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Fig. 1 X-ray diffraction patterns of as-quenched MggsNi,;Lag amorphous alloy (a), TEM image of graphene (b), TEM image of

RGO/Ag (c), raman spectrum of graphene-oxide, graphene and graphene/Ag composites (d) and XRD patterns of graphene and

graphene/Ag composites (¢)
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Fig. 3 Variation of discharge capacity versus cycle number (a), discharge potential curves of electrodes at 20th cycle (b), anode
polarization curves of electrodes at 50% depth of discharge at 27 ‘C (c) and electrochemical impedance spectra of electrodes at 50%

depth of discharge at 27 °C, inset is photograph of equivalent circuit (d)
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Table 1 Maximum discharge capacity (Cy.x), capacity retention after 20 cycles (Cy), limiting current density /;, contact resistance

R., and charge-transfer resistance Ry of Mg-Ni-La+xG/A electrodes at 27 C

Sample Chax/(mAh-g ) Cy capacity retention/%  [i/(mA-g')  R,/mQ R/Q
MggsNiysLag 610.8 79.86 2233.4 917 3.08
MggsNiy;Lag with 20% G/A 814.8 85.76 5672.3 117 1.77
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Fig. 4 SEM images ((a), (b)) of EDS pattern (c) MgesNiy;Lag

amorphous samples without G/A charged—discharged for 50

cycles
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MggsNip;Lag  amorphous samples with 0.2 G/A  charged-
discharged for 50 cycles
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Fig. 6 Schematic diagram of disintegration and surface oxidation for Mg-based electrode alloy during charge/discharge cycling

- Hybrid P S
o e YoM <A T
(%) 0 T X 5
Ag’ J == ;
' GO
Reduction
Electrode alloy
Coated .:--.‘/\'T{‘A,"‘“
+ / Ay
e
N ~ Electrode alloy Ag-RGO

7 G/A GUKE SRR IR M A BN R

Fig. 7 Schematic diagrams of surface modification for Mg-based electrode



28 455 3 )

EER, % ABMARIK G IR Mg-Ni-La 00505 6 (12 1 otk L 515

32
il

WSS T 2.54 4%, AR LG TREAR T 87.2%.

HLR & & i R A S i 610.8 mAh/g BT R
814.8 mA'h/g, Zid 20 MEFL G K A E AR FF R H
79.86%TF 4 85.76%, ‘s T H LA ERE

REFERENCES

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

SCHLAPBACH L, ZUTTEL A. Hydrogen-storage materials for
mobile applications[J]. Nature, 2001, 414: 353—358.

TURNER J A. Sustainable hydrogen production[J]. Science,
2004, 305(5686): 972-974.

JAIN I P, LAL C, JAIN A. Hydrogen storage in Mg: A most
promising material[J]. International Journal of Hydrogen Energy,
2010, 35: 5133-5144.

QU J, WANG Y, XIE L, ZHENG J, LIU Y, LI X. Superior

hydrogen absorption and desorption behavior of Mg thin films[J].

Journal of Power Sources, 2009, 186: 515-520.

W, BiWEE, &, &, N 9, FFER.
Al-Mg-Mn-Sc-Zr 5 St FE BB EEK WM AL 2. 12 ke e
JEERE[D). AT (4B AR, 2017, 27(2): 226-232.

XU Guo-fu, DUAN Yu-lu, QIAN Jian, TANG Lei, DENG Ying,
YIN Zhi-min. Microstructure, mechanical properties and
corrosion properties of friction stir welded Al-Zn-Mg-Sc-Zr
alloy[J]. The Chinese Journal of Nonferrous Metals, 2017, 27(2):
226-232.

M2 A, ERAl, e, R, #omk. Gd BN
A Mg-Nd-Sr-Zr &8I AT A RS2, B
&R 2AR, 2016, 26(11): 2319-2325.

TAO Xue-wei, WANG Zhang-zhong, ZHANG Xiao-bo, BA
Zhi-xin, DONG Qiang-sheng. Effect of Gd ion implantation on
biocorrosion behavior of solution treated Mg-Nd-Sr-Zr alloy[J].
The Chinese Journal of Nonferrous Metals, 2016, 26(11):
2319-2325.

BMAE, HOR, AXE, PR, BRRA. Ca GEY
Mg-Zn-Gd-Ca R A HL IR AL S ERERIRD]. P IEA
4 @249, 2016, 26(9): 1859—1868.

WEI Cheng-bin, YAN Hong, DU Xing-hao, LUO Jun, CHEN
Rong-shi. Effects of Ca concentration on microstructures and
properties of rolled Mg-Zn-Gd-Ca alloys[J]. The Chinese Journal
of Nonferrous Metals, 2016, 26(9): 1859—1868.
VOITECH D, NOVAK P, CIZKOVSKY J, KNOTEK
V, PRUSA F. Properties of Mg-based materials for hydrogen

storage[J]. Journal of Physics and Chemistry of Solids, 2007, 68:

813-817.
XA, M, EHA, SRR, AERept. B MER K LT
JEXF Mg-Hg-Ga &4z WA S35 oMk e ff s mm (], &

[10]

[11]

[12]

[13]

[14]

[15]

[16]

B4 E AR, 2017, 27(1): 32-39.
FENG Yan, WANG Ri-chu, PENG Chao-qun, LI
Effect

LIU Li,

Xiao-geng. of homogenizing and extrusion on
microstructure and corrosion resistance of Mg-Hg-Ga alloy[J].
The Chinese Journal of Nonferrous Metals, 2017, 27(1): 32—39.
Hegk, B H, S, MR, FEE, O gkt
PEXT B IE A Mg-Gd-Nd-Sr-Zn-Zr &4 12 5 ) il e 1) 5%
mi[J]. HEA AR R, 2016, 26(3): 526-534.

ZHANG Xiao-bo, YIN Qiao, MA Qing-long, BA Zhi-xin,
WANG Zhang-zhong, WANG Qiang. Effect of aging treatment
on mechanical and corrosion properties of as-extruded
Mg-Gd-Nd-Sr-Zn-Zr  alloy[J]. The
Nonferrous Metals, 2016, 26(3): 526—534.

WS, (TR, JeAkE, RERZ. MnO,@graphene 5 &1
HEHER) T 6 B T AR AR H T 3 0 A0 D8 e I F A 7
PE[I]. R EAE G4 EER, 2016, 26(12): 2596-2604.

WANG Ya-guang, HE Ze-qiang, LONG Qiu-ping, XIONG

Chinese Journal of

Li-zhi. Preparation and catalytic activity for cathodic oxygen
reduction reaction in microbial fuel cell of MnO,@graphene
composites[J]. The Chinese Journal of Nonferrous Metals, 2016,
26(12): 2596-2604.

Hwe, Boangz, W o, e, aKMeAR, ZRALEL ERE
CNTs SHFIXT ABS Ul & & LAk AL YERE R A )],
A 4 243, 2016, 26(10): 2160-2165.

TIAN Xiao, DUAN Ru-xia, HAI Shan, TEGUS O, ZHANG
Huai-wei, LI Xing-guo. Effects of ball-milled CNTs as
conductive agent on electrochemical properties of ABS-type
hydrogen storage alloy electrode[J]. The Chinese Journal of
Nonferrous Metals, 2016, 26(10): 2160-2165.

LI X, CAI W, AN J, KIM S, NAH J, YANG D, PINER R,
VELAMAKANNI A, JUNG I, TUTUC E, BANERJEE S K,
COLOMBO L, RUOFF R S. Large-area synthesis of
high-quality and uniform graphene films on copper foils[J].
Science, 2009, 324(5932): 1312-1314.

ZHU Y, MURALI S, CAI W, LI X, SUK J W, POTTS J R,
RUOFF R S. Graphene and graphene oxide: Synthesis, properties,
and applications[J]. Advanced Materials, 2010, 22(35):
3906—3924.

HU S, LOZADA-HIDALGO M, WANG F C, MISHCHENKO
A, SCHEDIN F, NAIR R R, HILL E W, BOUKHVALOV D W,
KATSNELSON M [, DRYFE R A W, GRIGORIEVA 1V, WU H
A, GEIM A K. Proton transport through one-atom-thick
crystals[J]. Nature, 2014, 516(7530): 227-230.

PUN W, SHIGN, LIU YM, SUN XL, CHANGJK,SUNCL,
GER M D, CHEN C Y, WANG P C, PENG Y Y, WU C H,
LAWES S. Graphene grown on

stainless steel as a

high-performance and ecofriendly anti-corrosion coating for



516

hEA SR R

2018 4F3 A

[17]

[18]

[19]

[20]

(23]

polymer electrolyte membrane fuel cell bipolar plates[J]. Journal
of Power Sources, 2015, 282: 248-256.

ZHANG Zhi-yi, ZHANG Wen-hui, LI Dian-sen, SUN You-yi,
WANG Zhuo, HOU Chun-ling, CHEN Lu, CAO Yang, LIU
Ya-qing. Mechanical and anticorrosive properties of
graphene/epoxy resin composites coating prepared by in-situ
method[J]. Int J Mol Sci, 2015, 16: 2239-2251.

SUN Wen, WANG Li-da, WU Ting-ting, WANG Meng, ZHENG
Qin-gang, PAN Yan-qiu, LIU Gui-chang. Inhibiting the
corrosion-promotion activity of graphene[J]. Chem Mater, 2015,
27:2367-2373.

SUN Wen, WANG Li-da, WU Ting-ting, PAN Yan-qiu, LIU
Gui-chang. Inhibited corrosion-promotion activity of graphene
encapsulated in nanosized silicon oxide[J]. J Mater Chem A,
2015, 3: 16843—16848.

WANG Guo-xiu, YANG Juan, PARK J, GOU Xing-long, WANG
Bei, LIU Hao, YAO J. Facile synthesis and characterization of

graphene nanosheets[J]. J Phys Chem C, 2008, 112: 8192—8197.

SI'Y C, SAMULSKI E T. Synthesis of water soluble graphene[J].

Nano Lett, 2008, 8: 1679—1683.

WOWE, TER, FEE, RARE, T OB, W%, W ORE,
FEA IR, XA A& Mg-Ni-La W& & & b 2R S0
e e S HLEI D] T E AT 4R R, 2014, 24(12):
3059-3065.

HUANG Lin-jun, WANG Yan-xin, TANG lJian-guo, WU
Dong-chang, WANG Yao, LIU Ji-xian, HUANG Zhen, JIAO
LIU Jing-quan.

Ji-qing, Hydrogen-storage mechanism of

amorphous Mg-Ni-La hydrogen-storage alloys in
electrochemical absorbtion/desorbtion process[J]. The Chinese
Journal of Nonferrous Metals, 2014, 24(12): 3059-3065.

BORE, HRE, ML, OB, XI4R%E. PR

(Mgro.6Nizo 4)ooLag W2 £ G IR 44 A4 S Fo Ak 2 Pk BE IR WA D).

[24]

[25]

[26]

[27]

[28]

[29]

[30]

rf A 0 4 23R, 2010, 20(3): 516-521.

HUANG Lin-jun, TANG Jian-guo, ZHOU Yi-fan, WANG Yao,
LIU Ji-xian. Effects of melt-spinning velocity on microstructure
and electrochemical properties of Mg-Ni-La alloys[J]. The
Chinese Journal of Nonferrous Metals, 2010, 20(3): 516—521.
HUANG Q, WANG J, WEI W, YAN Q, WU C, ZHU X. A
facile and green method for synthesis of reduced graphene
oxide/Ag hybrids as efficient surface enhanced Raman scattering
platforms[J]. Journal of Hazardous Materials, 2015, 283(10):
123-130.

SUN Y, XIA Y. Shape-controlled synthesis of gold and silver
nanoparticles[J]. Science 2002, 298 (5601): 2176-2179.

NIU H, NORTHWOOD D O. Enhanced -electrochemical
properties of ball-milled Mg;Ni electrodes[J]. International
Journal of Hydrogen Energy, 2002, 27(1): 69—77.

HN, WAL BKBEG, EAME. La-Mg-N iR & RIa AR
TERAOPLEELT]. R, 2011, 41(1): 11-14.

DONG Xiao-ping, YANG Li-ying, GENG Xiao-guang, WANG
Shao-kai. The cyclic capacity decay mechanism of La-Mg-Ni
system alloy[J]. Battery Bimonthly, 2011, 41(1): 11-14.

LIU W, LEI Y, SUN D. A study of the degradation of the
electrochemical capacity of amorphous MgsNiso alloy[J].
Journal of Power Sources, 1996, 58(2): 243—247.

POZZO M, ALFE D. Hydrogen dissociation and diffusion on
transition metal (= Ti, Zr, V, Fe, Ru, Co, Rh, Ni, Pd, Cu,
Ag)-doped Mg(0001)
Hydrogen Energy, 2009, 34(4): 1922—-1930.

surfaces[J]. International Journal of
QIAN L, QIN L, LIJUN J. Properties of hydrogen storage alloy
(x=0.05, 0.1,
synthesis[J]. Journal of Alloys and Compounds, 2003, 359(1/2):
128-132.

Mg, AgNi 0.5) by hydriding combustion



55 28 4255 3 U] FE S5 A7 SRRSO S Mg-Ni-La 20 A G AR T Ve LB 517

Surface modification and mechanism research of amorphous Mg-Ni-La
hydrogen storage alloy with graphene/Ag nanocomposite

WANG Yan-xin, HUANG Lin-jun, TANG Jian-guo, WANG Yao, LIU Ji-xian

(Institute of Hybrid Materials, College of Materials Science and Engineering, Qingdao University, Qingdao 266071, China)

Abstract: A new graphene/Ag (G/A) nanocomposite additive was prepared successfully through oxidation/ reduction
method. MggsNiy;Lag amorphous alloy was prepared by melt spinning. The amorphous alloy was successful modified
with G/A through high energy ball milling. The G/A was characterized by high-resolution transmission electron
microscopy (HRTEM), X-ray diffractometry (XRD), Raman spectrometry and scanning electron microscopy (SEM),
respectively. The results show that a coiled structure is present with the size between 2—5 um for graphene, the silver
nanoparticles with the size of 10—20 nm evenly disperse on the graphene sheets. The electrochemical performance
determination is executed on the three electrode cell tester. The experimental results show that the oxygen content on the
surface of the modified alloy decreases from 21% to 10%, the G/A film can effectively prevent alloy from corrosion and
cracking, the limiting current density of modified alloy increases by 2.54 times than that before surface modification, the
contact electrode impedance is reduced by 87.2%, the highest discharge capacity of the modified alloy increases from
610.8 to 814.8 mA-h/g, the discharge capacity retention rate of 20 cycles increases from 79.86% to 85.76%, significantly
improves its electrochemical performance.

Key words: Mg-Ni-La hydrogen-storage alloy; graphene; microstructure; electrochemical property; surface modification
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