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Chemicals
Hydrogen tetrachloroaurate (HAuCly - 4H,0), Cetyltrimethylammonium bromide (CTAB,

99%), Sodium hydroxide (NaOH), L-ascorbic acid (AA, 99.7%), and Sodium borohydride
(NaBH4, 96%) were obtained from Aldrich. Terpineol, ethyl cellulose, Titanium chloride
solution (TiCl;, 15.0~20.0% basis in 30% HCI), Poly(sodium 4-styrenesulfonate) (PSS,
molecular weight: 70000 g/mol) were obtained from Aldrich. The commercial TiO, powder
(P25, a mixed phase of 80% anatase and 20% rutile) was purchased from Degussa. Copper
iodide (Cul, 99.998%), Indium acetate (In(OAc)s;, 99.99%), and 3-mercaptopropionic acid
(MPA, 97%) were purchased from Alfa Aesar. Selenium powder (200 mesh, 99.99%),
oleylamine (OAm, 95%), and 1-octadecene (ODE, 90%) were obtained from Aldrich. Zinc
acetate (Zn(OAc);, 99.99%) and diphenylphosphine (DPP, 98%) were received from J&K.
All chemicals were used as received without further treatment.

Synthesis of Au NRs

The CTAB-stabilized Au NRs was prepared through a seed-mediated growth method in
aqueous solutions.! Briefly, the freshly seed solution was prepared by the addition of ice-cold
NaBHj, solution (0.6 mL, 0.01 M) into a mixture containing HAuCl, (0.25 mL, 0.01 M) and
CTAB (9.75 mL, 0.1 M), and kept at room temperature for 2 h before use. The growth
solution was prepared by the sequential addition of HAuCl, (2 mL, 0.01 M), AgNOs (0.4 mL,
0.01 M), HCI (0.8 mL, 1.0 M) and ascorbic acid (0.32 mL, 0.1 M) into CTAB (40 mL, 0.1
M). The mixture solution was stirring for 30 s, the seed solution (0.1 mL) was added rapidly
for growing the Au NRs with its longitudinal plasmon resonance wavelength at 800 nm. The
reaction solution was mixed by gentle inversion for 2 min, then kept at 30 °C overnight. After
centrifugation, the obtained pellet was redispersed in deionized water.

Synthesis of oil-soluble Zn-Cu-In-Se QDs

The initial oil-soluble Zn-Cu-In-Se (Zn-Cu-In-Se) QDs were prepared according to our
reported methods.? First, Zn stock solution was prepared by dissolving 110.0 mg Zn(OAc),
(0.5 mmol) in a mixture of 1.0 mL OAm and 4.0 mL ODE at 130 °C under N, atmosphere,
while Se precursor was prepared by dissolving 24.0 mg Se powder (0.3 mmol) in a mixture of
0.3 mL DPP and 0.5 mL OAm under ultrasonication at room temperature. Then 19.0 mg Cul
(0.1 mmol) and 29.0 mg In(OAc); (0.1 mmol) were loaded in a flask containing 2.0 mL OAm,
1.5 mL ODE and 0.4 mL the Zn stock solution prepared. The mixture was heated to 180 °C
under N, atmosphere followed by the injection of 0.8 mL DPP-Se precursor. After reacting
for 5 min, the system was cooled to room temperature. The OAm capped Zn-Cu-In-Se QDs
formed were subsequently precipitated by ethanol and sequent centrifuged, and finally
dispersed in 10.0 mL dichloromethane.
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Preparation of water-soluble Zn-Cu-In-Se QDs

The water-soluble Zn-Cu-In-Se QDs capped by MPA were prepared via ligand exchange
following our pervious procedure.® Typically, the pH value of 1.0 mL of 2.0 M MPA
methanol solution was first adjusted to 10. The MPA solution was then mixed with the
purified oil-soluble Zn-Cu-In-Se QD dispersion under stirring. After 2 min, 20 mL deionized
water was added into the mixture above, and the QDs were extracted to water phase. The
water-soluble QDs were purified through precipitation with acetone and sequent
centrifugation. The purified MPA capped Zn-Cu-In-Se QDs were finally redissolved in
deionized water for further use.
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Figure S1. Representative TEM images obtained at low magnification of the Au NRs/TiO,

samples.
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Figure S2. Cross-section SEM images of the traditional double-layer TiO, photoanode film.
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Figure S3. Low-magnification (a) and high-magnification (b) surface SEM images of the

photoanode films incorporated with Au NRs/TiO,, respectively.
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Figure S4. TEM images of the pre-synthesized Zn-Cu-In-Se QDs
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Figure S5. PL and UV-vis absorption spectra of the pre-synthesized Zn-Cu-In-Se QDs.
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Table S1. Photovoltaic parameters of individual Zn-Cu-In-Se QDSCs based on three

different types of TiO, MOMFs under the illumination of 1 full sun intensity.

Photoanode Jye (MA-cm?) Ve (V) FF PCE (%)
20.76 0.603 0.579 7.25
w/o0 Au NRs
. 20.87 0.605 0.576 7.27
in MOMFs
20.62 0.609 0.573 7.20
Average 20.75+0.10 0.607 =0.002 0.576 +0.002  7.25+0.03
8.52
with Au NRs 24.13 0.610 0.579
. 24.61 0.604 0.577 8.58
m MOMFs
23.95 0.608 0.581 8.46
Average 2423 +0.34 0.608 +£0.003 0.579+0.002 8.52+0.06
23.47 0.604 0.583 8.31
double-layer MOMFs 23.85 0.602 0.579 8.31
23.62 0.608 0.571 8.20
Average 23.64+0.16 0.605+0.002 0.578 +0.005

8.26 £0.05
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Table S2. Fitted impedance values at -0.6 V forward bias for three types of TiO, MOMFs in

QDSCs.
RS CPE R Rrec n
MOMFs ; ce G i
(@) mFem?) (Qcem?) (mFem?) (Qem?)  (ms)
w/oAuNRs 844 386 3.61 432 1214 5244
with AuNRs  7.35 3.91 4.04 4.74 200.6 950.8
double-layer
9.28 3.70 4.20 4.13 142.1 586.5

MOMFs
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Table S3. Photovoltaic parameters of individual Zn-Cu-In-Se QDSC based on Au NRs/TiO,
nanostructures in MOMFs with different concentration under the illumination of 1 full sun

intensity.
Concentration
Jse (MA-cm?) Voe (V) FF PCE (%)
(Wt%)

20.76 0.603 0.579 7.25
0 20.87 0.605 0.576 7.27
20.62 0.609 0.573 7.20

Average 20.75+0.10 0.607+0.002 0.576 +0.002 7.25+0.03
22.38 0.616 0.589 8.12
0.93 wt% 21.93 0.615 0.597 8.05
21.67 0.613 0.594 7.89

Average 21.99+036 0.614+£0.002 0.593+0.004 8.02+0.10
23.13 0.619 0.581 8.32
1.62 wt% 23.09 0.614 0.574 8.14
22.95 0.616 0.585 8.27

Average 23.06 £0.09 0.616£0.003 0.580+0.006 8.24 +0.09
24.13 0.610 0.579 8.52
2.57 wt% 24.61 0.604 0.577 8.58
23.95 0.608 0.581 8.46

Average 2423+0.34 0.608£0.003 0.579+0.002 8.52+0.06
23.37 0.593 0.564 7.82
3.23 wt% 23.21 0.587 0.559 7.62
23.28 0.585 0.567 7.72

Average 23.28 £0.08 0.588+0.004 0.563+0.004 7.72+0.08
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Table S4. Fitted impedance values at -0.6 V forward bias for photoanodes undergone
different content of Au NRs/Ti0, in MOMFs.

. Rs CPE RCE Cu Rrec T,
Concentration ) (mFem?) (Qem?) (mFem?)  (Qem?) (ms)
0 8.44 3.86 3.61 4.32 121.4 524.4

0.93 wt% 8.96 1.68 7.68 4.25 154.8 657.9
1.62 wt% 7.82 2.63 4.43 4.99 160.2 799.4
2.57 wt% 7.35 3.91 4.04 4.74 200.6 950.8
3.23 wt% 8.97 4.64 7.84 4.28 155.6 665.9
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