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AU@AG-AU HIK A T5 L SRIBIR R SERS HI%T

B FRE2 HBE KE
D) CERITIEAR:, W CRE SHAR S SRS, il 200241
2) (BRI A, WHZE S5 BHARSER, #% 710119)

W E

TEE A AMINE JE AR R, SRR HAuCL S5ERPIRKT7 7
I 5 AR AR B A B (GRR) Hik i R B (RED, & —BHil % A 5 4%
TESRAN 22 ThRE 40K S5 K (0 R0 o« 207 VR & K SR & s K Sk
B GRS AR BN SN B A2 N . AH Fid i 754
Wit ZFhscie 2 (pHAE . AS[FIECAR X JT 3K A& HAuCly JEANEZ) 6
SRR AN SIS 25 B A TR 8T, SEBL T 0 &4RE &Kk K I 4T
AR . S5 RE M, pH YUEERLL “GRR KM FEF” 8 “RE K
RES”; BURAR HAuCL FENEZ HRENE, PPl « MRS 2
e MTEFFRIN” A4 Bk CTAC fE— € pH i SR Pkt
PEVIAR, 1 PVP A2 pH 52M . (HAE R, ERMmAECAEN PVP,
AT ORAAE HAuCly —IRIEFEANRI AR T, PURK TR G &2 B R A
A, H~17nm (pH~3.35) F~5nm (pH=10.00). ¥ _Fik & & 49K E
R A EN S, RIE & LR B S ) AR T sk = AU
(SERS) P . i3 45 PRy /5 125 (FEMD X F 3 i ff i 3k A T AR 0L T F 5
RIEW R S 1% SERS MREIEAWY) & . AN T4 B AK G S0P
TSR A & SERS JEJE LA B TE K S84t 7 25 1k 5

KHIE: Au@Ag-Au PURKTTR, R, Bl EHAEE N, pH,
R 9 1L 2 WU

PACS: 81.16.Be, 78.67.Bf, 78.30.-j, 73.20.Mf

HE: HFEAT RN S 2024YFA1409902) %5 Bhii5 .

t B E{F#& . Email: bwkang@snnu. edu.cn
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B—1E#. E-mail: 2q1793004778@163. com


mailto:bwkang@snnu.edu.cn
mailto:hzhang@lps.ecnu.edu.cn
mailto:zq1793004778@163.com

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

it

1 5]

AR, RS (Aw) R (Ag) 9Kk, MR R
T2 SOt HER (LSPR) MEF, fEMEAGI2, ARIEEL R R AR s 2 DY A
JEE T ] 4 L FH T 35 o g T RASHTED [ A S P RO S R, i v 2 T e
SET (SERS) MBI REE, 75BN 9K BRI R SR, 1E %
EETES, AR E SR (GRR) 1EA—FRIME. JEH N, Beis i an
KBRLEI RS+ TES KT RSk AT 2 e, C RO TR AR 451 (KA
AL

GRR RN MR —Fr 48 5 5 —Fh & 8 R e, Bl HA b it 4
JB BT TS Ok OB, A PR — AN EIE S R TEARHEIRA T, Au Fl Ag
ST A S H L (SHE) FIEJREAZ: Au (1.50 V) >Ag (0.80 V) 1, it
ZE5:, Xia % ATE 2002 43T GRR RMAE Au I ERER R Il Ag 2K BURL,
Hl% T Ag-Au FEGEKEEHE, ME, GRR RNIFIAEGK R E 2
FA 2 2 J0 -1V 2 R RIS oK BORLAR R v 7E BB AESE GRR
fdEfiti b, [ RBA RS NEJRF], AT GRR MBS IEF R (RE) E[F]
TEH, #E—DHI&HEIFE . SRR IGURBURL, AT 4 R T ROk 7L 1
Z T (¥ S PV 0T, N, Yang 25 NUSTLL Ag MK ST 5 RSN, i 1 i
RE BSR40 GRR B, AR HAuCls #5738 JFUK Au®, 35957 TR e R ik
b, IR TR E PR SERS FEME B TR 58 (Ag@Aw) 4k
SEJTR: Ahn ZENUSILL Ag GRS ORI, it RE [RBGEJE H Au® 1 Ag”
FEIEF YR T BUREL . R GRR B SIXHNTE (Fa B PE 2 i, &3R8 7
HAMHES A Au-Ag GBHERRINAUKRBURL, JRIGHAE N iETE SERS 44+ H
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TIEALE I Au AL BB ; Shan &8 AU 3E— 20K 2 SRS 1 e 2 AR o
(Au@Ag) AKILITHE, R Wk BE 2R3/ T Au@Au-Ag PPKHEZR, I
M 2GR S TR NI LLAh — X6 AR A1 SERS Tl Rgkar il .

i#3d GRR 5 RE S 3[R FH i ROV I 25 R E 7 C S — E 2
(EAAEEA R 3 —, HOHWA L UL Ag 90K L7 RSB IEAR , X T Au@Ag
AR K TR FE A TE 700 F 7, 22 it FEAEAE AL R B B — DR 3O 4%
ZNRRRLTE S FEE , G pHUS 11 O i e iU 20188, 2 1 % RIR 2
] (R R % o B IR 1), AHTFURIT T RGNER SRR IR R . T 9URBURL
F) 2 T PE A 2 S 25 S Ji - UKL T RO RR 5 7 T OB, AN [ SR 2R
i, InZEt s o bk = WIS (CTAC) M7 TR EVIENER L4
LR HEE] (PVP) , X Au@Ag KT R TE BRI 7E sk = s 4e % bE 5 e
R, AR CTAC F1 PVP X Au@Ag A0KK g i&ihi. L E
WH) Au@Ag AR KT RN R, MUY EA Ag PIKIL T A 5L 73HY
JOST AR 0 S TR A L 3, IS BAG A PRI AR il 26 0 SRR IS e O
HEEIRE, HARSAR I LA AR BEVS OR H 4 & 105 S oT R (SPR) #E
22 231, Bk, AR IESEH) pH BRI ] AT AKX HAuCL FITE N GE R,
ASCRNEIT T “FC AR -pH-IE N Z” = S SORRE T30 B U R R, A
FREBOTM B E R IR T EESE. AN, selah kI, £LL PVP N
RHEPCARIE R, DGHEE o A RN SR, (ERESEHN YR S &2 %
FERIATE . 2t R ARy R e BAT EURIE T 1 o3 il AE R S i A
_EH) SERS MR, A HL 4 R A AL B B R AL 7RSI R BRRE . SE T RORH S, R

WATRILIE, SERS $55R RIF R BERURL & &= 5 B A 271, X — & IN
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Bt M RE A B UL AT EHR B T T B AL A

2 FERHE

AU@Ag PR KTTREIH % RHA AR & Au@Ag 9K KTT 1R, &
S F~3 nm & BEAE A dFh A K Au 90K, FERLBTRI Au 9K ERVE A di i
K AU@Ag 9K KTk, b, BEfR~3nm &%, Au 90K Au@Ag 45K
K51 B % 23 31 2 2% E 4l BT 72 4124 Christopher #F 78 40 2°], Tobias #1 Andreas
Tt 72 2H POV ) 2 T v

Au@Ag PURKTTRRIBCA S . =i T, K2 B Au@Ag KK IT 4

VR, R ATREMIN DS BB AR08 1K o BTTE T PRdE N\ A i

ARAS T PVP Z B, 4RI 1 min J5 S2mRAC .

AU@Ag-Au GKBRLIK I % . 7E 30°C/KIB T, [MZid CTAC 8t PVP &)
AU@Ag IR TTIRVER T, IINEJRF L-idi iR (AAD FIAFAKJZ 1) NaOH
VAL WL AR 21— 58 pH {E IAIARVE L 4 HA R 5] )5, — I PEE LA 0.02 mL/min
()33 R E N HAuCL V50, 13 e Al i % 42 GRR [N AT RE J b, e 245 5] Au@Ag-
Au GKIRL .

N TR [ 2B R I 1) 4. S Lin BFFC 4027 0 A0 ST 1 4125 070, 1)
B /K25 2% PR UOINN 2 53 B AN ARV R = S e (CH2CL) M2 B 7K,
FIZIE R EZ 7 E, SREIMANIECKE (CeHua) o fif BhiM/K M = Ak 2 Fh S 5K
ZERTII RN 22 XRJB RN, FORIFTTE /K CoHlaffI 32 B A TE A o 2 AL v
f5. (LA PRS0 A VRGN B8 J 2% Ao 5 AR i ) AL B R AN B (0 W B B

o WA se A RD
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BT E: KT FEM ) COMSOL Multiphysics 4% Au@Ag-Au 44
KUK () HUR I 37 AT 0 BT B
3 ERGERNITE

B, FATEL Au GBS a R, 4% 7 B B RIFI Au@Ag 40K K
Jifk, AEN GRR SIS (B S, 248k K ikl CTAC Fristf, 3
PR SE~91.6 nm, F/Fi~46.2nm. XFREEHITEMWT . RSB SRRSO )G SHE T
H g N PIFEBasE 7 Rt BlJG, R R 5 NIEJR ] AA R NaOH, FEilid 115
NaOH ¥R B K15 W14 0 pH {E - pH (T2 580 AA fEI TP A7 (E
AR, T EAT R WS NIE SR AE ). HaAse <HAsc™ <Asc? 2820 B
BhZ Ah, pH BT R S BT IR A HAUCL (A7 AE R R A S, Hoad J5 fafir
B EAL: [AuClal” > [AuCl3(OH)]” > [AuClL(OH)]” > [AuCl(OH);]” >
[Au(OH)4]™ 81, AA B g 77 B4 mf N RE e BT, T 57 3K A4 HAuCl, i
J HLA (PRI Z% GRR R BLI TR 6, i pH A (12038 2 % 2% GRR 5 RE
JRBEZ A 554 o BEAh, B TR I TR I3 26 (Vaeposition ) R I HUH 28 ( Vaitrusion)
RIS R /N R 8 2 B 2 JBURL IR TR0, Lot Veposition RO IS 52 NE PR P17 T
JE TR BE RS, i — VR DI I AR 18 3 AT IRAA HAuCL 5 5%, K
BAARH] Vacposisons MATTFZMAF=HI I TEST . 5T DAL pH fE S AT 3R HAuCL)
TENTT AR R BIFEM, A SCE e IT T HAuCL VR — IRPEE AR T, pHAE
FH R BB = B e, BETIE R DA pH (HF CHERFIBD, X7

HAuCly ¥ W B P FE N 77 208 P2 55 8 5
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pH / Concentration of 100 pL NaOH

ey
=}

=5
w
]
=
=

(i) ¥ Au W Ag " Au-Ag alloy (j) 203 a || 574 e

one shot P - —— o

WD

CTAC 538 502 664

Injection rate (mL/min)
Extinction (a.u.)

titration N 655 712
526 526

3.16 10.28 12.10 400 ’ (\(i(l ’ 800 ’ 1000 i 1200 400 600 800 1000 1200

pH Wavelength (nm)

K 1 AR pH AE S TSR 1A HAuCL EH0ENTT A FXS CTAC-Au@Ag AR KT71KTE
B AR ek RE . (a-h) BE% pH EIIEIN (~3.16, ~10.28, ~11.08 &~12.10),
—MEENFT A HAuCL (a-d) FNREEAFTIRE HAuCly Ce-h) P 7 SR 4ok KT 44
FESRIIEEM ;s (D pH E AR AL K AT IR HAUCL 335\ 77 2 A I G0k 5 A S5 7 &
Kl (GO B (a-h) HRL Au@Ag-Au KR FITE GG . B ot i AR 44 FL e o e )
SREEEATIH 1k

Fig. 1. Effects of initial pH and HAuCl4 precursor injection methods on the morphology of CTAC-
Au@Ag nanocuboids and corresponding characterization of the resulting extinction properties. (a-
h) Effects of HAuCls precursor injection methods — one shot (a-d) and titration (e-h) on the
morphology of nanocuboids with increasing pH (~3.16, ~10.28, ~11.08 and ~12.10, respectively);
(i) Schematic illustration of the effects of pH variation and HAuCla precursor injection method on
the morphology of nanocuboids; (j) Extinction spectra of the Au@Ag-Au nanoparticles
corresponding to (a-h). All spectra were normalized to the intensity of their strongest peak.

K1 (a-d) J&/R TE—IRMENTTERE HAuCL 5 3 0F, A FEBIHIIRE R
pH {8 (~3.16, ~10.28, ~11.08 F~12.10) % CTAC-Au@Ag 49K K J7 1R 3 (1) 5

Wi o SATAEEI pH ~ 3.16 16, =W RS B\ A>T o B moadkthyy, 8844k 8
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ANZAIREA 6 NS (B 1 (a)) XFEEJETH T HE R, H—, B
GRPRSBEMA. EBIK pH 2T, ATIRIAE HAuCL FZULEA EL
R HI[AUCL] TERAFAE, 1 AA FELLRA IG5 MR 70 T RAAAE, e Bt
TR, HHRE GRR M F F:
3Ag(s) + AuCl(ag) > Au(s) + 3Ag*(aq) +4C1~(aq) (D

FEIRHTEFETE Au@Ag AR K T IRN KR 5, GRR R MFFUER 9K KI5
PRAMEEEAT & 4o BHA SN (1D AT GRR OB CAHEHE 3 AN Ag® AR A2k 1 A

W, MU S FEOMER A KR R B, SR THBUR B AR TR,
111 X R 368 3o B34 BL /K 4 (Osstwald) SAEE B #4) HE AR 2 B R E 1 (11D b
HOTE Rk M TSR 32, K=, = S8Rt . BB R BAHEST, GRR B
BT 7 Ag' il 5 AA KA RE RN IFFE BTN Ag®, H 5% GRR M RE x
REE A Au® FEFER TR S %, TR Au-Ag &r4z. BT BUIA 5
HIEIZUET GRR [ T,  SOd et ST BENLUTRRE RO R0, &35
NAMERARREAG . 24 pH=10.28 I, =WIBS0R A B E A, KT TIA At
PUERERE M (1 (b))s 2 pH = 11.08 B, ZMRFEERK (K1 (¢)). X
FHEWT: 58—, GRR 5 RE RPN TES . H4E Qin 25 NIIRFFL, W&
WIE K OH 22 BUR[AuCL] I ClI, TR [AuCLW(OH)] , %A & YIIE &
HL(L BB G AL R x BB T Z M IS, AT AT R MIK T GRR JUBL I3 g 2
S8 Sk, BRI SR AA PR EEYE, fF RE KNGS GRR K
RIARSE S o Rk, B R R B A - A it B S PR BB A TS . SR
—, CTAC HJ & ik FE e/ BidSegria T 2B #E, CTAC X {100} &
T (A A AR P AR R BT, A A5 I e PR TR E KO R T Ak o # T —
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MEENF B Vaeposition > Vaittusion 311 7157 25 A, TR 5 1E TV AL BRs SRR A T T A
BB . 24 pH F+£~11.08, —J5TH GRR S Mgzt — 540, nryif £ T
Ab 1) A’ BURAHNIE D 55— TH BT AA IR RS TS o8, W A® IR E
BRI R T E A B, — 3R TR S A AR, TR AT
) A BORINED . ERPT T THAL R S EON R R IR . 24 pH = 12.10 I,
FEIRIONRE K TR (B 1 (D). R pH 2640 T, AA FE LU BE )i
SR Asc® TR AFAE, AR BMIZLE RE BT BT Asc® RETGHIL R I 7 H
KEMHTIAR HAuCL (FEZELI[Au(OH)s] ERAFE), FEAERIRE AW, H5K
D7 RS TR AT B i, A i AR S B O A8 AR L R (8 SR AR TR, AT
R T CTAC X di AR BHHIVE ], 28BS M S HRE KBS . Bk Y
R W) T30 S 30 H H 48 A KRS 2 TV T AR TP L PR3 AR SR
[ PR RE A 3 A, X B R DG B R A TR R I H B 2 A8k . ] 1)
PR, Ca-d) BTG B de ) 0 BRI RE AR Dy ol FE AR I XL 4RI, TR A B A,
WHELSER . B () B (b), PORIIA IR N, PR30 8 e A Rk A2
o THUA AL FA) JRy Aol 55 5 T M) 7 75 380 184 5 - 5 JOkE A4S O A s LB P 2, T
FEJEAE B R OCIE R A B, RN E IR RXUEB H (o) F] (o), kL
TR LRI o X M, SUAEAT) SR OR B AE i) B 7 Il A% 20, ELWE AT BRI/ o X ]
R B T A 3 R U R Tk T B, A AR S A ) R 4t B 9ok 55
B, (d) RIS K= S SBRLTIN T8 2 R B, ¥4kt —5 kAR
1133,

AT WEFCET IR HAuCL VEA T RIAFIXT CTAC-Au@Ag 99K K7 1T 5

FIREHE, FERTR SRR T OO NE 1 (a-d)), A3 AT AR IA HAuCls VKT
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AT BEE— NS ARG RN, RIS R A T B 2 78
 (E 1 (e-h)o H (e 5 () AL, BN (O 5 (b)
bE, T AL AR AR B ZRERIE A N T UL =Mtk & () 5 (o ML,
WA AL R MR A N PHRAREE: () 55 (D AL, R KBRS
B . IRIESARAL B AT IR HAuCL ¥R 0VE N R ARE T30 Vieposition
AR /NI e — T T, OB AR IR G B R I R e YO iR A R 3 T ) A8
YHIE”, A RO T X RN BN S R B T A T, SRR T
A 2 IS [ HoL R 248005 EEOVAMRRRE AL, FEARR G B R kS
(AH), WP RERTHEMTHHE (AG=AH-TAS). EidFEERIMbL
IR, UKL E TG 5 RELKES 1] B 8 B0 A ORI i S M 6 2

2k FRTA, LA CTAC B Au@Ag KA T7 A Jyiiti ks B — MR AT
IXA& HAuCls 2511, pH (B FHPER 255 BiAk R MR Z4F) GRR W 325 (pH <
~10) #] GRR 5 RE K MNAHBI#T (~10<pH <~12), FHEIZIH RE MNFES (pH
>~12), [EN, 7E pH < ~10 F1 pH > ~12 i, I 24 SN 40] CTAC 3 R T 01
MEER GEFEMEDIRETMA . £ FR B EERT, BrhoBsik ik H s A
REURE . TOUMA kS HLARTE T i yse s AR R T AR RE AL IR fb o FESE— 4558
pHAE T, B0K HAuCL R EATT S — A SO IERE N, TIRR T
A 70 R I TV HEAT S5, AR RORE 2 T B REDRE AR o o TR A ey S AE LT L e
TEFAE R
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pH / Concentration of 100 pL. NaOH

g -AQ 2 v 2 ‘
Au WAg " Au-Ag alloy (.l) 545 320 709
- 553
Ay Yo e s
o o
WEECHRS DR ‘ ¥ < | 1l
P o s b !
Al R SR . 5 7
X 7 7 5 698 718
c 3 538 565
£
=] ¢ g
E 538 664 535 646
g === = =
£ b - =
titration g —_— . ¢ 5 !
s z ¢ & e 529 664 520 652
3.35 10.00 12.06 400 500 600 700 800 900 400 500 600 700 800 900
pH Wavelength (nm)

Bl 2 WIS pH AE L AT SRR HAuCL i RIEN J7 U AN RN PVP-Au@Ag 9K KT RT3
sz S FAH RO EPERE: (a-h) BEE pH ARG N (~3.35, ~10.00, ~10.79 f&~12.06), —
MEENATIRAE HAuCl (a-d) AR ETEARTAR HAuCs Ce-h) PR ST A0 R AT 7477
P () pH A MR KX RTIRAR HAuCL 7N T7 2RI B 9K T AR TSR i s 7=
Bl () Bl (a-h) M Au@Ag-Au Z9KBURLKHEGOGTE R . B A G i K M e A i 4 1)
SREEHEATIH— 1k

Fig. 2. Effects of initial pH and HAuCls precursor injection methods on the morphology of PVP-
Au@Ag nanocuboids and corresponding characterization of the resulting extinction properties: (a-
h) Effects of HAuCls precursor injection methods — one shot (a-d) and titration (e-h) on the
morphology of nanocuboids with increasing pH (~3.35, ~10.00, ~10.79 and ~12.06, respectively);
(1) Schematic illustration of the effects of pH variation and HAuCls precursor injection method on
the morphology of nanocuboids; (j) Extinction spectra of the Au@Ag-Au nanoparticles
corresponding to (a-h). All spectra were normalized to the intensity of their strongest peak.

TERTRBE T, FATVELGHI 18 Tt CTAC B Au@Ag PR KI5 RTEANF
SSLSFA T B SR NAT o 5 RS BN GRK RIURE FA) 25 T T A S 25 B2 M0 Ji 7 UKL 2 THT )

PO S/, s B A e (L RE T B il ST AR AR TR 25, DA
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FORTECAAR B s & —Fh R BE QRN F RHE 1A AL D Bt Au@Ag 44
KA T R A 1 22 # CTAC B 7 75864 PVP, JHEAE pH E
KRTIEAAR HAuCL 7 E N7 30 it 78 Ebszit, DURTE PVP 1B Au@Ag 99K
KITRLEIT S TSR . ZERCAR S it FE A, AT TH Hh /D Bk 40 B
[f) CTAC-Au@Ag 4K K7 i tRadik NRIZLRIER PVP ZEEATR A, FIH 8
AR CTAC XU 2 AR E M, ik PVP 1 B R B ERES 371, dnls] S5 Fo,
i I AR AT A (FTIRD X A8 #e 5 BEAEAT T R AE . FUAAASH S, 7E 2800-
3000 om™ X3 BT CHy 5 1) S B b R 5 = AR Aeh 47 41 3 e 5 5 4 25 0k 5
TC B B XS], 5 e [E I, AE~1655 em™ AL HER T PVP BEREIE (C=0) 5Lk
D90, 3X — SR RAE AR (AT J B UE I T R TG 1 BT e 8, N JE BT B4 0E
-1
K2 (a-d) JE/R TIE—RMEENRTIRIR HAUCL 7730, ASE I IE AR

pH 4 (~3.35, ~10.00, ~10.79 [~12.06) %} PVP-Au@Ag 9K K 7RSI
M. LIS R, Zk RRIH S5HTE CTAC A REAAF RN . X —
FRIET PVP NIE FIE RSN 2353 ) Bk, 5 T AR T2 FRAA CTAC

(CTA+) MR, HARSE, 24 pH = 3351, MEHNHAAG~17 nm E
HLRE & SR DK EL5H (B2 (a)y ST (D)o X EBHF: (KRR
%N GRR RN ET, MEFREREK, ERICKK T AN, N
HAADF-STEM FRAE T AT ALEE] Au QRN B2 KBS . B pH HISZIH
b, ARHE Yin S ANMIBFTL, Em RELER T, WHTEGKBURLR T PVP 431
B 5 USRS OR R - CEIAE R 1) A% 55 3 o 4 R T S5 A A A C T D
R B0, EAHE T, KR A’ 5 A FERURLR T4 BT R 22 3 PVP
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IR R PR, BE AT T AAER AR TTRRML R AL AR I A e = 4EHERT, FR 2B R T
REEE/Z. 2 pH JHRE~10.00, Y&z BN, WK 10 AE R

fe~5nm [h “9iKE” 2K (B2 (b S6 (D). X2 MR K ERA KAFE, 2K
LT 7E 22 LTS 0 — P AR KA 50 Volmer-Weber (VW)RE (#1421, 24 pH
— IR E~10.79 B, R “99KER7 8RR (82 (). ZFEIRE
KA R8T PVP W9 SBHASThRE, TR “ 9Ky B R AR R A 5 A ST
CTAC A 22 H T AR Ak e A 2 AR A BRI 28480 B pH (B T 17, GRR RN A3
— ], FEORE T, T RSB EDR “9PKE 7. 2 pH = 12.06
I, P RIhAERE T BHARK TSRS e B, I RSO R, Au® TEHER
PR 20 A EAR (B2 (). XFEERBET: &, ERE pH %
PN HTR A HAuCL 322 LS SR A AR A [Au(OH)s] TEAAFAE, S5 &R Ag 2
[ fR) L, 22 B B A/, ATIAERRA Bagi] | GRR RN IR A, A RUR T Ag 58
B f iz, ik, AA BReEm T, HEWRRKIERRE 1, AR S
RE OB T B fim, — IRPEPURE N AT IRAR HAuCL IR EATT 28 Au® 72
AN KK PR R T RIE AR, BB ERLAR PVP 23 T3 4R & 1 S 1 3B BRAS 1

PR T Au JRFIER N IR SEAE . Bk, TR B RO A8 E 1)
RBEAL A, BTG REA RRRITIRE . BEE LR PUFRRIUR TS 5, HvH
JetE R A TR, K2 G hR, () BHTREES TEENEGE
2, BRSO, BRI RE R 2 1) &3 5 4k 2 [0 o] REAFAERR A 13440, 3

TG RIS DA it b i 25 AR BT R (~820 nm) . (b) R EEZIFE A,

AT TR, KRN IER £~698 nm. (c) KM “9KEy” BEH—H#%
A, PR T 5 3 ) JR R A R S0k 55, DRI LR 0 — 20 i A% 5~664 nm. (d)
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M IEN B S (o) fREF—30 FEPEEN H~538 nm $552 £~529 nm, XAIAES
R TR R ROURL HE AT 2R 05 M ) A B O ) 5 A ) AR ALE 1 A 5K

AT HETERTSRA HAuCL VEN 7 A X PVP-Au@Ag 9K K 5 7K T 51 1
O, ERTRSCIRAMET R 2 (a-d)), NERASRT AR HAuCL VAN
7 B E— MR N B N, RILF= I TGN A A T B AR
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~10) #] GRR 5 RE R MNAHPIHT (~10<pH <~12), FHEIZIH RE M ES (pH
>~12). [, JRIZLH R FEANGEN PVP X T i 7 (R 5 BOHASEH o 76 ik
WFEER T, BURESUR IR IS & &2 . BUE RS & &2 . AR
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Fig. 3. SEM images and SERS performance of self-assembled nanoparticle monolayers on Au films:

(a) SEM image of a self-assembled Thin-NPs monolayer on an Au film; (b) SEM image of a self-
assembled Thick-NPs monolayer on an Au film; (¢) Schematic illustration of Aw/ Thin-NPs and Au/
Thick-NPs SERS substrates; (d-e) SERS spectra of 4-MBA molecules on different substrates; (f)
Raman intensity mapping of the characteristic peak at 1075 cm™ over a 500 x 500 um? area on the
Au/ Thin-NPs substrate.
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W pH BRI Y, fESeBl T R G e)2 AR AR (-2 (b Al (a)),
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THESHAME. WE 3 (D Fis, 16:500% 500 um?[X 35 P 11 2 g B 4
ATHAXS 815, He 1075 em RFAE DG 55 BRI 3 #E 4 22 (Relative Standard Deviation,
RSD) A 14.8%, HE—BAIEH T 14 10 5L i FA B I3 SO MR T S 1. B
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Kl 4 Thin-NPs 5 Thick-NPs 7EAN AR BRIl R0 554 T 1B 58 /0 AR AL, : Ca-b) 1925
SRR (a) A1 5S0nm & RAR (b)) BFRER H@EE T AR k. B
F] ot HowdR s 0, Horh 6 = 90°5 0°4) Hil g LR Rk &5 F A3l 77 1m) MR RO - Ce-dD
Thin-NPs_7E PR RN i B I7 3858 53 A s Ce-f) Thick-NPs F P R R 1 B 37 14 55 43 A o
20 b e A PR B s A R S5 R LE A IE A I AR SR T ORGSR . P B E NS K
785 nm [T

Fig. 4. Simulated electric-field enhancement distributions of Thin-NPg and Thick-NPs under

different configurations and polarization excitations: (a-b)schematic illustrations of a single particle
in a homogeneous medium (a) and a dimer on a 50 nm Au film (b); The insets define the incident
wave vector £, the electric-field direction Eo, and the polarization angle 8, where 8 = 90° and 0°
correspond to excitation polarized along the short and long axes of the particle, respectively. (c-d)
electric-field enhancement distributions of Thin-NPs in the two configurations. (e-f) electric-field
enhancement distributions of Thick-NPgin the two configurations. In each group, the two maps on
the left and right represent simulation results for the same structure under two orthogonal
polarization conditions. All simulations were performed at an incident wavelength of 785 nm.
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Morphology Control and SERS Study of Au@Ag-Au
Nanocuboids
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Abstract

In a liquid-phase system containing an added reducing agent, the galvanic
replacement reaction (GRR) between the gold precursor HAuCls and Ag
nanocuboids can proceed concurrently with the reduction reaction (RE) of
the gold precursor, providing an effective strategy for constructing
multifunctional nanostructures with complex morphologies. The resulting
Au-Ag alloy nanoparticles synthesized through this strategy have shown
broad application potential in optics, nanomedicine, sensing, and catalysis.
However, previous studies that regulate the morphology of template
particles through the coupled action of GRR and RE, Ag nanocubes have
been predominantly used as templates, whereas Au@Ag core-shell
nanocuboids, which possess distinct structural and performance
advantages, remain insufficiently explored. In addition, most studies have
isolated single factors (e.g., pH, temperature, or surface ligands), with the
synergistic regulation among multiple reaction . parameters largely
overlooked. To address these issues, this work employs Au@Ag
nanocuboids as template in a reaction system where GRR and RE coexist.
By varying the initial pH of the solution, the surface ligand of the Au@Ag
nanocuboids, and the injection mode of HAuCla, precise control over the
particle morphology is achieved, and the synergistic mechanism among pH,
ligand, and injection rate is systematically analyzed.

Under one-shot injection of HAuCls, an increase in pH reduces the
reduction potential of the Au precursor species and enhances the reducing
ability of L-ascorbic acid (AA), thereby driving a transition in the reaction
pathway from GRR-dominated to RE-dominated. During this process,
CTAC not only maintains colloidal stability, but also induces selective
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atomic deposition at the corners of the Au@Ag nanocuboids at pH = 10.28
and pH = 11.08 through its facet-selective adsorption on {100} facets,
leading to the formation of protruded corner structures. However, at pH =
3.16 and pH = 12.10, this directing effect becomes less pronounced
because of the excessively vigorous GRR or RE process. In contrast, owing
to its pronounced steric hindrance, PVP consistently acts as a surface
diffusion inhibitor and regulates the morphology in synergy with pH: it
leads to the accumulation of Au-Ag particles at pH = 3.35 (GRR-
dominated); induces island-like growth at pH = 10.00 or 10.79 (GRR-RE
competitive); and results in a non-smooth Au layer at pH = 12.06 (RE-
dominated). Furthermore, regardless of the ligand type, switching the
HAuCls injection method from one-shot injection to dropwise titration
significantly decreases the deposition rate, causing the particle morphology
to evolve from rough to smooth and from disordered to ordered.

Furthermore, in the PVP-capped system with one-shot injection of HAuCls,
Au@Ag-Au nanoparticles with rough surface layers of different
thicknesses can be obtained by adjusting the pH, namely Thick-NPs with
a rough layer thickness of ~17 nm at pH = 3.35 and Thin-NPs with a rough
layer thickness of ~5 nm at pH = 10.00. Thick-NPs and Thin-NPs were
then assembled into monolayer films through a three-phase interfacial self-
assembly method, and their surface-enhanced Raman scattering (SERS)
responses on Si wafers and Au films were comparatively investigated. The
results show that the presence of the Au film significantly enhances the
detection sensitivity. More unexpectedly, regardless of the substrate used,
the SERS enhancement of the monolayer films does not increase with the
rough layer thickness. Based on electromagnetic simulations and electron
microscopy characterizations, the difference in SERS performance is
attributed mainly to two factors: the surface curvature of the particles and
the openness of the nanogaps. Specifically, for Thin-NPs, the surface
protrusions have well-defined boundaries and relatively large local
curvature, giving rise to strong near-field enhancement in the nanocavities
formed between the tips of opposing surface particles (tip-tip) and between
the surface particles and the Au film (tip-Au film). Moreover, the open

nanocavities facilitate molecular diffusion and adsorption. In contrast, the
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outermost surface profile of Thick-NPs tends to be smoother and more
rounded, resulting in much lower maximum near-field enhancement in
both the tip-tip and tip-Au film regions than that of Thin-NPs. Meanwhile,
these hotspot regions are relatively closed, making them difficult to access
and thus less efficiently converted into actual SERS signal enhancement.

This work provides a useful guidance for the morphological regulation of
noble-metal alloy nanoparticles and for the rational design and

optimization of SERS substrates.

Keywords: Au @Ag-Au nanocuboids, morphology control, galvanic replacement and reduction

reactions, pH, surface-enhanced Raman scattering
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