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Abstract Metal oxides (TiO,, Er,O; and ZnO) were
added to La—Mg—Ni-based hydrogen storage alloy elec-
trodes and their effects on the structural and electrochem-
ical properties were studied. The charge efficiency,
especially at high charge current density was greatly
ameliorated, and the high rate charge capability at
1440 mA g~ increased from 85.1% (blank) to 94.1%
(TiO,), 93.3% (Er,03) and 90.5% (ZnO). The high tem-
perature dischargeability was also improved in case of
TiO,, Er,0O3 and ZnO additives. These additives suppressed
formation of Mg(OH), and La(OH); during charge/dis-
charge process and therefore the cycling stability was
improved. The discharge capacity retention at the 200th
cycle increased from 72.9% (blank) to 79.6% (TiO,),
87.5% (Er,03) and 77.9% (ZnO).
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1 Introduction

Nickel/Metal hydride (Ni/MH) batteries have been widely
used in portable electronic devices, electric hand tools and
even electric vehicles owing to their good performances and
excellent environmental friendliness [1]. The commercial
ABs-type rare earth-based hydrogen storage alloys, how-
ever have been suffering from low discharge capacity as
negative electrode materials, not favorable for further
development of Ni/MH batteries [2, 3]. So it is urgent to
develop new types of alloys with higher capacity and other
electrochemical properties. Some recent research showed
that La—Mg—Ni-based ABs;-type alloys were promising
negative electrode materials for their comparatively higher
discharge capacity; however, this type of alloys should be
improved in their overall electrochemical properties, espe-
cially the cycling stability for practical application [4-7].
It was found that some 3d transition metal oxides
showed noticeable catalytic effect on hydrogen absorption/
desorption properties of hydrogen storage alloys [8]. It was
claimed that transition metals (TMs) combined with oxy-
gen played an important role during the sorption process,
which was probably related to the improved charge
exchange reactions with hydrogen molecules [9, 10].
Nb,Os was added to MgH,, partially reduced upon milling
process and improved the hydrogen sorption/desorption
kinetics for its 5+ less valence [11]. Iron oxides, Fe;O,4 and
Fe,03, were believed to increase H-absorption rate by
facilitating nucleation [10, 12]. As for use of metal oxides
as additives to negative electrodes of Ni/MH batteries, CuO
and ZnO were reported to form a protective layer to inhibit
oxidation of lanthanide, and therefore prolong cycle life of
the electrodes [13, 14]. The heavy rare earth oxides facil-
itate to improvement in discharging properties of Ni/MH
batteries either as an additive to the Ni(OH), electrode, or
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as an additive to MH electrode using ABs-type alloys as
main materials [15]. However, most of addition was
applied onto the ABs-type, and the exact mechanism on
hydriding/dehydriding was not clear yet.

In order to improve electrochemical properties of the
La—Mg—Ni-based alloy electrodes, some 3d transition
metal oxides (TiO, and ZnO) and heavy rare earth oxide
(Er,O3) were added to the electrode. Effects of these metal
oxides on electrochemical properties of La—Mg—Ni-based
alloy electrodes were studied.

2 Experimental

The La—Mg—Ni-based LaO.ggMgo' 1 2Ni2'90MHO' 1 ()CO()'S()
Alg 19 alloy was prepared by inductive melting under argon
atmosphere, followed by annealing treatment at 1,173 K
for 8 h. The chemical composition of annealed ingots was
examined by ICP. Then the ingots were mechanically
pulverized and ground in the air. X-ray diffraction (XRD)
patterns were obtained on a D/Max-2500/PC X-ray dif-
fractometer (Cu K, radiation), and then analyzed using a
Jade-5.0 software.

0.34 g alloy powders of 200400 meshes with 2 wt%
additives (TiO,, Er,O3 and ZnO) and 0.06 g carbonyl
nickel powders were mixed well with two drops of 3 wt%
PVA solution. The slurry was pasted onto both sides of a
foamed nickel (1.8 x 1.8 cm), dried completely in vacuum
at 333 K, and finally cold pressed under a pressure of
10 MPa. Electrochemical tests were performed in a system
consisting of metal hydride as working electrode, Ni(OH),/
NiOOH as counter electrode and 6 mol/l KOH solution as
electrolyte on a DC-5 battery testing instrument at 298 K.
The electrodes were fully charged (~50% over-charge
rate) at 72 mA g_l, and then discharged at the same cur-
rent density to cut-off voltage of 1.0 V. The intervals
between charge and discharge are 10 min. The full dis-
charge capacities were measured after the electrodes were
charged at different charge current densities (72, 144, 360,
720, 1080, 1,440 and 1,800 mA gfl) when high rate
charge ability (HRC) was measured. The high temperature
characteristics of electrodes were measured at 313, 323 and
333 K.

3 Results and discussion

Capacities of the electrodes with and without additives
during activation are shown in Fig. 1. It can be noticed that
the electrode without additive needs 8 cycles to achieve the
maximum discharge capacity, 334 mAh g~'. ZnO additive
reduces the activation cycle number to 4, and increases the
discharge capacity slightly to 338 mAh g~'. TiO, and
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Fig. 1 Activation curves of electrodes with and without additives

Er,03 decrease the discharge capacity slightly from 334 to
326 and 333 mAh g™ !, respectively.

The Ni/MH batteries will be more widely used if they
can be rapidly charged, and therefore the charge accep-
tance capability, especially for the negative electrodes,
should be improved [16]. The high rate charge capability
(HRC) at different current density is shown in Fig. 2. It can
be seen that the electrodes with metal oxides have higher
HRC values, and the difference is obviously seen when the
current density increases to more than 360 mA g~'. When
the charge current density increases to 1,440 mA g, the
HRC increases from 85.1% (blank) to 94.1% (TiO,),
93.3% (Er,03) and 90.5% (ZnO).

The effect of temperature on the electrochemical char-
acteristics is investigated by charging/discharging the
electrodes at 60 mA g~ ' current density in the temperature
range of 298-333 K. The high temperature dischargeability
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Fig. 2 HRC of electrodes with and without metal oxides
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Fig. 3 High temperature discharge characteristics of electrodes with
and without additives

(HTD) at different temperature is calculated according to
Eq. 1 and is shown in Fig. 3.

HTD(%) = " x 100, (1)
Caos

where Cr is the discharge capacity at a certain temperature,
mAh/g; C,og is the discharge capacity at 298 K. It can be
seen that the discharge capacity of blank electrode is very
sensitive to temperature and decreases sharply with
increasing temperature when the temperature is higher than
323 K. When metal oxides, TiO,, Er,O; and ZnO are
added, the decrease in discharge capacity is slow down. It
should be pointed out that TiO, addition help to keep
capacity when the temperature is below 323 K, and the
electrode with TiO, addition keeps 99.0% of its capacity at
room temperature. When the temperature increases to
333 K, the discharge capacity of all the four electrodes
decreases sharply, but the capacity of electrode with
additives is higher than that of the blank one. The high
temperature dischargeability increases from 84.9% (blank)
to 92.7% (TiO,), 91.2% (Er,03) and 89.5% (ZnO).

The -V polarization curves for hydrogen evolution
reaction (HER) are provided in Fig. 4. As shown, hydrogen
evolution over-potential increases as TiO,, Er,O3 and ZnO
are added to the electrodes. The increase in hydrogen
evolution over-potential suppress auxiliary hydrogen evo-
lution at last charging stage, improving charge efficiency,
even at high charge current density and at high tempera-
ture. Therefore, high rate charge capability and high tem-
perature dischargeability are improved after metal oxides,
TiO,, Er,O3 and ZnO are added.

In order to analyze effect of additives on cycling sta-
bility of the electrodes further, capacity retention rate S, is
defined as the following equation.
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Fig. 4 Galvanostatic polarization measurement for the electrodes
with and without additives

Sa(%) = <

max

% 100, (2)

where S, is the capacity retention at Cycle n, C, is the
discharge capacity at Cycle n, and C,,x is the maximum
discharge capacity. From Fig. 5 it can be clearly seen that
the discharge capacity retention rate of electrode with
additives is higher than that of the blank electrode, indi-
cating the cycling stability is improved by adding metal
oxides, TiO,, Er,O3; and ZnO. The discharge capacity
retention rate at the 200th cycle increases from 72.9%
(unmodified) to 79.6% (TiO,), 87.5% (Er,0O5) and 77.9%
(ZnO), respectively. Among the metal oxides, Er,O5 is the
most effective additive to improve the cycling stability.

It is generally believed that oxidation and pulverization
of alloy are the mainly reason for discharge capacity decay
of metal hydride electrodes. In order to see changes in
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Fig. 5 Cycling stability of electrodes with and without additives
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Fig. 6 XRD patterns of electrodes before and after 100 charge/
discharge cycles

phase structure after cycling, the XRD patterns are mea-
sured and shown in Fig. 6. It can be seen that the main
crystal structure remained even after 100 charging/
discharging cycles. Compared with the pattern for alloy
before cycling, some new peaks appear corresponding
to Mg(OH), and La(OH); which are formed during the
charging/discharging process. In the four patterns for alloys
after cycling, the intensity for peaks corresponding to
Mg(OH), and La(OH)j; varies for alloy electrodes with and
without additives. The XRD patterns have weaker peak

intensity of Mg(OH), and La(OH); for electrodes with
metal oxide additives. This indicates that the alloy elec-
trode with additives suffers from less serious corrosion
during charging/discharging process, which contributes to
a better cycling stability.

In light of small difference in XRD patterns, FESEM
images of electrodes with and without additives after
cycling are shown in Fig. 7. In Fig. 7a, surface of the
electrode without additive is covered with tiny needle-like
substance. EDS shows that elemental oxygen increases
remarkably, that is the substance covered on the surface is
Mg(OH), and La(OH);. In Fig. 7b—d scattered needle-
shaped hydroxide distribute on surface of the alloy parti-
cles, indicating that the oxide additives (TiO,, Er,O3 and
ZnO) are helpful to suppress oxidation of the alloy in
aqueous alkali, contributing to less serious degradation in
discharge capacity.

4 Conclusions

2 wt% TiO,, Er,0O3 and ZnO were added to AB;-type
hydrogen storage alloy electrodes and their effects on the
electrochemical properties were investigated. The electro-
chemical measurements showed that high rate charge
capability, cycling stability and high temperature dis-
chargeability increased in case of using metal oxide addi-
tives. The high rate charge capability The HRC at

Fig. 7 SEM images of electrodes after 100 charge/discharge cycles. a Blank electrode; b TiO,; ¢ Er,O3; d ZnO
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1440 mA g_l increased from 85.1% to 94.1% (TiO,),
93.3% (Er,03) and 90.5% (ZnO) owing to the catalytic
effect of the 3d transition metal oxides (TiO, and ZnO) and
the heavy rare earth oxides (Er,O3) on hydriding of the
alloy electrodes. These oxides addition suppressed oxida-
tion of the alloys in alkaline electrolyte during charging/
discharging cycles, and therefore cycling stability of the
electrodes was ameliorated. The discharge capacity reten-
tion rate at the 200th cycle mounted up from 72.9%
(unmodified) to 79.6% (TiO,), 87.5% (Er,O3) and 77.9%
(ZnO). The high temperature dischargeability was also
improved, increasing from 84.9% to 92.7% (TiO,), 91.2%
(Er,03) and 89.5% (ZnO) at 333 K.

Acknowledgements This work was financially supported by the
National Natural Science Foundation of China (20673093), the Nat-
ural Science Foundation of Hebei Province (B2007000303) and
Support Program for Hundred Excellent Innovation Talents from the
Universities and Colleges of Hebei Province.

References

1. Ruiz FC, Castro EB, Real SG, Peretti HA, Visintin A, Triaca WE
(2008) Int J Hydrogen Energy 33:3576

2. Bliznakov S, Lefterova E, Dimitrov N, Petrov K, Popov A (2008)
J Power Sources 176:381

10.

11.

12.

13.

14.

15.

. Wu MS, Wu HR, Wang YY, Wan CC (2003) J Appl Electrochem

33:619

. Kohno T, Yoshida H, Kawashima F, Inaba T, Sakai I, Yamamoto

M, Kanda M (2000) J Alloys Compd 311:L5

. Berezovets’ VV, Denys RV, Ryabov OB, Zavalii IY (2007)

Mater Sci 43:499

. Zhang Z, Han SM, Guan W, Li Y, Liu YW, Tong Q, Jing TF

(2007) J Appl Electrochem 37:311

. Cheng LF, Wang RB, Pu ZH, Li ZL, He DN, Xia BJ (2008)

J Power Sources 185:1519

. Oelerich W, Klassen T, Bormann R (2001) J Alloys Compd

315:237

. Zhang P, Wei XD, Liu YN, Zhu JW, Yu G (2008) Int J Hydrogen

Energy 33:1304

Huang ZG, Guo ZP, Calka A, Wexler D, Lukey C, Liu HK
(2006) J Alloys Compd 422:299

Hanada N, Ichikawa T, Hino S, Fujii H (2006) J Alloys Compd
420:46

Song MY, Kwon I, Kwon SN, Park CG, Park HR, Bae JS (2006)
Int J Hydrogen Energy 31:43

Wang CS, Marrero-Cruz M, Soriaga MP, Serafini D, Srinivasan S
(2002) Electrochim Acta 47:1069

Li Y, Han SM, Zhu XL, Ding HL (2010) J Power Sources
195:380

Tanaka T, Kuzuhara M, Watada M, Oshitani M (2006) J Alloys
Compd 408-412:323

. Raju M, Ananth MV, Vijayaraghavan L (2009) Int J Hydrogen

Energy 34:3500

@ Springer



	Effect of metal oxides on electrochemical performances of La--Mg--Ni-based alloys
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


