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ABSTRACT: Semiconductor photocatalysts with specific
facets can induce high reactive activities has aroused wide
attention. Here, we endeavor to gain quantitative insights into
the intrinsic facet-dependent catalytic activities of K;BsO,,Br
(KBB) crystal using in situ Raman technique under room
temperature by photocatalysis dechlorination of 2,4-DCP as a
model reaction. Using a well-defined sizable KBB single
crystal (size: 28 mm X 20 mm X 9 mm) with high (211),
(110), and (101) facet exposure, the time-resolved Raman
spectra for different facets have been clearly tested, it shows
that the Raman spectrum of (211) facet had a remarkable
change compared with (110) and (101) facets when the
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crystal was immersed in the 2,4-DCP solution under light irradiation. Through DFT, we obtain qualitative details on the
reaction mechanisms of photocatalyzed and provide a refined understanding of the elementary processes. It was found that the
—OH contact mode between the pollutant and the crystal facet was the most effective mode, which can produce more *OH
radicals than the other two modes. Moreover, the (211) facet offers the largest ratio of K atoms and surface energy, making the

(211) facet more active than (110) and (101) facets.

1. INTRODUCTION

High charge-separation efficiency play an important role in the
solar energy conversion process for semiconductor-based
systems. Photo- induced electron—hole pairs separate and
transfer to the surface of a semiconductor to take part in the
reaction.” Therefore, it is necessary to fully understand the
charge separations during the photocatalysis process and it
may also helpful to construct an efficient solar energy
conversion system. Fabricating of semiconductor-based photo-
catalysts with preferentially exposed facets and controlled
morphology has proved an eflicient way of promoting
photocatalytic activity in recent years.”* By tailing the surface
structure at the fundamental and atomic level, various of
catalysts with typical morphology has been synthesized on the
nano- and microscale, and their photocatalytic properties
obviously were indeed enhanced, such as, TiO, nanocrystals,
Ag;PO, submicrocrystals, BiOCI single-crystalline nanosheets,
and BiVO,.’”'* However, these works were focused on the
teatured small size ranging from the nano- to the micrometer
scale, and which facets play the exact role in photocatalysis is
not well-understood yet."” Thus, the synthesis of photo-
catalysts with only highly reactive facets exposed and the
excellent surface atomic structures is still a great challenge.16
Polar materials'’~*° with built-in electric fields can generate
spontaneous polarization that works as a driving force for the
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separation of photoinduced charges and mitigates the effect of
charge recombination has arose wide attention in recent
years.”' 7** K;Bs0,Br (KBB), known as a kind of borate
nonlinear optical (NLO) material, demonstrated excellent
catalytic activity in UV-induced dechlorination of chlorophe-
nols, which shows a dechlorination efficiency about 2 orders of
magnitude higher than that of commercial P25 TiO, catalyst. It
was a representative work for the application of a NLO
materials in the photocatalyst field.”* However, most work are
focus on its powdery state, very little is known regarding the
shape and facet effects of KBB crystals on their photocatalytic
properties. More accurately research the relationship between
photocatalytic performance and facet orientation of ferro-
electric material has never been reported before for the reason
that it is rather difficult to grow a large size single crystal with
clear exposed facet. Meanwhile, single-crystal is a great model
system because of its well-defined surface, and it can be
efficiently used to study the mechanism of electrochemistry,
catalytic reactions, and other important surface physicochem-
ical processes.”
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Figure 1. Images for the KBB single crystal with three predominated exposed facets (a) and the morphology of the KBB single crystal (b).

Of the many routes to study photocatalytic processes,
Raman spectra can obtained useful information featured on
photon-crystalline interaction by evaluating the changes of
spectral geak position and the spectral width of its Raman
spectra.”>”” Raman modes provide fingerprints in a wide range
of systems and enables to track the thermodynamics and
kinetics in situ photocatalytic processes, such as for adsorption
and the degradation.”® Therefore, Raman spectroscopy has a
high molecular specificity, making it an excellent technique for
materials analysis.

To this end, by adopting traditional top seed grow method,
we obtain a sizable crystal with different facet to gain
quantitative insights into the intrinsic facet-dependent catalytic
activities of KBB crystal using the room temperature catalytic
dechlorination of 2,4-DCP as a model reaction. We provided
evidence by a specific intermolecular on the surface of
semiconductors detected by in situ micro Raman spectroscopy
under light-illumination.”” We were particularly focus on the
catalytic properties of high-index facet of KBB because high
index facet are open surface structures with high densities of
coordinately unsaturated atoms at the surface steps and kinks
and thereby exhibit dramatically enhanced catalytic activities
toward a variety of chemical and electrochemical reactions in
comparison to the close-packed low-index facets.’>*' Com-
pared with (110) and (101) facets, the Raman spectrum of the
(211) facet had a remarkable change, which highly coincided
with the DFT method and the photoactivities experiment
results. To the best of our knowledge, this is the first time that
a sizable and ferroelectric single crystal was used to test the
dechlorination process of exposed facets by Raman spectros-

copy.
2. EXPERIMENT

All the data were acquired as a function of time using a
HORIBA Jobin Yvon LabRAM HR confocal spectrometer.
The system is equipped with an automated xyz stage to allow
mapping. The different crystal face was illuminated with a
visible (532 nm) laser. Spectra were collected using a S0X
objective (Olympus BX51) and a 100 gm confocal pinhole. All
experiments used a 600 lines/mm rotatable diffraction grating
along a path length of 800 mm to simultaneously scan a range
of frequencies, and the spectra were detected using a
SYNAPSE CCD detector (1024 pixels). The system was
calibrated before collecting spectra by using a standard silicon
band at 520.7 cm™'. For the single crystal, spectra were
acquired in the wavenumber range from 50 to 2000 cm™", with
the lower limit corresponding to the cutoff of the Rayleigh
rejection filter. During the tests, the z-axis position of the
sample (i.e., level of sample perpendicular to optical axis) was
adjusted to maximize the Raman signal.

2.1. Computational Details. The structural optimization
and formation energies have been calculated using DMol3

code.””** The generalized gradient approximation (GGA) with

the Perdew—Burke—Ernzerhof (PBE) functional®® and all-
electron double numerical basis set with polarized function
(DNP) have been employed. The real-space global orbital
cutoff radius is chosen to be as high as 5.1 A. The convergence
tolerance of energy is 1.0 X 107> Ha (1Ha = 27.21 eV), and
that of maximum force is 2.0 X 107> Ha/A. Each atom in the
storage models is allowed to relax to the minimum in the
enthalpy without any constraints. The vacuum space along the
z direction is set to be 15 A, which is enough to avoid
interaction between the two neighboring images. Corrugation
effects are tested and the results show that all the atoms are
coplanar with each other. The calculated bulk Iattice
parameters of KBB are a = b = 10.108 A, ¢ = 8.830 A, with
k-point meshes of 5X 5X S.

2.2. Photocatalytic Dechlorination of 2,4-Dichloro-
phenol (2,4-DCP). During the experiment, the tested single
crystal facet was dispersed in 30 mL of 2,4-DCP solution (50
mg/L) in a baker and stored for 10 min with stirring in the
dark to attain adsorption equilibrium before under the
illumination of ultraviolet light (Mercury lamp). Meantime,
the other facets were coated by plasticene to avoid the contact
of the 2,4-DCP solution. The percentage of residual 2,4-DCP
solution at a selected time of irradiation is given by C/C,,
where C, is the concentration of the 2,4-DCP solution at the
initial stage, and C is the concentration at selected irradiation
times (0—300 s); the interval time is 30 s. After finished the
test of one surface, the next facet were washed with ethanol
and water for several times, and then dried under the vacuum
dryer. After that, the clean facet was adopted the same
procedure as the first facet. The concentration of each
chlorophenol was measured using HPLC (see Supporting
Information).

3. RESULTS AND DISCUSSION

KBB single crystal with sizes up to 28 mm X 20 mm X 9 mm
were grown by top seed grow method as previous reported.”
The experiments show that facet of (211), (101), and (110)
present the prominent dominance for the KBB single crystal,
and there is no other facet in the present experiments as shown
in Figure la, and the morphological schematic illustrations of
the as-prepared KBB samples are shown in Figure 1b.
Typically, the significant regions of the Raman spectrum that
are observed within 50—2,000 cm™! wavenumbers. Raman
spectrum of KBB single crystal with three bared surface and
normalized value were shown in Figure 2. It can be clearly seen
that all the surfaces show a similar pattern, where only the
normalized intensity was different. Raman spectrum displays
strong peaks at 84, 105—107, 236, 305, 310, 491, 562, 598,
629, 686, 716, 1001, 1057, 1142, and 1311 cm™ for all the
crystal facets.”® Normally, in a borate sample, the strong peaks
at 1142—1311 cm™' are attributed to the asymmetric
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Figure 2. Normalized Raman spectrum for the three bared facets of
KBB single crystal before being immersed into a 2,4-DCP solution.

stretching of B—O3, those at 1001—1057 cm™" are assigned to
asymmetric stretching of B—O4, the peaks around 686—716
and 629 cm™' can be associated with symmetric stretching of
B—03 and B—04, and peaks at 598 and 562 cm™" were
symmetric pulse vibration of triborate anion. The peaks around
491 cm™! are characteristic of the bending vibration of B—03,
and the peaks around 310 and 305 cm™'are assigned to the
bending vibration of B—O4. The peaks below 300 cm™ are
attributed to the lattice vibration.*” In summary, the probable
vibrational bands of polyborate anions are listed in Table 1.

Table 1. Probable Vibrational Bands of Polyborate Anions

B—03 unit wave number B—0O4 unit wave number
= =i

(em™) (cm
asymmetric stretching 1142, 1311 1001, 1057
symmetric stretching 686, 716 629
symmetric pulse 598 562
vibration
bending vibration 400—490
lattice vibration below 310

In order to detect the reaction effect between the pollutants
and the single crystal, we adopted Raman spectroscopy to
study the chemical bonds involved in degradation of these
pollutants by detecting intensity and wavelength changes in the
vibrational bands of these bonds, shown in Figure 3. When the
UV light incident into water, they will take attenuation, in
order to decrease this attenuation, we selected a small shallow
container so that the single crystal just can be immersed.
During the in situ experiment, the UV light was irradiated for

30 s each time then would be block off, while the Raman test
was taking.

In-situ Raman results have been depicted in Figure 4. Parts
a—c of Figure 4 were the images for the selected detected area
under Raman spectral microscopy, where the green spot was
the show of the laser irradiation site on the crystal surface.
Because of the surface of single crystal was influenced when
hanging out the crystal from a high temperature solution, it can
be clearly see that the morphologies for the three surfaces were
not smooth and obviously different. The (110) facet shows a
relative smooth surface, the (101) facet exhibited a step-by
step morphology, and the (211) facet displays a rough surface.
As shown in parts d—f of Figure 4, the Raman spectra of a
(211) facet is obviously different from the pattern of the (110)
and (010) structures. In our time-resolved degradation
experiment, for the (211) facet, in the first 30 s the Raman
pattern is shown to be quite different compared with the
original one. For the lower frequency bond around 104 cm™,
vibrations associated with lattice vibration disappeared.
Meantime, some other peaks also become weak, such as the
peaks around 308, 491, 627, 1001 cm™L. The 1146 and 1306
cm™' peaks were significantly broadened but remained at
almost the same position. However, after 60 s, the spectrum
maintained the same pattern. With prolonged irradiation (t=
120 s), the intensities of the Raman bands at 353, 564, 1146,
and 1304 cm™! decreased further, as time increased, after 150
s, the intensity of the Raman bands at 305, 629, and 715 cm™
increased predominantly, other intensities of the Raman bands
were maintained, and the broadened area disappeared. In the
final stage of the degradation process (t = 180—300 s), the
intensities of the peaks were maintained. However, it is worth
noting that obvious changes have been observed in the
intensity of 308, 634, 1005 cm 'peak compared with other
bands, which deduced that the three weak absorption bands
were not resulted from hydroxide or organic contamination of
the degradation process. It has been reported that KBB has a
weak Raman peak between 500 cm™.** So we were focused on
the wavenumber below 500 cm™ to reveal the reaction
between the surface and the organic containments molecules.
In the first 30 s, the intensity of the peak around 107 cm™
decreased drastically; after that, the intensity increased linearly.
The existence and continuous growth of the 305 cm™ peak
after 30 s should be related to the interaction of surface O
atoms by Cl. As shown in Figure 4d, the 305 cm™ Raman peak
was greatly suppressed for KBB reacting in 2,4-DCP solution,
especially before 30 s of reaction. This increase in lattice stress
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Figure 3. Schematic illustration of the experimental setup for Raman study of the KBB single crystal. KBB single crystal (cubic) was immerging into
solution with blue facet as the irradiated surface, while other facets were coated by plasticene (dark surface), a mercury lamp was used as the light

source.
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Figure 4. Images of the three facets from Raman microscope (a—c), and the corresponding Raman spectrum (d—f) for (211), (110), and (101)

facets, respectively.
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Figure 5. Raman spectrum changes for the first 30s (a) and Photocatalytic dechlorination of 2,4- DCP (50 mg L™, 30 mL) (b) on three different
exposed facets, while the other two facets were coated with plasticene. Degradation curves of 2,4-DCP with different scavengers on (211) facet

under the UV light irradiation (c).

can also be attributed to the replacement of oxygen atoms by
the chlorine atom.>” The reason for the increase of the 84, 104,
and 240 cm™! peaks at different time points can be associated
with the induced expression of contact atoms. Precise
assignment of three bands have not been achieved at present,
and we conjecture that they are probably due to overtone or

14577

combination bands from the boron—oxygen modes. These
three bands were assigned to the channel breathing vibrational
modes and deformations involving the four-membered rings,
respectively. And the dechlorination step was followed by
dehydrogenation to generate benzoquinone, which could also
be confirmed by the color changes of suspensions from
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Figure 6. Adsorption configurations for the three different facets between 2,4-DCP and KBB single crystal facets (211) (a), (110) (b), and (101)
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transparent to light yellow (Figure S1 in the Supporting
Information). Subsequently, the ring of benzoquinone was
opened by the further oxidation of *OH to form aliphatic
carboxylic acids and so on.** However, the patterns for (110)
and (101) facets did not show significant changes for the weak
interactions between surface atoms and the 2,4-DCP
molecular, shown in Figure 4ef. Therefore, it is need to
consider the relationship between photo activity and the
surface structure of three facets.

From Raman result, we can clearly see that the (211) facet
shows an obvious shift compared with the other two facets
when immersing into 2,4-DCP solutions, see in Figure Sa. In
order to determine the relationship for facet-dependent
photocatalytic activity of KBB, the photocatalytic degradation
of chlorophenol on (211), (110), and (101) facets were
investigated. Same size area for each exposed facet was selected
to avoid surface area difference. The area size is 1.0 cm X 1.0

=1 cm?® for (211) and (101) facets, while due to the
narrow width of the (110) facet, we selected different patterns
as 2.0 cm X 0.5 cm = 1 cm? to maintain the same area size. The
(211) facet exhibits a dramatically higher degradation rate,
about 3 and S times higher than the (110) and (101) facets in
the first 6 min, respectively, as shown in Figure Sb. We did not
prolong the time as in the previous work, due to the small
container with almost 30 mL of 2,4-DCP solution.
Furthermore, the photogenerated reactive species was explored
using AgNOj;, t-BuOH, and KI as scavenger of electrons (e7),
*OH, and hole (h*), respectively. Addition of excess AgNO,
and KI show a neglect effect on the degradation of 2,4-DCP.
However, the decomposition of 2,4-DCP was significantly
inhibited by addition of +-BuOH compared with no scavenger
under the same conditions, indicating that the 2,4-DCP
photodegradation is proceeded by *OH™ to a large degree,
shown in Figure Sc.

To further clarify the underlying mechanism for the higher
photocatalytic activity of (211) facet relative to (110) and
(101) facets, we further studied the surface structures and
surface energies of the (211), (110), and (101) facets through
density functional theory (DFT) calculations.” During the
photocatalytic processes, a DFT method can provide a detailed
thermodynamic analysis as well as structural and kinetic
information.*’ The relaxed unit cells used to construct the
surface models are shown in Figure 6. The activity of the
surface is strongly related to the value of the surface free
energy. Surfaces with a low surface energy are usually stable
and easy to form experimentally, but they are unlikely to be
reactive. On the other hand, surfaces with high surface energy
are usually unstable, active, and easy to be reconstructed in the

experiment. The exact calculation results show that the surface
energy of the (211) facets is calculated to be 8.962 eV/nm?
which is higher than that of (110) (ca. 7.60 eV/nm?®) and
(101) (ca. 3.312 €V/nm?) facets, indicating that the (211)
facet of KBB are more reactive than the (110) and (101)
facets, and thus it should facilitate the 2,4-DCP adsorption and
provide more catalytically active sites.

As photocatalytic reactions happen at the surface of the
photocatalysts, the atomic arrangement of semlconductor
surface significantly influences their surface properties,*” thus
the difference in surface atomic structures may lead to the
discrepancy in the ability of chemisorbed oxygen species or
*OH."*" We therefore find that the photocatalytic reactivity
of KBB are strong influence by surface of K atoms density.
DFT simulation shows that the surface with higher K-
terminated ratio surfaces generally have surface energy much
higher than that of higher ration of O or B terminated surfaces,
which is consistent with the fact that KBB surfaces with high
ratio exposed of K atoms are more reactive. From the
calculation, the results suggest that the (211) facet is mainly
constituted by K atoms and has a relatively higher surface
energy than (110) and (101) facets, and thus they are very
favorable for enhancing the photocatalytic activities of KBB
facets. The atoms ratio for different facets were shown in Table
2. On the other hand, from the different view direction for the

Table 2. Atomic Ratio on Different Surfaces for the KBB
Single Crystal

surface structure K (%) B (%) 0O (%) Br (%)
(211) 30 30 30 10
(110) 167 333 333 167
(101) 7.7 38.5 538 0

KBB (in the Supporting Information in Figures $2—S4), it can
be clearly seen that for (211) facet the crystal has a three-
dimensional structure with K and Br atoms loosely distributed
in the large tunnel. It will be convenient for the charges to
separate; however, for the (110) and (101) facets, all the atoms
are packed thickly. When the surface is under irradiation, the
charges will be easily trapped and therefore, it drives the
reaction to electron transfer.

We next considered three contact modes for the 2,4-DCP
molecular and the KBB crystals (Figure 7), they are, the KBB
surface with contact with vertical —Cl group, vertical —OH
group, and the flat plan mode. The values of the adsorption
energy (E,4) can be measured which is a magnitude of the
binding strength indicate the adsorption ability of molecular
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Figure 7. Three different adsorbed modes for 2,4-DCP molecular on
KBB single crystal.

species on crystal surfaces, shown in Table 3. The noticeable
distinction of the E,y, for the (211) facet when contacted with

Table 3. Absorption Energy for Different Adsorption Modes
of the 2,4-DCP Molecule on the KBB Single Crystal

adsorbed mode of 2,4- DCP molecular (eV/nm?)

surface structure flat vertical-Cl vertical- OH
(211) —0.436 —0.245 —0.572
(110) ~0.599 ~0.517 ~0.789
(101) —0.435 ~0.299 —0.517

the vertical —OH group is —0.572 eV, while the value for the
vertical —Cl group and flat plan mode are —0.245 and —0.436
eV, respectively. It means that chlorophenol adsorption on the
(211) facet with vertical —OH group overcame the smallest
energy barrier compared with that on (101) and (110) facets,
resulting in the highest chlorophenol adsorption on the (211)
facet. Therefore, the verticaAl —OH state is the most stable
contact mode compared with the —Cl and plan mode when
absorbed on the surface of KBB crystal, further indicating that
2,4-DCP prefers to be adsorbed at the (211) facet with the
mode of —OH binding.

For the K—O bonds, the minimum electron density at the
bond decreased with increasing bond length.* Because of the
DFT can be employed to identify active sites in the
functionalization step via readily computed parameters. One
of the simplest parameters available is charge.”* Atomic charges
could potentially reveal the most electrophilic sites and hence
predict sites of attack by nucleophilic radicals and vice versa.
We set out to determine whether atomic charge could be a
reliable predictor of site selectivity, since positive charge would
make carbon atoms more susceptible to nucleophilic radical
attacks. The overall results show that the predicted activated
sites based on atomic charges are in generally good agreement
with the corresponding experimentally determined products,
see Figure 8.

On the basis of the above calculations, we speculate that
KBB (211) possesses a high density of K atoms, which may
markedly increase the number of catalytically active sites on
their surfaces and facilitate the adsorption of 2,4-DCP
molecules on these sites, thus promoting the chlorophenol
adsorption. Thereby, the degradation reaction between the
adsorbed organic pollutants molecules and photogenerated
holes could proceed more rapidly under ultraviolet light
irradiation, which may result in a higher photocatalytic activity
for the degradation of organic pollutants. Furthermore, for the
bulk facets, the spatially separated O and B atomic layers could
effectively facilitate the separation and transfer of photo-
generated electron—hole pairs.” The ability of absorbing
oxygen species is obviously depend on the density of K
atoms.”® On the other hand, the (211) stacking consists of
metal and oxygen ions, which generate an electrostatic dipole
field perpendicular to the surface, and the surface energy of
bulk-terminated polar surface diverges with respect to slab
thickness.”

Therefore, the possible reasons for the high activity of the
(211) facet to degradation of 2,4-DCP molecules can be
summarized as follows. First, the (211) facet offers largest ratio
of K atoms capable of forming terminal K—OH species, which
in turn promotes the adsorption of chlorophenol on the facets
via *OH:-7-electron-type interaction.”” Second, the contact
mode by hydroxyl groups on the (211) facet plays an
important role in chlorophenol degradation because hydroxyl
groups directly participate in the degradation process by
trapping the charge carriers to produce very reactive *OH
radicals, making the (211) facet an oxidation site to generate
more *OH radicals. During the photocatalytic process, the
molecularly water is probably continuing dissociated to form
hydroxyls and further promote the degradation rate. Third, the
largest surface energy make (211) facet surface are more
reactive and thus it should facilitate the 2,4-DCP adsorption
and provide more catalytically active sites. These synergetic
effects of surface adsorption are mainly responsible for the
superiority of (211) facet in comparison with (110) and (101)
facets in chlorophenol degradation, as shown in Figure 9. We
present computational evidence and details in favor of the
established reaction mechanism. KBB single crystal with
different facets’” have been successfully prepared and the
photocatalytic performance of the different surface was
investigated. However, facet-specific charge transfer may not
be the sole cause of the improved photocatalytic activity.

4. CONCLUSIONS

In conclusion, by using in situ Raman spectroscopy, a clear
reversible correlation between different single crystal facet and
the pollutants was observed. Through DFT, we obtain
qualitative details on the reaction mechanisms of photo-

(211)

Figure 8. Plots of the electron density difference of 2,4- DCP molecules adsorbed on the (211), (100), and (101) surfaces of the KBB catalyst.

Orange color indicates the electron density.
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Figure 9. Superiority of the (211) facet in comparison with (110) and (101) facets in 2,4-DCP degradation. The blue cube represents the KBB
single crystal, and the yellow sphere and gray sphere represent K atoms and chlorophenol units, respectively.

catalyzed transformations and provide a refined understanding
of the elementary processes involved. Moreover, we have
demonstrated that relatively straightforward calculations of
atomic charges of site activity in photoactivity systems are
possible. This in situ method offers unique opportunities for
studying the reactions between organic pollutants on different
crystal facet. From the presented method, we expect it to gain
widespread use in mechanistic investigations and the
optimization of water system reactions for photocatalysts.
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