B) — WO, (©)
* e CuO-WO; — CuO-WOs 20F — WO
60000F = + Cu?- WO L2r A Cw?-WO;
g . L. 2 09} &
N K L A s ! E O o10F
30000y & A < 0.6 ol
at e 5k
& 0.3}
0)} . . . gl YRk ; 0p3e-008 , |,
0 15000 30000 45000 60000 300 400 500 600 700 06 -04 02 0 02 04 06
Z'IQ Wavelength/nm Potential/V(vs. Ag/AgCl)

Fig. 6 Electrochemical impedance spectra(A), UV-Vis diffuse reflectance spectra(B) and Mott-Schottky

curves(C) of the samples

IR RN, pn FREE AP AR — 2 REE R CuO-WO, Fl Cu>-WO, SR IR ERE
TS Cu AEAERIREE &5 T Cu™-WO, 1 LT RS A0 I o B R RS, NI iE— 2032 8 T AR A
JENERE . RLHCHEIN Ha i 5 BRI W i AR B2 B0/ 0 WO, 2 G AR MR I RE 1 o O HE IR R

B T HRL T RE RS AR e oy B RLE S M AT R S RE AN, BRI B AL AT REAE— E RREE RN R
fePERe, DT 3 MR 25 40- 1T DL S S TR IO T A B BRAE . P AR B BR AR
TN HAZ PR 7 A T I B B DIAH G, o BRARER/IN = A i L TR 2, O, B 7E WO, 2R 1 5 b
Ko BT 2 06 A (007) TG B L, TR G A B ) AT B RE R AT . A
K& 6(B)H, MO IR T 155 T WO,. CuO-WO, Fll Cu*-WO, 7 B BE 23 51 4 2. 60, 2. 32 Fl
2.15eV. A, WO,#4% CuO Fl CuCL 57 BRAEAE /N, Forh Cu-WO, 1 BRRe e/, Ui AR
Cu™-WO, R W] 7L Z TS 53R MG a8, SRR s 47 . UL, 4 B BE o 25
Cu-WO, URME LR — NN

T H K WO, Fl Cu>-WO, i S i 2880, 3
H kARG, WL T B AT 1) Mott-Schottky HH £k
[E6(C) ] HABRERERIEM, DL 2 R A n
R QR AR RED 5391 -0. 303 eV (WO,) Fl CB
-0.238 eV(Cu™-WO,). #aItHFIWTH Co™/Cu'IE 1Y
FHAEBUT WO, 19340 (W Scheme 1).

FE200 CTARREET , 4T WO iy Ly +
WIS RE B OR: B 4 B, T Cu®/Cu R T S Y

0.

H.S
Cu*/Cu*

S0, H,0

PRERS T WO, 0 SR, A T B R P

Cu™/Cu" R A, Cu* THH T )52 A Cu’, Cu ik R Cu?*-WO;

PhRASoR , B2 By 5 2% TR R Y ngi@ﬁiﬁk Cu™# Scheme 1 Schematic illustration on H,S gas sensing
0L = (2) 1, FRm Wb aY O, r] L EH 32 mechanism over the Cu**-WO, sensor
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WO, 545 BT, B 0,[0(3) ], Ot — 1 P2 #0020 (4) |, BlE HL T IR B
5, WO, HLFFERZAWIG R, LB AR K, RIMG RS AR G ra BSR4 B AR AR H,S
J& , WS o Tt Wo, 21w [ (5) ], BG5S 0~ &A= SO, A WO, BHUE T, SHirinas
NEBEA [ (6) ], Cu? 5 MR H,S S AR B Cat [ 3 (7) ], i B 7 SE B PR A A, aX ] RE 2
Cu™-WO, B IBER 21 WO, 18 1 SR R R IR A S 1 o — N . i FASC n B WO, P 3k
1 JRERAEA I AR SR SRR, B HLS SRR 5T A LB T, 80 p- AU 0 5k, DR b H R A g
(S)BE LR S=RJR,, B FAE2 TP AR A B A AR i = A= A5 S, FLBR (A AR AR 5 5
HRE , R . Cu™-WO, BB R TEZ PR BH R B, e HS SR B R A, Rk
H SR = 4L WO, LIS .

0,(gas) —> O,(adsorbed) (1)

0,(adsorbed) + Cu* — O3(adsorbed) + Cu** (2)
0,(adsorbed) + e —> O3(adsorbed) (3)
03(adsorbed) + e ——> 20 (adsorbed) (4)
H,S(gas) —> H,S(adsorbed) (5)
H,S(adsorbed) + 30 (adsorbed) —> SO, + H,0 + 3¢~ (6)
H,S(adsorbed) + Cu** + O, —> Cu’ + 2H* + SO, + e (7)

3 & it

K FHTRT BB VL il 45 T Cu™-WO, il CuO/WO, B G A0 EL, #R5E T HX HS SRR LB fg ,
TR . S5 50K, H 1%CuClL B4 WO, 15 5 1) Cu>-WO, b HP A7 78 B AN R A0 25 1 4 25
F, Cufl Cu®. Cu®-WOfEIRAXT H,S SRIMAL M BB 48 WO A5 188 B 25 48 T, Homa A 4 WO,
RIS 24, 1A%, FHO HLS SR E R R IR &, H A AR IR (20 perkg) , 33X AT BBl T4
BT BAREE T WO, AT BRCE K s B, FRAK T A BREE, fisE 2 72 53RN,
il AR REAS UK IR 57 . BLAh, Cu* 5 HLS SR 2 8] & AR A IS 0t 2 4 5 Cu-W O, 15 et
RPPEEFEPREMEENEZ —. Co®/Cu TGN AL R TR IRIN H,S A, $Emfe vk, AT ss
BRni A . A SCR il 2 A AR A BRI T R B G AT

Z % X #
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