11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

11

43

45

47

49

51

53

55

57

59

61

Q1

Nano Energy (immm) 1, nmn-mmn

Available online at www.sciencedirect.com nano energy

ScienceDirect

journal homepage: www.elsevier.com/locate/nanoenergy

COMMUNICATION

3D Cu-doped CoS porous nanosheet films
as superior counterelectrodes for quantum
dot-sensitized solar cells

Shengjie Peng®®, Tianran Zhang®, Linlin Li®, Chao Shen¢,
Fangyi Cheng®, Madhavi Srinivasan®, Qingyu Yan?,
Seeram Ramakrishna®, Jun Chen®

@Department of Mechanical Engineering, National University of Singapore, Singapore 117576, Singapore
bSchool of Materials Science and Engineering, Nanyang Technological University, Singapore 639798, Singapore
“Key Laboratory of Advanced Energy Materials Chemistry - KLAEMC (Ministry of Education),
Collaborative Innovation Center of Chemical Science and Engineering, Chemistry College, Nankai
University, Tianjin 300071, People's Republic of China

dDepartment of Materials Science and Engineering, NUSNNI-NanoCore, National University of Singapore,
Singapore 117576, Singapore

Received 24 April 2015; received in revised form 17 June 2015; accepted 18 June 2015

KEYWORDS

Cation exchange
reaction;
Hierarchical films;
Porous nanosheets;
Sulfide counterelec-
trode;
Quantum-dot sensi-
tized solar cells

Q3 Q2
Q4

Abstract

Quantum-dot sensitized solar cells (QDSCs), as a promising type of new generation photovoltaic
devices, require an efficient and inexpensive counterelectrode (CE) for their commercial application. In
this work, novel noble-metal-free Cu-doped CoS (Cu-CoS) CEs are designed for QDSCs. The hierarchical
three-dimensional (3D) Cu-CoS porous nanosheet films on fluorine doped tin oxide (FTO) glass are
prepared by a simple hydrothermal reaction followed by a cation exchange reaction process. As an
alternative to Pt electrode, the 3D structure of porous Cu-CoS nanosheets with high reflectivity can
provide a great large number of active catalytic sites and easy accessibility toward Sf,’ /S*~ electrolyte
solution, leading to high electrocatalytic activity. Theoretical calculations are further performed to
demonstrate the superior catalytic activity for the Cu-CoS CE. As a result, the QDSC with an optimized
Cu-CoS CE exhibits a high photovoltaic conversion efficiency of 6.1% under 100 mW cm 2 irradiation,
which is much higher than that of the references Pt and bare CoS CEs. Furthermore, this QDSC device
shows long-term stability, which makes it as a very promising and low cost effective material for QDSCs.
© 2015 Elsevier Ltd. Al rights reserved.
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Introduction

Quantum-dot-sensitized solar cells (QDSCs) are regarded as
a promising alternative to dye-sensitized solar cells (DSCs),
due to their low cost, acceptable photovoltaic conversion
efficiency, tunable band gaps, and high molar extinction
coefficient [1-4]. Similar to the cell structure of DSCs,
QDSCs consist of a quantum-dot-sensitized semiconductor
photoelectrode, a redox polysulfide electrolyte solution,
and a noble-metal counterelectrode (CE). Although exten-
sive efforts are focused on a quantum-dot light absorber,
the reported conversion efficiencies of QDSCs are still far
lower than those of DSCs. One of the major hurdles is the
poor catalytic activity of counterelectrodes (CEs), decreas-
ing the energy conversion efficiency in QDSCs [5,6].
Although Pt or Au is widely used as a standard CE due to
its good interface between FTO substrates and metal
catalysts, it can chemisorb sulfur compounds in polysulfide
electrolyte solution, thereby causing a high overpotential
and thus inefficient catalysis for redox polysulfide. There-
fore, it is quite urgent and crucial to search for alternatives
to Pt electrode.

Up to now, many kinds of materials have been widely
investigated as CEs in DSCs, such as carbon, conductive
polymers, nitrides, carbides, transition-metal sulfide and their
composites [7-20]. With regard to QDSCs, chalcogenides have
emerged as potential CEs for QDSCs, mainly due to their unique
properties such as abundance, low-cost, high electrical con-
ductivity and excellent electrocatalytic activity [21-24]. Copper
sulfide and cobalt sulfide have been demonstrated to be
efficient catalysts to replace Pt-group metal catalysts in high
effciency QDSCs [25-32]. However, it is known that the Cu,S CE
based on brass foil suffers from mechanical instability due to
the continual corrosion reaction between the brass and the
electrolyte solution [26,33]. Furthermore, these prepared
sulfide CEs are still unsatisfactory for their utilization and their
studies are inadequate. Therefore, it is urgent to develop an
innovative strategy to fabricate highly effective catalysts of CEs
and further improve the catalytic activity. Based on that, the
coupling CoS with CuS might be a promising CE for QDSCs.

One promising method for improving the catalytic perfor-
mance is to employ a doping strategy. It has been demon-
strated that heteroatom doping is an effective way to
regulate the electron structure and improve the electroche-
mical activity of the pristine precursors [34,35]. With proper
control of doping amount, their catalytic activity can be
greatly enhanced. Moreover, two-dimensional (2D) porous
nanostructured materials have received broad interests due
to their large surface-to-volume ratio, tunable transport
properties, and unique surface chemistry which can lead to
the effective interaction between the CEs and electrolyte
solution and then increase the charge transport efficiency
[36,37]. Accordingly, inspired by the positive synergistic
effects, it is expected that 3D porous nanosheet film as a
CE can provide superior electrocatalytic performance
for QDSCs.

In this work, we report a low cost and low-temperature
processable Cu-CoS composite CE for high efficience QDSCs.
Hierarchical 3D CoS nanosheet films are first synthesized by
hydrothermal reaction and then converted to Cu-doped CoS
nanoporous nanosheets through a cation exchange process. The

Cu doping into CoS nanosheets leads to favorable a 3D porous
structure, which could improve the electron-transfer capability
relative to CoS alone. Benefiting from the superior catalytic
performance, the 3D Cu-CoS film exhibits superior electrocata-
lytic activity with high stability in QDSCs.

Experimental section
Preparation of counterelectrodes

All of the chemical reagents were supplied by Sigma-Aldrich
and used without further purification. In a typical synthesis
of CoS, a piece of cleaned FTO conductive glass with a size
of 20 mm x 25 mm x 3 mm was placed against the wall of a
80 mL Teflon-lined stainless steel autoclave, which had been
fed with Co(CH5COO0),-4H,0 (0.4 mmol), L-cysteine
(1.6 mmol) and 60 mL of distilled water and stirred for
30 min. Then the autoclave was sealed and maintained at
200 °C for 10 h. After cooling down to room temperature,
the sample was washed with water and ethanol, and dried
at 60°C for 2h under vacuum. Finally, CoS film was
deposited on the FTO glass. With regard to the Cu-CoS
composites, CuCl, - 2H,0 (5 mmol) and 60 mL H,0 were first
introduced into an autoclave, and the FTO glass coated by
the CoS film was placed into the autoclave. The autoclave
was sealed and underwent different reaction times at
120 °C. Cu-CoS films with different amounts of Cu could
be obtained by adjusting the reaction times ranging from
1h, 2h, and 5h. For comparison purpose, Pt counter-
electrode was prepared by thermal decomposition of hexa-
chloroplatinic acid at 390 °C for 0.5 h.

Fabrication of QDSCs

TiO, photoanode was constructed by a compact layer, TiO,
layer and scattering layers. First, the compact layer was
coated on the FTO glass by spray pyrolysis at 500 °C [38,39].
Thereafter, the mesoporous TiO, layer (Solaronix ~5 pum)
and scattering layer (WER2-0, Dyesol, ~3 um) were screen-
printed onto the substrate. The electrode was heated at
450 °C for 30 min to form TiO, photoanode [10,32]. A post-
treatment of the dried TiO, film with an aqueous solution of
TiCl, (0.05 M) was then carried out. With regards to the
sensitizer, CdSep 45Teq 55 alloyed QDs with a size of around
5 nm were prepared following a previously reported proce-
dure (Figure S1 in Supporting information) [40-42]. The
obtained TiO, electrode was then sensitized with the
CdSeg 45Teg.s5 QD sensitizers by pipetting directly on the
electrode surface. After the deposition, the QD absorbed
TiO, film was coated with ZnS layer to suppress the charge
recombination at the QD sensitizer/electrolyte interface.
The prepared CE and the QD-sensitized photoelectrode with
an active area of 0.16 cm? were sandwiched between a hot-
melt ionomer film (Surlyn, 60 mm) under heating. The
polysulfide electrolyte solution composed of Na,S (1 M), S
(1 M) and 0.1 M NaOH aqueous solution was prepared and
injected through the pre-drilled holes of the CE, and each
hole was sealed by using a small piece of Surlyn and a
microscope cover glass.
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