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ABSTRACT: Synchronous illumination X-ray photoelec-
tron spectroscopy (SIXPS) was employed for the first time
to directly identify the photogenerated charge separation
and transfer on anatase TiO, single-crystals with selectively
etched {001} facets. More specifically, for the TiO, crystals
with intact {001} and {101} facets, most of photo-
generated charge carriers rapidly recombined, and no
evident electron—hole separation was detected. With
selectively etching on {001} facets, high efficient charge
separation via hole transfer to titanium and electron to
oxygen was clearly observed. However, when the {001}
facets were completely etched into a hollow structure, the
recombination for photogenerated electron—hole pairs
would dominate again. These demonstrations clearly
reveal that the appropriate corrosion on {001} facets
could facilitate more efficient electron—hole separation
and transfer. As expected, the optimized TiO, micro-
crystals with etched {001} facets could achieve a hydrogen
generation rate of 74.3 ymol/h/g, which is nearly 7 times
higher than the intact-TiO, crystals.

Recently, the crystal facet controlled fabrication of semi-
conductor materials has attracted considerable attention
because the photocatalytic and photoelectric properties can be
further enhanced or optimized by tailoring the surface atomic
configuration.'~® More specifically, the crystal facets with more
undercoordinated atoms as well as high surface energy usually
exhibit high reactivity in photocatalytic reactions. Among the
numerous metal oxides, the anatase TiO, photocatalysts with
defined {001} facets are generally considered to be more
favorable for solar energy conversion.”” " Recently, Lu et al. first
demonstrated the fabrication of high-quality anatase TiO,
crystals with exposed 47% {001} facets by using HF as a capping
agent.'® Moreover, they reported that the {001} facets of anatase
TiO, were much more reactive than the thermodynamically
stable {101} facets for the hydrogen production reaction.'” Since
then, significant efforts have been devoted to the fabrication of
nano- or microsized TiO, crystals with high percentages of {001}
specific facets. For example, Yang et al.'® improved the
percentage of {001} facets up to 64% in micrometer-sized single
crystal sheets by using 2-proponal as the capping agent.
Furthermore, the percentage of {001} facets was reached up to
89% by Han et al.'"” Wen et al.”’ reported that the exposure
percentage of {001} facets was further increased up to 98.7% by
reacting TiF, powder with 1-butanol. Recently, Chen et al.”'
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synthesized the hierarchical anatase microspheres assembled
from the high-surface-area nanosheets with nearly 100% {001}
facets.

Although the exposure percentage of {001} facets has nearly
reached its maximum value, there still remains an urgent need for
thorough understanding of the facet effects on TiO, photo-
catalysts. Recently, Cheng et al.”> demonstrated a distinct
viewpoint about the high activity of {001} facets based on the
investigation of various anatase crystals with predominant {001},
{101}, or {010} facets and revealed that the clean {001} facets
exhibited a lower reactivity than {101} facets for hydrogen
evolution. More recently, some studies demonstrated that the
cooperative effect of different facets was the major factor for
determining photocatalytic activity. For instance, Yu et al.”’
proposed a new “surface heterojunction” concept based on the
density functional theory calculations to explain the difference in
the photosynthetic activity of TiO, as a result of photogenerated
electron and hole transfer to {101} and {001} facets, respectively.
However, despite these efforts to understand the role of different
facets in photocatalysis, the intrinsic causes leading to the
different reactivity are still quite ambiguous. More importantly,
the direct observation for the photoinduced charge separation on
TiO, single crystals has been rarely reported.

Herein, we demonstrate the application of synchronous
illumination X-ray photoelectron spectroscopy (SIXPS) for
directly identifying the charge separation and transfer on the
anatase TiO, single crystals with selectively etched {001} facets.
The SIXPS results clearly reveal that the intact-TiO, crystals with
coexposed {001} and {101} facets possesses a high recombina-
tion probability of the photogenerated electron—hole pairs.
Interestingly, selective etching on the {001} facets could facilitate
more efficient charge separation, and spatial transfer of hole to
titanium atoms and electron to oxygen atoms was directly
observed. However, when the {001} facets were completely
etched into a hollow structure, the efficiency of charge separation
was distinctly reduced. Furthermore, the photocatalytic results
confirm that the TiO, microcrystals with appropriately etched
{001} facets could yield a higher hydrogen generation rate (74.5
umol'h™) than intact TiO, (11.4 ymol'h™) under the same
conditions.

Figures 1A and S1A,B show the typical scanning electron
microscopy (SEM) images of anatase TiO, single crystals with
intact {001} surface and well-faceted truncated octahedra
(denoted as intact-TiO,), in which the two square surfaces and
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Figure 1. SEM images of anatase TiO, single crystals with (A) intact and
(B) etched {001} facets; the corresponding TEM images of (C) intact-
and (D) etched-TiO,, respectively.

the other eight isosceles were confirmed to be {001} and {101}
facets, respectively.24’25 However, when slightly adjusting the HF
concentrations, the etching phenomenon on the {001} surfaces
of the anatase TiO, single crystal has been observed (Figures 1B
and S2A,B, the sample denoted as etched-TiO,).” Interestingly,
no evident corrosion has been observed for the {101} facets,
indicating that the {101} facets exhibit higher resistibility than
{001} facets for the HF etching.27 These crystals were further
examined by transmission electron microscopy (TEM), and the
typical TEM images were shown in Figures 1C,D, S1C,D, and
S2C—E, respectively. It can be clearly seen that the intact-TiO,
possesses perfectly regular surfaces (Figure 1C), while for the
etched-TiO, (Figure 1D), a stamp-like structure was observed as
aresult of etching on the {001} facets. Moreover, by tailoring the
HF concentrations, the etched degrees of {001} facets could be
rationally controlled. As shown in Figures S3 and S4, the TiO,
crystals with slightly and completely etched {001} facets could be
obtained (denoted as slightly etched-TiO, and etched off-TiO,,
respectively). The corresponding HRTEM images clearly reveal
that all the etched TiO, samples still remain the original single
crystal structures, which are consistent with the previous
reports.12

Furthermore, their crystalline structures have been measured
by the X-ray diffraction as shown in Figure SSA. All the
diffraction peaks of both intact and etched TiO, samples could be
indexed to the body-centered cubic structure of anatase TiO,
(JCPDS no. 73-1764). However, it is worth noting that obvious
changes have been observed in the intensity of (004) diffraction
peaks compared with other peaks, which give further support to
the above SEM and TEM observation. More specifically, as a
result of etching on the {001} planes, the intensity of (004)
diffraction peaks in all the etched TiO, samples is much lower
than that of the intact sample (shown in Figure SSA). Moreover,
the ultraviolet—visible diffuse reflectance spectra (shown in
Figure SSB) reveal that with increasing the corrosion degree on
the {001} facets, the light absorption within both UV and visible
light ranges has been slightly increased, and a weak red-shift in
the absorption edge has been observed. However, when the
{001} facets were completely etched, both light absorption
intensity and absorption edges would be slightly reduced.
Moreover, the calculated band gaps for the etched-, slightly
etched-, etched off-, and intact-TiO, samples are 3.08, 3.12, 3.15,
and 3.22 eV, respectively.”* >
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It is well-known that the photoinduced charge transfer and
separation process play a crucial role in determining the light-to-
energy conversion efficiencies. However, despite the great efforts
to understand this issue via various methods, the direct
observation for the anisotropic photoinduced charge transfer
on the surfaces of photocatalysts still remains a great challenge.
Here, we have developed a powerful XPS technique combined
with synchronous light illumination to directly extract this
information. More specifically, as shown in Figure 2A, routine
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Figure 2. (A) Typical illustration of synchronous illumination XPS
technique and (B) corresponding electron density variations. SIXPS
spectra for (C) intact-, (D) etched-, (E) slightly etched-, and (F) etched
off-TiO,, respectively.

XPS spectra were first performed to obtain the chemical binding
energy of each element in the ground state. Subsequently, the
XPS measurements were repeated under synchronous light
irradiation (imported by an optical fiber) to detect the peak shifts
resulting from the electron density changes of various atoms in
the excited state, which could directly reveal the separation
efficiency and transfer direction of photoexcited charges. Figure
2B shows a schematic diagram to clarify the basic principle for
this issue. In the case of semiconductors, the light irradiation
could induce the physical shifts of binding energy of various
elements due to the electron transfer from the valence band (VB)
to the conduction band (CB) and holes left behind on the VB.
More specifically, the VB and CB of semiconductors were
composed of spin-orbits of various elements. Thereby, the charge
transfer and electron density changes among various atoms could
be well and truly detected by XPS spectra. In contrast, when light
irradiation was removed, the excited electron on the CB would
come back to the VB and recombine with holes, and all the
binding energy peaks of various elements would shift to their
original positions. Thus, by combining the synchronous
illumination with XPS techniques, detailed information on the
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charge separation as well as transfer among various elements in
the semiconductors can be directly obtained.

Furthermore, the SIXPS technique has been employed to
study the photoinduced charge separation and transfer on both
intact- and etched-TiO, samples, and the related results are
shown in Figure 2C,D. For routine XPS spectra, two peaks at
458.8 and 464.6 eV (Ti 2p;/, and Ti 2p, ,, peaks) and a peak at
530.16 eV (O 1s) could be detected in all the samples.
Amazingly, under synchronous light irradiation, distinct changes
on the binding energy shifts of both Ti 2p and O 1s peaks in the
TiO, samples have been observed. More specifically, in the case
of intact TiO,, no evident shift of all peaks has been detected
either under light or in dark (Figure 2C). However, for the
etched TiO, sample under light irradiation, the bind energies of
Ti2p;,, and Ti 2p, /, drastically shift to the high values, while the
O 1s peak moved to the low binding energy (Figure 2D).
Interestingly, all the peaks of both Ti2p and O 1s could return to
the original positions when synchronous light irradiation was
removed. Moreover, as shown in Figure 2E, similar phenomenon
could be observed in the slightly etched-TiO, sample, while their
shifts were slightly smaller than that of etched TiO, samples.
However, when the {001} facets were completely etched, no
evident shift in the Ti 2p and O 1s peaks has been detected
(Figure 2F). On the basis of above results, it could be concluded
that appropriate etching on {001} facets could facilitate the more
efficient charge separation and transfer of the TiO, crystals, and
the separated electrons and holes are mostly transferred to O and
Ti atoms, respectively.

On the basis of above SIXPS results, some possible reasons
have been proposed to explain the distinct phenomena for the
charge separation over TiO, crystals with selectively etched
{001} facets. Figure 3A shows the bulk atomic structural model
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Figure 3. (A) The bulk atomic structural model of anatase TiO, crystal,
and (B) the corresponding surface and bulk electron carrier trapping
phenomenon for intact- and etched-TiO,, respectively.

of anatase TiO,, which is independent of the exposed facets. Two
bulk planes, {001} and {100}, possess completely different
titanium and oxygen atomic arrangements. More specifically, the
O and Ti atoms are highly coplanar in the bulk {100} planes,
which inevitably leads to the high recombination probabilities of
electrons and holes during the photoexcitation as well as charge
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transfer process. However, for the bulk {001} planes, the spatially
separated O and Ti atomic layers could effectively facilitate the
separation and transfer of photogenerated electron—hole pairs.
Accordingly, in the intact-TiO, crystals, bulk {100} planes may
serve as the recombination centers for the photoexcited
electron—hole pairs owing to their unfavorable atomic arrange-
ment, and only a small portion of electrons and holes transfer to
the surface of TiO, crystals (Figure 3B). However, when the
{001} planes have been selectively etched, the ratios of bulk
{100} planes have also been reduced. Thus, the photoexicted
electron and hole can efficiently migrate to the outer surface
rather than recombine each other in the bulk {100} planes.
However, in further etching of the {001} facet into a hollow
structure, although the {100} recombination centers have been
drastically decreased, the pathways for charge separation as well
as transfer over {001} planes have also been blocked.
Furthermore, the photocatalytic behaviors for the hydrogen
generation from splitting water were explored to verify the SIXPS
results and correlative speculations. To the best of our
knowledge, these etched-TiO, single crystals were used, for the
first time, as the photocatalysts for the hydrogen generation
reaction. As shown in Figure 4A, except for intact-TiO, catalysts,
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Figure 4. (A) Photocatalytic H, evolution tests of the 1 wt % Pt-loaded
TiO, samples under UV light irradiation. (B) Comparative presentation
of the hydrogen evolution rates.

all these etched-TiO, photocatalysts exhibited an improved
photocatalytic activity for the hydrogen generation. Among
them, the etched-TiO, sample (Figure 4B and Table S2)
exhibited the highest photocatalytic activity, and the H,
generation rate could be reached up to 74.25 pmol/h/g, which
is nearly 7 times higher than that of intact-TiO, sample (11.54
umol/h/g). The hydrogen evolution rate of slightly etched-TiO,
samples is about 43.5 umol/h/g. However, in the case of etched
off-T1i0, sample, the hydrogen evolution rate is only 16.49 ymol/
h/g, which is slightly higher than that of the intact-TiO, samples.
Moreover, all these TiO, samples could generally keep their
original activities even after four cycles of photocatalytic
reactions (Figure S11), indicating their relatively high stabilities.
The photoelectrochemical properties have also been inves-
tigated, and the related results have been shown in Figures S13
and S14. Among them, the etched-TiO, sample exhibited much
higher photocurrent intensity than intact-, slightly etched-, and
etched off-TiO, samples, indicating the more efficient charge
separation and transfer in this sample, which is identical with the
photocatalytic results. Additionally, note that both photo-
reactivity and photoelectric order are highly consistent with
the SIXPS observations for charge separation. Therefore, these
demonstrations indicate that the selectively etching on {001}
facets of anatase TiO, microcrystals could effectively enhance the
photocatalytic performances of H, production, while the drastic
corrosion would lead to a decrease of the photoreactivity.
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In summary, SIXPS has been successfully applied in directly
identifying the charge separation and transfer for the anatase
TiO, single crystals with controllable etched {001} facets. The
SIXPS results clearly reveal that the appropriate etching on the
{001} facets could facilitate more efficient charge separation and
transfer in the TiO, crystals, and the separated electrons and
holes are mostly transferred to O and Ti species, respectively.
Furthermore, the photocatalytic results confirm that the
optimized TiO, single crystals with etched {001} facet could
yield a higher photocatalytic hydrogen generation rate (74.5
umol-h™) than intact-TiO, (11.4 pmol-h™') under the same
conditions, which is highly consistent with the SIXPS results for
charge separation. These findings may provide new insights for
developing highly efficient TiO, photocatalysts in practical
applications.
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