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Solar-powered photocatalytic and photoelectrochemical
(PEC) water splitting provide two promising strategies to
produce hydrogen for future energy needs. Currently, most
photocatalytic or PEC water-splitting materials are based on
transition metal oxide, (oxy)nitride, or (oxy)sulfide semi-
conductors with suitable band gaps and band positions.!!
However, finding stable, efficient, and low-cost materials
that are active under visible light has proved challenging.

Metal-free photocatalytic materials are a promising new
class of photocatalytic materials that have not been fully
explored. In 2009, a novel metal-free polymeric photocatalyst,
graphitic C;N, (g-C5N,),! was found to perform photocata-
lytic water splitting in the visible light region. The appealing
electronic structure of this material, its chemical and physical
stability, and its low cost make it potentially useful in a variety
of applications.’! However, few such metal-free photocata-
lysts are currently known: poly(p-phenylenes),” g-C;N,,
C;N;S,, P! a-sulfur and red phosphorus.”’ Unfortunately, all
of these metal-free materials achieve sufficient efficiency only
when loaded with scarce and expensive noble metal cocata-
lysts, as is also the case for PEC water splitting with these
materials.”®! Moreover, although various p-type semiconduc-
tors exhibit sufficient efficiency as photocathode materials,!
their high cost and poor corrosion stability pose severe
limitations on the potential application of these materials as
photocathodes.

Herein, we demonstrate that stable and inexpensive
boron carbides (B,;C and B;C,), which are already used in
large quantities for many industrial applications,”) can also
function as efficient visible-light-responsive photocatalysts
for H, evolution. Critically, the H, evolution rate of B,;C is
about two orders of magnitude larger than that of g-C;N,,
without the need for noble metal cocatalysts (ca. 2.9 umolh™"/
0.2 g vs. ca. 0.035 umolh'/0.2 g for g-C;N, in the presence of
sacrificial methanol). The apparent quantum yield of B,;C is
also higher: 0.54% of Pt/B,;C vs. 0.23% of Pt/g-C;N, at
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420 nm. Furthermore, the p-type semiconducting nature of
the boron carbides makes them one of only a handful of
known stable and efficient photocathode materials for PEC
water reduction under visible light irradiation that do not
require noble metal cocatalysts.'”! Density functional theory
(DFT) calculations indicate that the inherent defects and
structural distortions in B,;C cause a continuum downshift of
its conduction band (CB) edge that facilitates visible-light
absorption and water splitting. In B,;C,, however, the more
complicated structural defects and distortions result in a large
number of midgap states between the CB and the valence
band (VB), which reduce its overall photocatalytic and PEC
water splitting efficiency by promoting charge recombination.

The commercially available “B,C” used in this study is
actually B,;C-+free graphitic carbon."! The B;;C, was
prepared by arc-melting crystalline boron with pure graphite
under vacuum. Boron carbides have a rhombohedral struc-
ture with space group R3m.['” They are composed of B, or
B,,Cicosahedra, which distort slightly at each vertex owing to
Jahn-Teller effects, and which are connected by mostly linear
three-atom chains on the main cell diagonal (the crystallo-
graphic c direction).!” Disordered combinations of the 12-
atom icosahedra and three-atom chains (C-B-C, B-Vacancy-
B, C-B-B) lead to elementary cells with different stoichio-
metric compositions which are statistically distributed over
the whole structure." The idealized boron carbide elemen-
tary cell is shown in Figure 1a.
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Figure 1. a) |dealized elementary cell of boron carbides. B gray,
C black. b) FT-Raman spectra. B,;C, (gray), B,;C (black).

The boron carbides were primarily evaluated by X-ray
diffraction (XRD), FT-Raman spectroscopy, photolumines-
cence (PL) spectroscopy, scanning electron microscopy
(SEM), and energy-dispersive X-ray spectroscopy (EDX).
The XRD patterns (Supporting Information, Figure S3)
match that of either B,;C or B;;C,, although their identical
crystal structures make it difficult to distinguish between
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them based on the XRD patterns. The small low-angle shift
for B;;C, compared to B,;C indicates that the former has
larger unit cells, which is in agreement with previous results.”!
Both boron carbides contain a small amount of free graphitic
carbon, which is rather common in both commercial boron
carbides™® and boron carbides synthesized by arc-melting.'®!
However. the graphitic carbon is not active in either photo-
catalytic or PEC water splitting.

FT-Raman spectroscopy was used to further identify the
two boron carbides. The FT-Raman spectra shown in Fig-
ure 1b are in good agree-
ment with a previous FT-

Emmett-Teller (BET) method. EDX spectra (Figure S7)
confirm that the photocatalysts only contain boron and
carbon elements (the Cu and Pt elements are from the
substrates and coating for EDX measurements). TGA
analysis (Figure S11) shows that the boron carbides start
being oxidized at ca. 450°C in air.

The photocatalytic properties of boron carbides for H,
evolution from water were studied using a 25% methanol
aqueous solution as the sacrificial agent under visible light
irradiation (> 420 nm). Figure 2 shows the time courses of H,
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Figure 2. Time course of H, evolution under visible light irradiation. a) st cycle, b) 2nd cycle after re-
evacuation, c) 3rd cycle after re-evacuation, d) 4th cycle after re-evacuation and 100 h reaction time. B,;C with
Pt(——m—), B, ;C without Pt(——o—), B;3C, with Pt(——v¥—), B,;C, without Pt(——v—).

boron carbide structures

also indicate that materials

with the stoichiometries of

B,C and B,;C, have the lowest enthalpies of formation."” The
combination of this evidence indicates that the synthesized
boron carbide is B;C,.

Because of the dark coloration and high absorption
coefficient of boron carbides, the powder samples show high
absorption in the full region of 310-800 nm by UV/Vis diffuse
reflectance spectroscopy (Figure S5a). Instead, PL spectros-
copy was adopted to further elucidate the electronic struc-
tures of boron carbides. A peak centered at ca. 448 nm
(2.78 ¢V) was observed with an excitation wavelength of
325nm in Figure S5b. This agrees well with a previous
theoretical study, and indicates that an indirect energy gap of
2.78 eV exists in B;,C;.”! SEM images (Figure S6) show that
both boron carbides consist of big particles and the size varies
from several micrometers to ca. 10 um. The specific surface
areas of both boron carbides are negligible by the Brunauer-
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evolution from the two boron carbides. Without any cocata-
lysts, the H, evolution rates (average rate from four cycles) of
B,;C and B5C, are ca. 2.9 pmolh™'/0.2 g and ca. 0.9 umolh™!/
0.2 g, respectively. After loading 2 wt % Pt, the H, evolution
rates of B,;C and B,;C, were increased to ca. 6.2 umolh™!/
0.2 g and ca. 1.6 umolh™'/0.2 g, respectively. The H, evolution
rates remain stable even after 100 h (see the fourth cycle),
which is indicative of long-term photocatalyst stability. For
comparison, we studied metal-free g-C;N, photocatalysts,
which were synthesized according to a previous report.”” The
g-C;N, catalyst exhibits ca. 0.035 umolh™'/0.2 g of H, evolu-
tion without Pt loading, and ca. 4.7 umolh /0.2 g after
loading 2wt% Pt (Figure S8). Therefore, B,;C exhibits
a rate of H, evolution ca. 83 times higher than that of
g-C;N, without Pt loading and 1.3 times higher than with
2wt% Pt loading. The apparent quantum yield (AQY) of
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B,;C and g-C;N, was determined with a 420 nm band-pass
filter (see the Supporting Information). The observed AQY of
Pt/B,;C is ca. 0.54 % compared to ca. 0.23 % of Pt/g-C;N, at
420 nm (AQY of bare B,;C is ca. 0.34 % ). The water splitting
reactions proceeded catalytically, as indicated by calculated
turnover numbers of greater than 2 (generated H, to amount
of photocatalysts used; see the Supporting Information). To
facilitate the measurements, H, was collected by illuminating
the reaction using a 300 W Xe lamp without any filter.”! After
the turnover experiments, the photocatalysts were centri-
fuged and recharacterized by XRD and FT-Raman spectros-
copy to confirm the photostability of boron carbides. Aside
from a slight decrease in the XRD peak intensities for B,;C,
there are no obvious changes in the peak positions of XRD or
FT-Raman spectra, as shown in Figures S3b and S4a. This
indicates that the crystalline structure of B,;C is preserved
after the turnover experiments and that B,;C is stable during
the reaction process. After the photocatalytic reactions, the
B;C, XRD peak at ca. 31.8° disappeared and the Raman
spectra shifted to slightly higher wavenumbers (Figures S3¢
and S4b), which indicates that there were some structural
changes of B,;C,. However, the main crystal structure of B;;C,
is still maintained after the photocatalytic reactions. The
overall peak intensity decrease may be due to the peak
broadening associated with the reduced sample particle size
resulting from the constant stirring during photocatalysis.

The PEC experiments were conducted with boron carbide
films on fluorine-doped tin-oxide glass slides (FTO) prepared
by electrophoretic deposition (EPD) under optimized exper-
imental conditions (see the Supporting Information). This
procedure is commonly employed in the processing of
ceramics, coatings, and composite materials.’!!' For each
photocathode, a significant cathodic photocurrent was
observed that increased with increasing negative potential
bias, thus indicating their p-type characteristics in the
depletion condition. Figure 3a shows the current-density-
potential (J-E) behavior of the boron carbide films in aqueous
Na,SO, solution (0.01M) both in the dark and under visible
light irradiation (> 420 nm). The electrode achieves a cathodic
current density of ca. 46 uA cm 2 for B,;C and ca. 16 A cm >
for B;;C, at —0.8 V applied bias vs. SCE (after subtracting
dark current) as shown in Figure 3b.

DFT calculations were performed to understand the
different observed photocatalytic behaviors of the two
boron carbides. Because boron carbides exhibit an extremely
high concentration of defects™ no single unit cell can
adequately represent the whole structure. Fortunately, the
concentrations of structural defects (B, and B;;C icosahedra;
C-B-C, C-B-B, B-vacancy-B chains) in boron carbides have
been studied in detail.™ To model these materials with
periodic DFT calculations, we constructed 5 x 1 x 1 supercell
models for B,;C and B;;C,, into which we can introduce
defects in roughly the same proportions as in the experimen-
tal materials. Specific details on the structures and DFT
calculation procedures are provided in the Supporting
Information.

We then computed the density of states (DOS) of B,;C
and B;C, for 1) idealized, geometry-optimized boron car-
bides without defects, (such as (B;;C)CBC), 2) boron carbides
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Figure 3. a) Current-potential curves in Na,SO, aqueous solution

(0.01 m) under visible light. [1] B,5C dark, [2] B,5C visible light, [3] B;;C,
dark, [4] B;;C, visible light. b) Transient photocurrent curves under
visible light at —0.8 V vs. SCE. B,;C, (gray), B,;C (black).

with defects inserted with no geometric relaxation, and
3) fully relaxed defect-containing boron carbides (Figure 4).
First, our computed DOS on the idealized models agrees well
with previous reports (Figure $9).”? Second, the high con-
centration of structural defects distorts the By, or B;,C
icosahedra in B,;C and B;C, upon DFT supercell optimiza-
tion (Figure S1 and S2).

As shown in Figure 4, significant changes in the DOS
occur when the defects are introduced, and larger changes
appear once the defect-containing structures are relaxed. In
B,;C, the fully relaxed, defect-containing structure exhibits
a significant continuum downshift of the CB and new midgap
states at the Fermi level (see Figure4e). As shown in
Figures4 and S10, the CBedge downshift arises from
distortions of the B,;C and B, icosahedra upon structural
relaxation, whereas the midgap state arises from the C-B-B
chain defect. As a result, compared to the idealized structure,
the intrinsic defects in B,;C narrow the band gap from ca.
3.0 eV to ca. 2.1 eV and facilitate its visible light absorption.
Similarly, previous studies which demonstrated that introduc-
ing significant surface disorder by hydrogenating TiO,*! or
growing a new phase on the surface of rutile TiO, (011)?* can
result in significant continuum upshift of its VB edge, which
improves the photocatalytic properties more effectively than
traditional doping methods to create isolated midgap states. It
appears, therefore, that the intrinsic defects in B,;C play an
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Figure 4. a) and b) Total density of states (DOS) of the optimized
ideal structure of (B,,C)CBC. c) and d) The DOS of B,;C and B,;;C,
with defects, but no structural relaxation. e) and f) The DOS of B,;C
and B,;C, with defects after structural relaxation. The dotted gray line
highlights the downshift of the conduction band edge for B, ;C.

important role in its effective photocatalysis under visible
light irradiation.

The situation for B;C, is slightly more complicated.
Undistorted B,;C, exhibits many midgap states between the
VB and CB because of its more complicated structural
defects. In this case, the distortions in B;C, introduce even
more midgap states instead of downshifting the CB edge
(Figure 4 f). It is well known that the midgap states can
function as electron/hole traps and facilitate charge recombi-
nation,® and this may be one reason why B;C, exhibits
lower photocatalytic efficiency than B,;C.

In conclusion, two boron carbides have been demon-
strated to perform photocatalytic H, evolution and PEC
water reduction under visible light. Importantly, these metal-
free photocatalysts exhibit high efficiency even without any
precious metal cocatalyst loading. We further show that B, ;C
exhibits better efficiency and stability than B;C,. DFT
calculations suggest that the defects and structural distortions
in B4;C cause a downshift of its CB edge that narrows its band
gap and facilitates its visible light absorption. However, in
B,;C,, the more complicated structural defects and distortions
introduce midgap states between the CB and VB that
facilitate charge recombination and reduce its photocatalytic
efficiency. We expect that these boron carbides will provide
new opportunities for the future development of efficient and
stable visible-light-responsive photocatalysts and solar cell
materials.
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Experimental Section

The B,4;C, labeled as “B,C” on the bottle, was purchased from Alfa
Aesar (CAS: 12069-32-8). The B,;C, was synthesized by arc-melting
method. Typically, 26.3 g of crystalline boron reacts with 3.7 g of
graphitic carbon under vacuum at 3100°C by arc-melting for 2 min.
The product was cast in a water-cooled hearth and cooled to room
temperature. Materials shattered on cooling and were remelted by
vacuum arc-melting and allowed to cool more slowly to inhibit
shattering. The sintered bulky product was mashed into a powder by
hammer, ball milling, and mortar/pestle milling. To remove possible
impurities, such as boron oxides and transition metals, the boron
carbide products were washed repeatedly with a sequence of HCI
(2m), distilled water, and ethanol. The materials were then dried in air
at 70°C overnight before use. Additional experimental details,
including instrumental characterizations, DFT calculations, photo-
catalytic and PEC measurements, are given in the Supporting
Information.
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