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ABSTRACT: Hollow nanostructures are promising building
blocks for electrode scaﬀolds and catalyst carriers in energyrelated systems. In this paper, we report a discovery of hollow
TiO2 nanostructure evolution in a vapor−solid deposition
system. By introducing TiCl4 vapor pulses to ZnO nanowire
templates, we obtained TiO2 tubular nanostructures with wellpreserved dimensions and morphology. This process involved
the cation exchange reaction between TiCl4 vapor and ZnO
solid and the diﬀusion of reactants and products in their vapor
or solid phases, which was likely a manifestation of the
Kirkendall eﬀect. The characteristic morphologies and the
evolution phenomena of the hollow nanostructures from this vapor−solid system were in a good agreement with the Kirkendall
eﬀect discovered in solution systems. Complex hollow TiO2 nanostructures were successfully acquired by replicating various
ZnO nanomorphologies, suggesting that this unique cation exchange process could also be a versatile tool for nanostructure
replication in vapor−solid growth systems. The evolution of TiO2 nanotubes from ZnO NW scaﬀolds was seamlessly integrated
with TiO2 NR branch growth and thus realized a pure TiO2-phased 3D NW architecture. Because of the signiﬁcantly enlarged
surface area and the trace amount of Zn left in the TiO2 crystals, such 3D TiO2 nanoforests demonstrated enhanced
photoelectrochemical performance particularly under AM (air mass) 1.5G illumination, oﬀering a new route for hierarchical
functional nanomaterial assembly and application.
KEYWORDS: Hollow TiO2 nanostructure, vapor−solid deposition, cation exchange, Kirkendall eﬀect,
photoelectrochemical water splitting
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syntheses are mostly focused on nanoparticle processing in
solution systems. Solid-state Kirkendall eﬀect was also observed
in 1D hollow nanomaterial (e.g., nanotubes) evolution, whereas
the reaction kinetics were much slower due to the limited
diﬀusivities.29,31,32
In this paper, we report a discovery of mesoscale hollow
TiO2 nanostructure evolution via cation exchange reactions,
which was likely a manifestation of the Kirkendall eﬀect in a
vapor−solid deposition system. This process involved the
cation exchange reaction between TiCl4 vapor and ZnO solid
forming TiO2 and the diﬀusion of the reactants and products
through the TiO2 shell. Diﬀerent from typical cation exchange
results in nanostructure replication, where solid morphology is
always received,33−37 we obtained complex hollow TiO2
nanostructures with a well-preserved morphology. Further
integrating this process with the surface-reaction-limited pulsed
chemical vapor deposition (SPCVD) technique successfully

esoscale morphology engineering is an eﬀective
approach to tailoring material’s physical properties,
such as light interaction, surface reaction, and charge transport
for achieving enhanced performance. Hollow structures with
mesoscale pores are one typical example that shows attractive
morphology-enabled or enhanced performance in the areas of
energy harvesting and storage, catalysts design, and biomedicine development.1−3 Among various approaches, the Kirkendall eﬀect was found fairly eﬀective in producing hollow
nanostructures from a broad range of materials, including metal
chalcogenides,4−12 metal oxides,13−17 metal phosphines,18−20
alloys21−23 and compound nanocrystals.24−27 In a typical
Kirkendall process, diﬀerent ionic diﬀusion rates of the core
and shell materials generate a net inward vacancy diﬀusion,
which leads to voids nucleation at the core/shell interface and
eventually the formation of a hollow structure. Solid bridges
were usually found existing between the core and shell to
facilitate the transport of core materials outward.28−30 The
Kirkendall eﬀect is a unique self-templating strategy in
synthesizing nanostructures with large yield, high crystal
quality, and uniform size and shape. Currently, investigations
and applications of the Kirkendall eﬀect in nanomaterial
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Figure 1. Evolution of TiO2 nanotubes. (a) SEM image of TiO2 nanotubes synthesized via 10 cycles of TiCl4 and H2O deposition. Inset is SEM
image of the ZnO NWs template, where the similar morphology to TiO2 nanotubes can be identiﬁed. Scale bar is 200 nm. (b) XRD patterns of TiO2
samples collected from a series of deposition cycles. (c−e) Low- and high-magniﬁcation TEM images of TiO2 samples collected from 2 cycles (c), 5
cycles, (d) and 10 cycles (e) of deposition. Insets in c-ii−e-ii are corresponding cross-sectional SEM images (scale bars are 20 nm). Inset in e-i is
SAED image taken from the nanotube shown in (e).

shell interface from the 2-cycle sample by the distinct contrast
in TEM images and the SEM cross-section image (Figure 1c-ii
and inset). From the 5-cycle sample, disordered and intense
contrast of crystalline grains were observed by TEM (Figure
1d), which was a result of the rapidly grown polycrystalline
TiO2 shell and the random core residue. Although not
observable in TEM images, voids and bridges can be recognized
from the cross-sectional SEM image (inset of Figure 1d-ii).
Consistent with the XRD observation, pure-phased polycrystalline anatase TiO2 nanotubes with a shell thickness of 10−16
nm were received after 10 cycles of deposition, as shown by the
TEM image (Figure 1e) and corresponding selective area
electron diﬀraction (SAED) pattern (inset of Figure 1e). The
typical TiO2 grain size was in the range of 7.2−15.1 nm (Figure
1e-ii). The average inner diameter of the as-received TiO2
nanotubes was measured to be ∼40 nm, which was 67% of the
original ZnO NW sizes (averaging ∼60 nm in diameter). This
ratio is within the size ratio range (40−70%) reported for
hollow nanoparticles evolved via the Kirkendall eﬀect.30 This
size fact, together with the observation of interface voids and
solid bridges, and the rapid shell growth, suggests that the
hollow TiO2 nanostructures were very likely formed following
the Kirkendall eﬀect.
It is also important to point out that the direct reaction
between TiCl4 vapor and ZnO NW is a cation exchange
reaction

created high density three-dimensional (3D) TiO2 nanowire
(NW) architecture. Trace amount Zn left in the TiO2 shell
signiﬁcantly improved its photoelectrochemical (PEC) performance. This discovery opens a new route toward creating
complex hollow nanostructures.
A homemade atomic layer deposition (ALD) system was
adapted to provide pulsed TiCl4 and H2O vapor to ZnO NW
templates (inset of Figure 1) at 600 °C for structure replication.
The growth followed typical ALD operation cycles where TiCl4
and H2O pulses were separated by 60 s N2 purges (see the
Supporting Information for experiment details). The ZnO NW
structures were well preserved after 10 cycles of deposition as
shown in Figure 1a, whereas the surfaces became rough. The
surface roughening began to be observable after 2 cycles of
growth (Supporting Information Figure S1). X-ray diﬀraction
(XRD) spectra acquired at diﬀerent deposition cycles revealed
the phase evolution during the growth (Figure 1b). Upon the
introduction of TiCl4 and H2O precursors, the ZnO phase
decreased and completely disappeared from the samples after
10 cycles of deposition. Meanwhile, anatase TiO2 accumulated
continuously with the increase of deposition cycles, indicating
the ZnO NWs has been converted to TiO2 during the process.
Transmission electron microscopy (TEM) shows that the asobtained 1D TiO2 nanostructure was polycrystalline nanotubes.
Figure 1c−e shows a series of TEM images revealing the
evolution of TiO2 nanotubes. A polycrystalline layer of 8 nm
was observed on the surface of ZnO NW after 2 cycles of
deposition. This thickness was signiﬁcantly larger than a typical
ALD TiO2 ﬁlm (∼0.1 nm per cycle),38−40 suggesting chemical
vapor reaction was playing a dominating role during the
precursor exposure. Voids can be clearly identiﬁed at the core/

TiCl4 + 2ZnO → TiO2 + 2ZnCl 2

(1)

This is likely to be the mechanism of the formation of the initial
TiO2 layer on the ZnO surfaces.41 However, when a complete
TiO2 shell is formed, solid-state diﬀusion has to take place in
2529
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Figure 2. Microscopic study of TiO2 nanotube evolution. (a) STEM image and EELS spectrum imaging of the Ti, Zn, and O elements on a 2-cycle
sample. The ZnO core residue is highlighted by a white dashed box. (b) TEM images of a TiO2 nanotube formed via 10 cycles of TiCl4 pulse
without introducing any H2O precursor. Inset on b-i is the corresponding cross-sectional SEM image showing the hollow feature; (b-ii) highermagniﬁcation TEM images; (c-i,ii) TEM images of amorphous TiO2 coated ZnO NW after 10 h annealing. Voids at the core/shell interface are
marked with white dashed lines. Inset on c-i is the corresponding cross-sectional SEM image. (d) Schematic illustration of the Kirkendall eﬀect
combined with cation exchange process in TiO2 nanotube evolution.

order to form a center-hollowed structure, which is beyond the
operational range of the cation exchange mechanism. In typical
cation exchange processes, it is generally accepted that cations
are replaced in original structure while anionic framework
remains intact and thus the size and shape of the original crystal
templates are usually well-conserved.33−35 However, it should
be noted that the diﬀerent valences of zinc and titanium ions
(one Ti4+ replaces two Zn2+) might lead to voids formation as
well. Although the misvalence cation exchange has not been
clearly discovered in oxide systems, research in sulﬁdes and
selenides showed consistent results that no hollow structure
can be created through the mis-valence cation exchange. For
example, cation exchange pairs including CdSe/Ag2Se,33 PbS/
Cu2S,36 and ZnSe/Cu2Se37 were investigated for nanostructure
replication, where all of them preserved the original size and
shape and no voids were observed. On the basis of above
rationale, it becomes conceivable that the cation exchange alone
is not suﬃcient to form the TiO2 hollow nanostructures. The
Kirkendall eﬀect should have played a critical role in the hollow
structure evolution.
To further conﬁrm the fact of Zn element diﬀusion during
TiO2 shell evolution, electron energy loss spectroscopy (EELS)
mapping was conducted on the 2-cycle sample in scanning
transmission electron microscopy (STEM) (Figure 2a). Ti
distribution clearly matched the grain morphology along the
polycrystalline shell. The Zn map revealed a universal
distribution of Zn in the entire structure with strong Zn signals
located at the center region representing the remaining ZnO

core (marked by the dashed white box). The homogeneous
zinc distribution along the entire shell region suggests that the
Zn elements from the core were diﬀusing into and traveling
through the TiO2 shells during the growth. Because no new
phase except ZnO and TiO2 were observed by XRD, it was
likely that Zn elements only diﬀused through the TiO2 shell but
did not form any new composite.
In order to understand the chemical reaction mechanism,
H2O or TiCl4 precursors were removed individually during the
pulsed deposition while all the other reaction conditions were
kept the same. When only TiCl4 vapor was present, 10-cycle
deposition also completely removed the ZnO core and same
anatase TiO2 (see Supporting Information Figure S2a for XRD
phase conﬁrmation) polycrystalline nanotubes were obtained,
as shown by the SEM and TEM images in Figure 2b. When
H2O vapor precursor was used exclusively, only small pores
were created on the ZnO NW surface (Supporting Information
Figure S3a,b). This comparison reveals that H2O was an
insigniﬁcant component in the ZnO to TiO2 conversion, and
the O in TiO2 can be completely provided by ZnO following
the cation exchange reaction (eq 1). The low-melting
temperature (292 °C) and high vapor pressure (1 Torr at
408 °C) of ZnCl2 suggest that the ZnCl2 byproducts would
most likely exist in its vapor phase, which was favorable for
rapid diﬀusion and complete removal of the Zn species from
the core. When the deposition temperature was dropped to 300
°C under the exposure of only TiCl4, the diﬀusion of Zn species
was signiﬁcantly limited and a ZnO/TiO2 core/shell structure
2530
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Figure 3. Microscopic characterization of TiO2 replication of plate-caped ZnO NW bundles by 300 cycles (a) and 600 cycles (b) of deposition. (i)
SEM images showing the morphology of ZnO template was uniformly and precisely replicated after 300 and 600 deposition. Inset of a-i is an image
of a broken region showing the core residue in the plate cap and the hollow center in the NW stem. Inset of b-i shows a hollow center in the plate
region. (ii) TEM images of individual hollow nanostructures, and the detailed structure features in the cap and NW regions are shown in (iii) and
(iv), respectively. Inset of a-ii is the corresponding SAED pattern conﬁrming the anatase phase. The dark contrast in the cap region on a-iii and b-iii
corresponds to the ZnO residue, which is located near to the interior shell surface. (v) STEM image and EDS spectrum imaging of Ti, Zn, and O on
the replicated TiO2 hollow nanostructures. Obvious Zn residue concentrated along the interior surface of shell, while a uniform and low Zn signal
can be identiﬁed over the entire nanostructure evidencing the existence of trace amount of Zn in the TiO2 shells.

in ALD processes) allowing the core species to diﬀuse through
the solid shell and react with the gas phase reactants for the
formation of a complete hollow structure.
On the basis of our experimental observations, we suggest
that the formation of hollow TiO2 nanostructures likely follows
the Kirkendall eﬀect driven by cation exchange reactions, and
the proposed mechanism is schematically illustrated in Figure
2d. When TiCl4 vapor is ﬁrst introduced at 600 °C, the exterior
surface of the ZnO NW quickly converts to TiO2 via cation
exchange and generates ZnCl2 byproduct most likely in a vapor
phase. Meanwhile, initial voids were created at the defective
core/shell interface. Once the surface is fully covered by the
TiO2 shell, further removal of ZnO required the Zn species to
diﬀuse outward. This process could be explained by inward
diﬀusion of the TiCl4 vapor and outward diﬀusion of Zn2+O2−
through the polycrystalline TiO2 shell. (It is likely that both
Zn2+ and O2− are diﬀused in their ionic form. For simplicity, we
just use ZnO to represent this case here.) The cation exchange
reaction between TiCl4 and ZnO occurs at the TiO2/ZnO
interface and TiO2 outer surface, resulting inward and outward
growth of the shell, respectively. This reaction may also occur
inside the shell and ﬁll the spaces between TiO2 grains. The
byproduct, ZnCl2 vapor is able to diﬀuse through the TiO2 shell
and be removed through pumping. Upon the consumption of
ZnO at the TiO2/ZnO interface, the void size increases and
ZnO transports from the NW center to the interface area
leaving a typical Kirkendall bridge morphology. Eventually, the
entire ZnO core is consumed yielding a hollow TiO2 nanotube.
The complete nanotube evolution takes less than 30 min, which
is comparable to nanoscale Kirkendall evolution in solution14,30
and much faster than solid-state reactions29,31 at same size scale.

was received (Supporting Information Figure S3c,d). This
result represented the cation exchange reaction and revealed
the critical role of high-temperature diﬀusion in the
implementation of the Kirkendall eﬀect.
Further evidence of the critical role of TiCl4 in the formation
of pure-phased TiO2 nanotubes came from annealing of
amorphous TiO2 coated ZnO NWs. Amorphous TiO2 layer
with a thickness of ∼14 nm was ﬁrst deposited by ALD at 100
°C and then the temperature was immediately raised to 600 °C
to anneal the sample for 10 h in N2 atmosphere. This process
preserved a signiﬁcant amount of ZnO cores; while multiple
voids were observed at the core/shell interface (Figure 2c). The
shell was found to be ZnTiO3 (Supporting Information Figure
S2b), which could be a result of the solid-state reaction
between ZnO and TiO2. This observation agrees with the
previously reported solid-state Kirekendall eﬀect in ZnAl2O4
spinel nanotube formation.29 This experiment revealed that
exclusive solid-state diﬀusion of ZnO species cannot adequately
explain the vanishing of ZnO in the heterostructure and
formation of pure TiO2 phase.
The above experiments conﬁrmed that TiCl4 exposure is
necessary for the formation of pure-phase TiO2 nanotubes,
however we found it is not suﬃcient. When the same amount
of TiCl4 exposure was introduced to the ZnO NWs without the
purging intervals (5 s continuous TiCl4 pulse = 10 cycles of 0.5
s TiCl4 pulse), a core/shell structure was obtained (Supporting
Information Figure S4). The shell appeared to be polycrystalline TiO2 with a thickness of ∼17 nm and smaller grain sizes
(∼5 nm). A large portion of the ZnO NW core was preserved.
This result revealed that it is important to leave a suﬃciently
long dwelling time between TiCl4 pulses (i.e., the purging step
2531
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Figure 4. Development of TiO2 3D NW architecture (nanoforest). (a) Cross-sectional SEM image of a 3D TiO2 nanoforest formed via 400-cycle
SPCVD growth. Dense TiO2 NRs were deposited uniformly along the entire TiO2 nanotube trunk. Inset is the top view SEM image. (b) TEM image
of an individual branched TiO2 NW. Inset is the corresponding SAED pattern conﬁrming the anatase phase. (c) Higher-magniﬁcation TEM image
shows the single-crystalline NR branch and the polycrystalline nanotube trunk. (d) XRD pattern of the overall TiO2 nanoforest sample identiﬁes
both anantase and rutile TiO2 phases, however no ZnO peaks can be identiﬁed.

dashed line in the inset of Figure 3a-i. The hollow structure was
further conﬁrmed by TEM and annular bright-ﬁeld STEM
characterization (Figure 3a-ii and Supporting Information
Figure S5c), where the darker contrast near the interior surface
of the cap region may correspond to the core residue as
observed by SEM (Figure 3a-iii). The NW was completely
converted into a nanotube with a wall thickness of ∼50 nm
(Figure 3a-iv). The pure polycrystalline anatase TiO2 phase was
conﬁrmed by the SAED pattern that is shown in the inset of
Figure 3a-ii. Energy dispersive X-ray spectroscopy (EDS)
spectrum imaging acquired on the cap region also conﬁrms the
distribution of concentrated zinc residue along the interior
surface of the shell (Figure 3a-v).
By further increasing the replication process to 600 cycles,
most ZnO residues were removed leaving a nearly complete
hollow TiO2 nanostructure, while the overall morphology was

Discovery of the unique evolution process of hollow TiO2
nanostructures in a vapor−solid system oﬀered an eﬀective
approach for fabricating TiO2 nanostructures using the splendid
nanomorphologies of ZnO as the template.42 To illustrate the
unique shape preservation capability, ZnO plate-capped NW
bundles were selected as the template for the pulsed TiCl4
CVD process (Supporting Information Figure S5a,b). Because
of the large size of the plate caps (∼1 μm), more cycles of
deposition were applied for structure replication. After 300
cycles of deposition, the plate-capped NW morphology was
successfully replicated by TiO2 with a hollow feature and
slightly rough surfaces (Figure 3a-i). ZnO in the NW portion
(∼50 nm in diameter) was completely converted into a hollow
nanotube structure (inset of Figure 3a-i). However, in the large
plate region, considerable amount of ZnO still remained near
the interior surface of the shell, as highlighted by the white
2532
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forming TiO2 nanotubes, after which the crystals would switch
back to their regular growth behavior−the NR growth in this
case.
The 3D hierarchical NW structure is believed to be a
promising conﬁguration for building high-performance PEC
cells.43,45,48−51 PEC water-splitting experiments were conducted to explore the application potential of the 3D TiO2
nanoforest. In order to provide a performance comparison, two
reference samples were fabricated by ALD coating a polycrystalline thin ﬁlm of anatase TiO2 on the same ZnO NW arrays (∼2
μm long) at 300 °C. The TiO2 coatings were 27 and 51 nm
thick from 400 and 800 cycles of ALD, respectively (Supporting
Information Figure S9), corresponding to equal and twice
amount of TiO2 exposure as that for TiO2 NR growth. The
ZnO NW core was not attacked during the deposition
(Supporting Information Figure S9). Figure 5 shows the

still well-preserved. (Figure 3b-i,ii and Supporting Information
Figure S5d). The dark contrast region became much smaller
compared to the 300-cycle sample and only located at the tip
where the ZnO core had the largest volume (Figure 3b-iii).
Such a Zn distribution was also conﬁrmed by EDS mapping
(Figure 3b-v). The thickness of the nanotube was found
increased to ∼80 nm (Figure 3b-iv), revealing that the
additional 300 cycles of deposition resulted in 30 nm growth,
corresponding to a growth rate of 0.1 nm/s. This value was very
close to the typical ALD growth rate, suggesting that after the
ZnO core was completely consumed, the growth would come
back to regular ALD process. It was also interesting to see a low
concentration but uniform Zn background in the entire TiO2
replica area from the EDS mappings of both 300-cycle and 600cycle samples (Figure 3a-v,b-v), suggesting the existence of
trace amount of Zn elements in the TiO2 shell, which may
change the physical property of anatase TiO2.
To demonstrate the universality of this approach in
morphology duplication, we also successfully converted a
large-area 3D-interconnected ZnO nanosheet structure into a
hollow TiO2 nanostructure through 400 cycles of deposition
(Supporting Information Figure S6). All the experimental
results conﬁrmed that in principle, this approach can be
employed to replicate ZnO nanostructures with any morphology via a vapor−solid process. This strategy may be further
adapted to the replication of other materials if appropriate
chemical reactions can be identiﬁed.
The TiO2 nanotube arrays could serve as an excellent scaﬀold
to support dense TiO2 NR branch growth via our recently
developed SPCVD technique,43−45 yielding a pure TiO2-phased
3D NW architecture (Figure 4a). Using ZnO NW arrays as the
initial template, 400 total cycles of TiCl4 and H2O precursor
exposures at 600 °C deposited high-density TiO2 NR branches
uniformly covering all TiO2 nanotubes that were converted
from the ZnO NWs (Supporting Information Figure S7). TEM
characterization on a single hierarchical NW structure further
revealed the dense single-crystalline TiO2 NR coverage (Figure
4b) and the polycrystalline hollow trunk (Figure 4c). The
SAED pattern taken from the hierarchical NW body conﬁrmed
the anatase phase (inset of Figure 4b). No ZnO phase was
observed from either SAED or XRD pattern (Figure 4d), and
the Zn signal was not detectable by EDS (Supporting
Information Figure S7), which further conﬁrmed the hollow
feature. From the XRD pattern, rutile TiO2 was also observed,
which might be attributed to the lower anatase phase stability of
the polycrystalline trunk when foreign element (e.g., Zn) was
involved during the formation.46
Before this work, TiO2 branches could not be synthesized by
the SPCVD technique on either single- or poly crystalline TiO2
cores, because of the higher free energy of nucleating new TiO2
seeds compared to that of epitaxial ﬁlm growth.47 Here, the
TiO2 NR branch growth seamlessly followed the NW-tonanotube conversion under the same conditions, and the
resulted TiO2 crystals were favorable for NR SPCVD growth. A
series of SEM images taken from samples collected at diﬀerent
deposition cycles revealed this evolution process (Supporting
Information Figure S8). Anisotropic crystal growth became
obvious from the 25-cycle sample and continued to enlarge the
crystals’ aspect ratio and eventually formed the NR
morphology. This observation was in a good agreement with
the TiO2 NR evolution observed on Si surfaces.47 Therefore, it
can be concluded that the cation exchange and Kirkendall eﬀect
were only in response for the initial removal of ZnO core and

Figure 5. PEC performance of 3D TiO2 nanoforest. (a,b) Photocurrent density (solid line) versus bias potential (versus SCE) and dark
current (dashed line) of measured from photoanodes made from the
TiO2 nanoforest (blue), and ZnO NW arrays coated with TiO2 ﬁlms
deposited by 400 cycles (red) and 800 cycles (yellow) ALD. The
characterization was conducted under the illumination of 150 W xenon
lamp (a); and AM 1.5G with a light intensity of 100 mW/cm2 (b).

photocurrent density versus applied bias acquired from the 3D
TiO2 nanoforest and the two reference samples under the
illumination of a 150 W Xe lamp (a) and 100 mW/cm2 AM
1.5G (b). Under direct Xe lamp illumination, three samples
exhibited similar open circuit voltage (VOC) and followed the
same trend; whereas, their short circuit photocurrent densities
(JSC) were dramatically diﬀerent. The two reference samples
exhibited similar JSC (∼1.86 mA/cm2 for 27 nm TiO2 coating
2533

dx.doi.org/10.1021/nl5002907 | Nano Lett. 2014, 14, 2528−2535

Nano Letters

■

and ∼1.74 mA/cm2 for 51 nm TiO2 coating), indicating that
simply increasing the amount of TiO2 was not helpful to the
photocurrent improvement because of the surface-dominated
oxidation reactions. Owing to the enlarged surface area, the 3D
TiO2 nanoforest achieved a JSC of ∼3.14 mA/cm2, which was
remarkably higher than other reported TiO2 NW-based PEC
electrodes.40,43 The JSC diﬀerence became more conspicuous
under AM 1.5G illumination, although the absolute values were
much smaller than those obtained under Xe lamp due to the
cut oﬀ of UV light. As shown in Figure 5b, JSC of the 3D TiO2
nanoforest (∼0.75 mA/cm2) was 7 times higher than both
reference samples (∼0.11 mA/cm2). This observation suggests
that the 3D TiO2 nanoforest had better photo response in the
visible light regime. This enhancement may be attributed to the
trace amount of Zn element left in the TiO2 crystals, which
might change the absorption or charge transport properties
(note that in the TiO2 nanoforest structure, all the charges were
conducted through the polycrystalline TiO2 nanotube trunk).
In addition, the slightly larger VOC and higher dark current of
3D TiO2 nanoforest also suggested the modiﬁed electronic
properties probably caused by the Zn impurities.
In summary, various hollow TiO2 nanostructures were
achieved in the pulsed vapor deposition system when TiCl4
vapor was interacting with ZnO NWs with extended reaction
time. Through this process, ZnO NWs were quickly and
completely converted into polycrystalline TiO 2 hollow
nanostructures, while the NW dimension and morphology
were well preserved. Trace amount of Zn elements were found
left in the TiO2 crystals, which may change the electronic
properties of the TiO2 nanostructures. The characteristic
morphologies and the evolution phenomena of the hollow
nanostructures from this vapor−solid system were in a good
agreement with the Kirkendall eﬀect discovered in solution
systems. Similarly, this approach is not limited by the
nanomaterial’s morphology in the vapor−solid process.
Complex hollow TiO2 nanostructures were successfully
acquired by replicating various ZnO nanostructures, including
plate-caped NWs and 3D nanosheet networks. This work
suggested that combining cation exchange reactions with the
Kirkendall eﬀect might be a versatile tool for creating complex
hollow nanostructures from the vapor phase deposition. On the
basis of the principle observed from the TiO2−ZnO system, we
believe this strategy can be applied to other materials if
appropriate chemical reactions between the vapor reactant and
the solid template can be identiﬁed. We also found that after
the template was completely converted, further deposition
would switch back to its regular growth pattern. Therefore, the
formation of TiO2 nanotubes from ZnO NW scaﬀold was
seamlessly integrated with TiO2 NR branch growth and thus a
pure TiO2-phased 3D NW architecture was achieved. Such 3D
TiO2 nanoforests demonstrated enhanced PEC performance
particularly under AM 1.5G illumination. The discovery of
automatic growth behavior switch would open a new route for
hierarchical nanomaterial assembly.
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