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Fig. 1 Cyclic voltammetry curves of silver at different scan rates on glassy carbon electrode surface
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Fig. 2 SEM images of Ag SERS substrate with different magnifications and EDS image of SERS substrate
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Fig. 3 Raman spectra of R6G solution with two kinds of excitation light on different substrates surfaces
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Fig. 6 SEM images of Ag SERS substrates with different roasting temperatures
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Fig. 7 Raman spectra of R6G solution on SERS substrates surfaces with different roasting temperatures
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Table 1 Enhancement factor value of characteristic peaks at 1363 and 1652 cm ' of R6G solution on SERS substrates sur-
faces with different roasting temperatures

Roasting temperature/C G (1363cm™") G (1652cem™)
No roasting 1.62Xx10° 1.02x10°
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400 2.1610* 8.14X10°
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ISR AE T, LR AE 06 Y A5 RS T A R A R s AN TET 8(b) ~ (d) BT LA Y, B 25 K 0 3R 5 Y TH v, SERS 458
X EMImCIYG A5 5 (4 384 58 58 ) A B W (98055 , iX R 1, SERS $52 AR ] 45 Sy 48 A [R]85 T 88 - MR 5 1
SEA A T B

12000
9000
8000 10000 f
~ 7000 ~ 8000
3 6000 3
2 5000 2 6000 |
é 4000 é 4000 F
£ 3000 R
Normal Raman
2000 Normal Raman 2000 |
1000 [ ﬂ l 7,
0 Ao b e s AU n Ve 0 T Y e
200 400 600 800 1000 1200 1400 1600 1800 200 400 600 800 1000 1200 1400 1600 1800
Raman shift/cm™ Raman shift/cm™
(a) 25 °C (b) 50 °C

12000 [
10000 [
8000 [
6000

Intensity/(a.u.)

[ Normal Raman

2000 f Normal Raman
1000 b 2000 n A " ’)\
0

0
200 400 600 800 1000 1200 1400 1600 1800 200 400 600 800 1000 1200 1400 1600 1800
Raman shift/cm™ Raman shift/cm™
(c) 80 °C (d) 100 °C

4000

B8 f R EE T EMImCLAy B A% A4 & ok i [ 40 B AL SERS ki B
Fig. 8 In-situ normal Raman spectra and in—situ SERS spectra of EMImCI at different temperatures

0229001-7



3 #ig

A SCR T HL DL RR R il 45 HH AR SERS BRI, WF 5T 1 % 1 B 30 FN SERS 0N 5 22 J X JE JiS 47 65 e Ak 28
PRI T I be il & X AR BE IR MOWLIE 35 A SERS PEBE 19520, 3T 1H5 T SERS B R s Y 7~ 45 R R DAk
R 5 T SERS JENIE & 32 S W 43 S 2H e p B AvotR , HL 23 32 3 BAT s i 38 60 g o , AT ™ A sl 7 L
37, DA T 384 58 RS (¥ SERS B 5 2) B B i BE AL 100~400 °C, FE i ) BEALAIR L 300 “CH 43 32 2R 35 FF 4 114 2% HL
H LA R B G, 400 AL i 28 75 AL R, A7 7 08 BRI 9 K JB0RE 2B 1, 7T DAl SERS R0 42 41557 i1 PR 507 5 3) Bl
R bR R A R T, HE R A SERS KON #0855 o AR KB A MF T ARE IR AR M R6G 73 T AE 1 363 em AR &
AL I8 Y 3 3R TR 7 O 1,62 107, 5 BRIk 400 “CHE, 38 38 IR 74 2.16 X 10°;4) 5 SERS $ A 1 F F A [l i
JE T B WA EMImCLR B A P72 35 I, & 3 EMImCLAY 7 2 6% 5 5 ¥4k B 35 158, B SERS #i AR
AR SR AN T kB T 1 MR B s A A I B AT R T B
5% 3t
[1] LU Tianhong. Surface enhanced Raman spectroscopy and its application in chemistry[J]. Corrosion Science and Protection
Technology, 1995, 7(2): 102-107.
Bl AT T4 58 f 2 O i M TR AL R LT ] 2 5B R, 1995, 7(2) ¢ 102-107.
[2] FLEISCHMANN M, HENDRA P J, MCQUILLAN A J. Raman spectra of pyridine adsorbed at a silver electrode [J].
Chemical Physics Letters, 1974, 26(2): 163-166.
[3] JEANMAIRE D L, DUYNE R P. Surface Raman spectroelectrochemistry: Part 1. Heterocyclic, aromatic, and aliphatic
amines adsorbed on the anodized silver electrode[J]. Journal of Electroanalytical Chemistry, 1977, 84(1): 1-20.
[4] CREIGHTON J A, BLATCHFORD C G, ALBRECHT M G. Plasma resonance enhancement of Raman scattering by
pyridine adsorbed on silver or gold sol particles of size comparable to the excitation wavelength[J]. Journal of the Chemical
Society, Faraday Transactions 2: Molecular and Chemical Physics, 1979, 75: 790-798.
[5] DEEPAK F L. Metal nanoparticles and clusters[ M ]. Berlin Germany : Springer International Publishing, 2018: 89-164.
[6] STILES P L, DIERINGER J A, SHAH N C, et al. Surface-enhanced Raman spectroscopy [ J]. Reviews in Analytical
Chemistry, 2008, 1(1): 601-626.
[7] DING Songyuan, WU Deyin, YANG Zhilin, et al. Partial research progress on enhancement mechanism of surface-
enhanced Raman scattering[ J]. Chemical Journal of Chinese Universities, 2008, 29(12): 2569-2581.
TRATE, RAEED, MRk, A L SR Y ORGSR IS Y TR A BE ST R [T ). AR AR R A A 2 A, 2008, 29(12)
2569-2581.
[8] WU Jing. Preparation and activity of SERS substrate based on controllable silver nanostructure [D]. Nantong: Nantong
University, 2017.
S BT AR R A0k 45 K Y SERS R A5 S PERF ST (D). Rl . Rl ORAE, 2017,
[9] LIN Xiumei, CUI Yan, XU Yanhui, et al. Surface-enhanced Raman spectroscopy: substrate-related issues[J]. Analytical
and Bioanalytical Chemistry, 2009, 394(7): 1729-1745.
[10] WANG Yuling, LEE K, IRUDAYARAJ J. Silver nanosphere SERS probes for sensitive identification of pathogens[J].
The Journal of Physical Chemistry C, 2010, 114(39): 16122-16128.

[11] ZHANG Haibao, LI Guang, TIAN Xingyou, et al. Preparation of Ag nanosheet hierarchical clubbed micro/
nanostructured arrays and their application based on the SERS effect[J]. Journal of Electroanalytical Chemistry, 2019,
853: 113512.

[12] LI Dewei, CAI Wei, SHANG Guangyi, et al. Electrochemical preparation and surface enhanced Raman spectroscopy of
silver nanoparticles with various morphology [ J]. Journal of Electron Microscopy, 2011, 30(1): 33-38.
UEAR, B, BT, L 2RI S8 K AR A H Ak 2 ) s R SR T R SR L 2 ORI TSR LT]. T BMA AR, 2011,
30(1): 33-38.

[13] RIVERA R R D, NAVARRO S M E, ARIZMENDI M A, et al. Electrodeposition of plasmonic bimetallic Ag-Cu
nanodendrites and their application as surface—enhanced Raman spectroscopy (SERS) substrates [J]. Nanotechnology,
2020, 31(46): 465605.

[14] NIU Tianchao, YUAN Yaxian, YAO Jianlin, et al. SERS study of aqueous ionic liquid/metal interface structure [J].
Science in China: Chemistry, 2010, 40(8): 1080-1084.
FRA, WA, BREAR, A SOKE TR/ SR A A ) SERS WS [T]. R BLAE . {2, 2010, 40(8) : 1080~
1084.

[15] JIANG Yuxiong, LI Jianfen, WU Deyin, et al. Characterization of surface water on Au core Pt-group metal shell

nanoparticles coated electrodes by surface-enhanced Raman spectroscopy [J]. Chemical Communications, 2007, (44) :
4608-4610.

0229001-8



ot DR, 45« UL J3E X 0 VG 3 T 5 i 417 2 T35 280 7 14 52 )

[16]

[24]

[25]

GU Wei, LIU Guokun, REN Bin, et al. Study on adsorption and corrosion inhibition behavior of imidazole on cobalt
electrode surface by electrochemical method and surface-enhanced Raman spectroscopy [J]. Science in China (Series B
Chemistry), 2005, 35(3): 200-205.

JEAS , X, AT, A5 A T AR T A S L 5 S % AR U S Al e R R T DR e Y R R R Gk AT SR [T v [ R
(B# fk2#), 2005, 35(3): 200-205.

YUAN Tian. Preparation of SERS substrate of gold and silver and its application in electrochemical study of high
temperature carbonate [ D]. Shenyang: Northeastern University, 2017.

JRH . 4 A SERS B JiE 1 i % K A6 ey T ik R #h v AL A B SR v 9 R LD 1. SR PH : AR B R, 2017.

ZHAO Boru, SHEN Jinsong, SUN Zhi, et al. Preparation and properties of active substrates for surface enhanced Raman
spectroscopy[ J]. Chinese Journal of Analytical Chemistry, 2020, 48(2): 282-288.

BT, TEENAL , FhAE, AE L T IR AL & ORI MR A s SRS [T ] AT, 2020, 48(2) : 282-288.
SCHATZ G C. Theoretical studies of surface enhanced Raman scattering [J]. Accounts of Chemical Research, 1984,
17(10) : 370-376.

MAO Yongyun, YANG Yuwen, YANG Hongwei, et al. Fabrication and characterization of hierarchical multipod silver
citrate complex microcrystals with excellent SERS properties[ J]. RSC Advances, 2016, 6(15): 12311-12314.
ORENDORFF C J, GOLE A, SAU T K, et al. Surface-enhanced Raman spectroscopy of self-assembled monolayers:
sandwich architecture and nanoparticle shape dependence[J]. Analytical Chemistry, 2005, 77(10): 3261-3266.
GERSTEN J I. The effect of surface roughness on surface enhanced Raman scattering [J]. The Journal of Chemical
Physics, 1980, 72(10): 5779-5780.

YAO Juanjuan, WU Shifa, JIN Shangzhong, et al. Preparation and activity of TiO,~AgNPs surface enhanced Raman
substrate[ J]. Acta Photonica Sinica, 2016, 45(5): 0516004.

LRI, R, S RG, AF L TIO,~AgNPs 1 5 bl & IR A9 i 55 SIS PR LT ] S6 T2 4), 2016, 45(5): 0516004,
ZHANG Jinsheng, CHEN Fuyi, YAN Xiaohong, et al. Growth and optical absorption properties of Ag—Cu nanocrystals[J].
Precious Metals, 2011, 32(4): 29-35.

SR A, BRAR S, FIBRLL, A5 UM 98K B Y AR K RO 2 e rE e [ T]. B4 )@, 2011, 32(4): 29-35.

HE Xiong, ZHOU Jingfeng, SUN lJincai, et al. Preparation of silver nanoparticle substrate and detection of sodium
fluorescein by surface enhanced Raman spectroscopy[ J]. Journal of Food Safety and Quality Testing, 2018, 9(5) : 1084-1088.
e, JE G, INA A, AF L HR A ORORL T R I R A B 3R T R L 2O A SO R A [T ], B A B A A AR
2018, 9(5): 1084-1088.

WANG Yongqgiang, MA Sheng, YANG Qiangian, et al. Size-dependent SERS detection of R6G by silver nanoparticles
immersion—plated on silicon nanoporous pillar array[J]. Applied Surface Science, 2012, 258(15): 5881-5885.

KIM H C, ALFORD T L, ALLEE D R. Thickness dependence on the thermal stability of silver thin films[J]. Applied
physics letters, 2002, 81(22): 4287-4289.

YE Ziran, XU Fengyun, SUN Guofang, et al. Influence of post-annealing treatment on the morphology of Au films
deposited on liquid surfaces[J]. Ferroelectrics, 2019, 549(1): 119-125.

LIU Li, CHEN Zheyuan, WANG Lei, et al. Slow gold adatom diffusion on graphene: effect of silicon dioxide and
hexagonal boron nitride substrates[ J]. The Journal of Physical Chemistry B, 2013, 117(16) : 4305-4312.

CAI W B, REN B, LI X Q, et al. Investigation of surface-enhanced Raman scattering from platinum electrodes using a
confocal Raman microscope: dependence of surface roughening pretreatment[ J]. Surface Science, 1998, 406(1-3): 9-22.
GREEN M, LIU Fengming. SERS substrates fabricated by island lithography: the silver/pyridine system[J]. The Journal
of Physical Chemistry B, 2003, 107(47): 13015-13021.

Effect of Temperature on the Surface Enhanced Raman Scattering
Effect of Silver Substrate

MENG Qingling', HU Xianwei', YU Jiangyu', SHI Zhongning", WANG Zhaowen'
(1 Key Laboratory for Ecological Metallurgy of Multimetallic Mineral ,Ministry of Education, School of
Metallurgy, Northeastern University, Shenyang 110819, China)

(2 State Key Laboratory of Rolling and Automation, Northeastern University, Shenyang 110819, China)

Abstract: Surface Enhanced Raman Scattering (SERS) refers to the phenomenon that the Raman
scattering signal of molecules adsorbed on some rough metal surfaces can be significantly enhanced. The
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combined effect of electromagnetic enhancement and chemical enhancement is widely recognized as the
SERS mechanism by researchers. SERS substrates can be divided into simple SERS substrates and
composite SERS substrates. Simple SERS substrates include metal electrode substrates, metal collosol
substrates, and metal thin film substrates. Meanwhile, composite SERS substrates include bimetal
composite substrates, oxide composite substrates, and flexible material composite substrates. Nono silver
1s a common-used metal SERS substrate.

SERS is an important method to study the structure of the ionic liquid. The ionic liquid often works in
a temperature range from room temperature to 100 ‘C. However, there are few studies reported on the
influence of temperature on the SERS effect. In the present study, firstly, silver SERS substrates are
prepared by the constant—current electrodeposition method with current density of 0.5 A/dm?* at 35 °C for
depositing 900 s. Then, the prepared silver substrates are roasted at 100 ‘C ~400 ‘C, the influence of the
roasting temperature on the morphology of the substrates is investigated, and the corresponding SERS
mechanism is discussed. Finally, the prepared silver substrates are applied for the in—situ SERS spectra
detection on 1-ethyl-3-methylimidazolium chloride (EMImCI) ionic liquid at different temperatures and
the SERS effect is analyzed.

The results show that in the substrate, the silver atoms form the dendrite consisting of a trunk and
symmetric branches on both sides. The surface plasmon resonance generated by the dendrite gaps causes
strong electromagnetic field, which can enhance the Raman signal of the adsorbed molecule. On the other
hand, the branches have high curvature tips, which can produce lightning rod effect and improve the SERS
performance of the substrates.

In fact, the substrate is in an unstable metastable state, but the mobility of the silver atoms at room
temperature is very weak. However, higher temperature can lead to stronger mobility of the silver atoms,
causing the substrate transit to a more steady state with smaller free energy. Therefore, roasting process
can make the nanoparticles reintegrate. As a result, the silver atoms in the high curvature part of dendrite
can diffuse, causing the separation of grains. It is found that when the roasting temperature is 300 °C, the
tips of the branches begin to disappear and agglomerate. When the roasting temperature is raised to 400 C,
the dendrites still exist, but the branches become thick and completely agglomerate, and it is noteworthy
that very small spherical silver nanoparticles are formed on the surface of the dendrites.

With R6G used as probe molecule, the SERS effect of the prepared silver substrates before and after
roasting is investigated. It is found that the enhancement factor of the silver substrate decreases with the
increase of roasting temperature. The enhancement factor of substrates before roasting is 1.62X10°. When
the roasting temperature is 400 °C, the enhancement factor reaches 2.16< 10", indicating that the SERS
effect of the prepared silver substrates is still obvious. It is believed that changes of substrates’ structure
reduce the “hot spot” area on the substrate after roasting. When the roasting temperature reaches 400 °C,
the newly generated spherical silver nanoparticles provide new “hot spot”, so that the substrates after high
temperature calcination still have the SERS effect. However, the surface areas of the newly generated
silver nanoparticles are very small, which greatly reduces the number of the adsorbed molecules, making
the SERS effect weakened.

The results of the in—situ Raman spectra detection on EMImCI with using the prepared SERS
substrates show that the Raman spectrum signal is significantly enhanced. As the detection temperature
increases from room temperature to 100 “C, the ability of the substrate to enhance the Raman spectrum
signal is not significantly weakened.

Key words: Surface enhanced Raman scattering; Silver substrate; Raman spectroscopy; Rhodamine 6G ;
Enhancement factor
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