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JZ 5 I SR FE ek e 0 K R S R S A (] R 4%
SERR G A, BT RS H SR Tl RE
2450,

Wi pE L IR B R (FCVAD) BA M s
R (B 100%) , BEWE MARVE 40 S BURIZ M
(01 C = N A R R 1 7 P e s o A e o
FEL, T B O B TR B R R AR E
P2, AT P & AR AR AR R AR . AR
TAEH, T FCVAD #H AR, WEBIMAE FRREE
SS 304 ANFAAI L S FE % T TiC/a-C:H 90K /AR B
GwE. AT AFEFEE FTIAK TiC/a-C:H
IRZAERA. PEMFCs FR5E b J55 b M 0 22 11 H 2 32 1)

S o

5‘—-

1 X I§

BT BATOHRIT R RGOS e LA IR T & 5 B
L (CHa, 99.99%) Alikils, BRI Ti #E (99.99%) N
ERIR, 7E SS 304 AEEHN (20 mm*20 mmx3 mm A1 60 mmx
60 mmx0.15 mm) FIHFHE (20 mmx20 mmx0.5 mm) F&
ERIMHE T TiC/a-C:H 99K /AR B A IRZ, TP
G R 90 e LT, TS H 90°% %,

DU LA TR R oK B TR RN 25 88 1 /K6
FARHEAT 15 min PR AIEDE, SAIEARTEE THS
FNFERZE by RIEREE 5.0x10° Pa J5, KU 800
600~ 400 V fiflE % 30 s X AR IR E VL, PRk
5 R LA S I 456 71 IR R, 1 JerE 24k
i E—-150 V 5 4F00RR4E Ti il P 2, SRR K 2 min; 5%
23 30 mL/min ] CH, “UARAE-100~ —500 V 11 471 i =
U ne-TiC/a-C:H 4K in-FEMmBEIRZE, TIRARK
30 min, PURSELE 0.04~0.06 Pa 2 8], VELHHI#% S5
W% 1,

KH X B4 (X pert pro MPD, Panalytical) 4}

FT 1 EHTEESARIEIE ne-TiC/a-C:H AXESREIE

2
Table 1 Details of nc-TiC/a-C:H nanocomposite coating prepared
by FCVAD
Gas flow  Arc Bend Negative  Negative
Sample  rate/  current/ current/ Bias voltage, bias duty
mL-min™ A A /v cycle/%
VE-1 30 110 242 -100 90
VE-2 30 110 242 -200 90
VE-3 30 110 242 =300 90
VE-4 30 110 242 —-400 90
VE-5 30 110 2+2 =500 90

& WRERI PR A5 . SRR AN, s
2°/min; KRG E T B8 (S-4800, Hitachi)
RAE LR Z WA AR H LSS R E S T e
(FEI CM200, Philips) W&k ZHm 2 #ES: KA X
SHEREH T BEIE I (ESCALAB 250Xi, Thermofisher) 7
MR 2 A TC R M RO 25 A 25 4 SR ok
1% (LavRAM Aramis, Horiba Jobin Yvon) FLi%E K
TG I 52 250 43 s SR FH AL 2 TAE 3 (IM6ex, Zahner
elektrik) VAl T ¥R /2 7E B HLAUARE f i TAEIRS F
(YT JE3 ol e o MR ER B /KB #k 80 C, WA
0.5 mol/L H,SO4+2 pL/L HF 7KV, kit i rh st st
NZA s SR T Ak e BEL AR AR T AR R S R
% fk FELBEL

2 HRESH

2.1 EfRESREEHRNSIN

1 AR RIS e 3 IR AR AE V= —100~-500 V
ZAFDURUY ne-TiC/a-C:H 49Kk E A3 E ¥ FESEM #f
B NREIRE SEANLSE T, EREBESEEZN
PURAE — )220 100 nm JEFER Ti & B JE )2, Ti &8l
EZ 5 ne-TiC/a-C:H ¥R 2 2 (A1 A & W L H . K 1 w]
A, ERWIE (F=-100,-200 V) NHl&REET R K
DA S R AL, RO ST EUE RRAE,  BEE UL
RGN, 7E V= -300 V 205 Nl 4 1R 2 I 1)
TR AL g h . Bl E UUAR U R — 2P 1 K F
V=400, =500 V, FR 545 E AL R BUE I S A
o nc-TiC/a-C:H 4K GG 1R ) 15 B BE A5 544 67 i &
M—100 V #4500 V T/, M 1.05 pm B2 0.52 um,
PR ZE M 33 nm/min [ 16 nm/min. & 1b HF R H
DGR R T AR S A R R, R
JE M E R E FARTH

B 2 AN [R5 R DURRF ne-TiC/a-C:H 42K
SHEBEMRIES. HE 2 o7k, 56Tt Eas
IR B AR s A 2R, 7EAS A fuf R R UTAR
nc-TiC/a-C:H YK 5 & BRI 35 R IOGHT 808 i 45 ke
fiE o R UE A% 3 2 NPT AR B AR AE B AR SIS0 7= A 1) 45
BT RS AR DI NRT sE RS, S TR AR
T, IEEFLERSER TR el el )1 4612 3l it
I IR, T R B D A R ORORL . SR
iR AR, TER P IEa R R, SRl ieas i e
MifE, PG FERGEDERS A BE o 2B AT LA Rt iE R
R 53 BR BRI R R 7 A R P R, PR I 8
BHOREEE, mELRNES AR, B2
BEREEA RN 50~100 nm [(FRFELE, XAl
REVR T A 52 4= 1ok 1 11938 7 B R«
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B 1 ¥=-100~-500 V FUIFU ne-TiC/a-C:H IR /ZHIH TES
Fig.1 Cross section morphologies of nc-TiC/a-C:H coatings deposited at V,=-100 — =500 V

2 pm

K2 7=-100~-500 V FYUR ne-TiC/a-C:H )2 R IMEH
Fig.2 Surface morphologies of nc-TiC/a-C:H coatings deposited at V,=—100 — —500 V

Bl 3 R ARG IR L A BRI AR V=100~ -500 V
ZAF VAR ne-TiC/a-C:H ¥)ZH) XRD Ei. Hrfhr T
35.4°, 41.3°F1 60.29°fF) XRD W4y B %N I 023775 TiC
(111 . (200) F1(220) 04 . A [ 4 Mk JE R U0 AR
nc-TiC/a-C:H 992K ff/AE b B &R 2 TiC 5 RO 7
S50, WRETHBREEREUE, 2I11), (200)F1(220)
ML, B IR 5B MA-100 V _EFFE-500 V,
TiC 17 XRD £ 5 W 58 % B 3G, 3X 5 ne-TiC/a-C:H 44

K-S AR E T TiC MR A 6. BEE TR
THREREHIN, JE BRI PR Ak R
AR 2 3B X S BTt I 56 BE (AR A, R R A -
)& (Debye-Scherrer) A iH5 ne-TiC/a-C:H 41K fit-IF
i S AR 2 R R R T . BEE Ul R 100 VIR
-500 V, XRD ATHTIESEEZYIRIEI, TiC dhiR ]I
Ko N33nm % 7.9 nm. mReEMPREF&RHIEM
R YR S I JE ISR R, (R T TIC 4K IR

> I
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— 100V
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TiC(111) —— 300V
TiC(200) —— 400V
500V
TiC‘ZZO)

Intensity/a.u.

10 20 30 40 50 60 70
20/(°)
K3 V=—100~-500 V A FUTARI ne-TiC/a-C:H i%/Z XRD Fli
Fig3  XRD patterns of nc-TiC/a-C:H coatings deposited at
Vy=-100 - =500 V

4 5 V=500 V BT ne-TiC/a-C:H 4Kk H A
WER S PRIE R BT BME (TEM) B GE X H
T4 (SEAD) 1ef. K 4 wk1, WwENEMBE
TiC 49K S E G451, TiC 99K 51 5140 A 16 Ak S AR
Wo X HLFATH G (SAED) IR &2 & fec AT
SRS, A5t RETF TiC BI(111), (200)F1(220) & T -

4 Ve=-500 V 5 F IR ne-TiC/a-C:H IR 2 1 =43 HF2% TEM
TR X T RIS AE R

Fig4 HRTEM morphology (a) and SEAD pattern (b) of nc-TiC/a-C:H
coatings deposited at Vp,=-500 V

2.2 EORESRER SIS

5 R FHEL 8 B A IR RE AR 14,=-100~-500 V
ZF U ne-TiC/a-C:H %2 Tiv C GRIKE . bl
#H Vo M=100 V BE2-500 V, HZET C tE SRR
ARG RGBS, C T E 83.7%H 2 90.2%
JE BT AR A 80%: Ti Ji 0 EM 16.3%% %2 9.8%/5 1]
THE 20%. WR)ZE TR A SRS T U A &
HAEH P RIES G %, BT E RS ER, K
REH R IRER RS T LA B m (100 V), 33
C R T HEAEGPISN ST RZE T, FEURZED Ti i1
ORI BEE AR S, Ti C TSR ZE
AN, EISE NS BS T S  AT E, TRJE T T TR S R
% FufmERE—2B3n, ANFEFENRERERZ, &R
& R Tk R RN R EURE T T SR
=17t

6 JKHBLEIE B AMINEAR V=100~ -500 V
ZAF FUTF ne-TiC/a-C:H ¥RJZ1 XPS KREHL A 45 R
He C 1s WBERTHIA H(0281.9+0.1). (282.8+0.1).
(284.3£0.1). (285.2+0.1)#1(286.5£0.2) eV 5 N&E, 437
XfR C-Tiv C*-Tiv sp2-C. sp3-C Fl C-0/C=0"77,
(282.8+0.1) eV [ C*-Ti )& T3 = 1 Tic,P*>7,
JET ne-TiC fRi5 3E dhbid SRR HERC Az 254 . tHIEl 6
AAET, FEAN R AR Ul R UTRR Y ne-TiC/a-C:H 442K
m-JEEmEEWRIET C uEw FELL TiC AEE& I A7
18, WET TIC FEFEZIRET Ti SEHG], MEIR
ZEb Ti &8 BT B2 Tic BV B8N, Ti 2p XPS
EREZIATE AT LA A 3 XU, £045(454.7+0.2)F1
(460.6+0.2). (455.4£0.2)F1(461.4+0.2). (456.8+0.2)F0
(462.5£0.2) eV. H.H1454.7 F1 456.8 eV HIXUEJE T TiC
Al Ti-O/Ti=0P"¥, #£ 4554 Fil 461.4 eV 4bf Ti-C*

90} o~
80| T~

20}

Element Content/at%

100 200 300 400 500
Bias Voltage, V,/V
Bl5  V=-100~-500 V s N TR ne-TiC/a-C:H iR/ Ti C
TLRGHE
Fig.5 Tiand C element contents in nc-TiC/a-C:H coatings deposited

at 1,=-100 - =500 V
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6 Vy=—100~—-500 V 551 TR ne-TiC/a-C:H iRJZ 1) XPS Kl
Fig.6 XPS spectra of nc-TiC/a-C:H coatings deposited at ,=—100 — —500 V: (a) C 1s and (b) Ti 2p

U5/ ne-TiC FIHE &, a-C:H A HIAE L& Tic 0 78
V= -300 V I}, TIC/Ti-C*lt S ERH &, X5
V= =300 V BRI Z L Ti B P& 266, #9
Ti JR T REACEAR AR, DAAERCAT Ti-C*E AP 1E «

17 SRR F e i e BRI AR V= —100~ 500 V
Z1F R 1) Raman B . $ 8 E¥% 47T 500~800 em™ 4k
e AR LA B TiC AR BP9, 1100~1700 cm!
H U Ay s Y R SR 4544 . K Gaussian-Lorentzian 2
Raman WG4 R ILE 8, Ip/lg BHUE N AL
1100~1700 em™ 7 2 R4 5 3RAF A F~1550 em™ fft
UEH) G IEAN~1380 e BHILHI D M. HIK 8 AT 1S, 43

Intensity/a.u.

800 1200 1600 2000

Wave Number/cm’

400
1E Vi=—100~-500 V 2 T YR ne-TiC/a-C:H )2 ) Raman

Pt

Raman spectra of nc-TiC/a-C:H coatings deposited at

K7

Fig.7
Vy=-100 — =500 V

[98)
(]

25¢

Ip/Ig Ratio of Raman
Yo}
=)

—_
(9]
T

-200 =300 —400
Bias Voltage, Vy/V

-100 =500

K8  Vy=—-100~-500 V 2 FUTARA) ne-TiC/a-C:H iR)2 R In/ls th
Fig.8 I/l ratios of nc-TiC/a-C:H coatings deposited at

Vy=-100 — =500 V

ERFRIEM Ve=-100 V _EFH3] 1,=-200 V B, I/l BE
A%, A 2.75 BRARE 1.31, Ui B BEE FER 5 0 3 K,
WET sp’-C FEME LT, A IR — D1
Ko In/lg N 1.31 8% 2.64, KHRZEF sp-C S L
T, BRBEIAR G R A3 0, E A sp’-Clsp-C H
R fa BTt

Lifshit 1 Robertson %1% 3E kiR 2 A KITFESEH
(R0 22 29 N ALCT SN Ry B B 8 1 OB RO e Bk
R RR A TR B TN KR HTEA
WAKRS R AF RS TEREE KA m
PEsh LG ER BE. UBE FRER TR
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JEAE A T - T 1) 2O RELIN S BRSOV o IR 2
ARG, LAE sp” SMHREIRZ KA. piE
T 15 1 i B 3 0 81 A 0 U 2 AR K S T - B s 1) 5 0
{8, Hsshlklfa 2 FEY (D RERRRIE T 5
FERMESWREREFREEMTEEREN: (2) B
REB OB B 1 5 A A R T R AR R IRl . e ARG
e T A =g N R 1 R SN o 2 = e
W, RAEFEIRAL, SEIN T IRZE NI R, R
WiE sp? AR LA fERERENEE T 5TERZR
T3 Ik Al ) % aCSE L AR EEAR L, RIS A  R pe
HUA T GAED BRI DX TR g8, 33
JRFREE T, 1Z AR AT REAE sp® S EE K sp” P,
£ ne-TiC/a-C:H YRESREVIRE RS, £HFheE
TEFR, BRASHRE T LR Z AR K T H, TERUE sp”
HH: BEEE FRERE BT, B TR E A KRS
T RA —E e &S At N R 7 R AE kR, SR
JZIRT A WAR, sp’ AR LT BEE B TREE
I TEs BRBEES T GIBCRE J AR 1 A RN 5 B R 4
g, (Rl T sp’ ML sp® BV,

ZEERTR, RABGEIEE ARG, A4
[ FE A A7 i . 1) 46 7 ne-TiC/a-C:H 4k B A2 £ 3
M TIC 9K ma . AR KA mE LA, W2
W TiC gK G &R RSTE R. 7, A-100 V 3 2500 V,
EERLR M 3.3 nm EFFE 7.9 nm. BEE KT E
WK, BEAERIRE R T sp>-Clsp’-C SR ELE T MG
FTbe WEH TIC A R AU m RS, R
N BT, TiC SRES5RET Ti & RE
PEAHIR
2.3 EMOREIIRBIHE 8RN

B 9 NTE V,=—100~-500 V % FITHK
nc-TiC/a-C:H ¥:/Z 1 SS 304 {Ish ALl Ak HIZE . B fr
BeAk 2R R IR 55 K Tafel S0 Bl AL Ak i 2%
AR ENRE R R, HUE4ERNE 2. mE
9 Fi7R, SS 304 AEEHRAT IR HR A h 2 5 30 W 2 1K
He-BlA I I X, WL AE 7R BRIV g A Bl A i
2o AT nc-TiC/a-C:H i 2 WAL BH 28 2235 Wl %2
FEA-BAL I I X, BB TR JZRE R ik R T
KT DOE 2025 Hir (<1x10° A/cm?) . £
Ve=—100 V2545 T il & R J2 B AT 5/ 3 ot ol 300 85 52
(5.25x10® A/em®) , LSS 304 AEANL 3 MRS, H
B A T 78 A S5 F R 1048 19 ne-TiC/a-C:H ¥R)Z. AT
JEL /IR ok e 5 R PR Uk S R 00 S O T el T
U2 TN JE e BE IR 2 S R RS o e . BEE T,
M—100 V #2500 V, IREHEA G ERE TR TiC
PSR NG B, RIRAERE IR Z 5 TiC 99K R

o~ I

g

S

< -4

—~

2

%

=

|5 e I o e E D GEE EE L L PP

A —SS304

g ———100V

E -8t 200V

) 300V

20 400V
107 500V

-0.6 -04 -02 0.0 02 04 06 0.8 1.0
Potential/V

K9 Vi=-100~-500 V %4 T UIARAY ne-TiC/a-C:H ¥R 2 F1 SS 304
3l A AR AR 2%
Fig.9 Potentiodynamic polarization curves of SS 304 and nc-TiC/a-

C:H coatings deposited at /p=-100 - -500 V

%2 ne-TiC/a-C:H R EH SS 304 §9/E e R 22 B (o) 1B FE 1h
EE:1X‘E(ECOIT)
Table 2  Icorr and Ecorr of ne-TiC/a-C:H coatings and SS 304

Sample Icm/A-cm'2 Econ/V
VE-1 5.25x10° 0.353
VE-2 4.57088x107 0.133
VE-3 2.0893x107 0.126
VE-4 2.13796x107 0.155
VE-5 1.47911x107 0.163

SS 304 1.51356x10™ -0.339

SPRES . £E Ve=—-100 V A4 T UUR Y ne-TiC/a-C:H ¥k
JZH TiC G4K & 1) Stobr RF d5e/ s[RI TiC & s A X4
B RT 1=-500 V) = Eul /N RSE TiC 4K
WA R 25 1 CLBE T G iR B AN E S Y, SRR T
AR B P B s B AMIURU R b o RE S R S
ERSE R TR BB, WA fURE LA, S Tt
M FReR&RTEN, & TR IR, —HH T
TiC YPKEIIKKR, H—rHiEm TRESENE, B2
i JE bt B T EAME 1= —100, =500 V Z&AF R TR
M2 PR sp*-C & Bt n] BE 2 BL MR 2 i J65 ik 1k
RSS2 R 2
2.4 HEEARENREREDSBMEENRN
BUSARASARY BUE 2 AR A B (ICRD %t
SRAL L P 7 AT i LA B 8 P s GB/T20042.7
T A e AR LSS 7 S04 R AR IR iR A
GB/T20042.6 i 1A AL EE 6 &5 RURMRFF
YRR 7 VEXHIUAAE 304 ANERANTHE 2 1H A 93 J2 38 T
BEEEAT I P 10 SR g s 2% 44 R U ne-TiC/a-C:H
BEAEANE S SN HI ICR. 1B 10 750, BEE RS T



. 2586 - i eEM RS TR %53 &
14(10): 2682
70 —=——100V ( )
ool e 200V [2] Leng Y, Ming P W, Yang D J et al. Journal of Power Sources[J],
——300V .
sl 400V 2020, 451: 227783
g ——-500V [3] Witpathomwong S, Okhawilai M, Jubsilp C et al. International
. 40 L
% Journal of Hydrogen Energy[J], 2020, 45(55): 30898
30
% [4] Weng F B, Dlamini M M, Chen C H. International Journal of
20t
" . DOE 2025 Electrochemical Science[J], 2022, 17(22052): 2
- [5] Wilberforce T, Ijaodola O, Ogungbemi E et al. Renewable and
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Compaction Pressure/MPa

K10 1=-100~ —500 V %1 UL ne-TiC/a-C:H ¥k)= KR T
e fioh v, BEL I s 5 ) AR A 2%

Fig.10 Variations of surface contact resistance of nc-TiC/a-C:H
coatings deposited at Vy=—100 - —500 V with the compaction

pressure

A AT AR R N, B E R ICR EREE K ) 3
TG . fESA 1.4 MPa JE'S )7 (BB EIBHE ) IE
WHREID AEAF, BT ne-TiC/a-C:H #RJZ1 ICR 4R
54 DOE 2025 HAr (<10 mQ-cm?) « HA7E =100V
M U ne-TiC/a-C:H ¥R 2K ICR &A%, A
1.49 mQ-cm?®, H.i%Z &A% ICR 1 5% )2+ sp*-C/sp’-C
SEAA REMME, & L/l L 7= -100,-500 V %
PR UUBRN ne-TiC/a-C:H &2 sp™-C S EHm, HfA
AR A B PE (1.49 F11.82 mQ-em?®) .

3 4 i$

1D BT &4 FH& I ne-TiC/a-C:H &2 2HIE
FIRBRFEAFAE , W2 TE S B B 1 ne-TiC 40K & fr
PRI K it/ AR B 5

2) FWaE UL BT, IRET TIC 49K RS
3.3nm ¥ £ 7.9 nm.

3) 355 T B % AN B S B ne-TiC/a-C:H
YN A EERIRNE sp>-C/sp®-C ELfil, V=100 V %A T L
FAM ne-TiC/a-C:H ¥R JZ2 76 A5 Ul S0 MORE H it 55 ot 36
53 (80 °C, 0.5 mol/L H,SO,+2 uL/L HF /KIFWH) sz
T 5.25%10° AJem® FFR R BB E BE, 7E 1.4 MPa [
JE% 7 RSB T i/ ICR fH 1.49 mQ-cm’s

4) il #1141 ne-TiC/a-C:H 42 ¥ REHE T /£ (DOE
2025 HAr) 5 DRGSR A 0 8 0 2 AR T AR 1) 4% 1)
nc-TiC/a-C:H ¥ JZ 1] LA RO IR 51 SS 304 ANEHAH UK AR
I 5 T AN 3 L

SE K
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Preparation and Characterization of TiC/a-C:H Coating on the Surface of Metal Bipolar
Plates in Hydrogen Fuel Cells

Wang Haogi'*, Ou Yixiang'?, Hua Qingsong', Li Feigiang’, Fu Wei', Zheng Weilong', Hou Li*, Wang Liancai’,
Zeng Xinmiao®, Xu Yunfei®, Cao Jidong’, Qu Guanshu®
(1. Key Laboratory of Beam Technology and Materials Modification of Ministry of Education, College of Nuclear Science and Technology,
Beijing Normal University, Beijing 100875, China)
2. Radiation Technology Institute, Beijing Academy of Science and Technology, Beijing 100875, China
gy jing y gy, beijing
(3. Beijing SinoHytec Co., Ltd, Beijing 100089, China)

Abstract: The influences of deposition ion energy on the conductivity and corrosion resistance of TiC/a-C:H coatings deposited on metal bipolar
plates for hydrogen fuel cells were investigated. TiC/a-C:H nanocomposite coatings with thickness of 0.52 = 1.05 um were deposited on SS 304
stainless steel and Si substrate under bias voltages from —100 V to =500 V by filtered cathodic vacuum arc deposition with Ti target in acetylene
atmosphere. The microstructure, composition, phase structure, corrosion resistance, and conductivity of the coatings were studied and analyzed.
The results show that the TiC/a-C:H nanocomposite coatings deposited under bias voltages from —100 V to =500 V exhibit dense and low-defect
characteristics. The coatings are composed of nanocrystalline/amorphous composite structure built by nanocrystalline nc-TiC coated with
amorphous carbon. The nanocrystal size in the coatings increases from 3.3 nm to 7.9 nm with the increase in the bias voltage from —100 V to =500 V.
The optimal nc-TiC/a-C:H coating (bias voltage —100 V) achieves a very low corrosion current density of 5.25x10® pA/em® in a simulated
hydrogen fuel cell corrosion environment (80 °C, 0.5 mol/L H,SO4+2 pL/L HF solution) and an extremely low interfacial contact resistance (ICR)
value of 1.49 mQ-cm’ under 1.4 MPa compression force. The nc-TiC/a-C:H coatings prepared by filtered cathodic vacuum arc deposition can
effectively improve the corrosion resistance and conductivity of SS 304 stainless steel bipolar plates over a wide range of bias voltages, meeting
the performance requirements of DOE 2025 for hydrogen fuel cell bipolar plates. This work opens up a new pathway for the large-scale
preparation of high-performance metal bipolar plate coatings.

Key words: metal bipolar plate; nanocomposite coating; corrosion resistance; high conductivity; nc-TiC/a-C:H; filtered cathodic vacuum arc deposition
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