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ABSTRACT: To ensure environmental safety, the removal of organic pollutants has

gained increasing attention globally. We have synthesized uniform Au nanorod (NR)- B ‘

doped Cu,O core—shell nanocubes (CSNCs) via a seed-mediated route embedded on 0 ) . NaoH. A

the surface of rGO sheets. The Au NRs@Cu,0/rGO nanocomposite was characterized .. e siiring " 0
using various techniques such as transmission electron microscopy (TEM), atomic force AuNRs 0

microscopy (AFM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
and Fourier-transform infrared (FT-IR) and Raman spectroscopies. The scanning TEM-
energy-dispersive spectroscopy (STEM-EDS) elemental mapping of the AuNRs@Cu,O/
rGO nanocomposite indicates that the Au NR (40 nm) is fully covered with the Cu,O
particles (~145 nm) as a shell. N, gas sorption analysis shows that the specific surface
area of the composite is 205.5 m’/g with a mesoporous character. Moreover,
incorporation of Au NRs@Cu,0O CSNCs increases the nanogaps around the
nanoparticles and suppresses the stacking/bundling of rGO, which significantly influences
the pore size and increase the surface area. A batch adsorption experiment was carried out under various parameters, such as the
effect of pH, contact time, temperature, initial dye concentration, and adsorbent dosage, for the removal of methylene blue (MB) in
aqueous solution. The high surface area and mesoporosity can cause the adsorption capacity to reach equilibrium within 20 min with
a 99.8% removal efficiency. Both kinetic and isotherm data were obtained and fitted very well with the pseudo-second-order kinetic
and Langmuir isotherm model. The Langmuir isotherm revealed an excellent dye sorption capacity of 243.9 mg/g at 298 K.
Moreover, after five adsorption cycles, the dye removal efficiency decreased from 99 to 86%. This novel route paves a new path for
heterogeneous adsorbent synthesis, which is useful for catalysis and electrochemical applications.

AuNRs@Cu,0

wooc
AuNRs@Cu,0/rGO nanocomposite

B INTRODUCTION

The rapid growth of chemical industries can cause serious
aquatic pollution, due to inferior standards, copious hazardous
materials (heavy metals, oils, organic molecules, etc.) entering
the environment water system.1 Among them, organic dyes are

the most eco-friendly, easy-to-operate methods, generating a
negligible amount of secondary waste and recycling adsorb-
ents.'’ Moreover, several adsorbents such as activated carbons,
graphene, biochar, agricultural waste, clay, polymers, and

silicates are used for the removal of MB.'*™'¢ Nevertheless,

widely used in various industries, and annually nearly 210 000
tons of dyes are discarded.” Especially, methylene blue (MB), a
heterocyclic aromatic cationic dye, is one of the popularly used
substances for the manufacturing of textiles, wool, and
pigmentation of papers and cosmetics.”* The dye is stable
against biodegradation and can prevent the sunlight reaction
with water systems, which inhibits the growth of biota, due to
depilation of photosynthetic activity, and causes biological
imbalance.> MB can cause harmful effects such as vomiting,
increased heart rate, diarrhea, shock, cyanosis, quadriplegia,
tissue necrosis, etc.”” Therefore, the removal of MB is of
utmost importance. Moreover, several techniques have been
extensively reported, such as membrane filtration, electro-
chemical method, flotation, coagulation, chemical oxidation,
ion exchange, and adsorption.®”' Among all of the
physiochemical methods, adsorption is considered as one of
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some limitations such as low adsorption capacity, poor
stability, and low selectivity restrict their wide applications.
Recently, nanostructured absorbents, such as nanoparticles
(Fe;04 TiO, CeO,, ZnO, ZnSnO; C;N, and Cu,0),
nanorods, and nanofibers, have attracted considerable
attention for the removal of diverse toxic dyes from
wastewater,'’ "'’ owing to their promotion of charge
separation, smaller size, interparticle interaction affinity, and
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high surface reactivity.”””' Among the various available metal

oxides, Cu,O is one of the highly used adsorbents, owing to its
eco-friendly nature, low cost, mechanical strength, and good
porosity.””*> However, bare Cu,O has some demerits such as
poor surface reactivity and less charge transfer kinetics. It is
also known that the incorporation of a second phase such as
Au nanoparticles may enhance the reactivity and thermal
stability of a composite material.”* In the literature, several
studies have reported that the Au nanoparticle-doped Cu,O
system has been applied for the photodegradation of dyes.”>*°
However, very few reports illustrate Cu,O applied as an
adsorbent for the removal of dyes.”” Nevertheless, the
adsorption capacity and reactivity of bare Cu,O are very
poor. Therefore, it is still a challenge to synthesize highly
efficient nanomaterials for the complete removal of hazardous
dyes. Graphene oxide is considered as one of the most reactive,
high surface area two-dimensional (2D) material.”® However,
graphene oxide (GO) also has some disadvantages such as high
aggregation behavior and stack-forming.””** To overcome all
of the above drawbacks, a nanostructure with a high specific
surface area and a highly reactive surface is an unmet demand.
To the best of our knowledge, for the first time, we have
developed a AuNRs@Cu,0-embedded reduced graphene
oxide (rGO) composite for the removal of organic methylene
blue.

Herein, we present a facile method for the synthesis of a
uniformly dispersed Au nanorod-doped Cu,O CSNC-
embedded rGO composite (AuNRs@Cu,0/rGO). Interest-
ingly, our AuNRs@Cu,0/rGO shows a higher surface area
(205.5 m?/g) than pristine GO (9.7 m?/g). Due to the
incorporation of nanoparticles, the nanogaps around the
nanoparticles can be increased, which can tune the pore size
and increase the surface area.”” The AuNRs@Cu,0/rGO
nanocomposite was well characterized using atomic force
microscopy (AFM), transmission electron microscopy (TEM),
energy-dispersive spectroscopy (EDS), X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, etc. Owing to the
high surface area, the AuNRs@Cu,0/rGO nanocomposite
exhibited a high MB adsorption capacity (243.9 mg/g) for
removal from water. The effects of various parameters
including pH, contact time, temperature, and dosage were
studied. A detailed mechanism for dye removal is also
provided. This composite is a newly emerging nanocomposite
material with its characteristic structure that enables it to
interact effectively with organic molecules. Finally, we have
synthesized the AuNRs@Cu,O/rGO alloy composite for
multiple application purposes, such as photochemical, electro-
chemical, and water treatment. We first tested the dye
adsorption behavior of the AuNRs@Cu,0/rGO alloy
composite, which was shown to be excellent (Scheme 1).
Further applications, including photochemical and electro-
chemical applications, are now in progress.

B RESULTS AND DISCUSSION

Structural Characterization. The morphology and
structure of the Au NRs, AuNRs@Cu,O CSNCs, GO, and
the AuNRs@Cu,O/rGO nanocomposite was analyzed using
AFM, TEM, and EDS techniques. The AFM image reveals that
the bare Au NRs are uniform in size and well dispersed (Figure
1a,b). The GO sheets appeared as a stacked two-dimensional
(2D) structure (green arrows) (Figure 1c) with a thickness of
0.6—1.3 nm and size around 400—550 nm. The AFM and 3D
AFM images of the composite indicate that the AuNRs@Cu,O

Scheme 1. Synthesis Process of the AuNRs@Cu,0/rGO
Nanocomposite
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CSNCs (blue arrow) are well embedded onto the surface of
the rGO sheet, which is also supported by the line profile
image (Figure 1d—f). The line profile clearly shows the
presence of humps, which implies that the composition is a
mixture of AuNRs@Cu,O CSNCs and the rGO sheet. This
result was further confirmed by TEM and EDS analyses.

The TEM image shows the uniform dispersibility of the Au
NRs with a length and width of 40 and 20 nm, respectively
(Figure 2a). In addition, the core—shell structure of AuNRs@
Cu,0 CSNCs illustrates that the Au NRs (red arrow) are
present as a core in the center of Cu,0O NPs (blue arrow) and
the size of the CSNPs is nearly 145 nm (Figure 2b), well-
matched with the AFM image (Figure 1b). Moreover, the pure
graphene oxide sheet exists as a wrinkled 2D structure with
layers (green arrows), as shown in Figure 2c. The AuNRs@
Cu,0/rGO nanocomposite clearly indicates the rGO wrapped
(green arrow) around the AuNRs@Cu,O CSNCs (Figure 2d).
EDS analysis was performed to confirm the elemental
distribution in the AuNRs@Cu,0/rGO nanocomposite. As
shown in Figure 2e, the AuNRs@Cu,0/rGO nanocomposite
consists of C, O, Cu, and Au elements. Further, the high-angle
annular dark-field (HAADF) and the scanning TEM (STEM)-
EDS elemental mapping of the AuNRs@Cu,O/rGO nano-
composite indicate that the Au NR is fully covered with the
Cu,O particles as a shell (Figure 3). The elemental mapping
shows violet, green, cyan, and red attributed to Cu, Au, carbon,
and oxygen elements, respectively.

The phase purity of pure GO and AuNRs@Cu,O/rGO
nanocomposites was analyzed using the X-ray diffraction
(XRD) pattern shown in Figure 4ijii. A sharp peak at 26 value
of around 25.5° is observed for rGO (black line), which
corresponds to the characteristic peak of the (002) plane, and
graphene (001) was not observed; this is probably because GO
was reduced to rGO and more functional groups were
removed from the GO surface.”” However, for the as-
synthesized nanocomposite, the typical diffraction peak of
reduced graphene oxide is observed at (002) plane (red). In
addition, the diffraction peaks of Cu,O at 26 values of 29.7,
36.4, 42.4, 52.4, 61.5, 73.8, and 77.6 indexed to the planes of
(110), (111), (200), (211), (220), (311), and (222),
respectively, were attributed to the cubic phase of Cu,O
(PDF No. 01-1172) and small peaks at 38.2, 44.7, 64.7, and
77.5 were attributed to (111), (200), (220) (blue), and (311)
of Au particles, which confirms the formation of AuNRs@
Cu,0/rGO. Moreover, the intensities of the Au peaks were
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Figure 1. AFM images of (a) AuNRs, (b) AuNRs@Cu,0 CSNC, (c) GO, (d, e) AFM and 3D AFM images of the AuNRs@Cu,O/rGO
nanocomposite, and (f) height histogram profile of the AuNRs@Cu,O/rGO nanocomposite.
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Figure 2. TEM images of (a) AuNRs, (b) AuNRs@Cu,0 CSNCs, and (c) GO and (d, e) TEM image and EDS spectra of the AuNRs@Cu,0O/

rGO nanocomposite, respectively.

weaker than those of the Cu,O peaks, indicating the presence
of a Cu,O shell and Au core in the composite.”

The effective reduction of GO to rGO and the formation of
the AuNRs@Cu,0/rGO nanocomposite can be further
demonstrated by Fourier-transform infrared (FT-IR) and
Raman spectroscopies. The FT-IR spectrum of GO (Figure
5i) shows that the peaks at 3463, 2450, 1734, 1640, 1383, and
1058 cm™" were attributed to the stretching vibration of the
O—-H, C=O0 carbonyl, aromatic —C=C, and —-C-0O
groups."’4 However, in the case of the AuNRs@Cu,O/rGO

24801

nanocomposite, the peak intensities of all oxygenated groups
gradually decreased, which indicates that GO was successfully
converted into reduced graphene oxide (rGO). The peak
intensity at 1631 cm™" is increased, which indicates increasing
—C=C moiety. Moreover, two new peaks appeared at 626 and
532 cm™', which corresponds to the Cu—O stretching
vibration of the Cu,O phase and Au.*

This result was further confirmed using Raman and XPS
analyses. The Raman spectrum of the AuNRs@Cu,O0/rGO
nanocomposite (Figure Sb) shows two bands at 1337 cm™" (D

https://dx.doi.org/10.1021/acsomega.0c03487
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Figure 3. AuNRs@Cu,O/rGO nanocomposite high-angle annular dark-field (HAADF) image along with elemental mapping images of Cu, Au, C,

and O of individual particles.
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Figure 4. XRD patterns of (i) GO and (ii) AuNRs@Cu,0/rGO
nanocomposite.
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rGO nanocomposite before and after adsorption of MB dye and (b)
Raman spectra of the AuNRs@Cu,0/rGO nanocomposite.

band) and 1584 cm™ (G band), which are the characteristic
peaks of rGO structures.>® Moreover, three peaks at 219, 534,
and 631 cm 'appeared, which are attributed to the Cu,O
phase.”” In addition, a weak peak appeared at 489 cm™
ascribed to Au particles.’”® The results clearly indicate the
successful formation of the AuNRs@Cu,0/rGO nanocompo-
site.

The X-ray photoelectron spectroscopy (XPS) measurements
were performed for further confirmation of AuNRs@Cu,O/
rGO composite formation. The survey scan spectra of the
AuNRs@Cu,O/rGO nanocomposite (Figure 6ai) show the
main peaks at 84, 280, 530, 932, and 952 eV attributed to the
binding energies of Au 4f, C 1s, O 1s, and Cu 2p. The
deconvolution spectrum of Cu 2p (Figure 6b) shows peaks at
932.4 and 952.1 eV corresponding to the binding energies of
Cu 2p 3/2 and Cu 2p 1/2 of Cu(l), respectively. Moreover,
the absence of a shake-up satellite peak at 945 eV indicates the
absence of Cu(Il). Thus, it is confirmed that Cu(I) is
predominant in the AuNRs@Cu,O/rGO nanocomposite. The
AuNRs@Cu,0/rGO nanocomposite was further characterized
by ultraviolet—visible (UV—vis) absorption spectra. The UV—
visible absorption spectra show (Figure S1) that the peaks at
521 and ~754 nm are the characteristic surface plasmon
resonance band of Au NRs,”® whereas a broad peak at 690 nm
is a Cu,O characteristic peak.”> Moreover, the peak at around
285 nm indicates the presence of the reduced form of graphene
oxide rather than GO.

The adsorption capacity mainly depends on the surface area
of the material. The specific surface areas of GO and AuNRs@
Cu,0/rGO nanocomposites were examined using isothermal
N, adsorption—desorption analysis at 77 K. Compared to the
isothermal curves between GO and AuNRs@Cu,0/rGO
nanocomposites, the extent of gas absorption is greatly
enhanced in the nanocomposite. The Brunauer—Emmett—
Teller (BET) surface areas of bare GO and AuNRs@Cu,O/
rGO nanocomposites are 9.7 and 205.5 m?/g, respectively,
presented in Figure 7iii. The average pore size is 3.5 nm,
calculated using density functional theory (DFT) pore size
distribution, and their size distribution is shown in the inset
(Figure 7). This result clearly reveals that the AuNRs@Cu,O/
rGO nanocomposites show a mesoporous character. The high
surface area of the AuNRs@Cu,O/rGO nanocomposite may
be due to the incorporation of AuNRs@Cu,O CSNCs, which

24802 https://dx.doi.org/10.1021/acsomega.0c03487
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Figure 6. (a) Survey scan XPS spectra of (i, ii) AuNRs@Cu,O/rGO nanocomposite before and after adsorption of MB dye, respectively, and (b, c)

high-resolution XPS spectra of Cu 2p, S 2p, and N 1s.
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Figure 7. (i, ii) N, adsorption—desorption isotherms of pure GO and
the AuNRs@Cu,0/rGO nanocomposite.

increases the nanogaps around the nanoparticles and
suppresses stacking and bundling of rGO, which influence
the pore size and increase the surface area as well as the
mesoporous nature compared with pure GO (microporous).*
Moreover, based on single-point adsorption, the total pore
volume of the AuNRs@Cu,0/rGO nanocomposite was
calculated to be 0.2723 cm?®/g at P/P, = 0.9937. This high
mesoporous surface area plays a key role in the removal of
methylene blue. In addition, after MB adsorption, the surface
area of the AuNRs@Cu,O/rGO nanocomposite was decreased
from 205.5 to 102.002 m*/g (Figure S2). After MB adsorption,
the pores of the composite are occupied by the MB molecules,
which limits pore accessibility of the composite. The above
XPS, FT-IR, SEM, and BET results confirm the successful
adsorption of MB by the AuNRs@Cu,O/rGO nanocomposite.

Effect of pH on MB Adsorption. In a solution, the
adsorption ability of the adsorbent mainly depends on the pH
value. This could play a key role between the surface chemistry
of the dye and the AuNRs@Cu,0/rGO nanocomposite. The
effect of pH on MB dye removal was studied in the pH range
from 2 to 11. The solution pH was optimized using 0.1 M
HCI/NaOH. The batch adsorption process was carried out by
fixing the adsorbent dosage at 20 mg and the contact time was
30 min at a temperature of 298 K with a concentration of the

24803

MB dye of 0.02 g/L. The maximum removal efficiency >99%
was observed at pH 10.5 and the minimum at pH 2, as shown
in Figure 8i. The lowest adsorption at low pH is due to the

Removal (%)

12

Figure 8. (j, ii) Effect of pH on the adsorption of MB dye by bare GO
and the AuNRs@Cu,0/rGO nanocomposite.

competition between the cationic dye molecules and protons,
which leads to electrostatic repulsion between the adsorbate
and adsorbent. At higher pH values, the surface of the
AuNRs@Cu,0/rGO nanocomposite becomes negatively
charged and develops enhanced electrostatic attraction with
positively charged dye molecules, which facilitates the
adsorption of MB onto the AuNRs@Cu,O/rGO nano-
composite. This demonstrates that the adsorption is primarily
dependent on the pH of the solution. However, an increase in
the solution pH beyond 10.5 ensured that saturation was
reached. This might be due to the nonavailability of adsorption
sites. In addition, the removal efficiency of GO was found to be
65%, as shown in Figure 8i. The high removal efficiency of the
AuNRs@Cu,0/rGO nanocomposite is mainly due to the high
surface area, which is caused by the addition of Au NRs@
Cu,0 CSNCs.

Effect of Time and Mechanism Study. The equilibrium
adsorption time is an important parameter in the batch
adsorption process. The effect of time on the adsorption of the

https://dx.doi.org/10.1021/acsomega.0c03487
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Figure 9. Time dependence of MB dye adsorption of (a) pure GO, (b) AuNRs@Cu,0/rGO nanocomposite, (c¢) AuNRs@Cu,O, and (d) Cu,0/

rGO.

dye was studied by maintaining constant the initial
concentration of the MB dye at 298 K, with the dosage of
20 mg of bare GO and the AuNRs@Cu,0/rGO nano-
composite. The adsorption of the dye increased with an
increase in time and reached saturation at 60 min for GO, as
shown in Figure 9a, whereas Figure 9b shows the time-
dependent adsorption of the AuNRs@Cu,O/rGO nano-
composite. The adsorbent reached saturation within 20 min.
Due to the large surface area of the adsorbent, more available
active sites and additional AuNRs@Cu,O CSNCs boost the
adsorption of dye molecules via enhancing the surface area and
the porous nature of the adsorbent. For comparison, we have
also analyzed the adsorption capacities of AuNRs@Cu,O
CSNCs and Cu,O@rGO nanocomposite, as shown in Figure
9¢,d. The AuNRs@Cu,O CSNPs show an incomplete
adsorption process even at 80 min, whereas the adsorption
of the dye increased with an increase in time and reached
saturation at 50 min for Cu,O@rGO nanocomposite. The
above results illustrate that the AuNRs@Cu,O-embedded rGO
nanocomposite significantly improved the removal of MB dye.
In this ternary composite system, the AuNRs@Cu,O CSNPs
suppress stacking and bundling of rGO, leading to the high
specific surface area with enormous sp® carbon bonds, and
functional groups facilitate the removal of the dye via hydrogen
bonds and 7—n electrostatic interactions. Importantly, the
noble metal Au NRs boost the reactivity of Cu,O in the
composite, which may increase the rate of reaction and lead to
the %tligrption of MB dye reaching equilibrium within 20
min.””’

To explore the possible mechanism between the adsorbent
and adsorbate, we have used FT-IR and XPS techniques. The
FT-IR spectra before and after the adsorption of MB dye are
shown in Figure Saiii. The peak at 3445 cm™ corresponds to
—OH of the AuNRs@Cu,0/rGO nanocomposite. However,
after adsorption of MB dye, the —OH peak shifted to 3332
cm™!, representing the hydrogen bond interaction between the
adsorbent and the MB dye. The intensity of the —C=0 peak
at 1728 cm™! was decreased and shifted to 1706 cm™!, which

24804

indicates the strong electrostatic attraction between the anionic
form of —C=0 (acid) of the adsorbent and the MB dye. In
addition, the peak at 1631 cm™! shifted to 1619 cm™ is
assigned to the 77— interaction of the adsorbent and the
adsorbate. Further, XPS analysis was carried out for the
AuNRs@Cu,0/rGO nanocomposite after MB dye removal
(Figure 6ii). Compared to the peaks of Au 4f, C 1s, O 1s, and
Cu 2p in the AuNRs@Cu,O/rGO nanocomposite before
adsorption, after removal of the MB dye, the AuNRs@Cu,O/
rGO nanocomposite shows additional peaks at 164 and 400 eV
attributed to the binding energies of (Figure 6¢) S 2p and
(Figure 6d) N 1s, respectively, which indicates that MB is
adsorbed on the structure of the AuNRs@Cu,0/rGO
nanocomposite.”’ The above results clearly confirm the
adsorbate molecules of MB dye adsorbed onto the surface of
the AuNRs@Cu,0/rGO nanocomposite adsorbent. Further,
the morphology of the composite does not change before and
after MB removal, as seen in the SEM image in Figure S3a,b,
which indicates a strong interfacial contact between the rGO
and Au@Cu,O core—shell NPs. The schematic representation
of the mechanism is shown in Scheme 2.

Effect of Dosage and Concentration. The effect of
adsorbent dosage on MB is shown in Figure S4iii. The
adsorbent (AuNRs@Cu,0/rGO) amount varied from 2 to 20
mg at an initial MB dye concentration of 0.02 g/L. From the
results, it is noticed that the synthesized AuNRs@Cu,0/rGO
nanocomposite exhibited maximum removal efficiency of
>99%, as shown in Figure S4ii, at a dosage of 20 mg, whereas
GO shows only an adsorption efficiency of 62%, as shown in
Figure S4i. While increasing the adsorbent dosage, the number
of active sites increases. Thus, it could be concluded that the
rate of adsorption increases and reaches the maximum
adsorption at a constant dye concentration. Moreover, with
further increases in the quantity of adsorbent, the percentage
of adsorption does not change. This might be due to the
limited transportation of MB dye ions to the active adsorption
sites. In addition, the effect of the initial MB dye concentration
on adsorption experiments were performed by preparing

https://dx.doi.org/10.1021/acsomega.0c03487
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Scheme 2. Various Types of Interactions Involved in the
Adsorption of Methylene Blue on the AuNRs@Cu,0/rGO
Nanocomposite

various concentrations from 0.02 to 0.2 g/L. The removal
efficiency of MB onto the adsorbent was decreased with
increasing dye concentration. The removal efficiency was
decreased from 99 to 48% for the AuNRs@Cu,O/rGO
nanocomposite, as shown in Figure SS5ii, and 62 to 16% for
GO, as shown in Figure SS5i. This is because, at a lower
concentration, a large surface area of the adsorbent is available
for the adsorption of dye ions. At higher concentrations, due to
the saturation of the active sites of the adsorbent, the degree of
adsorption is decreased.

Adsorption Isotherm Studies. Typical isotherm models
were employed to understand the interaction between the
adsorbate and the adsorbent at equilibrium and the maximum
adsorption capacity of the adsorbent at 298 K. Among all of
the isotherm models, Langmuir and Freundlich’s models are
commonly used. The Langmuir adsorption isotherm is used to
attain a maximum adsorption capacity formed from the
complete monolayer coverage of the adsorbent surface. The
linear form of the Langmuir equation can be addressed as

C, C, 1
—_— = — 4 —
4. 4, 4.0 (1)

where C, is the equilibrium concentration (mg/L), q. is the
amount of dye ion adsorbed at equilibrium (mg/g), q,, is the

maximum adsorption capacity of the adsorbent (mg/g), and b
is the equilibrium constant related to the adsorption energy. A
plot of C./q. vs C, is used to calculate g,, and b values from the
slope and intercepts of the plots.

The Freundlich isothermal can be applied for the
determination of metal ions on the multilayer surface and
the linear form is expressed as

1

log q, log k¢ + » log C, @)
where k¢ (mg/g) and n are the Freundlich constants indicating
the capacity of the adsorbent for the adsorbate and the
strength of the adsorption, respectively. Figure 10a illustrates a
good linear fit of the Langmuir isotherm model with the
correlation coefficient value (R? = 0.9971). The maximum MB
adsorption capacity (243.9 mg/g) and other parameters are
shown in Table 1. However, Figure 10b shows the linear fit of
the Freundlich model with the correlation coefficient value (R*
= 0.9308). Moreover, both models are well fit; nevertheless,
based on the correlation coeflicient values, the adsorption data
were well fitted for Langmuir rather than the Freundlich
isotherm model. The calculated n value is 4.17, calculated from
the Freundlich isotherm model, which indicates that the
adsorption process is favorable.””* In addition, a dimension-
less parameter R; derived from the Langmuir isotherm is
described by the following equation

1

R =——

1+ bC; (3)
where C, (mg/g) is the initial concentration of the dye and b is
the Langmuir constant. As per the literature, the value of R;,
lies between 0 and 1 for favorable adsorption, while R; > 1
represents unfavorable adsorption and R; = 1 represents linear
adsorption.”* The calculated R; value was 0.032, which
indicates that the adsorption of MB on the AuNRs@Cu,O/
rGO nanocomposite is favorable. This developed model
indicates that an adsorbent surface has a specific number of
sites where the adsorbate molecules can be adsorbed and
involves monolayer adsorption. Moreover, the adsorption
capacity of the developed AuNRs@Cu,0/rGO nanocompo-
site is compared with those of the materials reported in Table
2. It clearly indicates that the developed adsorbent is one of the
best adsorbents, as shown in comparison in Table 2.%°7>*

Adsorption Kinetics and Thermodynamic Studies.
The rate of adsorption is important for the batch adsorption
process. For MB adsorption, the following pseudo-first-order
and pseudo-second-order models were tested.”>°
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Figure 10. Fit of data for MB dye adsorption on the AuNRs@Cu,O/rGO nanocomposite: (a) Langmuir and (b) Freundlich isotherms at 298 K.
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Table 1. Langmuir and Freundlich Parameters for Adsorption of MB Dye on the AuNRs@Cu,0/rGO Nanocomposite

Langmuir Freundlich
temperature (K) qn (mg/g) b (L/g) R? K; (mg/g) n R?
298 243.97 1.518 0.9971 44.157 4278 0.9308
308 123.45 2.667 0.9946 40.504 3.512 0.9222
318 107.52 1.107 0.9930 38.185 3.137 0.9189

Table 2. Comparison of MB Adsorption Capacity of the
AuNRs@Cu,0/rGO Nanocomposite with those of Various
Adsorbents

capacil removal time
adsorbent type (mg/g (%) (min) refs
AC alginate 230.0 98.9 1200 45
CuO/MCM,1 87.8 96.4 60 46
Fe,0,@Ag/SiO, 128.5 99.6 S0 47
mixed Ti, Al, and Si oxides 162.9 30 48
GO/CA 181.8 92.7 420 49
garlic straw 256.4 87.0 200 50
HKUST-1/GO 183.4 >90 30 S1
brown macroalga 95.4 96.9 120 52
Fe,0,@AMCA-MIL-53(Al) 325.62 94.6 210 53
nanocomposite
NH,-MWCNTs@Fe,0, 178.5 60 54
AuNRs@Cu,0/rGO 243.9 99.8 20  this
work

The linear form of the pseudo-first-order kinetic model is as
follows

kit

2.303 4)

The linear form of the pseudo-second-order kinetic model is as
1
= - =

follows
+ t
q, k. q, (s)

where K; (0.1070 g/(mg min)) and K, (0.0154 g/(mg min))
are the rate constants of the pseudo-first-order and pseudo-
second-order kinetic models determined from the slope of the
plot of log(qg. — g,) vs t and t/q, vs t, respectively. The
correlation coefficient (R*) values of the pseudo-first-order and
pseudo-second-order kinetic models are R* = 0.8303 and R* =
0.9984, respectively. The value of R* for the pseudo-first-order
is very low compared to that of the pseudo-second-order
kinetic model. Therefore, the adsorption on the synthesized
composite is followed by pseudo-second-order kinetics (Figure
S6).

The temperature-dependent adsorption process is associated
with several thermodynamic parameters such as Gibbs free
energy (AG), enthalpy change (AH), and entropy change
(AS) where the Van't Hoff equation is as follows

log(qe - qt) =logq, —

t

1

AS AH
IhK, = — — —

R RT (6)
AG = —RT In K, )

where T is the temperature, R is the universal gas constant
(8.314 J/(mol K)), and K is obtained from the Langmuir
constants b and q,,.

The values of AH and AS were calculated from the slope
and the intercept of the plot of InK. vs 1/T, respectively

(Figure S7). All of the obtained thermodynamic parameters are
listed in Table S1. The value of AG is negative, which confirms
that the adsorption process is spontaneous and thermodynami-
cally favorable. The negative value of AH suggested that the
adsorption process is exothermic, which is also supported by
the decreasing adsorption of MB with increasing temperature.
The positive value of AS is assigned to the AuNRs@Cu,O/
rGO nanocomposite for MB and the increased disorder at the
solid—liquid interface during the adsorption process.’’

Reusability of the Composite. Reusability is the most
important key factor in economic efficiency. After the isotherm
studies, the reusability of the composite was studied to evaluate
its efficiency. The regeneration and reuse of the as-prepared
AuNRs@Cu,0/rGO nanocomposite were investigated by
washing the adsorbent thrice in an acidic medium and DI
water. The recycling efficiency of the adsorbent was evaluated
under optimized adsorption conditions (pH 10.5, initial
concentration of 20 mg/L at 298 K). Figure S8 shows that it
is clear that even after five adsorption cycles, the dye removal
efficiency decreased from 99 to 86%. Our study shows that the
as-prepared AuNRs@Cu,0/rGO nanocomposite exhibits a
very fast dye removal capability with 99.8% of the removal
within 20 min.

B CONCLUSIONS

In this work, we prepared a novel composite material
comprising AuNR@Cu,O core—shell nanoparticles and rGO
via a simple synthetic route. The AuNRs@Cu,0/rGO
nanocomposite showed superior stability, mainly owing to
the strong intercalation bonding between rGO and Au@Cu,O
core—shell nanoparticles. The structure and morphology of the
composite were characterized by AFM and TEM analysis,
demonstrating the AuNRs (40 nm) doped with Cu,0 (~145
nm) nanoparticles wrapped by wrinkled 2D-rGO. It should be
noted that the AuNRs@Cu,O/rGO nanocomposite showed
better MB removal efficiency in aqueous solutions than the
Au@Cu,0 CSNCs or GO because of specific surface area and
the mesoporous character. The N, gas sorption analysis proved
that the surface area of the composite was significantly
increased (205.5 m?/g) compared to that of pristine GO (9.7
m?/g). The adsorption equilibrium for MB dye onto the
composite was in good agreement with Langmuir adsorption
isotherm with an excellent dye sorption capacity (243.9 mg/g).
Additional parameters affecting MB removal, including pH,
contact time, temperature, initial dye concentration, and
adsorbent dosage, were investigated. The thermodynamic
parameters (AG, AH, and AS) reveal that the adsorption
process is spontaneous and favorable. Moreover, Au NR-doped
Cu,O particles in the composite act as an additive by
increasing the specific surface area and suppressing rGO
stacking, leading to very fast saturation of adsorption in 20 min
with 99% removal efficiency. Furthermore, these studies
demonstrate that AuNRs@Cu,0/rGO heterogeneous nano-
composite is a promising material for various fields, such as
catalysis and electrochemical applications.
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B EXPERIMENTAL SECTION

Materials and Chemicals. Gold(III) chloride trihydrate
(HAuCl,-3H,0, 99.9%), AgNO; (99%), cetyltrimethylammo-
nium bromide (CTAB (99%)), sodium borohydride (NaBH,
(99%)), ascorbic acid (AA (>99 %)), NaOH (96%), copper
nitrate trihydrate (Cu(NO;),-3H,0), sodium dodecyl sulfate
(SDS (95%)), graphite powder, hydrogen peroxide (H,0,, 30
wt %), hydrochloric acid (HCI, 36.0—38.0 wt %), sulfuric acid
(H,SO,, 95—98 wt %), potassium permanganate (KMnO,),
hydrazinium hydrate (N,H,-H,0, 85%), methyl blue (MB),
and ethanol (C,H;OH, >99.7 wt %) were obtained from
Sigma-Aldrich. Ultrapure deionized water (DI; Continental
Water Systems) was used for the preparation of all of the
solutions and in all of the experiments. The glassware was
cleaned and washed with DI water.

Preparation of Au Seed Solution. The seed solution was
prepared based on our earlier report.’’ Briefly, 0.25 mL of an
aqueous solution of HAuCl,-3H,O (0.01 M) was poured into
7.5 mL of a 0.10 M CTAB solution in a glass test tube and
stirred for a while until a very bright brown-yellow color
appeared. Subsequently, 0.6 mL of an aqueous 0.01 M ice-cold
NaBH, solution was added, followed by stirring, and the color
of the solution changed to pale brown-yellow. Then, the test
tube was kept in an incubator maintained at 28 °C for 3 h.

Synthesis of Au Nanorods. Briefly, 400 uL of 0.01 M
HAuCl,-3H,0 was added dropwise to 9.5 mL of 0.1 M CTAB
and stirred. Further, 30 uL of 0.01 M AgNO; solution was
added, and the color of the solution appeared to be bright
brown-yellow. To this, a reducing agent of 0.064 mL of 0.1 M
AA was added and the solution became colorless. Finally, 0.01
mL of the as-prepared gold seed solution was added under
gentle stirring at room temperature. The color of the solution
gradually changed to blue within 5 min, and the total solution
was incubated at 28 °C overnight. Then, this solution was
washed with water twice to remove excess CTAB.

Synthesis of AuNRs@Cu,O Core—Shell Nanocubes.
Typically, 0.125 g of sodium dodecyl sulfate was added to 80
mL of copper nitrate trihydrate (Cu(NO;),-3H,0) aqueous
solution (0.003 M). Subsequently, 4.0 mL of the as-prepared
Au NR solution was added dropwise, followed by the addition
of 10 mL of 0.4 M NaOH solution. Then, the mixture was
rapidly stirred for 15 min at room temperature. To this, 10 mL
of the AA solution (0.04 M) was added dropwise with vigorous
stirring. Then, the color of the solution changed from blue to
yellowish-green, indicating the formation of AuNRs@Cu,O
CSNCs. Finally, the resulting solution was centrifuged at 7000
rpm and washed thrice with water and ethanol.

Synthesis of AuUNRs@Cu,0/rGO Nanocomposites. The
AuNRs@Cu,0/rGO nanocomposites were prepared by a
simple reduction process using N,H,-H,O. The above
synthesized AuNRs@Cu,O core—shell nanocubes (0.50 g)
were dispersed in 50 mL of water and an aqueous solution of
GO (0.5 mg/mL, 3 mL) was added under vigorous stirring for
1S min. Subsequently, N,H,-H,O (1 mL, 0.5 M) was added
dropwise to the suspension with constant stirring for 1 h. The
final material was separated by centrifugation and washed
thrice with ethanol and distilled water to remove residual ions
and N,H,. In the end, the as-prepared solids were dried for 4 h
in a vacuum oven at 60 °C and stored for further experiments.
The detailed schematic representation of the formation of the
composite is shown in Scheme 1.

Adsorption Studies. To study the adsorption behavior of
the AuNRs@Cu,0/rGO nanocomposites, batch adsorption
experiments were carried out. Typically, various concentrations
of MB solution (0.02, 0.04, 0.06, 0.08, 0.10, and 0.20 g/L)
were prepared from the stock solution (1.0 g/L). Briefly, 20
mg of AuNRs@Cu,0/rGO adsorbent was added into a 250
mL conical flask containing 100 mL of the above MB solution
and stirred for 30 min in an open environment at 298 K. The
dye solution pH was adjusted using HCl/NaOH (0.10 M).
Then, the solution was removed from the adsorbent by
filtration and centrifugation. The absorbance of the initial and
final residual concentrations of MB was monitored at 664 nm
(max) using a UV—vis spectrophotometer. The percentage
removal and adsorption capacity of MB were calculated using
the following equations

C,—-C
dye removal (%) = M X 100
G (8)
e (G-QV
adsorption capaci = =
P pacity q, M (9)

where C, (mg/L) and C, (mg/L) are the initial and
equilibrium concentrations of the dye solution, respectively,
and g, is the equilibrium dye adsorption capacity. V (L) and M
(mg) are the volumes of the solution and dosage, respectively.
Moreover, the adsorption kinetic study was carried out at a
fixed time (2 to 30 min) with an adsorbent dose of 2 mg and
an initial MB concentration of 0.02 g/L at pH 10.5. In
addition, to understand the temperature’s effect, the adsorption
of the materials at various temperatures (298, 308, and 318 K)
was measured using a temperature-controlled stirrer.
Characterization. The morphological and size character-
ization was determined using a JEOL JEM-ARM 200F series
TEM instrument. Element mapping and selected-area electron
diffraction (SAED) patterns were obtained with an accelerating
voltage of 300 kV and a camera constant of 28 mmA (Tecnai
G2). Atomic force microscopy (AFM) was performed with a
JPK NanoWizard II bioatomic force microscopy in contact
mode to determine the surface morphology. The phase purity
of the synthesized composite was determined using a Rigaku
Ultima III X-ray diffractometer equipped with a Cu sealed tube
(1 =1.541 A). The following conditions were applied: 40 kV,
30 mA, increase = 0.05°, and scan speed = 3°/min. The
composite functional groups were illustrated using FT-IR with
a Thermo Nicolet iS-10 spectrometer using a KBr pellet in
transmission mode and Raman spectroscopy using a Micro
Raman system (Ramboss 500 i), He-Ne laser beam at 633 nm,
and 1800 lines per mm grating with 50 X objective lens at
room temperature. The detailed composition of the AuNRs@
Cu,0/rGO nanocomposite was analyzed using a Thermo
Scientific K-Alpha* (XPS) system equipped with a 100—4000
eV range of motion, a 180° double-focusing hemispherical
analyzer with a 128-channel detector, and Al Ka microfocused
X-ray source. The UV—vis spectra were measured using a
Varian Cary 100 UV—vis spectrophotometer for the analysis of
the dye removal concentration. The pore diameter and specific
surface area of the composite materials were calculated from a
N, adsorption isotherm measured using Micromeritics ASAP-
2020; high-purity N, gas (99.999%) was used for the
measurements. A scanning electron microscope (SEM, S-
4700, Hitachi, Japan) with an accelerating voltage of 20 kV was
used for further morphological analysis of the composite.
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