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Preparation of Pt/Ti Electrodes Preferred Growth along the [111] Direction and
Its Electrocatalytic Activity for Chlorine Evolution

ZHU Yu-Chan, YUAN Min, ZHANG Huan, WANG Le, QUAN Shan-Shan, CHAI Bo, REN Zhan-Dong

(School of Chemical and Environmental Engineering, Wuhan Polytechnic University, Wuhan 430023, China)

Abstract: To solve the short service life of dimensionally stable anode (DSA) and the high dosage of Pt electrode in
the process of low concentration sodium chloride electrolysis, the Pt/Ti electrode preferred growth along the [111]
direction was prepared by magnetron sputtering. The electrode surface of the magnetron sputtering Pt was uniform
with particle size of 10 nm. The characteristic peaks of Ti were not found in the XPS spectrum, which showed that
the Ti matrix was completely covered by Pt. Electrochemical cyclic voltammetry (CV) results showed that the elec-
trochemical area of the magnetron sputtering Pt was the smallest (1.08 cm?), which was close to the apparent sur-
face area of the electrode. In addition, the electrical amperage ratio of the oxygen adsorption area to the hydrogen
adsorption area was only 0.83 calculated from the CV diagram. So it can be predicted that the oxygen adsorption
capacity on the magnetron sputtering Pt is very poor and not prone to the oxygen evolution reaction. When the elec-
trode potential was 1.6 V, the chlorine evolution reaction current of the magnetron sputtering Pt was 0.085 A/cm’ in
the unit electrochemical area, which was 3.27 and 49.0 times that of the electro-deposition Pt and thermal decom-
position Pt, respectively. It showed that the magnetron sputtering Pt had a high activity of chlorine evolution in the

unite active site. It may be related to the special morphology of its surface (111) crystal surface. On the basis of the
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above, the Tafel slope of the magnetron sputtering Pt was 44.3 mV/dec. The mechanism of chlorine evolution reac-

tion was in accordance with the mechanism of Volmer-Heyrovsky, and the rate controlling step was the electro-

chemical desorption step.

Key words: chlorine evolution; Pt/Ti; magnetron sputtering; morphology; mechanism
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Fig. 1 SEM images and AFM image of Pt/Ti electrocatalyst
(a) Electro-deposition; (b) Thermal decomposition; (¢ and d) Magnetron
sputtering

2.2 EIREEWMFRIE

B2 nT LR, SR H TR R ) i PUTI (1)
it s Pt AL, £F 26=39.9°. 46.4°F1 67.7°4) %)
5 Pt(JCPDS#04-0802)(111). (200)F1(220) 5 1l — %5
M Pt 1) XRD K%, BAR AT DUWEE 8] = AV kF
TEAT S0, H 2 0 5 i LU ) S bR v R AR 2R K. 7
bR UE R Lo/l N 1.87:1, T #E4E PUTI 1
Tniy/loooyh 16.4:1. 5346, WNE 2 18T LLEH, BT
T 28 U ST P ) % 1) R S o B R A, mT DL S
FIEEARBRA IR FT S0, Forh Ti(1O1) 5 1HI AT S w47
5 Pt(11) T AREE, T ANIERAEES. AT
B A WA b R AE S P s S Pe R S5 4, KA Ti
o s i, P> T EMA TR . B 3 HT
LUK REF B, Wi Pt UsE 117 A, X2
PR Pt & THC L 7 854, LRI R T B B RETE
(L1 F T I8 Bl i /ME, A B SRS T 234,
BRI S PRI 1) 6 8 . 53 4h, dE
ib Scherrer A IHHEHKIAR, B Pt R A
9.90nm, X 5T SEM FAL45 R —3.

Pt(111)
Pt Ti(002) | TiC101) o
Magnetron sputteri P{(200) T '1]02) Ti(110) Ti(103)Ti(112)
A hh

_ PITID - py200)

;, Pt P(220)
E\ Electro-deposition Ti(102)

E Pt 'ri(oo::.,(),lmpuzoo) Py(220)

T Ti(102) Ti Ti(103) Tj
I'hermal decompositign '£ ) Ti(110) i )ATl(ll2)

Ti(002]1(101) )
Ti substrateTi(100) Ti102) rig10) " ricii2)

I | 1 | 1 1 L 1 1 | L |
20 30 40 50 60 70 80

20/(°)

2 PYTi HIBKIK XRD &3
Fig. 2 XRD patterns of Pt/Ti electrocatalyst

(111)

Intensity / (a.u.)

JLI\»‘[agnetmn sputtering Pt (222)

| l PH{JCPDS#04-0802)

|||||||||||||||

B3 R4% PUSi(111)i¥ XRD &li%
Fig. 3 XRD patterns of magnetron sputtering Pt/Si(111)
electrocatalyst



5

RN, A WS111077 ML AE R Py T HUAR T 8 BT S o A0 513

2.3 BIRFTEBTFEMRLE

Wi PUTI LB XPS %Wl 4 Fir. MK
4(a)r] LUFE HH, XPS Bl ) Ti Jo R MATH
U, UL RERE IS Pt IS B AE Ti BEAAR T, X
T A 7 485 S B HE—20 0 Peoa AT RS 41
i, HHHTRIE, A 4(b) T T LUE H, Pt T4
HRE A 71.30 eV(4f)F 74.54 eV(4fsp), K
PYTi ") Pt TR LA RN AR TFAEAE, L P4
SYEEIA N 3.24 eV, Scmky g,

(a) X
Ptaf

Magnetron sputtering Pt XPS

Pidd

Cls .
PEP o1s

PN N (NP S SR R R R
0 100 200 300 400 500 600 700 800
Binding energy / eV

(b) 4, 4,
1 I
71.30! 1 74.54
& !

Ptaf

a
el
i

| | | |

. . . Lt . . .
64 66 68 70 72 74 76 T8 80 82
Binding energy / eV

| | | |

Kl 4 W% PUTI HUBRIY XPS %]
Fig. 4 XPS full spectrum of Pt/Ti electrocatalyst
(a) Full spectrum; (b) Fine spectrum

2.4 HLFFRIE

N R A TR RN PUTE R EAMR %
ML EI(CV). MW 5 i BUE H, =Ry ik 6l 1
FELA TS LA ML 7R P 3 T FEAL 4R AIE, ARG 34X
(& IX, 0.03~0.4 V), 7] LU W] WA AR Pt &K
PYTRIE(UPD W, Wik a; Al ay), LLACEATTN M)
AL ERE A EIX, 0.6~1.3 V)] EHF] Pt
I MEA GIEE B a; AT ag)e WA AT A4
I3, WA Pt R IR AL L3R 0.915 V, XNt
JEg LA 0.855 V; HLUTE Pt 3R I 4R S A4 L 35
9 0.835 'V, XML I Y 0.824 V; #Ir iR Pt
FIERIREAL A 0.727 'V, KF Ik 506 i 34k
0.786 V. HHILT UL, fERIYE Pt RINAR S RAAMN
SN, U AT S TR 22, 1T L FEL AR R NaCl ¥
I, B S R R 48 e B A — X S 4 I N, it BAATY
AR AR TR b UL R . X = A R
SRR X HL B AT RS, P 3o il Pt (1) 480X H
FRIAX 2051 23.80 mC A1 12.24 mC, LL#
1.94:1; FEYTRR Pt [PEIX FLEEARIAUX HL TR 2304 4.2 mC
F12.44 mC, HLBIh 1.72:1; TifE4E Pt 4 X HL AT
SX HES I 0.1885 mC 1 0.2268 mC, ELAil K
0.83:1. MUL B mT LIF H, MU Pt Ao
Pt 5 HLE A X LR I LB T 2, X2
K & AE Pt R TP B, A5 500 1e; AT
Pt RIS, AT ECN 2e. (HERLFE Pt 4
X H A X A R 0.83, T BAAAE Pt 2% i W T
RN TA, VA TERE P R TR AR X, 2t
—SAF TR R 2 . AN, W TG R
75 Ti JEARDUBURAR D V38w, il Pt BAT
ZALE R LR TR, FrLANEL 5 T AR Y, i
W Pt AL AE IR, LR 1.08 em®, 3T HLAR
TR AR, T Pt AL R AR B, ik F
58.29 cm’; HLYIBE Pt BIALZATH AN 11.62 cm’,

60 - 2 — —
L (a) Magnetron sputtering Pt L(b) Electro-deposition Pt 6 L (c) Thermal decomposition Pt

30F 1 sl
ES < of Z 2+
E -30F ;__.: | i E 0k
E 51 g I
J 60 E 0 22k
o -2 o
90+ F 4
-3+ L
~120+ - -6

I U P P P PR M|
00 02 04 06 08 10 1.2 14
Potential / V (vs RHE)

_4 | I T NI T N N S |
00 02 04 06 08 1.0 1.2 14
Potential / V (vs RHE)

| I T ST AT T T ——
00 02 04 06 08 1.0 1.2 14
Potential / V (vs RHE)

K5 PuTi HUARITRF R 22 28
Fig. 5 CV curves of Pt/Ti electrocatalyst in 0.5 mol/L H,SO,
(a) Magnetron sputtering; (b) Electro-deposition; (c) Thermal decomposition



514 TS| R =

W31 %

25 MR BEKRNENE

M 6 Hr] DUF H, =R R R A T S F A
A5, #AE 1.35 V iE, ) 2Ems—8, 1
SEAESN 12 LA AR . T R R = e
RRAA R X0 7 S S I 2 ) S T, 56 HE 3R 00 H 4 F
AT IH— 1. MK 6 WL, fEHALH
2z AR b, B USRI PR U Ay A% P> AR
P> il Pt LA HLEAN 1.6 V INF, #4#2 Pt (14T
SR B ILH) 0.085 Alem?, 43 2 FE TR Pt A4
I3 M Pt 1) 3.27 F149.0 %, Ui BIMEEE Pt B0y HaAk 2
TR b B AT AR b &0 MG o, X 5 LR T (111)
i T TRVRF BR TE S G o IR R M S0 PR 2% S B T R B
PR, PR 2 T S B T e DA R A I T e 4 B
NP BN TRGE PR IE S R T T AL
MG H, Mg s T &S, 54h, i Pt
TEREARZRN /3 BT 533050, PR S545 2 78 73 R,
DR S NS B S o T LR T R B o iRt 1R
MESZIL Pt AEFE i 10 i B3 AT 40 A
26 thaBEXRBIEY

AR TT%N, W Pt BT B AT SR N 1,
N HE P T HAT RUR AL T, AN 7(a) T
CUE HH, 4 Pt TR NI Tafel #1264 44.3 mV/dec,
WU N A4 Volmer-Heyrovsky L1281 H 7 v
BRI D, L s D R IR N RO R, S AR

FAEVERT A
S+Cl 25— Cl- 1e M
-1

S—Cl-+ClI" —258+Cl, +¢ )
FTBA, BUHT G0 H 9 T LA 55

' BFn

i =FlCo 6’Clexp(v (3)

0.12

| —O— Magnetron sputtering Pt
0.10 =0~ Electro-deposition Pt
© | —&— Thermal decomposition Pt

0.08
0.06 -

0.04

Current / (A-cm™)

0.02 -

0.00

1 s | i 1 1 1 L 1
1.1 1.2 1.3 14 1.5 1.6 1.7
Potential / V (vs RHE)

1 " 1

K6 PUTI Bl M2 PR 2 2k
Fig. 6 LSV of Pt/Ti electrocatalyst for chlorine evolution at
5 mV/s in 4 mol/L NaCl (pH=2)

Hort FOIBA R WG Cor AW R TIREE, Oc.
N AR AR TS H ) H A SRR, Al DA Langmuir
AR B A R R

Fn
kCo- exp(RTj
Fn
1+ kZCCl, exXp []RTJ

B AX@WALKG)H, TR A K(S), FHE
A AR AT 21 2 7K(6)

n
kC.- exp (RTJ

O =

“)

iy = Fk,C._ exp| X1 (s)
“ 1+kC exp(Fn) RT
~er RT
RT
F
eXp(IBRTnj 1 1
= + 6
iz 2 F?] Fk2C _ ( )
Flyky, Cr- exp RT c

ARG exp(BFn/RT)iy %t exp(-Fn/RDEE, &
FEAL I REL p=0.5, G5 R WK 7(b). ME 7 W LLE 2
P 2 B LI I R R, B FE A% PUTL Ay
FR N UF A5 A Volmer-Heyrovsky ALHEL. 554k,
AR 1/FkyCor, ATUATFELH o=1.8x107 cms.

1.7

(@)
Tafel curve
- b=44.3 mV/dec

=

| ]
]
| ]
n
| |
;
| ]
/
| |

o

Potential / (V vs RHE)
&
T

14+
13 'q
L | L | L | " 1 M 1 L | L | L
-1.5 -1.0 =05 00 05 1.0 15 20 25
lg (i/ mA-em™)
650
L (b)
600 Intercept=138.9
. 5501 Slope=426.6
= T r=0.99962
= 500
=450+
St
= 400
= I
® 350
300
250_ 1 1 i | i | L 1 1
0.2 0.4 0.6 0.8 1.0 1.2

exp (-yFIRT)

B 7 PUTI ATEU AT Tafel Hh4k(a)Ffl Volmer-Heyrovsky #l
L 2405 15 (b)

Fig. 7 Tafel curve of Pt/Ti electrocatalyst for chlorine evolution
(a) and fitting curves of Volmer-Heyrovsky mechanism (b)



5 KL,

A WS PR AEAC PYTE HEUR I 46 S AT SO AL TG 1 515

FE MRl b, 3l R 1/FK ko Cror WT BA 5
K,=830.7 cm3/molo [ BE AR T] CAvHE H B0 i Pt 1
SN K ky Ky 3.6x107 em/s, BRUTAN Pt (R RN
HEWH kK 6.8x10° cm/s, W] /N TR Pt IR
I3 R R, BT A P AT U N AT

3 i

T A P A Vo A T B A 1] 7 1 AL
K PYTI MRk, HR PR, 295) 0 ak. 2o
f, HORIEER/NR 10 nm, WG /N TR R AT
DURNERI 1 PUTI FEM . W45 RS V2 £ PUTI 1)
FLAL 22 AR /DS, 4 A R W T AR, 1 B L 3 i1
B EIMR I E BoR, W% Pt Xﬂlzﬂﬁlﬁwﬁbﬁﬁcﬁ,
R AR TP AT SR IR BEPE o AT H A A T
b, M EE TR R B AE P TR Pe#VA iR Pt.
MRS 1.6 VB, #iiE Pt TS FRTE R
0.085 Alem?®, 73 HiFEFLITRL Pt FIFAIMiR Pt (1) 3.27
H149.0 5, Ui WML Pt SRS A7 A0 B R AT IR &
BT U Y L o HE— 2D IR B RGPt HARATT SR
NHLFEFF A Volmer-Heyrovsky HLFE, #4220 5k d
12 556 Wi B 2 R

S L Hk:

[1] TRIEU V, SCHLEY B, NATTERA H, et al. RuO,-based anodes
with tailored surface morphology for improved chlorine electro-
activity. Electrochimica Acta, 2012, 78(9): 188-194.

[2] CAOH Z,LUD H, LIN J P, et al. Novel Sb-doped ruthenium ox-
ide electrode with ordered nanotube structure and its electrocata-
lytic activity toward chlorine evolution. Electrochimica Acta, 2013,
91(3): 234-239.

[3] PETRYKIN V, MACOUNOVA K, OKUBEA M, et al. Local
structure of Co doped RuO, nanocrystalline electrocatalytic mate-
rials for chlorine and oxygen evolution. Catalysis Today, 2013,
202(4): 63-69.

[4] NEODOA S, ROSESTOLATO D, FERRO 8, ef al. On the elec-
trolysis of dilute chloride solutions: Influence of the electrode
material on Faradaic efficiency for active chlorine, chlorate and
perchlorate. Electrochimica Acta, 2012, 80(10): 282-291.

[5] REN Z D, QUAN S S GAO J, et al. The electrocatalytic activity of
IrO,-Ta,0s anode materials and electrolyzed oxidizing water prep-
aration and sterilization effect. RSC Advances, 2015, 5(12):
8778-8786.

[6] GAOJ,ZHU Y C, REN Z D, et al. Electrocatalytic performance of
Iro 5Pty sO, anode and the preparation of electrolyzed oxidizing wa-

ter. CIESC Journal, 2015, 66(3): 992—1000.

[77 LIWY, REN Z D, ZHU Y C, et al. Electrocatalytic performance
of Ru0O,-SnO, anode and the preparation of electrolyzed oxidizing
water. Journal of Functional Materials, 2015, 46(19): 19118-19125.

[8] GAUDET J, TAVARES A C, TRASATTI S, et al. Physicochemical
characterization of mixed RuO,-SnO, solid solutions. Chemistry of
Materials, 2005, 17(6): 1570-1579.

[9] VAZQUEZ-GOMEZ L, FERRO S, BATTISTI A D. Preparation
and characterization of RuO,—IrO,—SnO, ternary mixtures for ad-
vanced electrochemical technology. Applied Catalysis B Environ-
mental, 2006, 67(1/2): 34-40.

[10] XIONG K, DENG Z H, LI L, ef al. Sn and Sb co-doped RuTi ox-
ides supported on TiO, nanotubes anode for selectivity toward
electrocatalytic chlorine evolution. Journal of Applied Electro-
chemistry, 2013, 43(8): 847-854.

[11] CHEN SY, ZHENG Y G, WANG S W, ef al. Ti/Ru0O,-Sb,0s-Sn0O,
electrodes for chlorine evolution from seawater. Chemical En-
gineering Journal, 2011, 172(1): 47-51.

[12] A, BRYESAL AR S EORTT ST, B BN R L4
PEi83C, 20131 18-20.

[13] ZHANG C X, HU J, NAGATSU M, et al. Magnetron sputtering of
platinum nanoparticles onto vertically aligned carbon nanofibers
for electrocatalytic oxidation of methanol. Electrochimica Acta,
2011, 56(17): 6033-6040.

[14] DAMERON A A, OLSON T S, CHRISTENSEN S T, ef al. Pt-Ru
alloyed fuel cell catalysts sputtered from a single alloyed target.
ACS Catalysis, 2011, 1(10): 1307-1315.

[15] SUZUKI S, ONODERA T, KAWAIJL J, et al. Effect of support ma-
terials on platinum lattice strain and its oxygen reduction activity.
Applied Catalysis A: General, 2012, s427-s428(9): 92-97.

[16] JUKK K, KOZLOVA J, RITSLAID P, et al. Sputter-deposited Pt
nanoparticle/multi-walled carbon nanotube composite catalyst for
oxygen reduction reaction. Journal of Electroanalytical Chemistry,
2013, 708(10): 31-38.

[17] JUKK K, ALEXEYEVA N, SARAPUU A, et al. Electroreduction
of oxygen on sputter-deposited Pd nanolayers on multi-walled
carbon nanotubes. International Journal of Hydrogen Energy, 2013,
38(9): 3614-3620.

[18] JUKK K, ALEXEYEVA N, RITSLAID P, et al. Electrochemical
reduction of oxygen on heat-treated pd nanoparticle/multi-walled
carbon nanotube composites in Alkaline Solution. Electrocatalysis,
2013, 4(1): 42-48.

[19] TAMMEVESKI L, ERIKSON H, SARAPUU A, et al. Electrocat-
alytic oxygen reduction on silver nanoparticle/multi-walled carbon
nanotube modified glassy carbon electrodes in alkaline solution.
Electrochemistry Communications, 2012, 20(1): 15-18.

[20] REN Z D, XIAO L, WANG G W, et al. Intermetallic Pt,Si: magne-

tron-sputtering preparation and electrocatalysis toward ethanol ox-



516

E LM OB )

W31 %

[21]

[22]

[23]

[24]

idation. Journal of Energy Chemistry, 2014, 23(3): 265-268.
YANCEY D F, CARINO E V, CROOKS R M. Electrochemical
synthesis and electrocatalytic properties of Au@Pt dendrimeren-
capsulated nanoparticles. Journal of the American Chemical Soci-
ety, 2010, 132(32): 10988-10989.

CHEN S G WEI Z D, QI X Q, et al. Nanostructured polyaniline- dec-
orated Pt/C@PANI core-shell catalyst with enhanced durability
and activity. Journal of the American Chemical Society, 2012,
134(32): 13252-13255.

CARINO E V, KIM H Y, HENKELMAN G, et al. Site-selective Cu
deposition on Pt dendrimer-encapsulated nanoparticles: correlation
of theory and experiment. Journal of the American Chemical Soci-
ety, 2012, 134(9): 4153-4162.

MENZEL N, ORTEL E, METTE K, ef al. Dimensionally stable

Ruw/Ir/TiO, anodes with tailored mesoporosity for efficient electro-

[25]

[26]

[27]

(28]

chemical chlorine evolution. ACS Catalysis, 2013, 3(6):
1324-1333.

SANTANA M H P, FARIA L A D. Oxygen and chlorine evolution
on RuO,+TiO,+CeO,+Nb,Os mixed oxide electrodes. Electrochimica
Acta, 2006, 51(17): 3578-3585.

HANSEN H A, MAN I C, FELIX S, et al. Electrochemical chlo-
rine evolution at rutile oxide (110) surfaces. Physical Chemistry
Chemical Physics, 2010, 12(1): 283-290.

GUERRINI E, CONSONNI V, TRASATTI S. Surface and elec-
trocatalytic properties of well-defined and vicinal RuO, single
crystal faces. Journal of Solid State Electrochemistry, 2005, 9(5):
320-329.

FERRO S, BATTISTI A D. Electrocatalysis and chlorine evolution
reaction at ruthenium dioxide deposited on conductive diamond.

Journal of Physical Chemistry B, 2002, 106(9): 2249-2254.



