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Abstract: Large number of low-concentration gas (Ccp, < 30%) is discharged directly due to the lack of reasonable and effective utiliza-

tion pathways. Research and development of high-value conversion and utilization methods and technologies for low-concentration gas is
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of great significance to ensure the safe production in coal seams and mitigate the greenhouse effect, and it is also an indispensable part of
realizing China’s “double carbon” strategic goal. The production of liquid fuel methanol from low-concentration gas as a carbon source is
considered to be one of the ideal utilization pathways. Photocatalytic technology driven by clean solar energy can activate and convert
methane at room temperature and atmospheric pressure, providing a novel approach for low-carbon utilization of low-concentration gas.
AgVO, was firstly prepared by hydrothermal method. Ag,S/AgVO, heterojunction was constructed by in-situ decoration of Ag,S on the
surface of AgVO; via ion exchange strategy using thioacetamide as a sulfur source. Molar ratio of Ag,S could be regulated by varying the
amount of thioacetamide. The microstructure of composite catalysts was characterized using XRD, SEM, TEM and UV-Vis diffuse reflect-
ance spectroscopy. A methane-air mixture with a volume ratio of 1 : 12 was used as the simulated low-concentration gas, and the effects
of Ag,S compound ratio, oxidant concentration and light intensity on methane conversion, methanol productivity and selectivity were sys-
tematically investigated. The intrinsic mechanism of Z-type heterojunction Ag,S/AgVO; for enhancing the conversion performance of sim-
ulated gas was explored by means of transient photocurrent response spectroscopy and electron paramagnetic resonance (EPR) spectro-
scopy. The results indicated that, the prepared AgVO; shown a fibrous morphology with monoclinic crystalline phase structure. The in-situ
composite Ag,S was in the form of nanoparticles with an average particle size of 60 nm, and the Ag,S particles were uniformly distributed
on the surface of AgVO; fibers. Composite Ag,S/AgVO; exhibited enhanced light absorption compared to single AgVO; and Ag,S. The
bandgap energy, valence band and conduction band potentials of AgVO; were 2.08 eV, 2.21 V and 0.13 V, and those of Ag,S were 0.91 eV,
0.34 V and —0.57 V, respectively. The composite catalyst Ag,S/AgVO; shown significantly enhanced gas conversion performance com-
pared to AgVO;. The methane conversion and methanol production of the optimal catalyst 20% Ag,S/AgVO; irradiated with visible light
for 1 h was 3.10 mmol/g and 2.45 mmol/g, which was 1.72 times and 2.63 times higher than that of the single AgVO;, respectively, and the
methanol selectivity was up to 78.9%. The result of 6 cyclic tests shown the excellent catalytic stability of Ag,S/AgVO;. The results of en-
ergy band structure analysis and EPR test shown that, the Ag,S/AgVO; heterojunction followed the Z-type charge transfer mechanism,
which not only enhanced the spatial separation of photogenerated charges, but also maintained strong oxidation-reduction ability, which
significantly improved the catalytic performance in the directional conversion of low concentration gas to methanol, and provided a novel
idea for the high-efficiency utilization of low-concentration gas in a low-carbon way.

Key words: low-concentration CMM; methanol; visible-light catalysis; Z-type heterojunction; composite catalysts
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Fig.5 TEM, HRTEM and EDS elemental mapping images of 20% Ag,S/AgVO; composite

2.1.3 PR RO A S AR 45 A

& 6a JEa— AgVO,. Ag,S FIEAHEL 20% Ag,S/
AgVO, 4EAM—1T WL - 21 7 [ 61, AgVO, £F
Y A5 5 AT DL XIS HL A BRI, B — Ag,S
TE B A 8 Hh—n] DL —3T 21 A1 X Sk 35 A 8 O i .
MIE 6a T A1 A F R 20% Ag,S/AgVO, TE 250 ~
1800 nm I 75 [l P 14 6 IO JE 55 T AgVO, Al
AgS, %W 20% Ag,S/AgVO, ELAT L BA—2H 4y SR i
JEMCRE 71, BN A Ag,S A R T K FEE s8R 5
AgVO; TR TEMIEETE . Stk AR T8 5 B
S HOG R RE, [ AgVO, 5 Ag,S 4 B
B GARC2) AR (ahv)® 3T by FEIR TS Tauc i<k
Al SR AT B B RE (E,) , Ho a AR R B,
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h Rt TReE . A 6b s i Tauc it 26 7] 0,
AgVO, IS TE 1 h 2.08 eV, Ag,S HIZRAT 5 i Ny
0.91 eV,

ST AgVO, Fll Ag,S IIRES 254, T2 T —
F S R 2 (MS h k), 45 R El 6c 5
Kl 6d 7. AgVO; Fll Ag,S B MS 12k 4k 34>
(I RPRIN IEAE, FRAPIE S n BLESAR, DIAAR
FL A AL T H 2 (C2) M PR T A5 21 HLAE L it S i
-7 LB (E,) BT HH I 6¢ 10 AgVO, B4
HLECH 0.23 V, X T n B SAR, S (Eq) il 5
Fe I By, 71249-0.10 VE¥, [ AgVO, 1 a7 3l
0.13 V, FHR M A L3 Evy = E, + Ecg =221 V., [F]
FE, M9 Ag,S B P L3N —-0.47 V, Al Ag,S
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Fig.6 UV-Vis DRS, Tauc plots and Mott-Schottky curves of catalyst materials
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ek i 5 Ag,S B A B REY), A H Ak
Ag,S/AgVO, 1 F ot i Ak & B B & T 8 — AgVO,,
M Ag,S FEIRIIEOAE T 20% I, HeE ik itbt Ag,S
JEE IR 3 B BG RB r F r, Horh 209% Ag,S/AgVO; 2
I A 1R FOT G AR RE, o] WOEHEST 1 h (9 F e Ak
M 3.10 mmol/g, JyBi— AgVO, i 1.72 % . {HE
— LRI Ag,S FEIRATEN R 30%, H e Ak it S i 42
TR, X BB HE T s Ag,S ik T HIHL
KA (] de), T8 T AR,
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Fig.7 Conversion performance of low-concentration coalmine

gas over Ag,S/AgVO, photocatalyst
st A o, BRSBTS AR Y I A iR Ag,S B
A LS i 22 ST e BRI AR Ak Y, 20%
Ag,S/AgVO, 1 H L= Az i 2 iy K{H 2.45 mmol/g, A
H— AgVO; 1 2.63 1%, FHILAS H 774 H B ) e 6 1
K 78.9% . TEARVEEE T bt b, B T &
a7/ LN 7Y el VAR =t P v/ 7 e o 2
R Bt — A A T P A O s
W 1 ek BE AR A 23 A il OB BT 7 AT, 20%
Ag,S/AgVO, I A i A e FH 7 AR 1Y 10%,
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# £ M FH K 5550 %

FEUH T 52 G AL R AR TR B LT v i Y B e
PEREAL R H i, FLX —PEREL T B SCk e i
e LRI (£ 1), LRGSR XHE B R
Ag,S W] i T AA AR B FUINT ) P 0 fe A b e
ferRE, Hoh & A k7] 20% Ag,S/IAgVO, LA fekE
) PR ot 2 Ak B R PR B R 1, PRI e LR A7 I
RIS 5 ML ST

®1 ATRECELRRS PEHNSMELTIERILER
Table 1 Performance comparison of various catalysts for

photocatalytic conversion of methane to methanol

JCIRGE O WEER WSk

HEALA %M (mmol-g) /% ik

Zn0O EYISA 1.25 51 [14]

TiO, YIS0 0.95 42 [43]
Aw/WO, CINGA 0.59 75 [44]
Pd/ZnO EYIS) 3.03 26 [45]
FeO,/TiO, YIS0 1.06 90 [26]
BiOCl Y] 0.18 80.1 [46]
BiVO, AL 2.30 59.7 [34]
Def-WO, GRS S 1.48 76 [9]

20% Ag,S /AgVO, GRS S 2.45 78.9 A

222 RAFIREL K RBIE TR

PLSERZE 20% Ag,S/AgVO, M WG], %
T A AL HLO, He B Xt U6 Ak = 9 A6 i i K
B 5 s, B0 25 SR K] 8a ir . MR IR
fin H,0, B, 20% Ag,S/AgVO; By H bt i 4k & AL
0.23 mmol/g, H ARG 2] FH s s FH R A i, A0 1) 20>
H COy =W H B A B i B 1,0, 1R 33 Kz i3
i, 24 H,0, ¥ 7.5 mmol/L i, s = Az ik £
e KAH 2.45 mmol/g, [FFHZ AT B AR =4y H ik
Petk i =i ] 3k 78.9%; BLIR A4k S K HL0, WREE,
W 7 A e SRR VE I T BRI, AR ™y H R A
HHE ETHES, SEULSS R BRI TR
AL FDRE S 43 B Bt — 25 Sk 7 AR T H I, X —ik
6 44t YR 2 D et 1) SR PR 7R X AR L YA A 5 1) B
Al B Ptk 2 T A

[ 8b fib 7 T AT DL S A B AR AL B i Ak
PERERYSE IR . P AT, 245 A BEE5R M 30 mW/em?
BEmE) 120 mW/em? B, #ALAY ek f 1.08 mmol/g
ZHTHE TN A 3.39 mmol/g, W AT UL B 5 i s
LR e i A B R B I R 22— IR ok
AR S G RR IS AR F T A B, R AR Y
A FRDG L TF-ERS 2 Ak R e 1, i a3 Ak
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T RN 9K Bl B e v A S e Ak . B AR A
TR AT 7= A A v far RS PR RN, 2 T4 T
FLHT AR RE . 55— Tad, G R B ik g 2 i AN )
T HBEA B AR A, L 8b BT, 4 A G 5 A
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Fig.8 Effects of H,0, concentration and light intensity on con-
version performance of simulated gas over 20% Ag,S/AgVO,
catalyst

223 PERAEE PRI

k7 5% e il A AR A 5 R AR P K T i AR R
P, AT T R DG RRGS T U E AR BRI . K] 9a
20% Ag,S/AgVO, B Gkl iie e Ml s R, &
6 AE PR 0 5 Y B AR i SO PR AT R H 7R
2.34 mmol/g Fl 75.7%, H: [ MR K 4.5% F1 3.9%.
[FIESF, 3 3 X6 LU PSR AT S 20% Ag,S/AgVO; fiEfk
FIH XRD 158, 2B B SRS T A2 1k,
1 9b MR IEA IR AL 5 AR i TEM JES IR 7,
H1 1% 8 ] 0 20% Ag,S/AgVO, FITIIE St ok & 4
B 84k, B Ag,S/AgVO, X IRHE BE TLATRE m) e A il
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Fig.9 Cyclic stability test of 20% Ag,S/AgVO, photocatalyst

H I B P S A AR e 1k
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FH it AR U, Y A= 450 nm B, T30 K 0.919%);
2 2= 500 nm B}, 3 FR0OFHR 0.741%; 4 4= 550 nm
B, 1 FROR K 0.452%; 24 4= 578 nm B}, & TR0
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A SO RE B R AR s, B ARG KT
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X574 AgVO, #ri s 7 14 /N BE A —
(& 6b, E,=2.08eV),
2.3 SRR EYIE
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Fig.10 Apparent quantum efficiency and CH;OH production
rate of 20% Ag,S/AgVO; under irradiation of different
wavelength incident light
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Fig.11 Transient photocurrent response spectra of AgVO;.
Ag,S 1 20% Ag,S/AgVO,

WET AgVO, Fil Ag,S, £ AgVO,/Ag,S B4 Mk
(G A: L fir 23 2 S A AR = TR BR— 4 53, T
S HL T A R B A R A M T
232 FHrawik
FHIRGE Ag,S/AgVO, 545 I HLmf i B ML, SR
FHHL % 4% (EPR) BORKGI 1T AgVO,. Ag,S Fil
20% Ag,S/AgVO, &= FE W G e H o L.
5,5~ F 1ML bk UL fE 4 (DMPO) A F F
A HER IR, ¥ %] T DMPO/-CH, #l DMPO/-OH
&P EPR IBRG S5 1& 12a 7R T Al WL IR
%) 3 min B, A LIRS B DMPO/-CH, G
Y i EPR {5 5 %, Hy [ 0T %1 20% Ag,S/AgVO, K
-CH, {5 558, 290 AgVO, 1Y 1.9 7%, i Bi— Ag,S
JLF%A -CH, 55, 2 Ag,S JLikififk CH, B A
G -CH,, X R IA T Ag,S B B # U
0.34 V, IBfiKF CH, AL (-CHy/CH, =2.06 V)™,
& 12b 578 T OGHE 3 min B, AS AL B TR
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Fig.12 EPR spectra of AgVO;.Ag,S #1 20% Ag,S/AgVO,

suspension with irradiation for 3 min

i DMPO/-OH Jil & ¥ i) EPR {5 5", AgvO, & iF
T -OH 155 5¢ 55, i 20% Ag,S/AgVO; i-OH 155
B R T AgS, W AgVO, i% 1k H,0, 7 /E -OH 1y
B I EL55, X 5 AgVOo, B A X, ML T
AgS, AgVO, Bl LT IE (+0.13 V), H 4 i
Tif JF o i H,0, 7242 -OH M fE M X B 85 . {H
K 12a 5 & 12b ¥R Ag,S/AgVO, 5 [ 45 78 AH 7]
WS g™ A i 9 -CH, FT-OHL,

233 MR IEALIE

BT 2,13 WRE A5 /A 5 EPR MRS,
P AN 13 FoR i Z RS Bah v e B HL ], LA
B Ag,S/AgVO; YLl AL PE RESE T A . X T i —
AgVO, 3¢ Ag,S, T BRI, Ag,S By 62
TR AL CH, =4 B 3 fi 3% (-CH,), 1] AgVO,
BY-Sa HL 1% A H,0, 774 -OH Y RE 1855 . IR ™
A TG PR B H R BRI, B AgVO, il Ag,S 1Y
FUITCHEAL M RE Y AN HAR . XF T Ag,S/AgVO,
AL, AgVO, Fll Ag,S Wz AT ULoG bk ik 2, fifi
Hol 7 AT BRIE 2 271, 7F AgVO, 5 Ag,S 1%
LB T BOGH T, FEELM A AL & B RO Bl
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J&, TEFE L MRS S | I IERTT, AgVo, i
G FIEBE Ag,S MM, It 52 M Uk
A, H RO FIE Ag,S I3 8 & 4,
M2 SXFE AgVOs I AL B & 5. AgVOo, I
6 TR TE Ak Y e b AU, 24 SR N P A - CHLs
Ag,S W51 6L FRET AL H,0,, 28 IR 43 fifk 12 i
7742 -OH; -CH, 5-OH #4544 =4 CH,0H, H{k
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0.57 A

= . OH
0.13 \ e e e\l’
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Fig.13 Band structure and performance enhancement mechan-

ism of Ag,S/AgVO; heterojunction

AgVO; M A 7 Behik SR TG AL Al AL
TR, T Ag,S AT G HE T DU K 23 fifk 7 A=
e b R Y 30 DS M PG o JE A I R B
Ag,S/AgVO, FEf I TC R AN, 00T T AR5 i
ME AT E AgVO, I Ag,S Yy &, Rk
JE U  A ) Y B A S TR P TP R (R 2) 0 2
Ag,S Tk EH 5% WEINE 20% B, S8 T H Beig
TR SEALTE PR .0 AgVOs FYH) Y i M 45.36 pmol
K2 36.27 pmol, 1B ] T BUAE /K J3fifk (14 30 Ji 3% P
Ly Ag,S BB M 2.49 pmol 34 % 10.05 pmol.,
F 17 R, A L P o 2 A e A Y 5 A 3]
FH 2.17 mmol/g fl 1.36 mmol/g 3 /il & 3.10 mmol/g
F1 2.45 mmol/g, X EZIHH T Ag,S 1A A
Ag,S/AgVO, 1) Z FUHL il R . (024 Ag,S MY
RN ZE 14.50 pmol B, FH B4 kit 5 H T

x2 SEMHENF AgS/AgVO, FIRRFEER O RAE
Table 2 Molar number of reaction active center of the

composite catalysts Ag,S/AgVO;

5% Ag,S/IAgVO, 2.49 45.36
10% Ag,S/AgVO, 5.01 42.29
20% Ag,S/AgVO, 10.05 36.27
30% Ag,S/AgVO; 14.50 30.95
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1) SR JHITES ¥ 3 e SR AE AgVO, 2F 2 % 1 it
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13 Ag,S/AgVO;.
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I 32 B 30 o] R 1 A ALV RE A 2 B S 4R T, SR
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