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ABSTRACT: The high-performance of a well-aligned 1D
nanostructured electrode relies largely on a smart and rational
modification with other active nanomaterials. Herein, we
present a facile solution-based route to fabricate a well-aligned
metal oxide-based core—shell hybrid arrays on TCO substrate.
Demonstrated samples included nanowire@nanoparticle
(TNW@NP) or nanowire@nanosheet (TNW@NS) with a
unique porous core/shell nanowire arrays architecture in the
absence or presence of DETA during the solvothermal
treatment process. The “alcoholysis” and “ripening” growth
mechanism is proposed to explain the formation of honey-
comb-like nanosheets shell on nanowires core. Based on
careful control of experimental condition, a novel double
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layered TiO, photoanode (DL-TNW@NS-YSHTSs) consisting of 16 ym thick TNW@NS under layer and 6 ym thick yolk—
shell hierarchical TiO, microspheres (YSHTSs) top layer can be obtained, exhibiting an impressive PCE over 10% at 100 mW
cm™%, which can be attributed to the well-organized photoanode composed of hierarchical core—shell arrays architecture and
yolk—shell hollow spheres architecture with synergistic effects of high dye loading and superior light scattering for prominent

light harvesting efficiency.
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B INTRODUCTION

Hierarchical assembly of hybrid nanostructures has gained
tremendous scientific and technological interests due to their
high versatility and applicability as essential components in Li-
ion batteries, solar cells, gas sensors, water splitting, pollutants
degradation and field emission, etc.'™ In recent years,
considerable effort has been concentrated on integrating the
metal oxide materials, for instance, TiO,, ZnO, SnO,, Nb,O;,
Zn,Sn0,, etc, into core—shell hybrid architectures with
homogeneous or heterogeneous composite-like nanostructure
according to the “band-structure matching” strategy, which
would exhibit fascinating synergistic and complementary
properties (enhanced electrical, optical, electrochemical per-
formance) or multifunctionalities with respect to the single
component counterparts.’"'' Complex hybrid structures, for
example, ZnO-TiO,,"> $n0,~Ti0,,"*** Zn,Sn0,~Zn0O,"* and
Sn0,~Zn0"® have been reported. Among various types of
semiconductor materials, TiO,, plays a crucial role, and is
widely recognized as the most promising and versatile
candidate for the fabrication of TiO,-based hybrid photoanodes
when applied in dye-sensitized solar cells (DSSCs), especially
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because of its appropriate electronic band structure and
remarkable chemical stability.'” "

More recently, DSSCs employing the one-dimensional (1D)
nanostructures such as nanowires (NWs), nanotubes (NTs),
nanorods (NRs), and nanofibers (NFs) emerged as a promising
alternative to prototype nanoparticles (NPs) based devices, as
they offer a direct pathway for photogenerated electrons to
transport along the long axis of 1D nanostructures, thereby
efficiently boosting charge transport and markedly improving
the charge collection efficiency.”*™>” However, the device
performance of DSSC exploiting the 1D nanostructured
photoanode still lagged behind the standard mesoporous
nanocrystalline photoanode mainly due to severe limitations
of insufficient surface area which led to limited dye adsorption
capacity and thus translated to lower generated photo-
currents.”® A common strategy for improving the dye loading
capability is to coat 1D nanostructures with a large number of
small-sized nanoparticles, which would enhance the power
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conversion efficiency of DSSCs.”””" However, more often than

not, such route would largely sacrifice the electron lifetime of
DSSCs, which is ascribed from a large charge recombination
loss within disordered network of outside nanoparticles where
the electron trapping and scattering occur frequently at
numerous grain boundaries and thus made it difficult to collect
electrons from nanoparticles. Another approach for enhancing
the efficiency of 1D nanostructure-based DSSCs is to decorate
1D nanostructures with dendritic NRs branches® ° or 2D
lamellar nanosheets (NSs)."* In this case, the NRs or lamellar
NSs branches could not only enhance the specific surface area
but also improve the light scattering, while simultaneously
maintain the fast electron transfer characteristics. In particular,
owing to the high surface area and excellent electrical
conductivity of 2D NS structures, thin NSs-based hybrid
photoanodes were preferred. So far, few successful examples
have been reported for the fabrication of well-aligned core—
shell hybrid nanoarrays with homostructures (all TiO,
components) with precise structural control and tunable
functions through a simple and cost-effective method, let
alone its application in solar energy conversion.

Herein, for the first time, we report a facile, simple but
powerful two-step full solution-processed strategy to fabricate
well-aligned anatase TiO, NW-NS core—shell hybrid nano-
arrays (referred to here as TNW@NS) directly on transparent
conducting glass. These NW-NS core—shell nanoarrays
structures were crafted by subjecting oriented TNW arrays
backbone to the solvothermal reaction in the mixed solution
containing titanium isopropoxide (TTIP), isopropanol (IPA),
and diethylenetramine (DETA). While in the absence of
DETA, nanoparticles modified core—shell nanoarrays were
obtained (referred to here as TNW@NP). As a proof-of-
concept application, these core—shell hybrid nanoarrays were
used as the photoanodes of DSSCs for solar energy conversion.
DSSCs using TNW@NS photoanodes exhibited a markedly
enhanced power conversion efficiency (PCE) of 8.67% (ie., a
70% increase in PCE as compared to the devices prepared by
using pure TNW with PCE of 5.09%), which due primarily to
the synergistic effect of high dye loading, superior light
scattering, and moderate electron transport of such core—
shell TNW@NS photoelectrodes. Interestingly, by changing
the TNW/FTO film from facing-down side to facing-up side,
an unique double layered photoanode consisting of 16 pm
TNW@NS under layer and 6 pm thick yolk—shell hierarchical
TiO, spheres (YSHTSs) top layer was obtained and DSSC
based on it yielded an impressive PCE over 10%. To the best of
our knowledge, no reports have been published on such simple
and easy-to-operate route to synthesize honeycomb-like NSs
encircled TNW core—shell nanoarrays while simultaneously
enabling the deposition of YSHTSs scattering units onto the
top, leading to the construction of such efficient double layered
photoanode.

B EXPERIMENTAL SECTION

Fabrication of 1D TNW Arrays via the Hydrothermal
Process. First, TiO, blocking layer” (100 nm in thickness) was
spin-coated on the FTO glass substrate (2.5 cm X 3 cm), which had
been cleaned with acetone, ethanol, water, respectively. On top of the
blocking layer coated FTO, well-aligned TNW arrays were hydro-
thermally grown in a mixed solution, containing 0.4 g potassium
titanium oxide oxalate dehydrate (PTO), 15 mL diethylene glycol
(DEG) and S mL water at 180 °C for 3 h. Then, the nanowires were
annealed at 500 °C in air to crystallize TiO, and remove the residual
DEG.

Synthesis of Core—Shell Nanoarrays via the Solvothermal
Reaction. After 0.0075 mL diethylenetramine (DETA) and 0.9 mL
titanium isopropoxide (TTIP) had been successively added to 21 mL
isopropyl alcohol (IPA) drop by drop with gentle stirring for 30 min,
this mixture was transferred to a 50 mL Teflon-lined stainless steel
autoclave. Then, the annealed TNW/FTO samples were immersed in
the aforementioned mixture and leaned on the wall of autoclave
chamber with the samples side facing down and heated to 200 °C and
kept for 6—24 h. Specifically, when the reaction was kept for 24 h,
honeycomb-like encircled TiO, nanaosheets were coated on the
surface of TNW backbones to form TNW@NS core—shell hybrid
nanoarrays. Moreover, when the TNW/FTO samples were placed
against the wall of autoclave chamber with the samples side facing up,
a double-layered photoanode consisting of TNW@NS underlayer and
yolk—shell hierarchical TiO, spheres (YSHTSs) top layer can be
obtained. In particular, when in the absence of DETA, TiO,
nanoparticles were uniformly covered on TNW samples to form
TNW@NP core—shell hybrid nanoarrays. All the obtained samples
were washed thoroughly with ethanol and water and then annealed in
air at 500 °C for 2 h to improve the crystallization of TiO, and remove
the possible organic residue. For comparison, the P25 TiO,
nanoparticle-based photoanode with film thickness of 22 pm was
prepared on FTO using the screen-printing technique.

DSSCs Fabrication. All of the TiO, films described above were
used as photoelectrodes to fabricate DSSCs according to a previously
reported procedure.®® In detail, the TiO, films were immersed into a
40 mM TiCl, aqueous solution at 70 °C for 30 min. After rinsing with
water and ethanol, TiCl, treated TiO, samples were heated in air at
500 °C for 30 min. Then, the TiO, films were sensitized overnight in a
0.5 mM N719 dye in acetonitrile/tert-butanol (1:1 v/v). N719-
sensitized TiO, electrode with an active area of approximately 0.16
cm’® was assembled together with Pt sheet counter electrode in a
sandwich type. The cell internal space was filled with liquid I"/I;~
redox electrolyte (0.03 M L, 0.6 M 1-methyl-3-propylimidazolium
iodide (PMII), 0.10 M guanidinium thiocyanate, and 0.5 M
tertbutylpyridine in acetonitrile and valeronitrile (85:15)).

Characterization. The morphology and microstructure of nano-
arrays were examnined by field emission scanning electron microscopy
(FE-SEM, JSM-6330F) and transmission electron microscopy (TEM,
JEOL-2010 HR). The cystallinity and phase identification of the
samples was conducted by X-ray diffraction (XRD) (Bruker D8
Advance) using Cu Ka radiation (4 = 1.5418 A). The diffused
reflectance spectra of TiO, nanoarrays were measured on a UV/vis-
NIR spectrophotometer (UV-3150). The amount of adsorbed dye was
determined by immersing the films in 0.1 M NaOH aqueous solution,
and monitored the concentration of desorbed dye by a UV/vis-NIR
spectrophotometer (UV-3150). The photovoltaic performance of
DSSCs were obtained by mesuring photocurrent density-photovoltage
(J-V) curves using a Keithley 2400 source meter under AM 1.5 G
illumination (100 mW cm™2) provided by a solar light simulator
(Oriel, Model: 91192). The incident light intensity was calibrated with
a NREL-calibrated Si solar cell. The IPCE spectra were measured as a
function of wavelength from 380 to 800 nm on the basis of a Spectral
Products DK240 monochromator. The impedance tests were
performed on an electrochemical workstation (Zahner, Zennium) in
the dark under open circuit voltage with the frequency range from 10
mHz to 1 MHz. The magnitude of the alternative signal was 10 mV.
The impedance data were analyzed by fitting an equivalent circuit on
Z-view software. Intensity-modulated photocurrent/photovoltage
spectroscopy (IMPS/IMVS) measurements were also carried out on
an electrochemical workstation (Zahner, Zennium).

B RESULTS AND DISCUSSION

The 1D TNW nanoarrays on FTO glass were prepared by
hydrothermal process in PTO/DEG/water system at 180 °C
for 3 h. The amount (concentration) of PTO precursor and
reaction time are carefully optimized in order to obtain the
loose arrangement and smooth morphology of the 1D TNW
nanoarrays, which provides plenty of scope for subsequent
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surface modification. As shown in Figure la and b, the 1D
smooth TNW nanoarrays, showing a bundle-like morphology

Figure 1. FE-SEM images and schematic sketches of (a, b, c¢) STNW;
(d, e, f) TNW@NP; (g, h, i) TNW@NS. (j, k) TEM images of
TNW@NP and TNW@NS.

consisting of several slim wires (70—80 nm in diameter), were
vertically grown on FTO, which could be more effective in
electron transport from the active layer to the FTO electrode.®
The as-prepared TNW arrays had an average length of 16 ym
(Figure 1b) and the entire diameter of 200—300 nm (Figure
1a). The preparation of TNW@NP in the absence of DETA or
TNW@NS in the presence of DETA is illustrated in Figure S2
(Supporting Information). It is worth pointing out the DETA,
used as a structure-directing agent, plays a pivotal role in the
control of surface modification of 1D TNW scaffold, and close
examination revealed that the surface of NWs experienced a
smooth (Figure la) to rough change (Figure 1d and g) upon
the subsequent modification, which in turn greatly increased

the surface area of NW arrays. In the absence of DETA, the
uniform coating of TiO, NPs on the TNW can be observed in
Figure 1d. While in the presence of DETA, a large number of
thin TiO, NSs was able to attach onto the TNW surfaces
(Figure 1g). Interestingly, the cruciform NSs exhibited a good
interconnectivity with each other to form a honeycomb-like
network with high porosity. The outer diameter of TNW@NP
and TNW@NS was increased approximately 200—300 nm (the
overall diameter was ranged from 400 to 600 nm) as compared
to pristine TNW backbones (Figure S1b and ¢, Supporting
Information). Apparently, the successive solution processing
does not lead to a change of total film thickness (Figure le and
h), instead, the NPs or NSs grew on the wire surface can fill the
voids between adjacent NWs. Figure Ic, f, and i give visual
illustrations for three kinds of TiO, nanoarrays.

Moreover, the sufficient coverage of the TNW surfaces with a
host of NPs or NSs to form a core—shell structure was further
confirmed by TEM images in Figure 1j and k. The robust
connection between core and shell layer indicates good
interfacial properties between them due to homogenized
TiO, structure. The magnified TEM images and HRTEM
images of TNW@NP and TNW@NS can be shown in Figure
S3 (Supporting Information). It is worth noting that each NS
was composed of many small nanoparticles (6—8 nm in size,
indicated by white circles, Figure S3c, Supporting Information)
with oriented attachment along the epitaxial growth axis of
sheets, which is smaller than that of NPs with random
attachment in the case of TNW@NP (8—12 nm in size,
indicated by white circles, Figure S3a, Supporting Information),
indicating the important role of nanoembossed NS outer layer
in enlarging the surface area for dye adsorption. In addition, the
well-interconnected and interweaved NSs can form larger pores
for easy electrolytes penetration. Figure S3b and d (Supporting
Information) confirmed the crystal phase of NPs and NSs outer
layer as pure anatase TiO, with a lattice spacing of 0.352 nm
corresponded to the (101) crystalline plane of anatase phase. In
addition, the corresponding XRD patterns (Figure S4,
Supporting Information) again confirmed the anatase TiO,
phase (JCPDS No. 21-1272) of TNW, TNW@NP, and
TNW@NS, where the characteristic peaks of (101), (004),
(200), (105), and (211) plane can be clearly observed. And the
reinforced intensity of (101) characteristic peak for TNW@NP
and TNW@NS indicates the enhanced crystallinity upon
subsequent solvothermal reaction and calcination procedure.

Figure 2. FESEM images of hierarchically structured TiO, nanoarrays prepared via TTIP/DETA/IPA solvothermal process at different reaction
times: (a) Oh; (b) 6h; (c) 12h; (d) 18h; (e) 24h. (f) The schematic illustrations of the growth process of core—shell TNW@NS nanostructures.
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To scrutinize the growth process of homogeneous TNW@
NS yet hierarchical structure in more details, time-dependent
experiments were performed. The morphologies of resulting
samples were examined by SEM analysis, and the correspond-
ing schematic illustrations of growth mechanism were also
displayed in Figure 2f. After 6 h of solvothermal treatment, the
originally smooth nanowires (Figure 2a) were distinctly
converted into the hierarchical feature with the rough surface
(Figure 2b). In this stage, large nanocrystals on the wire surface
emerged from alcoholysis of TTIP in the presence of IPA and
DETA which may control the alcoholysis and polycondensation
process®® and lead to an even distribution of nanocrystals
around the TNW. However, the initial nanocrystals were
thought to be having a poor crystalline quality and more easily
redissolved. Hence, as the solvothermal treatment was
proceeded to 12 h, the nanocrystals shrank over time and
newly alcoholysed thorn-like nanocrystals appeared around the
TNW due to the Ostwald Ripening process (Figure 2c).>’ The
shell nanocrystals are not stable and will transfer from thorn
shape to 2D sheet-like structure with a prolonged reaction time
(>18 h), in which stage the hydrogen bonds through the
unreacted amino-groups on tridentate DETA that interconnect
with alcoholysis products plays an important role.*>*'
Consequently, low coverage of NSs occurs when the reaction
time was progressed to 18 h (Figure 2d). Strikingly, as the
growth time was further increased to 24 h, a well-developed
core—shell TNW@NS nanostructure can be obtained (Figure
2e), for which the NW surfaces were entirely wrapped by a
large number of interconnected NSs, leading to an interesting
assembly of porous honeycomb-like shell layer on the TNW
scaffolds.

The diffused reflectance ability of TNW@NP and TNW@
NS was much greater than that of the pristine TNW over the
whole wavelength range from 400 to 800 nm (Figure 3),
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Figure 3. Diffused reflectance spectra of TNW, TNW@NP, and
TNW@NS nanoarrays.

pointing out the key role of the hierarchical core—shell
nanoarrays structures in dominating the light scattering
behavior. The enhancement was due primarily to the increase
of outer diameter of shell layer, which makes the entire size of
optimized core—shell nanoarrays (400—600 nm) comparable to
the wavelength of incident light in the visible range. For
TNW@NP one, although good reflectance and scattering
properties can be observed, it is expected that the transparency
of NPs outer shell would cause the unabsorbed light to
penetrate through the films without being back scattered to
further enhance the light absorption. In contrast, the
interconnected network of NSs on the TNW@NS nanoarrays,
with a honeycomb shape and thus numerous voids, plays a role
as efficient scattering elements with a high effective refractive

index, which not only multireflects but also scatters the incident
light of different wavelengths in the whole range of visible
light.*** This high scattering efficiency, would effectively
multiply the optical path within the photoanode and extend the
photoresponse of the photoanode to a broadband spectrum
range in the visible and near-infrared regions, resulting in a
significant improvement of light utilization efficiency.”">

The capacity of dye loading is another key factor in
determining the photovoltaic performance of DSSCs, which
exerts a profound influence on the photocurrent density. In this
regard, the amount of adsorbed N719 dyes was determined by
adsorption—desorption measurements of sensitized TiO, films
and the results are summarized in Table 1. The dye loading

Table 1. Detailed Photovoltaic Parameters (J,., V,, FF, and
1) of DSSCs Based on Different TiO, Films Photoanodes
under One Sun Ilumination (AM 1.5G, 100 mW cm™2)

Js Ve adsorbed dye
DSSC; (mA cm™2) (mV) 75 (%) FF (nmol cm™2)
TNW 8.65 866 5.09 0.68 53.60
TNW@NP 13.17 815 7.38 0.69 187.5
TNW@NS 14.46 845 8.67 0.71 194.2
DL-TNW@NS- 17.38 825 10.01 0.70 278.6
YSHTSs
P25 14.33 740 7.08 0.67 178.6

amount of photoanodes derived from TNW, TNW@NP, and
TNW@NS were 53.6, 187.5, 194.2 nmol cm™>, respectively.
Clearly, all core—shell nanoarrays films (TNW@NP and
TNW@NS) adsorbed more dye molecules than TNW sample,
indicating the important role of NP or NS shell layer coverage
in improving the surface area for greater dye loading, which
would increase the probability of photon—dye interaction and
thus generate higher photocurrent. In particular, TNW@NS
sample showed 2.62 times higher dye loading than pristine
TNW scaffold and a little higher than that of TNW@NP film
due probably to smaller size of nanoparticles building units in
NSs, as confirmed by the TEM analyses.

To exploit the photovoltaic applications, three different TiO,
nanoarrays on FTO glass with similar thickness of 16 ym were
used as photoanodes to assemble N719-sensitized solar cells.
The photocurrent density (J,.)—photovoltage (V..) (J—V)
characteristics of the devices were measured (Figure 4a), and
the photovoltaic performance were summarized in Table 1. The
markedly enhanced device performance of DSSCs prepared by
utilizing core—shell hybrid arrays was clearly evidenced which
mainly result from higher J. and FF. Concretely, an improved
PCE of 7.38% (J,. = 13.17 mA cm ™2, V, = 815 mV, and FF =
0.69) was achieved using TNW@NP or a more impressive PCE
of 8.67% (J. = 14.46 mA cm™%, V, = 845 mV, and FF = 0.71)
was obtained using TNW@NS, representing a 45% or 70%
increase in PCE as compared to the device based on pure TNW
with PCE of 5.09% (J.. = 8.65 mA cm™2, V, = 866 mV, and FF
= 0.68), indicating the importance of surface modification and
the pivotal role of the core—shell structure. Specifically, the key
to highest J,. of TNW@NS based cells lies in largest amount of
dye adsorption and optically optimized light scattering for the
most prominent light harvesting efficiency, which is consistent
with the above dye loading and reflectance analyses. Figure 4b
shows the incident photon-to-current conversion efficiency
(IPCE) spectra of the DSSCs with different TiO, nanoarrays,
which reveals the IPCE values of the cells based on TNW@NP
and TNW@NS photoanodes were higher than those of TNW

dx.doi.org/10.1021/am505044k | ACS Appl. Mater. Interfaces 2014, 6, 19100—19108
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Figure 4. (a) J—V characteristics and (b) IPCE spectra of DSSCs
based on TNW, TNW@NP, and TNW@NS nanoarrays photoanodes
with similar film thickness of 16 ym.

cells over the whole spectra range from 400 to 800 nm, mainly
due to the better dye uptakes capability and more efficient light
utilization and harvesting efficiency for the core—shell arrays,
resulting in enhanced J;,, which is in concurrence with above J—
V results.

In addition, the electrochemical impedance spectra (EIS)
analysis of DSSCs fabricated with the three different TiO,
photoanodes noted above was performed to elucidate the V.
variation tendency occurred in preliminary cells tests. As shown
in Figure S, the sheet resistance (R,) of substrate, charge

120

. RL_R ——TNW
1004 CPEI [ |CPE2 —e— TNW@NP
——TNW@NS
80
£ ool
=
g, 40
204
0

0 50 100 150 200 250

Z' (ohm)
Figure S. Nyquist plots from EIS measurement of DSSCs based on
TNW, TNW@NP and TNW@NS nanoarrays photoanodes with

similar film thickness of 16 um. Inset is the simulated equivalent
circuit.

transfer resistance (R;) in the counter electrode/electrolyte
interface and recombination resistance (R,) in the TiO,/dye/
electrolyte interface can be evaluated by using an equivalent
circuit containing a constant phase element (CPE) and
resistances (R). In particular, the characteristics of internal
charge transfer process in TiO,/dye/electrolyte interface of the
DSSCs merit attentions,** and the fitted resistance value (R,)
and electron lifetime (7,) data were accordingly showcased in
Supporting Information Table S1. As shown in Figure 5 and
Supporting Information Table S1, both recombination

resistance value (R,) and electron lifetime (z,) decreased for
TNW@NP or TNW@NS based cells with respect to TNW
devices, indicating much more serious charge recombination
process within such cells due partially to subsequent surface
modification, and this would result in the emergence of
numerous grain boundaries in TiO, photanodes. Especially for
the TNW@NP devices, the 7, was the smallest among all cells,
which declined drastically to 52 ms as compared to 83 ms of
TNW cells, mainly because the fastest recombination kinetics
within the cells occurred on the random network of TiO, NPs
outer shell, in which a host of trapping/detrapping events were
present.”>* However, being similar as core—shell arrays
structure, for the TNW@NS counterparts, an increase of z,
to 70 ms has been witnessed (relative to TNW@NP),
indicating more effectiveness of 2D NSs assembled on the
TNW surface in collecting electrons from active layer to
support electrode surface. Generally, the V. value of DSSCs
was correlated with the charge recombination in the conduction
band of Ti0O,.***" Accordingly, based on above analysis, a V.
reduction in the order of TNW (866 mV) > TNW@NS (845
mV) > TNW@NP (815 mV) can be reasonably explicated by
the different morphological structures of photoeletrodes.
Measurements of the intensity-modulated photocurrent/
photovoltage spectroscopy (IMPS/IMVS) were performed to
probe the intrinsic electron transport dynamics and charge
recombination characteristics of the DSSCs derived from
different TiO, nanoarrays. Typically, the electron transport
time (z,)/lifetime (z,) can be derived from the IMPS/IMVS
measurements according to the following equations: 74 = '/,7f;
(z, = '/ynf,), where fi(f,) is the characteristic minimum
frequency of the IMPS and IMVS imaginary component.*®
Here, 74 or 7, provides information about the time required for
the charges to exit the device or recombination with I;” in the
electrolyte, respectively. As shown in Figure 6a and b, the
shortest transport time and the highest diffusion coefficient
(D,, D, = d*/(414),* Supporting Information Figure S3) were
obtained for the TNW based cell, indicating that the pure

(a) o1 —TNwW (b)1 . TNW
* TNWaNpP a * TNWaNpP
) 0.01} + TNWaNs : & TNW@aNs
: £
£ <
-
£ 163 =
g T
g &
ﬁ 1E-44 é

30 60 90 120 150 3‘0 Gb 90 120 150
Light intensity (W m'z)

Light intensity (W m~2)

Figure 6. Time constants: (a) electron transport time and (b) electron
lifetime of DSSCs based on TNW, TNW@NP, and TNW@NS
photoanodes with similar film thickness of 16 pm. Schematic
illustrations of electron transfer pathway and corresponding charge
collection within (c) TNW@NP and (d) TNW@NS.
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Figure 7. (3, b) SEM images and corresponding sketch of individual YSHTS. (d, e, f) Top-down, cross-sectional SEM images and according sketch
of double layered TiO, photoanodes consisting of TNW@NS underlayer and YSHTSs top layer. (c) J—V characteristics of DSSCs based on double

layered TiO, photoanodes (16 + 6 ym).

TNW arrays are more efficient in transporting electrons due to
the most direct electron transfer pathway along the y-axis,
which improves the charge collection efficiency (1., e =1 —
(74/7,),°° seen in Supporting Information Figure S6) and thus
longest electron lifetime can be achieved.”’ While the core—
shell nanoarrays (TNW@NP and TNW@NS) appear to
exhibit slower electron transport and more serious charge
recombination under the same illumination light intensity. This
is consistent with the fact that such photoanodes yield higher
surface area with a larger number of trapping sites and more
complicated transfer routes. Moreover, to differentiate the
photoelectric effects of NPs or NSs coverage on TNW, a
schematic illustration of electron transfer pathway (ETP)
viewed from the perspective of the cutting plane of TNW@NP
and TNW@NS can be seen in Figure 6¢ and d, respectively.
Specifically, for the TNW@NP, a long electron diffusion route
occurred through “random walk” diffusion within the nano-
crystalline outer shell layer, in which excessive trapping and
detrapping events occurred within enormous defects, surface
states, and grain boundaries of NPs, leading to longest electron
transport time (slowest electron diffusion rate) (seen in Figure
6a and Supporting Information Figure SS) and shortest
electron lifetime (fastest charge recombination rate) and thus
inferior charge collection efficiency (seen in Figure 6b and
Supporting Information Figure S6). While for TNW@NS, the
interconnected NSs are efficient to shorten the ETP. One can
see an oriented and shorted transit pathway for rapid charge
transport and thus efficiently concentrate the photogenerated
electrons from NS shell to TNW core. As a result, relative to
TNW@NP counterpart, faster electron transport (shorter z)
and reduced charge recombination of electrons with oxidized
species in the electrolyte (longer 7,) and thus improved charge
collection efficiency (Figure 6a, b and Supporting Information
Figure S6) can be observed for TNW@NS based cells. This is
likely due to the fact that the 2D well-organized NS structures
on TNW should in principle navigate and quicken the transport
of electron flow. Besides the inherent fast electron transfer
behavior at this point it is worth noting that, as a result of
higher optical density of the TNW@NS based cells due to
enhanced optical properties (efficient light utilization and

harvesting efficiency), the charge density at equal illumination
intensity is increased for TNW@NS photoanodes, which is
thought to a consequence of better saturation of trap states and
thus boost electron transport to some extent.”'

Finally, we optimized the experimental details, in which the
TNW/FTO glass was placed against the wall of the autoclave
chamber with the sample side facing up and then undergone
the same solvothermal reaction in TTIP/DETA/IPA system
(seen in Experimental Section). In this case, the TNW itself can
serve as backbone for sequential surface modification, while in
the mean time the facing-up placement allows the supporting of
deposited resultant microspheres. Interestingly enough, the
intelligent coverage of NSs on TNW surface and the deposition
of microspheres on top of the nanoarrays simultaneously
occurred, leading to the formation of desirable double layered
TiO, photoanode consisting of TNW@NS under layer and
yolk—shell hierarchical TiO, microspheres (YSHTSs) top layer.
The schematic illustrations of this fabrication technique can be
seen in Supporting Information Figure S7, which provides a
very promising scheme and great simplicity for large-scale
synthesis of double layered photoelectrode based photovoltaic
devices in a cost-effective manner. It is well-known that the
double-layered or multilayered assembly of the photoanode is
an effective approach to significantly enhance the light trapping
and scattering within the film and thus greatly improve the
power conversion efficiency.”> The SEM image (Figure 7a),
sketch (Figure 7b), and the TEM images (Supporting
Information Figure S8) indicates the unique yolk—shell
hierarchical structures of the YSHTSs, for which the self-
organized nanoembossed NSs formed the shells of the spheres
in an epitaxial orientation, while the inner sphere has a much
more smooth surface with closely accumulation of tiny
nanocrystals. It is believed that the two kinds of hierarchical
structures of the yolk and shell is beneficial to enlarge the
surface area for enhanced dye-adsorption and boost the
injection efficiency of the photoexcited electrons to the
semiconductors.”® In addition, the yolk—shell structure should
produce a multireflection of incident light in-between the
hierarchical hollow spheres, so as to improve the light
harvesting efficiency.”®*®> The top-down SEM image (Figure
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7d) shows a number of perfect YSHTSs with the size ranging
from 1 to 2.5 um were evenly distributed on top of the TNW@
NS layer. The cross-sectional SEM image (Figure 7e) illustrates
that the double layered film was composed of 16 um thick
TNW@NS under layer and 6 pm thick YSHTSs top layer
(referred to here as DL-TNW@NS-YSHTSs) and the
schematic sketch of such photoelectrode can be also seen in
Figure 7f. For comparison, a reference P25 TiO, nanoparticles
photoanode with similar film thickness of 22 um was also
fabricated on FTO glass via screen-printing procedure (seen in
Experimental Section). These two kinds of photoanodes (DL-
YSTHSs-TNW@NS and P25) were then exploited to assemble
DSSC with photovoltaic parameters summarized in Table 1.
After introducing of YSHTSs as an overlayer, the PCE is
improved from 8.67% (TNW@NS) to 10.01% (DL-TNW@
NS-YSHTSs) due to the enhanced dye adsorption and light
scattering capability of the double layered TiO, photo-
electrode.>*>> On the other hand, one can notice that the
DL-YSTHSs-TNW@NS based device shows a higher ], V.
and FF values than those of P25 cell owing to the well-
organized structure composed of hierarchical core—shell arrays
and yolk—shell microspheres with synergistic effects of high dye
loading, superior light scattering, as well as efficient charge
collection. As a result, the PCE of DSSC derived from DL-
YSTHSs-TNW@NS reached 10.01% (J,. = 17.38 mA cm™2
Vo= 825 mV, and FF = 0.70) under one sun light intensity at
AM 1.5 G condition (Figure 7c) and is 41% greater than that of
prototype nanoparticles counterpart (7.08%). In particular, the
high V.. of 825 mV for DSSCs based on 22 um TiO,
photoanode should be attributed to intriguing assembly of
double layered TiO, photoanode consisting of an under layer
made of well-aligned core—shell TNW@NS nanoarrays and a
top layer composed of hierarchical hollow YSTHSs, where the
nanoarrays on FTO substrate play pivotal roles in collecting the
photogenerated electrons and the well organized hierarchical
structures for both layers are beneficial to suppress the charge
recombination, leading to the longer electron lifetime and thus
higher V,. On balance, the complementary and synergistic
properties of such intriguing assembly of double layered TiO,
photoanode could be described as follows: an under layer made
of well-aligned core—shell TNW@NS nanoarrays on FTO
substrate can provide fast electron transport pathway and act as
efficient charge collection medium; a top layer composed of
hollow YSTHSs could offer superior light-scattering ability for
enhanced light harvesting, while at the same time the
hierarchical structures of both layers could guarantee better
dye loading capability. Based on these preliminary results, the
engineered DL-TNW@NS-YSHTSs photoanode is of practical
significance in the design and fabrication of high-efficiency solar
cells.

Bl CONCLUSION

In summary, we have presented a facile solution-based method
for the direct growth of well-aligned core/shell hybrid
nanoarrays on TCO substrates. In this hierarchical structure,
the TiO, nanowire core is coated with a shell of nanoparticles
(TNW@NP, in the absence of DETA) or interconnected
nanosheets (TNW@NS, in the presence of DETA) with a
honeycomb-like porous morphology. On the basis of a time-
dependent experiment, a plausible growth mechanism toward
sufficient coverage of 2D nanostructures on nanowire scaffold is
proposed, which involves alcoholysis and Ostwald ripening,
thus leading to oriented attachment of nanosheets. The

TNW@NS core—shell nanoarray has been demonstrated as
an efficient light-harvesting photoanode in solar cells, yielding
an excellent photovoltaic performance (8.67%) with high dye
adsorption and superior light scattering ability, which could
accommodate the generally incompatible factors by enhancing
the surface area and efliciently collecting the electrons from
shell to core simultaneously. Based on careful control of
experimental condition, a novel double layered TiO, photo-
anode consisting of 16 ym thick TNW@NS under layer and 6
um thick yolk—shell hierarchical TiO, microspheres (YSHTSs)
top layer can be obtained, which exhibited an impressive PCE
over 10% at 100 mW cm ™ It is interesting to note the power
conversion efficiency (10.01%) has been doubled simply
through a subsequent solvothermal treatment as compared to
pristine TNW scaffold (5.09%), which validates the significance
and effectiveness of our proposed scheme. The markedly
enhanced efficiency can be attributed to the well-organized
photoanode composed of hierarchical core—shell arrays
architecture and yolk—shell hollow spheres architecture with
synergistic effects of high dye loading and superior light
scattering for prominent light harvesting efliciency. It is
envisioned that the well-aligned metal oxide based core—shell
arrays architecture can be extended to other substrates or to
fabricate other core—shell arrays with homogeneous or
heterogeneous structures for various potential applications in
electrochemical energy conversion and storage, optical devices,
sensing and field emission, etc.
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