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Abstract. Herein, B-Bi,O; nanosheets exposed with active {001}
facets was facilely prepared through annealing Bi,0,CO; with
thermal stable {001} facets. The enhanced photocatalytic activity of
B-Bi,0; was ascribed to the high energy of {001} facets and the
efficient charge separation. This 2D surface transformation strategy
shed new light on the fabrication of energetic facets and the
development of highly active photocatalyst.

Since the successful synthesis of high energy {001} facets of
anatase TiO, crystals wusing HF as a controlling agent,1
semiconductor crystal-facet engineering is becoming a hot research
topic in the pursuit of highly reactive faceted photocatalysts.2
Generally, Semiconductor crystals exposed with different facets
have diverse physicochemical properties and result in very different
catalytic activities. For instance, BiOCl nanosheets with exposed
{001} facets exhibited enhanced photoactivity compared to the
counterpart with {010} facets.? The improved photocatalytic activity
of Ag;PO, rhombic dodecahedrons has been ascribed to the higher
energy of {110} facets (1.31 J/m?) than of {100} facets (1.12 J/m?).*
However, controlling the crystal facets of semiconductors is still a
tremendous challenge, which has only been achieved in limited
material systems.l‘5 So far, almost all of these semiconductors with
controlled surface facets were obtained by hydrothermal methods.”
® As the reactive facets diminish rapidly during the crystal growth
due to the minimization of surface energy, optimizing the reaction
kinetics is crucial which may require considerable “trial and error”
work.® Therefore, the predictive and rational preparation of a
desired crystal facet is rather difficult. This calls for the development
of novel preparative strategy.

Sillén-type Bi,0,C0;is composed of alternating Bi2022+ and C032'
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layers along c axis. Consequently, Bi,0,CO; nanosheets dominated
with {001} facets have been easily prepared by various groups.7
Meanwhile, metastable B-Bi,O; has closely related crystal structure
with Bi,0,CO;5; because both of them contain the same atomic
arrangement of the Bi2022+ Iayers.8 Especially, the lattice misfit
between {110} facets of Bi,0,CO; and {220} facets of B-Bi,0; is only
0.1%,9 indicating that these two phases could be transformed with
each other easily. It was found that even under room temperature
B-Bi,0; can capture atmospheric CO, to form Bi,0,CO; nanosheets
in our previous work.'® Meanwhile, Bi,0,C0O; can convert back to
metastable B-Bi,O; through releasing CO, by annealing.11
Nevertheless, compared to Bi,0,C0;, B-Bi,O; nanosheets with
exposed {001} facets have been seldom reported due to the high
surface energy of {001} facets (1.83 J/mz), which is higher than both
of {100} (0.98 J/m?) and {110} (1.42 J/m?) facets.™

In this work, we report a facile route to fabricate the energetic
facet via lattice matching, i.e., the reactive facet of one crystal can
be prepared by another material with thermodynamically stable
facet through annealing. B-Bi,O; and Bi,0,CO; were selected as
model materials as they have close crystal structure and well lattice
match. This concept could have a good universality in the synthesis
of other high reactive faceted materials and shed light on the
development of high active photocatalyst.

The detailed procedure for the theoretical calculations and
experiments was described in ESI. Fig. S1 shows the structures of
Bi,0,C0;5 and B-Bi,05 with side view of (001), (110) and (010) facets.
The surface free energies of these stoichiometric low miller index
surfaces for both Bi,0,CO; and B-Bi,O; were computed through
density functional theory (DFT) calculations. It was observed that
the variation trend is the same for the surface free energies with
and without surface relaxation (Table 1) in accordance with the
previous theoretical surface study on bismuth oxides.”> The (001)
facet of Bi,0,C0; has the lowest surface free energy compared to
other planes, while for B-Bi,0; the (001) facet exhibits the highest
surface free energy. Therefore, it is proved that the experimental
preparation of B-Bi,O; with energetic {001} facets is much more
difficult than that of Bi,0,CO; with thermodynamically stable {001}
facets. Fig. 1 highlights the structure details related to atomic
arrangements. It is interesting to note that they have a common
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structural feature along the (001) plane. The atomic array of BiZOZ2+
layer in Bi,0,CO; is also the same fragment existing in B-Bi,0s,
which means the Bi and O atom fragment in Bi2022+ of Bi,0,CO;3 is
prone to rearrange to form B-Bi,O; along the (001) facet after
releasing CO,. The two-dimensional (2D) surface transformation
along the (001) plane could result in the same lattice arrays for
Bi,0,CO; and B-Bi,03;. Therefore, B-Bi,0; nanosheets with active
{001} facets could be prepared from the easily accessed Bi,0,CO;
with exposed {001} facets.

Table 1 Calculated surface energies (in J/mz) with and without
surface relaxation of various facets for Bi,0,C0; and B-Bi,Os.

crystal (001) (110) (010)
Bi,0,CO;  1.23 (1.01)* 1.37 (1.00) 1.79 (1.15)
B-Bi,O;  1.96(0.57) 1.43 (0.21) 1.44 (0.22)

* Data in parentheses refer to the surface energy with surface
relaxation.

Fig. 1 Atomic arrays of BiZOz2+ layers of (a) Bi,0,C0O; and (b) B-Bi,03
top-viewed along (001) facet.

Inspired by the theoretical calculations, Bi,0,CO; (BOC) particles
were prepared through modifying a reported method." The TG
curve (Fig. S2) reveals that the obtained BOC samples start to
decompose at 340 °C and ca. 8% weight loss is observed, matching
well with the theoretical weight loss (8.6%) due to the releasing of
CO,. Consequently, the obtained samples were annealed under
atmosphere at 350, 380, 400 and 420 °C, respectively, which are
denoted as BOC-350, BOC-380, BOC-400 and BOC-420. Fig. S3
shows the PXRD patterns of these samples. All diffraction peaks of
the prepared BOC can be indexed into the tetragonal Bi,0,CO;
(JCPDS No. 41-1488). Although tetragonal B-Bi,O; was already
formed at 350 °C, BOC-350 is still dominated by Bi,0,CO; phase.
With further increasing the temperature, the ratio of B-Bi,O; in the
products (BOC-380 and BOC-400) increased. Finally, Bi,0,CO; was
completely converted to B-Bi,0; phase (BOC-420) at 420 °C. In
addition, tiny amount of Bi,0, 33 was observed as well. As 3-Bi,0O3 is
a metastable phase, it could convert to thermodynamic stable a-
Bi,0; phase under higher annealing temperature.15 In line with the
PXRD patterns, the UV-vis absorption spectra of these samples also
varied with the temperatures (Fig. S4). The band gap (E,) of BOC,
BOC-350, BOC-380, BOC-400 and BOC-420 was determined as 3.55,
3.29, 2.58, 2.52 and 2.52, respectively, according to the onset of the
absorption edge. The £, of BOC matched well the previous reported
value of BiZOzCO3,16 whereas the £, of these samples decreased
with the annealing temperatures as the E; of B-Bi,0; is much
smaller than that of BizOZCO3.17
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To get insight into the chemical states of the elements on the
surface of BOC and BOC-420, XPS spectra were performed. Both
samples contained Bi, O and C in the survey spectra (Fig. 2a). Fig. 2b
shows two strong symmetrical peaks at ca. 164.4 and 159.1 eV,
corresponding to Bi 4fs;, and Bi 4f;/, signals from Bi** ions for both
samples.18 Fig. 2c displays the O1S spectra of BOC and BOC-420. A
broad peak range from 529 to 534 was observed, which can be
fitted by three peaks at binding energies of 530.6, 531.6 and 532.6
eV for BOC or 530.1, 531.1 and 531.8 eV for BOC-420. The peak at
530.6 (530.1) eV can be ascribed to the oxygen of Bi-O bond, while
the other two peaks are from the lattice oxygen and carbonate
species and adsorbed H,0 on the surface.”” The peaks for C 1s
located at 284.8, 285.6 and 286.7 eV are ascribed to adventitious
carbon species from the XPS instrument, whereas the peak at 289.0
eV can be assigned to the carbon in the CO32' group (Fig. 2d).20
These results revealed that even after annealing at 420 °C, the
surface of BOC-420 still contained CO3Z', which could play an
important role in the stabilization of metastable B-Bi,0s. Previously,
Jang et al found that B-Bi,0; converted to thermally stable a-Bi,0;
phase once the remaining surface-coordinated COSZ' was not
enough to stabilize the crystal structure of B-Bi203.15
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Fig. 2 XPS spectra of (a) survey; (b) Bi4f; (c) O1S; (d) C1s for BOC
and BOC-420.

The morphology and microstructure of these samples were
further investigated by SEM and TEM observations. The prepared
BOC is constituted by large amounts of nanosheets with thickness
ca. 30 nm (Fig. 3a and 3b). Annealing at 420 °C did not significantly
change the morphology and size of the products. Hence, BOC-420
could maintain the 2D morphology of BOC (Fig. 3c and 3d). TEM
images (Fig. 4a and 4c) further confirmed the similar 2D
morphology for both BOC and BOC-420. The BET surface areas of
BOC and BOC-420 were determined as 14.3 and 5.9 mz/g,
respectively. The HRTEM image of BOC (Fig. 4b) shows clear lattice
fringes with an interplanar lattice spacing of 0.274 nm and an angle
of 90°, which is consistent with the (110) planes of the tetragonal
Bi,0,CO;. The corresponding SAED pattern (inset of Fig. 4b)
indicates the single-crystal nature of BOC, which can be indexed as
the [001] zone axis. Both HRTEM and SAED results confirmed that
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the top and bottom exposing surface of BOC are {001} facets.
According to Fig. 1, B-Bi,0; and Bi,0,CO3 have similar atomic arrays
of Bi2022+ layers along (001) facets. Hence, B-Bi, 05 with active {001}
facets could be transformed from Bi,0,CO; with exposed {001}
facets through annealing. Fig. 4d shows the HRTEM image of BOC-
420. A lattice fringe of 0.274 nm was observed, corresponding to
the interplanar spacing of the (220) of tetragonal B-Bi,03. The angle
of adjacent spots marked in the SAED pattern is 45°, matching well
with the theoretical value of the angle between the (220) and (200)
planes of B-Bi,O;. Therefore, the set of diffraction spots can be
assigned to the [001] zone-axis diffraction spots of B-Bi O3,
revealing that B-Bi,O; nanosheets with exposed {001} facets have
been successfully obtained through annealing Bi,0,CO; nanosheets
with {001} facets at 420 °C. We believe the lattice match between
{110} facets of Bi,0,CO3 and {220} facets of B-Bi,O3 is the main
reason for the formation of B-Bi,O; with active {001} facets. On the
other hand, the CO32' content on the surface of B-Bi,0; (Fig. 2d)
may also play an important role, which can lower the surface
energy of [3—Bi203.15 Similar phenomenon has been reported in
other material systems. For example, anatase TiO, with active {001}
facets can be prepared in the presence of F because the surface
adsorbed F is effective to lower the surface energy of {001} surface
of anatase TiOz.l’z’21

S oo

of (a) BOC (low magnification); (b)
BOC (high magpnification); (c) BOC-420 (low magnification); (d) BOC-
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Fig. 4 TEM images of (a) BOC and (c) BOC-420; HRTEM images of (b)
BOC and (d) BOC-420 (Insets are the corresponding SAED patterns).

Photocatalytic activity of these samples was evaluated by
photocatalytic oxidation of ppb-level NO in air under UV-visible and
visible light (A > 420 nm) irradiation. As shown in Fig. 5, after 30 min
irradiation, the NO removal ratio of BOC under UV-visible light is
41%, while it is only 19% under visible light irradiation due to the
large band gap (Fig. S4). The photocatalytic behaviour of BOC-400 is
similar to that of BOC. Importantly, BOC-420 exhibits significantly
enhanced NO removal efficiency especially under visible light
irradiation. The NO removal ratio over BOC-420 can reach as high as
54% or 40% after 30 min UV-visible light or visible light irradiation,
respectively. Generally, conventional TiO, (P25) photocatalyst
exhibited almost no photocatlytic NO oxidation activity under
visible light irradiation due to its wide band gap. Using the same
reactor, the photodegradation ratio of NO over P25 under UV light
after 30 min irradiation is 38 %." Moreover, the commercial 3-Bi,0;
particles (sigma-Aldrich) with a particle size range of 90-210 nm and
a BET surface area of 3.2-3.5 mz/g were taken as a reference to
compare the activity with the prepared B-Bi,O; with active {001}
facets. Fig. S5 shows the XRD and SEM of the commercial particles.
The commercial B-Bi,0O; particles exhibited a much lower
photocatalytic activity compared to BOC-420 both under UV-visible
light and visible light irradiation (Fig. 5). All in all, these results
confirmed the prepared B-Bi,O; exhibited enhanced photocatlytic
activity towards to NO oxidation, which could be attributed to the
high energy of {001} facets (1.96 J/mz) (Table 1), given that both
BOC and BOC-420 have similar morphology and particle size (Fig. 3).
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Fig. 5 Photocatalytic activities of the prepared samples and
commercial B-Bi,O; nanoparticles as reference under (a) UV-visible
light and (b) visible light (A > 420 nm) irradiation.

Photocurrent measurements were further performed to
investigate the interfacial charge transfer behaviours.? All of these
experiments were measured in a standard three-electrodes
photoelectrochemical cell (ESI). BOC exhibited anodic photocurrent
generation under both UV-visible light and visible light irradiation,
indicating their n-type semiconductor behaviours (Fig. 6). In line
with its wide band gap (Fig. S4), the photocurrent of BOC under
visible light is very low. However, BOC-380 and BOC-400 exhibited
different behaviours. Under visible light irradiation, both of them
displayed cathodic photocurrent, revealing their p-type
semiconductor property (Fig. 6). B-Bi,0; is a p-type
semiconductor.” Hence, under visible light irradiation, only the
formed B-Bi,O; was activated. Under UV-visible light, an anodic
photocurrent was observed for both samples. Consequently,
although both Bi,0,C0O5; and B-Bi,O; can be activated under UV-
visible light, the photocurrent was dominated by that from
Bi,0,CO0;. As Bi,0,C0; is a n-type semiconductor, the formation of
B-Bi,0; and Bi,0,C0; p-n heterojunctions could reduce the

J. Name., 2013, 00, 1-3 | 3



CrystEngComm

recombination rate of photogenerated electrons and holes, thus
resulting in enhanced anodic photocurrent compared to the pristine
BiZOzCO3.24 After annealing at 420 °C, Bi,0,CO; decomposed
completely (Fig. S3). Therefore, only cathodic photocurrent was
observed for BOC-420 regardless of UV-visible light or visible light
irradiation. Besides, BOC-420 exhibited the highest photocurrent
among the studied samples, confirming that B-Bi,O; with active
{001} facets also revealed more efficient charge separation
compared to Bi,0,C03.

. I Vis
4.0x10 B Vis+UV
BOC-420
0.0 __J
BOC BOC-380 BOC-400

-4.0x10°*

Current / A"cm’

-8.0x10°

-1.2x107

Fig. 6 Photocurrent of the obtained samples under UV-visible light
and visible light (A > 420 nm) irradiation.

Conclusions

In summary, we report a facile route to prepare B-Bi,O;
nanosheets with active {001} facets through annealing
Bi,0,CO; nanosheet precursor. The lattice match between
{110} facets of Bi,0,COz;and {220} facets of 3-Bi,O; as well as
the CO32' content on the surface could be the reason for the
formation of B-Bi,O3; with active {001} facets. The prepared B-
Bi,O3; nanosheets exhibited enhanced photocatalytic activity
toward to NO oxidation both under UV-visible light and visible
light irradiation due to the high energy of {001} facets (1.96
J/mz) and the more efficient charge separation. This strategy is
expected to be applicable to prepare other materials with
active facets for photocatalytic applications.
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Photocatalytically active B-Bi,O3 nanosheets exposed with active {001} facets was facilely
prepared through annealing Bi,0,CO3; with thermal stable {001} facets.
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