Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

ﬁ(@@ﬁ’ R A AR R BE R AK R B L MR
Zoht xF By KE YRT #Hxd NEE AW

Barium titanate dielectric regulation improved output performance of paper-based triboelectric nanogenerator
Liang Shuai-Bo  YuanTao QiuYang ZhangZhen Miao Ya-Ning Han Jing-Feng Liu Xiu-Tong
Yao Chun-Li

5] Fi{i5 &, Citation: Acta Physica Sinica, 71, 077701 (2022) DOI: 10.7498/aps.71.20212022

TELR T2 View online: https://doi.org/10.7498/aps.71.20212022

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

SET BRSO S LAY n] S B RE DR AR 1

Triboelectric nanogenerator based wearable energy harvesting devices

PyFEEEAR. 2020, 69(17): 170202 hitps:/doi.ore/10.7498/aps.69.20200867

WCARAR B RERY BE SR AN K R LBy PR A
Design and output performance of vibration energy harvesting triboelectric nanogenerator

YIBR2A4R. 2019, 68(19): 190201  hitps:/doi.org/10.7498/aps.68.20190806

TR B AR i B AR R BB S T

Design and research of non—contact triboelectric nanogenerator based on changing electrostatic field

YIBR2A4R. 2020, 69(23): 230201  hitps:/doi.org/10.7498/aps.69.20201052

BRARIIIE/ SR i I L5 S5 A oD S e 5 i

Interface modification and energy storage properties of barium titanate—based/ polyvinylidene fluoride composite

WIFREAR. 2020, 69(21): 217702 https://doi.org/10.7498/aps.69.2020103 1

22 FLERR I e 1l £ S A58 1) s v, R A

Preparation of porous barium titanate ceramics and enhancement of piezoelectric sensitivity

YA 2019, 68(5): 057701  https://doi.org/10.7498/aps.68.20181790

T RO K LA IS RE AR

Flexible sensor and energy storage device based on piezoelectric nanogenerator

WAL 2020, 69(17): 170701 https://doi.org/10.7498/aps.69.20200784



) 32 Z 3R Acta Phys. Sin. Vol. 71, No. 7 (2022) 077701

4

FRER SN T BRI = iR AR B R 4

MK & AL 5 P RET

Zih mHE HY KE YLy #=HEE XNFE AW

(FbatMolk IE bR A SRR, Jbat 100083)
(2021 4E 10 F 31 HUk#l; 2021 4E 11 A 18 HU &)

JEE R 40 K S i BILAE S — o BE 6 K LA R 5% B ol el BE R B B BB VR A Bk B A A B LIRS R T2 56
T, SR IR R H T IR R IR 22 B 1 o BRI 32 B 2. R FH 2 €0 IR LR 1 2T i b RL ) A JEE 52 4
K& ML e R )Y T2 20— ARG AT 7 2 2 AEK R L (BaTiO,) ME R}, 245 A0k ik 4L fn s
Feol Ve £ T AR R R KR A AR, R LV A I A R 4 2 AL T AR IR EE 4 K & FL AL (cellulose /barium
titanate-triboelectric nanogenerator, C/BT-TENG). 455 £ 1, BaTiO; MM A B E A T & & 4E9 XA H
WAL, C/BT-TENG Y% i PERERE S BaTiOs B2+ &N R TE, 78 4% 72 &, C/BT-TENG 9T i B &
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SRR, W R AR B iR 43 R PR A A i
BHOT=20 2R RS F R R, Hh iy e e 12
R AR LA, S T S R MR A 4R A
A A R IR M) P S AR BRI K
R FLAE AR RS 2 AR} 2122 el — i3
TFOE R 2T 2 28 4 R AR EE S 0 K PR LAY TE A
PRI BRI, RIREF 4 22 1) 2 11 L4072 B2 AT AEAIR,
— R BRI T B AR R AL PR RE.
B PR AR 2 3R PR 2 RE A R T T LA ok by R
TN 2854 . R 2 | B AR 45 T Bok 5
PR 25290 B et SR AR TR R A — P =X, S
W &2 TR UKL . i gIKAE | TCHLAK R, 55 D REURL
15 Je i PR 42 2k TSR B T JHC F e W 5 | 8 P A7 K
RE 7, 2 7B ray 9 T F A 2R 3, S IR BE MR G OK K r
B PERERGEET ] 26280, XpF2Fge R, WInT LI 5
PR A F R RE, IS N LG A 2 |
P HLATAETCR, LASE I 0 Fa A 2 B2 A i 119290,
KRN (BaTiOs) J&—FhEA &/ i 40 IR
S HLABTRE | 05 (R A M 0 R LM SRR i I TS LK
SR, 812 N AR TR | A A
FLBH A5 Tlb T BO3Y. SRl A RSE & 3R, #E PDMS,
PVDF “FEEHE 2R B2 BRI BUBRL /5, B ATHY
LR G R, DT B R AR AN K rEL AL
PEREAS 2 T BH B ARTE, SR KRR e PR B 4 2
A MERE T T IR RE ) B2 BB b, AT iR
KRR W] DU 4E R AR A Pk B, IR o
L7 Y Z AL R AR R L R, SR, E AT
R 35K 5 TR 4R
ARTFFE R FAATEF 2 L7 2 ] JFORE, AR KRR AN
WKL (BaTiOg) 244t HL 42 US 0 3R], >R I 125 125 4K
il T 4EE /BaTiOy A4 (C/BT). Ll C/BT
HAYUHEREER, BIURZM (PTFE) Ml N i
PR, A6 R B, M T 2R 4E R /BaTiO; &
B AR B A OK & HLBL (cellulose/barium titanate-
triboelectric nanogenerator, C/BT-TENG). & 4
58 1 BaTiO; i SR/ NERZN C/BT-TENG %i
HHERERISZMR, #4981 BaTiO, ¥} C/BT-TENG i
PERERY IR HLER, JfIA T C/BT-TENG [ TAF 5L

2.1 C/BT E5HKMIF&
B (K LRI #iK 25 mmx 25 mm

LRI R, R EF/KPIRH 12 h, ZJEHH
FIFTHAL (b B 2 5 480 98 g, S001B) T =
40°SR 227, MR BT LR A ), BRI E ALK I
GB/T 24325; H4 18 £ (1) 5% N s IOk e e e A 25 2 1
KA R 1.5% BTN I BV TR, LAX
WEAE R o3 WO R SR ), I AGE 40K BaTiO,
WOkE, 22 S5 R AR S AL BEER I TR U B TR
WA R . 2 GB/T 24326-2009 ¥ 3 &
O 60 gm 2 T, B IRINE : Rk
JERRERE 0.5%, fERIRAEAL 4 L ASlK, SR
TAHE T it 1.88 g MIFRREIERE, HE36 AT
T RFUY BaTiOs B TF M (BaTiOg 48+ 3 it &
FAr IR 0.5%, 1%, 2%, 3%, 4%, 5%), TEA T ZHY
Bk, BRI E] 7 L, PR T T B s
AT FIE, Bl S HE AR G TR RS AR

2.2 C/BT-TENG HI#l%&

A4 ATERER (1914 1H]) BT H 8 cm x 3 cm
KA C/BT-TENG HySZ# L%, ¥ C/BT
A YU PTFE @I E4 3 cm x 3 em BYIE
I, 2 5I4EN C/BT-TENG fY 1E #8822 Fil 61
PR PR B F A T [T RE R 54 3 em x 3 em
PIE T B I IR BE S22 A T, /% C/BT-TENG
PR PG . 38 XS e PP T 4 2 I A i 51 g — ]
53 L A SCAEIL I Wbty SR ISR T ERARRT T 1E
TR B 0T 1, 4531 C/BT-TENG.

2.3 MK ERIE

fil I F 7 W B (SEM, Hitachi-SUS010)
Xt C/BT Z A4, PTFE HIMOIE ST RAE. fii
21 4861 (FT-IR, PerkinElmer-Fron-
tier) 1 ATR B XSHE i AL F 25 A AT 3RAE.
I X $14:REREY (EDS, Bruker-Quantax) % C/BT
A URTTCR S A AT 04, (& o B
R T 53 H11¢ (Novocontrol-Concept 80) %f C/BT
S A AR ARXT A H e RIORN A BT R R SR A T 3RALE,
MR AE % R AT, AR AR A FE R E S 10—
106 Hz. ffi AT 84tk S 3A X C/BT-TENG jifi il
e AR AR TT, AU T R/INFATR 43 5
WEHN 8 N Hil 10 Hz, C/BT-TENG YT Al
JEL i P U 0 ) s B (B RS i, DS1102E) Al
Bk TAES (CHI-660E) R4 74N 13637,
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KA A METHRERS C/BTREEYK. T
3 HXREHiH 5 BaTiOy % ft I C/BT-TENG 1k fig 9 11,
1% T BaTiO; &H:H 0.5%, 1%, 2%, 3%, 4%, 5%

3.1 C/BT-TENG WH&SEARRIE

K 1(a) 7R T A4 0 2 R4k, A7 45 4 4 i
BE AT 22 R, AT 22 o ROST 5/ B9 L 2T 22 4y
Ji, JRET 22 2T Yl 3R> T HEMI I, LR 4ER R 1
W D- B A ociE e B-1-4 BB RE T .
K 1(b) 24 C/BT 5 4R # i e 18] 27 48
W F1 BaTiO; ﬁﬁi?@z@ﬁﬁn/\?ﬁ?{éﬁiﬁ”ﬁ%ﬁ”ﬁ
ae, FE B BT K R IR 2R AT, 8

ﬁ 3
= Fibrils bundles

-

Cellulose suspension

Paper former

1 (a) IMZREHRER; (b)

) C/BT E&4K, silkriclh C/BT-0.5, C/BT-1,
C/BT-2, C/BT-3, C/BT-4, C/BT-5. & 1(c) JE/x
T C/BT-TENG RY&5#: X047 ERARAE N S #%
LS, C/BT &4 40H PTFE W 543 5I4F ~ 1E #
FEAR IR R EESE)2 S JRaty VR Sy i, A
JEEAE 2 T TR BRI 7E 1R % 1

2(a) #MLT C/BT-4 Y SEM ROUIESRIA.
IR 2 fis, S5 ARRTH AR X V-5 27 4R 48 50 15 i

P{( OH )H 1
O. () \() 'T -0

( B -m\_\/"
~ /' OH
Fibril | OH HO |
Cellulose
() mcCu ®m C/BT

W PTFE M Print paper

BaTiOj3 dispersion
! —) © —)

C/BT paper C/BT-TENG

C/BT & & 4 % WA R B8 () C/BT-TENG 4% b 2

Fig. 1. (a) Diagram of hierarchical structure of bamboo; (b) schematic illustration of the preparation of C/BT composite paper;

(c) structure diagram of C/BT-TENG.

(b)

e

Hydrogen

bond Ti

2 (a) C/BT-4 A4 SEM K (b) BaTiOs 15 £F 4k 2 W ) SR B K, C/BT-4 HAUKEM (c) Ti TGE M (d) Ba Tt £ K

EDS fiti¥

Fig. 2. (a) The surface SEM image of C/BT-4 composite paper; (b) diagram of hydrogen bond between BaTiOjz and fiber; EDS
spectrum of (c) Ti and (d) Ba on C/BT-4 composite paper surface.
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Fig. 3. (a) The surface SEM image of PTFE (The illustration in the upper right corner is its optical photo); (b) the infrared spec-

trogram of PTFE; (c¢) the SEM image of BaTiO3 particles (The illustration in the upper right corner is its optical photo); (d) X-ray

diffraction pattern of BaTiOs.

AT UL, A6 =2 8] 52 TE P 32 SRS I B A — 6Ll A
[ B, 2w 25 48 5 56 4 G M 1 3 i A L S R T
JEE 48 2 2 [) 70 0 2 fioh . AR Ak A 25 F ] AL A
BaTiOs 4> F &4 3 AT, AR b &2 14,
LR M R, AT 1R S,
PRI — & Z BT LUE S & (8] 2(b)). K 2(c)
f12(d) A C/BT-4 i Ti JGE M Ba JLEA EDS
REIE &, B BaTiO, WikifE C/BT & A 4LRHH
A AHXS ) — ) oA

&l 3(a) #1 3(b) 4354 PTFE #E ) SEM fil
MBS (R HS 2= I ) AL sME &l PTFE
W I — e B, R HOGH, 405
Bl 1210 F11151 em ™ F#EESHIH)E T CF, BUA
X FRAH AR PR B A CFy B X FR M 45 45 3 B8, [ 3(c)
A1 3(d) & BaTiO, Wokif) SEM OIS (il A
O IR ) R XS 207 5 (&1 BaTiOz kL
EIACHAR, R T BoR B AR B,
FRAE X 2 A0 56515 AT LA 7 Sy Dy A
Gy 39,

K 4 &R T RIR BaTiO, #2< 5 C/BT H4&

AR -0 2K o, B BaTiO,
BARIIRIN, C/BT & AR R 28 T
e 4, ELBA AT A, SR R R 44 2 AR A3
i R B (1 £F 4 2 [0 S £, BaTio, WORH
BAELTHE |2 J5 SR MEF 4t 2 2 5. (LA ok
%, C/BT & &40 IE T MR E A K, 16 BaTiO,
Bl 5% B, IR E A 51 MPa, BiHH HA
R HOBLIRIERE.

60 |
50
£ a0t
e
2 30}t —— Pure CP
2 — C/BT-0.5
@ — CO/BT-1
20r — C/BT-2
— C/BT-3
10 —— C/BT-4
— C/BT-5
0 . . . . .
0 1 2 3 4 5

Strain/%

Bl 4 AR BaTiO, &4 C/BT &4 4 1-1 45 th £k
Fig. 4. Tensile stress-strain curves of C/BT composite pa-
per with different BaTiO3 content.
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3.2 BaTiO; B Z 23t TENG % H 48 H
=AY

&l 5(a) #1 5(b) 4r5licsxk T AN A BaTiO; 4%
i) C/BT-TENG YT % Ho Ho MU B HRL L. 248
Fei ol 0 B, BB 4E R 40005 T, C/BT-TENG
%) B8 P R R % L UL 43 301l R 78.3 'V RIT 9.57 pA.
bi# BaTiOz B4 13N, C/BT-TENG T
P AR B P 3 22 B R AR R A AR A 3 1k St
INFBN, FEAB St Ry 4% B, S I r e R 2 P
WK BN RAE, 4390 118.5 V M1 13.51 pA, 5
LT AERACH L, J3 B T2 51.3% 1 41.2%. 4K
i, 2482 it — 5% i, T i e
PR HL S BLNIEEE TR, 430 TR 110.2 VI
12.74 pA. C/BT-TENG #ii tH ¥ BE £ Tt 9 J5 5 mf
s BaTiOs je—Fss ik Sk, B m
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WkLG, C/BT B A4 ML H B b 2 32 5, [F)
P 3R T FRL A7 AR B AR, S BOL I A7 L far (1 R
DI, SRR RIS, FETTA AT TENG
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& 5(c) Fl5(d) sralicsk T a4 = 40/ C/BT &
A URAE 102105 Hz AIXT A L H EORA L 4 FE A
EVIME. & 5(c) FTHL, C/BT E-&4ERHX /i
WHRE BaTiOs B2 MR N i, 7e45 445
h 5% W, C/BT &2 & 4CHI XA L H 502 R 4.6,
Feali 2 2 R AR TE T2 63.6%. (HASF =AY, &
SRIBAREN 5% WX HUR K, A 55845
4% BEFH L, OO IS . X T e R,
Fam ik B 4% W BT T BB AE, Z 5 dks:
B BaTiOs, 1T B85 &0 5, — AR RER L
WS YEgE A MR A e C/BT &40, —nf
RES IR ER AT, Sy T AR A 3 50k, &
SEAX IS A . 55, ME 5(d)
AT LLE ), BaTiOg BIIANT £ 4E Z 400N s
SN B BE S A B FE R A PR E AT 1)
K-, #E 10* Hz 2247, A B iFE A IEVIEZ 2k 0.03.

20
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B 5 [ BaTiOs & C/BT & 4 40E N IEWEEHZ 1 C/BT-TENG 1Y (a) JF % #1 H H1 (b) S 8% B ; AR BaTiO, & C/BT
A AR (o) AHXT A H 5 BORT (d) A 3 FE Sy 1E B AT 1) 22 A1 1 10
Fig. 5. (a) Open circuit voltage and (b) short circuit current of C/BT-TENG with C/BT composite paper with different BaTiO3

content as the positive friction layer; frequency dependence of (c) dielectric constant and (d) dielectric loss tangent of C/BT com-

posite paper with different BaTiO4 content.
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9 T RAIE T BaTiO, $82¢h 4 5% IHAH
XA F R EE IR B e B, SR A e A
B RBETE X C/BT-5 52 & 4TI 2= 18 H5OW I 55 Al
RIMICRITATHAT 7087, G5 R 500 R TER] 6(a),
6(b) FIE 6(c), 6(d) H1. ME 6(a) Fil 6(b) 7] LLE
i, BaTiOs R 7E & A 40 =4 T A %,
AR TE—He i) BaTiOg BUkL™ 7252 A 4R M, X
TE—E TR FAH T BESE 2 2 [A] Y 7 /- Fe i, 1T
W T EEAE L T Y AL [RIARE, 1 6(c) A 6(d) B
J&7R ) Ti JCZE Al Ba JLER B EDS fig i &t B
Ti JCE Al Ba JCRLE RS & BE, 0 5
2:. Wik, Y4 BaTiOz 844t M\ 4% 3 m % 5% K,
C/BT-TENG % tH 14 G T & i J5 B8 ] DA B Ry
5% B A C AR S0 T BaTiOy MR AR
Feit, BaTiOg Bk =A%, A8 —1ERRAL, JF
SAEJRTIE BRIURL, A A AR T, XS
M) 1 JEE 2 J22 =2 ] P-4 i B8 5 b g 1) 7 A

E 6

(a) 400 fi5 A1 (b) 4000 fi5 F C/BT-5 & A 4% 1l SEM
[&; C/BT-5 & 4LE M (c) Ti L E M (d) Ba L £ Y EDS
REE

Fig. 6. The surface SEM image of (a) low and (b) high
magnification showing the C/BT-5 composite paper surface;
EDS spectrum of (¢) Ti and (d) Ba on C/BT-5 composite

paper surface.
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Fig. 7. Schematic diagram and an equivalent circuit model
of the C/BT-TENG.
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Fig. 8. (a) Open circuit voltage and (b) short circuit current of C/BT-TENG under different external forces; (c) linear fit between
open circuit voltage of C/BT-TENG and external force; (d) the output voltage of C/BT-TENG during 5000 continuous cycles.
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Fig. 9. (a) Output voltage-current and (b) output power of
C/BT-TENG with external resistances.
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Fig. 10. The schematic illustration showing the working
mechanism of the C/BT-TENG.
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Barium titanate dielectric regulation improved output
performance of paper-based triboelectric nanogenerator”
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Abstract

As a new energy conversion device that can convert mechanical energy into electrical energy, triboelectric
nanogenerator has attracted extensive attention since its invention. However, its environmental performance is
limited because the raw materials are mostly synthetic polymer materials. Using green and environmentally
friendly cellulose materials to prepare triboelectric nanogenerators is one of the important ways to solve the
above problems. In this study, cellulose/barium titanate composite paper is prepared by using bamboo cellulose
and barium carbonate (BaTiOs;) as raw materials and combining wet papermaking and doping modification.
The paper based triboelectric nanogenerator (C/BT-TENG) is constructed by using the cellulose/barium
titanate composite paper as a positive friction layer. The results show that the addition of BaTiOj significantly
improves the relative dielectric constant of the composite paper, and the output performance of C/BT-TENG
increases with the augment of BaTiO5 doping amount. When the doping amount is 4%, the open-circuit voltage
and short-circuit current of C/BT-TENG reach the maximum values of 118.5 V and 13.51 pA, respectively,
which are 51.3% and 41.2% higher than when pure cellulose paper is used as the positive friction layer. The
mechanism of dielectric regulation to improve the C/BT-TENG output performance is analyzed by the
modeling method. In addition, the C/BT-TENG has a good output performance and operation stability. When
the load resistance is 5 M), the maximum output power density of C/BT-TENG reaches 0.36 W/m?, simplying

a good application prospect.

Keywords: barium titanate, cellulose paper, triboelectric nanogenerators, energy collection
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