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Figure S1. Structure, energy-level alignment and efficiency measurements. a, Layer stacks of 
the hybrid tandem perovskite solar cell in an inverted architecture. b, Energy levels of the 
materials investigated in this study.
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Figure S2. Cross-sectional scanning electron microscope of hybrid tandem perovskite solar 
cells.
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Figure S3. The solar radiation spectrum of the light source used in this study.



Figure S4. Current density curves of hybrid perovskite solar cells with different thickness of the 
bottom subcell and 280 nm top subcell.



Figure S5. Current density-time curve of the integrated PEC water splitting without external bias 
under chopped simulated AM 1.5G 100 mW cm-2 illumination.
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Figure S6. Current density versus time of the photoelectrochemical water splitting without 
external bias under chopped simulated AM 1.5G 100 mW cm-2 illumination for 1 h.
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Figure S7. (a) XRD patterns of the pristine graphene, graphene oxide, pristine CNTs, acidic 
CNTs and rGO/NCNTs hybrid thin film, (b) FT-IR spectra of the rGO/NCNTs hybrid thin film, 
acidic CNTs, and graphene oxide, (c) full-scale XPS spectra of the rGO/NCNTs hybrid thin film, 
acidic CNTs, and graphene oxide, and (d) the rate capabilities of the rGO thin film and 
rGO/NCNTs hybrid thin film.
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Materials and Methods: Graphite powder was purchased from Alfa Aesar. 5-aminotetrazole 
monohydrate (AM) was bought from sigma Aldrich Chemical Reagent CO. Ltd. Other chemicals 
such as H2SO4, KMnO4, KOH and anhydrous ethanol were bought from Nanjing Chemical 
Reagent CO. Ltd. The GO was prepared according to modified Hummer’s method (25). All 
solutions used in the electrochemical experiments were freshly prepared with Millipore water 
having a resistivity of 18.2 MΩ. 

The Pt/C sample (20 wt%) was received from Columbia Chemical Company. All other 
chemicals of analytical grade or better were purchased from Aldrich-Sigma or Fisher Scientific 
and were used as received. All gases were purchased from Valley National Gases.

The MWCNTs used in this study are commercially available and were purchased from 
Nanostructured & Amorphous Materials (1240XH, 95%, outer diameter 20–30 nm).

Synthesis of N-RGO nanosheets
The synthesis of NrGO nanosheeets was followed from the previously published work(26). 

Preparation of N-CNTs
The preparation of NCNTs was prepared as previously published work(27).

Gas measurements
Gas evolution was measured by gas chromatography (SP-6890, nitrogen as a carrier gas) with 
thermal conductivity detection (TCD).

Cyclic voltametry measurements
All of the following electrochemical experiments were performed as described elsewhere(11).

Fabrication of hybrid electrocatalyst
Prior to use, glassy carbon electrodes (GCE), 3 mm in diameter, was polished with 0.3 and 0.05 
μm gamma alumina slurry, respectively, until a mirror finish was obtained and then 
ultrasonicated in ethanol and deionized water several times to remove any alumina residue and 
finally dried in vacuum. Then 4 mg as-prepared N-RGO and N-CNTs were dispersed in 400 μL 
ethanol-water solution (volume ratio of ethanol to water is 1:1), and ultrasonicated for 30 min to 
form a homogeneous ink followed by dropping 5 μL suspension onto a GCE substrate (loading: 
0.17 mg cm−2). After solvent evaporation, the deposited catalyst was covered with 5 μL Nafion 
solutions (0.5% in ethanol) in order to fix the catalyst on the GCE surface and the prepared 
electrodes were allowed to dry in air.

TiO2 preparation
Titanium dioxide solution was prepared according to the previously published work(28).

Polymer solar cell fabrication
Solar cells were fabricated by first spin-coating a TiO2 buffer layer on top of pre-cleaned ITO-
coated glass substrate (10 Ω/sq. Sunic) at 3500 rpm for 40s and annealed at 150 ˚C for 10 min 
under vacuum. The active layer was spin-coated on top of TiO2 in the glove box. The active 
layer was spin-coated from a hot solution in a mixed solvent of 1,2=dichlorobenzene (ODCB) 



and 1,8-octanedithiol (ODCB:ODT=100:2.5 v/v) at 100 ˚C and dried in vacuum for 1 h. Next, a 
PEDOT:PSS (Clevios TM P VP Al 4083, H.C. Stark) buffer layer on top of active layer at 3500 
rpm for 40 s and annealed at 150 ˚C for 10 min under vacuum. Finally, the device was finished 
by the deposition of 100 nm aluminum, in a thermal evaporator in a vacuum of 8 x 10-7 Torr.

Perovskite solar cell fabrication
ITO glass (Sigma Aldrich) was cleaned in an ultrasonic bath containing ethanol for 30 min and 
the treated in UV/ozone for 30 min. The G-TiO2 blocking layer (BL) was spin-coated onto ITO 
at 2000 rpm for 60s, followed by heating at 150 ˚C for 5 min. The perovskite layer was spin-
coated at 2000 rpm for 60s on a warmed substrate from a 40 wt% DMF solution of 
methylammonium iodide and PbCl2 (3:1 molar ratio) which formed the perovskite after heating 
to 100 ˚C for 45 min. The hole transport layer was spin-coated from an 8.5 wt% of (2,2’,7,7’-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene) (spiro-MeOTAD) solution was 
spin-coated on the CH3NH3PbI3 perovskite layer at 4000 rpm for 30s. Finally, 80 nm of gold was 
thermally evaporated on the spiro-MeOTAD coated film.

Tandem solar cell fabrication
The same procedure as that for fabrication of PSEHTT:IC60BA as the bottom cell was followed. 
After depositing the 40 nm PEDOT:PSS and 30 nm TiO2 layers, the same procedure for 
fabrication of perovskite as the top cell was followed. 

Solar cell characterization
During the measurements and stability tests, a shadow mask (0.1 cm2) with a single aperture was 
placed onto the tandem solar cells in order to define its active area. The current density–voltage 
(J–V) characteristics were recorded with a Keithley 2410 source unit under a solar simulator 
(AM1.5) with an irradiation intensity of 100 mW/cm2. The EQE measurements were performed 
using EQE system (Model 74000) obtained from Newport Oriel Instruments USA and 
HAMAMATSU calibrated silicon cell photodiode used as a reference diode. The wavelength 
was controlled with a monochromator 200-1600 nm.
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