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a b s t r a c t

Inverse design is a promising approach in the realm of material science for finding structures with desired
property. We developed a new package with novel algorithm for inverse design named as IM2ODE
(inverse design of Materials by Multi-Objective Differential Evolution). The target properties of concern
include the optical and electronic-structure properties of semiconductors, hardness of crystals, etc.
IM2ODE can easily predict the atomic configurations with desired properties for three dimensional
structure, interface and cluster, even complex defect in solid. Tests have been run on multiple systems
and it has been proved that IM2ODE is highly efficient and reliable, which can be applied widely.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Traditionally discovering new materials is a long and costly
process including a huge amount of trial and error in the progress
of synthesizing and testing. Theoretical designing of materials has
been a long standing dream of the scientists. With the develop-
ment of supercomputers and first principle methods, one can
correctly predict most of the properties of a material if the atomic
configuration is known. However, the inverse of this approach,
finding a material with unknown structure and desired properties,
is still a great challenge in material design.

One way to do inverse design is by scanning databases of
structures previously found and substituting elements in those
structures, which is known as ‘high-throughput’ (HT) computa-
tional materials design, focusing on finding different composites
of compounds [1–7]. Another way is to figure out the atomic con-
figuration of a fixed chemical system with the desired properties,
which is often achieved by combining an atomic structure search-
ing with first principle calculations of target properties. These
methods were first proposed by Franceschetti and Zunger, using
simulated annealing algorithm to predict the atomic configuration
of Al0.25Ga0.75As alloy with the largest optical band gap [8]. Later,
genetic algorithm [9,10] and particle swarm optimization [11,12]
are proposed to design ordered alloy and meta stable crystal phase
with target electronic-structure property. However, these methods
take desired properties into account while neglecting the total

energy and it is possible that the structures found by those
methods may have rather high energy.

Atomic structure is the most fundamental properties of materi-
als. In the past two decades, quite a few global optimization meth-
ods were developed to search the atomic structures [13–17]. Some
global optimization packages, such as USPEX [18] and CALYPSO
[19], were developed to predict new crystal structures with lowest
enthalpy at given external conditions (e.g., pressure). The process
of structure prediction involves exploring the energy surface which
involves a huge number of energy minima. Highly efficient and
robust global optimization methods are applied to solve this prob-
lem for sampling the energy surface and find global minima. There
is something in common between the structure prediction and
inverse design: both of them needs to scan the energy surface.
The key difference is that structure prediction only needs to find
a structure with the lowest energy, while inverse design needs to
find a structure with desired properties.

Based on global optimization methods, we have developed a
novel method for ‘‘inverse design’’, which is named as IM2ODE
(inverse design of Materials by Multi-Objective Differential Evolu-
tion). In this code package, Multi-Objective optimization methods
are applied to predict structures with respect to both total energy
and properties. By extending the inverse design problem from the
single-objective domain to the multi-objective domain, we are able
to predict metastable structures of desired properties with
relatively low energy. Among the numerous global optimization
algorithms, Multi-Objective Differential Evolution (MODE) has
been widely used and achieved great successes [20–22]. MODE is
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a b s t r a c t

Carbon is a versatile element that has allotropes with both sp2 (graphene) and sp3 (diamond) bonding.
However, none of the allotropes can be used as light-absorber materials in solar cells due to either too
large or too small band gap. Here, we propose a novel concept that enables a tunable band gap of carbon
phases with sp2 carbon atoms within a sp3 carbon structure. The tunability is due to the quantum
confinement effect. By embedding the sp2 atoms within the sp3 structure, we can design new carbon
allotropes with ideal optical properties for optoelectronic applications. Five carbon allotropes incorpo-
rated this structural feature were identified by combining this new concept with our freshly developed
multi-objective inverse band structure design approach. They all have proper band gaps for optical ab-
sorption, and the simulated photovoltaic efficiency of C10-C is even higher than conventional absorber
materials such as GaAs, which indicates that C10-C with mixed sp2esp3 hybridization may have potential
application as light-absorber material in electronic and optoelectronic devices.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon is a versatile element, whose electronic states allow for
sp3, sp2 and even sp hybridization. Hence, carbon can form many
allotropes (graphite, diamond, fullerenes, nanotubes, etc.) with
various micro-textures (more or less ordered), different di-
mensionalities (from 0 to 3D), and a rich variety of electronic
structures (from metal to insulator) [1e4]. The exploration of new
carbon allotropes has been the focus of numerous theoretical and
experimental investigations because of their importance in both
fundamental science and potential practical applications [5e11].
The two most stable phases of carbon, i.e., sp3 hybridized diamond
and sp2 hybridized graphite (graphene), have a wide band gap
(5.5 eV) and a zero gap, respectively. Moreover, all the recently
predicted sp3 hybridized carbon allotropes [9,12e15] have large
band gaps. Although carbon is abundant, cheap, nontoxic, and
similar to silicon in its bonding motif, which makes it competitive

for many applications, none of the allotropes are suitable for certain
optoelectronic applications such as photovoltaic (PV) solar cells, for
which direct band gaps between 1.0 and 1.5 eV are optimal [16].
The sp3 hybridization in diamond gives a large band gap ~5.5 eV

while the sp2 hybridization in graphene has a zero band gap. If one
can mix the sp2esp3 carbon allotropes in some form, the result may
possess intermediate band gaps and provide an opportunity for
“engineered” electronic and optical properties. Experiments show
that by compressing different raw sp2 carbons allotropes, hybrid
sp2esp3 phases can be formed [17e22]. Ab initio calculations pre-
dicted two metallic phases with sp2 and sp3 hybridization, T6 and
T14 carbon [23]. Hybrid sp2esp3 carbon allotropes were also pro-
posed as possible structures of cold compressed graphite, unfor-
tunately the resulting band gaps are still either too large or too
small for the PV application [24]. However, those studies indicated
that hybrid sp2esp3 carbon allotropes may display drastically
different electronic and optical properties.
If sp2esp3 mixed hybridization in carbon materials can be

engineered with tunable the band gaps in the range 1.0e1.5 eV, it
becomes possible to design newcarbon allotropes thatmay be ideal
solar cell absorber materials, in contrast to all currently known
carbon allotropes.
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Titanium dioxide is one of the most promising semiconductors for photocatalytic splitting of water for
hydrogen. The mixed rutile/anatase system shows even more favorable photocatalytic properties than the pristine
ones. Band offset is a key factor that determines the photocatalytic activity of the mixed phase. However, the type
of band alignment and the value of the band offset are still under debate both experimentally and theoretically.
The difficulty of determining the band offset by commonly used core-level alignment calculation lies in the
different symmetry and large lattice mismatch between the two phases. Here, we adopt our recently developed
three-step method, which can overcome the lattice mismatch problem, to study the band offset with high accuracy.
In the calculation, we used an intermediate phase TiO2II to build superlattice models of rutile(101)//TiO2II(001)
and TiO2II(100)//anatase(112) to determine the core-level alignment. Our studies show a type-II, staggered band
alignment, with the valence band maximum (VBM) of rutile 0.80 eV above that of anatase, in agreement with
recent experimental results. We further analyzed the electronic structure of the two phases, and found that the
band offsets of the VBM originate from both the electrostatic interaction and electronic hybridization in rutile
and anatase, which contribute 0.36 eV and 0.44 eV, respectively.

DOI: 10.1103/PhysRevB.95.155308

I. INTRODUCTION

Titanium dioxide (TiO2) is widely used in solar cells,
photocatalysts, and pigmentationx [1–6]. In the past several
decades, a tremendous amount of experimental and theoretical
research has studied its photoactivity since Fushijima and
Honda [7] discovered the photoelectrochemical activity of
TiO2 anodes in 1971. Among the many polymorphs of TiO2,
rutile, anatase, and brookite are the most common. Rutile
and anatase have wide band gaps of 3.03 and 3.20 eV,
respectively, which lead to a low absorption efficiency in the
solar spectrum [8]. It has been a longstanding puzzle why
mixed-phase TiO2 has better photocatalytic properties than
either single-crystal rutile or anatase [9–14]. The reason for
the increased reactivity may be attributable to several factors,
including charge separation and interfacial charge transfer
effects, which come down to the band offset problem.

The physical mechanism between the band offset of rutile
and anatase is still unclear, even though large efforts have been
made both experimentally and theoretically [15,16]. Through
electrochemical impedance analysis, Kavan et al. [17] found
that the conduction band of anatase is 0.2 eV above that of rutile
(type-II rutile), which would cause the transfer of holes from
rutile to anatase, as observed in other experiments [18,19].
However, recent x-ray photoelectron spectroscopy (XPS)
measurements showed that the conduction band of anatase
is 0.2 eV [20] or 0.6 ∼ 0.8 eV [21] below that of rutile (type-II
anatase). Hence, the issue of the band offset between rutile and
anatase is still under debate experimentally. A computational

*Corresponding author: xggong@fudan.edu.cn

approach may clarify this debate, but it is difficult to obtain
the band offset between rutile and anatase directly because it
has not been possible to construct a heterostructure interface
that preserves the bulk structures on both sides of the interface.
Various attempts were made to calculate the band offset, such
as the branch point energy (BPE) method, the passivated
quantum dot (QD) method, electronic potential profiling
(EPP) [22–24], the energetics of localized holes or electrons
in biphase crystals [25], and quantum-mechanical/molecular-
mechanical (QM/MM) method [20,26,27]. The BPE method
calculates the band offset by sampling the bulk band structure.
In QD calculations, large supercells of different phases are built
to calculate the band offset by aligning the core-level energy.
The EPP method calculates the band offset by measuring
the electronic potential of a superlattice, containing over
1000 atoms built with two different phases of TiO2 [24,28].
QM/MM calculates the band offset by a core-shell model.
BPE only considers the bulk properties and discards the
interfacial effects, while the other methods face the problem
of constructing an interface between two different phases. The
band offset between rutile and anatase measured or calculated
are all listed in Table I. Up to now, neither the experimental nor
the computational results agree with each other, as discussed
in a recent article [16].

To definitely clarify the band offset between rutile and
anatase, we have combined our newly developed three-step
method [29] and the core-level alignment method with a
special construction of interface. The core-level alignment
method is believed to be a reliable method, which can
predict the band offset with high precision [30]. However,
this method cannot be directly applied to calculate the band
alignment of rutile and anatase because of the difficulty in

2469-9950/2017/95(15)/155308(6) 155308-1 ©2017 American Physical Society
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ABSTRACT: TiO2 has been extensively studied due to the possible application in
solar cells and photoelectrochemical (PEC) water-splitting. However, the energy
conversion efficiency is rather low because of the large band gaps (larger than 3.0 eV)
of rutile and anatase TiO2. Here we introduce the multiobjective differential evolution
(MODE) method as a novel global optimization algorithm to predict new
polymorphs of bulk TiO2 with better optical properties than rutile and anatase
TiO2. The band gaps of the new PI (Pnma) and CI (C2) phases are found to be 1.95
and 2.64 eV. The calculation of formation energy, phonon dispersions, and thermal
stability shows that the two novel phases are dynamically and thermally stable. These
new TiO2 polymorphs with better electronic and optical properties may pave a new
way for high-efficiency solar energy conversion.

■ INTRODUCTION
Titanium dioxide (TiO2) is a wide-gap semiconductor that can
be widely used in applications from solar cells to photocatalyst
and pigmentation.1,2 In the past several decades, the
tremendous amount of experimental and theoretical research
has been performed in the field of semiconductor photocatalyst
since Fushijima and Honda discovered the photoelectrochem-
istry (PEC) effect on anode TiO2 in 1971.

3 TiO2 was also used
as the common photocathode in dye-sensitized solar cells.4 For
both water splitting and dye-sensitized solar cell applications,
the optimal band gap for the oxide should be around 2.0 eV.
However, the large band gap of TiO2 (3.2 eV for the anatase
phase and 3.0 eV for the rutile phase) leads to low absorption
efficiency in the solar emission spectra. Different methods have
been applied to narrow the gap of TiO2 to make it suitable for
sunlight absorption.5−7 The most widely used approach is
doping, but doping-induced charge carrier trapping and
recombination sites could reduce the photochemical activity
of TiO2.

8 Therefore, a dopant-free TiO2 phase with a suitable
band gap is highly desirable.
In this article, we predict new metastable TiO2 phases with
low band gaps for the use as solar cells. To achieve this target,
we propose a general multiobjective global optimization
algorithm [i.e., multiobjective differential evolution (MODE)]
for inverse design of materials. In this novel method, more than
one objective function can be optimized simultaneously, for
example, total energy, band gap, hardness, etc. Here, we are
trying to search a TiO2 phase that has better optical properties
than rutile phase and is also relatively stable. This is equivalent
to a global optimization problem of a biobjective function, i.e.,
total energy and band gap. By combining the MODE method
with density functional calculations, we find numerous new

metastable structures of TiO2 with the band gap around 2.3 eV.
In particular, the Pnma and C2 phases have band gaps of 1.95
and 2.64 eV, respectively. They are only 0.15 eV/atom and 0.11
eV/atom less stable than the rutile TiO2, respectively.

■ METHODS
2.1. Multiobjective Differential Evolution (MODE) for

Inverse Design. In the past two decades, great efforts have
been made in crystal structure prediction, and various
algorithms have been developed,9−14 most of which only
search for structures with the lowest total energy. In
application, special properties such as light absorption,
hardness, etc., are of great concern. Some methods take those
properties into account while neglecting the total energy,15,16

and it is possible that the structures found by those methods
may have rather high energy.
Here, we developed a novel method for inverse design
through applying multiobjective optimization methods to
predict structures with respect to both total energy and
properties, thus extending the crystal structure prediction
problem from the single-objective domain to the multiobjective
domain. For multiobjective problems, there is a set of optimal
functions, so a Pareto front will be found, which is formed by
several alternative optimal solutions in the search space.
However, in traditional mathematical programming techni-
ques,17 the objectives are weighted and summed into a single
goal, which do not consider all the objectives simultaneously
and most of which find only a single optimal solution instead of
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shown in Figure 4a,b. It is obvious that the CI has a direct band
gap with Eg ≈ 2.64 eV, while the PI is an indirect gap material

with a direct gap of 1.95 eV and an indirect gap of 1.83 eV. We
note that the structure of OII (one of the known polymorphs of
TiO2) with the same space group (Pnma) is similar to that of
PI. The only structural difference (see Figure 3b,c) is that each
Ti atom is 8-fold coordinated in PI but 9-fold coordinated in
OII. The HSE06 band gap of OII is 3.01 eV, which is much
larger than that (1.95 eV) of PI.
3.2.3. Optical Property. It is well-known that the imaginary

part of the dielectric tensor ε2(ω) determines the absorption
ability of a material. Here we also adopt the HSE06 functional
to compute ε2(ω) accurately. Figure 5 shows the ε2(ω) curves
of the two new polymorphs with black and pink lines,
respectively. For comparison, the corresponding results of
rutile, anatase, brookite, OII, pyrite, and fluorite TiO2 are also
shown in the same figure. As we can see in Figure 5, the curves
of CI and PI both rise before rutile and anatase, which indicate
that PI and CI are better light absorbers than rutile and anatase.
The curve of PI rises at about 2.5 eV; therefore, the absorption
of PI can be extended to the visible region of the solar
spectrum. The light absorption ability of PI is close to that of
fluorite, which was also proposed to be a potential light
absorber.31 However, fluorite is not stable in standard ambient
conditions because of the presence of imaginary frequencies in
the phonon spectra, while PI and CI are dynamically stable.
Furthermore, the PI and CI phases are found to be more stable
than fluorite TiO2 by −0.04 and −0.08 eV/atom, respectively.
As can be seen from Figure 5, CI TiO2 starts to absorb light
at an energy of the direct band gap (2.64 eV). This is because

all dipole transitions (including the direct band gap transition)
in any system with a C2 point group is allowed. However, PI
TiO2 starts to absorb light at 2.5 eV, which is larger than the
electronic direct band gap (1.95 eV). We find that both VBM
and CBM states at Γ have odd parity symmetry; thus, the direct
band gap dipole transition is forbidden.

■ CONCLUSIONS
In summary, we developed a novel global optimization
algorithm (i.e., multiobjective differential evolution (MODE))
to predict new material that possesses several desirable
properties (for example, a low energy and a given band gap)
simultaneously. By combining this method with first-principle
calculations, we predict two new low band gap metastable TiO2
phases (PI and CI) for solar energy applications. These two
phases are found to have a better light absorption ability than
other well-known TiO2 polymorphs, and they are only slightly
less stable (about 0.1 eV/atom) than rutile TiO2. These news
TiO2 polymorphs are found to be both thermally and
dynamically stable, which may be used in solar energy systems
to improve the energy conversion efficiency. Furthermore, our
MODE approach for inverse material design will pave a new
way for predicting and designing other functional materials.
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Figure 4. (a,b) HSE06 band structure of CI and PI. Both the VBM
and CBM are denoted by dotted lines. The k points are shown by the
fractional coordinates in the terms of the reciprocal lattice of the unit-
cell. As we can see from the figure, the direct band gap (2.64 eV) of CI
locates at (0.5, 0.5, 0). The VBM and CBM of PI appeared at (0.5, 0,
0.5) and (0, 0, 0), respectively. The direct gap is 1.95 eV, which is
located at the gamma point.

Figure 5. Imaginary part of dielectric functions of the two new TiO2
polymorphs from the HSE06 calculations. For comparison, the
imaginary part of dielectric functions of anatase, brookite, rutile,
pyrite, fluorite, and OII from HSE06 is also shown.
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ABSTRACT: A three-dimensional (3D) mesoporous Fe2O3−CdS
nanopyramid heterostructure is developed for solar-driven, real-
time, and selective photoelectrochemical sensing of Cu2+ in the
living cells. Fabrication of the mesoporous Fe2O3 nanopyramids is
realized by an interfacial aligned growth and self-assembly process,
based on the van der drift model and subsequent selective in situ
growth of CdS nanocrystals. The as-prepared mesoporous Fe2O3−
CdS heterostructures achieve significant enhancement (∼3-fold) in
the photocurrent density compared to pristine mesoporous Fe2O3,
which is attributed to the unique mesoporous heterostructures with
multiple features including excellent flexibility, high surface area
(∼87 m2/g), and large pore size (∼20 nm), enabling the PEC
performance enhancement by facilitating ion transport and
providing more active electrochemical reaction sites. In addition,
the introduction of Cu2+ enables the activation of quenching the charge transfer efficiency, thus leading to sensitive
photoelectrochemical recording of Cu2+ level in buffer and cellular environments. Furthermore, real-time monitoring (∼0.5 nM)
of Cu2+ released from apoptotic HeLa cell is performed using the as-prepared 3D mesoporous Fe2O3−CdS sensor, suggesting the
capability of studying the nanomaterial−cell interfaces and illuminating the role of Cu2+ as trace element.

Fundamental cellular functions and medical research haveelucidated the function mechanism of many physiological
trace elements, which have the potential to greatly improve
disease diagnosis.1−5 Among all the trace elements, copper is an
important metal that is essential for most forms of life and the
third most abundant transition metal in humans,6−8 which
serves as a structural and catalytic cofactor for many proteins
and enzymes such as cytochrome c oxidase and copper−zinc
superoxide dismutase.9 Understanding how copper contributes
to healthy and disease states requires advanced methods for
real-time dynamic probing copper in the living cells rather than
in ionic or molecular models.10 Several methods have been
demonstrated to probe Cu2+ in biological environments.11,12

Nonetheless, the ultralow concentrations and complex forms of
Cu2+ in living cells pose a challenging barrier to monitor the
real-time dynamic production and concentration of Cu2+ in
physiological conditions.13

Semiconductor-based photoelectrochemical (PEC) biomole-
cule detection is a recently developed sensing approach that
represents several attractive features.14−20 First, light and
electricity inducers effectively eliminate the signal excitation
and detection from the background noise.21 Second, the

semiconductor nanostructure PEC conversion enables a
combination of low intensity light source (such as sunlight)
and low electric field for generation of reactive charge carriers
and photocurrent, which facilitate the targeted electrochemical
reactions without other possible interfering side reactions.22

Third, compared to conventional electrochemical detections
progressing on the electrode surfaces, the PEC method can
realize the evolution of oxygen or other reactive oxidative
species in the interiors of bulky biomolecules, offering charge
relay and efficient signal transducing.23 Among the semi-
conductor materials for the PEC conversion, α-Fe2O3 has been
demonstrated as one of the most attractive candidates for PEC
probing, due to its suitable band gap size (1.9−2.2 eV), photo-
and electrochemical stability, nontoxicity, low cost, and earth
abundancy.24−26 Despite these seemingly favorable character-
istics, several factors have limited the α-Fe2O3 photoactivity
performance,24 including a short hole diffusion length (2−4
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assay leads to significant photocurrent change, confirming our
proposed detection mechanism. As demonstrated above, our
approach for Cu2+ detection shows high selectivity, suggesting
the present PEC sensor can potentially be applied for detecting
Cu2+ in living biosystems.37−39

The capability of the mesoporous Fe2O3−CdS PEC sensors
for recording of Cu2+ release from living cells is further
investigated (Figure 5a). In the process, Hela cells were directly

cultured on top of the mesoporous Fe2O3−CdS arrays to reach
the growth confluence, preserving well-conditioned morphol-
ogies and tight contact to the mesoporous Fe2O3−CdS
interfaces judged by SEM images (Figure 5b). Then,
fluorescence imaging was employed to observe the living
Hela cells, in which F-actins and nuclei were labeled by
phalloidin-tetramethylrhodamine B isothiocyanate (red color)
and 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI,
blue color), respectively (Figure 5c). The Hela cells show
normal morphologies, active cell functions and proliferation
with its viability retained at >90% and >85% over 24, 48, 72,
and 96 h growth on the nanopyramids, respectively, indicating
low cytotoxicity of the sensor platform for cell culture (Figure
5d). This phenomenon implies the potential application of 3D
mesoporous Fe2O3−CdS nanopyramids in real-time and in situ
monitoring of the complex Cu2+ released from biosystems.
The mesoporous Fe2O3−CdS nanopyramid biosensor is
further explored for the PEC probing of Cu2+ released from
living cells. During the digestion and apoptosis processes of
cells generated by trypsin, the Cu2+ ions (in both free and
complex forms) are released,47 which can be evaluated the 3D
mesoporous Fe2O3−CdS PEC sensor. The real-time monitor-
ing shows that discrete photocurrent increases are repeated
observed upon the corresponding addition of trypsin into the
Hela cell culture (Figure 5e,f), indicating the excellent
capability of direct culturing and PEC detection of the
important cellular molecules by the nanopyramids. It should
also be noted that both free and complex Cu2+ ions are released
from the cells. In order to accurately determine the exact Cu2+

concentrations in cells, more detailed calibrations of different

complex forms of Cu2+ ions are required with standard samples
such as [Cu−Zn] superoxide dismutase,47 in addition to free
Cu2+ ions. Furthermore, it is possible that some organic
molecule interferences can act as the hole scavengers and affect
the PEC signal. However, the charge transfer sensitization
between CdS (or CuSx) and Fe2O3 has a much more significant
effect on the photocurrent density and the sensing signal.
Therefore, our system can still present good selectivity in
biological systems. In contrast, Fe2O3−CdS without the cells do
not show signals, indicating the selectivity of our PEC sensors
(Figure 5e,f). The robust sensing performance and long-term
function stability of the 3D mesoporous Fe2O3−CdS PEC
sensor is attributed to the stable structures and optoelectronic
performances of CdS sensitizer and 3D mesoporous Fe2O3, as
well as their strong chemical binding. These results further
suggest that the present 3D mesoporous Fe2O3−CdS can be
further used to detect the Cu2+ in various biosystems.

■ CONCLUSIONS
In summary, a sensing platform using 3D mesoporous Fe2O3−
CdS nanopyramid heterostructure for solar-driven, real-time,
and selective photoelectrochemical sensing of Cu2+ is
developed. Compared to conventional sensing approaches,
the 3D mesoporous Fe2O3−CdS nanopyramid sensors display
several significant advantages, excellent biocompatibility,
including effectively reduction of background interference,
simplicity, rapid response, excellent flexibility, and low cost for
practical bioapplications. This promising sensing platform
enables rapid and accurate diagnosis for Cu2+ with a low
detection limit (∼0.5 nM). Furthermore, the fabrication and
investigation of 3D mesoporous nanopyramids provide a new
paradigm for fabrication of unconventional solar-driven
mesoporous heterostructures and further suggest a new strategy
for designing a low-cost and sensitive photoelectrochemical
dynamic sensing interface toward living cells.
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Figure 5. 3D mesoporous nano-cell interfaces for real-time photo-
electrochemical dynamic probing of Cu2+. (a) Schematic representa-
tion of living cells cultured on Fe2O3−CdS. (b) SEM images of fixed
Hela cells on Fe2O3−CdS films. (c) Fluorescence images of Hela cells
cultured on the Fe2O3−CdS. The cells were stained with phalloidin-
tetramethylrhodamine B isothiocyanate for F-actin (red), 4′,6-
diamidino-2-phenylindole dihydrochloride (DAPI) for nuclei (blue).
(d) Percentage of viable HeLa cells cultured on the Fe2O3−CdS. (e, f)
Real-time detection of Cu2+ by the Fe2O3−CdS PEC sensor, when
trypsin was added at different time to the cell culture. A similar PEC
sensor but without cell culture was used as the blank control.
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Three-dimensional WS2 nanosheet networks for
H2O2 produced for cell signaling†
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Hydrogen peroxide (H2O2) is an important molecular messenger for cellular signal transduction. The

capability of direct probing of H2O2 in complex biological systems can offer potential for elucidating its

manifold roles in living systems. Here we report the fabrication of three-dimensional (3D) WS2 nanosheet

networks with flower-like morphologies on a variety of conducting substrates. The semiconducting WS2
nanosheets with largely exposed edge sites on flexible carbon fibers enable abundant catalytically active

sites, excellent charge transfer, and high permeability to chemicals and biomaterials. Thus, the 3D WS2-

based nano-bio-interface exhibits a wide detection range, high sensitivity and rapid response time for

H2O2, and is capable of visualizing endogenous H2O2 produced in living RAW 264.7 macrophage cells

and neurons. First-principles calculations further demonstrate that the enhanced sensitivity of probing

H2O2 is attributed to the efficient and spontaneous H2O2 adsorption on WS2 nanosheet edge sites. The

combined features of 3D WS2 nanosheet networks suggest attractive new opportunities for exploring the

physiological roles of reactive oxygen species like H2O2 in living systems.

1. Introduction

The three-dimensional (3D) nano-bio-interface has been
attracting substantial research interest in chemistry, nano-
technology and life sciences in recent years.1 Understanding the
interplay of materials and energy at biological interfaces has
inspired the rational design of 3D nano-bio-interfaces, which
are endowed with advantages and capabilities in developing
advanced biological science and technology.1 Transition metal
dichalcogenides (TMDs) are a group of unique 2D materials,
owing to their intriguing layer-dependent electronic and optical
properties.2–5 Recent research studies have revealed the possibi-
lities of nano-bio-interface based on TMDs with different mor-

phologies for drug delivery,6 sensing,7,8 photothermal
materials,9 electroluminescence10 and electrocatalysis.11

Among many reactive oxygen species (ROS), hydrogen per-
oxide (H2O2) is an important signal messenger molecule that
triggers reversible post-translational modifications of down-
stream targets, such as phosphatases, ion channels, transcrip-
tion factors and kinases.12,13 It has also been realized that
H2O2 plays essential functions in healthy physiological signal-
ing pathways.14 The capability of fast and sensitive H2O2
measurement especially in cellular environments and func-
tions represents attractive advantages for understanding how
cells produce, partition and funnel H2O2 into specific signal-
ing pathways.15,16 The use of ultrasmall MoS2 platelets has
recently been reported on the electrochemical detection of
hydrogen peroxide (H2O2) secreted by living cells.

8 However,
the development of the TMD-based nano-bio-interface with
sensitive signal monitoring and probing of living cells is still
at a very early stage, in which one of the significant challenges
is to probe living cells grown on 3D structures that mimic real
environments inside tissues. Solving this challenge requires
the development of new probing platforms with high inter-
action interfaces, abundant active sites and easy accessibility,
as well as sensitive and selective means for identifying the bio-
signals derived from cellular activities.1

In this work, we demonstrate the fabrication of a 3D flower-
like tungsten sulfide (WS2) nanosheet network with exposed
edge sites grown on a large variety of substrates via a chemical

†Electronic supplementary information (ESI) available: Additional figures. See
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aqueous solutions, has never been demonstrated. Moreover, 
an electrode surface passivated with hydrogen evolution may 
further enable high current densities during battery cycling, 
leading to both an ultrahigh power density and an excellent 
energy density. 

 In this regard, electrochemically active materials with strong 
affi nity to Li +  ions but passivated HER activity of HER are of 
our highest interest. Particularly, polyimides (PIs) are a group 
of synthetic molecules with reversible redox capability, and have 
recently been reported as lithium- or sodium-ion-battery anode 
materials, [ 12–17 ]  in which the intrinsic insulating behavior of PIs 
is resolved by the combination with conductive carbon mate-
rials. [ 12–15 ]  Nonetheless, due to the lack of suffi cient surface engi-
neering for HER passivation and charge transport, the voltage 
output, and the power density of these electrodes are still far from 
optimum. We fi rst carried out density functional theory (DFT) 
calculations to investigate the molecular structures of PIs, using 
two simple examples, poly(naphthalene four formyl ethylenedi-
amine) (PNFE) and poly(benzene four formyl ethylenediamine) 
(PBFE). The most active sites for hydrogen atom adsorption 
in the PI structures are oxygen atoms, which possess the min-
imum value of energy barriers for binding an H atom (Table S1 
in the Supporting Information). In an electrolyte without Li +  
ions, the activation barrier of the simulated reaction pathway of 
H 2  formation is 2.11 eV for PNFE ( Figure    1  a) and 1.94 eV for 
PBFE (Figure S1 in the Supporting Information), indicating an 
intrinsic sluggish response to HER. This high activation energy 
for H atom adsorption is general for different PI structures 
(Table S1 in the Supporting Information). In addition, during 
the battery charging process in a Li + -containing electrolyte, half 
of the active sites (O atoms) for both Tafel (2H adsorption  → H 2 ) and 
Heyrovsky (H adsorption  + H 2 O + e −  → H 2  + OH − ) are occupied by 
Li +  ions (Figure  1 b), leading to a higher energy barrier and more 
sluggish kinetics for H 2  formation. Subsequently, a larger poten-
tial window and much higher energy densities are expected.  

 Thus, based on our hydrogen-evolution passivation strategy 
and the aforementioned theoretical analysis, we have reported 
a polyimide (i.e., PNFE) nanosheet array structure uniformly 
grown on freestanding carbon nanotube (CNT) networks, for its 
passivated HER activities and electrochemical energy-storage per-
formance as ARLIB anodes (Figure  1 c). PNFE was grown in situ 
on and was fully covered over the underlying freestanding CNT 
networks, which serve as current collectors with a negligible con-
tribution to capacity and Coulombic effi ciency (Figure S2 in the 
Supporting Information), and afford a substantially passivated 
HER activity as well as capability for Li +  storage. As a proof-of-
concept, the PNFE nanosheets supported by freestanding CNT 
networks (designated as PNFE/CNT) display an extremely 

  Aqueous rechargeable lithium-ion batteries (ARLIBs) represent 
an extremely attractive candidate for next-generation energy-
storage devices, attributed to their excellent theoretical power 
density, high ionic conductivity, nonfl ammability, and low 
cost. [ 1–3 ]  Nonetheless, compared to their nonaqueous counter-
parts, the development of ARLIBs has been critically limited 
by their much narrower electrochemical potential windows 
(typically <1.8 V) and lower energy densities, [ 4,5 ]  which are pre-
dominantly restrained by ubiquitous side reactions in aqueous 
solutions, i.e., electrochemical water splitting. [ 6 ]  Although the 
sluggish oxygen evolution usually requires a large overpoten-
tial, the hydrogen-evolution reaction (HER) can easily take 
place when the applied potential increases, and thereby serves 
as a critical constraining factor for the battery voltage working 
window as well as the output Coulombic effi ciency. [ 2,6 ]  Although 
using alkaline electrolytes can shift the water reduction poten-
tial and allow for the functionality of anode materials, [ 1,7 ]  the 
water oxidation potential also shifts downward, and thus the 
existence of water splitting with a thermodynamic potential 
of 1.23 V still results in a signifi cant loss of Coulombic effi -
ciency. [ 7 ]  It was recently reported that using highly concentrated 
(molality > 20  M ) organic Li +  salt-based aqueous electrolytes can 
expand the voltage window. [ 8 ]  However, such high salt concen-
trations inevitably lead to a much slower reaction kinetics of 
ARLIBs, and thereby a limited high-power feature. 

 The rational design of anode materials, in which the water 
reduction also takes place, may suggest a new avenue for 
ARLIB discovery with enhanced voltage window and power 
density. Our design was inspired by the recent research hot-
spots of developing new hydrogen-evolution catalysts that can 
reduce the overpotentials of hydrogen formation. [ 9–11 ]  The oppo-
site strategy instead, aiming to create a large HER overpoten-
tial for inhibiting water reduction and subsequently enhancing 
both the battery output potential and Coulombic effi ciency in 

Adv. Mater. 2016, 28, 7626–7632

www.advmat.de
www.MaterialsViews.com



7631wileyonlinelibrary.com© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TIO

N

Adv. Mater. 2016, 28, 7626–7632

www.advmat.de
www.MaterialsViews.com

mass of PNFE and LiMn 2 O 4 . After 1000 cycles, the discharge 
capacity is retained at 45.1 mA h g −1  with a capacity retention 
of 65.5% (Figure  4 b). The Coulombic effi ciencies in majority 
of our 1000 cycles were ranging between 97% and 99%, except 
for the last 50 cycles (i.e., cycle 950–1000) the effi ciency was 
≈96%. The slight fading of Coulombic effi ciency during the 
last 50 cycles is attributed to the electrochemical energy-storage 
process and capacity decay induced by long-term operation, 
similar to the recent literature, [ 8 ]  instead of the hydrogen pro-
duction due to water splitting. The open circuit voltage (OCV) 
of a fully charged PNFE//LiMn 2 O 4  can be retained at ≈1.52 V 
after a standing time of 10 h (Figure S11 in the Supporting 
Information). A similar phenomenon was also reported previ-
ously in a polyimide//LiMn 2 O 4  system with a much narrower 
voltage window, [ 16 ]  indicating that the OCV decay is ascribed 
to its capacitive mechanism of energy storage, instead of water 
splitting. The discharging rate measurement was then per-
formed at the current rate ranging from 2 to 100 C (Figure  4 c). 
The discharge capacity at 100 C (the corresponding discharge 
time is ≈8 s) is 37.6 mA h g −1 , which is 63.6% of the capacity at 
2 C. Considering the poor Coulombic effi ciency of the LiMn 2 O 4  
cathode at low current rates cause by oxygen evolution reaction 
(Figure S10 in the Supporting Information), the voltage window 
at low current densities (i.e., 2 and 5 C was confi ned at 0–2.1 V 
(Figure  4 c and Figure S9b in the Supporting Information), thus 
resulting in lower capacities and Coulombic effi ciencies than 
those obtained at 10 C.  

 Finally, the specifi c power and energy of PNFE//LiMn 2 O 4  
ARLIBs were summarized and compared with representative 
records of aqueous lithium- and sodium-ion batteries reported 
previously (Figure  4 d). A specifi c power of ≈12 610 W kg −1  is 
obtained at an energy density of ≈30.8 W h kg −1  (upper arrow), 
and still remains at ≈1838 W kg −1  when the specifi c energy 
increases to ≈76.1 W h kg −1  (lower arrow). Compared with 
the state-of-the-art aqueous rechargeable alkali-ion batteries, 
such as VO 2 //LiMn 2 O 4 , [ 30 ]  LiTi 2 (PO 4 ) 3 //LiMn 2 O 4 , [ 4 ]  MoO 3 @
polypyrrole//LiMn 2 O 4 , [ 5 ]  LiTi 2 (PO 4 ) 3 //LiFePO 4 , [ 1 ]  (polyaniline/
Fe 2 O 3 )//LiMn 2 O 4 , [ 24 ]  active carbon//LiMn 2 O 4 , [ 31 ]  NaTi 2 (PO 4 ) 3 //
Na 2 NiFe(CN) 6 , [ 32 ]  and NaTi 2 (PO 4 ) 3 //Na 2 CuFe(CN) 6 , [ 33 ]  our 
PNFE//LiMn 2 O 4  ARLIB holds a top-level performance in 
energy density, power density, and cycling life (Table S3 in the 
Supporting Information). This performance is also superior 
than that of polyaniline single-walled-CNT sponge-based super-
capacitor, [ 34 ]  and close to that of ultrafast alkaline rechargeable 
Ni/Fe battery. [ 35 ]  

 High theoretical specifi c power and safety are the two main 
factors making ARLIBs superior to conventional organic Li-ion 
batteries. Nonetheless, the low voltage window and limited spe-
cifi c energy induced by water splitting predominately restrict 
the battery practical performances. The approach of using 
highly concentrated organic Li +  salt-based aqueous electrolytes 
can expand the voltage window, but it is hard to achieve high 
power density by this method. [ 8 ]  In our strategy, the increases 
of the voltage window and the energy density, while extremely 
high power density is maintained, are realized by passivation 
of the HER activity of active electrode materials. This pas-
sivation still exhibits a signifi cant effect at a low current rate 
of 0.2 C, indicating the excellent chemical stability of our 
anodes. In addition, the conformal coating and passivation of 

conductive substrates is also highly important for the inhibition 
of hydrogen evolution and improvement of the conductivity of 
active materials. Thus, ARLIBs with a wider voltage window, 
higher energy densities, outstanding specifi c power and excel-
lent cycling performance are simultaneously realized. 

 As a new type of anode for aqueous alkali-ion batteries, 
PIs have very recently attracted attention. [ 17,26 ]  However, the 
infl uence of the PI structures to electrochemical hydrogen 
evolution, which is the critical bottleneck to ARLIBs, has still 
remained undiscovered, let alone the further substantial passi-
vation via Li +  association during charging. Although the redox 
potential range of PNFE/CNT network cannot fully cover its 
stable window before HER onset, this passivation still shows 
a new strategy to push the voltage window of ARLIBs. Their 
water splitting catalytic activity, redox potential, and Li +  storage 
capability can be tuned via the design of the molecular struc-
tures. [ 12 ]  Thus, PIs represent a series of promising candidates 
for ARLIBs with much improved energy and power. Develop-
ment of new organic materials with similar structures of PIs 
but lower content of hydrogen binding sites (e.g., only two 
O atoms per unit) may serve as an approach to better passiva-
tion of water reduction. 

 In summary, we have discovered the passivated HER activity 
of PNFE/CNT networks and further developed their high per-
formance as anodes for ARLIBs. DFT calculations predict that 
PNFE possesses an intrinsic sluggish activity for HER catalysis 
due to their large activation barrier of 2.11 eV for HER, and 
the Li +  association during charging can further reduce the 
active sites and increase the hydrogen-evolution overpoten-
tials. With the rational design of electrode structure, capability 
of HER passivation and the capacitor-like Li +  storage kinetics, 
the PNFE/CNT networks exhibit a large hydrogen-evolution 
onset overpotential of 820 mV versus RHE, outstanding revers-
ible capacity of 153.7 mA h g −1 , and ultrafast rate capability 
as fast as 13.6 s per charge–discharge cycle. When combined 
with LiMn 2 O 4  as cathode, the PNFE//LiMn 2 O 4  full-cell ARLIB 
offers a wide voltage window (>2.0 V), high specifi c capacity of 
68.8 mA h g −1  at the charge and discharge current densities 
of 10 C, excellent energy density (76.1 W h kg −1 ) and power 
density (12 610 W kg −1 ), and extraordinary cycling stability 
(65.5% capacity retention after 1000 cycles when fast operated 
within 5 min), well exceeding most of aqueous energy-storage 
devices reported previously. Further design optimization of new 
molecular structures of PIs will lead to a promising avenue for 
new generation ARLIBs with much higher specifi c energy and 
power.  
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explained by the movement of the free 
charge carriers in the CNTs, which is 
appealing but resulted in an output voltage 
of only a few millivolts. Since then, var-
ious experiments have been designed to 
harvest energy from nanomaterials under 
liquid flow. Several mechanisms have also 
been proposed: for example, electricity 
generated by liquids driven along the sur-
face of nanomaterials has been explained 
by the fluidic-electric effect,[8–10] while 
ionic solution flowing along graphene 
has been attributed to the electrokinetic 
phenomenon.[11,12]

Graphene oxide and porous carbon 
exposed to moisture have been shown to 
lead to electricity via the proton-transfer 
effect,[13,14] but these technologies were 
applied under water vapor which limited 
their range of application. Furthermore, 
surface charging is shown to occur when 

water travels past polymer nanowires.[15] However, the output 
of these water-based devices has not yet been improved to meet 
the real applications.

In summary, previously reported approaches required either 
carefully tuned concentrations of ionic aqueous solutions, or 
water to flow and interact with the nanomaterials in order to be 
functional.[16]

Reliance on such requirements limits electricity production 
from water sources widely available in nature, including remote 
settings and daily life. Technology that can utilize a wide range 
of water sources with improved output can greatly expand the 

The ability to release, as electrical energy, potential energy stored at the 
water:carbon interface is attractive, since water is abundant and available. 
However, many previous reports of such energy converters rely on either 
flowing water or specially designed ionic aqueous solutions. These require-
ments restrict practical application, particularly in environments with 
quiescent water. Here, a carbon-based chemical-to-electricity device that 
transfers the chemical energy to electrical form when coming into contact 
with quiescent deionized water is reported. The device is built using carbon 
nanotube yarns, oxygen content of which is modulated using oxygen plasma-
treatment. When immersed in water, the device discharges electricity with a 
power density that exceeds 700 mW m−2, one order of magnitude higher than 
the best previously published result. X-ray absorption and density functional 
theory studies support a mechanism of operation that relies on the polariza-
tion of sp2 hybridized carbon atoms. The devices are incorporated into a flex-
ible fabric for powering personal electronic devices.

Electricity Production from Water

Converting potential energy stored at the water:material inter-
face to electrical energy has become more and more important 
since water is abundant and widely available.[1–3] Recently it has 
been shown that the interaction between nanomaterials (such 
as carbon nanotubes (CNTs) or graphene) and liquids (such 
as water, acid solution or salt solution) can convert mechan-
ical energy into electrical form. This enables the development 
of lightweight, portable, and cost-effective power sources 
using carbon materials and water sources.[4–6] Researchers 
have observed that liquid flowing through single-walled CNTs 
induces electric current and voltage.[7] The phenomenon was 
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electric charge is transferred via an electrochemical reaction 
between CNTs and water induced by the local-polarization of 
OCNTs. Because our device functions in a variety of water 
sources and does not require flowing water or ionic solutions, 
it offers a new water-based electricity generation technology. 
Furthermore, because it is small, lightweight and flexible, the 
device can be made wearable and foldable in large scale. We 
foresee various potential applications in consumer electronics 
and remote emergency situations where power generation is 
scarce.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
S.H., Y.Z., L.Q., and L.Z. contributed equally to this work. This work 
was supported by the Ministry of Science and Technology (Grant  
No. 2016YFA0203302), the National Natural Science Foundation 
of China (Grant Nos. 21634003, 51573027, 51403038, 51673043, 
and 21604012), and the Science and Technology Commission of 
Shanghai Municipality (Grant Nos. 16JC1400702, 15XD1500400, and 
15JC1490200). The sample fabrication was performed at the Fudan 
Nano-fabrication Laboratory. This work has also benefited from the 
X-ray Micro-Analysis and Spherical Grating Monochromator beamlines 
at Canadian Light Source. The authors thank Oleksandr Voznyy,  
Y. H. Wang, and G. F. Zheng for fruitful discussions and the equipment 
assistance, and thank X. H. Tao for the circuit design.

Conflict of Interest
The authors declare no conflict of interest.

Figure 4. Energy supply application of the carbon:water device. a,b) Photographs of the liquid crystal display with movable sliding blocks powered 
by an “FSD” box. c) Lightweight CNT fabric on a dandelion. d) Flexible and bendable carbon:water device fabric. e) Photographs of a subject wearing 
an “FSD” T-shirt and a self-designed pedometer wristband during exercise on an elliptical machine. f,g) Enlarged photographs of the self-designed 
pedometer wristband and “FSD” T-shirt. Scale bars: 2 cm for (a), 1 cm for (c), and 2 cm for (d).
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