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SERS substrates based on silver nanoparticles and graphene oxide

Simple work methods for preparing active coatings for surface-enhanced Raman scattering (SERS) are
demonstrated in the article. SERS active films of colloidal silver nanoparticles and composites based on
graphene oxide and silver nanoparticles were obtained. The prepared disperse solutions of silver nanoparti-
cles and graphene oxide/Ag nanoparticles composites have different stability. Using a scanning electron mi-
croscope, the structure of the prepared films was studied. A comparative characteristic of the obtained SERS
active substrates is given. The dye Rhodamine 6G was used as the test substance. It was shown that the
smallest enhancement of the Raman signal is produced by a coating of colloidal silver nanoparticles, while
the graphene oxide/Ag nanoparticles composite obtained by the 2-stage method provides the greatest gain.
The different ability to amplify the Raman signal is explained by the difference in the structure and composi-
tion of the obtained SERS active films. All prepared coatings make it easy to detect low dye concentrations
(from a 107° M solution) both with resonance (532 nm) and nonresonance (632.8 nm) excitation.

Keywords: surface-enhanced Raman scattering, plasmon resonance, sensor, composite, graphene oxide, silver
nanoparticles, signal enhancement.

Introduction

The phenomenon of surface-enhanced Raman scattering (SERS), discovered in the seventies of the last
century, attracts the genuine attention of researchers working in various fields of science. SERS is manifest-
ed in a significant amplification (up to 10'° times) of the signal of Raman scattering of light from a substance
on the surface of noble metal nanoparticles, which has a nanometer roughness [1, 2]. The SERS effect is ex-
plained mainly by two mechanisms: electromagnetic and chemical [2, 3]. The electromagnetic mechanism is
predominant and consists in strengthening the electromagnetic field in the near field of metal nanoparticles
as a result of the plasmon effect [1, 2, 4]. The chemical mechanism is explained by the adsorption of an
analyte molecule on the surface of metal nanoparticles with the formation of a charge-transfer complex
[4, 5].

Thus, the SERS method, along with the advantages of Raman spectroscopy, namely: selectivity, the ab-
sence of complex sample preparation, and simplicity of execution, has great sensitivity. These characteristics
of the method make it a valuable tool for achieving analytical goals in chemistry, ecology, biology, medi-
cine, etc. Since the discovery of the SERS phenomenon, a large number of works have appeared on the crea-
tion of SERS sensors. However, to date, only a small number of developments have become commercially
available and put into practice. In this regard, the creation of SERS-active substrates remains an urgent task.

Graphene and its derivatives such as graphene oxide, reduced graphene oxide and graphene oxide
doped with nitrogen are a new material in surface enhanced Raman spectroscopy. A number of studies have
shown that graphene coatings are capable of amplifying the Raman signal by the chemical mechanism. The
so-called graphene-enhanced Raman scattering has opened up new possibilities for the detection of substanc-
es [6—8]. Graphene and its derivatives are much cheaper than noble metal nanoparticles, have high adsorp-
tion capacity and effectively quench luminescence, which interferes with the measurement of Raman spectra.
However, substrates based on pure graphene material provide low amplifications; therefore, composite mate-
rials based on graphene and noble metals are of more interest [9, 10].

In this work, we obtained SERS-active substrates based on colloidal silver nanoparticles and compo-
sites graphene oxide-silver nanoparticles (GO/AgNPs), prepared by one-stage and two-stage methods, and
also performed a comparative analysis of their properties.

Experiment

Synthesis of GO/AgNPs composite by a single-stage method (composite I). The synthesis was per-
formed according to the modified method described in [11]. 0.5 mg of GO was mixed with 10 ml of deion-
ized water, treated in an ultrasonic bath for 2 hours to obtain a dispersed solution. 3 % ammonia solution was
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added dropwise to 3 ml of 0.2 M silver nitrate solution. First, brown precipitate of silver oxide forms, which
generate water-soluble ammonia complex with the further added ammonia. The resulting solution of the
ammonia complex of silver was added to dispersed solution of GO and treated with ultrasound for 30 min.
Next, in the solution heated to 50 °C, with vigorous stirring on a magnetic stirrer, 65 pl of 42 % formic acid
solution was added dropwise. The reaction mixture was kept at this temperature for 30 minutes. Then the
precipitate was separated in a centrifuge (4000 rpm, 25 minutes), washed with deionized water several times.
10 ml of deionized water was added to the obtained precipitate and dispersed in ultrasound for 20 minutes.

2-stage synthesis of the GO/AgNPs composite (composite 1I). The synthesis technique is described in
more detail in [12]:

Ist stage. 0.1 M NaOH solution was added dropwise to 0.02 M aqueous solution of AgNO; until brown
precipitate formed. The resulting precipitate was left to stand for 10 min, the supernatant was drained, the
precipitate was washed 3 times with deionized water. 10 ml of water was added to the precipitate, then 12 %
ammonia solution was added dropwise until the precipitate was completely dissolved. The resulting ammo-
nia complex was mixed with 4 ml of aqueous GO suspension (0.4 pg/ml), which was pretreated for 2 hours
with ultrasound. The mixture was then heated at 100 °C for 30 min with vigorous stirring on a magnetic stir-
rer.

2nd stage. To the dispersion obtained in the first stage, 2 ml of freshly prepared 0.001 M AgNOs; solu-
tion was added with stirring. The mixture was stirred at room temperature for 30 minutes, then freshly pre-
pared equimolar solution of ascorbic acid was added and stirring was continued at room temperature for an-
other one and a half hour. Then the solution was centrifuged, the supernatant was drained, the precipitate was
washed several times with deionized water. 10 ml of deionized water was added to the obtained precipitate
and sonicated for 20 minutes.

Obtaining of colloidal solution of silver nanoparticles. Silver nanoparticles in water are synthesized in
the same manner as in the case of composite I1.

Preparation of SERS active coatings. To prepare the composite-based SERS substrates, 150 ul of the
corresponding dispersed solution was applied to the surface of the coverslip, and the coating was dried under
natural conditions for 20 hours.

To obtain a coating of silver nanoparticles, the cover glass was immersed in the prepared colloidal solu-
tion for 72 hours, then the substrate was washed in deionized water and dried under natural conditions.

Measurements. The structure of colloidal silver films and composites and their elemental composition
were studied using a TESCAN MIRA 3 scanning electron microscope.

To study the SERS activity of the obtained coatings, Raman spectra of Rhodamine 6G (Rh6G) were
measured. 5 pl of 10°* M or 10° M aqueous dye solution was dropped into different sections of the active
film; the droplets were dried at room temperature in air.

Raman spectra were measured on a Confotec MR 520 confocal microscope. Raman spectra of the sam-
ples were excited at 532 and 632.8 nm. The laser power on the surface of the samples was varied depending
on the sample and the exciting radiation; the spectrum accumulation time was no more than 10 s. To evaluate
the amplification of the intensity of vibrational spectra on the SERS active substrates, we compared the in-
tensities of the Raman spectra of the dye obtained under the same conditions on pure glass.

Results and discussion

In the present work, SERS active coatings were obtained in different ways: by deposition of silver na-
noparticles from a colloidal solution onto a solid substrate and by applying a dispersed solution of
GO/AgNPs composites onto a solid substrate, followed by drying. In all cases, silver nanoparticles were ob-
tained by reduction of Ag” through the formation of an ammonia complex. In one case, only colloidal silver
nanoparticles were synthesized; in the other two cases, the reduction was carried out in the presence of
graphene oxide. The obtained silver hydrosol is not very stable, and the nanoparticles settle for several days.
The dispersed solution of composite I is stable for several weeks, then the particles coagulate, sonication re-
turns them to dispersed state. The dispersed solution of composite II remains stable for several months, with-
out a significant loss of SERS activity.

Figure 1 shows SEM images of synthesized composites and colloidal Ag nanoparticles. It can be seen
from the photo of the composites that Ag NPs are fixed on the surface of graphene oxide «flakes» and are
evenly distributed. For composite I, the sizes of nanoparticles vary from 20 to 100 nm with a predominance
of particles with sizes of the order of 50-60 nm. Particles are located from each other at distances exceeding
their sizes. For composite 11, the size of most of the particles is 40-70 nm, along with them there are also
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particles with sizes of the order of 100 nm. Silver nanoparticles are located almost close to each other, form-
ing a rough surface on graphene oxide sheets. On a substrate with a silver film obtained by deposition from
colloidal solution, the nanoparticles form loose micrometer clusters consisting of particles ranging in size
from 40 to 80 nm.

SEM HV: 8.0 kV WD: 5.98 mm
View field: 9.20 ym Det: SE
SEM MAG: 30.1 kx

SEM HV: 8.0 kV WD: 6.06 mm
View field: 8.17 ym Det: SE
SEM MAG: 33.9 kx

SEM HV: 15.0 kV WD: 4.98 mm | MIRA3 TESCAN|
View field: 7.93 pm Det: SE
SEM MAG: 34.9 kx Performance in nanospace

a—c — composite I, composite II, colloidal Ag NPs, respectively;
d — energy-dispersive X-ray analysis spectrum of composite 11

Figure 1. SEM images and the X-ray spectrum of SERS active coatings

Figure 2 shows the Raman spectra of graphene oxide and composite I. Both spectra have characteristic
GO bands: D (1346 cm™), G (1602 cm™), and 2D (2686 cm ). The Ip/I; ratio usually correlates with the
number of defects and disordered clusters on the surface of GO [13, 14]. For the composite, the Ip/Ig ratio
remained virtually unchanged (Table 1), which indicates that the introduction of silver nanoparticles did not
affect the surface properties of GO. The composite intensity is significantly higher compared to the Raman
spectrum of pure graphene oxide (Table 1), which demonstrates signal amplification due to plasmon reso-
nance of AgNPs [15].
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Figure 2. Raman spectra of the GO (1) and the SERS spectrum of composite I (2, 3) (Aexc is 632.8 nm,
laser power on the samples is 1.1 mW). The inset shows the Raman spectrum of the GO at laser power of 35 mW

Table 1

Comparison of the intensification intensities of the characteristic bands of the Raman spectra
of GO and composite I in different parts of the sample upon excitation at 632.8 nm.
The laser power on the sample is 3.5 mW

Sample I/l Enhancement of D signal (1346 cm’l) Enhancement of G signal (1602 cm’l)
GO 1.10 - —
point 1 1.13 39 38
GO/AgNPs | point 2 1.08 73 72
point 3 1.12 62 61

Different values of the intensity of the Raman spectra in different parts of the substrate indicate the het-
erogeneity of the active layer; therefore, to more correctly determine the gain, it is necessary to take the av-
erage value of the intensities of the spectra recorded from different parts of the sensor. Below, the average
spectral gain values obtained for 7 points will be given.

The Rh6G, the Raman spectrum of which is well studied, was taken as a marker substance. The Raman
spectrum of Rh6G is characterized by medium and high intensity bands at the Raman shift of 611, 771 and
1125 cm™, associated with vibrations of the aromatic ring in the plane and out of the plane, and C—H vibra-
tions in the plane, as well as bands at 1189, 1310, 1360, 1508 and 1649 cm™', which relate to stretching vi-
brations of aromatic C—C bonds [16—18].

When samples are excited at 632.8 nm, the Raman spectrum is very weak in intensity for a sample with
the dye on pure glass (Fig. 3), while for Rh6G on all three SERS-active substrates, the Raman spectrum is
quite intense with good resolution of characteristic peaks (Fig. 3). The highest signal enhancement (64 times
at Raman shift of 1361 cm™ at a laser power of almost 3 times less) is provided by a substrate coated with
composite II (Table 2).

Figure 4 shows the SERS spectra of Rh6G deposited on prepared substrates from 10°° M solution, upon
excitation of the spectra at 632.8 nm. The figure clearly shows that in the spectra obtained on composites, in
the range of 1200-1700 cm ', the SERS spectrum of graphene oxide makes a significant contribution, «hid-
ing» individual characteristic bands of the dye. At the same time, all spectral bands of Rh6G are clearly man-
ifested on the colloidal silver film.
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Figure 3. SERS spectra of Rh6G (10" M) on composite II (a, 2), composite I (b, 2),
on AgNPs (b, 1) and Raman spectrum of Rh6G on glass (a, 1) excited at 632.8 nm
Table 2

Comparison of intensifications of intensities at characteristic bands of the SERS spectra of Rh6G 107 M)
on the studied substrates

Substrat Laser power Enhancement of the intensity of the Raman signal
u aStirr? © on the sample, at the characteristic bands of Rh6G
coating mW 611 cm’’ 772 cm! 1188 cm ' 1361 cm’ 1508 cm’
AgNPs 3.5 17 12 10 17 20
Composite | 3.5 22 16 19 25 25
Composite 11 1.1 40 31 23 64 55
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Figure 4. SERS spectra of Rh6G (10°° M) on AgNPs (1), on composite I (2), on composite II (3)
excited at 632.8 nm (laser power in cases 1 and 2 are 3.5 mW, in case 3 is 1.1 mW)

As is known, the maximum of the Rh6G absorption band is in the region of 530 nm. By exciting this
well-luminescent dye at the absorption wavelength, it is quite naturally to observe its fluorescence, at the
same time the excitation of molecules in the absorption band should lead to resonant Raman scattering,
which is much stronger in intensity than nonresonant Raman scattering [2]. Figure 5 shows the Raman spec-
tra of Rh6G obtained upon excitation at 532 nm. In the spectrum of the dye on pure glass, we see mainly lu-
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minescence. The fluorescent component eliminates the presence of characteristic Raman peaks (Fig. 5, in-
set). At the same time, for Rh6G deposited on the surface of composites and the AgNPs film, intense charac-
teristic bands are clearly observed in the SERS spectra (Fig. 5). Due to the strong influence of fluorescence
at resonant excitation, it is difficult to correctly determine the Raman enhancement.
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Figure 5. SERS spectra of Rh6G (10° M) on on AgNPs (1) (laser power on the sample is 0.22 mW)
and on composite (2) (laser power on the sample is 0.696 mW). The inset shows the Raman spectrum
of Rh6G (10°°* M) on glass (the laser power on the sample is 0.696 mW)

Conclusion

SERS-active films based on colloidal silver nanoparticles and composites based on graphene oxide and
silver nanoparticles were obtained. All three coatings differ in structure and ability to amplify the Raman
signal. The smallest enhancement in the intensity of Raman spectra was obtained on a coating of silver na-
noparticles, while the highest gain was provided by composite II. This can be explained by the fact that only
the electromagnetic mechanism contributes to the amplification of the Raman signal on a substrate of Ag
NPs. Greater enhancement on the composite films are due to both the plasmon effect of silver nanoparticles
and the interaction of dye molecules with graphene oxide. The close arrangement of silver nanoparticles on
graphene oxide particles, contributing to the formation of so-called «hot spots» [4], explains the largest Ra-
man signal amplification on composite I1.

The obtained dispersed solutions of the composites remain stable for several weeks to several months
and at the same time retain their SERS activity.

This work was carried out as part of the research project BR05236691, funded by the Ministry of Edu-
cation and Science of the Republic of Kazakhstan.
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P.X. I)xanabexora, H.X. M6paes

Kymic Hano0esmexTepi :xoHe rpadgen okcuainin Herizinaeri BKPC Tecenimrepi

Maxkamana T'KIII Gencenni xabaTTapblH skacayIblH KapamaibiM omicTepi kepcerinreH. Kommomari kymic
HaHOOOIIIEKTEePiHIH XoHe TpadeH OKCHII MEH KyMic HaHoOemmekTepi Herizinme xommosurrepiin ['KIII
Oencenni  KaObIpinakTapbl anbiHFaH. JlafiblHganFaH KyMic HaHOOOINIIEKTepi MEH KOMIO3UTTEpAiH
JUCTIIePCUSUIBIK  epITIHIepl opTypsi TypakThUIbIKKa wue. JlaiblHpanraH KaObIpUIAKTapAbIH KYPBUIBICHI
CKaHepJIeYIIli IEeKTPOHIBIK MUKPOCKOI apKbuibl 3eprreireH. Anbiaran ['KIII Oencenai KaObIpIiaKTapbIHBIH
caJIbICTBIpMaJibl  CHIIATTaManapbl KedripinreH. TecTiieHeriH 3at peringe pogamuH 6JK  OOSFBILIBI
KonnanbuFad. Komtonari kymic HaHoGeumekTepi KabaTeiHa KOMOMHALMOH/ABIK [IAIIBIPAY CHUIHAJBIHBIH CH
a3, a; 2-caTbUIbI dAicreH anblnraH rpaden oxcunai/Ag HB xommosuTiHze €H YIKEeH KYIIe0 KepCeTireH.
KoMOuHamMoOHBIK MIAIIBIpay CUTHAJBIH KYIIEHTy KabOineTiHiH opTypii Oomys! amsmran ['KII Genmcenni
KaOBIPIIAKTAPBIHBIH ~ KYPBUIBIMBI ~MEH  KYpaMbIHIarbl —afbIpMalIbUIBIKICH TYCIHAIpUIreH.  BapJbik
JaiplHOanFal KaObIHAAp Pe30HAHCTHIK (532 HM) KoHE pe30HaHCTHIK emec (632,8 HM) KO3y KesiHzme ne
BOSIFBIITHIE TOMEH KoHueHTpauuschH (107° M epiTinigen) oHall aHBIKTayFa MyMKIHIIK Gepei.

Kinm co30ep: apbIKTBIH THTAaHTTHl KOMOWHALMOH/BIK [IANIBIPAYb], TUIA3MOHABIK PE30HAHC, CEHCOP, rpadeH
OKCHIi, KYMiC HAaHOOOIIIEKTEPi, CATHAIIbIH KYLICIOi.

P.X. I)xanabexora, H.X. M6paeB

IIYPC nopio:kkm Ha OCHOBE HAHOYACTHIL cepedpa U oxkcuaa rpadena

B craTthe nposeMOHCTPHPOBAHBI IIPOCTHIE CHOCOOBI PUTOTOBICHUSI AKTUBHBIX IMOKPBITUH JISI THTAHTCKOTO
xomoOunanuonsoro paccestaust (I'KP). ITomydenst I'KP akTuBHBIE IUICHKH HAHOYACTHUII KOJUIOUAHOTO cepedpa
M KOMIIO3UTOB Ha OCHOBE OKCHIA rpad)eHa M HaHouacTHIl cepedpa. [IpHroToBlIeHHBIE TUCTIEPCHEBIE PACTBOPHI
HAHOYACTHUI] cepedpa U KOMIIO3UTOB O0NafaloT pa3iMYHOM cTaOMIBHOCTBIO. C MOMOIIBIO CKaHUPYIOLIETO
3NIEKTPOHHOTO MHMKPOCKOIIA HCClIeI0BaHa CTPYKTypa MPUIOTOBICHHBIX MIEHOK. JlaHa cpaBHUTENbHAs Xapak-
TepuctHka nomydeHHbIX I'KP akTuBHBIX momnoxkek. B kauecTBe TecTupyeMoOro BeliecTBa ObLI UCIOIb30BaH
kpacurenb pogamut 6)K. ITokasaHo, 4To HaMMEHbIIIEE YCHIEHHE CUTHATIa KOMOMHAIIMOHHOTO PACCEsSHUS JTaeT
MOKPBITHE U3 HAHOYACTHUI] KOJUIOMIHOTO cepebpa, a Hanbobllee yCuineHne 00ecrneunBaeT KOMIO3UT OKCHIA
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rpadeHa/nu Ag, moaydeHHBbIH 2-cTaquiiHbBIM MeToJ0M. Pa3Hast cCrocoGHOCTh K YCHIICHHIO CUTHaia KOMOHWHA-
LIMOHHOTO paccesHUst OOBACHIETCS pa3niieM B CTPYKTYPE M cOCTaBe HomyueHHbIX [’ KP akTHUBHBIX IJIEHOK.
Bce npUroToBieHHBIC NOKPBHITUS IMO3BOJIIOT JIETKO OOHApY)KMBaTh HU3KME KOHLIEHTPALMU KpacuTens (U3
pactBopa nopsika 107 M) kak npu pe3oHaHCHOM (532 HM), TaK M HEpe30HAHCHOM (632,8 HM) BO30YKICHUH.

Kniouesvie crnosa: TUTaHTCKOE KOMOMHAIMOHHOE PAcCEsSHHE CBETa, IUIA3MOHHBIN PE30HAHC, CEHCOpP, OKCHJ
rpadeHa, HAHOUACTHIBI cepedpa, yCHUIICHNE CHTHAJIA.
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