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Preparation of High Energy Density Lithium Anode for

Thermal Batteries and Electrochemical Properties Thereof
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Abstract: In order to increase the electrochemical performance of thermal battery anode, LIFT anode having the same weight

but a larger lithium content in electrodes was fabricated by mixing lithium, iron and titanium. By applying these electrodes, a

single cell and a thermal battery were prepared, and the effect of LIFT anode on electrochemical performance was evaluated.

The LIFT-applied single cell presented a better cell performance than LIFe-applied single cell at 500°C and 550°C. The discharge

performance of LIFT-applied single cell, which included the operating time (787s), specific capacity (1,683 Asg™!), and electrode
utilization (80.7%), was improved collectively compared to the LIFe applied single cell (736s, 1,245 As g'!, and 74.6%) at 500°C.

As the discharge progressed, the internal resistance of LIFT anode decreased, because the lithium migration path was formed

due to the presence of large titanium particles among iron particles. These results were analyzed in terms of the microstructure

of electrode using SEM. Energy density of LIFT-applied single cell also increased by 10% to 142.1 Wh kg™! compared to that of

LIFe-applied single cell (127.4 Wh kg'"). In addition, the LIFT-applied single cell presented a stable discharge performance for

6,500s without a short circuit which could occur by molten lithium under an open circuit voltage condition with a high pressure

(4 kgf cm™?). As observed in the high temperature thermal battery performance tests, the voltage and specific capacity of LIFT-

applied thermal battery are superior to those of LIFe-applied thermal batteries, indicating that the energy density of LIFT-applied

thermal batteries should remarkably increase.

Keywords: Lithium anode, Titanium powder, Thermal batteries, Electrochemical property
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Fig. 1. (a) Li/Fe volume and weight design point of LIFe anode and
(b) Li/Fe/Ti volume and weight design point of LIFT anode.
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Table 1. The physical properties of Li anode.
Li anode
Contents
LIFe LIFT

Li contents (%) 12 15

Li volume (%) 66.7 66.7

Thickness (mm) 0.68 0.68

Density (g/cm?) 2.98 2.39

Cup Mesh

Fig. 2. The photography of LIFe and LIFT.
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Heat & Pressure
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Heat & Pressure

Fig. 3. Thermal single cell test assembly.

Fig. 4. (a) SEM image of Fe powder, (b) Ti powder, (c) BSE image of LIFe anode, (d) LIFT anode (bright area: Fe, dark area: Li), (¢) SEM
image of LIFe anode (lithium morphology), and (f) LIFT anode.
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Fig. 5. Discharge performance of LIFT and LIFe anode single cell at 500°C (a) time graph, (b) pressure graph, (c) total polarization, and (d)

specific capacity.

Table 2. The electrochemical performance of LIFT and LIFe electrode at 500°C.

Specific capacity Single cell energy density

Electrode OCV (V) Operation time (s) (As &) (Wh ke')
LIFT 2.07 787 1,683 142.1
LIFe 2.07 736 1,245 127.4
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Fig. 7. Discharge performance of LIFT and LIFe anode single cell at 550°C, (a) time graph, (b) pressure graph, (c) total polarization, and

(d) specific capacity.
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Table 3. Discharge results of LIFT and LIFe thermal batteries at 63°C.

405

3.5 d¥MX dsAH

1 A}RQ LIFT A=o] tre] Al Hx]3
8 sotol A=) st g sfels
@il ols }%}OE LIFT A=1} LIFe A2g & 85}0]

= 51 -2
247} 26782 Aot 2, dkgf o fH oz ATAE A
Areteich. QAR AR A2 nsto] 63°ColA 24
AP AR E0.3Am? e Aedr 2 ™| GHAES
S35l 7 Auks 73 9% 1 30 YERI QT Aol
(a) 60
—LIFT
——LIFe
50
S 404
o cutoff : 39V
=
S 30
o
>
20
104
Current density : 0.3A/cm?
0 - T T T T
0 400 800 1200 1600 2000
Specific capacity (As g”)
(b) 60
—LIFT
504 ‘ﬂ_uf:e
S 40+
:: cutoff: 39 V
2 30+
o
5]
> 20
10
04
l‘) 2‘0 4'0 6'0 8'0 100

Li capacity utilization (%)

Fig. 9. Discharge performance of LIFT and LIFe anode thermal
battery at 63°C.
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LIFe 53.9 1,243 74.5 80.2

% Cutoff: 39V



406 J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 35, No. 4, pp. 398-406, July 2022: Im et al.

S
e

Ba)
Ir
N
Ja)

ST

>,
[
ftjo
Il
o2l
ol
ol
Rl

2 A A Y E
THE 7T @Y A
9(a)oll e vt
g ARX| 9] OCV
9 VE o9l A2 ghatstt of 2.073 VE S
2 "R A Ao = ET_L;]'—'_—' & X]2] OCV7} 550°C

& AR Y5 29 271
{to] o} AAIE dol
Z20] AMA| BT XMETt
Alshe EO] 1 A9ke]

)
o 4y rif
o g
Pt oox 4
Hu o offt

T

fo

et
4>
b4}

= 9 A

>, o
)
ol
o,
4]

I‘IF rO

c}.

NN

TN ofo
o[:o o

g3 mi

g
=
s
._]
o ra
-'LJ
e
.
s
@D
r)l
g
m[o

2 J

o Jm pQ rE B o Lo 2
19
i by
o
Zd
L
o -
|-G:
)

C
o
§ ;
\o

F 30 e viel o], 39 V (cut off)5 7|F0=2
LIFT A3 A& dMA|9] v g 1,640 As gl (085
78.7%) 0.2 LIFe Mx]9] 1,243 As g (0] &8 74.5%) U}
H] oF 20% o]4F Z7tshS & 4 oot [’ 9(b)]. v &=
Y 085S B o, A[Zto] HEHA Y1 o] Z7I5HA
1, o]of wra}t 550°C the] Al A3l Ate} QApste stolst
4 ok AR A}t o] &59 Apol= oA Hgst upet
Zo], Yol FutstaE LIFT A =29] 3252 Qlstd 2
5O 4t ol FRE Pl flEoR FEENY ®
gt LIFT A= A8 d4X]¢} LIFe A= A8 XA 9] I
YA e 717 85.3 Wh kg™, 80.2 Wh kg '2 LIFT A
=& A835 EHA 9 YA Dot SIS & 4 ok
=& LIFe A= tfv] 558 &
&S ootes AMAT £ Q7]
71 2ot opuzt o] 2 Qs dYe] FA ¢

12 4 Qlct. o]of we} LIFT OWKH %
AL7]0] 2 EG1t oAl W= g ZT7HAZ & QI

all
g, HEgS 2Y35ho] LIFT =2 AAFSHAAL, Ul A 2
A, B 2 H587E R @A GRAAE S B AIst
58 £ 2451 500°C X 550°Col A A H-&
Aoyt Aat, LiFe ASEG 8o s 5580 =2
LIFT d=0] Wilo] Aldd 2= 2] &2 o]52 A
sto g xn, UBAFo] ZHAsty Aso] FAES oA

2 BN Zato] &5kt 2§59 v+ 448 &olst
7] 95 OCV 1@,01]/&15 oF 6,500% o]4 &9 2l &Y
o 9lo] OFAJ Al 0 2 AMEs}olTt. Olﬂﬁ}%@_iLlFT’ﬂ
=9] 8]-8%F U oL x| W=7t LiFe A=of 8]l 243HS
lg 2 Qi Zh A=-2 A5t AR A WA At
oM %, 39 V (cut off)2 7]&0 2 LIFT AX|Q] v &
1,640 As g 1, oyx] ¥% 85.3 Wh kg ' 2 LIFe Ax|9]

1,243 As g'!, 80.2 Wh kg 'o]] u]a]] 95312 2telatel

41

ORCID
Jang-Hyeon Cho https://orcid.org/0000-0003-0832-6323

(1]

(2]

(3]

(4]

(5]

6]

(7]

(8]

(%]

[10]

[11]

[12]

REFERENCES

Y. Choi, S. Cho, and Y. S. Lee, J. Ind. Eng. Chem., 20,3584 (2014).
[DOIL: https://doi.org/10.1016/j.jiec.2013.12.052]

Y. Choi, H. R. Yu, H. Cheong, S. Cho, and Y. S. Lee, Appl. Chem.
Eng., 25,161 (2014). [DOI: https://doi.org/10.14478/ace.2013.1123]
D. E. Reisner, T. D. Xiao, H. Ye, J. Dai, R. A. Guidotti, and F. W.
Reinhardt, J New Mater. Electrochem. Syst., 2, 279 (1999).

G. C. Borser and J. R. Moser, Molten Metal Anode, US patent
3,930,888 (1976).

D. E. Harney, Iron-Lithium Anode for Thermal Batteries and
Thermal Batteries Made Therefrom, US patent 4,221,849 (1979).
C.N.Im, H. K. Yoon, T. Y. Ahn, J. S. Yeo, S. H. Ha, H. R. Yu, S.
S. Baek, and J. H. Cho, 4ppl. Chem. Eng., 29, 696 (2018). [DOI:
https://doi.org/10.14478/ace.2018.1048]

C.N.Im, C. H. Choi, H.R. Yu, T. Y. Ahn, H. K. Yoon, J. S. Yeo,
and J. H. Cho, Batteries Supercaps, 4, 304 (2021). [DOI:
https://doi.org/10.1002/batt.202000211]

C.N.Im, T. Y. Ahn, H. R. Yu, S. H. Ha, J. S. Yeo, J. H. Cho, and
H. K. Yoon, J. Korean Inst. Electr. Electron. Mater. Eng., 32, 165
(2019). [DOI: https://doi.org/10.4313/JKEM.2019.32.2.165]

J. Wang, H. Wang, J. Xie, A. Yang, A. Pei, C. L. Wu, F. Shi, Y. Liu,
D.Lin, Y. Gong, and Y. Gui, Energy Storage Mater., 14,345 (2018).
[DOIL: https://doi.org/10.1016/j.ensm.2018.05.021]

S. H. Wang, J. Yue, W. Dong, T. T. Zuo, J. Y. Li, X. Liu, X. D.
Zhang, L. Liu, J. L. Shi, Y. X. Yin, and Y. G. Guo, Nat. Commun.,
10, 4930 (2019). [DOI: https://doi.org/10.1038/s41467-019-12938-4]
P.J. Masset and R. A. Guidotti, J. Power Sources, 177, 595 (2008).
[DOIL: https://doi.org/10.1016/j jpowsour.2007.11.017]

D. Bernardi and J. Newman, J. Electrochem. Soc.,134, 1309 (1987).
[DOIL: https://doi.org/10.1149/1.2100664]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /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.)
  >>
  /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 [612.000 792.000]
>> setpagedevice


