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Abstract

Hybrid nanoparticles (NP) of bismutite nanodisks (BSC ND) with gold nanoparticles (Au NP) of different aspect ratios (AR),
such as spheres, rods and etched rods were synthesized via a facile sonochemical method. To better control the shapes of Au
NP deposited on the substrate, these were pre-synthesized prior to the deposition using a modified seed mediated growth
method by altering the pH and supersaturation of the growth solution. The shift in the peak position and shape of the local-
ized surface plasmon resonance (LSPR) absorption band associated with fine-tuning of the shape of Au NP, led to enhanced
light harvesting capabilities of the hybrid. Introducing shape anisotropy in the NP brought about narrowing of bandgap and
lowering of PL intensity in the hybrids, suggesting better electronic contact of the NP with BSC, and effective suppression
of recombination effects. Hybrids of BSC with Au nanorods showed 14% improved degradation of methylene blue (MB)
dye compared to the hybrids with nanospheres. With this study, we provide a novel promising strategy to maximize the light
harvesting capacity of semiconductors by tailoring the AR of Au NP, for improved solar to chemical energy conversion.
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1 Introduction

Photocatalysis is one of the significant advanced oxidation
processes (AOP) used in the mineralization of organic pol-
lutants in the environment. Although a plethora of different
photocatalysts have been reported for degrading various
organic species, the fact that a majority of these photo-
catalysts require ultraviolet (UV) light for their excitation,
limits their practical use. Bismutite (Bi,0,CO;, BSC)
nanodisks (ND) consisting of alternating (Bi202)2+ and
CO32_ layered structure is one such catalyst (with a wide
bandgap of 3.12 eV) that has recently attracted research
attention due to its unique anisotropic crystal structure
and internal static electric field, which favors photoin-
duced charge transfer and separation [1-3]. The quest for
photocatalysts being active under sunlight has become
significant due to sunlight being a clean and renewable
energy source. However, the relatively small fraction of
UV light present in solar radiation points toward catalyst
engineering strategies aimed at better utilization of the
solar spectrum.

Gold nanoparticles (Au NP) have been a topic of inten-
sive investigation owing to their excellent optical prop-
erties and localized surface plasmon resonance (LSPR)
effect. As a result of LSPR effect, enhanced field strength
of the electromagnetic fields near the surface of Au NP
can be over 500 times larger than the applied field for
structures with sharp edges [4]. Depositing these Au NP
on semiconductor substrates has previously been reported
to improve the visible light sensitivity and charge sepa-
ration, thus leading to lower recombination rates and
enhanced solar energy collection efficiency [2, 5]. The
LSPR properties of Au NP are known to be dependent on
the size and shape of the particles among other factors [6].
Several methods have been reported for the deposition of
Au NP on the support, such as photodeposition [7], depo-
sition—precipitation [8], incipient wetness impregnation
[9], and chemical reduction [10] among others. However,
most of these techniques are limited in terms of their abil-
ity to control the shape of NP being deposited, thereby
restricting the scope of the study to primarily sphere-like
particles. Moreover, the NP generated through conven-
tional processes are often polydisperse due to uneven
precursor-solution loading caused by gravitational set-
tling and trapping among catalyst particles [11]. This
suggests the importance of obtaining hybrids with fine-
tuned shapes of NP, to get a clearer understanding of the
size-shape effect on the activity. Various strategies have
been explored to maximize the light harvesting capacity of
these hybrids, such as the formation of plasmonic—semi-
conductor heterostructures with janus, yolk-shell and
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dumbbell architectures [12—14]. For instance, a recent
study performed by Verbruggen et al. focused on synthe-
sizing a plasmonic ‘rainbow’ photocatalyst by modifying
titania with Au—Ag alloy NP of different compositions, to
maximize the spectral response [15]. Although the hybrid
catalyst displayed improved utilization of solar spectrum,
the modified Turkevich procedure used for the synthe-
sis of the alloy NP limited this study to spherical NP. To
achieve improved performance under broadband solar
illumination, it is important to synthesize catalysts with
simultaneous multiple wavelength plasmonic coupling on
semiconductors. The optical properties of NP are known
to change dramatically with the incorporation of anisot-
ropy [16]. Thus, optimizing the shape anisotropy of these
NP before depositing them on semiconductor substrates is
anticipated to improve the light harvesting capacity of the
hybrid for photocatalytic applications.

This work aims at synthesizing fine-tuned Au NP of dif-
ferent shapes and obtaining hybrid NP of these with BSC
for use in photocatalytic applications. Au NP were synthe-
sized following a seed-mediated growth method previously
reported by our group with some modifications [17]. By
careful optimization of the synthesis route, by adjusting
the pH and supersaturation of the growth solution, shapes
with different aspect ratios (AR), such as spheres, rods and
etched rods were synthesized. The volume of each particle
was kept fairly similar to de-couple the size effect in this
study. Nanostructured hybrids of Au NP with BSC were then
synthesized using a facile sonochemical approach. The pho-
tocatalytic activity of the BSC-Au NP hybrid samples was
evaluated in terms of its effectiveness to degrade methylene
blue (MB) dye under simulated sunlight at AM 1.5G condi-
tions. The effect of precise tuning of the shape anisotropy of
the Au NP on the light harvesting properties of these hybrids
is anticipated to pave way for energy efficient solar driven
photocatalytic applications.

2 Experimental section
2.1 Synthesis of BSC ND

BSC ND were synthesized following a hydrothermal route
as previously reported by Xiao et al. [2]. Briefly, 4.825 g
of bismuth (III) nitrate pentahydrate, 2.5 g of urea and
0.387 g of sodium citrate tribasic dihydrate were dispersed
in 30 ml of 1 M NaOH by magnetic stirring at 900 rpm for
30 min. This was followed by transferring the suspension
into a 100 ml teflon liner of an autoclave. The autoclave was
then placed in an oven at 180 °C for 6 h, after which it was
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brought down naturally to room temperature. The obtained
catalyst particles were washed three times each in DI water
and ethanol, followed by drying at 80 °C for 12 h.

2.2 Synthesis of Au NP

Au NP were synthesized by modifying a seed mediated
growth method previously reported by our group [17, 18].
In this method, cetyltrimethyl ammonium bromide (CTAB)
coated Au seeds were added to a supersaturated growth solu-
tion, which then acted as nucleation sites for the growth to
occur.

2.2.1 Synthesis of CTAB coated Au seeds

CTAB coated Au seeds were synthesized by reduction of
Au** ions in solution using NaBH,, a strong reducing agent.
In a typical process, 0.2 M CTAB solution was prepared by
dissolving 364.5 mg of CTAB in 5 ml DI water at 80 °C and
then brought down to 25 °C. 5 ml of 0.5 mM HAuCl,:3H,0
was added to this and kept stirring at 750 rpm for 10 min.
This was followed by the addition of 1.6 ml of freshly pre-
pared 3.75 mM NaBH, under vigorous stirring. The stirring
was continued for 2 more minutes after which the seed solu-
tion was allowed to age for 30 min.

2.2.2 Growth of CTAB capped Au NP

The growth solution for Au NP was prepared by a sequence
of steps as follows. 1.2 g of CTAB (primary surfactant) was
initially dissolved in 15 ml DI water at 80 °C to form a trans-
parent solution and then brought down to 35 °C. In case of
gold etched nanorods (Au ENR) and gold nanospheres (Au
NS), 20 pul of an additional co-surfactant, oleic acid (OA)
was also added into the mixture prior to dissolving. To the
solution containing surfactant(s), 750 pl of freshly prepared
4 mM AgNO; solution was added, followed by 15 min of
stirring. Thereafter, 15 ml of 1 mM HAuCl,-3H,0 was
added to the mixture and kept stirring for another 15 min. In
case of Au ENR and Au NS, the pH of the growth solution
was modified at this point using different concentrations of
NaOH. Gold nanorods (Au NR) were synthesized at natu-
ral pH conditions [pH =3.6 before addition of ascorbic acid
(AsA)]. It is to be noted that the concentration of the NaOH
used in adjusting the pH plays a significant role in the shape
selectivity as it affects the supersaturation of the growth
solution. For Au ENR synthesis, pH of the growth solution
was adjusted to 9.8 using 0.1 M NaOH and in case of Au NS,
1 M NaOH was used to adjust the pH to 10.7. Subsequently,
135 pl of 130 mM AsA was added under vigorous stirring
(1100 rpm). This was followed by the addition of 96 ul of
30-min aged CTAB coated Au seeds in case of Au NR and
Au ENR after which the stirring was stopped. However, Au

seeds were not used in Au NS synthesis as these showed
spontaneous growth right after adding AsA, thus denoting
primary nucleation. The Au NP solutions were allowed to
stay overnight at 35 °C and later collected by centrifuging
twice at 11,000 rpm for 20 min to remove the excess sur-
factant. The bottom product was then re-dispersed in 10 ml
DI water for each type of NP.

2.3 Normalizing the concentration of Au NP

As reported in our previous work [17], altering the pH of the
growth solution affects the growth kinetics and as a result
would lead to different concentrations of Au NP in the final
suspension. For estimating the concentration of the differ-
ent batches, a small fraction from the 10 ml Au NP disper-
sion was digested in aqua regia followed by dilution. This
was then analyzed in a Microwave Plasma Atomic Emis-
sion Spectrometer (MP-AES 4210, Agilent) to obtain the
concentration. To normalize the weight fraction of different
shapes of Au NP being deposited on BSC, 2 batches of Au
NR (10 ml each) were combined to make a 20 ml colloidal
suspension (this was done to account for the low weight frac-
tion of gold obtained for Au NR). However, due to improved
weight fractions of gold obtained in case of Au NS and Au
ENR, each of these suspensions were diluted to 20 ml by
adding 10 ml of DI water.

2.4 Synthesis of BSC/Au hybrid NP

BSC/Au hybrid NP were synthesized by a facile sonochemi-
cal method in presence of methanol (MeOH). In a typical
synthesis process for depositing 1 wt% Au, different weights
of BSC ND (depending on the shapes of Au NP being depos-
ited; Au NS-248 mg, Au ENR-215 mg, Au NR-210 mg)
was dispersed in 25 ml MeOH under ultrasonication (Elma-
sonic S30H, 37 kHz, 280 W) for 5 min. The Au NP batches
(20 ml) were also ultrasonicated (37 kHz, 280 W) for 5 min
to ensure good dispersion of the NP in solution. The Au NP
batches were then added dropwise to the BSC dispersion
under magnetic stirring at 1000 rpm. This was followed by
ultrasonication of the mixture for 15 min to obtain the hybrid
NP. These were separated from solution via centrifuging at
11,000 rpm for 10 min and later cleaned one more time with
ethanol before drying these particles overnight at 70 °C.

3 Results and discussion
3.1 Morphology characterization
The morphology of BSC ND was analyzed using S(T)EM

and is shown in Fig. S1. The ND had an average size of
330+ 130 nm (represented as average + standard deviation)
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Fig. 1 Different shapes of Au NP synthesized using a modified seed-
mediated growth approach, a NS, b ENR, ¢ NR; the absorbance spec-
tra of these different shapes are shown in (d), (e) and (f), respectively,

and thickness of 50 + 8 nm, and the shapes were in agree-
ment with the structures previously reported by Xiao et al.
[2]. Figure la—c shows the different shapes of Au NP
obtained from the modified seed-mediated growth. The
spherical nanoparticles (Au NS) in Fig. 1a had dimensions
of 18 +£5 nm; the etched nanorods (Au ENR) in Fig. 1b had
long axes dimension of 26 +4 nm and a short axes dimen-
sion of 13 +3 nm; the nanorods in Fig. l1c had long axes
dimension of 42 +6 nm and a short axes dimension of
10+ 1 nm, respectively. AR being a parameter which bet-
ter describes the anisotropy in terms of ratio of long axes
to short axes of the NP is shown in Fig. S2. Au NS showed
an AR of 1 +0.1, thus denoting almost no anisotropy in the
spherical NP. Au ENR and Au NR had AR of 2.2+0.4 and
4.1+0.5, respectively. Precise tuning of the seed-mediated
growth route was achieved by altering the pH and supersatu-
ration of the growth solution to achieve different shapes, but
with similar particle volumes. This was done to de-couple
the size effect in this study. The approximate volume of the
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the inset shows the color of an aqueous colloidal dispersion of the
NP; hybrid NP obtained by sonochemical deposition of the Au NP on
BSC ND are shown in (g), (h) and (i), respectively

different shapes of Au NP was calculated and is shown in
Fig. S3.

Figure 1d—f shows the absorbance spectra for an aqueous
dispersion of the different shaped Au NP and their corre-
sponding color in the inset figures. It can be noted that Au
NS showed a single LSPR absorbance peak at a wavelength
of 508 nm. This was in congruence with previous works on
Au NS, where the peak position and broadening have been
reported to be functions of particle size and polydispersity
among other factors [19]. ENR showed a shift in the LSPR
absorbance compared to NS, with the main peak at 646 nm
and two shoulders at 525 nm and 585 nm, respectively;
NR showed two distinct absorbance peaks at 508 nm and
807 nm corresponding to the transverse and longitudinal
axes, respectively. The longitudinal peak position of Au NR
is known to shift with change in AR, higher AR leading to
longitudinal peaks at longer wavelengths [20]. The spec-
tral irradiance of the solar simulator (as provided by the
manufacturer ScienceTech) is shown in Fig. S4 to depict the
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overlap of Au NP absorbance spectra with the intensity of
irradiated light. The light intensity of the solar simulator was
observed to be quite broad in the visible and near-infrared
regions as seen from the percentage of intensities at specific
wavelengths. A good overlap of the spectral range of inci-
dent photon with the LSPR absorbance of the plasmonic
metal provides a useful tool to predict the enhanced proper-
ties of the hybrid NP [21].

The concentration of different Au batches was estimated
using MP-AES, and the yields (denoting weight fraction of
Au obtained as NP from the initial Au precursor concentra-
tion) obtained for NS, ENR and NR were 85+4%, 74+3%
and 36 +2%. A higher supersaturation of growth solutions
for NS and ENR leads to faster reduction of Au'*(obtained
via reduction of Au>" in the presence of reducing agent AsA)
ions to Au’, hence giving better yields[17]. Figure 1g—i
shows SEM images of hybrid NP obtained by sonochemi-
cal deposition of different shapes of Au NP on BSC ND.
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The Au NP were observed to be tightly bound to the BSC
ND indicating strong metal support interaction, and retained
its shape even after deposition. Figure S5 shows images of
powder samples of the hybrid particles.

The elemental composition of the hybrid samples was
analyzed in an EDX spectrometer, and the results are tabu-
lated in Table S1. A representative EDX elemental map of
BSC-AuNR is shown in Fig. S6. Since there were few areas
of the substrate with non-uniform gold deposition, MP-AES
was used in conjunction with EDX to get a better estimate
of the gold loading in the hybrid. A similar weight fraction
of deposited gold obtained from MP-AES for the different
hybrid samples (as shown in Fig. S7) ensured complete dep-
osition of the pre-synthesized gold on BSC ND.

The powder XRD patterns of BSC and the hybrid samples
are shown in Fig. 2a. The diffraction peaks of the hybrids
were in alignment with BSC and were indexed to tetragonal
bismutite (Bi,0,CO;) with a=b=3.867 A; c=13.686 A;
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Fig.2 a XRD patterns-diamond markers represent diffraction from crystal planes of metallic Au, b zeta potential at natural pH, ¢ UV-Vis
absorption spectra, and d Tauc plot showing the optical bandgap of the hybrid samples
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and space group I,/mm; JCPDS Card No. 41-1488. The
peaks from BSC were observed to be sharp indicating high
crystallinity of the sample. In addition to the peaks from
BSC, some broad peaks (indicated by diamond markers in
Fig. 2a) could be detected for the hybrids at 38.2°, 44.4° and
64.6°, which could be assigned to (111), (200) and (220)
crystal planes of metallic Au with cubic structure (JCPDS
Card No. 04-0784). The zeta potential representing surface
charge of the particles was performed at natural pH in a cata-
lyst suspension of 200 mg/L and is shown in Fig. 2b. BSC
ND which has an isoelectric point below 3, was observed to
have negative zeta potential at its natural pH of 6.5, due to
deprotonation of adsorbed hydroxyl groups present on the
surface [1]. In contrast, the hybrid particles showed positive
values of zeta potential due to the presence of CTAB stabi-
lizing the Au NP. An increase in the absolute value of zeta
potential could also be observed for the hybrids containing
Au ENR and Au NR. This could be due to higher fraction of
surface Au atoms present in these structures (since the par-
ticle volumes of different shapes were kept nearly similar).

The light harnessing capacity of the hybrid samples was
compared by obtaining the UV-Vis diffuse reflectance spec-
tra (DRS), as shown in Fig. 2¢. As can be observed, pristine
BSC displayed an absorption edge at approximately 370 nm
and exhibited very low absorbance intensity at wavelengths
above 370 nm, indicating their visible light inertness. The
hybrid samples were observed to show additional absorb-
ance peaks corresponding to the surface plasmon band of
the particles being deposited, thereby leading to improved
light absorption in the visible spectrum. In case of BSC-
AuNR hybrid, the absorbance was seen to extend to the near

o~
o
~

&

2 1.0

L

[is}

=

bS]

o 08+

.0

-

[}

e}

S

D 06

T

O

g 1~=—Bsc

5 —e— BSC-AUNS
w 04| —a—BSC-AUENR
8 —v— BSC-AUNR
° 1 |—e— Control-w/o light
o —«— Control-w/o catalyst

0.2 T T T T T T T

T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0

Reaction time (h)

Fig.3 a Comparison of photocatalytic MB degradation between dif-
ferent hybrid samples along with control experiments, b catalyst
stability analysis showing three consecutive runs with BSC-AuNR
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infrared region as a result of the longitudinal peak of Au
NR. However, BSC-AuENR was observed to show the least
absorbance, which could be due to the slightly lower weight
fraction of deposited Au on these hybrids as obtained from
MP-AES (Fig. S7). The optical bandgap of the hybrids was
obtained using Tauc plots, as shown in Fig. 2d. BSC ND
displayed a bandgap of 3.15 eV which was consistent with
literature [2]. Narrowing of the bandgap could be observed
for the BSC-Au hybrids with BSC-AuNR displaying the
most narrow bandgap of 2.83 eV. This could be due to a
systematic red shift of the absorption edge observed for the
hybrids with increasing anisotropy of the particles being
deposited [22].

PL spectra of the hybrid samples were obtained to get a
better understanding of the transfer, separation and recombi-
nation processes of the photogenerated electron—hole pairs.
Figure S8 shows the PL intensity comparison performed
at an excitation wavelength of 350 nm and emission scans
between 365 and 700 nm. A significant quenching in PL
intensity could be observed in the hybrids with incorpora-
tion of Au NP, with the intensities decreasing in the order
BSC>BSC-AuNS >BSC-AuENR > BSC-AuNR, thus indi-
cating least charge carrier recombination effects in BSC-
AuNR [23]. This could indicate the migration of excited
electrons in the conduction band of BSC to the new Fermi
energy level of the hybrid, which would act as trapping sites
for the electrons (electron sinks), thereby improving charge
separation [24, 25]. The least PL intensity observed for BSC-
AuNR hybrid could be a result of stronger electronic contact
of Au NR on the BSC surface, due to higher surface fraction
of gold with increasing AR.
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hybrid; the stability runs were performed in borosilicate glass reac-
tors by reducing the reaction volume in subsequent runs, but fixing
the catalyst concentration; aliquots were withdrawn every hour
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Photocatalytic comparison studies were performed using
the hybrid catalysts for MB degradation, as shown in Fig. 3a.
The concentration of residual dye in the aliquots were calcu-
lated using the calibration curve for MB, as shown in Fig. S9.
Enhanced light harvesting capacity of the hybrids with Au NR
at longer wavelengths of the solar spectrum could be observed
in terms of improved activity for MB degradation. The deg-
radation percentage of MB after 3 h of reaction was found to
be 54.8%, 57.9%, 63.1% and 71.8% for BSC, BSC-AuNS,
BSC-AuENR and BSC-AuNR, respectively. A 14% improve-
ment in degradation observed in hybrid structures with Au
NR compared to Au NS could be due to the synergetic effects
of superior visible light absorption, improved charge—carrier
separation, and stronger near-field enhancements. Obtaining
anisotropic particles with higher AR, yet smaller in size could
lead to an increase in the surface fraction of gold, which is
expected to further improve the performance of the hybrid.
Control experiments were performed both in the absence of
catalyst (with light irradiation) and absence of light (with
photocatalyst), as shown in Fig. 3a. Insignificant MB degra-
dation observed in these reactions verified the effectiveness
of the hybrid catalyst. The degradation performance could be
described by the pseudo-first-order kinetic model:

—IH(C/C()) = kappt (1)

where C and C,, denote the concentration of MB dye at time
‘t’ and after attaining adsorption—desorption equilibrium,
respectively, and k,,, refers to the apparent pseudo-first-
order kinetic constant (h~"). The plot of In(Cy/C) versus time
shown in Fig. S10 exhibited a good linear fit with the R? val-
ues and k,, listed in Table S2. BSC-AuNR samples showed
the highest k,,, value, further verifying the above inference.
The photocatalytic performance of the hybrid samples was
also tested in the visible light spectrum using a UV light
cutoff filter (cuts off wavelength <400 nm) and is shown
in Fig. S11. Although some degradation could be observed
in all the samples, it was difficult to observe any particular
trend or improvements between the samples in the visible
light emission window. This might indicate that a plasmonic
excitation brought about by absorption of visible light alone
was not sufficient to activate the BSC particles in our study.

The photocatalytic stability of the BSC-AuNR hybrid was
tested to determine its reusability, by performing three con-
secutive MB degradation experiments with the spent catalyst
obtained after each run. The spent catalyst was centrifuged
and cleaned once in ethanol, and later dried at 70 °C over-
night. Good consistency in the performance runs with a final
degradation of 70.5 + 1.3% as observed from Fig. 3b proved
good stability of the hybrid.

A plausible mechanism for the plasmonic enhancement
observed in this study could be assigned to a synergistic effect
of improved charge—carrier separation and stronger near-field

enhancements with the incorporation of anisotropic Au NP.
Sonochemical deposition of plasmonic NP have been reported
in literature to obtain strong contact with the semiconductor
particles with a Schottky junction [26, 27]. When solar light
is irradiated on the hybrid NP, the electrons in the valence
band of BSC gets excited to the conduction band. The recom-
bination of these electrons with the holes in the valence band
could be delayed by their migration to the newly formed Fermi
energy level of the hybrid NP, where they reduce the dissolved
oxygen to form superoxide anion radical (-O,") [27]. At the
same time, holes in the valence band of BSC are captured by
surface OH™ groups or adsorbed H,O to produce hydroxyl
radical (-OH"). These radicals would oxidize MB due to their
high redox potentials. The Schottky barrier at the equilibrated
interface of the hybrid would limit the reverse metal to semi-
conductor transfer of electrons, thereby improving the sepa-
ration efficiency of photo-excited charge carriers. Near-field
enhancements due to strong plasmon-induced electric field
near the metal surface is known to significantly enhance the
rate of photoexcitation in the semiconductor [28]. The pres-
ence of anisotropy leads to stronger near-field enhancement
effects, and this could support the improved performance of
BSC-AuNR [29]. Hot electron injection from Au NP to the
conduction band of BSC did not seem to have a prominent
effect in this study. This could be verified in terms of insig-
nificant activity improvements observed for the hybrids in
the visible light spectrum. A restricted interface area between
the Au NP and BSC due to surface deposition might lead to
poor transport of hot electrons compared to when the NP is
partially embedded into the semiconductor [30]. The small
size of Au NP used in this study could also suggest that the
improvements caused through resonant scattering was not
relevant here [28, 31].

It should be noted that even though MB is widely used as
a target contaminant for photocatalytic studies, its use has
been debated as it could also induce a photosensitization
mechanism along with photocatalysis. However, the con-
trol experiments performed under identical conditions along
with insignificant improvements observed for the hybrids
in presence of visible light exclude the presence of a dye-
sensitization mechanism in this study [32, 33].

4 Conclusions

This work reports a novel approach for enhanced light har-
vesting for photocatalytic applications by post deposition of
anisotropic Au NP on BSC ND. Fine tuning the shape of Au
NP was achieved by a modified seed-mediated growth method
by adjusting the pH and supersaturation of the growth solu-
tion. In comparison with spherical Au NP that has been widely
studied in literature, the symmetry breaking of these NP lead-
ing to anisotropic morphologies was observed to enhance the
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light harvesting properties and photoredox efficiencies of the
hybrid. Bandgap narrowing and lowering of PL intensity could
be observed with increasing anisotropy of the deposited NP,
which indicates a lowering of the Fermi energy level of the
hybrid along with superior charge—carrier separation efficien-
cies. Further optimizing the shape of the deposited Au NP on
BSC ND or depositing a mixture of different shapes of Au
NP is anticipated to provide viable solutions for more efficient
utilization of the solar spectrum.
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