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Abstract:

We report the photocatalytic dye degradation properties of self-assembled Gallium
Nitride (GaN) nanowires grown using chemical vapor deposition. GaN nanowires have been
fabricated using Ni and Au as the catalyst besides the self-catalytic approach. The defect
engineered multiband GaN nanowires were subjected to the photocatalytic decay of
Methylene Blue (MB), a common dye in the dying industry under UV and visible light. Ni-
catalyst assisted GaN nanowires possess the maximum degradation of 93% under UV
irradiation as correlated with the strong UV band edge emission at 3.42 eV. Interestingly,
self-catalytic GaN nanowires shows high photocatalytic activity of 89% wunder visible
irradiation than the catalyst assisted nanowires owing to the presence of radiative surface
defects in visible region as evidenced by the photoluminescence studies. The nanowires

exhibit enhanced photocatalytic decay as compared to epitaxial layer due to high surface area
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and active sites of one-dimensional nanostructures. Detailed analysis further demonstrates the
stable photocatalytic activity of the GaN NWs for several cycles against photocorrosion. This
work establishes the use of wafer level GaN NWs as a viable photocatalyst for visible light

driven decay of organic pollutants.
Introduction:

Models of photosynthesis mimetic systems, or artificial photosynthesis systems,
including photoelectrochemical water splitting,' photocatalysis® and photovoltaic cells,” have
attracted significant amount of attention because of the abundance of solar resource available,
and minimum carbon footprint generated by these systems. Waste water emissions from the
textile industry contain large amounts of azo dyes, which are considered a major threat to the
surrounding ecosystem due to their non-biodegradability, toxicity, and potential
carcinogenicity. Environmental concerns and the need to meet stringent international
standards for waste water safety have encouraged the development of novel, efficient, and
low-cost processes for purifying textile aqueous effluents. Azo dye removal by photoinduced
decomposition of pollutants using photocatalysts has been widely researched.*
Semiconductor photocatalysts, importantly metal oxides such as TiO,, ZnO, Fe,03;, WOs;,
etc., has received tremendous attention as photocatalysts because these powders can be easily
prepared using simple methods.”*"*® However, these photocatalyst nanopowders are
generally suspended in water, which limits their practical use because of the difficulty in
collecting and recycling photocatalyst powders from a suspension. In order to solve this
mobilization problem, immobilized photocatalyst has been suggested by making a
photocatalytic thin film or nanostructures strongly attached to a substrate.*'*!"'%13 I
particular, high density one-dimensional nanostructures are good candidate for photocatalytic

applications because photocatalytic activity generally increases with the surface area. Many
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industrial processes require photocatalysts that work under harsh conditions such as high
chemical environment with low or high pH. Accordingly, it is very important to synthesize a
substrate-supported nanostructured photocatalyst that is chemically stable under harsh

conditions.

Gallium Nitride (GaN) is one of the most promising semiconducting materials with a
direct band gap of 3.4 eV. Although the wide band gap is a drawback for photocatalytic
decay under sunlight, GaN has considerably high flat-band potential (approximately equal to
conduction band edge for n-type conductors of -1.5 eV), which is advantageous because the
photogenerated electrons in the conduction band must have high reduction potential.
Furthermore, it has been reported that GaN has an excellent chemical stability in acid or base
solutions when compared with the well-known photocatalysts such as TiO, and ZnO, which
makes it very useful in several industrial processes where pollutant degradation under
extreme pH conditions is required. In addition GaN is also expected to enable continuous

photocatalytic activity and high numbers of recyclability without degradation.

In the recent past, semiconductor nanostructures such as nanowires (NWs), nanorods
and nanotubes have received a great deal of attention for understanding new structures and
utilizing them as a building block for future nanoscale devices.'* Semiconductor NWs have
the potential to be used in the field of electronics,” optoelectronics,'® photocatalyst'’ and
sensors'® because of their outstanding electrical, optical, thermal and mechanical properties
caused by their size and surface effects. Here, we have investigated the photodegradation of
Methylene blue (MB) under UV and visible light using GaN nanowires grown under various
conditions. The higher photocatalytic decay of self-catalyst assisted GaN NWs under visible
light is ascribed to the defect induced multi band energy levels in the visible region as

evidenced by the optical transitions in PL spectrum.
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Experimental Methods:

A detailed growth process for both the catalytic and self-catalytic approach has
already been published elsewhere.'”?**! In short GaN NWs were synthesized by the direct
reaction of metal Ga and ammonia (NHj3) in the horizontal CVD reactor. Metal Ga of 0.1 gm
(ALFA ACEAR - 99.999%) is taken in a quartz crucible and placed in the alumina boat. A
piece of Si (111) (1 x 1 sz) substrate is RCA cleaned and placed on the downstream to the
metal Ga. The temperature is kept (@ 900°C) constant for all samples. For catalyst assisted
growth, 5 nm thick metal layers (Au and Ni) was deposited by e-beam evaporation method
prior to loading into the CVD reactor. N; and NHj3 (99.999%) flow of 500 and 200 SCCM
(standard cubic centimetre), respectively is used as carrier and reactant gases. For self-
catalytic GaN NWs, initially N, is flown for 2 min to transport Ga vapours to deposit the Ga
droplet layer on the Si substrate that acts as the catalyst for the subsequent growth of NWs.
Then 200 SCCM of NH; flow is introduced without interruption of Ga vapour. The growth
duration is fixed for one hour for all the samples. At the end the reactor is turned off to cool

down to room temperature naturally.

The morphology and compositional variation of GaN NWs were studied using field
emission scanning electron microscopy (FESEM) (Carl Zeiss - [ligma) equipped with energy
dispersive X-ray analysis (EDX) (Oxford instruments). EDX has been recorded at 10 keV
with the point resolution of around 10 nm. High resolution transmission electron microscope
(HRTEM) (JEOL- 2010-200 kV) was carried out to examine the crystallinity of a single GaN
nanowire. TEM samples were prepared by scratching GaN NWs from the substrate,
dispersing them in ethanol, and casting a drop of the suspension on a Cu-grid coated with
porous carbon thin film. Photoluminescence (PL) spectrum for the ensemble of NWs have

been recorded by using the He-Cd laser of 325 nm (power — 30mW) as an excitation source
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and the resulting luminescence signal has been analyzed through a monochromator (Horiba

Jobin Yvon — 0.55 M) with a charge coupled device.

Photocatalytic experiments were performed in an apparatus specially designed for the
photocatalytic reaction. The photocatalytic degradation of Methylene Blue (MB) was chosen
to investigate the activity of GaN nanowires as it is one of the important industrial dyes. In a
typical experiment, GaN NWs (Figure S1 - supporting information) on Si substrate (1 x 1
cm?®) was suspended inside the 50 ml of aqueous solution containing 10 mg/L of MB dye.
Prior to irradiation, the suspension was kept to attain adsorption-desorption equilibrium by
aeration for 30 min in dark. The photocatalytic activity was investigated under UV and
visible light irradiation using 125 W medium pressure mercury lamp emitting at 365 nm (110
uW cm?, measured by Lutron UV light Meter) and 300W Tungsten Halogen lamp (8500
lumen), respectively. The distance between the light source and mouth of a glass bottle was
16 cm to reduce the heat radiation from the lamp. The reaction solution was kept under
illumination for 240 min and 180 minutes for UV and visible light irradiations, respectively.
At certain intervals of time, aliquots (I mL) of the solution were taken out and the
degradation of MB dye was determined by measuring the maximum absorbance at 554 nm on
UV - Visible Spectrophotometer. The concentration of MB in the solution at various reaction
times was determined using a calibration curve of absorbance against standard solutions (10
mM). In order to avoid the photosensitization effect, the whole reaction was carried out under
the flow of noble gas (Ar) to carry away the degraded gas molecules out of the reaction

chamber. The percentage of degradation of MB was calculated by the following equation

(eqn (1)).

D=M*100 (1)
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where, D is the percentage of degradation, A, and A are initial absorption and absorption at
time t, respectively. Photocatalytic degradation of organic compounds usually follows
pseudo-first order kinetics model. The rate constant for the degradation of MB is calculated

using the following Langmuir-Hishelwood kinetic equation.

nS-x )
C

app

where, Co is the initial concentration of the dye solution (mol L'l), C is the concentration of
the dye solution at time t (mol L, kapp 1s the apparent rate constant (min™). The rate constant

for the degradation of MB was calculated from the slop of plot In(Co/C) Vs irradiation time.
Results and Discussion:

Figure 1 (a) shows the quasi aligned GaN NWs grown with the self-catalytic approach
having the average diameter and length of ~ 160 nm and 10 pum, respectively. Fig 1(b) shows
TEM image recorded on a single GaN NW that reveals the un-tapered straight NW. Inset of
Fig. 1 (b) shows the selected area electron diffraction (SAED) pattern recorded on the body
of a single NW. Figure 1(c) shows the HRTEM image of GaN NW which contains defects
such as stacking faults and cubic inclusion. Besides wurtzite structure, the presence of cubic
inclusions and stacking faults is also evidenced by the SAED pattern. Deep investigations on
the HRTEM analysis are warranted to map the defect formation and propagation which is
beyond the scope of this manuscript. EDX recorded on the ensembles of NWs shows (Figure

1(d)) almost equimolar atomic concentration of Ga and N.

Figure 2 (a) shows the Ni-nanodots after annealing a 5 nm thick Ni film coated Si
substrate for 15 minutes at 900 °C under vacuum. Figure 2 (b) shows the tilt-view FESEM
image of high yield quasi-aligned Ni-catalyst assisted GaN NWs grown on Si(111)

substrates. The average diameter and length of the NWs are ~ 120 nm and 10 pm,
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respectively. EDX recorded (Inset of Fig 2(b)) on the ensembles of GaN NWs shows almost
equimolar Ga to N ratio in addition to the presence of other elements such as Ni and substrate
impurities of Si and O. The presence of O from the elemental analysis has been attributed to
the presence of strong native oxide of Si substrate. Figure 2(c) presents a detailed HRTEM
examination on the interface between the NW and the catalyst droplet of a single GaN NW
which indicates that the interface is abrupt and smooth. Figure 2(d) shows the NW is free of
domain boundaries and cubic inclusion having a single-crystalline nature. SAED pattern

(Inset of Fig. 2(d)) shows that the NW took the wurtzite structure and grew along [100].%

Figure 3(a) and (b) show the FESEM images of Au catalyst assisted GaN NWs. The
average diameter and length of the NWs were 150 nm and 10 um, respectively. Figure 2(c)
show the TEM image recorded on the single nanowire reveals the presence of Au catalyst on
the top of the NW. SAED pattern recorded (Inset of the Fig. 2(c)) on the NW shows the
hexagonal wurtzite crystal structure. Figure 2 (d) shows HRTEM recorded on the body of a
single NW, which reveals that the NWs are free from defects such as cubic inclusion and
having a single-crystalline nature. The NW diameter is apparently very homogeneous from
top to bottom without any tapering effect. The structural quality of Au assisted GaN NWs and

Ni assisted GaN NWs are very similar.

Room temperature photoluminescence (PL) spectrum has been recorded on the
ensembles of GaN nanowires. Figure 4 (a), (b) and (c) shows the PL spectra for self-catalyst
and catalyst assisted GaN NWs. In all the GaN NWs grown under various catalysts the band
edge emission at 3.4 eV dominates the luminescence spectra, which reveal the good optical
quality of the GaN NWs. For Ni-catalyst assisted GaN NWs (Fig. 4(c)), in addition to the
band edge at 3.43 eV, the broad Donor Acceptor Pair recombination (DAP) emission is also

observed at 3.28 eV. The shallow DAP has been attributed to defects such as Sig, and Oy as
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both the defects are quite possible in our growth approach.” Si has high solubility in both Ni
and Au, hence the NWs can have Si interstitials and/or Sig, type defects. Further, it has been
widely reported that the catalytic grown GaN NWs on Si substrates can be unintentionally
doped with Si. In addition with Si, O could also be incorporated into the growing NW from
the complex native oxide layer of Si. The other source for O, could be from the atmospheric
transfer of samples for analysis. There are no other peaks are visible for Ni-catalyst assisted

GaN NWs.

For Au-catalyst assisted GaN NWs (Fig. (4 (b)), the band edge is observed at 3.41 eV,
slightly red shifted from Ni-catalyst assisted NWs. In addition to band edge emission, three
other peaks were also clearly resolved from the Lorentzian curve fitting. The peak at 2.98 eV
has been attributed to the DAP type peak, owing to defects such as Sig, and On.** The peak
centered at 3.01 eV can be assigned as Blue luminescence (BL) band of GaN. BL band at
room temperature can be attributed to the escape of holes from the acceptor to the valence
band and/or the bound holes may non-radiatively recombine with free electrons in the
conduction band. Generally the BL band is related to a shallow acceptor (Siy or Cy) and the
origin of this BL band is still a topic of considerable debate in literature.”” The Peak at 2.20
eV has been attributed to the Yellow Luminescence (YL) of GaN. In most of the
unintentionally and intentionally doped n-type GaN samples grown by the various techniques

available, the room-temperature PL spectrum contains YL band centering at 2.10-2.25 eV.

For self-catalytic assisted GaN NWs (Fig. 4(a) the band edge emission is centered at
3.39 eV, which is 0.3 eV red shifted from Ni-catalyst assisted GaN NWs. In addition to the
band edge emission, two additional peaks were also resolved. The BL band is centered at
3.02 eV and the intense YL band is observed at 2.1 eV. The YL band is split into two peaks

and the intensity of YL band is very dominant and comparable with the band edge emission

Page 8 of 20



Page 9 of 20

RSC Advances

of GaN. Here, the dominant defect related YL band has been attributed to the several defects
such as Vg,, VN and complex defects related that gives rise to emission at 2.1 eV.2 It is also
worth to note that both the self-catalytic and Au-catalytic assisted GaN NWs possesses
considerable defect related emissions in the visible region, whereas Ni-catalyst assisted GaN
NWs does not show any defect related emissions in the visible region including YL band
owing to high optical quality of NWs. The energy level diagram for self-catalytic GaN NW
with defect induced intermediate energy levels and degradation kinetics of dye molecule is

illustrated in Figure 4 (d).

It is well-known that the dye industry has a problem of disposal of MB due to their
high solubility in water. Traces of these dyes are harmful to human beings. It causes skin
diseases and intestinal problems. In view of this, the photocatalytic activity of the prepared
GaN NWs for the degradation of MB is demonstrated under UV and visible irradiation. This
reaction is chosen because both the electron and hole end up participating in the production
of OH radical, which degrades the MB and the extent of the reaction can be monitored
through optical absorption. We have studied the photocatalytic dye degradation properties
for Ni-catalyst assisted GaN NWs, Au-catalyst assisted GaN NWs and self-catalytic GaN
NWs. In addition the results are compared with the MOCVD grown 2 pum thick GaN epitaxial
layers. Special care was paid to the evaporation loss during the illumination. Before the
photocatalytic reaction, two separate tubes consisting of 1) GaN NWs immersed in MB
solution was kept under dark conditions and 2) MB solution without GaN NWs was also kept
at UV and Visible irradiation. The results show that MB colour remained unaffected in the
presence of GaN NWs under dark conditions and further no photochemical reaction of the
dye occur under UV and visible light in the absence of the GaN NWs. Therefore, both
UV/Visible illumination and semiconductor catalysts (GaN NWs) are necessary for the

efficient decolourization reaction to occur.
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Figure 5(a) and (b) show the photocatalytic degradation properties of GaN NWs for
MB under UV and visible light irradiation with different time durations. UV-Vis absorption
spectra of degraded MB solution (10 ppm) using as-synthesized GaN NWs is given in the
supporting information (Figure S2 and S3). From UV-Vis absorption the concentration of
MB in the solution was plotted as a function of irradiation time using Beer—Lamberts Law,
and the results of different GaN NWs are compared in Figure 5(c) and (d). The changes of
normalized concentration (C/Cy) of MB with irradiation were assumed to be proportional to

the normalized maximum absorbance (A/Ay).

The Ni-catalyst assisted NWs shows the maximum degradation of 93% under UV
irradiation for the duration of 240 minutes and the results of other samples are quite
comparable with the Ni-catalyst assisted NWs. However, epitaxial GaN layer grown by
MOCVD shows considerable low degradation percentage (~65%). Here, the results of
photocatalytic dye degradation for various GaN NWs cannot be directly compared, because
the photocatalytic activity depends directly on surface area of the NWs. However, it is clear
that GaN NWs shows better photocatalytic activity than their epitaxial counterpart. From the
UV absorption spectra, the peak at 662 nm (Figure S2 and S3 - supporting information)
almost disappeared gradually without any considerable shift of the peak position upon UV-
light exposure with time elapse which indicates that a cleavage of the aromatic ring of the dye

molecule.

Surprisingly, photodegradation activity of GaN NWs increases under visible light
irradiation and the maximum degradation of 89% for the self-catalytic GaN NWs have been
achieved within 180 minutes. It is very important to note that Ni-catalyst assisted NWs shows
better performance for photocatalytic degradation under UV light. However, in case of visible

light the trend reverses and the photocatalytic degradation of self-catalytic GaN NWs shows
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better degradation activity. These results can be understood by correlating the photocatalytic

dye degradation property with the optical transitions in PL spectra.

Generally, the organic waste degradation is due to the oxidation by the photo
generated carriers. Electrons generated in semiconductors during light irradiation contribute
to reductions whose potential positioned between the conduction and valence bands, and the
band gap of GaN possesses all the possible redox potentials.27 It is quite well known that
holes are responsible for the oxidation and electrons for reduction.® We believe that the
electrons from the energy levels of surface defects such as vacancies produce excessive
electron-hole recombination process. PL spectrum of self-catalytic GaN NWs shows the band
edge emission at 3.42 eV in addition with the broad BL and YL band at 3.01 eV and 2.2 eV
owing to the defect induced transitions. The spectrum encompasses the most visible region of
the solar spectrum including UV-optical band edge emission for self-catalytic and Au-
catalytic NWs. The samples dominant with the visible emission undergoes efficient
photocatalytic decay of dyes in short span of time. Under visible irradiation sample produces
high density electron-hole pairs on the surface of NWs which promotes decay of dyes due to
oxidation process as the energy level matches with the redox potential of GaN with the
organic pollutants (Figure 4(d)). The samples with high defect concentration including high
non-radiative defects as well as high shallow donor concentration have been reported to
exhibit low photocatalytic activity.”” In general, the non-radiative point defects include
recombination of electron-hole pairs via thermally remitting any optical emissions. Those
defects do not contribute photo decay process there by reducing the efficiency. The radiative
type defects induced BL and YL bands in self-catalytic and Au-catalytic assisted NWs are
optically active in the solar spectrum which commensurate the enhancement of degradation

under the visible light.
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It is also quite possible to compare the luminescence intensity for various GaN NWs
samples and its corresponding photocatalytic dye degradation activity. Though the optical
intensity is directly depends on the density of NWs, the defects related intensity can be well
compared with its own band edge. From this perspective, self-catalytic GaN NWs shows that
YL band emission is comparable with the band edge emission. The BL band and YL band
emissions are in the visible region and band edge emission is at the UV range. Hence, the
higher photocatalytic activity of self-catalytic GaN NWs under visible region could be well
triggered from the radiative type defects. For Ni-catalyst assisted GaN NWs, there are no
visible BL and YL bands present, which corroborates the lower photocatalytic degradation
under visible region while it demonstrated the maximum degradation of 93% under UV

irradiation as due to dominant band edge at 363 nm.

GaN nanowires also have favorable reuse performance, which has been demonstrated
by five successive recycling tests for photocatalytic reduction of MB. As shown in Figure 6,
the nanowires exhibit almost no deactivation during five cycles of photoactivity test for the
reduction of MB under visible light irradiation. The decay conversion efficiency of MB is
nearly constant for each run. Therefore, the GaN nanowires can perform as a stable visible
light driven photocatalyst towards selective reduction of azo dye compounds such as MB at

room temperature under ambient atmosphere.

Conclusion:

The photocatalytic activity of wafer level GaN NWs grown under catalytic and self-
catalytic approach has been investigated for the degradation of emergent organic pollutant
dye - MB under UV and visible light irradiation. The self-catalyst assisted GaN NWs exhibits

the high photocatalytic decay of 89% under visible light while Ni-catalyst assisted GaN NWs
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decays 93% under UV irradiation. The higher photocatalytic activity of Ni-catalyst assisted
GaN NWs under UV irradiation has been attributed to the dominant band edge emission at
UV region. The optically active radiative defects in the visible region are responsible for the
enhanced photocatalytic activity of self-catalytic GaN NWs under visible light. The defect
engineered visible emission actively participates in the photocatalytic decay of dyes under
solar spectrum and the results well corroborates with the room temperature

photoluminescence emissions.
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Figure Captions:

Figure 1 (a) shows the tilted view FESEM image of self-catalytic GaN NWs (b) shows TEM
image of GaN NWs. Inset of (b) shows SAED pattern recorded on the body of the NW, (¢)
HRTEM recorded on the single NW shows the defects such as cubic inclusion and (d) EDX
recorded on the ensembles of self-catalytic GaN NWs.

Figure 2 (a) shows the Ni - nanodots after annealing the Ni-coated Si substrate for 15 minutes
(b) shows the tilted view FESEM image of Ni-catalyst assisted GaN NWs, inset of (b) shows
the EDX recorded on the ensembles of the self-catalytic GaN NWs, (c¢) shows the HRTEM
recorded on the interface between the catalyst and body of the NW and (d) shows the
HRTEM recorded on the body of a single GaN NW. Inset of the figure shows the SAED
pattern of single GaN NW

Figure 3 (a) and (b) show the FESEM images of Au-catalyst assisted GaN NWs (c) shows the
TEM image of single GaN NW and the corresponding SAED pattern is shown in the inset of
(c¢) and (d) shows the HRTEM recorded on the body of a single GaN NW.

Figure 4 show the room temperature photoluminescence spectra recorded on the ensembles of
(a) self-catalytic GaN NWs, (b) Au-catalyst assisted GaN NWs, (c) Ni-catalyst assisted GaN
NWs and (d) illustration of energy level diagram for GaN NW with defect induced

intermediate energy levels and degradation kinetics of MB molecule.

Figure 5 show the photocatalytic dye degradation properties of various GaN NWs and its
corresponding efficiency under UV (a, b) and visible light irradiation (c, d).

Figure 6 shows the reusability of GaN nanowires under visible light irradiation (a) Ni-catalyst
assisted NWs, (b) Au-catalyst assisted NWs and (c) self-catalytic NWs. It clearly shows that
the dye degradation efficiency of the nanowires does not reduce even after the 5 cycles of

usage.
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Figure 5:
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