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Fig.1 Synthetic route of 3-hexyl-4-amino-1,2,4-triazole-5-thione (HATT): (a) First step reaction; (b) Second step reaction
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Fig. 2 Synthetic route of 5-hexyl-1,2,4-triazole-3-thione (HXTT): (a) First step reaction; (b) Second step reaction
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Fig.3 Contact angle of copper surface before and after HXTT
or HATT self-assembly: (a) Bare copper; (b) HXTT+copper; (c)
HATT+copper
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Fig. 4 Nyquist diagrams of surface of copper electrode

treated by HATT(a) and HXTT(b) for 1 h
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Table 1 EIS parameters of surface of copper electrode treated by HATT and HXTT with different concentrations for 1 h

Corrosion Concentration/ Ry Osam R/ Oa R/ w1073
inhibitor (mol-L™") (Q-cm?) Yan/(WF-ecm™)  ngm (Q-cm?) Ya/(uF-cm™) nq (Qem®)  Qcmd)
Bare - 1.148 - - - 3235 0.517 125.6 26.46
1x107° 1.236 33.96 0.82 41.17 164.1 0.602 141.9 18.68
5X107° 1.225 24.66 0.841 60.53 108.4 0.667 483.2 4.941
HATT 1x107* 1.375 6.415 0.897 177.2 32.22 0.767 786.6 4214
1.5x107* 0.931 0.863 0.943 736.6 11.74 0.774 5540 -
2x107* 0.904 0.731 0.965 2748 3.940 0.797 6985 -
1X107° 1.150 45.25 0.695 16.31 237.9 0.600 133.9 15.32
5X107 1.117 34.81 0.776 20.42 182.9 0.634 171.6 13.42
HXTT 1107 1.28 9.491 0.888 119.6 61.93 0.701 279.4 10.32
1.5%x107* 1.746 1.317 0.950 373.5 57.58 0.780 3110 1.137
2x107 1.181 1.021 0.966 2018 3.949 0.805 6334 -
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Fig. 6 Nyquist graphs of surface of copper electrode treated by 5X 10> mol/L HATT(a) and HXTT(b) for different time
F 2 HHBALE 5X 107 mol/L HATT A1 HXTT ¥ HrR il — & I [R5 (1138 it BB i 2 4
Table 2  EIS parameters of surface of copper electrode treated by 5X 107> mol/L HATT and HXTT at different time
Corrosion  Treatment Ry Osam Ry Qal R/ w1073
inhibitor time/h  (Q-cm?) Y sam/ (F-cm ) A (Q-cm?) Ya/(uF-cm™2) nal (Q-cm?) Qcm?)
Bare - 1.148 - - - 3235 0.517 125.6 26.46
1 1.225 24.66 0.841 60.53 108.4 0.667 483.2 4.941
2 1.178 3.562 0.910 435.5 10.97 0.896 733.5 3.995
4 0.991 1.977 0.948 802.0 7.688 0.812 1972 2.675
HATT
8 1.113 0.759 0.957 1216 7.310 0.620 5393 1.78
12 0.933 0.405 0.972 5796 3.831 0.590 39010 -
24 0.592 0.350 0.992 9987 1.405 0.866 61420 -
1 1.117 34.81 0.776 20.42 182.9 0.634 171.6 13.42
2 1.329 17.26 0.855 211.9 26.63 0.712 622.3 7.4
4 2.565 9.001 0.907 605.2 17.97 0.775 666.4 3.456
HXTT
8 0.779 1.15 0.930 689.1 14.335 0.792 2191 0.826
12 0.456 1.025 0.950 1816 2.931 0.824 7403 0.336
24 0.397 0.353 0.959 2734 2.354 0.883 43910 -

mol/L ] HATT 5§ HXTT =25, Ff#E AbELRT 8] ) 48
K, AR A XU A BT,
L F BT R A% s L PEL R SR I 4G o X 3% A i o T
I E] A SE K, HATT 8¢ HXTT 737 /AW 5L 5 425
EHEREANL A, 15 E RS B0, A R RE
A A R T . 22 2 R H, 44 Bkl B 7E
5X 107 mol/L ) HATT 5§ HXTT ¥4 = AH [F) B [4]
B, 22 HATT Kb 3 (14 7 B P HEC Eb LA R R A 328 P BEL
KT HXTT Ab PR A, T 5 A 25 R H J2 LR B
/s 3 HL O HATT W 12 h i, 4 AR A 35 A BT 2%
1M HXTT 5 25K (1 B[R] 744 e AR 1 =5 A B

Ko IXELR A HATT W40 2 B R0 1) B 21235
F T T B A TR SR A, LR s R AT

2.3 BFER(Tafe) ik SRR ZFE S

7 Fa AR EIKEE HATT F1 HXTT 403 1 h 5
BB AE 0.5 mol/L ERERVEW 1) Tafel HiZk. HE 7
LA, AR HATT 58 HXTT ACERJE, i sk 10 B
QiR A N A R (EN 3T 4 E2 A N s A = - R At
B, RO . S8R EE A, B
WRANPARR th 2R B4R T, B hEALIER, R
AIBFRR S 7 [F] It 40, L% HATT 8¢ HXTT
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2 HATT iR R B e i, A B (0 B AR L e
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-3+ ()
_4 L
_5 L
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<

R

= T

- —— 1 X107 mol/L
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—— 1.5X 10 mol/L

-10 + —— 2X 10 mol/L
_11 1 1

1g(7/A)

@ (vs SCE)/V
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I

R 3 FTARRTEE 7 B i Ab th 445 2 1 L fl
2 1B HOY, b g MREETEMERL; Joon
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0
n= Jcorr - Jcorr %x100% (3)

14
corr
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Fig. 7 Tafel curves of surface of copper electrode treated by HATT(a) and HXTT(b) with different concentrations for 1 h

#3 WHRAARFWKE HATT A1 HXTT 402 1 h 19 Tafel #2540
Table 3 Tafel curve parameters of surface of copper electrode treated by HATT and HXTT with different concentrations for 1 h

Comomon . Coneonaton gV i) o)
Bare - —0.2 13.45 2.797 18.55 1514.1 -

1X107° —0.237 2.67 4.698 19.49 6742 80.15

5X107° —0.232 1.766 4.703 20.15 9907 86.87

HATT 1x107* —0.184 0.553 4.773 31.52 20357 96.04

1.5%107* —0.170 0.501 5.160 33.71 21683 96.28

2X107* —0.158 0.437 6.187 25.11 31917 96.75

1X107° —0.212 5.59 3.317 18.94 3477 58.44

5X107° —0.238 3.05 5.634 18.31 6162 77.32

HXTT 1X107* —0.227 1.586 3.422 16.93 12290 88.21

1.5x107* —0.182 0.845 5.626 36.22 13078 93.72

2x107 —0.173 0.760 5.960 37.29 13470 94.35
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a
50 (@)
T_'] 15+
s
E
"9 10t
S 1=1.015x+0.391
< 5t R*=0.999
0 5 10 15 20
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20}
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5 15¢
E
s
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s »=1.0009x+1.042
= 5l R?=0.998
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&
Fig. 8 Langmuir isotherm of HATT(a) or HXTT(b) adsorption

onto copper surface

s Koa AP R 2, LA 2R i (815
Kaao 1B 8RR, 3 B 22 b 77 75 4 28 T 0 I BA A FH b
SRUS 48] T HATT 88 HXTT 78 4 22 1 W% b 74
Langmuir B4, BT EATHIR 9 5 20 bt FE4 R

TR R AR . S5k, RIS R R A T REAR
AGays AT ARG 5, ZRH T 4 .

1 AG?
K., =——exp| ——2ds 5
ads 555 p[ RT J ( )

FH3 4 AT 50, i FEA AR T HATT (W PR ~F- 1l i £
KT HXTT, H#EWT Y HATT 78487 2 T A0 W% B i 5 i .
Ak, PRI R B B B RE A e e, R B
YR E A 2R T OV BAY 2 R R FEAO T, HATT %
Bt B AEAE A—40.8 kJ/mol, 1fj HXTT [ A—38.37
kJ/mol, [FIFELRH HATT 78402 1 it B A Fi s 5 T
HXTT HJ.

4 HATT M HXTT 74 1 R #0022 24
Table 4 Adsorption thermodynamic parameters of HATT and

HXTT on copper surfaces
Corrosion inhibitor ~ Ky/(L-mol™")  AGY/(kI'mol ™)
HATT 2.54X10° —40.80
HXTT 9.60%10* -38.37

Kl 9 iz 5X 107 mol/L ff) HATT 2{ HXTT 4t
PR — 5 I ] J5 AR B AR AE 0.5 mol/L EhER VA VR T A Tafel
M. B9 mran, 4WR P TR I, AL AR R R
W AR, EAMRMZ N, B 7
8, RIAGINADE] . AR (BT, R F AR 1)
FHARFIRH AR th 2B T 8%, BEhHBALIERE, RIA
ISF 8 1 IS A2 S5 o [ s A 0 i

5 FAAARYE I 9 Fros il At Hh 2645 21 Ffk
8IS H R S WA, SERET A L, £ HATT
B HXTT AbFR i (1% i) A G ol F 370 85 P2 B AT, T )G
ot FL ST AL BRI (RO N 67 RS, AL BRI [ IERS . [
I, 2R PERR AL F BE RN 22 0 A0CR il HATT 88 HXTT K%
RN K, 24 HATT 3k HXTT N 0.5X107
mol/L, ACFERFIEIA 24 h i), HEARZEMEME
AL 97.33%F195.51%, RILH R 47 ¥1H510.5 mol/L
ERTR I Tk B

24 {BEIMAREIZE(CV)

10 A1 11 FrzRsy mloa i vk 4e HATT A HXTT
W B 1 h 5 7E 0.5 mol/L R FR VAR -H G 5T — 18l (115 2
Rzt ze, HrhsE—REgEm i, RSN« 6.
10(a)Fl 11(a)Fr AHRa AR I E AR 22 it 26 . 25
SRR, AR F AT = P IR AR 2 i 2R AR A
B PPN A 23 BT IAE 0.01 V F1 036 V a4, 56
—ANMEAIE R Cu(0)B AL Cu(l), A5 5 Wtk
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B9 5X107° mol/L [ HATT 8% HXTT AbFEAS[H] A 7] J5 # B AR ¥ Tafel 2k
Fig. 9 Tafel curves of surface of copper electrode treated by 5 X 107> mol/L HATT(a) or HXTT(b) at different times

%5 5X107° mol/L ff) HATT #1 HXTT AL HEAS[FJ I [7] f5 4 B AR ) Tafel th2k 24k
Table 5 Tafel curve parameters of the surface of copper electrode treated by 5% 10~ mol/L HATT and HXTT at different times

Corrosion Treatment o Tafel slope 2 .
inhibitors time/h Peon! V Jeon/ (A-cm ) K. K, Ry/(€-cm’) n'%
Bare - —0.2 13.45 2.797 18.55 1514.1 -

1 —0.232 1.766 4.703 20.15 9907 86.87
2 —0.233 1.26 4.036 29.96 10157 90.63
4 —0.230 1.13 4.845 31.44 15573 91.60
HATT
8 —-0.228 0.937 2971 25.86 16098 93.03
12 —0.200 0.637 4314 20.52 21979 95.26
24 -0.179 0.359 6.358 18.35 27093 97.33
1 —0.238 3.05 5.634 18.31 6162 77.32
2 —0.235 2.934 3.488 17.08 7202 78.19
4 —0.249 1.809 5.350 20.99 9126 86.55
HXTT
8 -0.214 1.364 3.467 16.68 15816 89.86
12 —0.195 0.782 4.395 27.52 17628 94.19
24 —0.171 0.604 8.316 18.32 23754 95.51

(1) CUTERAMERE 1) CuCls 55 /M — M A AL
JR AR SR A AR PR 2 i 2k 1 3 S e Hh 3
=0.29 V BT, ST AR (138 S D 4 R o

M 10, B 11 K3k 6 iR B H, BHRER
[HIA71E HATT 8k HXTT HAH2EZ 5, KGR R2 sk
M —BRAE T REMNEN. SA0KE HATT 5
HXTT Ab3 5, il AR G IR 22 fh 26 h A ki it
Y Jeia] (32 o5 T A A= R A 2 A = 7 = S
JRIERSMOIER (L 10(0)F1 11(b)). XFH] HATT 5
HXTT JEAI E 252 0% 18 AR T 6 v, (2
BT B A E R A 08, A rAR I 5 0 AR AR A
IEIMR 2245 . B2 HATT 8% HXTT WK EE T,
RUATIAE ] FA SR THI T BSYT 1 2 2R ISR 0%, F

PRAEIAR 22 it 2 v 25 — AN S AL I 1B T g /N LR T 2k
5 ANEAIEE SR, X 7 U] HATT 8¢ HXTT
TR 20 2% 2 R A A0 H A 2 328 FRUR /Y VR T
050 ) LB 4D LA 2 ko o 6] AT 4 8 T
T DR ETNASER  2 e N WINC R &) A
TG IR 2 it 2 11 B AR R R S R v (AL
10(d), (e), (OAIE 11(c), (d), (e), (), HITWHLE
i FEE i, B 0E F IR I K .

K10 11 J3k 6 iR H, HATT 8 HXTT R X}
] FEL R G AR 2 it 4 Hh s SR U () R R /DN, DA B R
REEAAR . TRERE RS, BRI A
iR N 1 8 N N NG &3 T
& HATT 80 HXTT fA7E T R . 43k 4T 58 — A



1110

hEA O RYR

2019 4E 5 A

= BRI R, o1 T o R TR A7 A S
RS T, ERAR D MM ARIOTAR . e T K0 i 5
P28 L AR 3 o

2.5 XPS SR

B 12 s AR R HZ T 2X 107 mol/L 1)
HATT Al HXTT ¥ 4 h J51 Cu 2p Fl LM, sMys 1
XPS il B 12(a) T AT EAF ), Cu 2pi o M1 2ps, XPS
U [R) e R 1 TR, H Cu 2py, FIHT45
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<
E
N N
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4L \/ --2nd scan
Yo 3rd scan
_6 i 1 1 1
-1.0 -0.5 0 0.5 1.0 1.5

¢ (vs SCE)/V
E 10 iR FWRE HATT 4R 1 h J5 IIEFR R 2 i 28

HRETE 932 eV LA, RIAURAN XL HATT A1
HXTT G #AAFAE A4 . B F— 4RI 48 41 Cu
2psn FLTFEE A RERCREIT, A DA IX 4 2 T8I 1 — - AN
SR SR, — IR S A S AR S 2 A7 e 2
— ) LM, sMy 5 SHEEZI N 916.6 eV, &BEIMZ
N 918.7 eV L, I 12(b) 13 7 R, HH4R R E
PA—I4RAATE, WRE B R 2R 5 A, 18
R R AR P A AE R T Cw0. SHEFLL, T
B 7 HATT A1 HXTT J5 B8 22 1 — A0 i & & T
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Fig. 10 Cyclic voltammetry curves of copper electrode treated by different concentrations of HATT for 1 h: (a) Bare; (b) 1 X107
mol/L; (¢) 5X 107> mol/L; (d) 1X 10™* mol/L; (e) 1.5X 10™* mol/L; (f) 2X 10™* mol/L
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Fig. 11 Cyclic voltammetry curves of copper electrode treated by HXTT with different concentrations for 1 h: (a) Bare; (b) 1 X107
mol/L; (¢) 5X 107> mol/L; (d) 1X 10™* mol/L; (e) 1.5X 10™* mol/L; (f) 2X 10™* mol/L

TN S B R, XU HATT A1 HXTT A G4 [ b7
AR EY) . HH, #1F HATT 8 HXTT A5k
— IR EY)E, H Cu(RIBhRE LRI T Cu,0
Cu(DIMIBhfE/N 0.46 eV 47, el HATT 8 HXTT
ARG, AR EEOAHAHERE, MAE Cuy0.

B F THR B HATT 8 HXTT J5 S 2p FIN 1s ] XPS
W R A SHO L 13, 14 F1E 8. B—4> S 2p
XPS U N FRIEH R, = REIE(S 2p1/2) 5 AR

(S 2p32)ILE A REMZ 1.18 eV, H. S 2p3/2 [H5REZL)
52 S 2pl/2 HIWifE. B 13 flik 8 KB, HATT HA%
THARTH i, 56 S 2p3/2 45 & e HBILTE 162.53 eV i,
Eb L BB AE R I R 45 A g 162.04 eV 0.5 eV 24,
XU HATT 53R 8 S A R Cu(D)—S B, &56 e
TFE0 A, 163.94/165.12 eV 40 B S 2p3/2 XPS
WERTRE V)R T HATT BN Rl & Y e )
S—S HECON HAHNT R . HATT W HI3R
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F6 RS AR HATT(2)M HXTT(b)AHE | h 5 MG % i85 1| B S5
Table 6 First lap parameters of cyclic voltammetry curves for copper electrode treated by HATT(a) and HXTT(b) with different

concentrations for 1 h

Cg;g:gf Con(";zﬁf‘)(’m/ Go/V  La/107°A)  0,0/V  Ll(10°A)  0ps/V Li(10°A) 0 /V L J(107°A)
Bare copper - 0.012 24 0.362 5.0 - - —0.294 -53
1X107 -0.014 1.4 0.268 3.0 - - -0.236 =32
5X107 -0.043 0.48 0.260 3.3 0.842 32 -0.233 2.2
HATT 1x107* - - 0.282 2.6 0.767 5.1 -0.233 -2.1
1.5x107 - - 0.271 13 0.815 5.3 -0.221 -1.8
2x107 - - 0.336 1.1 0.722 8.8 -0.221 -1.9
1X107° -0.013 1.5 0.293 4.0 - - —0.244 -3.5
5X107 -0.035 0.71 0.279 43 0.742 4.4 -0.222 -2.6
HXTT 1107 - - 0.286 3.9 0.749 5.8 -0.222 -2.3
1.5%x107* - - 0.279 3.9 0.676 6.0 -0.225 22
2x 107 - - 0.312 1.0 0.768 8.5 -0.222 -2.1
(b) Cu(l)
Bare copper
@) 93233 cud)
— 88552;+HATT Cu(®)
—-=- Copper+tHXTT Copper+HXTT

Cu(D)~

Copper+tHATT

960 950

940

930

Binding energy/eV
B 12 HATT 5 HXTT Ab B H 5 41 R0 1) Cu2p Al LsMy sMy s 19 XPS 1%
Fig. 12 Cu2p(a) and L3M, sM, s(b) XPS spectra of copper surfaces before and after HATT or HXTT treatment

%7 HATT 8% HXTT Ab3 A 5 4 2 M AR sk 250

Table 7 Auger peak parameters of copper surfaces before and

after HATT or HXTT treatment

Species Kinetic  FWHM"/ MF) le Assignment
energy/eV eV fraction/%

Bare 916.62 1.88 66.23 Cu(l)
copper 918.65 224 33.77 Cu(0)
Copper+  916.17 2.23 75.19 Cu(D)
HXTT  918.68 2.77 24.81 Cu(0)
Copper+ 916.15 2.49 79.37 Cu(l)
HATT 918.75 2.28 20.63 Cu(0)

1) FWHM: Full width at half maximum.

905 910 915 920 925
Kinetic energy/eV

930

Ji, H N 1s XPS 4375 HBLLE 399.23 eV (C—N—N
—C)~ 400.23 eV (Cu—NH,)fl 401.18 eV (C—N—C)
BEE, EATRISREE L2008 2:1:1, X5 SCHRIRIE 1 45 3
F—F0Y, LI 5 HATT ok =M mi e B A 1]
MRFELE S, W Co—N &7, [k, HATT @it
HA»Frh C=S Bi AT NH, &R T 540 2% 1 104 J5
FEEA, AN Cu(D)-HATT FICEA Y B 425 T4
%*&%ﬁ[ls, 17, 50]0

14 F1% 8 W, HXTT HAZ THERM 5, H
S 2p3/2 Gi A BEHIINAE 162.61 eV T, b phfEfE
I HI4E G Bk 162.35 eVE” 5 026 eV A4, XY



1113

9529 B 5 O, AR R = MR AT AE VIR B R R BT ER R T ) AL AL A 1
(a)
Cu—S
Ss—s
158 160 162 164 166 168 397 398 399 400 401 402 403
Binding energy/eV Binding energy/eV

B 13 HATT AbBSHI S 2p(@)fi N 1s(b) XPS Fi ik
Fig. 13 S 2p(a) and N 1s(b) XPS spectra of copper surfaces after HATT treatment

(b)

NC—N—N—C

159 161 163 165 167 396 398 400 402

Binding energy/eV Binding energy/eV

14 HXTT 4B S54RI S 2pa)fl N 1s(b) XPS i 4AiE

Fig. 14 S 2p(a) and N 1s(b) XPS spectra of copper surfaces after HXTT treatment

8 HATT 5 HXTT 43 /58 RME 1) S 2p A N 1s XPS S H M TS
Table 8 S 2pand N 1s XPS peak parameters and chemical states of copper surfaces after HATT or HXTT treatment

Species Element Binding energy/eV FWHM/eV Mole fraction/% Assignment
162.53/163.73" 1.10/1.10 57.14/29.14 Cu(D—S
S2p
163.94/165.12 1.41/1.41 9.14/4.57 S—S
Copper+
399.23 1.26 51.02 C—N—N—C
HATT
400.23 1.40 23.98 Cu—NH,
Nls
401.18 1.32 25.00 C—N—C
S2p 162.61/163.79" 1.35/1.35 66.67/33.33 Cu(D—S
Copper+
399.22 1.37 66.67 C—N—N—C
HXTT Nls
400.42 1.64 33.33 Cu—N

1) (S 2p3/2)/(S 2p1/2).
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HXTT 5 R s B Cu(D)—S 8, 45867

HXTT Wt F4iRE S, N 1s XPS W§&55) HI7E
399.22 1 400.42 eV /247, 5 400.54 F1401.16 eVE*
AL HXTTNI1s XPS WA EL, 254 REFFR. HERTH
H A R R 75 HXTT R 7R )E, $3d #
EAHERET, #5E P TR AR T,
A Cu—N i, N R =B RS 2, gt
b, 1,2,4- =W 3B E AL A R, T 3d #ud
RSN d B0 R N A 45 = MR A
JiFHFRBERK, B BREN s g5 6.

3 Zhip

1) HATT #1 HXTT {EA 2 1 1) H 41 ¢ R AR R AR iF
TEGZH 6 k. AR THZ 5X107° mol/L HATT Al
HXTT 4P 24 h Japrfam B A0, HXHHRE 0.5
mol/L ERFRA VI HH I 22 T Ak 43 Tl A 21 97.33%(HATT)
A1 95.51%(HXTT), HATT HIZCRF 4.

2) HATT Al HXTT #did o7+ N, S J5i+
SR F454 9 Er Cu(D)FRE S AWk % 6T
i 4x Jm AR, LI P AR A S LE A 2R I AR R PR ES AF A
Langmuir 55 iff W% A5

3) HATT 1 HXTT fEf L R H A 362, 1
KA AR R RHATE, PR ki IR 5 B, 3 R AT 1 2%
PR . AR R e SR A AR, SRR T
SR K PR A R K
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Self-assembled monolayer of triazole-thione derivatives and its
electrochemical property of corrosion resistance of hydrochloric acid

LIU Qin, LIU Guang-yi, NIU Xiao-xue, QU Xiao-yan

(School of Chemistry and Chemical Engineering, Central South University, Changsha 410083, China)

Abstract: The electrochemical properties of the self-assembled monolayer(SAM) of 3-hexyl-4-amino-1,2,4-triazole-
S-thione (HATT) or 5-hexyl-1,2,4-triazole-3-thione (HXTT) on copper surfaces were investigated by electrochemical
impedance spectroscopy (EIS), Tafel polarization curve and cyclic voltammetry (CV). The results show that the SAM of
HATT or HXTT exhibits the excellent resistance to copper corrosion. And the SAM formed on copper surfaces by
5X10°° mol/L HATT or HXTT treatment of 24 h reaches corrosion inhibition efficiency of 97.33% or 95.51% to copper
in 0.5 mol/L hydrochloric acid solution, respectively. The self-assembly mechanism of HATT or HXTT on copper
surfaces was further evaluated by contact angle, adsorption thermodynamics and X-ray photoelectron spectra. The result
indicates that HATT and HXTT chemisorbed on copper surfaces through bonding their N and S atoms with surface
copper atoms to generate Cu(l) complexes. The closely arranged SAM might obstruct the corrosion particles, such as Cl
ions to diffuse to copper surfaces, resulting in corrosion inhibition. Moreover, the alkyl of the SAM faces to aqueous
solutions to convert copper surfaces from hydrophilicity to hydrophobicity.

Key words: hexyl triazole-thione; self-assembled monolayer(SAM); electrochemical impedance spectroscopy (EIS);

Tafel polarization curve; cyclic voltammetry (CV); copper corrosion inhibition
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