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In this paper, we report a facile process to fabricate CuO/Au core/shell nanowires, where CuO core and Au shell
were prepared by thermal oxidation and sputtering, respectively. The as-prepared CuO/Au nanowires are highly
sensitive surface-enhanced-Raman-scattering (SERS) substrates, which can detect methylene blue down to a very
low concentration of 10713 M. The major advantages of SERS substrates based on CuO/Au core/shell nanowires
compared with others SERS substrates are the high sensitivity, uniformity, and purity due to the absence of any

organic surfactants in the synthesis process.

1. Introduction

Optical spectroscopic methods are interesting since they are usually
sensitive, molecule-specific in some cases, and low cost. Among avail-
able optical methods, Raman scattering might be the most promising
solution because it offers fingerprints of molecules through their own
unique sets of vibrational modes [1-3]. Raman scattering is well-known
for its applications in material science [4-6] thanks to many advantages
such as: time-saving, convenient, and nondestructive technique, offering
characteristic spectra, etc. The discovery of the surface enhanced Raman
scattering (SERS) technique has extended its application to other fields
such as: biomedical or environmental analysis where detection of sub-
stance at trace level is normally an inevitable requirement [7,8]. For
decades, a major topic in SERS research is to develop noble metal SERS
substrates of high enhancement and good reproducibility [9-11]. Such
features can be attained by electron beam lithography technique but the
substrates prepared by this method are available only at laboratory scale
due to their high cost and small active area [12]. A more practical
approach is utilization of chemical processes, which can produce
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affordable SERS substrate of large area at the cost of enhancement and
uniformity. Furthermore, the usage of surfactants in the synthesis pro-
cess can lead to unavoidable residues in the obtained SERS substrates.
Recently, some hybrid structures of ordered semiconductor nano-
structures and noble metals were developed as potential SERS sub-
strates, which can take advantages of both semiconductor and noble
metal properties to achieve better repeatability and Raman sensitivity at
a reasonable cost. A number of composites of semiconductor nano-
structures and noble metals have been studied such as: TiOy [13-15],
ZnO [16-20], Si [21], SiO2-Si [22], SiO2-WO3 [23], Aly03 [24] etc. CuO
is a well-known p type semiconductor with many interesting properties
such as: a small band gap, strong field emission, photocatalytic prop-
erties, etc. However, in the field of SERS, CuO is less studied than other
oxide semiconductors. Also, among available studies on composites of
semiconductors and noble metals for SERS application in the literature,
CuO nanostructures were mostly prepared by chemical approaches and
most studies focused on CuO nanoparticles only. In fact, there are still
some short comings from these structures such as: complexity in syn-
thesis, or using toxic and/or organic precursors which might lead to
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Fig. 1. Raman spectra of CuO nanowires prepared by thermal oxidation at
500 °C in different annealing time.

interference with the signal of the Raman probe.

It has been known that thermal oxidation is one of few physical
methods that can be used to synthesize metal oxide nanostructures with
many benefits such as: low cost, simplicity, high throughput yield,
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purity, no requirement of surface treatment with surfactant, and a large
scale synthesis. In our previous work [25], we reported CuO/Ag nano-
wires as effective SERS substrates which could detect methylene blue
(MB) at a low concentration of 1071 M. However, due to oxidation
process, Ag is less substantial than Au and limits the stability of the
prepared SERS substrate. In this paper, we propose to use CuO/Au
core/shell nanowires as an active and stable SERS substrate. CuO
nanowires were prepared by the thermal oxidation method and gold
nano shells were then coated onto CuO nanowires by sputtering. The
process is facile and environment friendly without using any organic
precursors, and thus offers SERS substrates of highest purity with
excellent enhancement capability and repeatability. The chemical and
physical stability of CuO and Au guarantees the steady state of the
as-prepared SERS substrates.

2. Experiment

CuO nanowires were prepared by thermal oxidation. Details of the
synthetic process were described elsewhere [26]. In a typical process,
copper substrates in form of copper wires (1 mm in diameter and 3 cm in
length) were cleaned with diluted HCI 10% in 1 h before being washed
thoroughly with double distilled water, ethanol and acetone in sequence
in 5 cycles (10 min each cycle) by ultrasonic bath. The substrates were
then transferred into a horizontal furnace for thermal oxidation in open
air at 500 °C in different annealing time: 30, 60, 120 and 150 min. The
heating rate was 5 °C/min. The obtained products are quite well aligned
CuO nanowires of uniform sizes. Gold was then sputtered on the
as-prepared CuO nanowires to obtain core/shell nanowires by using
JFC-1200 DC sputtering system. The sputtering current was kept at 20

Fig. 2. SEM images of CuO nanowires annealed at 500 °C in: a) 30 min, b) 60 min, ¢) 120 min, d) 150 min.

3200



T.H. Tran et al.

400 nm

Ceramics International 48 (2022) 3199-3205
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Fig. 3. SEM image of CuO nanowires prepared at 500 °C in 120 min coated with Au of different thickness: a) 20 nm; b) 40 nm; c¢) 80 nm; d) 160 nm and e) 240 nm

and f) HRTEM image of a CuO/Au core/shell nanowire.

mA and the shell thickness can be conveniently controlled by varying
the sputtering time. The base pressure during the sputtering process was
maintained at about 6 Pa. To investigate the effect of the gold shell layer
on the Raman enhancement capacity, a set of samples was prepared with
the estimated shell layer of 20, 40, 80, 160 and 240 nm. For SERS
investigation, equal volumes of MB solutions (20 pL) of different con-
centrations were directly dropped onto CuO/Au core/shell nanowire
samples. After being dried naturally, the samples were ready for SERS
measurements.

The morphology and size of the nanostructures were investigated by
a scanning electron microscope (Nova Nano SEM Fei 450). The

3201

elemental composition of the samples was studied by using an energy
dispersive spectroscopy (EDS) integrated in the SEM system. The Raman
spectra of the samples were collected on a confocal Labram HR 800
Raman system (Horiba Jobin Yvon). The samples were excited with the
632.8-nm line of a He-Ne laser, with a power of 0.25 mW at the surface
of the samples. A 50X long working distance objective len, which offered
a laser spot of about 2 pm diameter, was used to collect Raman signal.
The integration time for SERS measurement varied from 30 s to 90 s.
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Fig. 4. EDS spectrum of CuO/Au nanowires prepared with shell thickness of 20 nm (a); Compositional elemental mapping of a CuO/Au core-shell nanowire prepared
with shell thickness of 20 nm: (b) Scanning electron microscopy image of a core-shell nanowire, elemental maps of (c) Au, (d) Cu elements and (e) overlay mapping of

Cu and Au elements.

3. Results and discussion

CuO has three Raman active modes: A at around 290 em !, and two
By modes at ~ 343 cm ! and 624 ecm ™! [27]. It can be seen from Fig. 1
that at all annealing time, the main product is CuO demonstrated by a
strong characteristic Raman peak at 290 cm ! and a weaker peak at 343
cm ™. However, the weak Raman peak at around 200 cm ™! in the Raman
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spectrum of sample annealed in 30 min shows a trace of Cuy0, which is
formed right above the Cu substrate at the first stage of the growth [26].

As the annealing time is increased, the characteristic Raman peaks of
Cuy0 disappear. This fact can be explained that the growth of longer
CuO nanowires at higher density prevents laser from reaching the Cup0
layer underneath. At the same time, the peak at 292 cm™! becomes
narrower and the relative intensity between Alg and Blg peak of CuO

(b) Au’

Intensity (arb. units)

80 82 84 8 88 90 92
Binding Energy (eV)

Fig. 5. XPS spectrum of CuO/Au nanowires: (a) Cuy, spectrum and (b) Auys spectrum.
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Fig. 6. Raman spectra of 10~ M MB measure on CuO/Au core/shell nanowires
of different shell thicknesses.

gets higher. These results likely suggest that the aspect ratio of CuO
nanowires becomes larger at longer annealing time [26,28] or in other
words, prolonging the annealing time will result in the formation of
longer nanowires.

The SEM images of CuO nanowires prepared with different annealing
times are shown in Fig. 2. When the annealing time was 30 min or 60
min, some empty areas without nanowires can be observed. When the
annealing time is increased to 120 min, the nanowires are grown at high
density while the preferred orientation perpendicular to the substrate is
still maintained well. When the annealing time is further increased to
150 min, longer nanowires were obtained but a number of nanowires
became slightly bended, which degrades the alignment of nanowires.
The results suggested that the annealing time of 120 min offers products
of the highest quality with high density, uniform size and morphology,
and good preferred orientation.

The as-prepared CuO nanowires with 120-min annealing were then
sputtered with gold to form core/shell structures. Fig. 3 shows the SEM
images of the CuO nanowires annealed at 500 °C for 120 min coated
with Au of different thickness. The preferred orientation of the nano-
wires is maintained after the sputtering process. HRTEM image of a
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CuO/Au core/shell nanowire (Fig. 3f) clearly shows the core/shell
structure of the nanoproduct.

The composition of CuO/Au nanowires was further studied by EDS as
shown in Fig. 4a. The EDS results show that the obtained CuO nanowires
are composed of only Cu and O elements since CuO/Au nanowires
contain Cu, O and Au only. Fig. 4b—e shows elemental mapping by en-
ergy dispersive spectroscopy combined with scanning electron micro-
scopy of a CuO/Au nanowire. The results show that Au appears to be
distributed over the surface and Cu is mostly in the core. The overlay
image also reveals the presence of Au in the shell of the nanowire.

Fig. 5a shows the XPS spectra of CuO/Au nanowires. The deconvo-
lution results show that the Cuy,, signal is dominated by species in the
Cu?* state with the presence of a small contribution of reduced species
Cu" and non-oxidized Cu. While the signal of Cu ™ results from the Cuz0
layer formed at the initial stage of the growth as discussed in our pre-
vious study [26], the Cu signal comes from the substrate. The oxidation
state of the Au species in the prepared CuO/Au nanowires was also
studied by the XPS test (Fig. 5b). Two characteristic peaks of gold were
observed: the Au 4f;/, peak at 84.0 eV and the Au 4fs5 5 peak centered at
87.8 eV. No other peak could be deconvoluted. The peak positions match
well with the standard values of bulk Au metal. The XPS results suggest
that the sputtering process transfers effectively Au from the gold target
onto the nanoshell in CuO/Au nanowires while maintaining its metallic
state. The metallic state is important to the SERS activity of CuO/Au
nanowires.

To demonstrate the SERS activity of the CuO/Au nanowire samples,
MB was used as a standard analyte. The sample with a shell thickness of
160 nm was selected for detailed investigation because of its highest
enhancement for the same analyte concentration as shown in Fig. 6.
Recently, different hetero-nanostructures were developed as a novel
type SERS substrate thanks to their advantages over metal nano-
structures. In most papers, the authors reported of enhancement of SERS
signal of nanocomposites of semiconductor and noble metal nano-
materials compared to individual components. The enhancement is
partially resulted from the separation of electron - hole pairs at the
interface of heteronanostructures as well as the charge transfer between
analytes and SERS substrates as discussed in details by Zhou et al. for
Molybdenum Oxide/Tungsten Oxide nano-heterojunction [29], Ag/Ag
doped TiO [13] and Hsieh et al. for Ag/CuO nanocomposite [30]. In our
case, we also believed that charge transfer between CuO core and gold
shell also plays a part on the total Raman enhancement. Such charge
transfer transition may induce a strong local electromagnetic field at
interface and results in effective Raman enhancement. However, if the
shell is too thick, the effect of such electromagnetic field at the interface
should fade out because the analyte locates far from this enhanced field.

300
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Fig. 7. a) Raman spectra of MB of different concentration dropped on CuO/Au nanowires, and b) A calibration curve where the peak intensity measured at 1624
cm~lis plotted versus the logarithmic concentration of MB. Error bars were calculated from 10 different measurements.
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Fig. 8. Raman spectra of a) 10~'° M MB dropped on CuO nanowires, b) 10~3
M MB on bare CuO nanowires, c) 1071 M MB on CuO/Au nanowires.

This explains for the existence of an optimum thickness as observed.

Fig. 7a shows the Raman spectra of MB with concentrations ranging
from 1071* M to 10~° M dropped on CuO/Au nanowires (Raman spectra
of MB with concentrations ranging from 10~ M to 10~> M dropped on
CuO/Au nanowires are shown in Fig. S1, Supporting Information). As
shown in Fig. 7a, even at the ultralow concentration (1 o 13 M), char-
acteristic peaks of MB can be still observed clearly at 1624 and 1392
cm L. The result shows that CuO/Au nanowires substrate can serve as
SERS substrate with a high sensitivity. The dependence of SERS intensity
on MB concentration was investigated. The variation of Raman intensity
of the peak at 1624 cm ™! shows a linear dependence on the MB con-
centration in the measured range with an excellent correlation coeffi-
cient of R? = 0.98 as shown in Fig. 7 b. The results demonstrate the good
correlation between SERS intensity and concentration of MB.

The fitting curve of the experimental data was achieved as: y = 47.0x
+ 661. The limit of detection (LOD), which is the concentration at which
the signal to noise ratio equals 3 [31,32], is 7.107 14 M.

The enhancement factor (EF) is usually used to evaluate the SERS
substrate performance. The experimental value of EF is defined as:

ISERS NNm‘mal

EF =

= : :
INormar Nsers

where, Isgrs and Inormal are normalized Raman intensities collected with
and without using the SERS substrate, Nnormal and Ngggrs are number of
probe molecules excited in the excitation volume by the laser. In our
case, for reference, MB was dropped on an uncoated CuO nanowires
sample prepared at the same condition. Due to its similar morphology of
CuO/Au nanowire SERS sample and the bare CuO nanowires as refer-
ence sample, it is convenient to replace the number of probe molecules
by the corresponding concentration of MB. In all Raman measurements,
same volumes of analytes were used and so the EF can be then calculated
by:
ISERS CNm‘ma[

EF =

- M b
Inormar Csers

where, Cnormal i the concentration of MB solution dropped on CuO
nanowires sample (1072 M), Cggps is the concentration of MB solution
dropped on SERS substrate (10710 M).

It should be noted that the concentration of MB (10~ M) is much
higher in the reference sample due to the limitation in Raman intensity
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Fig. 9. SERS spectra of 1071° M MB measured at 15 different points on CuO/Au
nanowires substrate.

without enhancement. As shown in Fig. 8, no Raman signal was
collected when MB 101 M is dropped on bared CuO nanowires due to a
small Raman scattering cross-section of MB. Clear Raman peaks of MB
was observed when measured on CuO/Au nanowires. The experimental
EF estimated for the strongest peak at 1624 cm™! was 2 x 10 for the
10719 M solution. Such high enhancement factor is extremely important
for detection of substances at low concentration.

The uniformity of the SERS substrate is a key parameter for reliable
SERS detection. Raman spectra of 1071 M MB measured at 15 different
random points on CuO/Au nanowire based SERS substrate was pre-
sented in Fig. 9. The characteristic peaks of MB appear in all spectra. The
small relative standard deviation (RSD) of 8.3% and 11.52% were ob-
tained for the notable peaks at 1624 and 1392 cm ™. These values are
comparable with the RSDs of high quality SERS substrates reported by
other groups [31,32]. The small RSDs imply that CuO/Au nanowires can
be used as reliable SERS substrates of high uniformity.

The excellent Raman enhancement capability of our CuO/Au-
nanowires-based SERS substrates is attributed to the combination of
several factors. First, the distribution of nanoshell in 3D is expected to
provide more hotspots for SERS enhancement [10] compared with a
conventional SERS substrate, where noble metal nanoparticles are
distributed on a flat 2D surface. Second, the charge transition occurring
at the interface of CuO semiconductor and Au metal can create an area of
electromagnetic enhancement for boosting the Raman signal. The work
function of Auis ~5.1 eV [33], close to the Fermi level of CuO (~5.3 eV)
[34]. Therefore, electrons will transfer from Au to CuO until the two
Fermi levels are aligned and an equilibrium is achieved. Such charge
redistribution will form a junction at the interface with positive charge
on the Au side and negative charge on CuO side. The induced electric
field in turn will result in tremendous SERS intensity. The
charge-transfer-induced polarization mechanism for SERS was also
observed in several semiconductor/noble metal systems such as:
ZnO/Au [17], ZnO/Ag [35], Cuy0/Ag, Cuz0/Au [36].

4. Conclusion

We demonstrated a facile method combining thermal oxidation and
sputtering to fabricate active SERS substrates based on CuO/Au core/
shell nanowires of controllable shell thickness, high uniformity and
preferred orientation. The as-prepared CuO/Au nanowires can serve as
high sensitivity SERS substrates. At the optimum thickness of Au shell of
160 nm, CuO/Au nanowires allow to detect MB at a very low concen-
tration of 10~ M. Our approach provides a promising, reliable tool for
detecting substances at trace level for applications in biomedical or
environmental field.
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