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2 11.9%(N7191E M itk #1)2. SR M, X Fh DSSCs4h
F R TP B G L 338 (FTO),  1h T3l B SR iy A
MBS B, AR A R AR A AR A —2F DL, RA
TR A AE P b i B AR IF 5o T X AR 254
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Figure 1 (Color online) (a) Illustration of monolithic DSSCs. (b)
Spacer reflecting visible light. (c) Synthesis route of highly reflective
spacer

Wehig 71, JFE— 20 QR O S R, B RO RE
01, B WA R, FORIARNT.2%. BIRF
YeRE o FAE — AR E L HE R T X T £ A6 W I,
{HA AT FRAE RO L R 3R (PCE). 3 4h—Fh oy
e I 1 = < NE 7 DS U e D B
Tio, BBy gekt — k. it GuldinZs: AMI7EAfL
TiO, M # — A~ Z ETiOQt 7 sk, il A8k A 11
62k B S 1k I o 59 AT Huang®: AP35 Tk
WOKTIORRAE, W T TiO R MIRE W Jukt, AL T X
SERUFET. HAh, KIBRLAITION Z T 4K Pk i R
SPRON, 1ERCRRAE TEREZE . MUBITEREA R, i 1%
7 R FR A 7B DSSCsH, T4 kR B DG
I, Kay I Gratzel b6 4 21 41 TiIO M A AL £ TR &
il & B b2, BA R WOBRae 1, sk, &4af
TiO Y 45 L BLEK 0 TiOLAK, S5 FLTIOH 1)
HH, 1% i 2 8] B )2 v 1) 4 20 A TiOo 3 21 35 Bk X HEL A%,
FIEE A, Wang2s A FIHan%: AP 90H140 nmR
fEERA & IR )2, LR MTiO—FE, = A
YURHA W I S B ek, FRARXI R B RE T, AN
FIF 3R HETE, H AL ES 100 42 38 KB AN F1 52
FRARG IR T JURL 2 1] ) e 4

R T 45T B L M DSSCsA G A W e, A SC ik i
T—M A& E AR T . RO FLAR 1Y ] B )2 (K
1(b)), MUEAE & EEUEE T, HEA &1L
BRR, AR T U AE A FL N P bl e 2R
WK R M5 (PS)ERE A FL A 5 RHE S, &R
A B R IRBOKRFLIA . 0] B 2 4159 R SIO 6L 7
ELATIO, &L ARAKEMITHR, A TXHt

MR R4 SIOJE TR tEE LY, YRk LI
B, W8N T XM, SR TR S RE
S e la] B 2 N AE B AR DSSCsH, %K 1 3.95%
T+ % 4.61%.
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(1) A HPSIKBCKERTS. K200 gk
(14 152 S e R S i B v, I ET0C, R E RRE
Ji, MA0.04 g 2T FRENF10.175 gk & 41. 10
minjii, B A25 g PSHA. 1 him, IIA&40.175 gid
FREREN 25 /KA, BARSR, PREF24h.

(i) BMAELAHTION Bl mol/LEk R K%
225 g, BWIRZEO0C. ¥ IWAKRRE-3C. H20
mL Y S fb Bk B A 500 mLEA TR, #EFHidk, &
INAR RIS R ERFRIA W, I +E. 30 min/s, AN
MZE80C, 715 h, Wikl —E ik #E1 d,
AN A BOE 28 KW, K T 2005 Je
R B TOKUE3M, FHTOK OBV 3, .

(iii) H#TIO.@SIO LMK k. W IEAERR MU 2, B
(TEOS)FI A TE/K L BE, W+ HiFE10 min, 1RG5
A1 IMATIOLKRL, 4RZditFE20 min, 4],
KB THR ZEB0C, ZiEHM A Z K, FEZKEMA,
KM R B, USRS B A i, PRTE10 h. ik
JEE JR I i TEOS: & - /K : % /K =1:100: 400: 2017,
SO, 5TIO MR L H0.2:1. ARBHEERG,
SRR FORMTCK O BEAS V3. Bl e, %5
A TEK 8, $edEd min, #7540 FE2 min( T
fE4 s, B4 )5 HiHEL min, AR HEL, fiEH
1 min, #AALBE2 min, Bkl min, A LKL 4ER
B OB, TEHEL min, A ALPE2 min, B2 #1E2
W B JE A PSR Ok R, A AT AL X EK B LBk
24 h, RIAS 22 () Bl 18] B 2 25

(V) - KNGS LR R TIOL KR,
FREARAK AR, FE VKA HoRE VK R (6 mL) e 2o ik
fiz S N TR (58.6 )% 1% I AR B2 (2 mL) A2 B 7k
(300 mL)Z AL B TR G, Al T Bt Pk 2 Fr e it
P, WMSER ML h, ZEL MR ET8C, W40
min, f52RE OB, WHEFR. HEREE
A A A 600 mL ey i e FRBK S 2 28, 250°C T 1k,
KT NI 48 him, FZ5B FoK KoK B4 T 31K,
3B TIO N K ks, WLTE T 18 5 15 21 94 K Uk Ky
;E[ls].
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(V) H&TIOL KR, H6 gT A TIOMN
KRR 53 gL FELF4EZE A0 mL a-#A TH B 7,
TEAT R R ERENL L350 r/ming s B e 4Lk din
B, RIS TION K. ZrO 3% Bl R FH IS 5 ¥ At .
#6.5 gfi B 52 g BIREA, IMAL2 g ZrO2s, /i
TE20 ghnihpsErf, BREE24 h, RIASaRIERL.

(Vi) BAFEA G RHE L R BHAE H b g 2 2% . R
LT MG HRORE 5 L B 38 20 ik R [RTEE S 1 mmi) 24~ L
e, e A B E B R 20 MQ. &5, B S B
WRUCE TS A B UKW . BB T K, ToKEE
WA IE VLS min, B S 7 20 AR R TR
17, BU% 2R R iR m o5 Ak, el T s
JEIMAAEA50°C, DLz SRR ER, (8 A mE 55 #0152
W E TR (9.7 9 (L LA i 3 Bk ik — S5 AT TG A9 5
PRIV A 100 mL Z, Ji HRR A 28 50 il 45 ) 1] 5 i
Y, mRA AR TION® 2, IE30 min. {4
BB, 22 M ERI LR Tio R K EN I ZE TiO,
FUEZ L. & 150 minff R B, 7E70°CH#
& LT, Bl 7EERIE I A& B i b BLTHE £ 550°C
Bazt1 h.

TiO,@SiO,-PS[a] [ )22 2 BL EN I FETiO, 1.
30 minj5, 70°CHLT, T % 500°CH TiO,@SiO,-PS
fbedt. WHIEZEEG, FwcROor DR 7 B k2 L.
FHE 30 minf570°CHET, JFHE 2 400°C R 30 minks
Sk, 0.23 g N719GL BHA R AE LG FUEUT BERYIR &
VW (R AR 2 1), e Ak B K 298 0.3 mmol/L
MG RHA . TSCA fLI B AE400°C ket 2 J5 H 4R
HZEB0C, F L8 1= A% A NT1OYL B W ) YL KT
o, R R 7R RS TR PR 24 hiE U, FHTK
CIEVRTEIIR, HRARE LAY 380 BT 27 8 B okl 43
F M TSCHAEH P i, 50°CHET.

—E 1 1,2- " H JE-3- PN BRI L (DM PN 5 fi 7E
CIEH, MR TL I A E 24 0.05~1.20 mol/L ) DMPII
CWEEEWL, SRIGIAKH 4 T N BT it 20%0 5 46 1k
2. (PEO) A 2 Ml . £ )5 -7~ F. P M (PV DF-HFP) R &
REW(TE L H2:3); IREWWAETOC FHifE24 h,
5B 1 5 1 AR 5 TSR A W e e it PRV FGER), 4 3
B8 g 04 BT 5 PR A U IR A W B RS Y TSCHEE R I
JCE T RA S, fF H TR 508 A TSCH IR P
IEG

(vil) KA AT, AR 2 S eI K ] B
J2 R E R FE S B EE |, 500°CHE450.5 h, FIHE L
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KJLF350~800 nm, A& H2 nm, FFH150 mmFis
BRI 1

FAL KL N DSSCH it - L R (3-V) it e it ) i iy
{8 FINREL 72 w1 4 A7 o FE FL b % K FH OGBSI 2% 617
K, A3 %5 S 14> 45 i K FH O (AM - 1.5G, 100
mW/cm?), i gk as . AR N4 mmil 4 R E
(mask) 75 75 Lt 19 A S SETAT b, 8 Ee b g S BE T AR
0.13 cm?.

2 HREIE

2.1 IR GHRIFRIZ 0 A ) JE SR AL

[¥) o 2 B 4 T B 2 A Pl () i s, BSR4 4 AR
TiOT 5 % (2.75) L B 4k 0 #H (2.55) i, ELA W @iy
B ELae 1. M2 0T LB H, R SO K
kA U TIO M & 410 A AR RS ER T AR S R 4L A%, 4
21 AH 5 L 78.5%, S FEE AR AH, BLEKTAH i 21.5%.
2040 AH S 5 R 7 (PDF#78-1509) FH4F, J&—Fh i
J5 A8, 23 ] B @ T P42/mnm(136), k& H BN a=
45933 A, b=4.5933 A, c=2.958 A. TiO /X 5 L 75t
(XRD)fi7 g2 W, fhotr ROSH 2R oK R, F
Jade {8453, 20=27.37°, 36.05°F154.26° % i 1)
sl R ST 43912, 165110 nm. WA SIO S, HT#
T SIO MY BH S VE FH, A7 e 1 e B35 B S AR 55, (R 4
21 A1 AH TiO 11 A4 55 8 14 R AF AT 555 W47 8K 355 Bl T 9.
TiO A REE A R A ] B 2 5k £ 0, (R 2(b), (o)
()G 2 43 BT A2 L 7 (8 U (TEM) R IESE T TiO %%
A —)JZ2S0,, R SOARIIIEE, X &
) b 2 B 2 G TR B4k, B T SIO MM A
e, Guoh ity 2 HxE DLW B 7E SIO e 18T, ke 1 1] B
JEXF YL W BRE, DA TR S 1 I B JE e AT LG B A

kT BG R AT UL B R, AR SO R T ar O
G HLST BE ) A58 0 B4R 400 nmigPSER, 3 T
WU (SEM)ET I B 3() Fr s,  ELASbRifE 22 7E5%LL N,
VLI ATV R I, R T W A RO PSER IR, 43
il & T TiO,@SIO,: PS( i & [ )=1:0, 1:0.2, 1:0.4F
1:0.6043 KL, 33T N TiO,@Si0,-PS-1-0, TiO,@SiO,-
PS-1-0.2, TiO,@Si0,-PS-1-0.4F1TiO,@Si O,-PS-1-0.6.

R T i — A R S NS [] PSYR B R 5 4 14 i)
B 2 ORI, & o R SEM R AT I &, &5 R
K3(a)~(h) s, RIS HNPSHE, w5 H P/ 24y,
1o 0 B PG rp 0 — A5 B 30 40 K 0K HE BRES 43 14T SR
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Figure2 (Color online) XRD (&), element constituent (b) and TEM image (c) of synthesized spacer nanoparticles

2 um . oD pm

1 jm =

B 3 FIARE L PSER B9 1A R R R S SEMIAL. (a), (d) 1:0, (b), (€) 1:0.2, (c), (f) 1:0.4, (g), (h) 1:0.6, (i) PSIK WK ER

Figure 3 SEM images of spacers with different ratios of TiO,@SO, and PS. (a), (d) 1:0, (b), (¢) 1:0.2, (¢), (f) 1:0.4, (g), (h) 1:0.6, (i) PS
sub-micrometer spheres
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MG, [AlEE AT LS 2t F £ LT 4 R s iRy
Ja B R A FLEE M. 24 A1 0.209 & EL i A PSER I
RA 2, PSERTES00°C i, B IRCKFLIR,
F13(e) i T AT L. [R)ESF, e S T A AT LA B 2
XA BE AR T PSERTE N A MUY, B Zm:, ok
WL RN R L R = AR BN, BB . 8
WEL04)5, FLIE SRR, W SRR
g BRI, SN 1:0.6, W A 2T 0 B LI,
XREMPSENZ . SR SRR S5

1 40 1 S A0 A ) B U2 2 W B R, i i S B
SRR, WNEA@), (o)Fr. BRI R Gk s 5 A
o, AER B SRk S B R, ROGRE 1. AR SE
55U T 04 18] B J2 AN (L RE 1 T J2 19 Ti O A L v B NIt 1)
i W BEE Gkt i L] B 2 AR B 22 2 06 AN B YRk B
0, 55k 5L B0 5 AT IO B9 BE F1 (B 4(c)). SE 58 5 IE
T SIONFEMZ B Yekl, M4 50IE T SIOA F TiO Y 1]
SEME, M TIO S ekl s bR e ok, KA T
B G RB AL S, NIl ] B2 AN S B e k), $R e T
X ] LG ) I S5

2.2 B IFRIZ I B S R RAIE

SR 8 A AT DL 3% X5 s A [) He 431 B PS/INER Y
[ B2 04T T ORI, A T b, S TR
Vi) I J2 S Ak A 1) S S 3 (IR JRE B 34 R 4 pm), 4 &1 5
Fios. NE AT LIS R 1, EAR RS I S R A
350~800 nmii§ K i [l PN Bl K 38 et R, 52
AR 25 S — 2%, 7E350 nmith BLAT i 3 IS %, 44
F150%. i AR 2 56 B T 1 [ B J2 7 Rl R SRR B B, s it
R R EgERRZESRiFE, TEE5TEaOA

-

Bl 4 (25 REOR () 6 B 2 W B b i % FE L, Rl uNT19. 1%
GeSA At 1] e 2 W B SR i () IR BT S RHS (b); (c) A SEse it /Y
1] B 2 T B e TRI )22 T BRI T TiO, AR,  LASRIE YA} B 755
RIS ok I o 2 5 81 e 9 2

Figure 4 (Color online) Photographs of spacers before and after ab-
sorbing N719 dyes. Conventional spacer before (a) and after (b) absorb-
ing dyes. (c) The designed spacer after absorbing dyes. The TiO, film
underneath the spacer film is used to test whether dyes can go through
the spacer to anchor onto the active layer
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Figure 5 (Color online) UV-visible reflectance spectra of different
spacers. Thickness: 4 um

FTION E AT 3 %, R IE S B ek, D
K GRPASILNEE G, Bk LE, Tio,@SiO,-PSH]
J2 B A T 1 o 5 B B 0 S LR N i, R
ZY7E410 nmAbik B E R E, HT R 4 5 Ak 45 )
B J2 AR Y, SRR JLAS U it 2 7£ 410~800 nmif K
N L E17. AS PS/ANERAY 8] BR /2 76410 nm4k
() 58 50 76%, B b b =2 i 0 FH 19 STk 4 10 2 5
FELE (410 nmAh (1 IS #E R 37%). Y PSE Ll
1:0.2011:0.40F, S5AMPSERM FL, K5 RG T,
410 nmib Y 2 5T R4 85%. AHXT T g 1: 0.2/
(BB 25, EE B Sk 1 0.4 8] B J22 76 3 21 71 B 1 e 58
ST

2.3 T s SHHBRIZ eI

R T B ] B2 A e, K I T R S AR
DSSCsH, - FH il B 25 72 30 58 JO LR - Wy HeL i i
FEAM 1.5GF Il iy - o R A, 45 SR An K16
N, CIREBBI T E1b. NE R, fERA B g
BEREOLT, BIERIZEMTiONZ B LA, TF i &
(Jsc) RA552 mV, J& HHL i (Voc) 46.83 mA/cm?, E
FEIA T (FF)}0.63, PCE}2.38%. f#iJf14 pm/E 4 4k
FEAERNENZIG, Jscl T 2737 mV, Voch8.10
mA/cm?, FF#ET}20.66, MM, PCEHET} % 3.95%.
AL RITRRIEZ S, SCRMS 2SR, B
JE il PSER 75 02 (0 8 i T B 33X 0 R PSER 3 i
F, MEREAENE, PULARMEGE TR, )2 5 TIOJZH A
JLREE, HAMH T o] ARBCKSL, FREE BT B
WRORE, A B I PSER B TiO,@Si OAF 4 8] f )2
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Figure 6 (Color online) J-V curves of monolithic DSSC with different
spacers

0 200

J&, Voc }18.98 mA/cm?, Jsc 41688 mV, FF40.69, PCE
H14.28%. ¥ INPSH HL A A 1:0.2811: 0.48F, Vocis 3

Bl B e TF, PCEHE S £4.6%. {H 2 25 ¥ I PSI He ] 1
JFZE1:0.68F, PCEF [ &= 3.79%, X 3212 f Voo
JscH X EE T [ 5| B ).

3 &

b= N |

A SCE T I A T HL A B RE T TRl B 2
5 PR R FLAE SR 88 oy, — J T AT A3 5 2 45
71, Sy — O HARIE T 8] B9 )2 B A L 05 10 FL B R fif
P, 8 S A5 LA ) 3 . 8 4 K 0K 2% 18 3% 7 R 1k 4
Fe, T 53 D) o J2 6 e 0 W B, 92 %o R LY e i
W, MO R IR 1 R ST RE T, 3 o5 [ 2
B 2 Ak S o BT DL 0 R SRR . AR e B T B 2 A
700 nmf Sz S 2R 3k 51 65.6%, 1 2 Bl A A AL B 7E
FREJRE R, AR KA 16.7%, f#i 15 A5 DSSC
I 5CRAS B i . LT J0 3R A W r A ST A R A
DSSCAY % 1 3.95% 4% T %24.61%

F1 RN R R R B B AR el fE K B B8 B B e AR B S 4

Table1l Photovoltaic parameters of monolithic DSSC with different spacers

&) b 2 SHF (%, 700 nmAt) Jsc(mA/cm?) Voc(mV) FF PCE(%)
TolElp 2 - 6.83 552 0.63 2.38
AL 16.7 8.10 737 0.66 3.95
TiO,@Si0,-PS-1-0 56.3 8.98 688 0.69 4.28
TiO,@Si0,-PS-1-0.2 64.5 9.47 676 0.72 4.60
TiO,@Si0,-PS-1-0.4 65.6 9.95 669 0.69 461
TiO,@Si0,-PS-1-0.6 53.9 8.55 657 0.68 3.79
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Application of highly reflective spacer layer in monolithic
dye-sensitized solar cells

LI1U TongFa, XIONG YuLi, RONG YaoGuang & HAN HongWei*

Wuhan National Laboratory for Optoel ectronics, Huazhong University of Science and Technology, Wuhan 430074, China
* Corresponding author, E-mail: hongwei.han@mail.hust.edu.cn

Monolithic dye-sensitized solar cells (DSSCs) based on TiO,/spacer/carbon triple mesoporous films are low-cost, ease of
fabrication with screen printing technology, possessing great potential to produce electricity from sunlight. The power
conversion efficiency is still low compared to commercial photovoltaic technology. For DSSCs with platinum coated
FTO or gold as counter electrode, the mirror like surface of counter electrode can reflect visible light back to be
re-absorbed by dye-sensitized TiO, film. However, for monolithic DSSCs, there is no reflection layer. To enhance
absorbance of incident photons is an important way to improve photocurrent of monolithic DSSCs. Spacer film can be
used as scattering layer to reflect visible light. However, spacer usually absorbs large amount of dyes due to large surface
area and surface basic sites. Here, we report highly reflective spacer with no dyes anchoring onto surfaces of spacer. The
scattering centers are sub-micrometer voids created by decomposing sub-micrometer polystyrene (PS) spheres. The
building blocks are composed of rutile TIO,@SIO,. Rutile TiO,was selected due to its large refractive index. SiO, was
coated on surface of rutile TiO, to avoid dye adsorption. Moreover, the sub-micrometer voids provide fast transporting
channels for redox species. To fabricate spacer paste that can be used with screen printing method to produce film, rutile
TiO,@SiO, nanoparticles and PS spheres with diameter of 400 nm were first synthesized separately and then, they were
mixed homogeneously by ball milling with addition of ethyl cellulose binder and organic dispersant medium
(o-terpineol). Rutile TiO, was obtained by reaction of TiCl, in HCI agueous solution at 80°C and sub-micrometer PS
spheres were synthesized with emulsion polymerization of styrene monomer at 70°C. Rutile TiO,@SiO, core@shell
nanoparticles were obtained by hydrolysis of tetraethyl silicate on the surface of rutile TiO,. The UV-visible reflection
spectra of sintered spacer film at 500°C showed that the spacer film with ratio (rutile TiO,@Si O, to polystyrene) of 1:0.2
or 1:0.4 have maximum reflectivity in the visible range. However, the conventional ZrO, spacer film with the same
thickness has much weaker reflectivity. The dye absorption test of bilayer film with spacer lying top of TiO, film reveals
that the dye molecules can easily go through spacer film to absorb onto surface of mesoporous TiO, film while the spacer
film on the top keeps white color unchanged. Scanning electron images of spacer film also showed that sub-micrometer
voids distributed uniformly in the film and the diameter of voids is similar to that of PS spheres. These sub-micrometer
voids in spacer film can provide fast transporting channels for redox species, facilitating dye regeneration. By replacing
the conventional ZrO, spacer with the advanced spacer, photocurrent density of monolithic DSSCs was increased by 25%.
As a result, the power conversion efficiency has been improved to 4.61% from 3.95% with non-volatile iodine-free
polymer gel electrolyte. These results endow spacer a new ability in the device and provide another guideline to enhance
photocurrent of monolithic dye-sensitized solar cells. The design of spacer in this work may find other applications in the
area of optics, catalyst, etc.

nano films, spacer, reflection
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