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Context & Scale

Solar energy is of paramount

importance for realizing a clean

and renewable energy future. Due

to its intermittency, an energy

storage system is generally

demanded. Hydrogen production

via solar water splitting is a

promising approach to store solar

energy and realize a carbon-

neutral economy. Here, we

present an exciting process

toward a highly efficient solar

water splitting system at an

affordable cost using TiC-

supported Pt nanocluster

electrocatalysts and monolithic

perovskite/silicon tandem cells,

which will help to bring the

hydrogen economy closer to

reality.
SUMMARY

Developing efficient, stable, and cost-effective photosystems to split water into

hydrogen and oxygen using sunlight is of paramount importance for future pro-

duction of fuels and chemicals from renewable sources. However, the high cost

of current systems limits their widespread application. Here, we developed a

highly efficient TiC-supported Pt nanocluster catalyst for hydrogen evolution re-

action that rivals the commercial Pt/C catalyst with �5 times less Pt loading.

Combining with the NiFe-layered double hydroxide for oxygen evolution reac-

tion and driven for the first time by a monolithic perovskite/silicon tandem solar

cell, we achieved a solar water splitting system with 18.7% solar-to-hydrogen

conversion efficiency, setting a record for water splitting systems with earth-

abundant and inexpensive photo-absorbers.

INTRODUCTION

The world’s increasing energy consumption leads to the fast depletion of fossil fuels

along with devastating environmental effects that warrant their rapid replacement by

renewable sources such as solar, hydroelectricity, and wind.1–4 Due to their intermittent

nature, an energy carrier is required for the ease of usage, storage, and transportation.

Hydrogen is anattractive candidate toassume this functionandcanbegeneratedviawa-

ter splitting driven by solar energy or other forms of renewable electricity.5–8

Among the approaches explored for solar-triggered hydrogen generation, water

electrolysis driven by photovoltaics (PVs) has exhibited the highest efficiencies so

far,9 as shown in the summary of recent PV-driven electrolysis systems (Table S1).

The highest solar-to-hydrogen (STH) conversion efficiency demonstrated to date

was 30%, achieved by coupling InGaP/GaAs/GaInNAsSb triple-junction solar cell

with two series-connected polymer electrolyte membrane (PEM) electrolyzers.10

However, it was obtained under concentrated illumination condition, and so were

many other systems.11,12 Recently, Cheng et al. reported a STH conversion efficiency

of 19.3% under standard AM 1.5 G solar radiation using a III-V semiconductor-based

tandem cell combined with Rh and RuOx catalysts for the hydrogen evolution reac-

tion (HER) and oxygen evolution reaction (OER), respectively.13 However, the scar-

city and high cost of the III-V semiconductors and noble-metal-based catalysts pre-

clude the widespread use of such systems.

Perovskite solar cells (PSCs) have recently emerged as an attractive contender for

low-cost photovoltaics, reaching a certified power conversion efficiency of
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25.2%.14 However, the voltage of highly efficient PSCs at their maximum power

point remains below the minimum of 1.23 V required for driving water electrolysis.

To meet this voltage need, we previously connected two PSCs in series, attaining

an STH efficiency of 12.3%,15 whereas an efficiency of 14.2% was reported when us-

ing three silicon solar cells connected in series.16

Here, we introduce a 2-terminal perovskite/monocrystalline silicon (perovskite/Si)

tandem solar cell with a Voc of 1.76 V as a low-cost alternative to III-V multi-junction

solar cells to drive water splitting.17 Water photo-electrolysis was carried out in an

alkaline electrolyte using highly dispersed platinum (Pt) nanoclusters and NiFe-

layered double hydroxide (LDH) as catalysts for the HER and OER, respectively.

Even though various kinds of earth-abundant electrocatalysts have been developed

for the HER, such as MoS2,
18 Mo2C,

19 and Ni2P
20 in acidic solution as well as Ni/

NiO,21 NiMo,22 and CoS2
23 in alkaline condition, their performance remains inferior

to Pt, which remains to date the most active hydrogen evolution catalyst.24 To

reduce substantially the quantity of Pt employed in the electrolyzer and hence its

cost, we downsized the catalyst particles to the single-atom or nanocluster scale.

This increases the dispersion and activity for the same catalyst loading since a larger

fraction of under-coordinated or unsaturated Pt atoms is exposed compared to bulk

atoms.25–28 For example, isolated single atoms of Pt immobilized on FeOx have

shown excellent stability and high activity for CO oxidation and nitroarene

hydrogenation.29

We prepared the Pt nanocluster catalyst on different supports and tested the effect

of the substrate material on their HER activity. It is found out that Pt nanocluster

deposited on TiC nanowires (NWs), which are in turn supported on a carbon cloth,

exhibited the best catalytic activity and stability toward HER in both alkaline and

acidic electrolytes, matching the performance of commercial Pt/C catalysts at

�5 times less Pt loading. Combining a TiC/Pt and NiFe LDH as HER and OER cata-

lyst, respectively, an alkaline electrolyzer and a perovskite/Si tandem solar cell to

drive water splitting, we achieve an STH efficiency of 18.7%.
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RESULTS

Pt nanoclusters were deposited by atomic layer deposition (ALD) onto three

different substrates: commercial carbon cloth (CC), carbon cloth coated by a TiO2

layer (CC/TiO2) and TiC nanowire arrays grown on carbon cloth (CC/TiC). We coated

the TiO2 films with a thickness of 30 nm by ALD, followed by thermal annealing at

900�C in Ar atmosphere. CC/TiC was prepared by annealing graphite and TiO2 on

the carbon cloth substrate. The morphology of the substrates was characterized

by scanning electron microscopy (SEM; Figure S1). We observed a continuous poly-

crystalline TiO2 film with apparent grain boundaries covering the surface of the car-

bon cloth, while the CC/TiC presents an abundance of nanowires with a diameter of

300–500 nm (Figures S1C and S1D).

Atomic layer deposition of 3-nm-thick Pt results in the formation of discrete nano-

clusters with a size of �2–5 nm, uniformly dispersed on the surface of the three sub-

strates without agglomeration (Figures 1A–1C). The deposition of thicker (8 nm) Pt

layers leads to the formation of larger nanoparticles (Figure S2). Unless otherwise

stated, all the catalysts referred to below were produced from the 3-nm-thick Pt

deposition by ALD. The calculated mass loadings of 3-nm-thick Pt on CC, CC/

TiO2, and CC/TiC are 0.199, 0.175, and 0.202 mg cm�2, respectively (Table S2;

see calculation in Experimental Procedures).
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Figure 1. Morphological Characterization of the Electrocatalysts

SEM images of (A) CC/Pt, (B) CC/TiO2/Pt, (C) CC/TiC/Pt, (D) TEM, and (E) high-resolution TEM

images of CC/TiC/Pt; STEM EDX chemical maps for (F) C, (G) Ti, (H) Pt, and (I) Ti and Pt of a

representative CC/TiC/Pt nanowire.
We carried out transmission electron microscopy (TEM) and energy-dispersive X-ray

spectroscopy (EDX) elemental mapping coupled with scanning transmission elec-

tron microscopy (STEM) to characterize the CC/TiC/Pt catalyst (Figures 1D–1I).

Discrete Pt nanoclusters were anchored on the surface of TiC nanowires. The lattices

of 0.236 nm and 0.274 nm correspond to the (111) lattice planes of Pt and TiC,

respectively. The elemental maps of CC/TiC/Pt further confirmed the uniform distri-

bution of Pt nanoclusters on the surface of TiC nanowires.

Hydrogen Evolution on Pt Nanocluster Catalysts

The electrocatalytic hydrogen evolution activity of the Pt nanocluster catalysts

coated on different substrates was characterized by linear sweep voltammetry

(LSV) at a scan rate of 1 mV s�1 in both aqueous 0.5 M H2SO4 (Figure 2A) and 1 M

KOH solutions (Figure 2B). In acidic electrolyte, CC/TiC/Pt exhibited the lowest

overpotential (35 mV) to deliver a current density of �10 mA cm�2, followed by

CC/TiO2/Pt (50 mV) and CC/Pt (54 mV). The Tafel slopes of the CC/TiO2/Pt and

CC/TiC/Pt catalysts were �30 mV dec�1 (Figure S3A) in 0.5 M H2SO4, indicating

that the HER follows a Tafel-Volmer mechanism with Tafel reaction as the rate-deter-

mining step.30,31

In basic electrolyte, the CC/TiC/Pt catalyst showed a higher activity than CC/Pt

and CC/TiO2/Pt (Figure 2B), delivering a current density of �10 mA cm�2 at an

overpotential of only 37 mV, which is 19–27 mV below the overpotential needed

for the other two supports, respectively. All the catalysts showed a Tafel slope of

�60 mV dec�1 (Figure S3B), indicating that the hydrogen generation from these cat-

alysts goes through a Heyrovsky-Volmer mechanism with the Heyrovsky step as the

rate-determining step. Note that increasing the thickness of the Pt layer to >3 nm has
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Figure 2. Electrocatalytic Hydrogen Evolution Performance

Linear sweep voltammograms (scanned from negative to positive) at a rate of 1 mV s�1 for the CC/

Pt, CC/TiO2/ Pt, CC/TiC/Pt, and commercial Pt/C in (A) 0.5 M H2SO4 and (B) 1 M KOH, respectively;

chronopotentiograms of CC/Pt, CC/TiO2/ Pt, CC/TiC/Pt, and commercial Pt/C at a constant

current density of �100 mA cm�2 in (C) 0.5 M H2SO4 and (D) 1 M KOH for 100 h.
little improvement in the catalytic performance on CC/TiO2 (Figure S4; Table S3),

whereas 8 nm Pt on CC/TiC shows slightly better activity than 3 nm Pt on CC/TiC,

but it will improve the cost. Thus, 3 nm Pt deposited samples are selected in this

work for the further investigation of catalyst stability and solar-driven water splitting.

Our CC/TiC/Pt showed a comparable performance to a commercial Pt/C (10 wt % Pt

on carbon black) catalyst loaded on carbon cloth substrate (1 mg cm�2 mass loading

of Pt) (Figures 2A and 2B). In acidic and basic electrolytes, the commercial Pt/C

required overpotentials of 32 and 30 mV respectively to achieve a current density

of �10 mA cm�2. The performance of the substrates was also tested for comparison

(Figure S5). CC, CC/TiO2, and CC/TiC exhibited poor activities with respective over-

potential >400 mV in KOH and �200 mV in H2SO4 to deliver a current density of

�10 mA cm�2 (Table S4), confirming that the high electrocatalytic activity of our cat-

alysts arises from anchored Pt nanoclusters.
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We further compared the performance of the as-prepared catalysts by evaluating

their mass (Pt) normalized activity in 0.5 M H2SO4 (Figure S6; Table S5). At an over-

potential of 100 mV, we obtained mass-normalized current densities of 237

and 328 mA mg�1 Pt for the CC/TiO2/Pt and CC/TiC/Pt, respectively, which are

�4–5 times higher than that of the commercial Pt/C (67 mA mg�1). This demon-

strates the superior activity of Pt nanoclusters supported on TiO2 and TiC compared

to commercial Pt/C catalyst.

We tested the durability of the catalysts by passing a constant cathodic current den-

sity of �100 mA cm�2 to produce hydrogen for 100 h (Figures 2C, 2D, S7, and S8).

The chronopotentiogram for CC/TiC/Pt showed a small increase in the overvoltage

from 146 to 154 mV during the electrolysis in an acidic electrolyte, which is compa-

rable to that of the commercial Pt/C (from 138 to 146 mV). In contrast, all the Pt-

based catalysts suffered from slight degradation in 1M KOH. The degradation could

be attributed to the poisoning effect of the re-deposited Ni, which originates from

the dissolution of Ni foam counter electrode during long-term electrolysis at high

current density. Our hypothesis is strongly supported by the appearance of metallic

Ni peaks at 44.6� and 51.9� in X-ray diffractograms of Pt-based catalysts after stabil-

ity test in 1 M KOH (Figure S9). Among these catalysts, commercial Pt/C showed the

best resistance towardNi poisoning, probably due to its largest surface area (Figures

S10–S12; Table S6). The SEM images of the catalysts after 100 h stability showed

some aggregation in all samples, as seen in Figures S13 and S14. This could be

due to the high surface free energy of nanoclusters, which induced the aggregation

to form larger clusters or nanoparticles, especially under long-time reaction

condition.32,33

Here, we attribute the outstanding activity and stability of the Pt-nanocluster-based

catalysts to the strong metal-support interaction (SMSI) between Pt atoms and the

substrates, which has been demonstrated to occur preferentially in the case of highly

dispersed noble metal with small particle size.34–37 In our TiO2- and TiC NW-sup-

ported catalysts, the existence of the SMSI effect was elucidated by the observed

binding energy shift of Pt 4f7/2 in XPS spectra (Figure S15). The binding energies

of all the peaks are determined by referencing them to the C 1s value of 284.8 eV.

In both cases, the downshift of Pt 4f core-level, �0.7 eV on TiO2 and �1.0 eV on

TiC NWs, indicates an increased electron density, which is attributed to the electron

transfer from surface Ti to Pt atoms. Reason for this electron transfer has been ruled

out to be the substitution by the Pt atoms of a vacant oxygen or carbon sites during

the atomic layer deposition of Pt at high temperature.36

We also attribute the good performance of CC/TiO2/Pt and CC/TiC/Pt partially to

the high electrochemical surface area (ECSA) of the titanium-based substrates (Fig-

ures S10–S12; Table S6). It is noted our CC/TiC/Pt showed a comparable perfor-

mance even though its surface area is lower than the commercial Pt/C catalyst.

This further suggests that the SMSI effect between our TiC and Pt nanoclusters posi-

tively affects the catalytic performance.

Water Electrolysis Driven by Monolithic Perovskite/Silicon Tandem Solar Cell

NiFe LDH delivers an efficient and stable performance toward OER in 1 M KOH, as

demonstrated by LSV and chronopotentiometry measurement in Figure S16. Herein,

an overall water-splitting electrolyzer was engineered using Pt-based catalysts as the

cathode and NiFe LDH as the anode.15 The distance between the two electrodes

was kept at 1 cm to minimize iR drop, and 1 M KOH was used as the electrolyte.

The electrolyzer based on CC/TiO2/Pt delivered a current density of 10 mA cm�2
2934 Joule 3, 2930–2941, December 18, 2019



Figure 3. Solar-Driven Water Splitting

(A) Schematic diagram of the solar-driven water-splitting system.

(B) Simplified schematic energy diagram of the perovskite/Si tandem solar cell integrated water

splitting.

(C) J-V curve of the perovskite/Si tandem solar cell from reverse scan under simulated AM 1.5 G 100

mW cm�2 illumination and LSV curve of CC/TiC/Pt and NiFe LDH electrodes based two-electrode

configuration. The illuminated surface area of the tandem cell and the electrode was 1.42 cm2.

(D) Current density-time curve of the solar-driven water splitting device without external bias under

chopped simulated AM 1.5 G 100 mW cm�2 illumination and the calculated STH conversion

efficiency of the integrated device.
at a cell voltage of only 1.51 V (Figure S17A), which was further reduced to 1.48 V

using CC/TiC/Pt cathode. Furthermore, the stability of overall water splitting was

measured under a constant current density of 100 mA cm�2 for 100 h. As shown in

Figure S17B, CC/TiC/Pt and commercial Pt/C showed more stable performance

than that on CC/TiO2/Pt as well.

Based on the above highly efficient water-splitting catalysts, here we employed for

the first time a perovskite/Si tandem solar cell to drive the water photolysis (Fig-

ure 3A).17 A detailed schematic diagram of the perovskite/Si tandem cell is pro-

vided in Figure S18A, of which sub-cell using a Cs0.19FA0.81Pb(Br0.13I0.87)3 perov-

skite solar cell delivered a matched current density of 20.11 mA cm�2 with that

of Si heterojunction bottom cell (20.55 mA cm�2, Figure S18B). The schematic en-

ergy diagram of the integrated overall configuration is shown in Figure 3B. From

the J-V curve in Figure 3C, the tandem cell used in the integrated device exhibited

a Jsc of 19.90 mA cm�2, a Voc of 1.76 V and a fill factor of 71.7%, corresponding to

a solar to electric power conversion efficiency (PCE) of 25.1% from the reverse

curve in standard AM 1.5 G sunlight. Furthermore, the stability of a co-processed

perovskite/Si tandem cell was measured at maximum power point (MPP) for 10 h in

an ambient air without any encapsulation and the power conversion efficiency

(PCE) remained more than 95% after the test (Figure S18C). The intersection

of the J-V curves of the tandem solar cell with that of the electrolyzer yields a

predicted operating current density for the photo-electrolysis system of

15.59 mA cm�2 at a voltage of 1.50 V (Figure 3C). We further characterized the
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performance of the combined system under AM 1.5 G chopped light illumination

without applying any external bias for more than 2 h. (Figure 3D). The system deliv-

ered a peak solar-to-hydrogen (STH) conversion efficiency of �18.7%, which was

calculated from the steady-state output of water splitting current density of

�15.20 mA cm�2 in the first 5 min, assuming 100% faradic efficiency for hydrogen

evolution (see detailed calculation in Experimental Procedures). This performance

ranks our system the most efficient PV-driven water splitting employing earth-

abundant light-harvesting materials. Furthermore, the perovskite/Si tandem device

showed insignificant PCE loss after the water splitting measurement for >2 h (Fig-

ure S18D) and an overaged STH conversion efficiency of 18.02% was obtained for

the overall system.
DISCUSSION

Downsizing the Pt particles to nanocluster, even single-atom scale, is highly desir-

able for cost-efficient catalytic reactions. Here, we show that the atomic layer depo-

sition technique enables to uniformly disperse small Pt nanoclusters on CC/TiO2 and

CC/TiC substrates. The use of Ti-based substrates with a high surface area offers a

strong metal-support interaction, which plays a critical role in enhancing the activity

and stability of our Pt nanocluster catalysts. Wiring a perovskite/Si tandem solar cell

directly to an electrolyzer provides a sufficient and quasi-ideal photovoltage for effi-

cient overall water splitting without using any voltage converter, enabling an STH

conversion efficiency of 18.7% for the overall system under standard AM 1.5 G

illumination.

Future development of photoabsorber and electrolyzer is necessary for scaling up

this solar water-splitting technology. Besides the efficiency of photovoltaics that is

limited largely by the fill factor and current density, the main challenge is to stabilize

the perovskite photoabsorber, which can be achieved by interface passivation,

composition engineering, surface protection, and cell encapsulation. For the elec-

trolyzer, novel substrates that enhance the binding of catalysts should be investi-

gated to improve the stability in both acidic and basic electrolytes. Nevertheless,

our work demonstrates an efficient solar water splitting system with earth-abundant

light-harvesting material and efficient electrocatalysts.
EXPERIMENTAL PROCEDURES

General

All solutions used in this work were prepared with 18.2 MU$cm deionized water from

a Millipore system (Purelab Ultra, ELGA). All the chemicals were used without puri-

fication unless otherwise stated.
ALD Synthesis of TiO2

TiO2 was deposited on carbon cloth (0.33 mm, CeTech Co., Ltd) by atomic layer

deposition (ALD, Savannah 11, CambridgeNanotech), using tetrakis-dimethylamino

titanium (TDMAT) and deionized water as the Ti and O precursor, respectively. The

carbon cloth was placed inside the chamber of ALD after being cleaned with ozone-

UV for 15 min. The deposition temperature was 150�C, while the container for the

TiO2 precursor was kept at 75�C. The thickness of TiO2 substrate was controlled

by adjusting the number of ALD cycles. Typically, 510 cycles deposition yielded

30-nm-thick TiO2 film. Then the TiO2-coated carbon cloth was moved into a tube

furnace (Thermo Scientific) and heated to 900�C at a heating rate of 10�C$min�1

with continuous flow of argon (99.9999%, Carbagas). After 3 h calcination, the

furnace was allowed to cool naturally to room temperature.
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Preparation of TiC NWs

TiC NWs were prepared by a templating method adapted from a previous work.38

Briefly, 160 mg of TiO2 powder (anatase, <25 nm, 99.7%, Aldrich), 58 mg of

NaCl and 30 mg of Ni(NO3)2$6H2O were dissolved in 10 mL of ethanol to form

a Ni–Ti–Cl emulsion under ultrasonication. Then, 300 mg carbon cloth (pre-cut

into several 13 3 100 mm rectangles) was dipped in the Ni–Ti–Cl emulsion. After

magnetic stirring overnight, the carbon cloth was dried at 60�C for 2 h in a pre-

heated oven to remove ethanol. The nickel-, chlorine-, and Ti-loaded carbon cloth

was placed between two slices of titanium foam and placed inside a graphite cru-

cible, which was covered with a graphite lid. Then the samples were heated to

1,250�C in a tube furnace at a heating rate of 5�C$min�1 under a continuous

100 sccm flow of pure Ar gas. After 3 h calcination, the furnace was turned off

and allowed to cool naturally to room temperature. To purify the synthesized

TiC NWs surface and reduce the possible intermediate TiOx phase, the samples

were placed in a new graphite crucible, without titanium foam and graphite lid,

and calcined for 3 h at 1,250�C (at a heating rate of 5�C$min�1) under a continuous

flow of 5% H2/95% Ar gas mixture. After 3 h calcination, the furnace was allowed to

cool naturally to room temperature.
Preparation of Pt Catalysts

The Pt nanoclusters were deposited onto the surface of substrates by atomic layer

deposition (ALD, Beneq TFS200, Finland). MeCpPtMe3 (98%, Aldrich) and ozone

(99.99%, Carbagas) were used as precursors of Pt and O, and nitrogen (99.9999%,

Carbagas) was used as the purge gas. The deposition temperature was 280�C,
and the container for MeCpPtMe3 was kept at 75�C, providing a steady flux of

MeCpPtMe3 vapor. In each cycle, 0.5 s of MeCpPtMe3 pulse and 0.5 s of O3 pulse

were separated by 2 s of N2 purge. The Pt loading on different substrates was accu-

rately controlled by the number of ALD cycles. ALD of Pt follows a similar pathway as

CVD of Pt during the oxidative decomposition of MeCpPtMe3,
39 but separating into

two half-reaction:

1st half-reaction:

Pt-O* + (MeCp)Pt(CH3)3 — (CH3)2Pt(MeCp)* + CO2 +H2O +fragments.

2nd half-reaction:

(CH3)2Pt(MeCp)* + O2 — Pt-O* + CO2 +H2O + fragments.

Here, * represents an active surface species, and Pt-O* represents oxygenmolecules

that are adsorbed on the Pt surface.
NiFe-Layered Double Hydroxide Catalyst Fabrication

The NiFe-layered double hydroxide (LDH) was fabricated by hydrothermal growth

according to previous reports but with a modified recipe.15 Briefly, 0.3 g Ni(NO3)2
(R99%, Fluka), 0.6 g Fe(NO3)2 (>99.99%, Sigma-Aldrich) and 0.3 g urea

(CO(NH2)2, 99.8%, Sigma-Aldrich) were mixed in 80 mL of deionized water to pre-

pare a homogenous solution. Then the solution was poured into a 100 mL autoclave

with a piece of Ni foam (>99.5%, 1.5 mm, Taiyuan Yingze Lizhiyuan Battery) leaned

against the wall. The growth was carried out at 120�C in an electric oven for 6 h. After

allowing the autoclave to cool naturally to room temperature, the samples were

removed, washed with deionized water, and then dried under a stream of com-

pressed air.
Joule 3, 2930–2941, December 18, 2019 2937



Physical Characterization

The morphologies and microstructures of the as-prepared catalysts were examined

by a scanning electron microscope (SEM, ZEISS Merlin) and transmission electron

microscope (TEM, FEI Osiris). X-ray diffraction (XRD) was performed via Bragg-

Brentano Geometry with a Lynexeye detector and a monochromated Cu Ka radiation

source. X-ray photoelectron spectroscopy was carried out using a PHI VersaProbe II

XPSmicroprobe. The spectra are calibrated using C 1s peak at 284.8 eV and fitted using

mixed Gaussian-Lorentzian function with XPSPEAK software.

Electrochemical Measurements

The electrochemical properties of the catalysts were tested using a computer-

controlled SP-200 (BioLogic Science Instruments) with a three-electrode system

that consists of a Ni foam counter electrode (in alkaline condition) or carbon cloth

counter electrode (in acid condition) and Ag/AgCl (saturated with KCl, Pine) refer-

ence electrode. The electrolyte was 1 M KOH or 0.5 M H2SO4. The activity toward

hydrogen evolution reaction (HER) was characterized by linear sweep voltammetry

(LSV) at a scan rate of 1 mV s�1, and the scan direction was from negative to positive

potential. Similarly, the performance toward oxygen evolution reaction (OER) of

NiFe LDH was measured by LSV at a scan rate of 1 mV s�1 in 1 M KOH. The stability

of the Pt-based catalysts and NiFe LDH toward HER and OER was characterized by

applying�100 and 100mA cm�2 constant current density for 100 h, respectively. For

the two-electrode water splitting measurement, the overall reaction was character-

ized by LSV at a scan rate of 1 mV s�1 from 2 to 0 V. The stability of overall water split-

ting was characterized by chronoamperometry applying 100 mA external bias for

100 h.

Photovoltaic-Driven Water Splitting Characterization

The monolithic perovskite/silicon heterojunction (perovskite/Si) tandem solar cell

was prepared as described in a previous work.17 Here, a two-lamp solar simulator

(Xenon and Halogen, class AAA,Wacom) was used to accurately measure perovskite

and silicon solar cells (including UV and IR components). Three independently certi-

fied silicon heterojunction cells (by F-ISE) were used to calibrate our solar simulator,

among which two cells with blue and red filter integrated respectively to the encap-

sulation frame and the other without light filter. Using the filter integrated cells, the

light contribution in the red and blue area can be finely tuned, and the current thus

was measured separately. The third certified cell (without filter) is used to calibrate

the total intensity to standard solar irradiation (100 mW cm�2). The temperature of

the perovskite/Si tandem cell was kept at 25�C during the overall measurement us-

ing a temperature-controlled stage. A shadow mask was used to define the illumi-

nated area (1.42 cm2). The J-V curves were measured at a scan rate of 100 mV s�1

(using an integration time of 0.1 s and a delay of 0.1 s for each data point, the voltage

step was 0.02 V). The performance of the solar-driven water splitting was recorded

by chronoamperometry without applying an external bias under chopped AM 1.5G

illumination. The active area of the water splitting catalytic electrodes was 1.42 cm2

as well.

ECSA Calculation

The ECSA of the catalysts was determined from the double-layer capacitance

through cyclic voltammetry at different scan rates in 0.5 M H2SO4. The potential

range where no apparent faradic processes occur was selected.40 The double-layer

charging current ic, for the CC/TiC/3 nm Pt and CC/TiO2/3 nm Pt catalysts, was

measured from CVs at multiple scan rates. The charging current is equal to the prod-

uct of the scan rate, v, and the electrochemical double-layer capacitance, Cdl:
41
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ic = vCdl:

Thus, a plot of ic as function of v yields a straight line with a slope equal to Cdl:
40

ECSA =
Cdl

Cs
;

whereCs is the specific capacitance of the sample or the capacitance of an atomically

smooth planar surface of the materials per unit area under identical electrolyte con-

ditions. For our estimates of roughness factor, we use general specific capacitances

of Cs = 30 mF cm�2 in 0.5 M H2SO4 for Pt.

Calculation for the Pt Loading Amount

In terms of the loading amount of Pt nanoclusters on three substrates, we hypothesis

that Pt form a uniform film on the whole surface of three substrates. The volume (v) of

the deposited Pt nanoclusters is:

v = h 3 Ssub 3 RF ;

where h is the deposited thickness of Pt nanoclusters, and Ssub and RF are the geo-

metric surface area and roughness factor of the substrate. RF of three substrates was

calculated by measuring the double-layer capacitance. The loading amount can be

calculated using the following equation:

Pt loading =
r3 v

Ssub
=
r3 h3 Ssub 3RF

Ssub
= r3 h3RF ;

where r is the density of the Pt. Here, we take CC/3 nm Pt catalyst as an example:

Pt loading = r 3 h 3 RF = 21:45 g cm�3 3 3 3 10�7cm 3 31 = 0:199 mg cm�2:

STH Conversion Efficiency Calculation

For the overall water splitting system that produces hydrogen and oxygenmolecules

using only solar power as the input, the solar-to-hydrogen conversion efficiency

(STH) is defined as:

STH =
Chemical energy output

Solar energy input
=

jop 3 A3 Ef 3 FEH2

Ps 3 A

Here, jop represents the operating current density of the combined system, A is the

effective illuminated area, Ef is the standard thermodynamic potential difference be-

tween hydrogen evolution and oxygen evolution half-reactions (1.23 V) that is corre-

sponded to the change of Gibbs free energy of overall water splitting, FEH2 is the

faradic efficiency for hydrogen evolution that is assumed to be 100% and Ps is the

power of solar illumination.
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