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Abstract. In this study, a surface-enhanced Raman scattering (SERS) substrate based on an oc-
tahedral nanostructure of cuprous oxide (CupO) was fabricated to probe methylene blue (MB)
molecules. CuyO nanocrystals were synthesized by the solvothermal process using ethylene glycol,
which plays both roles of reductant and organic solvent. The obtained Cu,O nanocrystals have
been characterized using scanning electron microscope (SEM), X-ray diffraction (XRD), energy-
dispersive X-ray spectroscopy (EDX), Fourier-transform infrared spectroscopy (FTIR), and Ra-
man spectroscopy. The SERS mechanism of the CuyO substrate was carefully investigated, and
the results showed that both surface plasmon resonance and charge transfer phenomena con-
tributed to SERS activity. Using a simple collection rule for SERS bands, the contributory portion
of charge transfer process was estimated to be about 46%.
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I. INTRODUCTION

Surface-enhanced Raman scattering (SERS) has already been proven as an efficient analyt-
ical method for ultrasensitive detecting molecular species [1,2]. SERS substrates based on metals
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such as gold, silver, or copper have been demonstrated to be extremely effective in enhancing
Raman scattering [3,4]. Currently, semiconductor nanostructures have emerged as potential can-
didates for the SERS applications due to their interesting properties such as manageable bandgap,
photoluminescence, good stability, and little degradation under light exposure [5, 6]. It should
be noted that, in most cases of metal substrates, the predominant mechanism of SERS activity is
electromagne(EM) enhancement, while the chemical enhancement exhibits a minor contribution.
It is well-known that the EM mechanism is based on surface plasmon resonances (SPR), whereas
the chemical enhancement mechanism results from charge transfer processes. One of the common
threads in SERS research in semiconductor materials is the lack of a surface plasmon resonance
of most laser excitations in the visible region. In fact, plasmons originating in the conduction
band and the valence band of semiconductors are usually observed in the infrared and ultraviolet
regions. Thus, the plasmon excitation energy is expected to range from 4 to 30 eV [6]. It is neces-
sary to investigate the contribution of each mechanism to SERS enhancement. A better knowledge
of SERS will help us improve the performance of SERS substrates [7]. However, quantifying the
contribution of each mechanism to SERS behavior has not received much attention. The examina-
tion of SERS mechanism of semiconductor-based structures has been carried out on the structures
such as the Cu/Cu, 0 core-shell [8], Ag@Cu;O core-shell [9], and Ag/PATP/ZnO sandwich [10].

It can be seen that cuprous oxide (Cu;O) receives considerable attention due to its low cost,
non-toxicity, abundant resources, and flexible optical bandgap [11]. Cu,O is a p-type semiconduc-
tor with a relatively narrow direct bandgap of 1.8 — 2.5 eV, which corresponds to the energy of
light in the visible region [12]. According to a comment in a review [5], the charge transfer effect
is the most significant contribution to the SERS enhancement for Cu;O-based substrates. Mean-
while, Malekfar and colleagues have recently demonstrated the dominance of surface plasmon
resonances in the SERS enhancement mechanism of Cu/Cu,O core-shell structures [8]. These
findings suggest that the mechanism of SERS activity is probably highly dependent on the mor-
phology of material surfaces.

In this work, we used the solvothermal route to prepare octahedral Cu;O nanocrystals and
then used the obtained Cu,O nanocrystals as a SERS substrate to detect methylene blue (MB)
molecules. The degree of charge transfer contribution to SERS activity of Cu,O substrates was
carefully evaluated using the SERS band selection rules. The results showed that both electromag-
netic and charge transfer mechanisms exhibited equal contributions.

II. EXPERIMENT

II.1. Materials

Copper sulfate pentahydrate (CuSO4.5H;0, purity 99%), NaOH (> 99%), ethylene glycol
(CH,0H-CH;0H, > 99%), and methylene blue were purchased from Sigma Aldrich Co., and
used as received with no further purification.

I1.2. Synthesis of Octahedral Cu,;O nanocrystals

Octahedral Cu;0O nanocrystals were synthesized by a solvothermal process. Six grams of
NaOH powder were added to a glass flask containing 30 ml of deionized water and stirred until
complete dissolve. After that, 120 ml of ethylene glycol (EG) and 12.5 g of CuSO4.5H,0 were
added to the flask and vigorously stirred for 20 minutes at room temperature. The solution was then
transferred to a Teflon-lined stainless steel autoclave container and heated at 180°C for 10 hours.



TRAN THU TRANG et al. 381

After the solvothermal procedure, the product was cooled to room temperature before rinsing with
deionized water and absolute ethanol to remove any excess solvent. The obtained sample was
dried and stored in a desiccator. It should be noted that, unlike the standard procedure [13], our
fabrication process did not use the reductant to reduce Cu®>* to Cu*. EG plays both roles, organic
solvent and reducing agent, which converted Cu®* to Cu™.

I1.3. Characterization

The morphology of the obtained sample was investigated using a scanning electron micro-
scope (SEM, Hitachi S4800) operating at 10 kV. The SEM technique employs a high-energy elec-
tron beam to scan the sample surface. The interaction between electrons and atoms on the surface
of the sample will produce signals that provide information about surface topography. As a result,
SEM can directly measure the size of nanostructures, as well as examine shape-related features.
The X-ray diffraction pattern was obtained using Cu-Ky (0.154056 nm) radiation on an X-ray
diffractometer (Bruker D8 Advance, Germany) with 260 in the range of 30-80°. The chemical
composition of samples was examined by energy-dispersive X-ray spectroscopy (EDX) mapping
using the Hitachi SU 8020 at the elevated voltage of 200 kV. The spectrum was captured with a
0.5 nm probe diameter in 5 seconds. A JASCO 4600 (Japan) spectrophotometer was used to ob-
tain an FTIR spectrum which provides the information of the functional group in octahedral Cu,O
nanocrystals. The UV-Vis reflection spectrum was recorded using a UV-Vis spectrophotometer
(JASCO V7170, Japan) with the wavelength in the range from 250 to 800 nm. The fluorescence
spectrum was performed on an FLS1000 photoluminescence spectrometer. Raman spectra were
recorded on Raman Horiba Zplora plus Raman microprobe (France) using a 532 nm excitation
laser with the power of 3.2 mW and the collecting time of 10 s for each spectrum. The laser beam
was focused on a circular point with a diameter of about 3.8 um using a 100x objective lens. A
silicon wafer with the Raman characteristic band at 520 cm~! was used for spectrometer calibra-
tion. The SERS activity of the octahedral Cu,O nanocrystal-based substrate was examined with
methylene blue detection at a concentration of 10~ M.

III. RESULTS AND DISCUSSION
IILI.1. Structural properties

Figure 1 shows SEM images of Cu,0O nanocrystals. The Cu,;0O octahedral nanocrystals are
well-defined, with a diameter of about 600 nm.

To characterize the structure of the octahedral Cu,O nanostructure, the X-ray diffraction
(XRD) pattern of the sample was examined, as shown in Fig. 2a. The spectra show that the sample
contains two phases, cuprous oxide (JCPDS No. 05-0667) and copper (JCPDS No. 04-0836).
More specifically, the cuprous oxide phase appears with the diffraction peaks at 26 = 29.6, 36.5,
424, 61.6, 73.8, and 77.7 degrees, corresponding to the (110), (111), (200), and (220), (311), and
(222) lattice planes, respectively (displayed as triangle symbols). There are also three diffraction
peaks assigned to copper at 43.3, 50.45, and 74.12 degrees, which correspond to the (111), (200),
and (220) planes (presented as square symbols). In addition, the EDX technique was used to
confirm the sample’s chemical composition (Fig. 2b). It can be seen that two elements have been
found: Cu and O.

Furthermore, to identify the chemical bonds of the fabricated sample, Fourier transform
infrared (FTIR) and Raman scattering experiments were implemented. Figure 3a describes the
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Fig. 1. SEM images of Cu,O nanocrystals with different magnifications.
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Fig. 2. (a) XRD pattern of CuyO nanocrystals and (b) EDX spectrum of Cu;O nanocrys-
tals for the area in the inset figure. In the XRD pattern, the diffraction peaks of Cu,O are
represented by triangle symbols, while square symbols mark the peaks of Cu.

FTIR spectrum of octahedral Cu,O nanocrystals with an intense absorption peak at 628 cm~! cor-
responding to the Cu,O stretching mode [14]. The two broad bands at 3488 and 1632 cm™! are
ascribed to O-H stretching and bending modes of water molecules [15]. The band at 1386 cm™!
is attributed to the C—H vibration [15]. Two laser excitations at 532 nm and 785 nm were used
to detect Raman spectra modes of Cu,O nanocrystals. Using two excitation lasers will excite and
identify Raman spectra modes of Cu, O nanocrystals better than using one excitation laser. There-
fore, the modes of the Cu,O Raman spectra are well characterized with almost typical Raman
modes that can be realized and listed as follows. It should be noted that the dominating Raman
spectra of Cu,0 are caused by infrared-active modes or defect modes rather than Raman active
modes. Precisely, the modes at about 89 cm~! (Tyy,) and 145 cm™! (T}, TO) correspond to optical
absorption and active infrared modes, respectively [1,3]. The peaks at 406 cm™! and 630 cm™!
are assigned to multiphonon Raman scattering and T, TO modes of Cu;0O. The intense peak at
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Fig. 3. (a) FTIR spectrum and (b) Raman spectra under two different laser excitations at
532 nm and 785 nm of octahedral Cu,O nanocrystals.

215 cm™! is attributed to the second-order overtone of Cu,O, corresponding to the 2E, mode [16].
The vicinity band of 520 cm™! is the only Raman-active mode corresponding to the T>e mode.
Furthermore, the sharp mode at 215 cm™!, which corresponds to the second-order overtone of
Cu,0, indicates that the Cu, O nanocrystal has good structural quality [17].

IIL.2. Optical properties
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Fig. 4. (a) Absorption spectrum of CuyO nanocrystals along with plot of (Ahv)? versus
hv to determine bandgap value (in the inset of the figure); (b) Room temperature photo-
luminescence spectrum of Cu;O nanocrystals in a 120 ul quart cell under 280 nm light
excitation.

Figure 4 (a) shows the absorption spectrum of Cu,O nanocrystal that was obtained using
UV-Vis diffuse reflectance spectrometer. The spectrum of the sample with broadband from 450
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nm to 550 nm is related to exciton transitions [18]. The bandgap of Cu;O nanocrystals was
obtained to be 2 eV by extrapolation according to the Tauc’ law in the inset of Fig. 4(a). This
observation shows good agreement with the optical characteristics of the Cu,O structure [19, 20].
The photoluminescence spectrum of the sample is plotted in Fig. 4(b) with a band center at 630
nm, which is related to bound excitons [16,21].

II1.3. SERS study

SERS characteristics
2400 500 /#
J a < —
= 50004 ( ) —— SERS spectrum - 5 1 (b) ——SERS spectrum
3 Normal Raman spectrum & © 400 Normal Raman spectrum
m - S -1
1600 = 1074-A
= W 3
[72] ] c
g 12001 L %01 s95.4 670.8 1038-B
=R = ; '
= 8004 [g] 200 4 . H
© ] = i :
£ 400 T ] : :
% ] m M
m ] 100- § E rya E :
400 600 800 1000 1200 1400 1600 550 600 650 . 1020 1050 1080
Raman shift (cm-") Raman shift (cm-1)

Fig. 5. (a) Normal Raman spectrum of MB (10~ M) (black line) and SERS spectrum
of MB (10~* M) adsorbed on Cu,O nanocrystals (violet line); (b) Zoom in the two
wavenumber regions of these spectra, under 532 nm laser excitation.

In order to study the SERS behavior of octahedral Cu;O nanocrystal surfaces, two different
substrates, including MB (10~*M) on bare glass and Cu,O, which was spread on glass, were
prepared for probing Raman signals of MB molecules. Fig. 5 displays the SERS spectrum of MB
at a concentration of 10~* M adsorbed on a Cu,O substrate (violet line) in comparison with the
normal Raman spectrum of MB (10~* M) (black line). It is clear that the SERS spectrum based
on the Cu,O surface is significantly enhanced, and some wavenumber shifts are observed. These
changes could be attributed to chemical enhancement, which is normally associated with the SERS
effect from non-metal substrates [22]. The Raman spectrum of MB adsorbed on Cu,O shows all
the main recognized bands of MB. The modes at 446, 500, 595, 770, 860, 951, 1074, 1303, 1397,
and 1625 cm™! are totally symmetric vibrations, denoted as A modes. Whereas the modes at
670, 1038, 1156, 1221, 1359, and 1443 cm™~! are assigned as non-totally symmetric vibration
bands, labeled as B modes [23,24]. To estimate the activity of the SERS surface based on Cu,O
nanocrystals, the enhancement factor (EF) was evaluated for this SERS surface according to the

equation [25]:
I
EF — < SERS) % < Cnor >’ (1)
Inor CSERS

in which ISERS and Inor are the Raman intensities of MB molecules adsorbed on Cu,O nanocrys-
tals surface and normal Raman intensity of pure MB on the glass substrate, respectively. CSERS
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and Cnor are the MB concentrations on the SERS substrate and the normal glass substrate, respec-
tively. In our case, the analyte concentration is 10~* M for both the SERS surface and the normal
glass surface. The highest EF value has been obtained for the fingerprint band at 1628 cm~! with
a value of 3.2 x 10°. This value is approximately ten orders of magnitude smaller than that in our
previous work for ZnO microstructure surfaces [26]. It might be due to the natural mechanism of
SERS activity on Cu,O nanocrystal surfaces, which will be discussed in the next section.

SERS mechanism

As we all know, the contribution to the
SERS enhancement includes two factors: i) elec- / } \
tromagnetic enhancement, where surface plasmon / \
resonance (SPR) is the main contribution; and ii)
chemical enhancement, with the significant con-
tribution originating from molecular resonance
(or exciton resonance in the case of semiconduc- e
tors) [13, 14]. It should be noted that the surface
plasmon band of Cu,O shows a broad and signifi- 4 ——— LUMO
cant band from 360 nm to 660 nm (Fig. 4a), which
overlaps with the laser excitation at 532 nm. As
a result, it seems clear that the SPR effect con- -5 Mool
tributes an important part to the SERS mechanism
of CuyO nanocrystals in our experiment due to the

resonance between the surface plasmon band of -6 HOMO
Cuy0 and the laser excitation at 532 nm. How- m :
ever, in order to obtain a full explanation of the \\h _ /
SERS mechanism, the chemical enhancement fac-

tor will be discussed. Fig. 6. Energy level diagram describing

As discussed in some reviews that have  the SERS mechanism of MB adsorbed on
been published, charge transfer processes play @ CuO nanocrystal surface under laser

an essential role in the chemical enhancement of ~ €Xcitation at 532 nm. Abbrev1at1cl)ns:
SERS activity [5,7]. Charge transfer processes Hexe = excilon resonance, Hmol = molec-
ular resonance, CB = conduction band,

can occur when the laser excitation coincides with
molecular resonance or exciton resonance. As
a result, the charge will be transferred from the
valance band to the conduction band in the case
of exciton resonance or from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of the adsorbed
molecule in the case of molecular resonance. Depending on the specific correlation between a
given molecule and the SERS surface, one or the other process will take place.

For our case, HOMO and LUMO energy levels of MB molecules are at and eV, respec-
tively [27], while the energy values of the conduction band and valance band of Cu,O have been
determined to be at and eV, respectively [28]. The excitation wavelength used in the SERS ex-
periment is 532 nm (2.3 eV). It is relevant to the exciton resonance of Cu;O nanocrystals with a
bandgap of about 2 eV. Therefore, under the laser excitation, it is expected that the electron will

VB = valance band, HOMO = highest
occupied molecular orbital, LUMO =
lowest  unoccupied molecular orbital.
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gain enough energy to jump from the valance band (VB) to the conduction band (CB) of Cu,O
and then move to the LUMO of MB molecules. This process is depicted in Fig. 6. It should be
noted that the charge transferability of molecular resonance can be ignored because the energy of
laser excitation does not coincide with the resonance energy of the MB molecule.

The above discussion helps us to understand the function of each process in the SERS ac-
tivity of the Cu,O substrate, which includes contributions from both electromagnetic and chemical
enhancement. Keep in mind that normal Raman spectroscopy is similar for specific molecules. On
the other hand, SERS spectroscopy depends on various resonant contributions, such as plasmon
resonance and the charge transfer resonance. The relative degree of charge transfer contribution
(pct) has been evaluated through the Herzberg-Teller-Surface selection rule using the following
definition [29]:

I*(CT) — I*(SPR)
~ IK(CT)+I°(SPR)’

where k is an index used to identify individual lines in the SERS spectrum, I¥(CT) is the line
(k) intensity in the SERS spectrum that represents the additional contribution of charge transfer
to the SERS intensity caused by the SPR effect; I*(SPR) is the intensity of the line (k) where
only the SPR effect contributes to the intensity of SERS. In general, I*(SPR) is relatively small.
The other reference is a selected totally symmetric line, which was also measured with only SPR
contributions, denoted as I°(SPR).

According to the Herzberg-Teller-Surface selection rules, which govern the observed SERS
spectrum intensity, the intensity enhancement of non-totally symmetric vibration bands can only
be caused by the charge transfer effect. In contrast, totally symmetric modes tend to dominate
the spectrum with only SPR contributions [7, 10, 29]. Thus, I¥(CT) can be determined by the
intensity of the non-totally symmetric lines (INTSM). Meanwhile, I°(SPR) is the intensity of the
band only contributed by the SPR effect, and it also means that I°(SPR) ascribes the intensity of a
totally symmetric line, denoted as ITSM. Furthermore, due to the fact that excitation wavelength
coincides with charge transfer resonance, the charge transfer contribution to SERS behavior I¥(CT)
is more dominant than the contribution of I¥(SPR). Therefore, approximately, we take I¥(SPR) =
0. Thus, the formula (2) can be rewritten as:

pcr (k) ()

INnTsm

pcr (k) = 3)

Intsm +Itsm
Using the expression of which represents the intensity ratio in the SERS spectrum of non-totally
symmetric mode of the analyte and its totally symmetric mode, the degree of charge transfer can
be written as [7, 10]:

R
TR+ @
The detailed vibrational modes of MB have been well studied and indicated [23]. To choose bands
as references for evaluating the degree of charge transfer contribution, the totally and non-totally
symmetric modes should be fairly intense and well separated to suppress interference. As a result,
two pairs of modes have been chosen. The first pair of modes is at 670 cm™!, which is non-totally
symmetric, and 595 cm™!, which is totally symmetric. The second pair of modes is at 1038 cm™!
and 1074 cm™!, corresponding to non-totally and totally symmetric bands, respectively. The mean
degree of charge transfer contribution has been estimated to be around 46 (£2)% for these modes

Pcr
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using Eq. (4) above. Such a value of pct demonstrates that the charge transfer mechanism is al-
most as significant as the EM mechanism in the SERS behavior of the Cu;O nanocrystal substrate.
Our findings are different from the previous observations that confirmed that the EM mechanism
provided the primary contribution to the SERS signal enhancement [8]. This difference can be
explained if we assume that the SERS activity of a substrate is dependent on its morphology [30].

IV. CONCLUSIONS

In summary, octahedral Cu,O nanocrystals were fabricated by a solvothermal method and
were used to detect MB molecules. The EF value for the MB fingerprint band at 1628 cm™!
was estimated at 3.2 x 10°. The enhancement of Raman spectra of MB adsorbed on the Cu,O
nanocrystal surface was due to the combination of both electromagnetic enhancement and charge
transfer effects, where the charge transfer effect accounted for approximately 46(+2)% of the
total contribution. More specifically, the charge transfer effect occurred when there was a match
between the photon energy of incident light and the bandgap energy of the Cu,O nanocrystals.
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