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Abstract
Edge-selectively halogenated graphene nanoplatelets (XGnPs, X=Cl, Br, and I) were prepared by the
mechanochemically driven reaction between graphite and diatomic halogen molecules (Cl2, Br2 or I2).
The contents of halogens (Cl, Br, and I) in XGnPs were 3.18, 1.77, and 0.66 at%, respectively, by X-ray
photoelectron spectroscopy. The XGnPs as counter electrodes (CEs) showed remarkably enhanced
electrocatalytic activities toward Co bpyð Þ33þ reduction reaction in dye-sensitized solar cells (DSSCs)
with an excellent electrochemical stability. Amongst XGnPs, IGnP-CE demonstrated the lowest charge-
transfer resistance (Rct) of 0.46Ω cm2 at the CE/electrolyte interface. This value is much lower than
that of Pt-CE (0.81Ω cm2). In addition, the DSSC with IGnP-CE had the highest fill factor (71.3%) and
cell efficiency (10.31%), whereas those of DSSCs with Pt-CE were only 70.6% and 9.92%, respectively.
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Introduction

Photovoltaic technology has been realized as a suitable
means of generating electrical power by converting solar
energy into direct current electricity for the fulfillment
of the increasing demand for energy consumption with
the least impact on the environment. Since it was first
developed by O'Regan and Grätzel, the dye-sensitized
solar cell (DSSC) has been developed into a powerful
photovoltaic technology because of its high efficiency
and simple fabrication process [1,2]. Its record high
power conversion efficiency (PCE) is 13.1% after two
decades of concentrated efforts [3]. However, this emer-
ging photovoltaic technology seems to be always asso-
ciated with unsatisfactory problems for practical use. For
example, a platinum (Pt) catalyst is still the most
efficient and widely used counter electrode (CE) in
DSSCs. Obviously, this high-cost metallic Pt and its poor
electrochemical stability is a common pitfall for com-
mercial production of DSSCs. Therefore, it is essential to
search for non-precious metal and/or metal-free electro-
catalysts with a high catalytic activity and long-term
electrochemical stability for practical use of DSSCs. Since
Kay and Grätzel first reported a DSSC employing a carbon
black/graphite composite CE instead of Pt and obtained a
promising PCE of 6.7% [4], there have been extensive
efforts towards the development of metal-free CEs in
energy conversion devices using heteroatom-doped car-
bon-based materials, e.g., boron (B) [5,6], nitrogen (N)
[7–11], phosphorus (P) [12,13], sulfur (S) [14] and their
co-doping [15].

Graphene, one of carbon-based allotropes consisting of
a single-layer sp2 carbon with a two-dimensional honey-
comb lattice structure, has demonstrated many interest-
ing properties, including superb electrical conductivity
and structural stability. In this regard, defect-free gra-
phene is hardly suitable as the CEs in DSSCs; therefore, it
is important to develop heteroatom-doped graphene-
based CEs to balance electrical conductivity for efficient
charge transfer and charge polarization for enhanced
reduction activity of redox couples simultaneously [16].
However, the neutral polarity of graphene often restricts
efficient charge transfer at the graphene/liquid inter-
face, despite the high in-plane charge mobility [17].
Thus, edge-selective heteroatom doping of graphene is
quite challenging to impart both efficient in-plane charge
transfer and to improve polarity, and hence to enhance
electrocatalytic activity [18]. Furthermore, quantum
mechanics calculations revealed that the electron
accepting/donating ability of heteroatom-doped gra-
phene creates net positive/negative charges on adjacent
carbon atoms in the graphitic lattice to efficiently facil-
itate reduction catalytic activity [19]. Therefore, edge-
selective heteroatom-doping of the graphitic framework
could be a pivotal factor for the overall enhancement of
electrocatalytic activity. In this regard, we prepared
edge-selectively halogenated graphene nanoplatelets
(collectively designated as XGnPs, X=Cl, Br and I) by a
simple yet efficient mechanochemically driven reaction
between graphite and diatomic halogen molecules (Cl2,
Br2 or I2) and tested them as potential alternatives to
precious Pt CE [20].

Experimental section

Materials

Graphite was obtained from Alfa Aesar (Natural, �100
mesh, 99.9995% metals basis, 14735) and used as received.
chlorine (Cl2), bromine (Br2) and iodine (I2) were purchased
from Aldrich Chemical Inc. and used as received. All other
solvents were supplied by Aldrich Chemical Inc. and used
without further purification, unless otherwise specified.

Synthesis of XGnPs

In a typical experiment, pristine graphite (5.0 g) was placed
with a reactant, such as chlorine (Cl2, 1.2 bar), bromine
(Br2, 20 g), and iodine (I2, 20 g) in a stainless steel capsule
containing stainless steel balls (500 g, diameter 5 mm). The
capsule was sealed and degassed after application of
reduced pressure (0.05 mmHg) to remove air and then fixed
in a planetary ball-mill machine and agitated at 500 rpm for
48 h. The resultant products were Soxhlet extracted with
acetone to get rid of unreactive materials and washed with
1 M aq. HCl solution to remove metallic impurities, if any.
The final products were then freeze-dried for 48 h to yield a
dark black powder of ClGnPs (5.93 g), BrGnPs (6.59 g), and
IGnPs (6.65 g).

Instrumentations

Elemental analysis (EA) was conducted with a Thermo
Scientific Flash 2000. The surface area was measured by
nitrogen adsorption–desorption isotherms using the Bru-
nauer–Emmett–Teller (BET) method on a Micromeritics ASAP
2504N. Field emission scanning electron microscopy (FE-
SEM) was performed on an FEI Nanonova 230 while high-
resolution transmission electron microscopy (HR-TEM) was
carried out on a JEOL JEM-2100F (Cs) microscope operating
at 200 kV. TEM specimens were prepared by dipping carbon
micro-grids (Ted Pella Inc., 200-mesh copper grid) into well-
dispersed samples in ethanol. X-ray photoelectron spectra
(XPS) were recorded on a Thermo Fisher K-alpha XPS
spectrometer. X-Ray diffraction (XRD) patterns were
recorded with a Rigaku D/MAZX 2500 V/PC with Cu-Kα
radiation (35 kV, 20 mA, λ=1.5418 Å). Micro-Raman mea-
surements were made with a WiTec Alpha300S system with
532 nm wavelength laser light and a 50� objective.

Results and discussion

As schematically shown in Figure 1, pristine graphite can be
easily edge-selectively halogenated and exfoliated by
mechanochemical ball-milling. For a mechanochemical
reaction to take place, high-speed traveling stainless steel
balls must deliver enough kinetic energy to the graphitic
frameworks to cause unzipping of graphitic C–C bonds. As a
result, the generated active carbon species (mostly carbor-
adicals) react with halogens to produce edge-halogenated
graphene nanoplatelets (XGnPs).

Scanning electron microscopy (SEM) images demonstrate
obvious grain-size reduction of XGnPs (Figure 2a–c)
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