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Flexible n-type thermoelectric materials by
organic intercalation of layered transition
metal dichalcogenide TiS,

Chunlei Wan'?*, Xiaokun Gu3, Feng Dang', Tomohiro Itoh’, Yifeng Wang#, Hitoshi Sasaki’,
Mami Kondo', Kenji Koga®, Kazuhisa Yabuki®, G. Jeffrey Snyder®, Ronggui Yang?
and Kunihito Koumoto™

Organic semiconductors are attracting increasing interest as flexible thermoelectric materials owing to material abundance,
easy processing and low thermal conductivity. Although progress in p-type polymers and composites has been reported,
their n-type counterpart has fallen behind owing to difficulties in n-type doping of organic semiconductors. Here, we
present an approach to synthesize n-type flexible thermoelectric materials through a facile electrochemical intercalation
method, fabricating a hybrid superlattice of alternating inorganic TiS, monolayers and organic cations. Electrons were
externally injected into the inorganic layers and then stabilized by organic cations, providing n-type carriers for current
and energy transport. An electrical conductivity of 790Scm™ and a power factor of 0.45mW m~' K~? were obtained
for a hybrid superlattice of TiS,/[(hexylammonium),(H.0),(DMSO0).], with an in-plane lattice thermal conductivity of
0.12+£0.03 W m~! K-, which is two orders of magnitude smaller than the thermal conductivities of the single-layer and bulk
TiS,. High power factor and low thermal conductivity contributed to a thermoelectric figure of merit, ZT, of 0.28 at 373K,

which might find application in wearable electronics.

been successfully applied to thin-film electronics'” and

optoelectronic devices*® and are attracting attention as a
potential thermoelectric material®”. Owing to their flexibility and
easy processing, organic semiconductors and composites can of-
fer new opportunities for flexible power generation, Peltier cool-
ing and sensor networks for wearable technologies, which is not
possible with the conventional brittle and usually toxic inorganic
thermoelectric materials. Thermoelectric energy conversion effi-
ciency is determined by the thermoelectric figure of merit (ZT),
defined as S’0 T /k, where S, o, T and k represent Seebeck coef-
ficient, electrical conductivity, absolute temperature and thermal
conductivity, respectively. Great progress has been made on p-
type polymers and composites, especially those based on poly(3,4-
ethylenedioxythiophene) polystyrene sulphonate (PEDOT-PSS),
with the highest ZT reported to be 0.42 (refs 6,7). However, an n-
type counterpart has not yet emerged owing to the challenges in
the n-type doping for organic semiconductors because of its low
electron affinity. On the other hand, there are ongoing efforts trying
to fabricate flexible thermoelectric thin film using highly porous
inorganic materials such as Bi,Te;. However, the thermoelectric
performance was severely degraded compared with their bulk coun-
terpart owing to the porous microstructure®’.

Here, we develop a strategy to synthesize n-type inorganic/
organic superlattice materials with structural flexibility by organic
intercalation of layered transition metal dichalcogenide TiS,. This
hybrid inorganic/organic superlattice possesses a high electronic

O rganic semiconductors, such as conjugated polymers, have

power factor of the inorganic component TiS,. As a result of
the significant reduction in the thermal conductivity due to the
organic intercalation, the in-plane ZT value has been tripled in
TiS, [(HA)0s(H20)0.2:(DMSQO)g,;] and reached 0.28 at 373 K, which
is close to that reported for the most promising p-type organic mate-
rial, PEDOT-PSS. This general synthesis route using organic inter-
calation could be extended to many other layered two-dimensional
transition metal dichalcogenides, such as MoS,, NbS,, TaS,, VS,
and CrS,, for potentially high-ZT, both n- and p-type, flexi-
ble thermoelectric materials with abundant choice of intercalated
organic compounds.

We synthesized an inorganic/organic superlattice with facile
two-step chemical processes, including electrochemical intercala-
tion and solvent exchange (Fig. 1a and Supplementary Section 1
and Supplementary Fig. 1). TiS, single crystals were synthesized
using the chemical vapour transport method' and were used as
the host material. The TiS, crystals were used as the cathode in
electrochemical reaction cells with the organic salt dissolved in
a solvent and used as the electrolyte. When an electrical poten-
tial was applied, part of the Ti** in TiS, was reduced to Ti**
and the TiS, layers were negatively charged with additional car-
riers, as suggested by the X-ray photoelectron spectroscopy re-
sult (Supplementary Fig. 2). The organic cations in the electrolyte
were intercalated into the van der Waals gap, driven by Coulomb
force, and an inorganic/organic superlattice was formed. Owing to
the cation-dipole effect, the solvent molecules are co-intercalated
with the organic cations (see Supplementary Fig. 1), which can be

TGraduate School of Engineering, Nagoya University, Nagoya 464-8603, Japan. 2State Key Laboratory of New Ceramics and Fine Processing, School of
Materials Science and Engineering, Tsinghua University, Beijing 100084, China. 3Department of Mechanical Engineering, University of Colorado, Boulder,
Colorado 80309, USA. #College of Material Science and Engineering, Nanjing University of Technology, Nanjing 210009, China. >KOBELCO Research
Institute, Kobe, Hyogo 651-2271, Japan. ®Department of Materials Science and Engineering, Northwestern University, Evanston, lllinois 60208, USA.
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Performance improvement of magnesium sulfur battery with modified non-

nucleophilic electrolytes
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Abstract

The combination of magnesium anode with a sulfur cathode is one of the most promising
electrochemical couples due to its advantages of good safety, low cost and a high theoretical
energy density of over 4000 Wh I™*. However, magnesium sulfur battery is still in a very early
stage of R&D and the discovery of suitable electrolytes is the key challenge for further
improvement. In this study, we present a new preparation method of non-nucleophilic
electrolyte solutions by a two-step reaction in one-pot, which provides a feasible way to
optimize the physiochemical properties of the electrolyte for the application of magnesium
sulfur battery. The first utility of modified electrolytes in glymes and binary solvents of glyme
and ionic liquid shows beneficial effects on the performance of magnesium sulfur battery.
New insights into the reaction mechanism of electrochemical conversion between magnesium

and sulfur have also been investigated.
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Supporting information
Simultaneous  morphology  manipulation and  upconversion  luminescence
enhancement of B-NaYF,:Yb**/Er** microcrystals by simply tuning the KF dosage
Mingye Ding"?, Dagin Chen"", Shilong Yin®, Zhenguo Ji*, Jiasong Zhong', Yaru Ni?, Chunhua

Lu*", Zhongzi Xu®

! College of Materials & Environmental Engineering, Hangzhou Dianzi University, Hangzhou 310018, P. R. China,
2 State Key Laboratory of Materials-Orient Chemical Engineering, College of Materials Science and Engineering,
Nanjing Tech University, Nanjing 210009, P. R. China, ° College of Chemistry & Materials Engineering,
Changshu Institute of Technology, Changshu 215500, Jiangsu, P. R. China
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Fig. S1 (a) TEM image, (b) HRTEM image, (c) SAED, and (d) EDS of the sample obtained at 1 h.

To provide a further insight into the as-obtained nanoparticles, TEM investigation and EDS
analysis are also performed. The TEM image and HRTEM micrograph in Fig S1(a) and Fig. S1(b)
reveal that the sample consists of uniform and well-dispersed nanoparticles with a diameter about
40 nm. The determined interplanar distances of 0.32 nm between the adjacent lattice planes agrees
well with the dy5; spacing of cubic NaYF, (JCPDS No. 77-2042). Moreover, the SAED pattern in
Fig. S1(c) shows spotty polycrystalline diffraction rings, which can be indexed to the (111), (200),
(220), and (311) planes of cubic NaYF, lattice. Additionally, the EDS in Fig. S1(d) shows a

characteristic intensity profile of Na, Y, and F elements.
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Broadband tunable liquid crystal terahertz waveplates
driven with porous graphene electrodes

Lei Wangl’*, Xiao-Wen Lin"*, Wei Hu', Guang-Hao Shao, Peng Chen', Lan-Ju Liangz, Biao-Bing Jin?,
Pei-Heng Wu’, Hao Qian’, Yi-Nong Lu’, Xiao Liang*, Zhi-Gang Zheng' and Yan-Qing Lu'

Versatile devices, especially tunable ones, for terahertz imaging, sensing and high-speed communication, are in high demand. Liquid
crystal based components are perfect candidates in the optical range; however, they encounter significant challenges in the terahertz
band, particularly the lack of highly transparent electrodes and the drawbacks induced by a thick cell. Here, a strategy to overcome all
these challenges is proposed: Few-layer porous graphene is employed as an electrode with a transmittance of more than 98%. A
subwavelength metal wire grid is utilized as an integrated high-efficiency electrode and polarizer. The homogeneous alignment of a
high-birefringence liquid crystal is implemented on both frail electrodes via a non-contact photo-alignment technique. A tunable
terahertz waveplate is thus obtained. Its polarization evolution is directly demonstrated. Furthermore, quarter-wave plates that are
electrically controllable over the entire testing range are achieved by stacking two cells. The proposed solution may pave a simple and

bright road toward the development of various liquid crystal terahertz apparatuses.
Light: Science & Applications (2015) 4, e253; doi:10.1038/Isa.2015.26; published online 27 February 2015

Keywords: liquid crystal; porous graphene; terahertz; waveplate

INTRODUCTION

Terahertz (THz) waves, which are typically defined as electromagnetic
waves in the frequency range of 0.1-10 THz, offer great potential for
application in security screening, nondestructive evaluation and high-
speed wireless communication."? In the past two decades, impressive
progress has been made in this field.'"™ It is expected that THz
switches, attenuators, filters, polarization controllers and even routers
will become available to handle THz waves in controllable or reconfi-
gurable ways,™® just like their well-developed optical counterparts.
Liquid crystals (LCs) have proven to be a perfect means of fulfilling
these needs in the visible and telecom bands. It is also a very promising
candidate for the new platform of THz devices.”® However, related
studies still face significant challenges: First, metal layers with a thick-
ness of more than a few tens of nanometers are totally opaque, and the
conductive indium tin oxide (ITO) films that are commonly used in
the visible range also become highly reflective.” The lack of transparent
electrodes makes the electric tuning of LCs difficult to achieve. Second,
the dispersion of LC refractive indices induces a comparatively low
birefringence in the THz regime.'® Third, both the corresponding
wavelengths and wavelength range (30 um to 3 mm in vacuum) are
much larger than those in the visible region. The latter two facts
together give rise to a need for a very thick LC layer to achieve certain

modulations (e.g., m/2 or © phase retardation), leading to several dis-
advantages such as high operating voltage, slow response and poor
pre-alignment. These bottlenecks hinder the rapid development of this
field.

In early studies, magnetic fields were used to tune LCs,
the requisite transparent electrodes. These devices achieved good tun-
ability, but they were bulky, heavy, costly and highly power consum-
ing. Therefore, electrically driven devices remain the primary focus of
research. Tsai et al."” have employed a bias electric field generated by
two crossed gold strips, with low modulation efficiency and high
driving voltage. Hsieh et al.'* have accomplished greater modulation
of up to 7/2 by using a lateral field to avoid affecting the transmittance
of the THz signals, but this design suffered from a very slow response.
We have used subwavelength metal wire grids as transparent electro-
des for THz phase shifters, thereby achieving highly compact and
efficient components.'> However, these electrodes were polarization
selective. Most recently, highly transparent ITO nanowhisker electro-
des, the transmittance of which reached ~82% in the range of 0.2—
1.2 THz, have been utilized in THz phase shifters.'® Unfortunately, to
achieve the required high phase retardation, in most previous efforts,
large cell gaps (500 pm or more) have been introduced, causing the
components to respond very slowly because the decay time of LCs is
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ABSTRACT: Photocatalysis has been invariably considered as an unselective process vy
(especially in water) for a fairly long period of time, and the investigation on selective qOD
photocatalysis has been largely neglected. In recent years, the field of selective /ﬁp e

photocatalysis is developing rapidly and now extended to several newer applications.
This review focuses on the overall strategies which can improve the selectivity of
photocatalysis encompassing a wide variety of photocatalysts, and modifications thereof,
as well as the related vital processes of industrial significance such as reduction and
oxidation of organics, inorganics, and CO, transformation. Comprehensive and
successful strategies for enhancing the selectivity in photocatalysis are abridged to
reinvigorate and stimulate future investigations. In addition, nonsemiconductor type
photocatalysts, such as Ti—Si molecular sieves and carbon quantum dots (CQDs), are
also briefly appraised in view of their special role in special selective photocatalysis,
namely epoxidation reactions, among others. In the end, a summary and outlook on the challenges and future directions in the
research field are included in the comprehensive review.
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Wereported a novel, simple, modification-free process for the preparation of transparent superhydropho-
bic surfaces by calcining candle-soot-coated polydimethylsiloxane (PDMS) films. Though a calcination
process, a candle soot template was gradually removed while robust fibrous and network structures
were created on glass. Owing to these structures, the glass substrates were durable and highly transpar-
ent with an average transmittance (400-800 nm) of 89.50%, very closed to the bare glass slides (89.70%).
These substrates exhibited a water contact angle (WCA) of 163° and a sliding angle (SA) of ~1°. Impor-

Keywords: . tantly, the superhydrophobicity of these surfaces can thermally recover after oil-contamination due to
Superhydrophobic e L. R

Transparent their high thermal stability below 500 °C. Based on these, superhydrophobic fiberglass cotton was also
Durable prepared for optimized oil-water separation and air filtration. This method is suitable for large-scale pro-

PDMS duction because it uses inexpensive and environmentally friendly materials and gets rids of sophisticated
Template equipment, special atmosphere and harsh operations.

Thermally stable

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

We all have been attracted by lotus leaves because water
droplets can easily roll on their surfaces, take away contaminants
and keep the leaves clean. This phenomenon also gains much inter-
est from researchers during the past decades and similar superhy-
drophobic surfaces with a water contact angle (WCA) larger than
150° and a sliding angle (SA) less than 10° have been extensively
studied due to their potential applications in water-repellency,
self-cleaning, anti-icing, antibacterial, oil-water separation, drag-
reduction and optical areas [1-10]. To prepare this kind of surface,
roughness and low surface energy materials are two main factors
and organic materials are essential in nearly every method due to
their key roles in constructing structures or providing low surface
energy [11-18]. Polysiloxanes, especially polydimethylsiloxane
(PDMS), are good choice because they are less reactive, less toxic
and more inexpensive than fluorosilanes and chlorosilanes and
more thermally stable, durable than many polymers. Using PDMS
as main materials, many attempts have been made to prepare self-
cleaning surfaces with special functions, including oil-water sepa-
ration, durability, thermal stability and transparency. On one hand,
owing toits intrinsic low surface energy and moldability, PDMS was
mixed with many kinds of nano materials such as silica[19-21] and

* Corresponding author. Tel.: +86 025 83587270; fax: +86 025 51875626.
E-mail address: zsguan@njtech.edu.cn (Z. Guan).

http://dx.doi.org/10.1016/j.apsusc.2015.02.157
0169-4332/© 2015 Elsevier B.V. All rights reserved.

nano carbon materials [22-24] or treated through phase separation
[25], lithography [26] and pattern [27] methods to prepare super-
hydrophobic materials. It is easy to get good performances of oil-
water separation and durability based on these low-temperature
methods. Zhao et al. [22] created hierarchical structure on the com-
mercial nickel foam surface by deposition of a soot layer. After
being solidified by PDMS, the as-prepared nickel foam showed
both superhydrophobic and superoleophilic properties simultane-
ously, which was later applied in oil and water mixture separation.
Deng et al. [28] reported an approach for the production of durable
superhydrophobic and photocatalytic hybrid films fabrics with
Ti0,-Si0, sol-gel and PDMS. The as-prepared films on glass slides
could present superhydrophobicity below 250 °C. However, almost
all of the above products are unable to endure a higher temper-
ature (> 400°C). On the other hand, when combined with some
suitable methods, PDMS can be applied in preparing transparent
superhydrophobic surfaces with high thermal stability. Wang et al.
[29] used a liquid polysiloxane containing Si—H and Si—CH=CH,
groups as the precursor and methyl-terminated PDMS as poro-
gens, successfully fabricating highly transparent and durable
superhydrophobic coatings through a simple solidification phase-
separation method under an argon atmosphere at 550°C. The
as-prepared coatings have an average transmittance (AT)>85% at
the wavelength range of 400-780 nm, a WCA of 155° and a SA<1°.
Li and his co-workers [30] prepared superhydrophobic coating
through spraying the mixture of PDMS and hydrophobic nanosilica
on the slide glass. After a calcination process at 400 °C, the coating
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Currently, enhancing luminescence efficiency of upconversion nanoparticles (UCNPs) has still been a
challenging topic in despite of many efforts to improve UC luminescence. In this paper, a new strategy
to enhance UC emission has been described based on coupling of Li* ions doping with growth an inert
shell. Significant enhancement of upconversion (UC) luminescence intensity of lanthanide-doped nano-
particles was observed under synergistic effect of internal adjustment and external approach. In addition,

the mechanism for the luminescence enhancement of UCNPs has been discussed. Our results suggest that

Keywords:
Upconversion

Li* ions doping
Core-shell structure
Nanocrystals

this UC enhancement strategy, proven here in NaGdF, nanoparticles, could be extended to other
lanthanide-doped nanocrystal systems for applications ranging from luminescent biological labels to
volumetric three-dimensional displays.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Lanthanide-doped upconversion nanoparticles (UCNPs), which
can be excited by near-infrared (NIR) radiation and convert low-
energy NIR to visible light through an upconversion process [1],
have been widely investigated over the past few years owing to
their potential applications in solid-state lasers, three-dimensional
displays [2], solar cells [3,4], photocatalysis [5,6] and especially
biological labeling, imaging, and therapy [7-9]. Compared with
the traditional biolabels, such as organic fluorophores and quan-
tum dots, these UCNPs have many merits, including sharp emission
peaks, large anti-Stokes shifts, long-lived excited electronic states,
and high photostability [10-13]. Despite these advantages,
improvements have been still needed to optimize UC luminescence
properties for further potential commercialization [14]. One nota-
ble change is the further enhancement of UC intensity under low
excitation power density, which has important significance to their
applications. The desired UCNPs for their potential applications
should have low pumping threshold in power density and high
efficiency for upconversion emissions. However, in comparison
with the bulk counterparts and competing single-photon excited

* Corresponding authors. Tel.: +86 25 83587252; fax: +86 25 83587220
(Y. Ni, C. Lu). Tel./fax: +86 0571 87713542 (D. Chen).
E-mail addresses: nyr@njtech.edu.cn (Y. Ni), dqchen@hdu.edu.cn (D. Chen),
chhlu@njtech.edu.cn (C. Lu).

http://dx.doi.org/10.1016/j.jallcom.2014.10.089
0925-8388/© 2014 Elsevier B.V. All rights reserved.

nanomaterials, their relatively low luminescent quantum efficien-
cies make them more difficult for use in various applications.
Hence, the luminescence enhancement of UCNPs is still a formida-
ble challenge.

Till now, numerous techniques have been adopted to further
enhance UC emissions, including sensitizing mechanisms [15,16],
crystal surface modifications [17,18], the formation of core-
shell structure [19,20], the introduction of non-lanthanide ions
[21-26] and the incorporation of noble-metals [27-29]. Among
these methods, the growth of a shell surrounding the core is a com-
mon way to improve luminescence efficiency. It has been widely
accepted that growing a shell with similar lattice constants around
pre-synthesized core can protect the luminescent lanthanide ions
in the core from nonradiative decay caused by surface defects, sur-
face-bound ligands and solvents. Some studies on the synthesis
and application of core/shell-structured UCNPs have shown this
luminescence enhancement effect of lanthanide ions in the UCNPs.
Typically, Liu’ s group has designed a B-NaGdF,: Yb, Tm@B-NaGdF,
core-shell structure, and presented significant enhancement of the
UC luminescence [30]. Zhang et al. and Chow et al. have separately
reported great UC luminescence enhancement after the introduc-
tion of a B-NaYF, shell [18,31]. Very recently, co-doping with
non-lanthanide ions provides an alternative means to improve
the UC emission efficiency by adjusting the crystal field symmetry.
With relatively smaller cationic radius, Li* ion is supposed to be a
superb choice for occupying the substitution or interstitial sites in
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@S{Sﬁf}ﬁi{i Fabrication of nitrogen-doped porous carbons for
highly efficient CO, capture: rational choice of
gt;);hls: J. Mater. Chem. A, 2016, 4, a polymer precu rSOI’T

Jiahui Kou® and Lin-Bing Sun*3°

Because of the high stability, tailorable surface properties, and plentiful porosity, nitrogen-doped porous
carbons (NPCs) are of great interest for CO, capture. Carbonization of nitrogen-containing polymers is
regularly utilized for the fabrication of NPCs, but such a method is obstructed by the high cost of some
polymer precursors. Here we demonstrate the preparation of NPCs via the rational choice of a low-
priced, nitrogen-rich polymer NUT-1 (NUT represents Nanjing Tech University) as the precursor, for the
first time. The polymer NUT-1 was synthesized by the polymerization of two easily available monomers
under mild conditions without the use of any catalysts. Carbonization at temperatures ranging from
500 to 800 °C leads to the generation of a series of NPCs possessing various porosity and nitrogen
contents. The adsorption performance of NPCs is dependent on their pore structure and nitrogen-
doped "CO,-philic” sites, while the sample with the largest surface area does not exhibit the highest
adsorption amount of CO,. In the case of the material prepared at 600 °C (NPC-1-600), the CO,
adsorption amount can reach 7.5 mmol gt at 273 K and 1 bar, which is much higher than that of some
benchmark materials, including 13X zeolite (4.1 mmol g~% and activated carbon (2.8 mmol g%, and

most if not all reported carbon-based adsorbents. We also demonstrate that KOH plays an important
Received 25th August 2016

Accepted 3rd October 2016 role in the formation of abundant porosity. The reference material NPC-1-600r prepared in the absence

1

of KOH can only adsorb 3.2 mmol CO, g™~ at 273 K and 1 bar, which is obviously lower than its

DOI: 10.1035/c6ta07305k counterpart NPC-1-600 (7.5 mmol g%). Our materials may offer to be promising candidates for carbon

www.rsc.org/MaterialsA capture from gas mixtures including natural gas and flue gas.

However, this method suffers from some drawbacks such as
toxicity of the absorbents, corrosion of the equipment, and high
As the main anthropogenic contributor to the greenhouse effect ~energy consumption for regeneration.®

1. Introduction

and climate change, the excessive emission of carbon dioxide
(CO,) attracts increasing attention. Carbon capture and
sequestration (CCS), a promising route to achieve a meaningful
reduction in CO, emission, has been investigated throughout
the world." For the combustion of fossil fuels and biomass in
power plants, the effluent flue gases contain about 15% of CO,,
while others are mainly comprised of N,. Therefore, the flue
gases must be disposed to remove CO, before their emission
into the atmosphere.*” Conventionally, chemical absorption
utilizing aqueous amine solutions is employed for CO, capture.
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*College of Materials Science and Engineering, Nanjing Tech University, Nanjing
210009, China, Jiangsu Provincial Key Laboratory for Nanotechnology, Nanjing
University, Nanjing 210093, China

College of Chemistry and Chemical Engineering, Nanjing Tech University, Nanjing
210009, China

t Electronic ~ supplementary information (ESI) available. See DOIL
10.1039/c6ta07305k

This journal is © The Royal Society of Chemistry 2016

59

An alternative, energy-saving method is the use of porous
materials, which have been proved to be excellent candidates as
adsorbents for CO, capture.®’> Numerous porous solids have
been developed for this purpose, including zeolites,™ silicas,
porous carbon materials,>”'® metal-organic frameworks,">* and
porous polymers.”?* Among these materials, nitrogen-doped
porous carbons (NPCs) have high potential for commercial use,
due to their high thermal and chemical stability, tailorable surface
properties, and abundant porosity.””~>* The element nitrogen can
be incorporated into the carbon framework as “CO,-philic” sites
through the carbonization of nitrogen-containing polymers. The
existence of “CO,philic” sites is able to boost the adsorbate-
adsorbent interaction and successively enhances the adsorption
capacity.®® Nonetheless, the practical application of NPCs is
obstructed by the high price of some polymer precursors. For the
preparation of polymer precursors, complicated monomers, costly
catalysts, and/or high polymerization temperatures are frequently
needed. This makes the synthesis of polymers tedious, expensive,
and difficult to scale up. One example is the report by Liebl et al.,
a series of fascinating triazine-derived polyimide polymers were

J. Mater. Chem. A, 2016, 4, 17299-17307 | 17299
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Hexagonal NaYF, crystals with a variety of well-defined morphologies and sizes have been successfully
synthesized through the precise manipulation of a series of experimental conditions, such as pH values
and fluoride sources. X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), high-resolution transmission electron microscopy (HRTEM) and photoluminescence
spectra (PL) were used to characterize the final products. It is found that the intrinsic structure of NaYFy,
the pH values and fluoride sources are responsible for the ultimate shape evolution of the final samples.
The possible formation mechanism for 3-NaYF, samples with various morphologies has been proposed on
the basis of XRD analysis and SEM investigation of the samples obtained at different reaction time periods.
Additionally, the upconversion (UC) luminescence properties of Yb**/Er** co-doped B-NaYF; samples
with different shapes have been systematically investigated and discussed. This study is expected to
provide important information for morphology-controlled synthesis of other complex rare earth fluoride

Keywords:

Hexagonal NaYF4
Morphology-controlled synthesis
Crystal structure

Upconversion

compounds.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Recently, morphology-controlled synthesis of anisotropic nano-
and microcrystals has attracted increasing research interest in
modern chemistry and materials science [1,2]. Up to now, it is gen-
erally accepted that the optical, catalytic, magnetic, electronic and
chemical properties of inorganic functional materials fundamen-
tally relate to their crystal structure, morphology, size and aspect
ratio [3,4]. Consequently, several effective synthetic approaches,
such as molten salt, microemulsion, sol-gel, solvothermal, and
hydrothermal methods, have been adopted to synthesize a vari-
ety of inorganic crystals with controllable shapes and sizes [5-8].
Among them, hydrothermal synthesis as a typical solution-based

* Corresponding author at: College of Materials & Environmental Engineering,
Hangzhou Dianzi University, Hangzhou 310018, PR China. Tel.: +86 0571 87713542;
fax: +86 0571 87713542.
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method has been proven to be an effective and convenient process
in synthesizing diverse inorganic crystals with multiple control-
lable shapes and architectures [9]. Additionally, it is well known
that the phase and shape evolution of crystals can be influenced
drastically by external factors such as reaction temperature, time,
pH value and fluoride source in conjunction with its intrinsic
crystallographic structure [10]. Therefore, it is very necessary for
us to establish the relationship between the observed complex
phenomena of crystal growth with the basic principles and theo-
ries, which may provide a gateway to extend the synthetic strategy
for controllable synthesis of inorganic functional materials.
Lanthanide-doped upconversion (UC) compounds, such as
oxides, oxyfluorides, fluorides, chlorides, have attracted consid-
erable attention due to their potential applications in the fields
of solid-state lasers [11], volumetric three-dimensional displays
[12,13], sensors [14,15], solar cells [16,17] and biological labels
[18,19]. Among the investigated compounds, hexagonal NaYF, (3-
NaYF,), possessing both superiorities of low photon energy and
desirable chemical stability, has been considered to be one of the
most excellent host lattices for efficient multicolor UC process
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High-reactive facets dominated anatase TiO, is of great significance to solve environment and energy
challenges. Maintaining the pristine structure and improving the photocatalytic activity of TiO, still need
innovation work by employing different modification processes. Here, carbon quantum dots (CQDs) were
employed to modify TiO, with exposed {001}, {101}, and {010} facets by a one-pot hydrothermal

method. Results indicate that CQDs can disperse uniformly on TiO, surface, and the high-reactive facets

Keywords:

Carbon quantum dots
TiO,

High-reactive facet
Photocatalysis

are maintained perfectly. The introduced CQDs can both enhance the light absorption and suppress
photogenerated electron-hole’s recombination. Proper amount of introduced CQDs can both significantly
enhance the photocatalytic activities, which are very stable, under the UV and visible light irradiation
Corresponding photocatalytic mechanisms are also discussed in the present work.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor photocatalysts (TiO,, ZnO, and BiVO, etc.)
exposed with different high-reactive facets have been studied
widely all over the world [1-3]. Employing these specific struc-
tures can promote the process of utilizing solar energy for environ-
ment protection and new energy generation [4-6]. To data, TiO- is
considered as one of the most promising photocatalysts for large
scale industrial application. However, according to the Wulff struc-
ture of anatase TiO,, more than ca. 96% of the surface was covered
by the {001} facet which possesses the highest thermody-
namic stability [2,7,8]. By employing acid environment and F as
the controlling agent, recent investigations have proven that intro-
duce high-energetic facets ({110} (1.09]/m?)>{001} (0.90]/
m?)>{010} (0.53J/m?)> {101} (0.44 J/m?)) to replace the {101}
facet can significantly enhance the photocatalytic activity
[1,9-11]. However, even various reaction systems have been
discovered to synthesize such kinds of TiO,, the wide band gap
(ca. 3.2 eV) and relatively fast recombination of photogenerated
electrons and holes are still the drawbacks in inhibiting the TiO,
photocatalytic activity and application.

In order to enhance the photocatalytic activity of TiO,, various
methods, such as (non)metal doping, noble metal deposition, and
coupling with semiconductors, have been applied [12-17]. Besides

* Corresponding author.

http://dx.doi.org/10.1016/j.jallcom.2014.10.076
0925-8388/© 2014 Elsevier B.V. All rights reserved.
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these efficient methods, introducing different kinds of quantum
dots are also widely investigated [18,19]. Recently, CQDs have
become a star in this area for their low-toxicity and abundant
physical-chemical properties compared to traditional metal-based
quantum dots [20-23]. CQDs can disperse well in water and are
suitable to modify various organic and inorganic materials.
Notably, CQDs also possess excellent upconversion photolumines-
cence property, which is depended on the excitation wavelength
and dot size [20,24,25]. These excellent properties made CQDs a
kind of very promising material for photocatalysis, solar cells, bio-
materials etc. application [24,26,27]. On the other hand, quantum
dots can serve to trap and transfer the electrons, which is the
key factor in enhancing the photocatalytic activity.

Considering the excellent properties of CQDs and TiO, with
exposed high-reactive facets, the combination of both the materials
may be a good system for efficient photocatalysis. Moreover, this
system can also be used to study whether the introduced CQDs have
any negative effect on the property of the existed high-reactive
facets. Herein, we report the one-pot hydrothermal method to fab-
ricate CQDs modified high-reactive TiO, exposed with the {001},
{101}, and {010} facets on a Ti foil. By this method, the CQDs can
deposit onto the TiO, surface uniformly. It is found that the CQDs
can significantly enhance the light utilization and separation
efficiency of photogenerated electrons and holes. Thus both the
photocatalytic activities under the UV and visible light irradiation
can be enhanced significantly.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2014.10.076&domain=pdf
http://dx.doi.org/10.1016/j.jallcom.2014.10.076
http://dx.doi.org/10.1016/j.jallcom.2014.10.076
http://www.sciencedirect.com/science/journal/09258388
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