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Abstract: The Internet of Things (IoT) device is a key component for Industry 4.0, which is the network in homes, factories,

buildings, and infrastructures to monitor and control the systems. To demonstrate the IoT network, batteries are widely utilized

as power sources, and the batteries inevitably require repeated replacement due to their limited capacity. Magneto-mechano-

electric (MME) generators are one of the candidate to develop self-powered IoT systems since MME generators can harvest

electricity from stray alternating current (AC) magnetic fields arising from electric power cables. Herein, we report a magneto-

mechano-triboelectric generator enabled by a ferromagnetic-ferroelectric composite. In the triboelectric nylon matrix, a

ferromagnetic carbonyl iron powder (CIP) was introduced to induce magnetic force near the AC magnetic field for MME

harvesting. Additionally, a ferroelectric ceramic powder was also added to the MME composite material to enhance the charge-

trapping capability during triboelectric harvesting. The final ferromagnetic-ferroelectric composite-based MME triboelectric

harvester can generate an open-circuit voltage and a short-circuit current of 110 V and 8 pA, respectively, which were enough

to turn on a light emitting diode (LED) and charge a capacitor. These results verify the feasibility of the MME triboelectric

generator for not only harvesting electricity from an AC magnetic field but also for various self-powered IoT applications.
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Fig. 1. (a) Schematic illustration for the fabrication procedure of
MME composite sheet, (b) cross-sectional SEM images of the (i)
Nylon sheet, (ii) Nylon/CIP composite sheet, (iii) Nylon/CIP/PZT
composite sheet, (¢) XRD pattern of raw powders and composite
sheets, and (d) the graph of dielectric constant of composite sheets.
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Fig. 2. (a) Illustration of the working mechanism of composite-based
MME triboelectric generator, (b) schematic of the device structure
and MME triboelectric harvesting under AC magnetic field, (c)
photograph of the experimental setup used to characterize the electric
output of the MME generator, (d) measured output voltage, and (e)
current signals of the three different sheets.
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Fig. 3. (a) Circuit diagram of the electric rectifying and electronic
application process, (i) photograph of the breadboard used for the
connection of the LED (ii) and capacitor (iii), (b) lighting up of blue
LED utilizing the three different sheets, and (c) charging curves for
10 pF capacitor while MME harvesting using the different sheets.

J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 37, No. 1, pp. 112-117, January 2024: Lim and Hwang

2/CIP/PZT E3A| A|E= 400% =9t Z+2F09 V,
V7HR] SR E AT A ATAIY SA AIRE 5
+/CIP/PZT AT Hd&/CIP 53R T 52

7HR SRAE A=, ol S4AOl PZTY 72 =2 ot
27 288 R3] di2oltt. o] & &l & AFolA
Altd AAH-FRAd S8Ae APIdS 285t

LEDE A5l 1 AMAES SHE 4 AW/l HALL
oF29| $-go] 7153 EHAF 4 AY

2 AR E Ao R Q) opER7] Wo] o2
oAl MME bR 7] WAl 24FS AIALsIIch YL E
PFAZ OHETIAA A2 Hesigied), ke

A= MME 0p2717] 2R AL AAtsts
U 2o 27] R A9 Hlte] ex
BAPS - Rd B8A AlES AlATSHY
"ol CIPE A 2o =Qsto] Z3RA -
AEES AAsHA . ole A1 24
2RI CIP7} Atete|of SA] Al Eof A7
19100, o] & Qlaf A[7|Ako] Hojgl
7] 7ol o] oAt Eot Al2te AR

w19
4o mo ok
2 Jfg
)

ra

|
N

— 0
A
A

Z 1% ox & o

1&_,}

L

VS

o}

Jo
N oX
I

S

XN
g )

=2

A =

0.

E|

u

r2 o

wo oM

o
)

J
)
_>l:. olr
[
—_
]

i
42
(@]

=1
o] FAEo] MME 7] B £2o] &
UAd&/CIP 58712 U4L&/CIP/PZT 52 A] <]
Boke o Mg 1.58), AFE 48 F7t
&3l e 9itt. opxeto 2 MME
I LEDE 5 & Aen AHufjAH
t}. LED9] 3¢ UL 2/CIP/PZT B&A|7F Lt
IREG A AR CH, UdE A|EE ol &
| glo] LEDE #&& & ot 7AAIH
IE2 Bolld ATAIE S FHE > 99
b Ujo] 42 /CIP/PZT B34 A]E7}
2/CIP B3| A|EHCE =2 MR /g = A
AN 2 A5 S5l 7L MME ZFAHS
TAl= oSO AA = AREsH]of] 2717F A
20, AlAF Z7g o] ZHEstE AR S 7HA]
5ol MME oA 7] 27 7]9] &9
S AA, FHi& A7) 5 2ot
R AR A Q38 2 912 7102 d

>JE£
"
Kl
5 10

>
0%
s
i)
i
zo f

=S|
Sk A
=2 T

r U
T o
e NEM
=g
e 4%
EO\‘

3

u
o

L U
5
rh

>

C

mo T |o o md wl mu wl rob my O op a2
R A 2] ’

>

offl |‘>4

o -

= i

ol

- o

N i)

- 0

S 5

I
o}

)
N

N
N

= 2 T M —
A45t0), o ot loT A4l SN0z AU 238
2 oE AAES TAY 4 9 R0 st [13]

ORCID

Geon-Tae Hwang https://orcid.org/0000-0001-6151-3887



J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 37, No. 1, pp. 112-117, January 2024: Lim and Hwang

19
ol

(1]

(2]

(3]

(4]

(5]

[6]

(7]

(8]

[

(10]

(11]

R840l sHa ol 11u](2022)o]l

REFERENCES

J. Gubbi, R. Buyya, S. Marusic, and M. Palaniswami, Future
Gener. Comput. Syst., 29, 1645 (2013).

doi: https://doi.org/10.1016/j.future.2013.01.010

R. Haight, W. Haensch, and D. Friedman, Science, 353, 124
(2016).

doi: https://doi.org/10.1126/science.aag0476

D. Miorandi, S. Sicari, F. De Pellegrini, and I. Chlamtac, Ad Hoc
Networks, 10, 1497 (2012).

doi: https://doi.org/10.1016/j.adh0c.2012.02.016

M. S. Kwak, K. W. Lim, H. Y. Lee, M. Peddigari, J. Jang, C. K.
Jeong, J. Ryu, W. H. Yoon, S. N. Yi, and G. T. Hwang,
Nanoscale, 13, 8418 (2021).

doi: https://doi.org/10.1039/DINRO01336J

G. T. Hwang, V. Annapureddy, J. H. Han, D. J. Joe, C. Baek, D.
Y. Park, D. H. Kim, J. H. Park, C. K. Jeong, K. I. Park, J. J. Choi,
D. K. Kim, J. Ryu, and K. J. Lee, Adv. Energy Mater., 6,
1600237 (2016).

doi: https://doi.org/10.1002/aenm.201600237

A. Harb, Renewable Energy, 36,2641 (2011).

doi: https://doi.org/10.1016/j.renene.2010.06.014

S. Priya and D. J. Inman, Energy Harvesting Technologies
(Springer, New York, 2009) p. 4.

doi: https://doi.org/10.1007/978-0-387-76464-1

H. Song, D. R. Patil, W. H. Yoon, K. H. Kim, C. Choi, J. H.
Kim, G. T. Hwang, D. Y. Jeong, and J. Ryu, Energy Environ.
Sci., 13, 4238 (2020).

doi: https://doi.org/10.1039/DOEE01574A

J.Ryu, J. E. Kang, Y. Zhou, S. Y. Choi, W. H. Yoon, D. S. Park,
J. J. Choi, B. D. Hahn, C. W. Ahn, J. W. Kim, Y. D. Kim, S.
Priya, S. Y. Lee, S. Jeong, and D. Y. Jeong, Energy Environ.
Sci., 8, 2402 (2015).

doi: https://doi.org/10.1039/C5SEE00414D

H. Kim, H. Kim, and C. K. Jeong, J. Korean Inst. Electr.
Electron. Mater. Eng., 36,292 (2023).

doi: https://doi.org/10.4313/JKEM.2023.36.3.13

C. M. Baek, M. W. Kim, J. W. Lee, H. A. Kim, J. Y. Jung, J. H.
Yoon, H. I. Kim, Y. J. Park, G. H. Kim, S. H. Kim, S. H. Kim,
J. M. Kim, H. S. Lee, J. W. Jang, M. G. Jeong, J. H. Choi, S. Y.
Ha, S. Lee, H. S. Choi, and J. Ryu, J. Korean Inst. Electr.
Electron. Mater. Eng., 35, 639 (2022).

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

(24]

(23]

[26]

(27]

117

doi: https://doi.org/10.4313/JKEM.2022.35.6.15

W. Seung, H. J. Yoon, T. Y. Kim, H. Ryu, J. Kim, J. H. Lee, J.
H. Lee, S. Kim, Y. K. Park, Y. J. Park, and S. W. Kim, Adv.
Energy Mater., 7, 1600988 (2016).

doi: https://doi.org/10.1002/aenm.201600988

K. W. Lim, M. Peddigari, C. H. Park, H. Y. Lee, Y. Min, J. W.
Kim, C. W. Ahn, J. J. Choi, B. D. Hahn, J. H. Choi, D. S. Park,
J.K.Hong, J. T. Yeom, W. H. Yoon, J. Ryu, S. N. Yi,and G. T.
Hwang, Energy Environ. Sci., 12, 666 (2019).

doi: https://doi.org/10.1039/C8EE03008 A

A. Chen, C. Zhang, G. Zhu, and Z. L. Wang, Adv. Sci., 7,
2000186 (2020).

doi: https://doi.org/10.1002/advs.202000186

Y. S. Choi and S. Kar-Narayan, EcoMat, 2, €12063 (2020).
doi: https://doi.org/10.1002/eom2.12063

R. Zhang and H. Olin, EcoMat, 2, €12062 (2020).

doi: https://doi.org/10.1002/eom2.12062

J. E. Japka, JOM, 40, 18 (1988).

doi: https://doi.org/10.1007/BF03258115

P. Matecki, M. Krolewicz, J. Krzak, J. Kaleta, and J. Piglowski,
J. Intell. Mater. Syst. Struct., 26, 1899 (2015).

doi: https://doi.org/10.1177/1045389X15581522

L. Chang, Y. Zhang, Y. Dong, Q. Li, A. He, C. Chang, and X.
Wang, SN Appl. Sci., 1,902 (2019).

doi: https://doi.org/10.1007/s42452-019-0950-1

N. L. Burhannuddin, N. A. Nordin, S. A. Mazlan, S.A.A. Aziz,
N. Kuwano, S.K.M. Jamari, and Ubaidillah, Sci. Rep., 11, 868
(2021).

doi: https://doi.org/10.1038/s41598-020-80539-z

A. Wu, P. M. Vilarinho, .LM.M. Salvado, J. L. Baptista, C. M.
de Jesus, and M. F. da Silva, J. Eur. Ceram. Soc., 19, 1403
(1999).

doi: https://doi.org/10.1016/S0955-2219(98)00445-2

U. Sundar, S. Banerjee, and K. A. Cook-Chennault, Acad. J.
Polym. Sci., 1, 555574 (2018).

doi: https://doi.org/10.19080/AJOP.2018.01.555574

J. Jachowicz, M. Garcia, and G. W. Surel, Text. Res. J., 57, 543
(1987).

doi: https://doi.org/10.1177/004051758705700910

F. R. Fan, Z. Q. Tian, and Z. L. Wang, Nano Energy, 1, 328
(2012).

doi: https://doi.org/10.1016/j.nanoen.2012.01.004

Z. L. Wang, Faraday Discuss., 176, 447 (2014).

doi: https://doi.org/10.1039/C4FD00159A

S. Wang, L. Lin, and Z. L. Wang, Nano Lett., 12, 6339 (2012).
doi: https://doi.org/10.1021/n1303573d

G. Zhu, C. Pan, W. Guo, C. Y. Chen, Y. Zhou, R. Yu,and Z. L.
Wang, Nano Lett., 12, 4960 (2012).

doi: https://doi.org/10.1021/n1302560k




<<
  /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


