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CuS LBl rf, JLAOM S5 0 o AR PR G R LR A 850, 5 Pt X FARAHEL, PP CuS ST il i i 2= i me 3t T
Pt XATHLA: JRALVEH] K CuS X EAR G B B R I K, A 1.840%, FtififE s BB R A 3.346 Q; W FI#GESI %1
CusS A B [ 6 H B B3 o 1.450%, FRTHIAL AT LB Ry My 2.609 Q, Pt X HEL B 0 % RS Rl 0.940%, A&f HLBH R,
Jy 11.680 Q.
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Microstructure and Property of CuS Nanocrystalline Counter Electrode in Quantum Dot
Sensitized Cells

WANG Qiming, WANG Di, SUN Hongquan, ZHENG Wei
(School of Material Science and Engineering, Harbin University of Science and Technology, Harbin 150040, China)

Abstract: Two kinds of CuS counter electrodes with different morphologies applied to QDSC were prepared by a solvothermal
method and an in-situ method, respectively. The prepared counter electrodes were characterized by X-ray diffraction, scanning
electron microscopy, transmission electron microscopy, electrochemical impedance spectroscopy (EIS) and current-voltage (J-V)
curve measurement, respectively. According to the results by morphology analysis, CuS nanoparticles with a size of 20 nm can be
agglomerated into larger and irregular particles in CuS counter electrode prepared by the in-situ method, and CuS counter electrode
prepared by the solvothermal method consists of nanorods and nanoparticles in microstructrue. The results reveal that two kinds of
CuS counter electrodes are superior to Pt counter electrode in the electrical performance. CuS counter electrode prepared by the
in-situ method yields the maximum power conversion efficiency (i.e., 1.840%) and the charge transfer resistance R is 3.346 Q. CuS
counter electrode prepared by the solvothermal method yields a power conversion efficiency of 1.450% and R, is 2.609 Q. The
corresponding parameters of Pt counter electrode are 0.940% and 11.680 Q, respectively.
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FEAA 24 BRSNS R U AR . fR 4t
PR AR B T A T b P, A et R
MR FE, PrLA{E QDSC H F 2 find FU i AR A A
o BRI, T YeRHEb K BH g H it AL S0 4 X
H AR 52 A R TS ok, A A L R T AL
WEPERGE TR, JfF AN B s T4 e,
i o, XA PR T IO N  . TE, S
A4 I AR AR gk ok T iU QDSC K AR
R %5 2 e 1T A b R T DU
e PLRISHME, A RO R 2 6T AR N g
TIREETE . H AT PO A MR R R 3 AT T
MRl ZEERgRED, RO EAY; &R
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CupZnSnSs" ™, CupSnSs!™, Cu,SM 9%, FEL) |
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K AR ORS00 s oW &5 R R LA 2 BH 1S 43 B
FFE CuS it FUAR AN [F) FE2 50 Ho e vtk e S ma BT

1.1 CuS *BRAFH &

¥ 1.0 g B LIRS LERI(PVP), 0.998 2¢g 4TR
i1, 2.964 8 g BRMRMK X 43 B AT 100 mL £ %
o, P BT IRAR M RS R T IR AR RS 2
50 mL 2RV &M B 28, 78 50X T 14
180 CHIZAE I 7h, KRG ARA R = . &
SN TR KA AT B0, A9 BITTVE, P
HITEE S T TC /K L REAN 25 8 7K B TS VB, B0,
BT DTE S . FEE S TIRAAA, 60 C IS
N 120, R T, RS

W SOV A3 CuS K AR HE A 23 H T oK S
W, SRJE RN I — B R LI ATYE R, R,
R, A OIS o e % (R TR P 2 I B i
PRI BT SnOL:F (FTO) S HLI IS b, SR
ERIPANFENES, LU S5 C/min 3 THE 3 450 °C,
{55 30 min, RJ5 EARA AR 0, B H R
FE(EA CuS2).

O B EL 1.0 g CuSO45H,O , 3.968 g
Na,S;03-5H,0, 0.969 g JR# W S P FE#5 ik T 40 mL
R, RO AT IR . B S
VM FTO SHBES, KL SN, HU—EM
FEBURHRN 50 mL SR PUIR L0 R V3o SR HT
KRR BN, HAER IR . 5E NS
TR N AT N, AE 55 CRIZAE R 70 min,
RJE FARVEN B S BOH 0 ARSI
TP HATRE, 5min 5, BTSSP TESN
CuSl1).

1.2 QDSC ik#fRyLHSE

¥ 0.4 mL ZBENET, 0.25 mL 28 F/K A
10mL &Py, WATHEIPiFE, SRG TN 2 g KR Y
THE, iR 2 h 5, BRBANEORR. RIS
JEHLAE FTO T HLB RS AT IELR, SIIRHLEE A
3000 r/min, AJEHFIAIN 10s, K5 S0 TEE K
AR BUE E

W AR KR S T oK g, RS
TN 2 B CHEET Y28, AT B ) TR 5
FHFARITEREALRA FHIZEN FTO 3 HLBH
R, TR S N LU 450 CREAT ke,
TFHEEF Y 5 C/min, 2 )5 BRAHR =M, 535
AL Z LR . ARG B R AT 2
B 0.2 em’s

43 AL H] 0.1 mol/L (1) i TR 4% & T 5 Wi,
0.1 mol/L HIBRALAM I I REE W, 0.1 mol/L 1 LFREE
(R Y ERHAIRLAE 0.1 mol/L fRIGS RS £ 1
W1 min JSEH, HREMGERZROE T A
JEERAEAE 0.1 mol/L [fRALEN VM 1 min J55
H, HH R ETE, RT, AR —AME
W, WiEAT 5 AMEER, DIRBRRAGER BT A KT
L CdS ¥ RUG DGR LS 0.1 mol/L I 418
BEPKEHE 1 min JEEH, HPREMER 2 R0
Ty SRJFIRIEAE 0.1 mol/L BN BV 1 min
JaEH, FREEPPSETH, T, 183 3 Ik, U
WRACERRE IR 2 o (ERE ) BEHE FICHIE A 2 mol/L ¥
AN 2 mol/L TR It F L5 /K (TR A5
(P 57K AR RR EE=T7:3) o FEGEHAL, S e I 44 1
el , v Ia] PR S AR N DR AR,
B EE R QDSC Hth iRk .
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4l 99%). FifbHI(Na,S-9H,0, 4 99%). JHiE
Wi BRACER R BN (Na,S,055H,0, 4l 99%). illk
(H,NCSNH,, 4liJ% 99%)F1)K & (H,NCONH,, 4l
99%) ¥ F R Sy AR A |, LR (2l
99%). AKERVU T HE(LESE 99%). LFEEF4E K (4li)fE
99%). FATHEE(LEIE 99%). 28 LAt el (K30,
4I1E 99%). HEFREE(CA(NOs),, 4L 99%)Fl L FREE
(Zn(CH;C00),2H,0, 4liJ5 99%) ¥4+ RE K
44k THFIEHT -

F XRD-6000 ZU¥y RATHACGHEAT AR /3 #r . H
Sirion2000 AY37 A4 L - B L EE CuS X
WA ISR, BN EDS #4770 & 0. H JEM—
2100 BB T BB HE— 20 00T CuS X HI Rk
MEER) . FH LK9SB M fb22 T AEus, 75 AM1.5 B
KB G bR AESC A NI e - R ith £k . 78
TBEE 4 F TR WU Ak 2 BH BT (BIS), R FE
TN PR YR 11 A R [ P AR 8 ) S5 R R v, )
WA NIRRT 10°~107" Hz, TR HELAZL(0 V)
TN 10 mV 30 HL s . Tafel M2k %1 3R EIS
FAIE, MRAA AR HHEZR R 1 mVis, HRERY
~1V~1V.

2 EREH®

FEHIPGERI ) CuS BRI XRD il 1 fr
No I 1 AT, ZERTST A1 20 g 27.8°.29.2°,31.8°,
47.8°. 52.8°F1 59.3°Hf HHILH BIIATH %, XN
J5HH CuS HIFRUEFR F (JCPDS 06-0464)AHW) 4, 435l
XFRE(101). (102)s (103)s (110) (108)HI(116)5 [ o
PRtz b, FEAR MR ILADRRAE 0, SIFBH T A3 1
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BT #GRGE A CuS Bk, CuS2 X HIRRAN FTO JeHitE
J1 ¥ XRD %
Fig. 1 XRD patterns of CuS powder, CuS2 counter electrode
and fluorine-doped tin oxide (FTO) glass
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B AT aE, AR IAT I CuS By K1) XRD

AT S WA ARG Y., X R B AR R N RS

CuS AL BT AR R AE MR, 57540 CuS
dtt7l,

Kl 2a MK 2b 23 Js s A KL Il 1) CuSl
Xof FELARZ P 2 T FIAS A T 1) SEML I 1, DL K2 2% 1l EDS
MR L5 2f, &l 2¢ FIE 2d. K] 2e 23 5] v ) 3
2511 CuS2 X FBRAEA RO A A R R, A
AR SEM . & 2a ol %0, s A Kbl &
CuS X HARR M A, f R RSELE 200 nm 28
A1) CuS KASORE ) AH B b S 3 oAb ple, IF HLAEAS
CuS KRIURL A4 1t 2 18] B A7 - J LAk Ze A 1) 23 BRI
HAEA K CuS BUREL T /N1 CuS K TR AR,
FEANGHKITURE ) R ST AE 20 nm A2 A5, /NIOR [R) A
B, TERATN SRR, X &5 AT R T X e
R AR e A, I DR R AR TR I e 1] 2b D S
BINE, 5 b2 R AR CuS 1, nTUE
FIHE R SR R R 35T, RAIAE 220 nm A4 . R
i E T S MU 1 5 1 EDX X CuS1 6 AT 0 2
oy, AW 2f frox. mEl 2f i1, CuS1 Xy
F, AW TR A i 5 e T ) DR A B R B
52.1:47.9, KEHL4iAH CuS BE/K L,

Bl 2¢ FE 2d B 8 R #GESI % 1) CuS i
Fio tHIE 2c A 2d w0, BORE oA A KON, IFA
FEEE A RIS, RN A R RRR .
B 2d Frdn, BEASKRR CuS k2 RSN gh
KR AT A A B T, I ELAE G K 2 AN U 43 A
F TR/ CuS 9Kk, fgbel WL, &7
PO0E T CuS X HUAR B S A B 5 . W 2e Fr
78K CuS2 W HEAR R AT, M FTO 3 Ha AR IK
BN G, LR KA 4um. 5 CuST Xt HUMR
JEAH b, LA R 1) B T USRI 5 el A 5 7S
(0 fid 2 D), 0T T R 98 1 A e 3 DR L A B R A
o AR 2250 MR Y K 31— JE B IF, CuS2 X
P I R K ) AR P AR i R B A3 o, 253
J8 L FAR A PRI B RS 5 15 DR 0 H AR/ e g 9 S T 1)
Flefup FLRHL,  BEAIR T X5 A KT FL AR R 1) I SR A
Xt T AR AT AR A SO0 1 R (s A P K
TRURAE I, X R Ak e ) N B, X5 ST
(1) EIS Wl 25 S AH— 3
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(e) CuS2 intersecting surface

B2 CuS1 A1 CuS2 il Je i SEM fUF ¢ CuS1 ] EDS %
Fig. 2 SEM photographs of CuS1 and CuS2 surface and insecting surface ,EDS spectrum of CuS1

T EE CuS ITES, X L5 T TEM
WA o &l 3a AT 3b I #GE I £ 1 CuS () TEM
WA R RO = 65 & 3¢ TS 3d a2 Jsfrik
4% CuS K HLHL ) TEM R RN Ja3 38 v 20 P 1
Bo HE 3a wl%n, EAHGERISK CuS RAEE
JES, B RSHAEJLE 9K 9K i I EARAE 50 nm.
KEELE 300~400 nm IGKEE G TE . o, gk
P B9k 3R . 456 SEM il &, BA61E
gk B CuS giK Bk 4 K JEAE 300~400 nm 1)
YRR 1] 3b miE 2 AR T LU 5 5 7 P

(d) CuS2 surface in high maginification
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(f) EDS spectrum of CuS1

211 CuS TR EE R 0.320 nm, X 57554 CuS
(I CLO L) i THT PR ¥ T R BEAFDGS Y., I B R P i %
Ir=# 47577 M CuS, 5 XRD il FAH—2.

B 3¢ w51, BRAESISH CuS B0k R 7
100~200 nm, FF HAANGRMUR BAHE i, HAA
TILGR A WEER; X5 SEM 2 #ivids tiE
3d EE A HEREE T A, 41ECK CuS 9K BURL IR /N4
KIFURL R ST AE 10~20 nm 2247, I H AN/ NG K IBTRE
(CTRENY e =B T = 3 = I = N R (TS
0.320nm, iX 575754 CuS (JCPDS 06-0464)[1)(101)



+ 438 (REMR R 224D J Chin Ceram Soc, 2020, 48(3): 434441 2020 4F

i [0 40t T TA) BEAE NS Y, 455 EDS 20 #r g R, ml LA K] 4 k1 CuS1, CuS2 K Pt % Hi Al 2H 1 ) QDSC
TIE B SN 72 1) % PRI £ 7S 7 i A CuS 2o WA R E e R k. & 1 5K 4 Frf

POCRFrIESHR . WY 4 )38 1 w5, 7
AR FIDGBH AR A FRUBAR R 25 A, Ui 6 1Y) CuS1
TR R R e, IR F] 1.840%, I HGE R %
(1) CuS2 X AR (IR H N 1.450%, HLIH 7R K 143331
90.407 F1 0.402, WL PtoxE B ¥ ' HL 5 6
BH(0.940%) M IH 78 F1(0.336) /=1 . HLrP L CuS1
XA ) QDSC i i s K, 1531 0.680 V,

CuS2 %f L% 1) QDSC W% HL 4 0.650 V5 XJ v
(R K FRL 20 0k 5.358 Al 7.012 mA/em 2, HLBL
(2) TEM photograph of CuS2 Pt X HLAR ) QDSC [ 4% HL F.(0.530 V)R RE 4% FELUR
' ST R (5.332 mA/em AT B FE I TF o XAUE B AR J7 vk
#4185 CusS S FEAR [ 8 T QDSC SR RCR AT 1%

KM o
8
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Fig. 4 Photocurrent density—voltage (J—F) curves of QDSC
samples with three different counter electrodes

R1 TR EIRAY QDSC KRS H
Table 1 Photovoltaic parameters of QDSC sample with
different counter electrodes

QDSC Jie /(mA-cm ™ Vol V fi 7%
CuS2 5.358 0.680 0.402 1.450
CuS1 7.012 0.650 0.407 1.840
Pt 5.332 0.530 0.336 0.940
0.320nm. .. H 4K 27 BT 1% (BIS) WU ) A 338 W 6) i K 1) 3

FL 13 0 R0 R ARORS PR S5 FR) I D B ) o JLADh 5 45

(& HRTEM photoraph SrCus Bk an & 5 R, 43 201 Nyquist 35 01K 6 s,
K3 CuS1 #1 CuS2 [ TEM M K Sl e 70 W 44 B RT BTN WL ER LB Ry S T £ 6 v L
Fig. 3 TEM and HRTEM photographs of CuS1 and CuS2 Re FTLAM Nyquist w8 rhl 45 . A3 BEHLPH R mT Fh FH

5 nm
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Fig. 5 Equivalent circuit in EIS measurement
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Fig. 6 Fitting Nyquist curves of three counter electrodes

b —

(=]

£2 3 FhREIREY EIS il &S5

Table 2 EIS parameters of three counter electrodes

QDSC R,/Q R /Q Cyq/ mF Fitting degree/%
CuS2 48.380 2.609 1.021 99.525
CuS1 39.960 3.346 1.670 99.234
Pt 19.400 11.680 3.118 99.654

M 2 wlan, 3 AN AR IS ERRIE E T
99%LA I, BRI A3 1 Nyquist 5 (1900 5% 22
BN, A IO o7 LA 7S 2 R T HU AR R AR o R
ST KT HL R AR S AN IR RE s Ry BT
TRRE A0S FE AR/ FL AR T P PRy A B T, R
HL R T AR R AL B JRLRE 7 o 3 AN A R Pt
LRI Ry fse/N, M 19.400 Q, CuS1 X LB R,
h39.960 Q, CuS2 X HIAKI¥ R, 4 48.380 Q, JLJR
K4 Pt Ax)E, H P rEEsE, CuSl Xf M
CuS2 W AR I FEAR hy FTO S v B 1, L e B K
RS i T = Z (AR 28 VAN TR, B A 2 ol 46 1

CuS1 X HLH ) CuS 41K 2544 5 FTO 3 HE 35 2 ]
(e gl & Lh iR AR, BT DL S AR A 5
FIFATE £ 16 CuS2 X HLBK 1 3L CuS gk g 5
FTO SHIBEFZ MM SR %, S SH
MRS . CuS1 X AR AT CuS2 X AR K] Rey 433 k)
3.346 Q A1 2.609 Q, —HAMZEANK; Pt XM
R} 11.680 Q, ULHI T CuS T L AL g
FIE L4 8 PtUT o RO Rt MEEAA L3219 T QDSC
(FR0%, X 543 QDSC ) J—V ¥k th A4
1R CuS1 6f HLEZ AT CuS2 o BB 1K) Reo (R EAE 1 1)
Tl /N 222 S5 T DBt AT A 1) 8% 7 V2 AN [ s o P ORI, 285 44
B 2ERE: CuS1 X IRt T B 4% 4E7E FTO 3 f3i
50 S Ol S S R SRS ADSELD S T S il T vl ]
AEAER NI AT B, 3K 2 A0 Ha b 5 FE A v 7 0
fi AELEREAS JURE ) 58070 B 52 118 A7 AT FL 7 A B 1) it
wkb, SFHE TR RN BEARERES FTO
SRR, G RORE, XA CuST X ARG
TR A RE ) Z B9 T . CuS2 X HIAR 17
VY APSELE NARSELP N cH =R gty (AR e | G BN A
PEEERTIAVAR K, L W o o i, £ 7%
HLRROGS T R R SR A ) o AR R LK ) R
X1 LT (AR A 1 1 BELRS A R R ) P
W ST AR AR S B BT R . Can ST X6 FL AR (1
RN, HLBUEMOR, B M AE b R A v e ol
() ST V- B T s Pt S R (1K) 7 B R 3 B e
CuS1 X HLHHEL CuS2 X HLAR [~ 2 B Bty . iX
F W 22 W EQ R T2 T 431 CusS X FAR T IRk R
AR TEm.

A0 AR IR Tafel BAGITZE W& 7 B i
Tafel {14 n] LLAS IR BR S HOH IR BE S FIAS R
TETE Joo Jiim ST R FEUR/ FEL AT T P A4 58 17
THOEZR, Jim BOC, U0 HLAR ST B R
& 6 Fizr, CuS1 Ml CuS2 b AR IR Jim EE Pt K H
WK, 6 W HELARVRAE PRl CuS S H B/ b i i i T
RSP B L P Yo E AR/ PR RS A I PR R T
PR, AT AT AT . A
TEBE Jo T Hb) Tafel ARtk it 2 1) A% 23 32 FBH Ak
Iy SR AETR o AT AMEAT B, RO T 0 F AR 1
FELAR T (VI A O JRURE g o AT He FELII 26 S Jo AR 5%
HIAR IS R, B L, i R X

RT

 nFR,

0
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K n WERBH G R NS B /R 4L
F 2}y Faraday %4 T ASI2Al g i 6 nl 4,
CuS2 X AR I AT e IR T Jo 5K, CuST % HiAR
RZ, (A= FAHZEAK, H IR KT Pt LA I Jo,
IX B CuS1 HI CuS2 % HLAR G T FL R IR 40 e
AT Pt AT HEM, X5 Nyquist H12k #4541
—5

lg/(J/mA-cm2)

—4—CuS2

0
Potential/V

K7 3 Rl sl ) Tafel Ak il

Fig. 7 Tafel polarization cusrves of three counter electrodes

3 #%

SR AT 3 s ) i il & B AN RE S
CuS X} L, 33 H 3] QDSC o JR A4 1 CuS
o FELARE PR Y FRL G 48R 1.840%, ¥ FRIFA K CuS
X FLA IR B 400K 1.450% 5 Pt OG FELARZ IR )
FEE N 0.940%. £F EIS MR, Pk 7k Hl 4%
(1) CuS % BB (1) P BEA T PO Al , (E A BT ASIAL
G PR CuS X HURR i T 7 AN ], 1
T OB E R 22 5 AR BRIl 1) CuS % H
W, EHAR 10~20 nm £ CuS G0 KRB0k AH B 2z fik
BN, A =Y TR N T AN BRSSO R REAR 254 5
R IPRRRI RSFAE 200 nm 2247, kL2 (A1 A7AE
10 nm Ze A3 (RTAIBR, (I BRAAELEXS CuS X AR T
FOLARE VR R AL BB ) AT W G i

TR IGLA 2% 1) CuS S AR R3O0 T 3 A 40 oK
BERIGEK R I A M5E, XMIESE R T4 CuS
X FLAR IR A R g5 H 2 LT 5 P S 2 fifox) v
WAL RE ) T B

ZE LTIk, CuS 0 H AR (1) O T 3 R0 B 56
QDSC ot U H A 35 il %
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