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B Ti EERBTAL 1 cm>6 cm K/, HKIRAE 10%11) 25
FRVET, 281K, WEIAMTK OB R BRI 10
min, 7 100 mL #67 (HF:HNO3:H,0=1:4:5) Hi
J6 5 min, BCE TR T B KRR Ti
JEIUN 0.5%NH,F (Fi&E %) 1o REwH, KA
fHE HLE 25 V, BHAREAL 4 h §il % Tio, 9K B4

(TNAS) . Z J5 ¥4 il 15 [ 4E fib & TiO, 7£ 500 ‘CiB -k 2 h,
TiOy MAE S AT A Bl 2

BCE 100 mL HLMFE, ROk 1 s, AR
A pH A 10, HIPTAR LR R A R AR R, £
BEONBARE, TNAs NBARE, 7€ 1~20 mA cm™® HL i % &
UL 1 min, £ TNAs EUFUAFRIFREE N NiMo & 4
JE A% NiMo/TNAs 5 & 4L 71 .

K X S AT 5 (OXRDOAT X 52856 HL 1 BE 1% (XPS)
Xof il & AL TRIEEAT W0AR 23T, 1 T R A R
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Table 1  Electrolyte composition (g L)

Reagent Reagent concentration
NiCOs 2Ni(OH), 4H,0 40
NiSO,4 6H,0 40
NiCl; 6H,0 20
CsHsNaszOy 64
NaCl 20
H3;BOs3 34

Na;MoO4 0~16

Rzzik (CV) AELREE M. FAL AR IR A SE i
= E I ZE ), NIMo/TNAS £ TAE Mk, 1 1F
DXt B, HATH R BB (SCE) 1EAZS LAk, JFH
AT AL (vs SCE) JEIT s (1) FH A X T ] i
A (RHE) LA,

Erne=EHg/Hgo 0rAg/AgCI+ECEO+O-059 pH (1)
Hrp, 4 CE A Hg/HgO HLMHS, Ece®=0.098, 4 CE
N AgIAQCI R, Ece’ =0.197.

2 #R50E

2.1 NiMo/TNAs B 45+ R AE

NiMo/TNAs £ & 4585 NiMo/Ti. TNAs ] XRD
ElhikmE 1 frs. 4REY, Bih TNAs £ Tio,
(JCPDS k'3 74-1940) FIBi4KH 4 (JCPDS R%5
21-1272) WIREY), 1E 20 4 25.3° 37.8° 70.3%)
47 5 06 ¢ B TiO, A (101D, (004) A (220) & TH
¥ NiMo H#ZVIAE Ti L, 3 XRD Ei%fE
20=44°, 51T H I G5 = AT S U, MDA o 3R
B YTRL BRI % T NiyMo M (20=44.1° 50.9°), 7
H7E 20=50.9 ], 17 5F V& i 38 B8 Ak, 2% HH &5 & B U1K,
K& H T Niv Mo JE 7Ryt o, HE R T
RREETH 1.24 %, & A0 2 7 A2 8] 45 1)
MIANTE, A NI d AR DR FR 8 2 — 8 AR FE B R
R —E AE A A 4, B NiMo & 4 3 ZE gk
e I b 5 () A R S TR B S o AR TR A o
KPR EGRBETL TSR, Wiy HER 12
BETE 2 [ PEA AT

Kl 2 9 TNAs 49K F1 NiMo/TNAs [¥] SEM JE251 &
EDS o R4, ME 2a ] LA, 7RV NiMo &
G2, ANERIPKENERMEEL—, MLk
90 nm, EEJEN 15 nm, 2t % 15 mA em?, Mo &
TIREE 4 g LT TRAEEE (& 20), R EIra KRR
YRR RE, |2 mEGKE LA R, B 2¢

NiMo/TNAs

NiMo/Ti

Intensity/a.u
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20/(°)

Bl 1 NiMo/TNAs. NiMo/Ti f1 TNAs [ XRD &
Fig.1 XRD patterns of NiMo/TNAs, NiMo/Ti and TNAs
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AP A 4 B0k, B 2d SAYTRRRE SR 1T ) EDS
JCRM AT, BEFES TS A Ti, O, Ni, Mo T#H,
HMTTE M E AT LA H Ni f1 Mo & BEZ,
Ni. Mo Jt & 3= 2 [ 42 TiO, A [ 4 4ii, 454 XRD K%
Ak, AT TNAsS/NiMo 90K E &GRS, =49k
FEERIN NiMo & & AR KRB FF, BB UIRE 2
(RO P 0T, AT i o e 790 PR PR 7 R

it XPS #E— 254 Bt NiMo/TNAs (1) 70 3% Fi 28 K
JRFINAS, WE 3 fiR. ME 3a 4B LUE H,
FEREA Tiv O Niv Mo 4t KL K C B HK,
5 bR EDS A4 R — 2. B4k Ti g 2p XA (F
3b) K 4HAHi15 5] 458.6 Fil 464.3 eV ik 2 NMUAIE,
XFRE Ti 2pgp M Ti 2paj, PHUEEZ TR () H Ty B RELT AN
5.7 eV, F W Ti N NiMo/TNAs & & #kHh i Ti**, F
BT TiO, MIA77E . Ni2p 1 XPS J6il WoR 4 ANFFAIE g
(F 2d), 17T 4546k 856.3 A1 874.1 eV ] Ni 2ps, Al
Ni 2pyj, £1 Pt 861.8 1 880.1 eV 2 /> T2 I, Xf ¥ Ni%*,
Mo 3d X IBRE4i 1 #i19 5] 2 MRRIEIE (K 2e), 45468
N 232.2 F11235.4 eV AL 4L & U 43 53 ot )37 88 Y 1) Mo 3ds
A1 Mo 3dg;, i) Mo® . F 4k, 14 XPS Mt gh 5 rp & Fh
VIR &S BRI E S P, NiMo &4+ Ni:Mo Ji+
kA 2.3:0.46, Ti:O &7 Lt 1:3, HZ &M OFAl Ni**
B AR, AR RS B R NI-O #, 1E TiO,
ok b E AR WS, 902K 7 Fl MoS, # HE g4 oK

e H B AL 45 52228, 38 N MoS, 48k A K
PR THESR, FNERELE NiMo &£ MEs
FRHEDN AT Be B AR R R, AR T HER JSL E
170 LA &5 SRV 0, 38 3o 5 %) BH A 48 Ak A LT
R I % T NiMo/TNASs 45K [ 51
2.2 NiMo/TNAs B B £ Z 46

X NiMo/TNAS B B4 Sy 7K 43 fife FL AR 44,77 1) AL
SPEREHEAT AL . B4k, J@IETE 0.5 mol/L H,SO, L
fige JoT A T R = AR R SR FERE AN HER
PEo N TRV S HO AL R PERE I RE i, 43 3
S0 PR R Mo B 1 I R R R AR R IR R SR A
HARSH %R 2 k. XHFES AT B 2EA 0, K 4
A [ F R PR 2 A A AR 2245 B A AL (LSV) il
2. HAE da A AT AR HL U A R I SR AS R AR
i A8 A& %, AT LU B 25 UORR H U R B K
FE & 7E 345 — 5 HE U I BT T 0 3 R A 2 D
Jo SR, 3R I b S PR AE DURR R R
1~15 mA cm i B 7, 1 0RR FLIAT 25 BE T 15 mA em™?
BHYEPE N B, SUcEIES, B & 4b %D, BEAE AR
Mo B TIREEM 0 gL 8% 16 g L7 i (I FE S 23
LR, A 4 gL WIRE — E IR EE
(0t F A7 50N, 2 T F A B o B TR P I R
B, 2 SHITRBR R KERERZREGW, ©4%E
BEAUKE R, TR G PR AR L T R T AR, TR AL AUE
B, FRH] T NiMo/TNAS [ 51 4 4k 12 Bg i 3t —
7B

B2 TNAs, NiMo/TNAs 1 NiMo/TNAs )% Bt SEM TE37 LA & NiMo/TNAs ] EDS J6 % [ 14
Fig.2 SEM morphologies of TNAs (a), NiMo/TNAs (b) and pipe wall of NiMo/TNAs (c); EDS element mappings of NiMo/TNAs (d)
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Fig.3 XPS spectra of NiMo/TNAs: (a) survey, (b) Ti 2p, (c) O Is, (d) Ni 2p, and (e) Mo 3d

% 2 NiMo/TNAs RTINS 5
Table 2 Electrodeposition parameters of NiMo/TNAs

Concentration of Mo/g 1. Current density/mA <m™ N 0
2 ; é ol /—'
4 10 R IR
8 15 8 6ol T iemae
16 20 g —— 20 mA <m?
3 -80f
1 NiMo/TNAs 11 5 NiMo/Ti. TNAs #1 f Pt/C 100 T T 0E 0403 52 01 0.0
PR ) PR AL 2 M B HEAT X EL . B Ba Dy 4 R Ak s AR 11 .
LR R R B (LSV) gk, 253 %M, 3
NiMo/TNAS 23l th # {f 57 ) HER REMPERE, HlA g
ML 50 mV, M BI7E 110 A1 227 mV ¥ g T 2401 o Moost:
EIREDKZ 10 A1 100 mA em™ (LR, MLLET 8 go| T peaet
NiMo/Ti (375 mV/10 mA ¢<m™®) I TNAs (477 mV/ 10 2 e
mA em?) BRI, I 5 M E KRR Tio, A S
NiMo & 4 # 25 M AL I 1 HER e thi, 14 10080706 05 04 0302 01 0.0
TiO,@WS, 4K A4 (142 mV) 2, Ti0,@Co,Sg Potential/\/ vsRHE

(139 mV) 4 NiMo/Ni(OH),/CC (132 mV) M4y,
F, MR B ERSE R, BUE TIO, HKE Lyt E 4 REVUR AT Mo B T4 I (RUTRUE 5 L

P NiMo & & HERS A 2 ™ HER TERE. Tafel &k L
—HZIEBH X — 451 (& 5b), Tafel £ F 4% lx b HER Fig.4 LSV curves of deposited samples with different
RLE)J1%, HiE HER SR SEHIE R, HER 1258 deposition current densities (a) and Mo ion

TR AECE (Volmer N, X (2)), )5 concentrations (b)
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Fig.5 Electrochemical performance of different electrocatalysts: (a) LSV curves, (b) Tafel plots, (c) CV curves of NiMo/TNAs, and

(d) Cq value at different scan rates

2ok eI B 2B B8 (Heyrovsky 3, =X (3)) HiA &
ML (Tafel e, X (4)). NiMo/Ti. TNAs.
NiMo/TNAs ] Tafel &} 2 53 5l i4 $ 151.5,149.1 1 96.6
mV dec’. H NiMo/TNAs [ Tafel £12%a] &1, Hog
i35 B CL A0 A Heyrovsky Jz % 8, Tafel 25 .

H30++e_—>Had+Hzo (2)
HagtHa—Ho (3)
H30++Had+e_—>H2+Hzo (4)

LG IR 2208 (CV) D& AL 77 1) A 2 3
KA, B 5¢ v NiMo/TNAs ) CV #iZk, 7E 12~100
mV s [ F R R R B R REE, HF—ik
P A (1) FEL Y % 5 25 MR T 1S K 1] Bd e AT A T E B
T 3 AL AL TR T R (ECSA), R &t
i Ak 7 5 52 10 & VE AL S 8. NiMo/TNAs I XUE HL &

(Cq) fHik#] 38.3 mFcm?, & TNAs F1 NiMo/Ti ]
5 f%F1 190 1%, % B NiMo/TNAs f 44 732 L 5 % (1 3%
PR 2 5B A N, ek i #, i HER
SANAZI WAL=

P 6a A& NiMo/TNAs. NiMo/Ti 55 TNAs ] Nyquist
K, KK 6b faE i g AT I, AR — B
F BH Ry —ME 7 HLBE Reg A1 — AN ML A 70 (CPED,
LG 25 R T HLAR A R 5 H AR R R] (¥ T35 A 3 7
2R, HoA, NiMo/TNAs [ Ry fE (1.02 Q) /M T
NiMo/Ti(3.17 Q) F1 TNAs(71.62 Q), % B NiMo/TNAs

PR A 71 11 P 2 % SO 23 B S NP, 7 P AT % T B Rt
K Heyrovsky S F1 Tafel f28. [, NiMo/TNAs
A R0 D 5 ) 8 e 9 A B VA T A B B T R
FMAE I TUAAT S5 R v VAL i R R .

IS, AR AR P A 17 A A R PE ol 2% 1
NYEREE B — AN EE bR, 2 ] % i M R AR AL )

10

o —=—TNAs &
—=— NiMo/Ti
—+— NiMo/TNAs

Bl 6 A AL B HL I Nyquist BRI Nyquist BII-E 1025 25 i 1%
Fig.6 Nyquist plots of different catalytic electrodes (a) and

equivalent circuit diagram for Nyquist graph fitting (b)
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() 2 s FUE S SR B E HE A FEL AR VE XS NiIMOo/TNAs 1)
Hr B MEHEAT IR, P& 7 B, 7E 3R Eh 35 mA ¢m™?
P40 HEL 9 ¢ R ) 1 L 7 FL A 15 h R 4% 1 T AR I F AR B AT
A HBIE AN, FTELE B NiMo/TNAs (1
R R E, 43t 12h iR a e, SR E
HH HL R A R AR PR e AN iy A 2 R TR E R R, A
B R AT S A PRI R
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Fig.7 Potentiostatic electrolysis curve of NiMo/TNAs at a

current density of 35 mA e¢m™
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Preparation of Highly Efficient HER Catalyst by TNAs Deposition of
NiMo Alloy Nanoarray

Wei Mian?, Li Jinting®, Zhou Yun?, Xi Shenggqi*, Gao Yuan®, Wu Hongjing®, Gan Yu?, Peng Wenshan®
(1. State Key Laboratory for Mechanical Behavior of Materials, School of Materials Science and Engineering, Xi’an Jiaotong University,
Xi’an 710049, China)
(2. Xi’an XD Surge Arrester Co., Ltd, Xi’an 710299, China)
(3. Key Laboratory of Marine Corrosion and Protection, 725th Research Institute of China Shipbuilding Industry Corporation,
Qingdao 266237, China)

Abstract: The preparation of efficient and stable non-precious metal catalysts is crucial for the development of electrolysis of water to
produce high-purity hydrogen. In this experiment, the NiMo/TNAs composite catalyst was prepared by a simple anodization method and
electrodeposition method. The NiMo alloy particles were stably coated on the unique curved and ordered interface of TNAs by the
electrodeposition method. When the deposition current and the electrolyte Mo ion concentration changed, the deposition state and catalytic
ability of NiMo also changed at the same time. The results show that the samples prepared under the conditions of deposition current
density of 15 mA <m and Mo ion concentration of 4 g L.* for 1 min have higher hydrogen evolution reaction (HER) catalytic performance.
NiMo/TNAs electrocatalysts with excellent catalytic activity are obtained through larger active surface area, more convenient ion transport
channels, and enhanced structural stability. The onset overpotential of the NiMo/TNAs catalyst is only 50 mV, and current densities of 10
and 100 mA ¢m are obtained at low overpotentials of 110 and 227 mV, respectively. Therefore, it is concluded that NiMo/TNAs catalysts
prepared by depositing NiMo alloy particles on TNAs nanoarrays have excellent catalytic performance and stability under acidic
conditions.

Key words: non-precious metal catalysts; electrodeposition; water electrolysis; titanium dioxide

Corresponding author: Xi Shenggqi, Ph. D., Professor, State Key Laboratory for Mechanical Behavior of Materials, School of Materials

Science and Engineering, Xi’an Jiaotong University, Xi’an 710049, P. R. China, E-mail: xishq@xjtu.edu.cn


mailto:xishq@xjtu.edu.cn

