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ABSTRACT: Optimization of electronic/magnetic behaviors of chemically cpon

decorated diamagnetic noble-metal gold nanoparticles (Au-NPs =S at. %) on VQL«V\Q/WW
multiwalled carbon nanotubes (MWCNTSs) and reduced graphene oxide (r-GO)  {uo0c :"A u‘r} , @ gl
is studied for future uses of optoelectronic/magnetic and biomedical applications. % A ;2?\‘@
The changes between Au 4f;;, and Au 4f,,, & 3.7 eV in X-ray photoelectron e
spectroscopy and 1.1 (£0.3) eV shifts in the C K-edge in X-ray absorption near coon
edge structure spectroscopy confirm that the reduced form of Au’ was present in
the Au-NP-decorated nanocomposites. The potential difference (AV) is built due
to charge creations at the interface of -GO/MWCNTSs and Au-NPs and shifts in
the Fermi level (AEg) due to electronic transfer effects, and as a result, the work
functions are reduced from 3.2 eV (MWCNTs) to 3.0 eV (MWCNTs:Au-NPs) . S— '
and 3.1 (r-GO) to 2.8 eV (1-GO:Au-NPS), respectively. Negligible remanence/ — - YRR
coercivity in MWCNTs/r-GO (/Au-NPs) with blocking temperature ~300 K in

MWCNTs:Au-NPs accounted for the existence of diamagnetic Au-NPs in these nanocomposites, which implies a superparamagnetic
nature. These results furnish the evidence about the optimization of magnetic behaviors of -GO/MWCNTs (/Au-NPs) that may
possibly be altered as a novel contrast agent for clinical magnetic resonance imaging, drug delivery, and hyperthermia applications.
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1. INTRODUCTION

Carbon nanomaterials with metal nanoparticles (NPs)
supporting heterogeneous materials are popularly investigated
because of their engrossing basic properties along with
immeasurable prospective applications for the fabrication of
various devices, and among them is the magnetic behavior of
graphene-based nanomaterials with demanding uses such as
nanoscaled magnetic objects.'~” Depending upon the nature of
metal NPs (dia-/para-/ferro-), these nanocomposites change
their electronic/magnetic properties, which are useful for
promising potential applications in various areas such as
magnetic data recording/storage devices, toners and inks for
xerography, magnetic resonance imaging (MRI) contrast
agents, and magnetic carriers in the field of biomedicine, e.g,
transport of anticancer drugs and heat treatment of cancerous
tumors and hyperthermia applications.” In particular, the
consolidation of diamagnetic Au-NPs and multiwalled carbon
nanotubes (MWCNTSs)/reduced §raphene oxide (r-GO)
generates nanohybrid materials® "’ that have appreciable
numerous biomedical usages in biosensors,' "' gas sen-
sors,’™'? toxicant sensors,'”>'® and drug-delivery.l_s’w’15
The Au-NPs can be attached directly to MWCTNs by
chemically linking together with z—x stacking, hydrophobic,
and electrostatic interactions to form a stable nanocomposite
structure.'®"” In the case of r-GO, oxygen surfaces act as
reactive sites for bonding of metal NPs and form r-GO:M (Au/
Ag) nanocomposites. These materials have their density of
states at the Dirac point and/or very near the Dirac point. To
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enhance the charge carriers, various doping or functionaliza-
tion techniques involve the transfer of electrons from
graphene-based materials to the dopant and vice versa.'’
Most applications need covalent bonds such as chemical
oxidation, activation, and liquid-phase reactions of graphene-
based materials. This can be achieved by simple attachment/
functionalization and/or depositing/doping of Au-NPs on the
surface of graphene-based materials. The combination of novel
diamagnetic Au-NPs with MWCNTSs/r-GO can generate new
electronic/magnetic properties that could be used for various
optoelectronic/magnetic and biomedicinal applications.'*™*°
Synthesis of MWCNTSs, however, often uses an Fe catalyst
that, to a certain extent, remains as a magnetic impurity that
causes unwanted side effects in biomedical applications. To
neutralize these ferromagnetic impurities, diamagnetic Au-NPs
could be used as a cocatalyst for the fabrication of MWCNTSs
or further functionalization of MWCNTs for the purposes of
favorable magnetic behavior in biomedical applications.

In this work, novel metal-diamagnetic Au-NPs are used for
the fabrication of MWCNTs:Au-NPs and r-GO:Au-NPs

Received: June 27, 2024
Revised:  August 28, 2024
Accepted: September 2, 2024
Published: September 12, 2024

https://doi.org/10.1021/acsomega.4c05962
ACS Omega 2024, 9, 40067—40074


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sekhar+Chandra+Ray"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dilip+Kumar+Mishra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Way-Faung+Pong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c05962&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05962?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05962?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05962?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05962?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05962?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/38?ref=pdf
https://pubs.acs.org/toc/acsodf/9/38?ref=pdf
https://pubs.acs.org/toc/acsodf/9/38?ref=pdf
https://pubs.acs.org/toc/acsodf/9/38?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c05962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

composites, where Au-NPs are located mainly as an adatom on
the r-GO/MWCNTs surfaces by host—guest interactions. This
self-assembly and host—guest interactions of Au-NPs and r-
GO/MWCNTs change the electronic structure and their
magnetic behavior in the nanoscale range for the development
of favorable optoelectronic/magnetic device-based technolog-
ical and biomedical applications.'®'” Au-NPs can also absorb
IR and radio waves and generate heat'®™*" that could also be
used for cancer treatment through temperature. On attachment
or functionalization of Au-NPs, defects are created that break
the symmetry between the graphene sublattices, resulting in
the alternation of the magnetic moment. MWCNTs/r-GO
(/Au-NPs) are also useful in ultrasound, CT scan, and
MRI.ZI_,27

Our motivation is to understand the mechanism to change
the electronic structure/bonding performances and hence
magnetic behaviors on diamagnetic Au-NP-decorated
MWCNTSs/r-GO nanocomposite materials. In this case, Au-
NPs are located mainly on the -GO/MWCNTs surfaces by
host—guest interactions. This self-assembly and host—guest
interactions of Au-NPs and r-GO/MWCNTSs impact the
crystallite size in influencing the magnetic domain properties of
the r-GO/MWCNTSs nanocomposite that changes their
magnetic behaviors as well as the electronic structure. It is
found that the magnetizations are decreased when diamagnetic
Au-NPs are decorated with MWCNTs/r-GO. It is also
observed that the magnetic behaviors of r-GO:Au-NPs become
paramagnetic/superparamagnetic in nature, which are the key
to synthesize MWCNTs/r-GO(/Au-NPs) nanocomposites for
the favorable usages of optoelectronic/magnetic and bio-
medical applications, such as novel contrast agents for clinical
MRI, biomedicine drug delivery, transport of anticancer drugs,
and heat treatment of tumors and hyperthermia,'~">"%>%*

2. EXPERIMENTAL DETAILS

MWCNTs are grown by catalytic chemical vapor deposition
with an Fe catalyst,”® whereas r-GO is synthesized by chemical
reduction in the modified Hummer method.”” The
MWCNTs/r-GO are chemically decorated with Au-NPs
using a HAuCl, solution for the synthesis of MWCNTSs/r-
GO (/Au-NPs) composite materials. The “precursor solution
Au-NPs” was dropped on MWCNTSs/r-GO and dried at x70
°C for 10 min and then the “Au” was reduced in Ar" plasma
ambient at a power of ~#150 W for 15 min under atmospheric
pressure. Both nanocomposites MWCNTs/r-GO(/Au-NPs)
have =5 at. % novel Au-NPs estimated from X-ray photo-
electron spectroscopy (XPS) measurement that are given in
Table 1. Scanning/transmission electron microscopy (SEM/

Table 1. Elemental Composition/Quantification Obtained
from XPS and Work Function/Valence Band Maximum
(VBM) Obtained from UPS He—I (21.22 eV) Spectra

work function (®)
and VBM from

composition and quantification UPS: He—I

Au W.F.® VBM
C (at. %) O (at. %) (at. %) (eVv) (eV)

MWCNTs 95.00 5.00 3.20 4.51

MWCNTs:Au 91.25 3.79 S 3.18 4.52
(5 at. %)

rGO 70.00 30.00 3.24 4.30

rGO:Au (5 at. %) 7114 23.99 5 2.85 4.10

TEM), Raman spectroscopy, and X-ray diffraction (XRD)
characterizations are carried out for surface morphology and
micro/crystal structural study, while the change of electronic/
bonding behavior is studied using XPS, ultraviolet photo-
electron spectroscopy (UPS), and X-ray absorption near edge
structure (XANES) spectroscopy. The C K-edge and O K-edge
XANES spectra were obtained using the high-energy spherical
grating monochromator 20A-beamline at the National
Synchrotron Radiation Research Center (NSRRC), Hsinchu,
Taiwan. The magnetizations are studied using a SQUID-type
magnetometer. The details of SEM, TEM, XRD, Raman, XPS/
UPS, and SQUID measurements are available elsewhere.”*°

3. RESULTS AND DISCUSSION

The surface morphology and microstructures of MWCNTS, r-
GO, and MWCNTs/r-GO (/Au-NPs) are studied using SEM,
TEM, XRD, and Raman spectroscopy. Figure la,b shows the
SEM of MWCNTs/r-GO and the embedded TEM of
MWCNTs/r-GO (/Au-NPs). The results show that the
nanotubes and r-GOs are formed with graphite particles
along with a uniform decoration of Au-NPs throughout the
MWCNTSs/r-GO surfaces. The XRD spectra of MWCNTs/
MWCNTs: Au-NPs and r-GO/r-GO:Au-NPS are shown in
Figure 1c. Typical diffraction peaks (plane) of MWCNT/r-GO
are observed at 20 ~ 26.1° (002) and 43.3° (100),
respectivel}f, assigned as graphite planes with a hexagonal
structure.” > Other peaks at 26 values of ~12° (001), ~38°
(111), ~44° (200), and ~65° (220) are observed. After
decoration of Au-NPs on MWCNTSs/r-GO surfaces, the
diffraction peaks are slightly shifted at higher/lower 26-angle
sides in MWCNTs/r-G(/Au-NPs) nanocomposites due to the
exchange of atoms/electrons in the composites. The wide peak
of the (002) plane with slight shifts in higher angles (A6 ~
1.10°) with an extra peak at 20 = 38.3° is observed in r-GO
that comes from the graphitic surface. The average particle size
was ~2.5 and 2.7 nm for MWCNTs and r-GO, respectively,
which are obtained using the Scherrer equation: L = KA/(f cos
0) (K =0.89, 1 = 1.5406 A, 8 = width of diffraction line, and 6
= peak angle).34 The Raman spectra of MWCNTs/
MWCNTs:Au-NPs and r-GO/r-GO:Au-NPs are shown in
Figure 1de. The Raman spectrum of MWCNTs (r-GO)
displays three characteristic peaks: D band at =1329.3
cm™'(~1344.5 cm™') ascribed to the out-of-plane breathing
mode of the sp* atom due to defects; G band at ~1582.8
em™ ' (~1577.8 cm™), the Ej, phonons at the center of the
Brillion zone; and 2D band at ~2653.5 cm™ (x2681.5 cm™),
the second order of the D band. On the decoration of Au-NPs,
these three peaks of MWCNTs:Au-NPs (r-GO:Au-NPs) are
shifted to ~1329.3 — 1320.9 cm™ (x1344.5 —>1335.3 cm™),
~1582.8 —15644 cm™' (x1577.8 —15852 cm™'), and
~2653.5 —2642.8 cm™! (~2681.5 —2656.9 cm™'), respec-
tively.” ™" The peaks of MWCNTs (r-GO) arise at ~2911.1
cm™! (2953.5 cm™) via combination of the (D + G) band that
are shifted to ~2898.9 cm™" (2934.0 cm™"), respectively, for
the Au-NPs and MWCNTs:Au-NPs/r-GO:Au-NPs nano-
composites. The other extra peak that arises in MWCNTSs
(MWCNTs:Au-NPs) at ~3200 cmis the 2G peak. The D
peak is also considered as a defect-activated signature via the
interval double resonance process and its intensity g)rovides the
amount of disorder of the nanocomposites.””**~*’ Peak shifts
are due to the change in charge density due to Au-NP
decoration on the surface of MWCNTs (r-GO).*"* In
addition, a shoulder-like peak was also observed in MWCNTSs
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Figure 1. (a) SEM image of MWCNTs and embedded TEM image of MWCNTs:Au-NPs (S at. %) and (b) SEM image of r-GO and embedded
TEM image of r-GO:Au-NPs (S at. %). (c) XRD spectra of MWCNTs, MWCNTs:Au (S at. %), Au-NPs, r-GO, and r-GO:Au (S at. %). Raman
spectra of (d) r-GO and r-GO-AuNPs (5 at. %) and (e) MWCNTs and MWCNTSs:AuNPs (S at. %).
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Figure 2. (a) C 1s XPS spectra of MWCNTSs and MWCNTs:AuNPs (S at. %), (b) C 1s XPS spectra of r-GO and r-GO:AuNPs (S at. %), (c) O 1s
XPS spectra of MWCNTs and MWCNTSs:AuNP (S at. %), (d) O 1s XPS spectra of r-GO and r-GO:AuNP (S at. %), and (e) high-resolution Au 4f
XPS spectra of MWCNTs:AuNPs (S at. %) and r-GO-AuNP (S at. %) along with Au-NPs as a reference.

(MWCNTSs:Au-NPs)/r-GO (r-GO:Au-NPs) at 1610 cm™
(1601 cm™)/1623 cm™ (1627 cm™"), known as the defect-
generated (disordered) band on MWCNTs/r-GO (/Au-NPs)
surfaces. Peak shifts and intensity variations indicate significant
structural disorders due to the decoration of Au-NPs on
MWCNTs (r-GO). The intensity ratio of the D and G bands
Ip/I; gives an insight into the reduction process by the
electronic transfer effects at the interface in between
MWCNTs (r-GO) and Au-NPs. I/I;; ratio changes: 1.23 —
0.98 (1.12 = 0.72) for MWCNTs— MWCNTs:Au-NPs (r-
GO — r-GO:Au-NPs). The decrease of Ip/I; implies an
increase in the L, the sp” crystallite size that indicates
destruction of the sp> C=C bonds in the structural matrix*®
on Au-NP decoration on the surface of MWCNT/r-
GO 232540

The elemental and quantification analyses of MWCNTSs, r-
GO, and MWCNTs/r-GO (Au-NPs) were investigated using
XPS analysis. Figure S1 in Supporting Information shows the
XPS survey spectra, where it is observed that the C 1s, O 1s,
and Au-4f/4d peaks are present in the respective materials,
indicating the presence of C, O, and Au atoms in the
nanocomposites MWCNT/r-GO (/Au-NPs). Elemental and
quantification analysis shows that the presence of Au-NPs (x5
at. %) in both MWCNTs/r-GO (/Au-NPs) implies the
formation of MWCNTs/r-GO(/Au-NPs) composites. The
detailed elemental compositions and quantification analysis are
tabulated in 1. Figure 2a—d shows the XPS spectra C 1s and O
Is of MWCNTs, r-GO, and MWCNTs/r-GO (/Au-NPs),

40069

where it is observed that the peak intensities changed and their
peak positions shifted. Figure 2e shows the Au 4f core-level
XPS spectra of MWCNTSs/r-GO (/Au-NPs) along with Au-
NPs. The Au 4f doublet band of Au-NPs has binding energies
of 84.55 and 88.25 eV, corresponding to Au 4f;;, and Au 4f;,
peaks, respectively.”” These double band peaks are shifted at a
lower (higher) energy band for the MWCNTs:Au-NPs (r-
GO:AuNPs) — 84.1 eV (84.8 eV) and 87.8 eV (88.5 eV),
respectively. The difference in the chemical shift between Au
4f;/, and Au 4f,, peaks for Au-NPs and MWCNTs:Au-NPs (r-
GO:Au-NPs) is ~ 3.7 eV that confirms the reduced form of
Au’ in MWCNTSs/r-GO(/Au-NPs) nanocomposites.””~** The
details of the electronic and bonding structures were also
studied using the deconvoluted spectrum of C 1s and O 1s
XPS spectra as shown in Figure S2a,b and the deconvoluted
results are tabulated in Table S1. The C 1s spectrum is the
signature of sp2 C=C, O—-H/O-C-0, and C=0,
respectively, while the O 1s spectrum is the signature of C=
O, C-0O, and phenolic groups, respectively.””***” In the
decoration of Au-NPs, the peaks of different species bonded to
C—/O— shifted with their intensities changes due to substitute
the vacancies in sp2 sites, formation of defects and M—QO/M—
C bonds in the structure of the nanocomposites structure.'”*”

The C K-edge and O K-edge XANES spectra of MWCNTSs/
r-GO and MWCNTs/r-GO (/Au-NPs) along with HOPG as a
reference are shown in Figure 3ab. In graphene-based
materials, the C K-edge XANES spectra are divided into
three regions: (i) the ¥ c—c(sp’) Tesonance at ~285 + 1 eV,
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Figure 3. (a) C K-edge and (b) O K-edge XANES spectra of
MWCNTs and MWCNTSs:AuNPs (5 at. %) and r-GO and r-GO-
AuNP (S at. %) along with the C K-edge spectrum of HOPG as a
reference.

(i) C—H* resonance ~288 + 1 eV, and (iii) the region
~290—31S eV corresponding to o* resonance. These
resonances serve as a fingerprint of sp>-hybridized C—C
bonds and C—H bonds, respectively.”' In C K-edge XANES, as
shown in Figure 3a, the characteristic features of MWCNTs (r-
GO) at ~285.0 eV (284.8 eV) and ~293.5 eV (292.5 eV) are
described as the unoccupied 1s — 7* and 1s — o™* state
transitions, respectively.”® The spectral features for
MWCNTSs/r-GO(/Au-NPs) are similar to those of MWCNTSs
(r-GO); the absorption edges are shifted toward the lower
(higher) energy level for MWCNTs:Au-NPs (r-GO:Au-NPs)
and are clearly observed in Figure 3a. The 1s = z* and 1s —
o* state transitions could be compared with the reference
HOPG, where these transitions are observed at ~285.5 and
292.1 eV, respectively. This shift (change) in the absorption
edge of MWCNTSs/r-GO(/Au-NPs) is due to change of the
band gap and the work function due to the structural
rearrangement via the attachment of Au-NPs.” It is also
possible that defects are created by the decoration of Au-NPs
on the MWCNT (r-GO) surfaces. Apart from z* and o*
resonance peaks, a wide peak within the range of ~287.8—
289.0 eV is observed in MWCNTs (MWCNTs:Au-NPs) and
is known as the signatures of C—H bonds and interlayer
graphite states, respectively, whereas in r-GO (r-GO:Au-NPs),
three prominent resonances are observed. The resonance at
~286.6 (286.7) eV (I;) and ~290.1(290.6) eV (I) is assigned
to 7* (C=0/COOH) and z* (COOH), respectively,
whereas the resonance ~288.0 (289.1) eV (I,) is the signature
of few-layer graphene.”” The literature evidence for the feature
(~289 eV) originates from —COOH moieties present in r-
GO.>° The resonance above 6% at ~295.0 (295.6) €V (I,) is
assigned as C=0 moieties.”’ The K-edge XANES spectra are
shown in Figure 3b, where the 7%._, features of MWCNTSs
(r-GO) and MWCNTs/r-GO (/Au-NPs) are observed at
~534.7 eV (532.8 eV) and 534.5 eV (533.5 eV), respectively,
and the 6%._, features are observed at ~#542.5 eV (540.4 eV)
and 542.7 eV (541.2 eV), respectively.””** The change of 7*
intensity in O K-edge XANES spectra implies the Au-NPs
bound with oxygen, which is consistent with the Ip/Ig .0
obtained from the Raman spectra indicating the formation of
nanocomposites MWCNTSs/r-GO (/Au-NPs). Peak shift and

intensity variations of both the z* and ¢* states of MWCNTs
(r-GO) and MWCNTs/r-GO (/Au-NPs) in C K-edge and O
K-edge XANES spectra indicate that structural changes/
modifications occur on the decoration of Au-NPs without
disturbing the pristine MWCNTs/r-GO structure.

The M—H hysteresis curves of MWCNTs (MWCNTs:Au-
NPs) and r-GO (r-GO:Au-NPs) together with Au-NPs were
measured at low temperature ~40K within the range of +9.0
kOe and are shown in Figure 4 (ab). From the spectral
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Figure 4. M—H hysteresis loops of (a) MWCNTs and
MWCNTs:AuNPs (S at. %) and (b) r-GO and r-GO:AuNP (5 at.
%) along with AuNPs as a reference. M—T curve of (c) MWCNTs
and MWCNTs:AuNPs (S at. %) and (d) r-GO and r-GO:AuNP (S at.
%).

features, it is observed that the highest magnetization is in
MWCNTSs, while others (r-GO, r-GO:Au-NPs, and
MWCNTs:Au) show more confined hysteretic features and a
lower saturation of magnetization. On the decoration of noble
Au-NP metal on MWCNTSs/r-GO, the magnetizations are
reduced in MWCNTs:Au-NPs drastically, but the magnet-
ization of r-GO:Au-NPs is slightly enhanced compared to
pristine r-GO but negligible in comparison to MWCNTs(/Au-
NPs). The decrease in saturation magnetization of
MWCNTs:Au-NPs can be accounted for by the existence of
diamagnetic Au-NPs. The magnetization of pure Au-NPs is
ferromagnetic/diamagnetic depending on the sizes (smaller/
larger) of the particle.”® The observed magnetism in the
MWCNTSs/r-GO(/Au-NPs) is due to the creation of defects
and/or vacancies during diamagnetic-Au-NP decoration. The
attachment of Au-NPs, formation of possible Au—C—-0O/C—
Au—O bonds, and reduction of C=C sp* atoms in the
MWCNTs/r-GO(/Au-NPs) are in good agreement with the
edge shifts in XANES as well as decreases of I,/I ratio in the
Raman spectra, which are responsible for change in their
magnetization. Defects in MWCNTs/r-GO(/Au-NPs) break
the translational symmetry of the lattice and create localized
states at the Fermi energy. Most of the theoretical/
experimental work’* ™" finds that the net spin is stable
because of the huge p conjugation and long-range orderly
magnetic coupling. We believe that the room/below-room-
temperature ferromagnetism is an intrinsic property of
graphene-based nanocomposite materials. The magnetization
curve shows negligible (or much less) magnitude of
remanence/coercivity of MWCNTs/r-GO(/Au-NPs) nano-
composites are paramagnetic/superparamagnetic in nature.”
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Figure 6. Schematic energy band diagram of the r-GO:AuNPs/MWCNTs:AuNPs interface and consequential common Fermi level.

The magnetism of r-GO and r-GO:Au-NPs shows almost
similar saturation magnetization and is paramagnetic/super-
paramagnetic in nature, suggesting the impact of the crystallite
size in influencing the magnetic domain properties of the r-GO
nanocomposite. The temperature dependence of zero field
cooled (ZFC) and FC DC magnetization of MWCNTs/1-
GO(/Au-NPs), measured at the external magnetic field of 500
Oe, is shown in Figure 4c,d. The semi- A nature of FC/ZFC
curve observed in MWCNTs:Au-NPs shows a maximum
difference at the blocking temperature Ty ~ 300 K that implies
and confirms the superparamagnetic nature.”® These results
provide evidence regarding the optimization of the magnetic
properties of r-GO/MWCNTs (/Au-NPs), which could
possibly alter drug delivery and hyperthermia and act as a
novel contrast agent for clinical MRI applications.

40071

To obtain more information on Au-NP decoration in the
MWCNTSs/r-GO nanocomposite, we studied VB DOS near Eg
by carrying UPS measurements in He—I (hv = 21.22 eV) and
He—1II (hv = 40.81 eV) radiation as shown in Figure Sa—d. We
have estimated the work functions (®)/VBM from the
intersection of the slope of each spectrum on the lower/
higher K.E. side of the UPS He—I spectra as shown in Figure
Sa,b and their values are tabulated in Table 1. It is found that
the ®/VBM are reduced as follows: ®/VBM = 3.20 eV/4.52
eV (MWCNTs) — 3.17 eV/4.49 eV (MWCNTs:Au-NPs) and
324 eV/4.30 eV (-GO) — 2.85 eV/4.09 eV (r-GO:Au-NPs).
The VBM shift in the quasi-localized states at the Fermi level
creates a defect in the graphene-based lattice that cause a
change in their magnetism.59 From Figure Sb, a small shift of
MWCNTs/r-GO(/Au-NPs) toward the Fermi edge (green/
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blue line) increases in the DOS compared to MWCNTs/r-GO
that affects their magnetism as shown in Figure 4a,b. An
increase in DOS enhances the sp> C—C cluster along with the
formation of new different C—/O—-related bonds as discussed
in the XPS results (see S1). Variation of @ and VBM is related
to the dipole moment. The difference in @ (~0.21 eV) implies
a reduction in the dipole moment, which has an impact on the
redistribution of the charge. Charge redistribution gives rise to
unpaired electrons (vacancies) that eventually influence the
magnetization of MWCNTs/r-GO nanocomposites.”’ The
UPS spectra corresponding to the VB DOS of MWCNTs/1-
GO and MWCNTs/r-GO(/Au-NPs) nanocomposites ob-
tained under He—II radiation are shown in Figure 5c,d. We
have deconvoluted the spectra into five/four Gaussian lines for
MWCNTSs(/Au-NPs)/r-GO(/Au-NPs) within the binding
energy range of ~0—20 eV°' as shown in Figure Se—h. The
deconvoluted Gaussian lines of the MWCNTs/r-GO(/Au-
NPs) nanocomposite are assigned as the C 2p, (5.2 + 0.1 eV),
2p(s—) Overlap state (7.0 + 0.3 eV), C 2p, (8.8 £ 0.3 eV), C
2sp mixed state (11.4 + 0.4 eV), C 2s (13 eV), and O 2s (>16
eV).®”"* However, some researchers have reported that the
peaks at ~13.25 and 11.78 eV are due to ¢ and 7 bonds arising
from C=0 and the O-lone pair bonds, respectively.”>*® The
different parameters of the deconvoluted UPS He—II spectra
are listed in Table S2.

The noble Au-NP-decorated MWCNTSs/r-GO induces p
doping67 known as “percolation”, which is the opening up of
conducting channels through the interface in between Au-NPs
and MWCNTSs/r-GO and grain boundaries.”® In Figure 6, the
® of r-GO/MWCNTs (/Au-NPs) and Au-NPs and their
effects of charge transfer on Fermi-level shifts are indicated.
The @ of r-GO:Au-NPs ~2.80 eV, MWCNTs:Au-NPs ~3.0
eV, and Au-NPs =3.51 eV are, respectively, indicated by
W.Goaunry WamwenTsaunpy 2a0d W npe On decoration of
Au-NPs on MWCNTSs/r-GO, a self-assembly and host—guest
interactions with noncovalent forces between r-GO/
MWCNTs and Au-NPs occur and a small potential difference
(AV) is built that creates charges at the interface of r-GO/
MWCNTs and Au-NPs. The Fermi level Ep of the r-GO/
MWCNTSs:Au-NPs energy bands shifts in the presence of the
metal dopant by AEg. It is believed that the decrease in work
function of r-GO/MWCNTs (/Au-NPs) is due to the
incorporation of Au-NPs into the r-GO/MWCNTSs, which
indicates a change in the surface potential, and is due to pure
electronic transfer effects in Au-NPs. Since the @ of Au (3.51
eV) is higher than that of r-GO/MWCNTs (3.2/3.0 eV),
electron transfer occurs automatically at the interface within
the Au-NPs/(r-GO/MWCNTs) hybrid structure. This would
effectively dope r-GO/MWCNTSs with more electrons and
reduce their Fermi level below the conical point, as shown in
Figure 6. These results imply that the r-GO/MWCNTs are
properly decorated with Au-NPs through self-assembly and
host—guest interactions of Au-NPs and r-GO/MWCNTs. This
is the key role for the formation of composite materials that
changes the electronic structure and their magnetic behaviors,
particularly the formation of para/superparamagnetic materials
that could be useful for biomedical applications.

4. CONCLUSIONS

Our investigation shows that the Au-NPs are responsible for
the change of the magnetic nature of MWCNTSs/r-GO(/Au-
NPs) nanocomposites. The carbon nanomaterials function-
alized with Au-NPs are nontoxic and inactive in chemical

reactions, have the ability to coexist with living tissues or
organisms without causing harm, and show antimicrobial
behaviors, which means that they possess the ability to
control/manipulate/optimize the structural behavior of
MWCNTSs/r-GO(/Au-NPs) which opens new vistas for
electronic/magnetic and biomedical applications, particularly,
the formation of para/superparamagnetic materials could be
useful in drug delivery, hyperthermia, and novel contrast agents
of clinical MRL
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