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Photocatalytic solar-energy conversion has been attracting
worldwide attention owing to its great significance in the
provision of renewable energy and protection of the environ-
ment.'! As important as the tailoring of well-known photo-
catalysts, such as TiO,, for high photocatalytic efficiency!*” is
the investigation of unknown semiconductor photocata-
lysts.® 11 So far, hundreds of photocatalysts have been
examined, most of which have been compounds.>!"!
Recently, elemental semiconductors (Si, Se, P, S) have
emerged as an attractive class of photocatalysts owing to
their visible-light response and suitable band edges for
targeted photocatalysis reactions.” ¥ Tt is logical to also
anticipate the use of elemental boron in photocatalysis
because of its semiconducting properties. When we inves-
tigated pf-rhombohedral boron crystals with and without an
amorphous oxide layer on their surface, we discovered that
the crystals were indeed photocatalytically active under
visible light, and that the existence of a surface amorphous
oxide layer substantially impaired their photocatalytic activ-
ity. The findings in this study may open a door to the
development boron-based photocatalysts.

Boron has aroused wide interest owing to its fascinating
properties (light weight, high strength, high hardness, high
melting point, high chemical resistance, typical semiconduc-
tivity, and superconductivity at high pressure), although
a pure phase was not obtained until 1909.%*?" Tt has at least
17 polymorphs (or more precisely, boron-rich compounds) as
a result of electron-deficient bonding.”! All polymorphs
contain B, icosahedral clusters as a basic building block (see
the inset in Figure 1a). Among these polymorphs, o-tetrag-
onal, a-rhombohedral, B-tetragonal, and (-rhombohedral
boron are the four main forms under ambient conditions.
Experimentally, $-rhombohedral boron is the most thermo-
dynamically stable form, although its superior stability was
not supported by theoretical investigations until 2007.2%3!
This long-term discrepancy stems from the difference
between the idealized structural model of 105 boron atoms
(By¢s) that is used to describe the p-rhombohedral form and
the real structure, which contains partially occupied sites. As
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Figure 1. Structure characterization: a) XRD pattern of sub-microme-
ter-sized B-rhombohedral boron. b) High-resolution TEM image
recorded at the edge of a sub-micrometer-sized f3-rhombohedral boron
particle. The inset in (a) shows the structure of an icosahedral B,,
cluster.

a consequence, the theoretically predicted metallic property
does not agree with the experimentally derived p-type
semiconducting behavior of P-rhombohedral boron with
a proposed bandgap of 1.5-1.6eV."?l Improved crystallo-
graphic studies and optimized theoretical structure models
have reduced the gap between experiment and theory to some
extent and provided a strong background for the further
investigation of structure—property relationships and the
exploration of new uses for f-rhombohedral boron.

The bandgap of 1.5-1.6 eV indicates that 3-thombohedral
boron should respond to visible light over a wide range of
wavelengths. It was also found in quasi-four-electrode meas-
urements that 3-rhombohedral boron exhibited strong photo-
conductivity under illumination by a halogen lamp or argon-
ion laser (at 488 nm).”! Encouraged by these favorable
properties, we investigated the photocatalytic activity of two
kinds of commercially available B-rhombohedral boron
crystals (sub-micrometer-sized and micrometer-sized) by
structural characterization, measurement of their optical
properties, and theoretical calculation of their electronic
structures.

Figure 1a shows the X-ray diffraction (XRD) pattern of
sub-micrometer-sized boron powder. All diffraction peaks
can be assigned to -rhombohedral boron (JCPDS: 11-0618;
space group: R3m (166); a=10.952 A, c=23.824 A). Besides
the sharp peaks, there are several diffuse peaks in the
background, which indicate the existence of amorphous
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structures. The microstructure shown in Figure 1b of a sub-
micrometer-sized boron particle indicates that the particle
consists of a highly crystalline inner region and an amorphous
surface layer with a thickness of around 2nm; these
observations are consistent with the XRD results.

The composition and chemical state of the surface layer of
the sub-micrometer-sized and micrometer-sized boron crys-
tals were determined by X-ray photoelectron spectroscopy
(XPS). Boron and oxygen exist in both crystals, as shown in
Figure 2. For the sub-micrometer-sized crystal, the peak with
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Figure 2. Chemical states: High-resolution B 1s and O 1s XPS spectra
recorded from the pristine surface of a) sub-micrometer-sized [3-
rhombohedral boron and b) micrometer-sized 3-rhombohedral boron.

its center at 187.3 eV in the B 1s XPS spectrum is typically
attributed to the B—B bonds of elemental boron.*”! The
strongest peak centered at 188.8 eV is assigned to the B—O
bonds in boron-rich oxides, in which an oxygen atom is
coordinated by several boron atoms (B,—0).**! This boron
species gives a corresponding strong O 1s XPS signal with its
center at 531.7 eV. The minor B 1s XPS peak at a higher
binding energy of 192.4 eV is related to the B—O bonds in
B,0, and corresponds to the O 1s feature at 532.8 V. The
atomic ratio of oxygen to boron in the sub-micrometer-sized
particles is as high as 1:1.5. All these results confirm that the
surface amorphous layer revealed by XRD and the high-
resolution TEM image in Figure 1 is composed of boron-rich
oxides.

In contrast to the sub-micrometer-sized boron species, the
micrometer-sized boron is highly crystalline, as indicated by
the sharp diffraction peaks in the XRD pattern (see Figure S1
in the Supporting Information). The substantially weakened
B 1s XPS B,-O peak suggests the absence of a boron-rich-
oxide-based surface amorphous layer. The B—B bond B 1s
feature with its binding energy of 186.8 eV becomes domi-
nant, and the ratio of oxygen to boron decreases to 1:6.3. The
binding energy of the B,~O B 1s feature in the micrometer-
sized boron is apparently shifted towards a lower energy
relative to that observed for the sub-micrometer-sized boron
(188.3 versus 188.8 ¢V), probably as a result of the low extent
of boron oxidation when the oxygen content is lower.

The optical properties of the boron sample were studied
by UV/Vis absorption spectroscopy. The sub-micrometer-
sized boron has an absorption edge up to 800 nm (Figure 3a).
The absorption onset determined from the plot of the
transformed Kubelka—Munk function versus the energy of
light (Figure 3b) is 1.66 eV. This value seems to be in
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Figure 3. Optical properties: a) UV/Vis absorption spectrum of the
sub-micrometer-sized boron. b) Plot of the transformed Kubelka—Munk
function, (F(R)hv)?, against the energy of light.

agreement with the reported bandgap of (-rhombohedral
boron.”?! To gain an understanding of the above optical
properties, we conducted first-principles calculations of the
electronic structures of f-rhombohedral boron. The crystal
structure of B-rhombohedral boron is quite complex, and
various models have been proposed to address the relative
stability of the a and 3 forms. It is generally accepted that the
structure of B,y (namely, Pearson-type hR105),* in which
105 boron atoms fully occupy the 105 lattice sites of the unit
cell, does not reflect the real structure of B-rhombohedral
boron. Further investigations led to the agreement that the
real structure is partially occupied.”='¥! Pearson-type
hR141 consisting of 20 Wyckoff positions labeled B1-B20 is
one such model, in which approximately 107 atoms are
distributed among 141 sites (Figure 4a).* Theoretical studies
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Figure 4. Atomic and electronic structure: a) Structure of 3-rhombo-
hedral boron (Pearson-type hR141) in the vicinity of a cell body center
(B15, shown in red) as viewed along the rhombohedral (111) axis.
Partially occupied sites are shown in color: B13 pink, B16 cyan, B17
yellow, B18 indigo, B19 blue, B20 orange.®¥ b) Structure of '-hR141
boron with partial occupancy as B13,,816,,817,B18,. c) Calculated
electronic band structure (left) and density of states (DOS; right) for
[’-hR141 boron. Er=Fermi energy; pDOS = partial density of states.
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on the stability of boron structures revealed that a super-
structure of boron, namely, f’-hR141 boron with a partial
occupancy B13,.,B16,,B17,B18, (see Figure4b), can be
obtained by optimizing the site occupation.®® The energy of
this superstructure is lower than that of the o form, but its
symmetry is lower than that of the {§ form. Therefore, we
chose f’-hR141 boron as a model structure to calculate the
electronic properties of boron.

Figure 4 c shows the calculated band structure of '-hR141
boron. Both conduction and valence bands with wide
dispersions are mainly contributed by boron p orbitals. A
direct bandgap of 1.02 eV at the I point, which is smaller than
the experimentally determined value (1.66 eV) due to the
well-known bandgap underestimation within the framework
of standard density functional theory, could be responsible for
the band-to-band optical absorption edge of -rhombohedral
boron.

It is known that a surface amorphous layer usually leads to
band tails or generates localized states in the bandgap of the
semiconductor, depending on the thickness of the surface
amorphous layer. For example, by engineering a 1 nm thick
disordered surface layer on anatase TiO, nanocrystals,” the
light-absorption onset of TiO, can be extended from around
400 nm in its pristine form to 1200 nm through the generation
of band tails in the valence and conduction bands. In the case
of the sub-micrometer-sized boron crystals with an around
2 nm thick surface amorphous layer, its absorption edge is
actually not as steep as that of highly crystalline semi-
conductors®! because of the band tails or midgap states
caused by the surface amorphous layer. This claim is strongly
supported by the obviously changed absorption edge when
the surface amorphous layer is partially removed by etching
with H, at 600°C (see Figure S2). The edge is apparently blue-
shifted after etching (Figure 5). Furthermore, the absorption
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Figure 5. UV/Vis absorption spectra of the sub-micrometer-sized
boron crystals a) before and b) after heating in an H, atmosphere at
600°C for 3 h.

region between 500 and 800 nm becomes a shoulderlike band,
whose origin could be the band tails or midgap states. We
therefore propose that the absorption turning point that
appears before 500 nm is related to the intrinsic band-to-band
absorption edge of crystalline boron. Thus, the real bandgap
of p-rhombohedral boron is probably larger than the pre-
viously reported 1.5-1.6 eV, Further studies on determin-
ing the exact bandgap remains necessary.
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The photocatalytic activity of elemental boron was
estimated by monitoring its ability to generate ‘OH radicals,
an important active species in photocatalysis degradation,*"
under irradiation. It is known that terephthalic acid (TA) can
react with an ‘OH radical to generate 2-hydroxyterephthalic
acid (TAOH), which gives a unique fluorescence emission
peak centered at around 426 nm. The clear emission signal
associated with TAOH, generated in the suspension of sub-
micrometer-sized boron in TA, increases monotonically with
the irradiation time with visible light (Figure 6a). The nearly
linear increase in the signal intensity at 426 nm indicates the
good stability of the sub-micrometer-sized elemental boron as
a photocatalyst (Figure 6b). These results suggest that
elemental boron is indeed photocatalytically active in gen-
erating "OH radicals under irradiation with visible light.
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Figure 6. Estimation of photocatalytic activity: a) Time-dependent fluo-
rescence emission spectra of TAOH generated in a suspension of the
sub-micrometer-sized boron in TA under irradiation with visible light
(A>420 nm). b) Time-dependent fluorescence-emission intensity of
TAOH at 426 nm (the intensity values were normalized by setting the
intensity value at 0 min as zero).

As demonstrated above, the direct bandgap at the I" point
exists in the -rhombohedral elemental boron. Under visible
light (> 420 nm), the bandgap at the T" point can be excited.
Therefore, the generation of TAOH under visible light is
caused by band-to-band excitation at the I" point; this process
generates the photoexcited charge carriers to induce photo-
catalytic reactions.

We attempted to elucidate the role of the surface
amorphous layer of the boron-rich oxide in the photocatalytic
activity of B-rhombohedral elemental boron. The activity
measurements suggest that the rate of TAOH generation with
the sub-micrometer-sized boron under visible light is
improved by a factor of 2.2 when the surface amorphous
layer is partially removed by etching with H, (see Figure S3).
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Furthermore, the rate of TAOH generation with the highly
crystalline micrometer-sized boron is 1.3 times higher than
that observed with the sub-micrometer-sized boron with
a 2 nm thick surface amorphous layer (see Figure S4) despite
the much larger particle size of the former than the latter (see
Figure S5). These comparisons clearly indicate that the
surface amorphous layer impairs the photocatalytic activity
of elemental boron to a remarkable extent. This effect is
observed because the surface amorphous layer, which usually
generates band tails or localized midgap states, can lower both
the mobility and redox potential of photoexcited charge
carriers and thus increase charge-carrier recombination. It is
therefore expected that the development of nanometer-sized
elemental boron crystals without a surface amorphous layer
(or at least the minimization of its thickness) could lead to
high photoactivity. Currently, we are trying to optimize the
etching process with H, with the purpose of minimizing the
thickness of the amorphous layer. Further efforts will explore
some strategies that have been used effectively to stabilize
silicon-based photocatalysts and photoelectrodes.

Finally, we studied the chemical states of the boron
photocatalysts before and after the photocatalytic reaction to
estimate the stability of the photocatalysts. The B 1s XPS
spectrum of the micrometer-sized boron photocatalyst was
almost unchanged after the reaction (see Figure S6), which
suggests the good stability of the boron photocatalysts.
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