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Solar energy harvesting and storage have nowadays attracted
tremendous research efforts due to the increasing energy
challenges that fossil fuels are being rapidly consumed by
modern technology. For material chemists, how to develop
materials that are effective in harnessing solar energy is the
primary step to tackle this challenge. Apart from selection
of materials with intrinsic physical properties to utilize
solar energy, scientists have also been studying the unique
properties when the particle size reduced to the nanometer
scale. Nanomaterials, which have high surface-to-volume
ratio, cover a variety of shapes of nanoparticles, nanorods,
nanoporous framework, and so on. One can also easily tune
the optical and charge transfer properties by changing the size
of semiconductor nanomaterials. The chemical properties
such as catalytic activity can also be remarkably changed with
increased surface atoms of nanocatalysts.

This special issue is mainly dedicated to the synthesis of
functional nanomaterials which can be used to harvest or
store solar energy. As materials innovation has great potential
to advance this area, most of the articles in this special issue
describe the latest preparation methods and some of the
current progress of semiconductor-based materials.

The desire to make solar energy into usable energy format
has led to the fast development of solar cells, a direct way
to convert solar energy into electricity. The ideal candidate
materials to be used in solar cells should possess proper band
gap to harvest as much sunlight as possible, good charge
transport properties, excellent stability, and cheap cost. The
preparation of CulnS, thin films has been reported in two
papers. R.-F. Guan and coworkers prepared the CulnS, thin

films via one-step electrodeposition method. They investi-
gated the effects of synthesis parameters on the structure,
morphology, and optical and electrical properties on the
final CulnS, thin films, and optimal preparation conditions
were proposed. In another paper, R.-E. Guan and coworkers
used magnetron sputtering followed by sulfurization method
to prepare CulnS, thin films. Optimized sputtering power,
sputtering gas pressure, heat treatment temperature, and
duration were reported. With detailed study on the synthesis
parameters in each paper, these two papers will certainly help
peer researchers for the facile preparation of CulnS, based
solar cells.

As a special type of solar cell, Dye-Sensitized Solar Cells
(DSSCs) use photoexcited electrons generated from the con-
duction band of TiO, thin films to generate electricity with
the assistance of dye molecules. The key factors to prepare
an effective DSSC are high surface area of TiO, thin film,
efficient charge injection from dye molecules to TiO,, and
minimal loss of electrons from TiO, to outer circuit. Kim and
coworkers developed TiO, nanobranch/nanoparticle hybrid
structure to increase the surface area of thin film and thus the
loading of dye molecules. Light harvesting efficiency is greatly
promoted, leading to tripled incident photon conversion
efficiency (IPCE) compared with bare nanobranch thin films.

A comprehensive review on the hybrid organic-inorganic
perovskites solar cells is given by the Xu group, cover-
ing perovskite synthesis methods, hole transport materials,
photoanode morphologies, and outlook and challenges for
perovskites based solar cells.
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Another alternative and interesting approach to utilize
solar energy is through the processes of photocatalysis or
artificial photosynthesis to convert solar energy into chemical
energy to drive certain chemical reactions, for example,
water splitting or photodegradation of organic pollutants. P.
Dong and coworkers synthesized Ag;PO, triangular prism
by a simple coprecipitation method which was used as an
excellent photocatalyst for organic compounds degradation
under light irradiation.

Biomass, the nature’s way of storing solar energy, is also
covered in our special issue. Y. Zhang and coworkers used
corn straw as the raw material, ionic liquids as solvents, and
acids as catalysts to study the effects of hydrolysis conditions
on reducing sugar concentration, and optimal hydrolysis
parameters were provided.

White light emitting diodes (LEDs) have been
acknowledged as highly efficient and green light sources.
When coupled with solar cells, the white LEDs can
provide efficient lighting without consuming other
energy resources. R.-F Guan and coworkers synthesized
Y, 04, Al;O,,(YAG):Ce, o Pr, phosphors with various Pr’*
concentrations by coprecipitation method. They investigated
the influence of Pr’* doping concentrations on the phases,
luminescent properties, and energy transfer phenomenon
from Ce’* to Pr’*.

Peng Hu
Yuebin Cao
Ning Han
Danping Wang
Jiangchao Chen

Journal of Nanomaterials
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We report TiO, nanobranches/nanoparticles (NBN) hybrid architectures that can be synthesized by a facile solution phase method.
The hybrid architecture simultaneously improves light harvesting and charge collection performances for a dye-sensitized solar
cell. First, TiO, nanorods with a trunk length of 2 ym were grown on a fluorine-doped tin oxide (FTO)/glass substrate, and then
nanobranches and nanoparticles were deposited on the nanorods’ trunks through a solution method using an aqueous TiCl,
solution at 80°C. The relative amount of nanobranches and nanoparticles can be controlled by multiplying the number of TiCl,
treatments to maximize the amount of surface area. We found that the resultant TiO, NBN hybrid architecture greatly improves
the amount of dye adsorption (five times compared to bare nanorods) due to the enhanced surface area, while maintaining a fast
charge collection, leading to a three times higher current density and thus tripling the maximum power conversion efficiency for a

dye-sensitized solar cell.

1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted attention
as one of the most promising solar conversion devices due
to their low fabrication cost and high conversion efficiency
[1-4]. In general, a DSSC consists of four parts: the sensitizer
(dye molecule), a semiconductor for electron transport, a
redox electrolyte, and charge collecting electrodes. Typically,
nanoparticle-based photoanodes using n-type semiconduc-
tors (TiO,, ZnO, SnO,, BaSnO;, Zn,SnO,, etc.) have been
investigated for adsorption of dye molecules as a result of
their large surface areas [4-10]. However, these nanoparticle-
based photoanodes limit charge collection efficiency because
they have a large number of transport-limiting trapping/
detrapping events on the nanoparticle surface; that is, they
show a low charge collection efficiency [11, 12].

One strategy for overcoming this low charge collection
efficiency is the use of vertically aligned one-dimensional
(1D) nanostructures, which offer a direct electron transport
pathway to the electrode, thus enabling low charge recom-
bination. To date, various 1D nanostructured photoanodes
have been studied, including nanowires (NWs), nanotubes
(NTs), nanoparticle-decorated NWs, dendritic NWs, and
core/shell NWs [13-19]. For instance, single-crystal TiO,
nanowires were found to have a large electron diffusion
coeflicient compared to TiO, nanoparticles, owing to a lower
density of surface defects [14]. Additionally, a preferentially
oriented anatase TiO, nanotube, which has a small quantity
of high angle grain boundaries, shows a large electron
diffusion coeflicient and diffusion length compared to TiO,
nanoparticles [17]. Moreover, dendritic ZnO NWs with
multiple branches demonstrated an enhanced photocurrent
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and internal quantum efficiency over nanoparticle-based cells
[19]. Nevertheless, these 1D nanostructured photoanodes
frequently display a low light harvesting efficiency due to
a lower dye loading capacity, which leads to a low pho-
tocurrent density compared to nanoparticle-based DSSCs
[14]. Recently, to address this low dye loading problem in
1D nanostructures, a few studies have adopted hierarchical
structures based on the 1D nanostructures (e.g., nanoforests
and branched arrays) [20-23]. Even though the hierarchical
structures exhibit improved charge collection and light har-
vesting efficiencies, their preparation methods are somewhat
complex and require vacuum equipment, making it difficult
to reproduce the synthesis technique and prepare large scale
devices.

Here, we report a facile solution phase method to syn-
thesize a TiO, nanostructured photoanode consisting of
nanobranches/nanoparticles on the trunks of the NWs. These
hybrid NWs can be synthesized simply by using an aqueous
TiCl; solution at low temperature (80°C). One advantage
of our method is that it enables us to control the relative
amount of nanobranches and nanoparticles on the TiO, NW
trunks as a result of applying multiple TiCl, treatments, to
maximize dye adsorption (i.e., the light harvesting property).
Additionally, this method facilitates a scalable preparation
(up to a 4-inch wafer) due to it being a low temperature
process. We carefully investigated the effect of the TiCl,
treatment on the morphology progress and dye adsorption
capacity, and we demonstrate that the hybrid architecture
improves the photocurrent and incident photon-to-current
conversion efficiency (IPCE) for DSSCs by a factor of two
compared to nanorod-based DSSCs.

2. Experimental

2.1. Preparation of the TiO, Nanowires (NWs). Rutile TiO,
NWs were synthesized on a fluorine-doped tin oxide
(FTO)/glass substrate by a hydrothermal method [24]. Before
growing the TiO, nanorods, a TiO, seed layer was deposited
by a spin coating method using a TiO, polymeric sol [25]
and then annealed at 450°C for 1 h. Titanium butoxide (97%,
Aldrich) was slowly added to 50 mL of a hydrochloric acid
(HCI) aqueous solution (25 mL of deionized (DI) water +
25mL concentrated HCI solution (38%)) and stirred for
30min to obtain a transparent solution. This precursor
solution was transferred into a sealed Teflon-lined stainless
steel autoclave (100 mL volume) and then the TiO, seed layer-
coated FTO/glass substrates were immersed in this solution.
The autoclave was placed in an electric oven and heated to
170°C for 6 h without stirring. The resultant TiO, nanorod
samples were washed with DI water several times and finally
annealed at 450°C for 1 h in air.

2.2. TiCl; Treatment. To grow the nanobranches and nano-
particles, the TiO, nanorod samples were immersed into a
solution containing 10 mL of DI water, 0.1 mL of concentrated
HCl solution, and 1 mL of TiCl, solution (Aldrich, 10 wt.% in
20-30 wt.% HCI solution) and held at 80°C for 30 min in an
oven. The effect of the TiCl, treatment time (30 min, 1 h, 2h,

Journal of Nanomaterials

and 4 h) on the morphology was examined first. The relative
quantity of nanobranches/nanoparticles was controlled by
repeating the TiCl; treatment. We have labeled the sample
names as 30 min-1, 30 min-2, 30 min-3, and 30 min-4 to
correspond to the number of additional TiCl; treatments.
Afterward, all samples were washed with DI water and
annealed at 450°C for 1h in air.

2.3. Fabrication of DSSCs. The annealed samples were soaked
in a ruthenium dye solution (N719, ruthenium (2,2'bipyridyl-
4,4 dicarboxylate),(NCS),) at room temperature for 12h.
Platinum-coated FTO substrates prepared by sputtering were
used as the counter electrodes. The sandwich-type DSSCs
were assembled using the samples as the photoanodes and the
Pt-coated FTO glasses as the counter electrodes with a hot-
melt film (~60 pym, Surlyn, DuPont) as a spacer. Finally, the
electrolyte was an iodide-based liquid electrolyte (SI16 L1535-
01, Merck), which was introduced into the cell through a hole
in the counter electrode. The active area of all samples was
0.25cm”.

2.4. Material and DSSC Characterization. The crystal struc-
ture and phase of the synthesized samples were identified by
an X-ray diffractometer (XRD, Bruker, New D8 Advance)
with CuKe radiation operated at 40kV and 40 mA. The
morphologies of the prepared samples were observed by
a field-emission scanning electron microscope (FESEM,
Hitachi, SU70) and a high-resolution transmission electron
microscope (HRTEM, JEOL, JEM-3000F). The photovoltaic
performance and electron impedance spectroscopy (EIS) of
the DSSCs were measured with a potentiostat (CH Instru-
ments, CHI308C) under AM 15G simulated solar light
(100 mW/cm?, Sol3A, Newport). The ultraviolet-visible (UV-
Vis) absorption spectra of the dye solutions, collected by
desorption from the samples, were investigated with an
UV-Vis spectrometer (Agilent Technologies, Cary 5000).
The DSSCs’ electron transport properties were characterized
by intensity-modulated photovoltage spectroscopy (IMVS)
using an electrochemical workstation (Zennium, Zahner)
with an attached frequency analyzer and a light-emitting
diode (667 nm).

3. Results and Discussion

The morphology of the TiO, nanorods (NRs) used as the
stem for the TiO, hybrid architecture is shown in Figures
S1 and S2 (in Supplementary Material available online at
http://dx.doi.org/10.1155/2015/139715). The NRs are grown on
the FTO/glass substrate by a hydrothermal method [26]. The
NRs have an average diameter of the length of 103+15 nm and
2.0 + 0.2 ym (Tables S1 and S2), presenting high crystallinity
with a preferred growth direction of [001]. Figure1 shows
top-view FESEM images of the TiO, hybrid architectures’
microscopic morphologies, prepared by repeating the TiCl,
treatment (1-4 times) at 80°C for 30 min. It can be seen
that the TiCl, treatment significantly affects the morphology
of the TiO, NRs. After the first TiCl; treatment (sample
30 min-1), small nanobranches (~10 nm in diameter and
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FIGURE I: The effect of the number of TiCl, treatments on the morphology of the TiO, NWs. Top-view FESEM images, (a) one 30 min
treatment (30 min-1), (b) two-time treatments (30 min-2), (c) three-time treatments (30 min-3), and (d) four-time treatments (30 min-4).

~60 nm in length) were formed on the surface of the individ-
ual TiO, NRs (Figure 1(a)), which lengthen further (~100 nm
long) with an increased density on the NR surface after
the second TiCl; treatment (sample 30 min-2, Figure 1(b)).
When the treatment was repeated three times (sample
30 min-3, Figurel(c)), the length of the nanobranches
increased to 200-300 nm, reducing the interspaces between
the TiO, NRs; these interspaces decreased significantly after
the fourth treatment (sample 30 min-4, Figure1(d)). We
also investigated the effects of the TiCl; treatment duration
time (Figure S3). An increased duration time provides a
similar effect on the morphology; that is, it lengthens the
nanobranches and increases their density as the duration time
was increased from 30 min to 4 h.

The detailed variation in the TiO, nanostructure mor-
phology with multiple TiCl; treatments was investigated
further by utilizing cross-sectional FESEM images (Figure 2).
For the 30 min-1 and 30 min-2 samples, there were no
significant changes in the TiO, NRs except for the formation
of nanobranches. However, for the 30 min-3 sample, the
nanobranches grew in length, reducing the space between

NRs, especially at their tops (Figure 2(c)). Interestingly, at the
bottom of the nanorods, nanoparticles with an average size of
~30 nm formed together with the nanobranches, suggesting
that more than three TiCl; treatments induce a different
growth mode, generating nanoparticles at the bottom of the
NRs. Finally, after the fourth treatment (30 min-4), the TiO,
nanoparticles completely filled the NR interspaces, up to the
top of the film. These two different growth modes, that is,
the nanobranch and nanoparticle growth, during the multiple
TiCl, treatments enable the morphology to be tuned, thereby
controlling the relative surface area of the 1D nanostructure
based on the NRs.

The XRD patterns of the samples discussed above are
shown in Figure 3. All diffraction peaks of the TiO, NRs
(30 min-1) are in agreement with tetragonal rutile TiO,
(JCPDS number 21-1276, P4,/mnm, a = b = 4.593A, ¢ =
2.9594). In general, rutile TiO, NRs prepared by a
hydrothermal method grow along the (001) plane, as it
has the fastest growth rate compared to the other crystal
faces [13, 27, 28]. Similar to other reports, our TiO, NRs
have a preferred growth direction of [001], which was
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FIGURE 2: Cross-sectional SEM images of the TiO, NWs obtained by repeating the TiCl, treatments, (a) 30 min-1, (b) 30 min-2, (c) 30 min-3,
and (d) 30 min-4. After three TiCl, treatments, nanoparticles start to form and fill the gaps between NWs.
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FIGURE 3: XRD patterns of TiO, NWs and hybrid architectures
obtained by the TiCl, treatments (0-4 times).

also confirmed by a TEM analysis (Figure S2). For the
XRD peaks of the multiple TiCl; treatment samples, there
were no considerable differences from the 30 min-1 sample,
suggesting that the nanobranches and nanoparticles are also
rutile tetragonal structures. The perceptible development of
the (110) diffraction peaks at 27.5° in the 30 min-2, 30 min-3,
and 30 min-4 samples implies that the nanobranches have the
same preferred [001] growth direction [24].

Based on the above observation, the formation pro-
cess of the TiO, nanobranch/nanoparticle (NBN) hybrid
architectures is displayed schematically in Figure 4. After
the first treatment, short nanobranches are formed on the
surface of the NRs, which grow to longer nanobranches
with an average length of ~100 nm after the second TiCl,
treatment. The third TiCl; treatment induces nanoparticle
growth from the bottom of the film, which reduces the
interspaces between the NRs at their bases. With a further
TiCl; treatment, however, additional nanoparticles formed,
filling the remaining interspaces between the NRs to the
top of the film, finally forming a NBN hybrid architecture.
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FIGURE 4: Schematic illustration of the TiO, hybrid architecture formation process.

It should be noted that these interesting 1D architectures
are obtained by simply repeating the TiCl; treatment, which
enabled the unusual growth (or deposition) behavior during
the additional TiCl; treatments. In general, the pH of the
growth solution significantly affects the growth morphology
(i.e., the crystal phase and morphology) of TiO, nanocrystals
[29], that is, nanoparticles near pH 7 and elongated nanorods
or nanoneedles below pH 4. Therefore, the two different
growth modes, of the nanobranches and nanoparticles, might
relate to the change in the solution’s pH value during the
multiple TiCl, treatments. A detailed analysis of this is under
investigation.

Next, in order to check the usefulness of the NBN
hybrid architectures for a solar energy conversion device, we
fabricated dye-sensitized solar cells (DSSCs) with them. First,
the light harvesting behavior, that is, the dye adsorption prop-
erty, was investigated by UV/Vis absorption spectroscopy
(Figure 5). The absorption spectra were obtained of dye
solutions after collecting the dye by a desorption process in
a basic solution. The peak at 510 nm in the absorption spectra
is a characteristic peak of these dye molecules (N719), and
this can be used to estimate the amount of dye molecules
adsorbed onto the TiO, surface. As shown in the inset of
Figure 5, the amount of adsorbed dye molecules continued
to increase with repeated TiCl; treatments, before becoming
saturated with the 30 min-3 sample. The amount of adsorbed

dye of the 30 min-4 sample increased nearly by a factor of four
compared to the 30 min-0 sample, indicating that the NBN
hybrid architecture (30 min-4 sample) has a larger surface
area, thus improving the light harvesting efficiency for the
DSSCs.

Figure 6(a) shows the photocurrent density-voltage
curves of the DSSCs fabricated using the above four
samples, which were measured under AM 1.5G simulated
solar light (Isun, 100 mW/cm?®) and their representative
solar cell parameters are shown in Figures 6(b) and
6(c) (with the other parameters summarized in Table 1).
Initially, the short circuit photocurrent density (J,.) values
increased linearly until the third treatment and eventually
reaching a maximum J value of 13.4mA/cm® for the
fourth treatment. This result strongly correlates with the
absorbance spectra of the desorbed dye shown in the inset
of Figure5, indicating that the NBN hybrid architecture
has an improved light harvesting property, thus increasing
the J for DSSCs. The open circuit voltage (V) of the
TiO, NR-based DSSC was 0.82 V. This V. value decreased
slightly with an increasing number of TiCl, treatments
to 0.77, 0.72, 0.71, and 0.69V for the 30 min-1, 30 min-2,
30 min-3, and 30 min-4 samples, respectively. In the case of
the fill factor (FF) values, there were no notable differences
(Table1). As a result, the power conversion efficiency
was enhanced from 2.6% (for the NR-based DSSC) to
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TaBLE 1: The photocurrent density-voltage characteristics and dye loading of the NBN-TiO,-based DSSCs with various TiCl, treatment times.

Photoelectrode Jic ) Vo FE i DYf loading 5
[mA/cm?] [V] [%] [%] [x10™” mole/cm’]

Nanorod 5.62 0.82 57 2.6 0.34

30 min-1 7.86 0.77 58 3.5 0.43

30 min-2 11.26 0.72 58 4.7 0.92

30 min-3 12.95 0.71 57 52 1.50

30 min-4 13.35 0.69 58 5.3 1.65

18 the effects of the dye adsorption are dominant, the power

2E 1¢ s conversion efficiency of the TiO, NBN hybrid architecture
T s 12 DSSC increased with repeated TiCl, treatments.
EO?S 06 Second, the charge recombination time constant consis-
QX 8:% tently decreased with an increasing number of TiCl; treat-

o 1 2 3 4
Number of treatments

Absorbance (a.u.)

400 450 500 550 600 650 700
Wavelength (nm)

30 min-3
—<+ 30min-4

—o0— 30min-0
—— 30min-1
30 min-2

FIGURE 5: The UV-Vis absorption spectra of the dye (N719) detached
from the TiO, films prepared under a varied number of TiCl,
treatments. To measure the UV-Vis absorption spectra of the dye
(N719), it was first desorbed by an ammonium (NH,OH) solution
in water and ethanol (50 : 50, v/v).

5.3% (for the NBN hybrid architecture- (30 min-4-) based
DSSC), demonstrating that the NBN hybrid architecture is
advantageous to improve J,. in DSSCs.

To understand the effect of the multiple TiCl; treat-
ments on the electron dynamics, an intensity-modulated
photocurrent/photovoltage spectroscopy (IMPS/IMVS) was
used to measure the samples (Figure S4). All samples show
a typical power-law dependence of their transport time
constants on the J,. value (Figure S4a). This indicates an
exclusive random walk of photoelectrons between trap sites
having a power-law distribution of waiting (release) times
in the form of 77'"%, where the parameter « can be related
to the shape of the trap distribution [30, 31]. Initially, the
charge transport time increased with the additional TiCl,
treatments, indicating that the route photoelectrons travel
to the FTO substrate became longer and more complicated
due to the nanobranches and nanoparticles. This reduction
in the transport time constant competes with the effect of
the increased dye adsorption. The transport time constant
and the dye adsorption correlate to the charge collection
efficiency and light harvesting efficiency, respectively, which
determine the power conversion efficiency. However, since

ments. The infiltrated TiO, nanobranches and nanoparticles
decreased the diffusion efficiency of the I;~ ions in the
electrolyte. The relation between the recombination time and
V.. can be described by the following equation [32, 33]:

RT Al
V. =—1 , 1
* BF ! ( noky [157] +ngk, [D*] ) m

where R is the molar gas constant, T is the temperature,
B is the reaction order for the electrons, F is the Faraday
constant, A is the electrode area, I is the incident photon flux,
ng, is the concentration of accessible electronic states in the
conduction band, and k; and k, are the kinetic constants of
the injected electron with trijodide (I;™) back reaction and
the recombination of these electrons with oxidized dye (D)
molecules, respectively. Neglecting the recombination of the
injected electrons with oxidized dye molecules, the V,_ value
is logarithmically dependent on the back reaction of these
electrons with the triiodide (k;). Therefore, the rate of the
electron recombination from the TiO, photoanode to the I~
ions in the electrolyte increased with an increasing number
of TiCl; treatments.

Figure 7 shows the incident photon-to-current efficiency
(IPCE) spectra of the TiO, photoanode-based DSSCs. All of
the DSSCs show the typical spectral response of N719-based
DSSCs with a peak at approximately 530 nm. However, the
maximum IPCE (or external quantum efficiency, EQE) varies
with the number of TiCl; treatments. The 30 min-4 sample
exhibited the maximum IPCE and the NR sample displayed
the minimum IPCE. The IPCE of DSSCs is determined by the
light harvesting efficiency (17, ), the charge injection efficiency
(1), and the charge collection efficiency (7). The IPCE
value can be expressed by the following equation:

IPCE (%) =Mh X ﬂinj X Hee- (2)

The light harvesting efficiency is generally affected by the
dye loading capacity [34]. As mentioned in Figure 5, the
dye loading capacity of the TiO, photoanodes increased
significantly with multiple TiCl; treatments, implying that
the light harvesting efficiency increased with additional TiCl,
treatments. On the other hand, the IMPS and IMVS data
(Figure S4) demonstrate that the charge collection efficiency
decreased monotonically with the multiple TiCl, treatments.



Journal of Nanomaterials

20 14
13 A
T st 12 -
9}
é — 111
= £ 101
% 10 <
5 E 94
o 9
E ’\m
.
O 5 7
6 .
00.0 5 I T I T | T | T |
Vol W) 0 1 2 3 4
oltage
8 Number of treatments
—o— 30min-0 —v— 30min-3
—o— 30min-1 —o— 30min-4
30 min-2
(a) (b)
6
5 -
=
oy
= 4+
2
Q
E
m
3 |
2 T T T T T T T T
0 1 2 3 4

Number of treatment times

(0)
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Even though the NBN hybrid architecture reduced the
electron transport property slightly, it can be concluded that
the enhancement seen in the light harvesting efficiency was
greater than the decrease in the charge collection efficiency.
Interestingly, the IPCE values of the samples after multiple
TiCl; treatments show a shoulder at a longer wavelength
(>680 nm), indicating that the NBN hybrid architecture has
additional enhancement effects for DSSCs, that is, improving
the light scattering effect. This light scattering effect also
enhances the light harvesting efficiency in combination with
the increased dye loading capacity.

4. Conclusions

In summary, we report on a TiO, hybrid architecture
composed of TiO, nanobranches and nanoparticles, easily

synthesized by a solution phase method. A TiCl; aqueous
solution treatment at 80°C enables a controlled morphology
of the TiO, nanorods. By repeating this TiCl; treatment,
nanobranches and/or nanoparticles are deposited on the
trunks of the TiO, nanorods, giving hybrid architecture
with an enhanced surface area. We found that the resultant
TiO, nanobranch/nanoparticle hybrid architecture greatly
improved the dye adsorption (five times compared to bare
nanorods) due to the enhanced surface area, albeit a slight
decrease in a charge collection property. Additionally, the
complex architecture produces a large light scattering effect,
eventually leading to a three times greater current density and
thus tripling the maximum power conversion efficiency for a
dye-sensitized solar cell. We believe that the synthesized TiO,
hybrid architecture, after further structural optimization, has
the potential for use in other energy harvesting devices



100

80 -

IPCE (%)

400 500 600 700 800
Wavelength (nm)

30 min-3
—o— 30min-4

—o— 30min-0
—o— 30 min-1
30 min-2

FIGURE 7: The incident photon-to-current conversion efficiency
(IPCE) spectra of the TiO, hybrid architecture-based DSSCs with
various TiCl, treatment times.

such as quantum-dot dye-sensitized solar cells (QD-DSSCs),
photoelectrochemical (PEC) water-splitting, and solid-state
solar cells, which require both high light harvesting and
charge collection efficiencies.
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Ag,PO, triangular prism was synthesized by a facile chemical precipitation approach by simply adjusting external ultrasonic
condition. The as-synthesized Ag,PO, triangular prism was characterized by X-ray diffraction pattern (XRD), field emission
scanning electron microscopy (SEM), fourier transform infrared (FTIR) spectra, and ultraviolet-visible diffuse reflectance (UV-
vis DRS) absorption spectra. The photocatalytic activity of Ag,PO, triangular prism was evaluated by photodegradation of organic
methylene blue (MB), rhodamine B (RhB), and phenol under visible light irradiation. Results showed that Ag,PO, triangular prism
exhibited higher photocatalytic activity than N-doped TiO, and commercial TiO, (P25) under visible light irradiation.

1. Introduction

Photocatalysis technology is considered as an efficient, stable,
and environmentally friendly method for controlling envi-
ronmental pollutions [1]. In the past years, the discovery
of new eflicient visible-light-driven photocatalysts attracts
much attention. It is noted that a breakthrough on visible-
light-driven photocatalysts was made by Yi et al’s research
team, who reported the use of Ag,PO, as an active visible-
light-driven photocatalyst for oxidation of water and pho-
todecomposition of organic compounds [2]. This research
finding is considered as a breakthrough in the field of visible-
light active photocatalysts. Hence, investigation of the basic
principles and application of Ag;PO, photocatalyst is a hot
topic. Up to now, various methods have been proposed to
further enhance the visible-light-driven photocatalytic activ-
ity. One of the methods is the coupling of Ag;PO, with
other semiconductors or noble metals to promote the
charge separation efficiency of Ag;PO, and then enhanc-
ing of the photocatalytic activity. Some composite sam-
ples such as Ag;PO,/TiO, [3], AgBr@Ag;PO,/Fe;0, [4],
Ag,PO,/graphene oxide [5], Ag;PO,/TiOF, [6], Ag,PO,/Ag

(7], Ag;PO,/Zn0O [8], Ag;PO,/BiOCI [9], Ag;PO,/reduced
graphite oxide sheets [10], and g-C;N,/Ag,PO, [11] have
recently been developed to enhance the photocatalytic activ-
ity of Ag;PO,. Another method is the synthesis of Ag;PO,
with various new morphologies. In addition, it is known that
the morphologies and microstructures of functional materi-
als affect the physical and chemical properties [12, 13]. The
morphology control of photocatalysts was considered to be
one of the most promising avenues to improve the photocat-
alytic properties [14]. Therefore, further studies on Ag,PO,
crystals with new morphologies and structures will be of
great value. In recent years, some morphologies of Ag;PO,
have been reported [15-21]. For example, Bi et al. fabricated
the single-crystalline Ag;PO, rhombic dodecahedrons with
{110} facets exposed and cubes bounded entirely by {100}
facets, and they found that both of these samples exhibited
higher photocatalytic activity than the microsized spherical
Ag,PO, particles [15]. Our research group prepared Ag;PO,
nanorods with enhanced photocatalytic activity [16]. Wang
et al. synthesized the tetrahedral Ag;PO, crystals exposed
with {111} facets [17]. Liang et al. synthesized hierarchical
Ag,PO, porous microcubes with enhanced photocatalytic
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FIGURE 1: (a)-(c) SEM images and (d) XRD pattern of as-prepared Ag,PO, sample.

property [18]. Up to now, synthesis of Ag;PO, crystals with
novel morphologies or microstructures is still an important
and challenging research field.

To the best of our knowledge, there is no research on
the synthesis of Ag;PO, triangular prism. Herein, we con-
trollably prepared Ag;PO, triangular prism via a facile and
efficient synthesis process in the mixture solvent of DMF and
H,O at room temperature. Meanwhile, the photocatalytic
activity was investigated in this paper.

2. Experimental

In a typical preparation procedure, 10 mL of N,N-dimeth-
ylformamide (DMF) and 10 mL of deionized water (H,O)
were mixed together to form transparent solvent. Then,
3mmol of AgNO; was dissolved into the mixture solvent.
Subsequently, H;PO, (1mL, 85%) was added dropwise into
the above solution under ultrasonic condition (ultrasonic
reactor, KQ-100B, 40 kHz, 120 W/cm?, Kunshan Co., China).
After this process, the ultrasonic condition was maintained
for 4h. The obtained precipitation was separated by cen-
trifuge and followed by washing with ethanol and deionized
water for 3 times, respectively, to remove the DMF and other
residues. Finally, the product was dried at 60°C. For compar-
ison purpose, N-doped TiO, was synthesized by a reported

method [22]. The commercial TiO, (P25) was purchased
from Degussa.

X-ray diffraction (XRD) experiment was carried out with
a D/max-2400 diffractometer (Rigaku, Japan) using Cu-Ka
radiation. The morphologies of the sample were examined
by scanning electron microscopy (SEM, Hitachi S-4800).
Fourier transform infrared (FTIR) spectrum of the sample
was recorded between 400 and 4000cm™ on a Nicolet
NEXUS 670 FTIR spectrometer. Ultraviolet-visible diffuse
reflectance (UV-vis DRS) absorption spectrum was measured
using a Perkin Elmer 950 spectrometer, while BaSO, was used
as a reference.

The photocatalytic activity of sample was measured by
decomposition of methylene blue (MB) and rhodamine B
(RhB) in a reactor at room temperature. In a typical process
for degradation of a dye, 50 mg of photocatalyst was sus-
pended in the dye solution (10 mg/L, 60 mL). Before irradi-
ation, the suspensions were stirred in the dark for 60 min
to ensure the establishment of adsorption-desorption equi-
librium. A 350 W Xe lamp with a cutoft filter of 420 nm
was employed for the visible-light irradiation source and
positioned 20cm away from the reactor to trigger the
photocatalytic reaction. A certain volume of suspension was
withdrawn at selected times for analysis. After recovering
the photocatalyst by centrifugation, the concentration of dye
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FIGURE 2: (a) FTIR spectrum of Ag, PO, triangular prism in the regions of 4000-400 cm ™", (b) UV-vis diffuse reflectance absorption spectrum

of Ag,PO, triangular prism.

solution was analyzed by measuring the light absorption
of the clear solution at 664 nm (A, for MB solution) or
555nm (A, for RhB solution) using a Perkin Elmer 950
spectrometer. The percentage of degradation was calculated
by C/C,. Here, C is the concentration of remaining dye
solution at each irradiated time interval, while C,, is the initial
concentration. Furthermore, a colorless compound, phenol,
was also chosen as a model pollutant since phenol shows no
absorption in the visible region. The concentration of phenol
solution was analyzed by measuring the light absorption of
the clear solution at 270 nm (A, for phenol solution).

To test the stability of Ag;PO, triangular prism, the
cycling runs in photocatalytic degradation of MB in the pres-
ence of Ag,PO, triangular prism were measured. After one
cycle, the photocatalyst was filtrated and washed thoroughly
with deionized water, and then fresh MB solution (10 mg/L)
was added to the photocatalyst to begin the next cycling run.
Five consecutive cycles were completed and each cycle lasted
for 60 min.

3. Results and Discussion

The SEM images of as-prepared sample were displayed in
Figures 1(a)-1(c). It is observed that more than 80% of the
product could be assigned to the triangular-prism-shaped
morphology in this sample. Moreover, the lengths of bottom
and chamfered edges are up to several micrometers. The
XRD pattern of as-prepared triangular-prism-shaped sample
was shown in Figure 1(d). All the diffraction peaks could
be indexed to the cubic Ag;PO, phase (JCPDS number 06-
0505). Combining the SEM results, a conclusion that Ag;PO,
triangular prism was obtained can be drawn. The synthesis
mechanisms of Ag;PO, triangular prism could be explained
as follows: the ultrasound assisted method could acceler-
ate solid particles to high velocities via creating cavitation
and shock waves, which leads to interparticle collision and
effective fusion at the point of collision [23, 24]. This kinetic
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FIGURE 3: MB adsorption as a function of adsorption time over
the as-prepared Ag,PO, triangular prism, N-doped TiO,, and
commercial TiO, (P25) under a dark condition.

process speeds up the diffusion of Ag;PO, nuclei in the reac-
tion system, resulting in the formation of unique triangular-
prism-shaped morphology, which can be attributed to the
Ostwald ripening progress.

The chemical compositions of as-prepared Ag;PO, tri-
angular prism were examined by means of FTIR method.
Figure 2(a) shows the FTIR spectrum of Ag,PO, triangular
prism. A strong and broad absorption around 3200 cm™" and
a sharp band at 1670 cm™! are observed, which could be
attributed to the stretching vibration of O-H and the bending
vibration of H-O-H of residual water molecules, respectively.
Besides that, two strong absorption bands are observed at
1012 and 560 cm ™', which can be assigned to the molecular
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FIGURE 4: Variation of (a) MB, (b) RhB, and (c) phenol solution concentration against illumination time in the presence of Ag,PO, triangular
prism, N-doped TiO,, and commercial TiO, (P25) under visible-light irradiation.

vibrations of phosphate (PO,>") [25, 26]. This result confirms
that there are no DMF molecules adsorbed on the surfaces of
Ag,PO, triangular prism. The UV-vis absorption spectrum
of as-prepared Ag;PO, triangular prism is displayed in
Figure 2(b). It reveals that the absorption edge of Ag;PO,
triangular prism is around 525 nm, which means that it could
strongly absorb a large part of visible light (400-525 nm).
Figure 3 shows the adsorption-desorption isotherms of
as-prepared Ag;PO, triangular prism, N-doped TiO,, and
commercial TiO, (P25) in the dark. It is found that most
of the adsorption of dyes occur within 40 min, and the
adsorption-desorption equilibrium can be achieved within
60 min. Moreover, it is observed that the adsorption affinity
follows the order N-doped TiO, > commercial TiO, (P25) >
Ag,PO, triangular prism. Clearly, the Ag,PO, triangular

prism shows lower adsorption affinity for MB compared to
the N-doped TiO, and commercial TiO, (P25), which could
be associated with the size of samples. The size of Ag,PO,
triangular prism is around several micrometers, while the size
of N-doped TiO, and commercial TiO, (P25) is about 20~50
nanometers. Larger size of Ag;PO, triangular prism leads
to the poor adsorption of MB molecules on the surfaces of
Ag,PO, triangular prism, resulting in the lower adsorption
affinity.

The photocatalytic activity of samples was then investi-
gated after reaching the adsorption-desorption equilibrium
in the dark. Figure 4 shows the photocatalytic degradation
behavior. From Figures 4(a) and 4(b), it can be seen that self-
degradation of MB and RhB was not obvious under visible-
light irradiation, indicating that MB and RhB can be used as
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the targeted pollutants. It is noted that the percentage of pho-
tocatalytic degradation of MB for Ag;PO, triangular prism,
N-doped TiO,, and commercial TiO, (P25) is 93%, 58%,
and 5%, respectively. Accordingly, the percentage of photo-
catalytic degradation of RhB for Ag;PO, triangular prism,
N-doped TiO,, and commercial TiO, (P25) is 90%, 40%,
and 5%, respectively. Therefore, the percentage of photocat-
alytic degradation of MB and RhB for the samples follows
the following order: Ag;PO, triangular prism > N-doped
TiO, > commercial TiO, (P25). This result clearly indicates
that the Ag;PO, triangular prism shows higher photocat-
alytic activity under visible-light irradiation, which could
attribute to the strong visible-light absorption of Ag;PO,
triangular prism. In contrast, N-doped TiO, could absorb a
small part of visible light, and commercial TiO, (P25) cannot
make use of visible light because of a large band gap (3.2eV).
Since the MB and RhB dyes may absorb visible light, the
sensitization possibility for samples should be considered.
Then, the photocatalytic activity of the samples was also eval-
uated by colorless phenol degradation to ensure the visible-
light photocatalytic activity and exclude the dye sensitization
under visible light. The degradation of phenol with Ag;PO,
triangular prism, N-doped TiO,, and commercial TiO, (P25)
under visible-light irradiation was presented in Figure 4(c).
It is clear that the concentration of phenol decreases with
the irradiation time. Moreover, the Ag,PO, triangular prism
sample shows slightly higher photocatalytic activity for col-
orless phenol degradation compared to N-doped TiO, and
commercial TiO, (P25).

The enhanced photocatalytic activity of Ag;PO, triangu-
lar prism could be ascribed to the optical absorption property
and unique electronic structure of Ag;PO, crystals. Since
the optical absorption edge of Ag;PO, triangular prism is
around 525 nm, the sample of Ag,;PO, triangular prism could
strongly absorb a large part of visible light (400-525 nm). In
addition, the highest valence band edge potential of Ag;PO,
crystals is 2.67 V (versus normal hydrogen electrode), which
has strong driving force for photocatalytic degradation of
pollutants [27].

The photocatalytic stability of Ag;PO, triangular prism
was shown in Figure 5. It is observed that the photocatalytic
activity of Ag,PO, triangular prism is decreased slowly in
five successive experimental runs. This result indicates that
the photocatalytic activity of Ag;PO, triangular prism is
unstable, which needs to be improved in the later study.

4. Conclusions

A new morphology, Ag;PO, triangular prism, was success-
tully synthesized in the mixture solvent of DMF and H,O
under ultrasonic condition within 4 h. This synthetic method
does not need the assistance of any hard/soft template.
Although the Ag;PO, triangular prism shows lower adsorp-
tion affinity for MB molecules, the photocatalytic results
indicate that Ag;PO, triangular prism shows enhanced pho-
tocatalytic activity compared with N-doped TiO, and com-
mercial TiO, (P25). In addition, the photocatalytic stability
of Ag;PO, triangular prism needs to be further improved by
various methods in the later study.
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FIGURE 5: Repeated photocatalytic degradation of MB solution
in the presence of Ag,PO, triangular prism under visible-light
irradiation.
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The ramping solar energy to electricity conversion efficiencies of hybrid organic-inorganic perovskite solar cells during the last five
years have opened new doors to low-cost solar energy. The record power conversion efficiency has climbed to 19.3% in August 2014
and then jumped to 20.1% in November. In this review, the main achievements for perovskite solar cells categorized from a viewpoint
of device structure are overviewed. The challenges and prospects for future development of this field are also briefly presented.

1. Introduction

The energy crisis and environment pollution are two main
worldwide challenges that would restrain the society develop-
ment. Solar energy, as a clean and vast energy source, is widely
believed to be a promising way to address these global issues.
Converting solar energy into electricity is thought to be an
effective way to harness this abundant energy source. To date,
single-crystalline silicon solar cells have shown optimistic
power conversion efficiency (PCE) above 24%. However, the
cost of manufacturing process is still very high. Searching for
low-cost materials with high PCE always attracts extensive
efforts from the scientists.

Fortunately, the past five years have seen hybrid organic-
inorganic perovskite solar cells (PSCs) performing promis-
ingly on a low-cost avenue to the clean and vast solar energy.
The ease of fabrication, abundant material source, and high
PCE rapidly caught the attention of scientists.

PSCs first emerged as a liquid electrolyte based solar cell
in 2009 with the PCE of only 3.8% [1]. However, perovskite
was found to be unstable in liquid electrolyte [1, 2]. In 2012,
solid-state dye-sensitized solar cell with a PCE of 10.2% [3],
which was obtained by using tin containing perovskite CsSnl;
as a cosensitizer and hole conductor, N719 as a sensitizer, and

the CH;NH,PbI, perovskite sensitized solar cell on Al,O,
scaffold with a PCE of 10.9% are the considerable millstone
and herald the coming era of perovskite solar cells [4]. Since
then, PSCs have been developed at an unprecedented rate.
The PCEs of PSCs have evolved rapidly during the past five
years. As shown in Figure 1(a), the PCE of perovskite had
been boosted up to 15% in 2013 [5, 6]. Then a confirmed effi-
ciency of 17.9% was achieved in early 2014 [7]. Subsequently,
the PCE climbed to 19.3% by engineering the interface on a
planar device [8, 9]. By November 2014, a new record certified
nonstabilized efficiency of 20.1% was achieved by KRICT [10].

A schematic illustration of the crystal structure of per-
ovskite is shown in Figure 1(b). The general formula for
hybrid perovskites is ABX;, where A is methyl ammonium,
B is Pb(II) or Sn(II), and X is Cl, Br, or I, or a coexistence
of several halogens. As an exciting material for solar cells,
hybrid perovskites combine many in-built advantageous
properties. As shown in Figure 2(d) [11], optical properties
of perovskites can be tuned by varying the ratio between
different halogen elements [11-13]. The most widely studied
CH;NH,PbI; is a direct bandgap semiconductor with a
bandgap of 1.55¢eV, which determines its absorption offset
up to 800 nm [14]. The weak photogenerated exciton binding
energy of merely 0.03 eV facilitates the charge separation at
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FIGURE 1: (a) PCE record plot of perovskite solar cells. Red plot is cited from the National Renewable Energy Laboratory (NREL) of the USA.
Green PCE value is added according to [9, 10]. (b) Crystal structure of perovskite adopting the form of ABX;, where A is methyl ammonium,
B is Pb(II) or Sn(II), and X is Cl, Br, or I, or a coexistence of several halogen elements. Reprinted with permission from [5]. Copyright: Nature

Publishing Group.

ambient temperature [15]. In addition, the small effective
masses of electrons and holes generated in CH;NH;PbI,
promote rapid transport of these carriers [16]. The lifetime of
the carriers is in the hundreds of nanoseconds’ range, leading
to much slower recombination and much longer diffusion
length from 100 nm to 1000 nm [15, 17, 18]. Apart from act-
ing by light absorbing, hole-transporting material- (HTM-)
free perovskite solar cell showing a PCE of 5.5% highlights
the efficient hole-transporting ability of CH;NH,PbI; [19].
Furthermore, long range ambipolar charge transport was
found in CH;NH,PbI; [20]. All these material properties
make perovskites attractive for photovoltaic applications.

To date, each individual layer of organic-inorganic per-
ovskite solar cells has been investigated and optimized inten-
sively. As the rapid development of PSCs goes on, there is
a strong demand for a summary of what achievements the
scientists have realized. A summary is also necessary for
looking forward to address the existing issues. In this review,
we would like to overview the PSCs from the following
aspects: perovskite synthesis methods, hole transport mate-
rials (HTMs), and photoanode morphologies. Some outlook
and challenges for PSCs also will be briefly discussed.

2. Perovskite Synthesis and Optimization

Two synthesis methods of hybrid perovskite are widely used
in solar cell applications. The precursor CH;NH,]I is synthe-
sized by reacting equimolar methylamine with hydroiodic
acid under stirring at 0°C for 2 h. Rotary evaporation is often

used to recover the CH;NH,I from the reaction mixture. The
recovered CH;NH;I is washed with diethyl ether.

For the one-step method, CH,NH;Pblj; is synthesized by
mixing equimolar CH;NH;I and Pbl, in y-butyrolactone,
N,N-dimethylformamide (DMF), or dimethylsulfoxide
(DMSO) at 60°C for 12 hours [2]. To synthesize the mixed
halides containing perovskite, the ratios between CH;NH;I
and PbX, are varied according to the target perovskite
formula [4, 12]. So far, the most successful one-step method
case is CH;NH,PbI;_ Cl, which is well illustrated by Yang
group with the cell PCE of 19.3% and is summarized in
Figure 2(c) [9].

The two-step method, named sequential deposition as
well, is a method similar to successive ionic layer adsorption
and reaction method (SILAR) for quantum dot synthesis
and was developed by Burschka et al. [6]. Typically in
this method, Pbl, is first dissolved in a solvent, such as
N,N-dimethylformamide, under stirring at 70°C. Then the
photoanodes or substrates are spin-coated with the Pbl,
solution maintained at 70°C, followed by drying at 70°C for
30 min. After cooling to room temperature, the films are
dipped into a CH;NH;I solution (usually 10 mg/mL in 2-
propanol) for 20 s and then rinsed with 2-propanol and dried
at 70°C for 30 min [6].

Other novel synthesis methods have been attempted as
well. For example, vacuum condition is employed to increase
the perovskite purity and uniformity [13, 24]. Vacuum depo-
sition, which involves evaporating and depositing organic
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and inorganic sources to form perovskite, was introduced
by Snaith et al. (Figure 2(a)). Such vapour-deposited planar
device showed a PCE of 15.4%, which was higher than that of
the solution deposited device, 8.6% [5]. In addition, planar
device fabricated via a vapor-assisted solution processing
generated a PCE of 12.1% by Yang group [25]. More recently,
hybrid chemical vapour deposition was employed to synthe-
size perovskite. Such device yielded 19% PCE according to the
report [26].

Due to the nature of perovskites, finding the optimal con-
ditions and methods necessary to obtain a dense, uniform,
and high quality perovskite film still remains a challenge.
There are considerable efforts by different groups to optimize
the deposition conditions for high quality perovskite films.
For example, Carnie et al. codeposited an Al,O;/perovskite
layer at T < 110°C by adding 5% Al,O; suspension to the
CH;NH,Pbl, precursor and a solar cell was fabricated with a
PCE of 7.2% [27]. In order to improve the film quality and
enhance light harvesting, three ways are attempted: firstly,
doping other halide atoms into CH;NH;Pbl; to improve its
surface coverage and light absorption. By doping chlorine
element into CH;NH;PbI; while fabricating a planar device,
perovskite annealed at 95°C exhibited a PCE over 10% [28].
Colorful light absorbers based on CH;NH,Pb(I,_,Br, ), were
synthesized by changing the I to Br ratio (Figure 2(d)).
The cells using CH;NH;Pb(I,_,Br,); with x value from 0
to 0.2 exhibited an average PCE of more than 10% and a
maximum PCE of 12.3% [11]. Extremely uniform and dense

CH;NH,Pb(I,_,Br,); (x = 01-0.15) film was obtained by
using a mixed solvent of y-butyrolactone and dimethyl-
sulphoxide (DMSO) followed by a toluene drop-casting
process when spin-coating the precursor solution [7]. Sec-
ondly, methylammonium group could be substituted by other
moieties to change its bandgap and film evolution behavior
[21,29]. NH,CH=NH, Pbl; with its bandgap of 1.4 eV showed
75% in PSC [29]. More recently, mixed organic cation
perovskite was produced by drop-casting a solution of Pbl,,
methylammonium (MA) iodide, and 5-ammoniumvaleric
acid (5-AVA) iodide onto a double layer of TiO, and ZrO,
through a carbon film. This structured PSC led to a more
stable device (>1000 h) with a PCE 0f12.8% (Figure 2(b)) [21].
The deep relationship between bandgap and substituents of
MA was also investigated. The bandgap of CsPbl; is 1.67 eV
[30]. The bandgap seems to gradually increase as the size
of the substituents of methylammonium group increases
[31]. Thirdly, light absorption onset of perovskites could also
be tuned by substituting part of the toxic lead with other
nontoxic metal elements. CH;NH;Sn;_,Pb, I; with series
of different metal ratios were synthesized. Their bandgaps
were located between 1.17 and 1.55 eV. Consequently, the light
absorption could be extended from the visible region to the
near-infrared region (~1060 nm), and finally the PSC using
CH;NH,Sn,, ;Pb, 5I; had a 4.18% PCE [32]. Moreover, lead-
free solid-state perovskite solar cells based on CH;NH;Snl;
as the light harvester were first reported by Hao et al. with a
PCE of 5.73% [33].
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3. HTMs for PSCs

HTMs, just as the name implies, transport the holes to
the back electrode when the excitons are dissociated into
electrons and holes. Apart from the fast hole transport rate,
direct contact to the sensitizer allows HTMs to coexist with
the sensitizer and not cause any sensitizer degradation.

3.1. Organic HTMs. The first PSCs adopted CH;NH,PbI,
and CH;NH;PbBr; as the light absorber and Lil and I,
containing methoxyacetonitrile as electrolyte. Such PSCs
yielded PCEs of 3.8% and 3.1%, respectively [1]. However,
perovskite was found to rapidly dissolve into the organic
solvent. Much progress was achieved by changing the elec-
trolyte composition and improving the perovskite deposi-
tion method. The resultant PSC achieved a PCE of 6.5%,
but the devices still lasted for only several minutes [2].
To resolve this dissolution issue, scientists tried to replace
liquid electrolyte with solid HTMs. Perovskite CsSnl, ¢5F o5
was the first perovskite employed to act as both solid
HTM and light absorber. Impressively, such PSC construct
significantly lifted its PCE to 10.2% [3]. 2,2',7,7'-Tetrakis-
(N,N-dimethoxyphenyl-amine)-9,9'-spirobifluorene (spiro-
OMeTAD) was incorporated with mesoporous TiO, and
Al,O;, which showed PCE of 10.9% and generated open-
circuit photovoltage up to 1.1V [4, 34]. By electron cou-
pling with fullerene monolayer on the surface of TiO,,
the device using poly(3-hexylthiophene-2,5-diyl) (P3HT) as
HTM realized a PCE of 6.7%, while the device using spiro-
OMeTAD as HTM output a PCE of 11.7% [35]. In addi-
tion, behaviors of three HTMs, spiro-OMeTAD, P3HT, and
4-(diethylamino)-benzaldehyde diphenylhydrazone (DEH),
were compared in CH;NH,;PbI; sensitized solar cells [36].
Hole transfer from CH,NH,Pbl; to HTMs was observed after
excitation of CH;NH,PbI,. The electron lifetime in these
devices was in the order spiro-OMeTAD > P3HT > DEH,
while the charge transport time was similar. Besides, PSC
incorporated with spiro-OMeTAD showed the best perfor-
mances [36]. Tris[2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)
cobalt(IIT) tris(bis (trifluoromethylsulfonyl) imide)] as an
additive in spiro-OMeTAD is believed to improve PSC PCE
from 8.1% to 10.4% [37]. Moreover, several other organic
HTMs were also employed with perovskite to fabricate
PSCs. Poly(triarylamine) is another efficient organic HTM.
PSCs of CH;NH,Pbl, and CH;NH;Pb(I,_,Br,); incorpo-
rated with poly(triarylamine) realized PCE over 12% [11,
20]. When using conjugated quinolizino acridine as HTM,
CH;NH,PbI, sensitized TiO, mesoporous PSC output a
better PCE 0f12.8% than using spiro-OMeTAD as HTM [38].
With o-methoxy substituents in spiro-OMeTAD as HTM,
planar PSC achieved PCE 0f16.7% [39]. Carbazole derivatives
were adopted as HTMs and fabricated with CH;NH;Pbl;
into PSC yielding a remarkable PCE of 14.79% [40].

3.2. Inorganic HTMs. However, the cost of organic HTMs is
still high. Low-priced HTMs for reducing the cost of PSCs
appear appealing. Compared to organic HTMs, inorganic
HTMs are less expensive and attract less attention. PSCs

using copper iodide realized a PCE over 6.0% but with an
inferior V. of 0.55V [41]. The small V,_ for the copper
iodide based PSCs originated from the unfavorable bandgap.
Copper thiocyanate is a more efficient HTM for PSCs.
Qin et al. adopted copper thiocyanate to incorporate with
CH;NH;PbI;, and the device showed PCE of 12.4% [42].
Nickel oxide is another inorganic HTM due to its large
bandgap and deep valance band (5.4 eV). NiO was employed
as HTM and the corresponding PSC yielded a PCE of 7.3%
[43]. PCE of 11.6% was obtained on a NiO/CH;NH;Pbl;
device via introducing NiO, as electron blocking layer [44].
By employing NO as hole-collecting and hole-conducting
layer, CH;NH,PbI; on planar NiO film output a PCE of
7.6% with the V,_ of 1.05V [45]. By doping NiO, thin film
with copper, the hole transport ability of the resultant film
increased remarkably. For the copper-doped NiO, based
PSCs, the environmental stability was much improved, and
the PCE was impressively elevated to 15.40% [46].

3.3. HTM-Free PSCs. The device using Al,O; as scaffold
stimulated the deep thought of the property of CH;NH;Pbl,
[4]. Due to the larger band gap of Al,O;, it could not
conduct electron from perovskite to the TiO, underlayer. The
high device performance implies the high electron transport
ability of the material [47, 48]. On the other hand, the
HTM-free device that generated PCE of 5.5% confirmed the
hole transport ability of the perovskite [19]. Theoretically,
the high hole transport ability of CH;NH;PbI; voids the
need for using an HTM, which prompts the development of
new nanocomposite solar cells: mesoporous scaffold based
solar cells (Figure 3(b)). In these structured solar cells,
CH;NH,Pbl; is fully infiltrated between the TiO,, and no
additional space is mandatorily needed for HTMs. Such
structure could save the thickness of the film to 200-300 nm.
Poly(triarylamine) was used as HTM for this new PSC and
attained PCE of 12%, suggesting the carrier collection by
hole transport through the perovskite was quite effective [20].
By using hybrid composite of single-wall carbon nanotube-
PMMA and P3HT as HTM, planar PSC achieved a PCE up to
15.3% and resistance to degradation by water was remarkably
improved [49]. Ambipolar structure of CH;NH,Pbl; was
verified by transistor measurement [4, 19]. Both electron and
hole transport ability pave the way for the planar device.

4. Photoanode Morphologies for PSCs

Photoanodes, as the support for sensitizer loading, play a vital
role in the performance of PSCs. So far, several kinds of PSCs
have been developed, such as nanoparticle based PSCs, one-
dimensional nanomaterial-based PSCs, planar devices, and
flexible devices.

4.1. Nanoparticle Based PSCs. TiO, nanoparticles (NPs) are
the most common scaffolds that are used for PSCs. Due
to the ambipolar charge transport nature of perovskite, as
shown in Figures 3(a) and 3(b), the NPs-based PSCs can
be categorized into two structural PSCs. The one similar to
traditional solid-state semiconductor sensitized solar cells is
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shown in Figure 3(a). In this structure, the mesoporous TiO,
film usually acts as an electron extraction layer, transporting
photogenerated electrons to the electron collector electrode
(as the red arrow shown in Figure 3(a)), while the perovskite
mainly acts as a sensitizer. The holes are primarily transported
by the penetrated HTM (black arrow shown in Figure 3(a)).
A representative PSC of this structure is the mesoporous
Al,O; based PSC, which has a PCE of 10.9%, while the
mesoporous TiO, based PSC has a PCE of 7.6% [4]. The
PCE of the mesoporous TiO, based PSC was improved to
9% [34] and to 12.8% [38] subsequently. By using commercial
carbon as the counter electrode, CH;NH;Pbl; sensitized
mesoporous TiO, solar cell achieved a PCE of 8.31% with a
good stability [50]. Theoretically, the liquid electrolyte based
PSCs also belong to this kind of PSCs. The first reported
liquid electrolyte based CH;NH,Pbl; and CH,NH,PbBr,
sensitized solar cells employed ~15nm sized, 8-12 ym TiO,
NP films which provided a large surface area for perovskite
loading [1].

According to the literatures summarized in the Hole
Transport Materials section, the unique ambipolar charge
transport property of perovskites renders the photoanode
no longer needed to spare much space for HTMs in the
PSC architecture. Therefore, a new kind of PSC, which had
the interstitial spaces between the photoanode NPs being
completely filled with perovskite (Figure 3(b)), is developed.
In this kind of PSCs, photogenerated electrons in the per-
ovskite diffuse through the perovskite to the nearest TiO,

NPs and then are transported along the TiO, skeleton to the
electron collector electrode (the red arrow in Figure 3(b)).
Holes are transported by the perovskite (the black arrow
in Figure 3(b)). The first HTM-free PSC was fabricated
using TiO, nanosheets as a support, and CH,NH,Pbl,; was
deposited on TiO, nanosheets. Such device generated a PCE
of 5.5%. In this architecture, CH;NH,Pbl; was believed to
act as both light harvester and HTM [19]. The Au@SiO,
nanoparticle (NP) based PSC delivering a device efficiency
of up to 11.4% was reported, in which the enhanced pho-
tocurrent was attributed to the reduced exciton binding
energy due to the incorporation of metal NPs rather than the
enhanced light absorption [51]. V. of ~1.3V was obtained
by a CH;NH,;PbBr; PSC on the TiO, NP scaffold [52].
In addition, mesoporous TiO, film was used to anchor
CH;NH,Pb(I,_,Br, ), to tune its light absorbing property and
such device achieved the highest PCE 0f 12.3% [11]. To date, a
certified PCE of 17.9% was realized by the CH;NH;PbI;_, Br,
(x =0.1-0.15) PSC on a TiO, NP scaffold [7]. Up to now, this
is the highest reported PCE for mesoporous NP-based PSC.
Unlike the dye-sensitized solar cells and other semicon-
ductor-sensitized solar cells, different shaped TiO, NPs are
not the focus for PSCs. However, as is introduced above, NPs-
based PSCs show a great prospect to exhibit high PCE.

4.2. NR Based PSCs. One-dimensional nanomaterials are
believed to promote electron transport, elongate electron life-
time, increase diffusion length, and slow down the electron
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FIGURE 4: 1D nanomaterials-based PSCs. (a) CH;NH;PbI; sensitized TiO, NRs solar cells. Reprinted from [22]. Copyright: the American
Chemical Society. (b) CH;NH,Pbl, sensitized ZnO NRs solar cells. Reprinted from [23]. Copyright: the American Chemical Society.

and hole recombination [53-56]. A PCE of 9.4% was achieved
on a 600 nm thick TiO, nanorod array photoanode. Results
showed that longer NRs deteriorated the V. and the charge
generation efficiency (Figure 4(a)) [22]. Qiu et al. reported
a PSC with a PCE of 4.87% using CH;NH;PbI,Br as light
absorber with TiO, nanowire arrays. The PCE of this PSC was
higher than that of CH;NH;PbI; solar cell [57]. The device
using 1D ZnO incorporated with CH;NH;Pbl; also showed
a PCE of 11.13% with the short-circuit current density J. of
20.08 mA/cm?, the open-circuit voltage V, . of 991 mV, and fill
factor of 0.56 (Figure 4(b)) [23].

Although the literatures on 1D nanomaterial-based PSCs
are not as many as those of the NP-based or planar PSCs,
the superior ambipolar charge transport of perovskite does
not require the large specific surface area from the scaf-
folds, which would compensate for the drawbacks of 1D
nanomaterials. Owing to the superior charge transport of
1D nanomaterials, they might function synergistically with
perovskites in PSCs application.

4.3. Planar Devices. The ambipolar charge transport property
of CH;NH,Pbl; simplifies the architectures of PSCs. Because
of the self-charge transport property towards electrons and
holes together with the light absorbing property, the PSCs
can work without the scaffold and HTMs. A simple planar
heterojunction solar cell was fabricated without the metal
oxide scaffold, incorporating vapour-deposited perovskite
as the absorbing layer and spiro-OMeTAD as the HTM.
Such PSC had a PCE up to 15.4% (Figure 2(a)) [5]. Pla-
nar CH;NH;PbI; perovskite/fullerene planar heterojunction
hybrid solar cell was developed with a PCE of 3.9%, and
its interfaces were tuned by conducting polymers, where
CH;NH,;Pbl;/fullerene interface was verified as the donor-
acceptor interface [58]. By evaporating CH;NH,I at 150°C
to react with the Pbl, film, Chen et al. developed a vapor-
assisted solution process to fabricate a full coverage and small
roughness planar heterojunction CH;NH;Pbl; device, which
yielded a PCE 0f12.1% [25]. Another newly structured planar
PSC, which had CH;NH,Pbl,; sandwiched between two thin
organic charge-transporting layers, reached a high PCE over
12% [24]. By tuning the interface states and matching the

band diagram, a record PCE of 19.3% on a planar device was
obtained by Zhou et al. recently [9].

The PSC PCE race joined by scientists all over the world
is still ongoing. It is too early to draw any conclusion to what
record PCE of PSCs can be achieved. However, the surging
PCEs of planar PSCs and ease of fabrication of planar devices
imply that future PSCs may adopt such simple configuration.

4.4. Flexible PSCs. PSCs on flexible substrates are advanta-
geous for a few reasons. Such PSCs are much more portable
and practical for mobile electronics, such as cell phones and
laptops. They can also save more space and are not easy to
break. The low processing temperature of perovskites will
promote the realization of flexible PSCs.

As a part of PSCs research, lots of efforts are put into
designing flexible PSCs. The PSC with substrate/PEDOT:
PSS/CH;NH;Pbl;_, Cl,/PCBM/TiO,/Al configuration was
fabricated on ITO-coated plastic foil with a PCE over 6%
[59]. The PCE of flexible PSC was subsequently improved to
9.2% by Yang group [60]. Carbon nanotubes were used as
the hole collector and the support for CH;NH,Pbl; loading.
Such HTM-free device realized PCE of 6.87%. By using spiro-
OMEeTAD as the HTM, the PCE was improved to 9.90% [61].
By replacing the TiO, dense electron transport layer with
ZnO on conducting flexible substrate and adopting spiro-
OMeTAD as the HTM, CH;NH; Pbl, PSC fabricated at 100°C
yielded a PCE 0f15.7%, which is close to the record PCE [62].
However, these achievements still seem far away for practical
applications.

5. Challenges and Perspective

Even now, rapid progress takes place every day, faster than
ever in photovoltaic field. The PCE of 19.3% realized by
Yang group [9] is a huge step towards real life applications.
Scientists anticipate that PCEs of 28 to 30% are feasible in the
near future by fabricating perovskite and crystalline silicon
cells in a tandem configuration [47].

Nevertheless, stability is still a big challenge for PSCs.
CH;NH;Pbl, is very sensitive to polar solvents such as water.
It readily dissolves and decomposes into Pbl, rapidly. Up



to now, only a few studies on stability have been reported
[6]. These reports concluded that the HTM with long alkyl
chains and without deliquescent additives would reduce the
water filtration and prevent sensitizer corrosion and improve
the humidity stability [63]. Carbon material used as the back
contact is believed to act as a water-retaining layer as well. The
PCE of the device did not show a decrease after exposure to
air for over 1000 hours [21]. However, there is still a long way
to go to meet the rigid requirement for long-term outdoor
practical applications. On the other hand, the longtime UV
exposure stability is another problem for PSCs. Snaith et al.
investigated the effect of longtime exposure towards UV
light on the performance of PSCs. The performance of PSCs
would decay due to the light-induced desorption of surface-
adsorbed oxygen on mesoporous TiO,. However, TiO,-free
PSCs are protected from this instability [64].

Toxicity of heavy metal lead to people and the environ-
ment is another big concern for scaling up production of
PSCs. Scientists are attempting to synthesize lead-free per-
ovskites [5, 64]. The PSC incorporating CH;NH;Snl;_ Br,,
a lead-free perovskite, and spiro-OMeTAD produced a PCE
of 573% [33]. Another alternative is CH;NH;Snl; on a
TiO, scaffold, which achieved a PCE of 6.4% [65]. To
prevent environmental pollution from lead, perovskites made
from lead-free composition are likely to be the next widely
researched area for PSCs. In general, before making full use of
the PSC technology, all the above issues need to be addressed.
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With ionic liquids as solvents and corn straw as raw material, different processes of lignocellulose pretreatment with acid as catalyst
were studied under conventional heating/microwave irradiation and the reducing sugar was measured. The results indicated that
acid can accelerate hydrolysis reaction of corn straw into reducing sugar with ionic liquids as solvent, and microwave irradiation was
more efficient in pretreatment of corn straw than conventional heating. The influences of different acid catalysts, the concentration of
acid, temperature, mass ratio of straw/[Bmim]Cl, and the amount of refill water were mainly tested, and the optimum experimental

conditions are thus determined.

1. Introduction

Biomass resource is a kind of renewable resources to meet
the requirements of sustainable development, which has
attracted considerable attention [1]. Lignocellulose, as the
most abundant and cheapest biomass resources on the earth,
can be turned into commodity chemicals and a variety of
biological fuels [2] such as biodiesel, ethanol, and butanol,
by biological or chemical means, which is considered an
effective way to replace fossil energy and alleviate the problem
of energy crisis. It is difficult for reagent to reach cellulose
because of high crystallinity of lignocellulose in natural
biomass. Therefore, pretreatment of lignocellulosic biomass
prior to use as feedstock for biofuel and chemical production
is required to either disrupt the crystalline structure of cellu-
lose, remove hemicellulose, or remove or modify the lignin, to
increase the exposure of the cellulosic substrate to hydrolytic
enzymes, decrease cellulosic substrate recalcitrance for
enzyme attack, and thus increase glucose yield [3-5].

Since Rogers found that the ionic liquids (ILs) can dis-
solve cellulose in 2002 [6], in the use of ILs dissolving cel-
lulose, a lot of fruitful works have been carried out both at
home and abroad [7-9]. Recently, new attention has been
focused on the pretreatment of lignocellulosic biomass in
ILs [7, 10] because of the ability of some ILs to dissolve

cellulose under moderate conditions and the possibility of
recovering nearly 100% of the IL in its initial purity [11]. ILs
are liquids at room temperature or near room temperature
composed of ions [10]. As a new type of green solvent, ILs
are nonflammable and possess many good qualities such as a
very low vapor pressure, good thermal stability, and recycled
performance. Depending upon the ILs used, lignocellulosic
biomass may be completely dissolved by the ILs and subse-
quently regenerated by adding antisolvents such as water [7].
It has been demonstrated that cellulose reprecipitated after
dissolution in ILs exhibits much higher enzymatic hydrolysis
owing to its decreased crystallinity [12]. However, the high
cost, high viscosity, and troublesome separation of ILs still
hamper their commercialized application. To overcome these
problems, several trials [13-16] were performed to develop
the hydrolysis of cellulose catalyzed by some solid acids, but
this heterogeneously catalytic process shows relatively low
hydrolysis efficiency due to mass transfer resistance between
solid acids and insoluble cellulose in water.

Microwave heating is based on an internal heating process
based on the direct absorption of energy by polar molecules,
which differs from conventional heating that is based on heat
transfer. Some studies have showed that microwave irradia-
tion enhances the dissolution of lignocellulosic materials in
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IL and subsequent fractionation of cellulose and lignin [17-
20]. Moreover, with regard to its application to IL-assisted
biomass pretreatment for subsequent enzymatic hydrolysis,
it has been recently demonstrated that microwave irradiation
can facilitate the pretreatment of cellulose in IL [21, 22].

In the present study, with corn straw as raw material, a
more effective lignocellulosic biomass pretreatment process
was developed using a commonly researched IL, 1-butyl-3-
methylimidazolium chloride (BMIMCI), as a model IL and
an acid catalyst under microwave irradiation. The influence
of different pretreatment scheme on straw hydrolysis was
studied, and the role of heating mode played on lignocellulose
conversion was examined with ILs as solvents; at the same
time, the straw pretreatment process was optimized.

2. Materials and Methods

2.1. Material. Straw was used as a model lignocellulosic ma-
terial (collected from Hebei province in China). The straw
was washed with a lot of water, air-dried to constant weight,
and milled and screened into powder with particle sizes
between 2.50 and 5 mm and then was collected and stored at
room temperature in a sealed container. N-Methylimidazole,
chlorinated n-butane, sodium hydroxide, phenol, sodium
sulfate, and potassium sodium tartrate were provided by
Beijing chemical reagent factory. Nitrosalicylic acid and
sulfuric acid were purchased from Beijing Chemical Works.
All the chemicals used in this study were of analytical grade.
Microwave heating device was self-designed, which included
a microwave oven (MM72INGI-PW, purchased from Midea
Corporation), a circular waveguide, and a stirrer device.

2.2. Preparation of I1-Butyl-3-methylimidazole Chloride
([Bmim]Cl) IL. The N-methylimidazole and chlorinated n-
butane reacted for about 48h in mole ratio of 1:1 at 70°C
under nitrogen atmosphere. At the end of the reaction a
layered mixture was obtained and then the mixture was
filtered with a funnel and the lower liquid was product. After
that the product was washed with ethyl acetate and purified
under rotary evaporation, and the final product was obtained
after vacuum drying and stored for use.

2.3. Acid Catalyzed Hydrolysis in IL. Hydrolysis reaction of
straw in IL phase was carried out under the environment
of airtight and constant pressure. The IL ([Bmim]Cl) and
dry straw were added to a reactor in a certain ratio, then
certain amount of water and acid catalyst were added, and the
reactor was sealed and heated to certain temperature ((1) in
water phase as conventional heating means; (2) under certain
gear of microwave oven in an intermittent way and different
gear corresponding to different power) and kept for 2 hours.
(Adding acid to the preheated sample was determined as
starting time for reaction.) Electromagnetic stirring speed
was controlled at 300 r/min during reaction, and the speed
may be increased (<600 r/min) if straw dissolution effect
is not good or no monosaccharide is detected. A certain
amount of hydrolysate was diluted with water after reaction,
and contents of reducing sugar of the diluted solution were
detected by using the DNS method.
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2.4. DNS Analysis and Calculation of Total Reducing Sugar.
The yield of TRS (total reducing sugar) was determined with
3,5-dinitrosalicylic acid colorimetric method (DNS method).
(When glucose was used as standard, coeflicient 0.9 was
introduced in the TRS calculation formula to correct the
concentration of reducing sugar because the type of sugar
in actual product is more than that). Finally the proportion
of the quality of reducing sugar to total straw was used as
measurement:
nm

Xn
TRS = —1—— x 0.9 x 100%, (1)
m,

where TRS is the yield of total reducing sugar, m, is the qual-
ity of reducing sugar, # is dilution ratio, and m, is the quality
of sample straw.

2.5. SEM Analysis of Straw. SEM was used to record the sur-
face morphological features of straw before and after pretreat-
ment. The samples were coated with gold using a Leica EMS
CD 005 system prior to analysis by S-4700 scanning electron
microscope (magnification: 20~500,000 times; accelerating
voltage: 0.5 kV~30KkV, Hitachi LTD., JP).

3. Results and Discussion

3.1. Comparison of Straw Acid Hydrolysis Experiment Scheme.
Table 1 shows 7 groups of different experimental scheme by
changing different system under different heating modes. In
the above different experimental scheme the average reduc-
ing sugar yield and the time reached maximum reducing
sugar yield were got under the same experimental condition
groups.

The data of groups 1 and 4 and groups 2 and 3 show that
reducing sugar yield of straw pretreated in IL is higher than
that in water system, and data of groups 1 and 3 and groups 2
and 4 show that microwave heating way not only can greatly
shorten the reaction time required but also can effectively
improve the reducing sugar yield compared with the tradi-
tional heating mode, and the maximum TRS is 35.5 wt%. And
data in group 5 shows that TRS can be 40.7 wt% if straw was
first treated in IL and then hydrolyzed in water. According
to data of group 6, a mixture of IL and water system has no
advantage, and the reducing sugar yield is only 25.1 wt%.

In the system of [Bmim]Cl IL as solvent, Cl~, and hydro-
gen atoms of hydroxyl in cellulose macromolecular chain to
form hydrogen bonding, hydrogen bonding network of
cellulose is thus interrupted, and the cellulose chain is fully
exposed in the attack of HY, so the reaction rate is faster and
reducing sugar yield is high [23].

By microwave radiation heating hydrolysis of the reduc-
ing sugar yield increased significantly; this may be on the
one hand because the microwave radiation heating does not
depend on the temperature gradient, as a result the system
is heated evenly, and on the other hand macromolecular ILs
can absorb microwaves better, which heats up quickly, and
the reducing sugar yield was increased [24]. Therefore, in the
[Bmim]Cl, IL medium with microwave radiation heating can
promote acid hydrolysis of the straw.
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TaBLE 1: Hydrolysis of straw in different ways.

Solvent Heat Time [min] Yield g [Wt%]
1 IL Microwave 7 355
2 Water Traditional 240 19.8
3 IL Traditional 120 30.5
4 Water Microwave 45 24.4
5% IL (first) + water (last) Microwave 7 + 45 40.7
6° Water (50 wt%) + IL (50 wt%) Microwave 45 251

*Dealing in IL for 7 min and then in water phase system for 45 min.

bDealing directly in the mixed system of IL and water with proportion 1:1 to each other.

TABLE 2: Hydrolysis of straw by different acid catalyst.

Catalyst Time [min] Yield g [Wt%]
1 HCI 30 344
2 HNO, 30 26.7
3 H,SO, 30 355
4 H,PO, 30 13.6

At the end of the reaction a part of cellulose does not
hydrolyze, but crystallinity is significantly lowered, and
structure becomes loose, so hydrolysis in water can further
improve the reducing sugar yield.

3.2. Effect of Different Factors on the Straw Hydrolysis. On
the basis of the experiment scheme established in Section 3.1,
namely, in IL system, with the method of microwave heating,
different kind of acid catalyst, acid concentration, temper-
ature, straw to IL mass ratio, and the influence of water
supplement were investigated.

3.2.1. Influence of Different Kinds of Acid on the Straw Acid
Hydrolysis System. Four different kinds of acids (H,SO,,
HCI, HNO;, and H;PO,) were used as catalysts in BMIMCI
solutions for pretreatment of straw. The pretreatment was
carried out under microwave heating, acid concentration
0.5 wt%, straw to IL mass ratio of 0.08, and the straw to filling
water mass ratio of 0.25. Table 2 showed the average reducing
sugar yield and the time needed for reaching maximum
reducing sugar yield using different acid as a catalyst under
the condition of six sets of experiments.

As shown in Table 2, in the same reaction time, the
highest reducing sugar yield can be obtained when H,SO, is
used as catalyst. Similar effect can be found when HCI was
used as catalysts. However, HCl is easy to be volatile because
of the high temperature in the reaction system, and more
water was added to the system since HCI is stored in the form
of hydrochloric acid, the water content of which is more than
62.5 wt%. Moreover, the amount of hydrogen ions for 0.5%
H,SO, is higher than that of 0.5% HCl. HNO; and H;PO,
took the third and the fourth place. Because HNO; shows
strong oxidation activity, side reactions may occur with some
reducing sugar. And H;PO, has poor H* donor ability due
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FI1GURE 1: Influence of acidity on reducing sugar concentration.

to its subacidity. For the above reasons, we choose H,SO, as
catalyst in pretreatment of straw in ILs.

3.2.2. Influence of H,SO, Concentration on the Straw Acid
Hydrolysis System. Under the condition of ILs as solvent,
microwave heating, reaction temperature 150°C, straw to IL
mass ratio of 0.08, and the straw to filling water mass ratio
of 0.25, influence of H,SO, concentration was investigated
(Figure 1). The yield of reducing sugar increased first and then
decreased with the increase of acid concentration. Figure 1
showed that low H,SO, concentration has an obvious advan-
tage. The yield of reducing sugar was low without addition
of H,SO,; with the increase of H,SO, concentration, it
got the maximum when H,SO, concentration was 0.5 wt%.
However, when H,SO, concentration increased to 1%, TRS
began to decrease. The yield was half the maximum when
H,SO, concentration reached 3 wt%, and when H,SO, con-
centration is 5wt%, the yield became lower. This indicated
that H,SO, concentration has optimum value, which may be
0.5% wt%. H" donated by acid played a role of catalyst during
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FIGURE 2: SEM of (a) untreated straw; (b) straw pretreated with water containing 0.5% H,SO,; (c) straw pretreated with IL; (d) straw pretreated

with BMIMCI solution containing 0.5% H,SO,.

the reaction. Low concentration acid in the IL system has a
high activity and could accelerate the cellulose hydrolysis.

Figure 2 showed the morphology of straw pretreated in
different conditions. The structure of untreated straw sur-
face is compact and orderly arranged, and the texture is hard,
which resulted in the weak contact of solution with cellulose.
Therefore hydrolysis reaction is weak. The surface of straw
becomes cracking and the cross section is layered after
being pretreated by 0.5 wt% H,SO,, and this structure helps
solution contact with cellulose which is good for hydrolysis
reaction. When pretreated with IL, the cracking in the
surface of straw is more serious than that pretreated with
0.5wt% H,SO, and peels off, thus makes cellulose more
exposed which is helpful for IL contact with cellulose and
hemicellulose, and promotes the hydrolysis process. When
pretreated with IL added with acid catalyst, the surface of
straw is seriously damaged and is rupture in flocculent state,
which further removes the lignin and hemicellulose shielding
of cellulose and release cellulose to a great extent, and thus
is advantageous to the hydrolysis reaction. From Figure 2 we
can see that IL with acid as catalyst is a good solvent for the
hydrolysis of straw.

3.2.3. Influence of Microwave Heating on the Straw Acid
Hydprolysis System. Under the condition of ILs as solvent,
microwave heating, H,SO, concentration 0.5 wt%, straw to
IL mass ratio of 0.08, and the straw to filling water mass ratio
of 0.25, influence of reaction temperature was investigated
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FIGURE 3: Influence of temperature on reducing sugar concentra-
tion.

(Figure 3). The yield of reducing sugar gets the maximum
(35.5wt%) at the reaction temperature 150°C. The yield is
low under the temperature of 70°C because low temperature
could not break the crystal structure of cellulose. When the
temperature is higher than 100°C, the yield increases with the
increasing of the temperature. This shows that the cellulose
hydrolysis occurs obviously. However, when the temperature
is higher than 170°C, the ILs are easy to decompose and
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the straw is easy to carbonize. Therefore the best hydrolysis
reaction temperature is 150°C.

3.2.4. Influence of Straw to IL Mass Ratio on the Straw Acid
Hydrolysis System. Under the condition of ILs as solvent,
microwave heating, H,SO, concentration 0.5 wt%, reaction
temperature 150°C, and the straw to filling water mass ratio
of 0.25, influence of straw to IL mass ratio was investigated
(Figure 4). The yield of reducing sugar gets the maximum
at straw to IL mass ratio of 0.08. No obvious change was
obtained below this level. And the yield reduces quickly when
the ratio is higher than 0.08.

3.2.5. Influence of the Straw to Filling Water Mass Ratio on the
Straw Acid Hydrolysis System. Under the condition of ILs as
solvent, microwave heating, H,SO, concentration 0.5 wt%,
reaction temperature 150°C, and the straw to IL mass ratio
of 0.08, influence of straw to filling water mass ratio was
investigated (Figure 5). The yield of reducing sugar gets the
maximum at straw to filling water mass ratio of 0.25. The
reaction system still can get a high yield when the filling

water is little. Even though no filling water is added, a yield
of 25wt% was got since the dehydration of oligosaccha-
rides (e.g., monosaccharide and disaccharide) to 5-hydrox-
ymethylfurfural (5-HMF) can provide water. An appropriate
amount can accelerate the reaction and restrain the side
reactions. The yield reduces sharply with the increase of filling
water. Too much water would break the IL system and rebuild
the hydrogen bond between the sugars.

4. Conclusion
We can get the conclusion as follows.

(1) In this experiment ILs with acid as catalyst, as a kind
of solvent, can effectively accelerate the hydrolytic
reaction of straw.

(2) The yield of reducing sugar is 35.5wt% under the
condition of ILs as solvent and microwave heating,
while the yield is just 19.8 wt% under the condition of
water as solvent and conventional heat treatment.

(3) The best operating conditions are as follows:
atmospheric conditions in closed environment,
IL [BMIM]CI as solvent, H,SO, (concentration
0.5wt%) as catalyst, the straw to IL mass ratio of
0.08, the straw to filling water mass ratio of 0.25, and
reaction temperature 150°C.
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CulnS, thin films were prepared onto indium tin oxide (ITO) substrates by sulfurization of electrodeposited Cu,In,S, precursor

films under S atmosphere. The influences of deposition potential, Cu**/In** ratio, sulfurization temperature, and sulfur content
on the CulnS, thin films were investigated. Phases and structures were characterized by powder X-ray diffraction and Raman
spectroscopy; surface morphology was characterized by Scanning Electron Microscopy; optical and electrical properties were
characterized by UV-Vis absorption and Mott-Schottky curves, respectively. As a result, the optimal well-crystallized CulnS,
films preparation parameters were determined to be deposition potential of —0.8 V, Cu**/In’" ratio of 1.4, sulfur content of 1g,
and the sulfurization temperature of 550°C for 1h; CulnS, thin films prepared by one-step electrodeposition present the p-type
semiconductor, with thickness about 4-5 ym and their optical band gaps in the range of 1.53~1.55 eV.

1. Introduction

CulnS, is a promising material as absorber layer in photo-
voltaic devices owing to its direct band gap of about 1.5eV
and a high absorption coeflicient, 10° cm™ [1-3]. In addition,
CulnS, is of particular interest for being environmentally
friendly and cost-effective when compared to CulnSe, where
the toxic and costly Se existed. Until now, the conversion
efficiency of about 13% for CulnS,-based solar cells has
been achieved [4]. However, the value is still far below its
theoretical value of 32% [5], which is mainly influenced by
the quality of Culn§, film.

Preparation methods of CulnS, film mainly include sput-
tering [6], evaporation [7], spray pyrolysis [8, 9], chemical
bath deposition [10], and electrodeposition [11-16]. Among
these methods, sputtering and evaporation are two main
methods for industrial production [7, 17-20]. However,
expensive equipment is necessary for providing vacuum
environment in the two methods, which limit their use

in the production of large-area CulnS, films. Electrode-
position method has been shown to be desirable because
of its advantages of low equipment cost, scalability, and
manufacturability of large-area thin films. Recently, a high
efficient solar cell based on electrodeposited CulnS, films
is fabricated, in which the efficiency is already close to that
fabricated by vacuum method [21]. There are two routes for
electrodeposition method: for the one-step route, copper,
indium, and sulfur are deposited simultaneously usually with
sodium thiosulfate as sulfur source, metal salts as copper,
and indium sources; for the two-step route, Cu-In precursor
films are firstly formed by electrodeposition, and then they
are sulfurized to CulnS, films in H,S or S atmosphere. It
seems that one-step route is more simple and environmen-
tally benign, but the obtained CulnS, films do not always
follow the exact stoichiometry of Cu:In:S =1:1:2, usually
with S deficiency in the films. Besides, easy formation of
secondary phases (such as In,CuO,, Cu,0/Cu,S, CuO/CusS,
and In,S;) is another disadvantage. Thus, it is still a challenge
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to fabricate high-quality CulnS, thin films by using one-step
electrodeposition route.

To solve S deficiency problem in one-step route, a further
sulfurization of Cu,In,S, precursor films by using S powder
or H,S is usually conducted. To reduce the secondary phases,
the operation conditions for CulnS, film fabrication such
as electrodeposition potential, concentration of complexing
agent, and Cu®*/In’" ratio need to be optimized. Until now,
just few studies reported the effects of detailed operation
conditions on the properties of CulnS, films prepared by
one-step electrodeposition method [11, 22]. In the present
study, Cu,In S, precursor films firstly were electrodeposited
on ITO substrates, and then they were further sulfurized in
S vapor to CulnS, films. The effects of deposition potential,
Cu®*/In** ratio in the precursor solution, and sulfurization
conditions (S content and heat treatment temperature), on
the structure, morphology, and optical and electrical proper-
ties of the obtained CulnS, films were investigated in detail.

2. Experimental Section

Firstly, Cu,In S, precursor films were grown on ITO glasses
in a conventional three-electrode system using a PARSTAT
2273 Potentiostat. The working, counter, and reference elec-
trodes were ITO-coated glass substrates, a platinum plate, and
a saturated calomel electrode (SCE), respectively. The FTO
substrates with sheet resistance of 15 ()/square were cut into
several pieces (1.5cm x 2.5cm) and ultrasonically cleaned
in ethanol, deionized water, and acetone for 30 min, respec-
tively. The solution bath contains 12 mM copper(II) chloride
(CuCl,-2H,0), 6.7-10mM indium chloride (InCl;-4H,0),
25 mM sodium thiosulfate (Na,S,05:5H,0), 0.5mM potas-
sium chloride (KCl), and 0.1 M citric acid (C4HgO,). C4HgO,
was employed as a complexing agent, and KCl aqueous
solution was used as a supporting electrolyte. pH of the
bath solutions was adjusted to 6 using diluted ammonia
solution. Deposition of the samples was carried out at room
temperature for 30 min. Then the electrodeposited Cu,In, S,
precursor films were further sulfurized by S powders at tem-
peratures 400-550°C in a self-made sealed tubular furnace
under the protection of Ar atmosphere.

Phases and crystal structures of the thin films were
characterized by X-ray diffraction (XRD), with a German
Bruker AXS D8 advanced diffractometer, and Cu Ko radia-
tion at 40 kV and 40 mA. Raman spectroscopy was measured
using an InVia laser confocal Raman spectroscopy system of
England Renishaw company. Scanning Electron Microscopy
(SEM) was measured using a JEOL JSM-6390 LV micro-
scope. UV-Vis absorption spectrum was measured in the
wavelength range of 300~900 nm using UV-2450 UV-visible
spectroscopy system. Mott-Schottky curve was measured in a
mixed solution of 0.2 M KCl and 0.5 M EDTA with frequency
1KHz, scan range —0.9 to —0.4 'V, and scan rate 3 mV/s.

3. Results and Discussions

3.1. Effects of Deposition Potential. In the one-step electrode-
position method, for depositing Cu-In-S simultaneously,
complexing agent for narrowing the redox potentials is
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FIGURE 1: The deposition currents as a function of times at various
deposition potentials (-0.7, 0.8, —0.9, —1.0, and -1.2'V).

needed. It was reported that citric acid can work as the
complexing agent for narrowing the redox potentials of
Cu**/Cu and In**/In [23]. Moreover, citric acid can complex
with both Cu** and In’", which will prevent the precipitation
of metal hydroxide over a wide pH range. We previously
studied the effects of citric acid concentrations on the redox
properties of Cu** and In®*, and the optimal concentration
was determined to be citric acid:Cu®" 8.5 as we used here.

Figure 1 shows the deposition current as a function of
time at various potentials. The deposition current increases
with increasing deposition potentials. At any deposition
potentials, the current decreases suddenly within initial
2 min, which is the result of concentration gradients devel-
oped in the boundary layer close to an electrode surface
at short times at initial deposition period [16]. After initial
period, the currents at deposition potentials —0.7, —0.8, and
—0.9V are stable, while the currents at potentials —1.0 and
-1.2V increased gradually. It may be because the large
deposition rate at high potentials induces the roughness of
the electrode surface and deposition area increases and hence
the deposition current increases. At —1.0 and —1.2'V, upper
layers of Cu,In S, films exfoliated during the deposition
process due to the weak adhesive force caused by their large
deposition rate.

Figure 2 shows the morphology of Cu,In,S, films
deposited at various potentials. All the films are composed
of aggregated particles. The films deposited at —0.7 V contain
two kinds of particles: secondary particles with large size of
around 2-3 ym and primary particles in nanoscale. For the
films deposited at —0.8 and —0.9'V, they both are composed
of aggregated particles, with a relative uniform particles size
distribution at around 1um. The films deposited at 0.8V
are more compact and smooth than that deposited at —0.9 V.
Thus, the potential —0.8 V is more proper for Cu,In S, film
deposition. As the upper layers of Cu,In,S, films deposited
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FIGURE 2: SEM images of CulnS, thin films obtained at deposition potentials —0.7 V (a), 0.8 V (b), and —0.9 V (c).

at —1.0 and —1.2'V are easily exfoliated, their SEM images are
not shown here.

3.2. Effects of Sulfurization Parameters. As we mentioned
above, CulnS, films were obtained through one-step elec-
trodeposition method usually with S deficiency. Thus
Cu,In S, precursor films were further sulfurized, and the
effects of sulfurization parameters on CulnS, film properties
were investigated. Cu,In S, precursor films were deposited
together with a certain amount of S powders in a tube furnace
with argon flow during the sulfurization process to avoid air
oxidation.

3.2.1. Effects of S Content. Figure 3(a) presents the XRD
pattern of CulnS, films sulfurized at various S contents with
sulfurization temperature at 550°C. All CulnS, films were
chalcopyrite structure, with no evidence of other phases,
indicating that CulnS, films were near stoichiometric. All the
films show the (112) plane preferred orientation. The peak
intensity of CulnS, films obtained at S contents 0.5 and 1g
is much higher than that obtained at S contents 1.25and 1.5 g,
which indicates the higher crystallization of CulnS, films
sulfurized at low S vapor concentrations.

Raman spectroscopy can be used as a complementary
technique to XRD. For CulnS,, there are three structure
orders which belong to different space groups, chalcopyrite
(CH) structure and CuAu (CA) and CuPt (CP) metastable
structures. Because the formation energy of CP structure is

high, it is unlikely present in our CulnS, films. CA structure
is undesirable, and it is difficult to identify it using XRD. The
Raman Al mode of CH structure is centered at 290 cm™’,
while the Raman Al mode of metastable CA structure is
centered at around 305cm™'. The chalcopyrite structure
therefore can be identified using Raman analysis. Figure 3(b)
shows the Raman spectra of CulnS, films obtained at various
S contents. The peak of 287 cm™ appearing at all samples
is closer to the Al mode of CH structure (290 cm™) [24],
indicating the presence of CH structure. Similar to the XRD
results, high peaks intensity of CulnS, films obtained at
0.5 and 1g indicates their high crystallization. For all the
films, there is no evidence for the presence of CA structure
whose Al mode appears at around 305cm ™" [25]. The peak
at 470cm™" for the film obtained at S content 0.5g can be
attributed to Cu,_,S. Cu,_, S phase which can be removed by
etching the film in KCN solution.

Optical properties of the films were studied by absorption
measurements with a UV/visible/NIR spectrophotometer.
Figure 4 shows the absorption spectra of CulnS, films in
the range of 400-900 nm. CulnS, film obtained at S content
1g exhibits the largest absorption. All the films show a
fundamental absorption wavelength at around 800-810 nm,
which is similar to the reported values [15]. According to
the absorbance spectra, the plots of (ahv)* against hv can
be obtained, in which « is the absorbance coefficient. The
band gap E, can be estimated from the intercept of the linear

portion of the plots on x-axis. Figure 4(b) shows (ahv)* asa
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FIGURE 4: (a) UV-Vis absorption spectra of CulnS, films obtained at S contents 0.5, 1, 1.25, and 1.5 g; (b) (a«hv)* of CulnS, film obtained at S

content 0.5 g as a function of hv.

function of hv for CulnS, film obtained at § content 0.5g. E,
of CulnS, film obtained at S content 0.5 g is determined to be
1.56 eV.

3.2.2. Effects of Annealing Temperature. Figure 5(a) shows
the XRD patterns of CulnS, films heat treated at various
temperatures with S content 1g. When the temperature
increased from 400 to 450°C, the intensity of CulnS, peak
at (112) planes greatly enhanced, indicating its enhanced

crystallization. When annealing temperature further
increased to 500 and 550°C, the peak intensity decreased,
which means the crystalization decreased at high
temperature. Raman spectra of CulnS, films annealed
at various temperatures are shown in Figure 5(b), in which
all CulnS, films except the one annealed at 550°C contain
Cu,_,S phase. From the results of XRD and Raman, it can be
concluded that 550°C is a prefferred annealing temperatre
for Cu,In,S, films sulfurazation.
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FIGURE 6: XRD (a) and Raman spectra (b) of CulnS, films obtained at Cu**/In** 1.2, 1.4, 1.6, and 1.8.

3.3. Effects of Cu**/In** Ratios. Cu®"/In’* ratio in precursor
solution is a crucial parameter in determining the properties
of synthesized CulnS, films. Here, the effects of Cu**/In**
ratio in solution on CulnS, film phases, morphologies, and
optical properties are investigated. Figure 6(a) shows the
XRD patterns of CulnS, films prepared at various Cu®*/In**
ratios. All the films, except the film obtained at Cu®*/In>*
ratio 1.8, are chalcopyrite structure without observable other
phases. For CulnS, film obtained at Cu**/In** ratio 1.8, there
are other phases including CuS and Cu, ¢S as labelled in

the (d) curve of Figure 6(a). Raman spectra as shown in
Figure 5(b) also indicate that Cu,_, S phase is present in the
film obtained at Cu®*/In*" ratio 1.8, as the peak at 471 cm”!
which is a typical peak from Cu,_, S existed. From the Raman
spectrum, it can be seen that the film obtained at Cu**/In**
ratio 1.2 also contained Cu,_, S, although it was not detected
in XRD measurement.

SEM images of Culn$, films obtained at Cu®*/In’" ratios
14 and 1.6 are shown in Figure7. The plane and cross-
sectional images of Culn$, film obtained at Cu®*/In*" ratios
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FIGURE 7: SEM images of CulnS, thin films obtained at Cu**/In** ratio 1.4 (a) plane view, (b) cross-section view, and Cu**/In** ratio 1.6 (¢).
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FIGURE 8: (a) UV-Vis absorption spectra of CulnS, films obtained at various Cu**/In*" ratios; (b) Mott-Schottky curve of CuInS, thin films

obtained at Cu**/In*" ratio 1.4.

1.4 indicate that the film can be divided into two layers: the
condensed bottom layer with thickness of around 2 ym and
the incompact upper layer with large crystals. Large crystals
of the upper layer may be caused by the sulfurization process.
It can be seen from Figures 7(a) and 7(c) that crystal size
of the film obtained at Cu®*/In** ratio 1.4 is much larger
than that obtained at Cu**/In*" ratio 1.6 and the surface of

the film obtained at Cu®*/In’" ratio 1.4 is more condense than
that obtained at Cu?*/In’* ratio 1.6. The condensed film and
large crystals mean reduced cracks and grain boundaries in
the film which will increase photocurrent because the traps
for electrons and holes are reduced. Thus, the film obtained
at Cu®*/In** ratio 1.4 has the potential to be an effective
absorber layer for solar cells. As there are Cu,_,S phases in
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the films obtained at Cu**/In’" ratio 1.2 and 1.8, we did not
show their SEM images here.

In solution-based processes carbon contamination is an
important issue for CulnS, film fabrication. EDS was used
to determine the carbon content, and it indicates that the
carbon is 3.5 at% in CulnS, film obtained at Cu®*/In** ratio
1.4. We estimate that the carbon contamination may come
from citrate used in solution.

Figure 8(a) shows the absorption spectra of CulnS, films
obtained at various Cu**/In’* ratios. CuIn$, film obtained at
Cu**/In*" ratio 1.2 shows the largest absorption; and all the
films have a similar fundamental absorption wavelength at
around 800-810 nm, caused by their band gaps. Figure 8(b)
shows the Mott-Schottky (MS) plots for CulnS, film obtained
at Cu®"/In’" ratio 1.4. It can be determined that the film is p-
type semiconductor due to the negative slope of the curve.
According to the intercept on the potential axis, the flat band
potential is determined to be —0.6 V.

4. Conclusions

CulnS, films of chalcopyrite structure were prepared by one-
step electrodeposition of Cu,In S, precursor films, followed
by sulfurization. Effects of operation parameters includ-
ing deposition potential, sulfurization conditions, Cu®"/In>*
ratio on the structure, morphology, and optical and electrical
properties of the obtained CulnS, films were studied. Based
on the surface morphology, crystallization, phases purity,
and optical absorption property, the optimized deposition
potential was determined to be —0.8 V, Cu®*/In** ratio 1.4,
sulfur content 1g, and sulfurization temperature 550°C. The
obtained CulnS, thin films prepared here present p-type
semiconductor, with thickness about 4-5 ym and optical band
gaps 1.53-1.55 eV.
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CulnS, thin films were prepared by sulfurization of Cu-In precursor films through magnetron sputtering and the resulting
films characterized using X-ray diffraction, Raman spectrometry, and UV-Vis spectrophotometry. The results demonstrate that
a sputtering power of 80-120 W is more suitable for sputtered Cu-In precursor films and can be used to obtain CulnS, films with
good crystallinity through vulcanization heat treatment. The sputtering gas pressure and sulfurization temperature were shown to
impact on the film quality due to improper processes during the CulnS, phase. Some of the Culn,;S,, and CuS, impurities were
observed in the composition of the prepared CulnS, thin films. Optimization of process parameters obtained from the experimental
data was determined as a sputtering power of 80~120 W, a sputtering gas pressure of 0.6-0.8 Pa, a heat treatment temperature of
450~470°C, and a holding time of 2~3 hours. The optical band gap obtained for CulnS, thin films is between 1.48 and 1.5 V.

1. Introduction

Copper indium disulfide (CulnS,) is a ternary (I-III-VI)
semiconductor with a direct band gap and a sulfide fullerene-
like structure which belongs to groups II-VI replacing the
copper and indium ions in group IL. It has a chalcopyrite
configuration with a phase transition temperature of 980°C.
CulnS, has various advantages with a narrow band gap
of 1.50 eV making it insensitive to temperature with good
stability. It has high absorption coefficients, mostly at 10°/cm,
and can absorb 90% of sunlight for films of 1 to 2um
thickness. All these advantages make CulnS, one of the most
promising alternative absorbing semiconductor materials for
the development of thin film solar cells [1-3].

CulnS, has anti-interference properties, a strong ability
to resist radiation, a long service life, and lower toxic
species compared to CulnSe,. It has much potential as a
thin film solar cell absorption material of the chalcopyrite
semiconductors [4]. The theoretical efficiency for a CulnS,
thin film solar cell is between 28 and 32% [5], but the

highest conversion efficiency observed in the laboratory is
only 13% [6, 7], which is significantly less than the predicted
theoretical value. In the past few years, various methods of
CulnS, synthesis have been reported including magnetron
sputtering [8], spray pyrolysis [9, 10], ion layer gas reaction
[11], chemical bath deposition [12], and electrodeposition [13-
15]. For each of the above methods, magnetron sputtering
has shown the most promise for the realization of thin film
solar cells based on CulnS, for large-scale production. It is
reported that Germany have established a thin film solar cell
production line with battery conversion efficiency reaching
7.6% [16]. There are two main techniques of magnetron
sputtering to obtain CulnS, thin film [17, 18]; one is the
sputtering deposition of CulnS, thin film also containing
the target Cu-In-S under the high vacuum. Under the same
sputtering power and sputtering pressure, different elements
of sputtering energy can be different, so it is therefore difficult
to control the chemical composition. The other technique is
sputtering Cu-In thin film with appropriate H,S flow using a
flow meter to control flow rate. The copper and indium atoms
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TaBLE 1: Different process parameters of samples synthesized by different sputtering power.

Sputtering Gas Target Target Deposition Treating Holding Sulfur

power/W pressure/Pa voltage/V current/A time/min temperature/°C time/h weight/g

80 0.4 566 0.14 20 500 2 1

100 0.4 531 0.19 20 500 2 1

120 0.4 573 0.21 20 500 2 1

140 0.4 560 0.25 20 500 2 1

160 0.4 570 0.28 20 500 2 1

continue to react with H, S whilst sputtering on the substrate
and finally forming a sulfide film. The difficulty associated
with this method is the influence of the temperature and
that H,S is an inflammable, explosive, toxic gas which
increases associated risks. In this paper, CulnS, thin films
were prepared by sulfurization of Cu-In preformed films
created by magnetron sputtering onto glass substrates. In the
sulfurization process, solid sulfur powder was used as the
sulfur source instead of H,S. The effects of sputtering power,
gas pressure, sulfurization temperature, and sulfurization
time on the structural and optical properties of the CulnS,
samples were determined.

2. Materials and Methods

2.1. Preparation of CulnS, Thin Film. The substrate was a
high purity glass (99.99%) target with Cu-In alloy at a Cu/In
atomic ratio of 1: 1. This was in the size of ®50 mm * 4 mm.
Argon was used as the sputtering gas with a distance of 8 cm
between the target and substrate. First, the Cu-In precursor
films were deposited on the substrate. The prepared precursor
films were placed at high temperature in a tubular resistance
furnace to prepare a CulnS, thin film by sulfurization heat
treatment using argon gas as a protective gas to ventilate the
tubular furnace.

2.2. Characterization. The crystalline phases of the samples
were identified by laser confocal Raman spectroscopy system
(Renishaw) and powder X-ray diffraction (XRD) measure-
ments obtained using a D8 ADVANCE diffractometer with
a Cu K, radiation source (A = 0.15406 nm). Data were
collected over 20 = 5-90°. The absorption spectra were
investigated using a UV-Vis spectrometer (UV-2450) and the
thickness of the films was investigated using a metallographic
microscope (Olympus, ck40-M-F200) with image analyzer
(Vms-2000).

3. Results and Discussion

3.1 The Influence of DC Sputtering Power on CulnS, Thin
Films. The divided voltage of sputtering gas, the distance
between target material and substrate, and the sputtering
power were shown to be the influential factors on sputtering
rate. Under the same conditions, with increasing sputtering
power, the energy of incident ions was shown to increase. The
deposition rate concerns the energy, quality, and incidence
direction of the incident ions. Therefore, sputtering power
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FIGURE 1: Raman spectra of the Cu-In thin films with different
sputtering power before sulfuration.

is the main influential factor in controlling the deposition
rate. In order to optimize the sputtering power, a working
pressure of 0.4 Pa, and argon gas flow of 11 SCCM (standard
mL/min), changes in sputtering power of 80,100, 120, 140, and
160 W were observed. Table 1 shows the process parameters of
coating and heat treatment.

Figure 1 shows the Raman spectra of Cu-In precursor
films deposited at different sputtering powers. From the
figure, it can be seen that the Raman spectra of Cu-In films
have similar shapes, with wide spectra with wave numbers
ranging from 230 cm™' to 700 cm™'. The results show low
crystallinity as the Raman spectra are generated by molecular
vibrations and atomic and interatomic forces acting on the
alloy film. Consequently, some peaks are wide and the
crystallinity is low. Cu-In films are required to react with
sublimed sulfur during heat treatment making the sulfur be
embedded into the films to form new phases and allow the
crystals to regrow.

Figure 2 shows the Raman spectra of CulnS, thin films
during sulfurization. Compared with Figure 1, new peaks
with wave numbers in the range of 250~400 cm ™" are evident.
For a sputtering power of 80 W, the Raman peak located at
298 cm™! is consistent with the CulnS, chalcopyrite phase.
When the sputtering powers are set to 100 and 120 W,
corresponding Raman peaks occur at 313cm ™" and 313 cm™".
When the sputtering power is changed to 140 and 160 W,
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FIGURE 2: Raman spectra of the CulnS, thin films with different
sputtering power.
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FIGURE 3: XRD spectra of the CulnS, thin films with different
sputtering power (80 W, 100 W, 120 W, 140 W, and 160 W).

the Raman peaks are both located at 300 cm™, with a large
FWHM (Full Width at Half Maximum) indicating more
impurity in the phases and lower crystallinity compared with
chalcopyrite CulnS,.

Figure 3 shows the XRD spectra of the CulnS, thin films
with different sputtering power (specifically 80, 100, 120, 140,
and 160 W). The peaks in the XRD patterns for the samples
are well matched with CulnS, (JCPDS number 65-1572),
Culn;Sg (JCPDS number 54-0554), and CuS (JCPDS number
65-3928). At sputtering powers of 80, 100, and 120 W, the
20 = 27.8°, 44°, and 67.3° are consistent with 112, 213, and

008 of CulnS, in the indices of lattice planes. For a sputtering
power of 140 W, 20 = 28.9°, 44°, and 67.3" are consistent
with 103, 213, and 008 of CulnS, in the indices of lattice
planes. At a sputtering power of 160 W, 20 = 27.8°, 67.3" are
consistent with 112 and 008 of CulnS, in the indices of lattice
planes.

In addition to the characteristic diffraction peak of
CulnS,, the diffraction peaks of the CuS and Culn;Sg phases
are shown in Figure 3. All diffraction data were collected over
20 = 33.3" with the crystal face index 400 consistent with the
characteristic diffraction peak of Culn;Sg. Other diffraction
data were collected over 260 = 48.2° with the crystal face index
110 being consistent with the characteristic diffraction peak
of CuS. There is not only the CulnS, phase but also CuS and
Culn;Sg phases that coexist in the film. This is due to Cu and
S combining to form the CuS$ phase and In and S combining
to form the In,S; phase. CuS and In,S; then further react
on the surface of the thin film to form the CuS and Culn;Sg
phases. The diffraction spectra obtained at sputtering powers
0f 140 and 160 W have significant differences compared to the
diffraction spectra of CulnS, (JCPDS number 65-1572). This
may be due to the high sputtering power causing Cu and In
to be accumulated too rapidly with uneven distribution of
the elements. The formation of new phase disorders results in
more lattice defects being produced when sulfur is embedded
into the defective lattice and consequently generates the
impurity phases. In conclusion, sputtering powers from 80 to
120 W are suitable to sputter the Cu-In precursor.

3.2. The Influence of Sputtering Gas Pressure on the Crystalline
of Thin Films. As argon is used as the sputtering gas, the
sputtering gas pressure is the partial pressure of argon in the
vacuum chamber, the flow rate of which is controlled by a
mass flow controller. The greater the argon flow rate value,
the greater the sputtering gas pressure which is associated
with the quality of thin films. The sputtering gas pressure
ranges from 0.3 Pa to 0.8 Pa in the experiment. The process
parameters of Cu-In preformed films were as follows: sputter-
ing power was 80 W, the target voltage was 500V, the target
current was 0.16 A, and the argon gas flow was controlled
at 11SCCM, 16 SCCM, and 19 SCCM, which is consistent
with the sputtering gas pressures of 0.4, 0.6, and 0.8 Pa in
the coating chamber. The heat treating parameters were as
follows: sulfurization temperature was 450°C, holding time
was 3 hours, and the mass of sulfur was 2 g.

Figure 4 shows the Raman spectra of the CulnS, thin
films obtained at different sputtering gas pressures. The
Raman peak located at 298 cm™" is consistent with the typical
CulnS, chalcopyrite structure. When the sputtering gas
pressure was set to 0.4 Pa, a Raman peak of 301cm™" which
is next to the right side of 298cm™" emerged illustrating
that the thin films prepared with the sputtering power in
0.4 Pa are a solid mixture of chalcopyrite and Cu-Au phases
as the Raman FWHM value of Cu-Au phase is in the range of
290 cm ™! to 305cm ™. Compared with the other two curves
(obtained at 0.4, 0.6 Pa), the Raman peak of 0.8 Pa sample
has the highest intensity, the lowest FWHM values, and least
defective structure.
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FIGURE 4: Raman spectra of the CulnS, thin films with different
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FIGURE 5: XRD spectra of the CulnS, thin films with different
sputtering gas pressure (sputtering power of 80 W).

Figure 5 shows the XRD spectra for the vulcanized Cu-
In thin films of different sputtering gas pressure. Compared
with the CulnS, standard card (JCPSD number 65-1572),
the intensity of peaks in the XRD pattern is low and the
characteristic peaks located at 260 = 27.8°, 32.3°, and 46.3°
are consistent with the crystal face indices 112, 004, and
204, respectively. The reason for the reduced diffraction
intensity may be incomplete crystallization creating more
impurity phases, resulting in more defective structures in the
sulfurization process of the heat treatment.

In order to improve the crystallinity of the films, certain
parameters were varied and the experiments repeated. The
sputtering power was increased to 110 W; heat treatment
temperature was increased to 470°C whilst keeping the other
process parameters unchanged. These results are shown in
Figures 6 and 7. Figure 6 shows the XRD spectra for the
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FIGURE 6: XRD spectra of the CulnS, thin films with different
sputtering gas pressure (sputtering power of 110 W).
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FIGURE 7: Raman spectra of the CulnS, thin films with different
sputtering gas pressure (sputtering power of 110 W).

vulcanized Cu-In thin films of different sputtering pressures
(specifically 0.4, 0.6, and 0.8 Pa). The information on the XRD
patterns was obtained by comparing with the standard card
CulnS, (JCPDS number 65-1572), Culn,,; S,; (JCPDS number
34-0797), and CuS, (JCPDS number 65-4850). It can be seen
from Figure 6 that the main diffraction peaks (20 = 27.8°) can
be attributed to CulnS,. The thin films exhibit the preferred
orientation along the 112 plane and better structure. For the
20 of 32.3°, 43.8°, and 54.7°, each of these small diffraction
peaks in the spectra is the characteristic peak of CulnS,.

In addition, the other crystal face indices 220, 400, 511,
and 440, which were marked in the spectra, are consistent
with 20 = 23.5°, 33.4°, 43.8°, and 48", respectively, and
are attributed to Culn,;S;,. For the 260 = 30.8°, this is
attributed to CuS, with the crystal face index of 200. An
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explanation of the form of the Culn,;S;,; and CuS, phase is
the uneven distribution of Cu and In in the thin films. Under
the same conditions, the energy required to remove Cu and
In out of the target material by sputtering is different and so
different sputtering rates result in rich In being deposited on
the substrate. Due to the small radius of the Cu atom and
its disordered arrangement on the substrate, a part of it is
embedded into In atoms. For the sulfurization process, the
Cu and S atoms are naked on the surface of thin films and
combine with nucleation to grow and form copper sulfides,
such as CuS and CuS,. Combined with S forms indium
sulfides, copper sulfides then react with indium sulfides to
form the CulnS, phase, where the Cu atoms are surrounded
by In atoms that can combine with In and S atoms to form the
new Culn,,;S,; phase.

Figure 7 shows the Raman spectra of CulnS, thin films
obtained in the second experiments. The Raman peaks
located at 295 cm ™" and 297 cm ™" correspond to the structure
of CulnS, chalcopyrite. When the sputtering pressure is
at 0.6 Pa there is a less obvious Raman peak located at
340 cm™. According to the literature and XRD spectra, we
can conclude that the peak is attributed to Culn,;S;, phase.
With a sputtering pressure of 0.6 and 0.8 Pa, the intensity of
the small Raman peak located at 330 cm ! is low; according
to the XRD spectra (Figure 6) it can be concluded that a CuS,
phase is contained in the thin films. In contrast, when the
sputtering pressure is at 0.6-0.8 Pa, the intensity of Raman
peaks is higher and the FWHM value is lower with better
crystallization and less phase impurity.

3.3. The Influence of Sulfurization Temperature on Crystallinity
of the CulnS, Thin Films. The vulcanization heat treatment
process is the key stage for Cu-In crystallization. Under
the same conditions of sputtering power (110 W), the same
sputtering pressure (0.6 Pa), and the same sputtering time
of 20 minutes, sputtering batches of Cu-In prefabricated
films were carried out using vulcanization heat treatment at
temperatures of 450°C, 470°C, and 500°C. A holding time of
3 hours and sulfur amount of 2 g remained unchanged. The
experimental results are shown in Figures 8 and 9.

Figure 8 shows the XRD spectra for Cu-In thin films
of different temperatures. The diffraction peaks in the XRD
patterns for the samples are well matched with the stan-
dard card of CulnS, (JCPDS number 65-1572), CulnsSg
(JCPDS number 54-0554), and CuS (JCPDS number 65-
4850), respectively. As shown, the main diffraction peaks
(20 = 27.8") are attributed to CulnS,. The thin films exhibited
the preferred orientation along the 112 plane. The other
diffraction peaks with the crystal face indices 220, 311, 400,
511, and 440 which were marked in the spectra are consistent
with 20 = 23.5°, 27.7°, 33.6°, 43.9°, and 48.1°, respectively;
these are the characteristic peaks of Culn;Sg and the 311
plane (260 = 27.7°) overlapping with the 112 plane (20 =
27.8%) of CulnS,. In addition, diffraction peaks of the CuS,
phase emerged in the XRD spectra at different temperatures
corresponding to the 26 = 30.8° and the crystal face index is
200. Compared with the other two spectra shown in Figure 8,
when the heat treatment is 470°C, the crystallization of the
CulnS, thin films is improved with less phase impurity.
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FIGURE 8: The XRD spectra of the CulnS, thin films with different
sulfuration temperature.
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FIGURE 9: Raman spectra of the CulnS, thin films with different
sulfuration temperature.

Figure 9 shows the Raman spectra of the thin films
obtained at different sulfide heat treatment temperatures
for three hours, the two main Raman peaks 289 cm™' and
297 cm™! corresponding to the CulnS, chalcopyrite phase,
and another peak 323 cm™" which corresponds to the 3-In, S,
phase. At a sulfurization temperature of 470°C, the Raman
peak located at 297 cm™ corresponds to the symbionts of
CulnS, chalcopyrite and Cu-Au phases. At the sulfurization
temperature of 500°C, the two main Raman peaks located
at 292cm™! and 300 cm™ show that the structure is not a
single chalcopyrite phase but the symbionts of the CulnS,
chalcopyrite and Cu-Au phases. There is also a peak located at
323cm™! corresponding to the -In,S; phase, similar to that
at 450°C. In contrast to the Raman peak of CulnS, thin film
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FIGURE 10: Raman spectra of the CulnS, thin films with different
holding time.

of 470°C, the FWHM values are reduced, the chalcopyrite
structure is unitary, and the crystallinity is improved.

3.4. The Influence of Heat Treatment Time on Crystallinity of
the CulnS, Thin Films. The experimental results are shown
in Figure 10 for sputtering out a batch of Cu-In prefabricated
films and carrying on vulcanization heat treatment at differ-
ent holding times of 2 hours, 3 hours, and 4 hours. Other
parameters were at a sputtering power of 80 W, a sputtering
gas pressure of 0.4 Pa, a sputtering time of 20 minutes, a
sulfurization temperature of 500°C, and a sulfur amount of
2g.

Figure 10 is the Raman spectra of the CulnS, thin films
with different holding times. The two main Raman peaks
at 290 cm ™' and 298 cm ™' correspond to holding times of 2
hours during the CulnS, chalcopyrite phase. At a holding
time of 3 hours, a single main Raman peak is observed
located at 298 cm™. At a holding time of 4 hours, there are
two Raman peaks located at 290 cm™" and 295 cm™, both of
which are the characteristic peaks of chalcopyrite structure.
Therefore, at a holding time of 2 hours, the intensity of the
Raman peak is higher, the FWHM value is decreased, and the
crystallinity is improved.

3.5. The Morphology and Optical Properties of CulnS, Thin
Films. The optical band gap is calculated using the following
equation: ahv = A(hv - Eg)”. In this equation, hv is the
photon energy, « is the absorption coefficient of the thin
film, E; is the optical band gap, and A is the bandwidth
coefficient, which is connected with refractive index and the
direct transition oscillator strength; it is a constant value and
for the direct band gap semiconductor materials 7 is 1/2.
According to this equation, the optical band gap of the thin
films can be estimated.

Figure 11 shows the SEM micrographs of CulnS, thin
films synthesized under the optimized process conditions
(the holding time of 2 hours; the sulfurization temperature
of 470°C; a sputtering pressure of 0.8 Pa; a sputtering power
of 80 W). The micrographs shown in Figure 11(a) suggest that
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FIGURE 11: SEM micrographs of the samples prepared under the
optimized condition: the holding time is 2h; the sulfurization
temperature is 470°C; the sputtering pressure is 0.8 Pa; the sputtering
power is 80 W.

the grains are relatively evenly distributed and consist mostly
of grains around 2-5 ym. This data also shows that the grains
are spherical; however, Figure 11(b) suggests that the spherical
grains are deposited by many small particles. It is known
that smaller, nanosized particles can easily and spontaneously
agglomerate to form larger particles.

Figure 12 shows the optical band gap of CulnS, thin films
at process parameters indicated. The optical band gap values
of the CulnS, thin films are 1.48 eV and 1.5 €V, respectively.
In addition, metallographic microscope and metallographic
image analysis were applied to measure the thickness of the
thin films, with the average thickness ranging from 4 to 7 ym.

4. Conclusions

Using magnetron sputtering and sulfurization heat processes
is an effective method to prepare CulnS, thin film. The
sputtering pressure and sulfurization temperatures have a
large influence on the quality of thin films. When improperly
choosing process parameters, these will affect not only the
CulnS, phase but also the Culn,;S,;, and CuS, phases. The
optical band gaps of prepared CulnS, thin film are around
1.48-1.5¢V. Based on the experiment results, the optimized
process parameters are as follows: a sputtering power ranging
from 80 to 120 W, a sputtering pressure of 0.6-0.8 Pa with the
heat treatment temperature in the range of 450 to 470°C, and
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FIGURE 12: The optical band gap of CulnS, thin films synthetized by different sulfuration conditions.

aholding time ranging from 2 to 3 hours. The thickness of the
CulnS, thin film is between 6 and 10 ym.
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Y, 4. Als O, (YAG):Ce, o4 Pr, phosphors with various Pr** concentrations (x = 0,0.006, 0.01, 0.03, 0.06, and 0.09) were synthesized
by using a coprecipitation method. The phases, luminescent properties, and energy transfer phenomenon from Ce*" to Pr** were
investigated. The results indicated that the doping of Pr’* (x < 0.09) did not produce any new phases but caused a slight lattice
parameters increase. After Pr** doping, the YAG:CePr phosphor emits red light at 610 nm, which was regarded helpful for improving
the colour rendering index of the phosphor. With Pr’* concentration increase from 0.006 to 0.01 mol, the intensity of red light
emission increased slightly; further increasing Pr’* concentration from 0.01 to 0.09, the red light emission intensity decreased
gradually. Excitation at 340, and 460 nm could not lead to the direct electronic excitation of Pr’* ions; however, when YAG:CePr
was excited at 340 nm a red light emission at 610 nm appeared, which implied the energy transfer phenomenon from Ce** to Pr’".

1. Introduction

As the fourth generation lighting sources, white-light emit-
ting diodes (LEDs) have the following advantages: high
efficiency to convert electrical energy to light, high reliability,
and long operating lifetime (about 100000h). They have
been employed in the devices such as solid-state lasers,
traffic lights, and field-emission displays [1-3]. Usually, white
LEDs are fabricated by the combination of blue InGaN chips
and yellow-emitting phosphor (YAG:Ce) [4-6]. However,
the combined InGaN chips and YAG:Ce suffers from a low
colour rendering index (<80) because of red light shortage
in its emission spectrum. There are two methods to solve
this problem: first, add an amount of red phosphor to
yellow phosphor YAG:Ce to improve its colour rendering [7];
second, dope YAG:Ce phosphors to improve the red light
emission [8-11]. As the ionic radius of Pr** is similar to Y>*,
it has been used to dope YAG:Ce phosphor to improve its
red spectrum emission. Jang et al. [12] synthesized YAG:CePr
phosphors with various Pr concentrations through a high

temperature solid-state reaction. The obtained YAG:CePr
phosphors used for white LEDs improved the colour ren-
dering index between 80 and 83. Yang et al. [13] synthesized
Pr’* doped YAG:Ce nanopowder by polymer-assisted sol-gel
method, which also showed a high colour rendering index
of 83 in white LEDs. However, the researches on Pr’* doped
YAG:CePr are still limited; particularly, the energy trans-
fer phenomenon from Ce’" to Pr’* is seldom researched.
Here, we report the synthesis of YAG:CePr phosphors by
a coprecipitation method, and the effects of Pr’* doping
concentrations on the properties of YAG:CePr including
phases, light absorption, and luminescent properties are
researched. In addition, the energy transfer from Ce’* to
Pr’* is characterized and proved through luminescent and
fluorescence lifetime measurements.

2. Experiments

YAG:Ce,o6Pr, (x = 0, 0.006, 0.01, 0.03, 0.06, and 0.09)
phosphors were prepared by coprecipitation method.
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Stoichiometric amounts of source materials Y,0;(AR),
Al(NO;);-9H,0(AR), Ce(NO;);:6H,0(AR), Pr,O;,(AR),
NH,HCO;(AR), NH;-H,O(AR), and HNO;(AR) were
thoroughly mixed in solution. The Y>" and Pr’*/Pr*’
solution was obtained by dissolving Y,0; and Pr,O;; in
HNO; aqueous solution, and this solution was denoted
as solution A; AI(NO;);-9H,0 and Ce(NO;);-6H,O were
dissolved in a suitable amount of deionized water to obtain
solution B; NH,HCO; was also dissolved in deionized water,
and the solution was denoted as C. Solutions A and B were
mixed to obtain solution D, and then solution D was added
(dropwise) to solution C at a rate of 1 mL/min. After finishing
the dropping process, the system was adjusted to pH of 8 by
using NH;-H,O and stirred for 2h, and then the obtained
precipitate was aged for 12h. The white precipitate was
filtered and then washed for 3 times by using deionized water
and anhydrous ethanol, respectively. The filtered product was
dried at 120°C for 12 h, ground, and mixed together with NaF
(6 wt%) to form the precursor. The precursor was annealed
at 1600°C for 3h in a reductive atmosphere (with 95% N,
and 5% H,) to get the target product.

The phase characterization of the synthesised materials
was conducted with X-ray powder diffraction (XRD) on a D8
Advance diffractometer (Bruker) operating at 40 kV, 200 mA,
using Cu Ka radiation with a scanning rate of 1°/min and
scanning range of 10° < 20 < 80°.

The photoluminescence spectra were measured on pow-
der samples at room temperature using Hitachi F-4500 lumi-
nescence spectrometer with a xenon discharge lamp (150 W)
as the excitation source. The excitation spectra were obtained
over the range of 200 to 550 nm and emission spectra were
obtained over the range of 450 to 665 nm. Both excitation and
emission splits were 5.0 nm, and the scanning interval was
0.2 nm. UV-visible absorption and diffuse reflectance spectra
were monitored by a SHIMADAZU Japan UV 2700, with
wavelength range from 200 to 800 nm and scanning interval
of 0.5 nm.

3. Results and Discussion

3.1. Phases Analysis. Figurel shows XRD patterns of the
YAG:Ce,osPr, (x = 0, 0.006, 0.01, 0.03, 0.06, and 0.09)
annealed at 1600°C for 3h. All the diffraction peaks can
be indexed to standard data of Y;Al;O,, (JCPDS 33-0040),
without the possible intermediate phases such as Y,Al, O, or
YAIO;. It means the samples were phase-pure and doping
of the activator ions Pr’* did not cause any observable new
phases. Lattice parameters of YAG:Ce, (xPr, are calculated
and the results are listed in Table 1. With increase of Pr’*
doping concentration, diffraction peaks of the phosphors
shifted to lower degree and lattice parameters increased
slightly, which can be explained by the larger radius of Pr’*
(r = 126.6 pm) than that of Y** (r = 115.9 pm).

3.2. Spectral Analysis

3.2.1. Ultraviolet-Visible Absorption and Diffuse Reflectance
Spectra. Figure 2(a) shows the absorption spectra of YAG:Ce.
The excitation (absorption) peaks at 245, 340, and 457 nm
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FIGURE 1: XRD patterns of YAG:Ce, ,Pr, (x = 0, 0.006, 0.01, 0.03,
0.06, and 0.09) samples.

were attributed to 4f — 5d transitions of the Ce’" ions. The
strong absorption peak located at 460 nm matched well with
blue-light LED chips, which means the prepared YAG:Ce
phosphors can absorb blue light from LED chips efficiently.

Figures 2(b)-2(e) show the absorption spectra of
YAG:Ce o¢Pr, phosphors with x = 0.01, 0.03, 0.06, and
0.09 mol, respectively. With increase of Pr’* concentration,
the two narrow absorption peaks appeared at 239 and
289 nm which correspond to the 43 H,) — 4f5d transition
of Pr’* [9] increased significantly. When part Y?* sites were
substituted by Pr’* ions, lattice parameters of the crystal
became larger, causing subtle changes around the field of
Ce’" luminescence centre. Therefore, it is possible that the
doping of Pr’* will change absorption properties of Ce’".
After Pr’* doping, the typical absorption peaks of Ce’* ions
still exist in YAG:CePr phosphors, indicating the doping of
Pr’* has little effects on the absorption properties of Ce’*.
Presence of absorption peak at 457 nm means that YAG:CePr
can absorb blue light from LED chips.

Diftuse reflection spectra of YAG:Ce, ,cPr, were mea-
sured and the results were shown in Figure 3. YAG:Ce®*
phosphor without Pr’* doping had a strong broad absorption
peak at 460nm and weak absorption band from 270 to
400 nm. With Pr** doping into the YAG:Ce, 44 Pr, phosphors,
a small absorption peak appeared at 610 nm. With increase
of Pr’* concentration, intensity of the absorption peak at
610 nm gradually increased. At the same time, with Pr’*
concentration increase, the absorption intensity of 460 nm
decreased, which may be caused by the formation of defects
during Pr’* doping [13].

3.2.2. Excitation and Emission Spectra. Figure 4 shows the
emission spectra of YAG:Ce,cPr, (x = 0.006, 0.01, 0.03,
0.06, and 0.09) phosphors excited at wavelengths of 340 nm
and 460 nm, respectively. As shown in the emission spectra,
they both show a broad peak around 534 nm and a sharp
peak around 610 nm. The electron configuration of 4f' for
Ce’" can transfer to its excited state of 4f°5d" and split into
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TABLE 1: Lattice parameters of YAG:Ce, (¢ Pr, (x = 0, 0.006, 0.01, 0.03, 0.06, and 0.09).

YAG:Ce, o Pr, x=0 x = 0.006 x =0.01 x =0.03 x =0.06 x =0.09
a=b=c(A) 11.9962 12.0105 12.0164 12.0190 12.0295 12.0327
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FIGURE 2: Absorption spectra of YAG:Ce, ,cPr, phosphor with x = 0 (a), 0.01 (b), 0.03 (c), 0.06 (d), and 0.09 (e).
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FIGURE 4: PL emission spectra of YAG:Ce, o, Pr, phosphors excited at 340 nm (a) and 460 nm (b).

two spectroscopic terms *F, 52 and ’Fy /2 by spin coupling.
The broad peak located at 534 nm in the yellow-green region
can be attributed to the 4f°5d' — 2F7/2,2F5/2 transition.
The appearance of 610 nm, which is caused by 'D, — *H,
transition of the Pr’* ion [9, 13], indicates that Pr’* doping
increased the red light emission for YAG:Ce, o4 Pr,.. With Pr’*
doping concentration increasing, the intensity of yellow light
emission at 534 nm decreased. Specifically, the intensity of the
yellow light emission peak decreased from 632.48 (x = 0.006)
t0183.24 (x = 0.09) under excitation at 340 nm (a decrease of
449.24); and the intensity decreased from 616.47 (x = 0.006)
to 246.21 (x = 0.09) under excitation at 460 nm (a decrease
of 370.26).

For the red light from Pr’* emission at 610 nm, the
intensity firstly increased to the maximum at x = 0.01 and

then decreased monotonically. Insets of Figures 4(a) and 4(b)
present the relation of the Pr’* doping concentration and the
PL emission intensity of 610 nm at excitation at 340 nm and
460 nm, respectively. Specifically, under excitation at 340 nm,
the peak intensity increased gradually from 106.36 to 157.54
when x increased from 0.006 to 0.01 and then decreased
from 15754 to 21.16 when x further increased from 0.01
to 0.09. A similar trend for the spectra that are excited at
460 nm is shown. Firstly, with Pr’* concentration increase
(from 0.006 to 0.01), part Y>* was substituted by Pr**, and
thus intensity of red light which caused by Pr’* increased.
However, further increase of Pr** concentration (from 0.01
t0 0.09) decreased the distance between Pr’* and Pr’*, which
induced the self-quenching phenomenon, and thus decreased
the light intensity.
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Figure 5 shows the excitation and emission spectra of
YAG:Ce 6> YAG:Pry;, and YAG:Ce, o¢Pry ;> respectively.
The sample with singly doped Ce’* showed a strong yellow
light emission at 528 nm arising from the 5d — 4f transitions

of Ce** ions, and the excitation spectra included a blue
absorption at 460 nm and two UV absorptions at 230 nm
and 340 nm. For the singly doped Pr’*, at an excitation
at 288 nm, the emission spectra can be divided into three
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groups. The group in the UV region consisted of two broad
emission bands at 317 nm and 381 nm, which were attributed
to the 4f5d > *H; (J = 4, 5, and 6) and 4f5d - °F, (J =
2, 3, and 4) transitions of Pr’*, respectively. The emission
group in the range of 450 nm to 600 nm was attributed to
the °P, —°? H, 5 transition, and the main peak at 488 nm
was due to °P, — H, transition. The other group was
a red light emission at 610 nm, which was attributed to
'D, — ’H, transitions. As shown in the excitation spectra
of singly doped Pr’*, two UV absorptions were located at
239nm and 289nm but no absorption peaks at 340 nm.
However, under excitation at 340 nm, the emission spectra
of Ce’* and Pr’* codoped YAG:Ce, y4Pr,; exhibit not only
the yellow emission caused by Ce’" but also the red emission
caused by pr3t (Figure 5(c)). Figures 5(d) and 5(e) show the
emission spectra excited at 337 nm and 343 nm respectively,
and they also show similar emission spectra to that excited at
340 nm. As the excitation at 340 nm cannot lead to the direct
electronic excitation of Pr’* ions, the appearance of 610 nm
red line emission from Pr’* indicates the energy transfer from
the excited Ce’" to its neighbouring Pr’" ions. To further
prove the energy transfer phenomenon, YAG:Ce, o¢Pr, ,; wWas
excited at 460 and 465nm, and its emission spectra were
shown in Figures 5(f) and 5(g). It can be seen that the red light
emission at 610 nm also exists under excitation at 460 and
465nm, which further confirmed the energy transfer from
Ce’" to Pri*.

Figure 6 shows the energy level diagram and energy
transfer behaviour of YAG:Ce** Pr**. It shows that the energy
can be transferred from the 5d relaxed state of Ce** ion to

'D, energy level of the Pr** ion through a radiative transition
process. And the energy can also be transferred from the
lowest 5d band of Ce’* to P, energy level of Pr’* through
a nonradiative process. The relaxed lowest 5d band of the
Ce’" ion is located at around 18,500 cm™", and therefore the
energy transfer may occur radioactively at the D single state
and the 'D, — *H, transition may lead to red light emission.
If the energy transfers from the 5d energy band of Ce’* to the
’P, energy band of Pr’* through a nonradiative transition, a
green light emission (°P, — *H,) and a red light emission
('D, — *H,) should appear simultaneously. However, the
green light emission *°P, — °H,) did not appear which
meant that the nonradiative transition from the lowest 5d
band of Ce®* to °P, energy level of Pr’* did not happen [9].
As shown in the above emission spectra, there was only a
weak red emission (610 nm) due to the 'D, — *H, transition
of Pr’*, indicating the existence of radiative energy transfer
from the 5d relaxed state of Ce’" to the 'D, energy level of
Prt.

3.2.3. Fluorescence Lifetime. The fluorescence decay curves
of the samples were measured, and they were exponentially
fitted to obtain the fluorescence decay lifetime [14]. Figures
7(a) and 7(b) show the decay curves of yellow light emission
under excitation at 340 and 460 nm, which were monitored
at 534 nm. Figure 7(c) shows the decay curves of the red
emission for the 'D, — ’Hs transition of Pr’* under
excitation at 340 nm, which were monitored at 610 nm. The
fluorescence lifetimes of Ce® and Pr’* are listed in Table 2.
When doping Pr’* into YAG:Ce®*, the lifetime of yellow light
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FIGURE 7: (a, b) Fluorescence lifetime of yellow light (534 nm) excited at wavelengths 340 nm (a) and 460 nm (b). (c) Fluorescence lifetime

of red light (610 nm) excited at wavelength 340 nm.

decreased, and it further decreased as Pr’* concentrations
increase. Specifically, at excitation at 340 nm, fluorescence
lifetimes of the yellow light emission decreased from 34.6 ns
to 7.5 ns; and at excitation at 460 nm the fluorescence lifetimes
decreased from 35.6 ns to 7.3 ns. In YAG:Ce’*, only the energy
transfer between two Ce’" can happen, while in the codoped
YAG:Ce’*Pr’* there can be energy transfer between Pr’* and
Ce’*. It may be the reason for lifetime decrease of yellow
light. In the case of energy transfer from Ce’" to Pr’*, the
decrease time from Ce®* should be equal to the rise time from
Pr’*. However, the rise time from Pr’* was not found here;
oppositely, the lifetime of red light also decreased with Pr’*
doping. We guess the self-quenching between Pr’* and Pr’*
maybe caused the lifetime decrease of red light.

4. Conclusions

A series of YAG:Ce,xPr, phosphors with various Pr’*
concentrations (x = 0, 0.006, 0.01, 0.03, 0.06, and 0.09) were
synthesised by coprecipitation method. Doping of Pr’* did
not change the phase of the YAG but induced a slight lattice
parameters increase. Under excitation at either 340 nm or
460 nm, they both show a broad emission peak at 534 nm
and a narrow emission peak at 610 nm. Appearance of the
red emission peak at 610 nm was beneficial for improving
the colour rendering of YAG:Ce’". As Pr’* concentration
increased from 0.006 to 0.01 mol, the intensity of red light
emission increased slightly, and then it decreased gradually
when Pr’* concentration further increased from 0.01 to 0.09.



TABLE 2: Fluorescence lifetime of yellow and red light in
Y304 xAls015:Ce™ 6P,

7 (ns) T (us)
. 5d of Ce*" 'D, of Pr’*
A =340nm Ao =460 nm Ay =340nm
Aem =534 nm Aem =534nm Ao =610 nmM
0 34.6 35.6 28.5
0.006 16.7 16.8 19.4
0.01 15.6 15.7 16.7
0.03 11.8 12.0 15.1
0.06 9.0 9.5 9.7
0.09 7.5 7.3 8.3

Emission properties of YAG:CePr at excitation at 340 and
460 nm proved the energy transfer from Ce’* to Pr’*.
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