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ABSTRACT: As a class of key building blocks in the
chemical industry, aromatic compounds are mainly derived
from the catalytic reforming of petroleum-based long chain
hydrocarbons. The dehydroaromatization of methane can
also be achieved by using zeolitic catalysts under relatively
high temperature. Herein we demonstrate that Si-doped
GaN nanowires (NWs) with a 97% rationally constructed
m-plane can directly convert methane into benzene and
molecular hydrogen under ultraviolet (UV) illumination at
rt. Mechanistic studies suggest that the exposed m-plane of
GaN exhibited particularly high activity toward methane
C—H bond activation and the quantum efliciency
increased linearly as a function of light intensity. The
incorporation of a Si-donor or Mg-acceptor dopants into
GaN also has a large influence on the photocatalytic
performance.

he recent discovery of an enormous amount of shale gas is

projected to change the landscape of the chemical
industry,” since through suitable conversions shale gas may
replace the dwindling petroleum resources as a carbon-based
feedstock.”™” Unfortunately, due to the inert C—H bonds in
methane, there has been no easy way of turning shale gas into
synthetically useful compounds such as olefins and aromatics,”
being especially hard for the latter.” This caused a major concern
of a great shortage of aromatic compounds for shale-gas-based
future chemical industry. So far, many efforts have been devoted
to the formation of aromatics directly from methane and several
efficient heterogeneous catalysts have been developed and well
investigated, such as Mo,"° Zn,'! and Re'? supported on ZSM-5
zeolites. However, an elevated temperature (>500 °C), owing to
the large positive Gibbs free energy [eq 1], is required to
promote the equilibrium conversions of methane.

6CH, — C¢Hg + 9H,, AG(pggx) = 434 kJ/mol (1)

Besides a thermal strategy, another promising approach is to
use photoenergy to drive the conversion of methane."* Recently,
Yoshida et al.'*'® and Chen et al.'®'” developed several
photocatalysts for methane conversion, respectively, such as
SiO,—AlO; oxides with highly dispersed Ti, Ga,O;, and Zn*-
ZSM-5 zeolite for the methane coupling reaction. However,
none of these powdered photocatalysts previously reported can
produce aromatic compounds and the methane conversion rate
is still low. It is noted that most of these photocatalysts are
insulator-supported (SiO, or zeolites) materials which have a
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large band gap and low optical absorption. Nevertheless, the
widely used metal oxide semiconductors (such as TiO,, ZnO,
and Cu,O) are not suitable supports for the methane conversion
reaction, simply because they are not stable and the lattice oxygen
can be abstracted by the produced hydrogen in the harsh gas—
solid environment."*"’

GaN, a well-known group III nitride semiconductor, has a
direct energy band gap of ~3.4 eV at rt, which can be further
tuned across the entire solar spectrum by incorporating other
elements.'® Compared with metal oxide semiconductors, the
controlled n- and p-type doping and the inherent chemical
stability, due to the strongly ionic character of the atomic bonds,
make GaN a suitable electronically active support for the
photocatalytic reaction under harsh conditions.'” Furthermore,
compared with conventional powdered photocatalysts, nano-
wires (NWs) are highly desirable due to their large surface-to-
volume ratios, well-defined surface structures, and superior
photoelectrical properties.”® Consequently, we synthesized
nondoped GaN NWs with lengths of 800 nm grown on silicon
(111) substrate by plasma-assisted molecular beam epitaxy
(MBE) under nitrogen-rich conditions.*! Scanning electron
microscopy (SEM, Figure la) and transmission electron
microscopy (TEM, Figure 1b and 1c) images of the as-
synthesized GaN NWs revealed that the NWs possess hexagonal
cross sections and are vertically aligned to the substrate, with the
morphology slightly tapered from top to bottom. The electron
diffraction pattern (inset of Figure 1c) indicates that the wires are
of single crystal wurtzite structure with the growth direction
along the c-axis, with the top facet of the c-plane and lateral facet
of m-plane. The diameter distribution of the top facets derived
from SEM measurements fits well in a logarithmic normal
distribution with a mean diameter of dyy, = 100 + S nm (Figure
1d). Figure e shows the rt photoluminescence (PL) spectrum of
GaN NWs with an intensive peak around 365 nm, corresponding
to the band gap of 3.4 eV. To evaluate the photocatalytic
performance of the GaN semiconductor comprehensively, we
have also prepared GaN thin films (Supporting Information (SI)
Figure S1) with a thickness of 650 nm grown on sapphire using
AIN as the buffer layer and commercial powdered samples
(Figure S2). As shown in Figure 1f, due to the orientated growth
on the substrates, the only reflections of GaN NWs and thin films
obtained from X-ray diffraction (XRD) measurements are 002
and 004,>* which further confirms that the top facet of GaN NWs
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Figure 1. (a) SEM, (b) low- and (c) high-resolution TEM images, (d)
diameter distribution, and (e) room temperature PL spectrum of the as-
synthesized GaN NWs. The inset of (a) shows the top view of one
nanowire. The inset of (c) is the selected area electron diffraction
pattern of the lateral facet of one nanowire. The relatively narrow full-
width-at-half-maximum (fwhm) of the PL peak suggests that the NWs
are strain-free. (f) Powder X-ray diffraction patterns of wurtzite GaN
samples in the forms of nanowire, thin film, and powder (from top to
bottom).

and thin films is the c-plane. The area densities of the NWs and
thin films are measured to be 0.1 and 0.4 mg-cm™? respectively.

The performances of the nondoped GaN materials in different
forms for the photocatalytic methane conversion reaction were
tested at 5 °C under UV irradiation from a 300-W xenon lamp.
To quantitatively evaluate the photocatalytic activities upon
irradiation at a longer UV wavelength (UVA and UVB
components of sunlight), a set of UV filters (Figure S3) was
carefully mounted in the system to completely block wavelengths
shorter than 290 nm and longer than 380 nm from the xenon
lamp. After the reactions, the GaN NWs were found to show the
highest photocatalytic activity for the methane dehydroaroma-
tization reactions among all the GaN samples tested. The
catalytic reaction led to the formation of benzene and H, with
nearly 1:9 stoichiometry, as confirmed by using gas chromatog-
raphy (GC) and gas chromatography—mass spectrometry (GC-
MS) (Figure S4 and Table S1, entry 1). The selectivity for
benzene over alternative hydrocarbon products (toluene, ethane,
and ethylene) was measured to be 96.5%. Using a series of UV-
cut-out filters (Supporting Figure SS), we determined that the
minimum photon energy required to drive this reaction over
GaN samples corresponds to a wavelength of 360 nm. No
conversion was detected under darkness due to the thermody-
namic limitation of this reaction (the benzene yield can be
estimated to be ca. 0.000007% in the equilibrium at 298 K in our
case). Besides GaN NWs, GaN powders (Table S1, entry 2) also
showed substantial activity but GaN thin films (Table S1, entry
3) showed negligible photocatalytic activity for methane
conversion. This result is interesting since the strong piezo-
electric field in GaN thin films can induce effective photoexcited
carrier separation, which, together with its single crystallinity, led
to enhanced photocatalytic performance for water splitting
compared to the powdered sample in our previous work.”® It
implies that the photodriven methane dehydrogenation reaction
is governed by not only the photogenerated carriers but also a
surface-assisted process.

In this regard, we have comprehensively investigated the
structural effect of GaN materials on the photocatalytic
performances. The specific surface area of GaN NWs can be

calculated to be 5.7 m*/g by measuring their densities, diameters
and lengths. The proportions of the top c-plane and lateral m-
plane are 3% and 97%, respectively. The Brunauer—Emmett—
Teller (BET) specific surface area of GaN powders is 3.2 m*/g,
and the TEM image (Figure S6) reveals that the amount of
exposed c-planes is at the same level as that of exposed m-planes
on the surface of powdered samples. In the case of GaN thin
films, the exposed surface is entirely c-plane as confirmed by
XRD. Obviously, the surface area of the planar samples is
independent of its thickness and mass, but only depends on the
dimension of the slice used (10.0 cm? in our test). For further
comparison, a slice of a short GaN NW sample with a length of
400 nm and an average diameter of 80 nm was prepared
(designated as GaN NWs-400) by simply reducing the growth
times (Figure S7 and Table S, entry 4). Figure 2a presents the
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Figure 2. Amount of converted (a) methane and (b) ethylene over
various GaN catalysts in different forms and the total surface area of each
catalyst used in the test. Reaction conditions were as follows: 0.35 mg of
GaN NWs, 0.17 mg of GaN NWs-400, 0.35 mg of GaN powders, and 4.0
mg of GaN thin-films upon 290—380 nm UV irradiation at an intensity
of 7.5 mW cm ™ for 12 h, respectively.

total surface area of each catalyst used in our test and their
corresponding photocatalytic activities for the methane con-
version reaction. We can find that the performance of GaN
materials depends strongly on their exposed m-plane but is not
correlated with the c-plane. GaN thin films have negligible m-
plane exposed and hence are unable to convert methane. For
comparison, if we performed similar experiments with pure
ethylene on the surface of GaN, both the c-plane and m-plane
showed remarkable activities toward the ethylene dehydrogen-
ation reaction (Figure 2b and Table S2). These observations
clearly demonstrate that the photodriven methane C—H
activation is surface sensitive. In addition, due to the closely
spaced nanostructure and large surface area, the equilibrium of
CH, adsorption on the lateral facets of GaN NWs is not very fast.
Thus, an induction period was observed when the UV
illumination started immediately upon the exposure of GaN
NWs to methane (Figure 3a). For comparison, if GaN NWs were
exposed to pure methane in darkness for 1 day prior to the UV
illumination, the GaN NWs would show a constant conversion
rate during the UV irradiation, and no induction period was
observed.

As shown in Figure 3b, the m-plane of ideal wurtzite GaN is
composed of binary Ga and N atoms tetrahedrally coordinated
with each other, whereas the c-plane contains only one type of
atom (Ga or N). Previously, the polarization of alkane C—H
bonds by Ga** and adjacent 0>~ in Ga,0;** and Ga-ETS-10"7
materials has been proven to be very strong even at rt. Similarly,
in the exposed GaN m-plane, Ga>" and N*~ can interact with the
methyl group and H atom of the adsorbed methane molecule,
respectively. The GaN lattice consisted of alternating positive-
charged Ga and negative-charged N atomic planes, which can
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Figure 3. (a) Methane consumption curve upon the initial irradiation
time. (b) Schematic diagram for methane C—H bond polarization on
the surface of GaN m-plane. The insets are high-resolution TEM images
of the top c-plane and lateral m-plane of GaN.

produce strong electrostatic polarization along the c-direction
and, thus, stretch the methane molecules absorbed on the m-
plane. Note that the length of the Ga—N bond in the m-plane is
1.95 A, which is significantly longer than the methane C—H bond
(1.09 A) and, hence, highly beneficial to stretching the C—H
bond. The polarized methane C—H bond is significantly
weakened, promoting its cleavage under UV irradiation.
However, on the other hand, the c-plane is made up of only
Ga (or N) atoms. Owing to the high bond energy of 8.92 eV/
atom, the Ga—N bond is extremely hard to break by photons
with an energyof <4.3 eV (290 nm) with insertion of its Ga (or
N) atom into the methane C—H bond through a classical C—H
bond activation mechanism.® Consequently, the absence of
dipoles in the exposed c-plane leaves the C—H bond of the
methane molecule intact, which cannot be broken directly by
photons.

The incorporation of a trace amount of silicon or magnesium
dopants into GaN NWs can significantly alter the Fermi level
position and carrier transport properties.”® To evaluate the effect
of doping on the activity of GaN NWs, we have synthesized Si-
doped n-type and Mg-doped p-type GaN NWs (Figure S8). The
doping density is controlled by tuning the effusion cell
temperatures of Si (1350 °C) and Mg (265 °C). The electron
and hole concentrations for the Si-doped n-type and Mg-doped
p-type GaN NWs were estimated to be on the order of n = 5 X
10" cm™ and p = 1 X 10'® cm™, respectively. Figure S9 shows rt
PL spectra of the as-synthesized nondoped, Si-doped, and Mg-
doped GaN NWs. The PL peak position near ~365 nm for all
three samples is revealed, indicating the band gap of GaN is
unchanged after doping. As shown in Figure 44, the n-type GaN
NWs (Table S1, entry S) exhibited significantly enhanced
photocatalytic activity for methane dehydroaromatization
compared with the nondoped ones. On the other hand, the
activity of p-type GaN NWs (Table S1, entry 6) was severely
reduced.

An average methane conversion rate of 325 yumol h™" g™' was
achieved after 36-h UV irradiation by using 0.35 mg of n-type
GaN NWs (Table S1, entry 7). During the reactions, acetylene
was not detected, whereas only small amounts of ethane and
ethylene were observed. Thus, a plausible mechanism was
proposed (Figure S10). The dehydroaromatization reaction
starts with the polarization of methane on the exposed m-plane.
The initial interaction between adsorbed methane and GaN
results in H*—CH,> polarization. Upon UV irradiation, the
polarized methane was first heterolytically split into CH;~ and
H' on the catalyst surface. A similar heterolytic dissociation of
alkane C—H bonds is also evidenced on the surface of gallium
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Figure 4. (a) Methane conversion rate and benzene selectivity over a
slice of intrinsic GaN NWs, n-type GaN NWs, p-type GaN NWs, and
pure Si substrate under UV irradiation (290—380 nm) for 12 h. The area
of each slice is 3.5 cm® (b) Plot of the methane consumption and
quantum efficiency (inset) over n-type GaN NWs in 12 h as a function of
the light intensity.

oxide* or Ga modified zeolites.”” The photogenerated electron
from the GaN semiconductor will migrate to the surface and
reduce the proton into a H atom, which then combines to release
as H, gas. Meanwhile, the methyl group will be oxidized by the
photogenerated hole to form a methyl radical, followed by the
C—C coupling reaction, forming ethane. The ethylene produced
from the ethane dehydrogenation reaction can further go
through the cyclization and dehydrogenation process to form
benzene. Under the standard conditions described in Table S1,
the overall quantum efficiency (benzene molecules produced per
photon consumed) between 290 and 380 nm over n-type GaN
NWs was calculated to be ca. 0.72%, which is remarkable for a
static gas—solid system with poor diffusion. To pinpoint the
detailed mechanism, we have tested the catalytic performances of
n-type GaN NWs under varying light intensity (Figure 4b). To
eliminate the photothermal effect, all the reactions were kept at 5
°C by using a powerful cooling system. The experimental results
revealed that the methane conversion rate is proportional to the
square of light intensity and the quantum efficiency increases
linearly as a function of light intensity. This observation indicates
that the process of methane coupling, which is the rate-
determining step, requires two photogenerated holes to produce
two independent methyl radicals simultaneously, which then
couple with each other to form an ethane molecule (a detailed
explanation can be found in the SI).*®

To assess the performance of GaN under the UV light without
any filters, Ga,O;, an effective photocatalyst reported previously
for the methane coupling reaction was prepared and tested for
comparison."® Using 0.35 mg of the catalysts and 150 gmol of
methane, we obtained conversion rates for methane of 148 ymol
h™' ¢! over Ga,O; powders (Table S1, entry 9) and 63 ymol h™"
g~! over GaN powders (Table S1, entry 10) upon UV irradiation
without any filters, respectively. In contrast, a conversion rate of
methane of 725 umol h™' g™! was achieved using n-type GaN
NWs under identical conditions (Table S1, entry 11).

The performance of GaN NWs can be used repeatedly without
noticeable deactivation after several cycles (Figure S11) whereas
the crystal structure remained intact (Figure S12). After a long
reaction time, a small amount of carbon deposits (polyaromatic
and graphitic species) was formed on the surface of GaN NWs
which can be completely stripped by the oxygen plasma
treatment, as judged by Raman spectroscopy (Figures S13 and
S14). More importantly, the lattice Ga®" remained unchanged
during the methane conversion reaction. As shown by X-ray
photoelectron spectroscopy (Figure S15), neither of the binding
energy peaks with maxima at 19.1 (typical for Ga*) and 17.7 eV
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(typical for Ga®) was detected after a long reaction time.”

Therefore, GaN materials are proven to be highly stable for the
methane conversion reaction.

In summary, we have discovered a promising approach to turn
shale gas into aromatic compounds powered by photoenergy for
the first time. The GaN semiconductor exhibits superior
chemical stability and photocatalytic activity for C—H activation
of methane at rt.
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