ADVANCED DOPANTS FOR POLYPYRROLE SYI
MAGNETI C POLYPYRROLEECEGRAB®DES FOR
SUPERCAPACI TORS



ADVANCED DOPANTBOLYPEBRONTHESNDE MAGNETI C
POLYPYRROLE COMPOSI TE ELECTRODES FOR SUPE

By
SILI N CHEN,

B. Eng (Materials Engineering)

A Thesis Submitted to tBRaer SchboFubfi Gmaduate f
for the Degree of

Master of Applied Science
i n

Mat eri als Science and Engineering

Mc Master University

E Copyright by Silin Chen






Mat er of Applied Science (20McdMaster Uni ver
Materi al sES8gi eereei agd Hamil ton, Ont e

C

TI TLE: Advanced dopants for polypyrrole sy
el ectrodes for supercapacitors

AUTHOR: Silin Chen, B.Eng (Hunan Universit
SUPERVI SOR: Dr . l gor Zhitomirsky

NUMBER OF XPAGIBIS:



Lay Abstract

New challenges have emerged due to the e:
environment al poll uti on. Supercagpsacenergy |
storagebarcasixe of their hi ghdi pecwear gdemait te

excellent cyclidqPPitygbal ptygmi Pohgpwatel eal

el ecdfrooordesupercapaciteapachowatemresteat po

(7]

cal e aplphlei ciamipioornt.a nt task is the devel opm

(7]

ynt hesis and fabrication of novel compos
magnetic properties.

The objective of thipPewbok mbmasetdBRy albt r 0 d!
supercapacitors based on the devel opment o
Novel advanced anionic dopants were-disco\
based materials, which |l aid the foundati on
The composites containing PPy and magnet
fundamemtrgli ng mwmeckhamnymsti gat ed. The resul
showed promising perfor mérecedeared opmead I

mul tifunctional mearn errdg ya.l st mamalgedevi ces for



Abstract

Il n t hiRBPypsrteupdayr,ed by chemical pol ymerizati o
materi al for t he el ectrode ofansdupadwvwampaec
di spewesrasnt defvoPrP g p a dbda seeBdynp o.s iTtheess e met hods i
the overall el ectrochemical performance a
pseudocapacitive properties of ferrimagnet
and combined with PPy to faharigetst acroangpe sp
and magnet.ic properties

The results indicated t haetl ehcitgrhopcahcefno vcead ma &
of -BRged composwetreex heileevceted oldye sopt i mi zing co
di spersi on o f conducting additives mul ti v
advancedi dppamuahtldi3ang &ptiWt)hal enetri sul fonic
salt hydrmytreenel ed r@as&il fonic acil-Oi azeot r as o
naph4swllf onic acid, , sodidwm vieauwropcamal ameet hy
wel | as advanceadhadigepsfeantmeamna$uarf agal |
modi fication of magmertgy briastlealinsad Isb éog/e fhii cgihe
perf or mada&heect r otcchsetmincggalr esul ts demonstrated

and magnetic composite materials is promis



Acknowl edgement s

First of al |, I woul d I i ke ¢ wopeerxwirseosrs Dmy.

Zhit omdirssrkwal uabl enwawe diamg e s u,ppaotrit@ malred t r

conséeaocbur agement greatly Il nspire me and
resedrshkind and gentle smile alwa@ahanikiake:s
you, Dr. Zhiiemmyskypyhor agouftortune to wor
Secondl vy, I would Iike to thank al/l my gr

Tang, Mahmoud Awad, Wenjuan Yang, Mi chael |
friendship, fruithfellp.di scussions and kind

I would also thanlkrmy cfompamd ® nhswlipc ha hida weu

filled this journey with wonderf ul memor i e
Finall ywould | i ke to express my sincerest
Ye CHaweunwavering trust and | ove have been

force behind my determination to forge ahe



Table of Contents

R O o N A o o N B o300 S O o ¢ B PP PP PP PP PPRPPP 1
2.Literat ur.e. . . REeM . BW. e 4
2.1The devel opment..o.f...s.up.e.r.c.ap.a.c.i.t.odrs
2.2The applicati on..o.f..s.up.e.r.c.a.p.a.c..t.obrs
2. 3Energy storage mechani.s.m..of..s.upebrcapac
2. 3Electrochemayald damdd.ict.or.s..(.EDLES)
2. 3P3eudocCap.acCd.t ol S, 9
2. 3H¥ybri d sup.er.c.apac.i.l. .ol .S e 11

2. 4El ectrode materi al.s...of...ps.eudocapadacitor

2. 4 MEt al . 0Xd . B S e 12
2. 4M2t al Nitr.u.des./l.Sul.f.i.de.s. ... 15
2. 4C®%nducting .pol.y.mer. . . (.CR) ... 18
2. 5Fabricati on -boafs eRIP yc oampd..sR.R.ye.s.............. 23
2. 5Properti.es. .. .o0f  RBRY 23

2. 5Fabrication met-badsdot.amlhpasand2PPy
2. 6 Effect of dopant s ..on..t.he..pr.oper.B8ides of
2. 7TFundament al of magnetoelectri.c..@28d mag
2 . 8 R e B I i G B S e 38
3.Problem statemen.t.s..and..aobj.ect.v.e..58
3. 1Probl em s.t.al.ement S 58

R O I o N T = o O TN VAN = RSP UPPRRSPPPPIN 61
Vi



I B = S B R G = o O o = W SRRSO 6 2

4. Pseudocapacitive feraSsMngemempo.s.pbdpyrrol

40 1 AD S Tl B .Gl 6 6
4.0 21 Nt r 0Ll e 67
4. 3Experi ment al... P.r.Q.C.e.d.U.l..8.S e, 6 8
4. 4Results and..di.S.CLS.S.0.0.0 6 9
4. 5 CONCT U S 0S e 74
4. 7 RE T B MG B S e 85

5.Charge storage propersrthdamsl ool yPab@Gmbhgnet

(o o T 4 o T T OO O = N U PRUPRR 89
5 0 1 AD S A Gl e 90
5. 21 Nt 1 0dul.Colidc0u e 90
5.3Material s .and.. . Metl.hodsS. . 94
5.4Results and..di.S.CLSS.0.0.0 ! 97
5. 5 CONC T U S0 Seii et 111
5.6Supporting..i.nf.ormat.i.on. ... 112
S . 7 REf B B . S e 120

6. Ferri magnetic pseudFogosgpapioti.v.e..poldPpyrr ol

6. 1 AD S B Gl 129
6. 21 Nt r O0dl.Cotid e 129
6. 3Material s .,and..Met.hodsS. ... 131

6. 3MBUT € @l S 131

Vi



6. 3S¥ynthesis of PPy-MOQpp.ed..wi.t.h..MQA 32PPy

6. 3E3ectrode..Fabr.i.cat.i.on. ... 132

6. 3Characteri zat.i.on..Met . hads. ... 133

6. 4Resul ts and..Di.S.CLUS.S. .0 133
6. 5 CONC | LSS 140
B . 6 RE T B I B0 .S e 142
P O o T ¢ I o = O o T o = PP E PO PPPPPPPPRPP 147

7. 1Summary of <concl us.i.on.s..and..contlrdi7zbuti o

T . 2 F UL U B MO K e 148



Li st of Figures

Fi gur eS2hematic diagram of a..EDLCI[.8].7 Used
Figuz e( &) Hel mh-Ghapgmanfp)awoaugyc) Stern mode
at the positive el ect.r.adel].9]....Us.ed..bB8 perm
Figu¥ eS2hematic diagram of a psewdoddpacitc
Figu4edi2f f erent types of faradaic systems
under potenti al deposi tion, ( b) redoxX ps
pseudocapacitance (only show positi.¢tg&ly ch
Figube SBhematic di algirkaen loyfbra d b astutperrycapac
(O ST 01 TN~ T o 0 o USSP 12

Figud eS@2Qhematic illustration of the fabric
CrN thinadlielpnoss:i t (elilg sl@rpMN,s i tNeid, Cxepddr ous Cr N
films[ 43]. Us.ed..b.y..p.ert.mi.S.s.i.onN................... 16

Fi guft eva2ri ous conducting pol ymer.s...s.tlrBuct ur €
Tablle E2 ectrochemical properti.es..of.,.ICPs[ 51]
Figu8 eS@Qhematic diagram of chatgpeaega-hdi §bh
type.[52] Used..by..permissS.i.0N ... 20

Fi gu®e Ndengener ate ground state configurati
PPy[ 7T7]. Used..by..permi.S.s.i.0l ... 25

FiguL® Redox reaction of PPyr ed ermtsaibh ien gd ol
counter iPons[ 89].....Us.ed..by...per.mi.s.s.i.a.@7

Tabl-2 ARdvantages and di sadvant ages of PPy
X



(O ST 1 TN~ T o 0 o USRS 28

Fi gurle Mechani sm of chemical pol yme.r3ilzati or
Figurz &€l ectrochemical pol ymeri zati 8® react
Schemdt Exp&ri ment al procedur.e..of..el@&Ttrode
Figue(A, B) CVs at scan rated, offC)(ac)apac(ih
versus scan rat e, ( D) N ycqoumpslte xp | coap, a c(i B ,aF)c
frequency, ( G, H) chronopotentiometiry(Ildat a
capacitance versusCNTurealeedt rdoednessi twi tfho r maPsPsy
cmMmprepared wusing (A), (C(a)), (D(a)), ( E(
(D(b)), (E(b)) ,(.Elb) ) Ho (LG RD))...ST L

FiguRke (A) pARDepenaksd correspondi-06§48,0 EPL
Magneti zation versus magnetic field, ( C, C
I TP PRSP PPPTR {2

Figu3e( A, B) CVs at scan rated offC)(ac)azp ac(ibt
versus scan rate, ( D) Nyqui st pl ot , (E, F)
frequency, ( G, H) chronopotentiometiry(Ildat a
capacitance ver susL S(MONT ealt e dtemesdd g WwWiotrh PRy
mg €tpmepared using (A), (C(a)), (D(a)), ( E
(D(b)), (E(b)) ,(.ElD) ) Ho (L (L RD))......ST 3

Fi g u-$% HA) @hemical structures of (Al-Diazo-2-naphthol4-sulfonic acid (DNS)

and (B) sodium taurocholate (ST ... .oioiieeriiiii e eeeee e 75

Figu$s2 BA, CVs at scan rates of (a)2,Y (b)5,

X i



( C) capacitance versus scan rate, ( D) Ny c
capacitance versus frequency, ( G, H) <chron
mA &m (1) capacitance veidNUs eterctemnmtde slenmws
|l oading ofpr3dédgpamgedcmusing ST by adding CNT
(F(a)), G, (I (a)) after and (B), (C(b))
(OO T IR ¢ o I =Y G O - W A 0 o N o USSP 78

Fi gu$8® -FHA CVs at scan rates of (a)2,}, (b)5,
(F) capacitance we\rTs iled excdarm dreast evi ft dhr?nmraRy |
prepared using DNS as a dopant and cont ai
(€C)and (F(c))20, (D) and..(.F(.d).).25.,...70E) an
FiguBé4¢ EBEIS dat a: ( A) Nyqui st pl ot , ( B, C)
versus freqg@NdThcegl dotrmamsPeys | ovad hn dgcoht 8i5nimyg
(a)10, (b)15, (c)20, (d)25 and (.e).30% CNT
Figu8® @hronopot en+i o meaitarsyg dichatgae: a(tA curren
(a) 3, (b) 5, (cfandandD) dgapledc imAanccne Vv-er S us
CNT el ectrodes with “fparsesp alroeadd i unsgi nogf [DBN6S nags
containing (A) and (F(a)) 10, (B) and (F(b)
ANd ((F(e).)u3.0.20 CN T eeee ettt eeaee s 80
FiguSe -MMA Cyclic voltammetry data : ( A, C)
(d) 20, (e)50 Ltan@B,(fPLO@C am&¥si tanceCNTer sus
el ectrodes with mass | oadi Amgr eofar(eAd uwBs)i n3g0 |
= S o o T o - 10 o O AU RUPPPPRTN 81

X i i



FiguiS8 -RB)Xhronopotentiometrydidathargg Aat C¢
densities of (a) 3, Chnd, (Bec)D)acapad)t dlc
densit yCNTorelPePcyt rodes with mass | oading of
prepared usi ng..DNS..as..a..dopant.......... 82

FiguseCvs at sweep rates oftf ¢m) (PBPRENANd (b
el ectrodes with m&psepaadidngspdphg3bAMgDNB a
PPySMNT electrodes with ?maepareddiusgngf (£0
(D) oo ST oottt ettt eeet et ettt ettt eeee ettt ettt en e 8 3

Fi guseQA) Nyqui st pl ot of the experitment al
LSMNT el ectrodes with “hpasesp alroeadd iunsg nagf (420
ST, (B) the equivalent .c.i.r.culi.t...us.ed8#8or si
Figute(A)ayX di ffracitpeoakspaddrerens pobndi ng t o
1433) , ( B) magneti zation (Meceénveuds BROgn 4
TEM i magesg eafei(v@é)d axnd .(.D)..HEBM..BFEO.9S8

Figu2e Séhematics of ( A) GCA structur e, ( B
surface atoms (M= Ba or Fe), (C) GCA redo>
ST S U o A U O A = PP PP PR PPPPPPPPPPPPI 100

FiguBe C¥s fBRFE&,(A[B)GCEFO (C) HEBMBR@ ( D)
HEBMB&QCA at sweep rates of (a) 2, (b) 5, (
e e e ettt et et e et e et e st ennt e e te et eeteeteenteaneeas 102

Figude CB data Eor (B8X5CEBBPO(C) HEBMBRQAG ( D)
HEBMB&EQGA at current densities of2l..(&03 3, (L

X0 i



Figus eCdpacitance (A) versus CV sweep rate

(BFE, (bECAEFO(c) HEBMBFD (d)GCHEBMBEOt  rode.

Figube EBS dat a -Ef orBB{CA ,BFOc) HEEBWMBE& O ( d)
HEB MB{Q AE : ( A) compl ex i mpedance present ad
components of compl ex .c.a.p.a.c.i.t.anc.e..vledrb5sus f
Figut e( A, B) CVs at sweep rates of (a) 2, (
st (C) capacitance calcul a-Fgd Ert &mda@vVsa, veéc
dat @auatent densities of (a)?a3nd ((bl)) 5c ap(acc)i
calcul ated from CP data versus current den
| (a)NTPyand (B), (C(b)), (D(-BJE...(.EX®e ), (I
Figud e( A, B) CVs at sweep rates of (a) 2, (
st (C) capacitance calcul a-Fgd Ert &mda@vVsa, veéc
data at current densities ofan(da)(13), c(abpach
calcul ated from CP data versus current den

I (a)-PBRDE and (B), (C(b)), (D(bLARRTH.E(Db)),

Fi gug e( A, B) CVs at sweep rates of (a) 2, (
st (C) capacitance calcul a<Fgd Ert &md@Vea, véc
data at current densities ofan(da)(13), c(abpach
calcul ated from CP data versus current den
|l (a) HEBRBF® and (B), (C(b)), (D(b))- (E(Db

X1V



FiguXx@ GapacitanceHEBeMBe@NTosh dmd (B)- HEBMBI

TablSel Xapacitances, cal.cul.at.ed. . flromdl@QV dat
TablS€ Lapacitance cal.cul.at.ed..f.r.om.QR4dat a.
Figu$Sk BEM i mageeiofedsBFOTADhOS8i héd®@2Csmngr o
(Ther mo Fi sheur..Sci.ent b . fl.Cl . 115

Figu$33® Bquivalent circuit wused.f.orn.E16 dat ¢
FiguS4e Bl S HEBIMBIHGNT E ..o 116

FiguS® Bl S HEBIMBIHGRT-E.........oooooooeeeeieee 117

Figuse (GBA, B) CVs at sweep rates of (a) 2,
mV s (C) capacitance calcul as<FpdEFBohalC¥s
CP data at current densities?aomfd (&) &ap@hb)
calcul ated from CP data versus current den

| (a) -BE®NE and (B), (C(b)), (D(b)BEO(E(Db)

Figu3® (BA) CVs at sweep rates of (a) "2, (b)
o (B) capacitance cal cul aB)e dEIfS odmtCa/,s (VFe)r
current densities of (a%an3d ((&)) c5ap a(cci)t a7n,c ¢
from CP data versus c uPrPreCnAE ...de.n.s.i..t.yl 1f%9 r HE
Fi guX e( M)ayX di f fr actsO«np epaaktst ecronrsr eosfp oFned i n g

08®402 file). (B) Magnetizati onOsEM)ande r(bys

XV



C 4 A e e 134

Fi g u2 @/ d&a in voltage window of (A)0.5~0.4 V, and (B}0.8~0 V at scan rates

of (a) 2, (b) 5, (c) 10, (d) 20 mV!s(C) G and G, obtained from CV data versus scan

rate for voltage window in (ap.5~0.4 V, and (b)0.8~0 V. (D) Nyquist plot of Z*, (E)

CO andddq FgbtCai ned from the i mpedance data \
window of (G)-0.5~0.4 V, and (H}0.8~0 V at (a) 3, (b) 5, (c) 7, and (d) 10 mAEm

and (1) G and G, derived from the CP data versus current density for voltage window in
(2)-0.5~0.4 V, and (1)0.8~0 V for FeO4-E electrode.........ccccccevvvieiiiiiiiicccnieneeenn, 135

Fi gu3 eCtbemi cal s.t.r.u.c.t.ur.e...0f....MO. ... 136

Fi g u4 @/ dd&a in voltage window of (A)0.5~0.4 V, and (B}0.8~0 V at scan rates

of (a) 2, (b) 5, (c) 10, (d) 20 mV!s(C) G and G, obtained from CV data versus scan

rate for voltage window in (ap.5~0.4 V, and (b)0.8~0 V. (D) Nyquist plot of Z*, (E)

CO anddd FgbtCai ned from the i mpedance data \
window of (G)-0.5~0.4 V, and (H}0.8~0 V at (a) 3, (b) 5, (c) 7, and (d) 10 mAEm

and (1) G and G, derived from the CP data versus current density for voltage window in
(a)-0.5~0.4 V, and (0)0.8~0 V for PPYMO-E electrode..............ccoovvrrrrrrrieeeeenenn.n. 137

Figu5 eCW% data at a “sfcoarn coampeo soift el O( AmV Cs7 12
C442 in volta@Qe5S5wdndoWw, 40 d¥nbdhgdGt &i ned fr o
CV data versus scan r &t.é&~f0ard Vo &3 0ICH¥, 126 %

C6220iHm~0.4 V,-0(830C82206M~C442V,j nadOndB ~(0f ) C

Figu6 e(A) NyquistdOpaoddd€hzt€ai n(eBd fO om t he

X Vi



versus frequency for comp.a.s.i.t.e..(.a.)..1Q3791 2, (
Fi gu? eCPB atacurentsdensity of 3 mV ¢hi  accomposite (A) C712, (B) C622,

(C) C442 in voltage window of (ap.5~0.4 V, and (b)0.8~0 V. (D)Csandnd@r i ved
from the CP dat a vcempssile§a) CaZ2iD.B-0.4V, h)eCAlRint y f o
-0.8~0 V, (c) C622 in0.5~0.4 V, (d) C622 ir0.8~0 V, (e) C442 in0.5~0.4 V, and (f)

CA42 IN-0.80 V...t eet e 140



Li st of Tabl es

Tabll&l 2ctrochemical .pr.opeur.ti.es..of..CP9[51]

Tabl2e A lvant ages and disadvant.ages..028 PPy s
TablSelk Lapacitances, c.al.cul.at.ed. .. f.r.omlQV dat
TablS&2 apacitance cal.cul.at.ed..f.r.om..QR4dat a.

TablSs88 =1 S data for...di.f.f.er.ent....el.ect.rlddes



M. A. Sc.iSThesxi Chen; MciNVead teeri alU msi VSecri seintcye &

1

dntroducti on

With the devel opment of science and technc

n escal ating i ncessantl y. However, t h
i ronment al poll uti on over t he past f e
tainability of gl obal economy and soci

el op cleaner and more efficient renewahb

al energy. While these energy resources
sities and fluctuations | i mit the appl
uati on, efficient and sustainabl e energ
e attention. Batteries have been widel

ewabl e energy storage due to their hig
troll ed i on transportation mechani sm

ercapacitors (SC), al so known as el ect
h power dengdiitsicehsa,r geuircak ec haarngdeSSGang c vy

mi sing alternative or complement to bat

ercapacitors can be classified into thr
hani s m: el ect ngehemiapalci doubl § EDLCs) ,

rid supercapacitors. Il n EDLCs, energy i
celederolyte interface. Based on this r
erally fabribasteadd madiemg atar saurch as act

ogel s and car bon nanotubes (CNTs) due
udocapacitor s, the capacitance i s gener
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surface redox reactions. Transition metal
are promising materials for the applicati
their-cmapacdai ve behavior. Hybrid supercapa
of EDLCs and pseudocapacitors, and demons:
hi gher power density and excellent cyclic

Polypyrrole (PPy) has been considered as

application of supercapacitor el ectrodes.
capacitance, high electrical conductivity,
cyclic stability of PPy Il imits its applica
and electrolyte wil/ cause swelling, whi cf
t he capacitance during cycling. Another im

PPy is the active mass |l oading. Although t
|l oading, the active mass I?6adi pgamusicabeabp
Polyaromatic dopants are beneficial for t|
anionic groups can provide links between p
The conductivity of PPy can be increased b
gual ity dopant s. Il n addition, dopants with
rati o can hel p reduce PPy swelling, i mpr

capacitance.

Among many =efforts of building efficient
el ectrodes wusing magnetically ordered pseu
attracted great Il nterest. MOPC material s «

2
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ferrimagnetic or ferromagnetic properties

coupling of capacitance and magnetizati on
strong magnetoelectric ( ME) i nteractions.
infl uence on i on t rdansscphoarrtgaet iboyn Ldourreinnzg fcohrac

electrolyte access to the electrode surfac

ions can result in the change of their ma
|l eads to ME coupling and magnetocapacitiywv
phenomena in MOPC materials result i-n enha

di schasrge rate

Thi s i nvestigation i s focused on composit
Di fferent types o f MOPC mas,erlha@axagonfaer ri e
Bak®19 and ferromagn®itMncowee eo cdhloisteen lta com

PPy and conductive additives CNTs. Advance

fabrication of PPy. Advanced dispersant w
MOPC material s. The composite electrodes d
stability, and good capacitance retention.
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2.Literature Review

2.Tlhe devel opment of supercapacitors

The history of SC started from the invent
original form of capacitor. Since then, t h
known. I n 1800s, German scientist Hel mhol't
foundation for the electric double | ayer t
wi || be generated at the interface of el ec

|l ayers under a speciChiaco mamt emotdiea | [flgr.t hTehre

electric double | ayer theory and introduc
capacitance is not a constant and el ectri
surface of the double | ayer[ 2]. I n 1924, S
and ®k»hwyman models and successfully expl ai
l ai d t he theoretical foundati on for t he

supercapacitors.

Il n 1957, H.Il. Becker from Gener al El ectric
el ectrical doubl e I ayer capacitor (EDLC) ,
el ectrodes and aqueessartlkket s ol yt®tahnhdann® 6
devel oped modern version of el ectrochemica

i mproved supercapacitor technology and est

covering al/ aspects of electrochemical s u
Il n 1975, Conway devel oped anot2mer atny paectad fv
materi al . The mechanism is based on the r

4
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transfer, which was different from the el e
After that, a series of transition met al o]
states. This kind of capacitors wdmPO®&O0tshen
hybrid supercapacitors were developed and

pseudocapacitors to enhance the energy den

2.T2he application of supercapacitors

Il n recent year s, supercapacitors have att
commer ci al applications because of their h
and hybrid electric vehicles (HEVs), super

devices for batteries to supply pul se po

Supercapacitors can also recover the regen

Because of the small er equi valent sries
ti mes) [ 4] compared with battery, super capg
| arge amount of energy in short time withc

battery can avoid degradation of -da stcihvae gma
and prolong its effective cycle |ife.

Due to their advantagesliethamgel rateeawdth
supercapacitors have been seen in portabl
wat ches, remote control, and uninterrupt.
system, as wel | as Iin digital camer as, auo
upl[ 5] . Supercapacift anrisg earpep | a lssudcihp nassmi sa tnegl
tel ecommunications, military and avionics

5
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rang&d0(t+to 85 )][ 6] without significant c ha
supercapaci t-supgeramdadamitco s have recently
application of wearable electronics|[ 7], h
manufacturing techniques and mechanical pr
Hi gh power density, hi gh ener gy mpen sotwuy e |
ESR and f-ds 6§ c hcahragreger at e, and t he enviror
supercapacitors have maddodt leeprp | g rcamii 0inrsg
batteries with supercapacitors to form hyb
densities while maintaining higheneedwer d
to déeéybgedi ces to address ctHHastkhaggse, sdich
operating temperatures, and better mechani
2.B3nergy storageumecbtapascsimt of s

2. 3Ellectrochemiaywdr doamdei t ors (EDLCs)
EDLCs are supercapacitors that store energ
surface of electrode and el ectrolyte inter
from the reversible electrostatic accumul a
showm-i g2ti,e where positive and negative el
coll ectors are i mmersed in an electrolyte

purpose of the separator is to prevent an
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b
1

Collector
Collector

\Electricai doubl€layers
Activated carbon

Fi g&¥Sec hemati c di agr alhs eodfi bay BEDeLrOfi8s]si or
The electric double | ayer (EDL) was first
describes the charge &¢épatiamtiernfeaacte tuhned eerl el
of a spec.Ffiigx2@®a@)Y ensi al schematic of the He
electrode is polarized and ions of opposit
electrode surface. The concept of el-ectric
Chapman modé&l gg&hewn. ihhey observed that th
solution and ther matthMak w@bil a zpnammaitwloed i ng
beconsi.delrredaddi ti on, tekgpopene nmil $ hedesarmrda:
electrode to the bul k-Chapmanomodelbwewseri,ns
explain the highly charged EDL. Il n 1924,
Hel mhol t zZChaampimaro umo d e | by considering the I

the diffusion | ayer andt ¢ ketdheecd o wrmdwel astuird m cce
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a) 2] b) 1
* %I e * a-t @@ ® &
= +s® g . @ @
g\ ® £+ &
a .
e L EB g
K H @, 3
Diffuse layer Bulk layer
<)
¢, E;_I @ @ @ "
;:’:‘- ¢ @ @ @ @ Solvated anion
s : 3
g + @% @ @ @ Solvated cation
et : T
£+, @i\ @\/\

Stern layer Diffuse layer  Bulk layer

Stern plane

Fi g&a2(ea) Hel mho-Chapméah) &ady(c) Stern model
at the positiUseck|llEeyxtpeordmi[99i on.

The equivalent doufl ecanaylkra dciapiawwead binttbe (1
contribution o#f) Hendnhoil ftfdurslemydeacyigir@ n(cCe s, wh
represkfeteguati on bel ow:

PP P
5 & 6 < P

The Hel mholtz | ayer capacitance forms a ma

which is comparable to the parallel pl at e

eval byt etdei negguati on bel ow:

Whetlé s thedirel adotiiwieant of €Ohe dbeblper maye.i
vacuum, A i s t he sur face area of t he act |

thickness of the double | ayer.

8
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Il n order to achielveectar cihd ggsh wiatprachitgamcepeci f
are needed. Porous carbon arad edadarabd an tadeart o q
the surface area of the double | ayer. The
was reported i-8060 é4nmroan grRkldoufc eld0 OtOhi ckness ¢
al so improve the <capacitance, -8Bilc2h Tihe i n
combi naetxitoond repaflgye speci fic surface area and
in high capacitance of EDLC (typically in
c apacti tpiricsa I(tl lye eRF aannjde poH

2. 3P8eudocapacitors

Pseudoc abpiag@-®eoras e( anot her type of super caj
faand r e weerdspirhalce i on at t heur s macfeacef oal emrm
Pseudocapacitance arises from the Faradic
(g) at the surface or in the bulk near thi
passage of chargpeteql)ias Thefdactvahi o& dq/

the pseudolkaPphcitance C
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-
Electrolyte
i d
H+

=

Seperator.

H
H+

Metal oxide or redox
active molecule

Fi g&d3Sechemati c di agr arfm8q fUsa dp sbeyu dooear amp ascsii
Three types of faradic mechani sawa g liiartd icaat e
by B. E. Conway in 1970s: under potenti al |

intercal ation psewhdiocchapiamkEe g @&heéewhibhpder pot en

deposition mechanism, energy iIs stored whe
met al (e. g. Pt , Au, Ru-depeanitane[ lb3d]sRedmpixin o
pseudocapacitive occurs when i1ions are el e
neaurface of active materi al accompanied w

| 12,0 3:00and Mao®donductimsgepogl!l ymed ypyrrol e, p
polythiophene) are typical pseudocapacitiywv
research. Il ntercal ati on pseudocapacitance
tunnel s or laacyteirvse onfatedsfricad (k@ hd. LA MY O

with a faradaic charge transfer process Wwi:

10
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a) Underpotential b) Redox c) Intercalation
Deposition Pseudocapacitance Pseudocapacitance

Au + xPb?* + 2xe” = Au-xPb,4|RUO,(OH),+6H*+Se” > RuO, 5(OH),,5/Nb,Os + xLi* + xe" ¢> Li,Nb,0s

””\\:;55 Hydrous grain . Insertion host Li*in
& boundary n material electrolyte

ok,electrolyte l l ' ' ' /

o ©

o
-]
Current Collector
-]

%, %,
Current Collector ”oc, (e}

Current Collector

Fi g24de f ferent types of faradaic systems t
underpotential deposition, (b) redox pse
pseudocapacitance (only shdwemglodiyt ipeelmy sl

Al t hough psewndomgyaphacgihtear sspeci fic capacitar
t han EDLC, they suffeandycolm cposotrabpdweary e
degradati on orMuletfiepcltedodeseatt eobns.

2. 3HBbri d supercapacitors

Hybri d supdrRicgaurfec i tombdi ne t he mechani sm

pseudocapacitor, and can be di vided i nt
supercapacitors, symmetric h vl birki ed hsyubprei r (
supercapacitors. Asymmetric hybrid superca

as cat hode-l aywar doampdei t ance material s as
supercapacitors ar e mad e oAbawbe kogs eb d b B ¢
supercapaci tloirk eh aesl eac thraotdtee rays e-hekgy et euat ce€

using capacitance to store energy as power

11
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3
+| —
| T
Electrolyte

L
®

@ o

catQr_ /...

v,.<
o e

lig g
: o
Lithium lons

Fi g&Sec hemati c di algirlaen lmy brai ¢ as$ aUeseayd alpyac i
per mi ssi on.

The combination | eads to overshadoiwi eags of
advanltialges!|l arger voltage window, hi gher en
hi gher capacitance by optimizing el ectro
capacitance of hybrid supercapacitor i s
capacitance, and the <capacitance of- anode
di scharge rates ar eeldecitheeoreeentigb&dhea rseeflelct a
bal anced to each other to obtain the highe
2.E4l ectrode materials of pseudocapacitors
Met al oxi des, nitrides, sulfides and <cond
pseudocapacitors due to their high specifi
reversible redox reaction, which | eads to
2. 4Mét al oxides

Transition met alz odxn @M O0ESs B HEIO(RUHA v e
been investigated as pseudocapacitor mat er

seci fic capacitance and good el ectrochemic:
12
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RufHhas been extensively studies for its ap
hi gh capacitance, high electric conductiywv
voltage window, l ongstabl Bi.l yTihee8 ,apnstie9ujgdooacda p ¢

behaviori @aft rRiul®Quttehde f ast redox reaction,
change f)roymg aind) the adsorption ofpaptotbesop
whi ch rceapnr ebdee nt e ld| o w:
Y& O QP Yd 00 m W ¢ ¢ T

The pseudocapaciticanpemfounmaceed dfy RW® ar
crystallinity, t he amount df2.0t emb| Betrf awa
devel mpedapa-i aduoeas seenbfl ed met hod and f a
me s o p ocrroyusst a |l J fi inlem, Ruwhi c h demonstrated hig
mai nt aining acceptabl[e 2émerrd yakddan sRiGhm Ki n
el ectrode with hi'lgh ebhpatibahati 656pFayg de

was suggested that theHpesi iepecdenaci bant

reacdgiitoens during the annealing phdomess. | Ha
application, and more effoompgoghiatvees rbeedeunc en
| oadi ng[ 223] RuO

Mn @i s anot her prs aetuedsoucisal paabcliet i ver supercapa
Advantages such as high ®Hheboowticoalt aapaein
frienldléhlaess made PMnOmMi sing ablaegedtieVecttr:
materi al s. The <chargezisst oatatgrei bnuetcehda nti & mt o

electrolytegsantfiaoaones a&md MnODe reversible ins
13
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the bulx whi MhOcan be expressed as bel ow:
oeb 0 QP ODEOVOD ¢ L

wher'a eMr es enatl si me t, a 'NatlLai tTiheen spskudocapacita
ori gifreotnest he redbn( t)y/aMrs(i t) oandwiMnifi n/ Mh¢
potenti alelvwicntdroow yaif@[s2 Yjary suslbct ur e, B,ncl t
O, adadphases, that affect t hec @rstentaHodc iagpaatciiotni
intercalation via the sideandtr yautalel str ud
demonstrate higher speci fR6]lcmpaddit aincre, tt

chemistry (cation distributions and oxidat

are critical factors deter mi fi2ngh @rhoeb | eelnesc t
that | imit betteel getrif mdenaarcec ohd MptOboive YV e
structur al stability and flexibility, whi c

made to modify the chemical apndistrodugeal
reaction sites and shorten the transport p
al 2@t epared a.aslerottsompifc Mmases by hydrot h
compounds with 1D channel s, 2 Ds tlrauycetriish easn d
hi ghest capacitanctey pva ss pibrteali anie@ 4 if o I ny wdeld
type birne¥si 1® @2 5 ptFhdeg npoonosrtersatt eper f or man ¢
area and electronically conductin[g23&04dr bon
ordered mes¢Bamadus ac domd @&ntaen odf Laadn f or t he f
Mn@based composite e[llT@teparcedd aMdbO®g eatanatl
(CN¥smMbedded carbon nanofibers (CNFs) nanooc

14
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situ redox deposition method. The substrat

rough and uneveeanlsautrdgfeadc s p e awihfiicch sur f ace

conduotfi VGeNMsedded CNFs substrate facilitat
utilizat khonHiogfth Mn®aci)t,ankhiegh{ B&@ldit eF tg (53 %
excellent capacitance retention of 94% af't
been dedi cated t o i ncorporate co[n3d3ujct i v e

pol yan3idihidnep ol yt3tbi]owp hA odMf @ b r i-pcoaltyemeMn Cc o mp o s
el ectrodes moirtphh obegitreakbilneg advarmbobagest obit
and good mechanical stability from applied
2. 4MEt al Nitrides/ Sul fides

Met al nitride such as Ti N, Cr N, VN, Mo N, é
for supercapaaitebont happ!l ihe¢ gthi smpeci fic capac
conductivity, hi §gBIx&tability and | ow cost

VN i s thetmastedwenledt atlo niittsr ihdegh spedi,fic c:
excell ent el eqt~rli.eA It mohdupt evioxy-dmmidon st
wi de operation windowlsu i dtifdlparbeg mmaet ent.i
g u assoilsitcht e supercapacitor usi ng MMNannoawiorwe r
as cathode material, whi chhee\Wnd nelteattread eni
superior capacitaantbdeoscansglyanddgkxhiobimVe
capacitance retention ( 954%)¢ vaefl toepre d1 Oa, OhOyOb rci
me mbr anes el ectrode wher e VN nanoparticl
hi erarchical por owsi rc r dna spt hitgdsl een eptow oyrmes i ¢

15



M. A. Sc.iSThexni €Chen; MciNMeadteari alrsi VSecri seintcye &

The electrode showed hliagh Octpratx d eainlcéeeto f

capability with capakiglncer r @e'Ad gosi Oy &
CrN is an attractive candidate for superc
mechani cal and|[ £2]e®d o[ 4B seddla bairlci tiyon pl at i r
prepatNd CCroMnposite coating with various rat
treatment to fabricate pbrod@dhaencocsttuoagum
54. 2% Ni-ddmosiittsedasst atceapgicvad sh atclee hrei gHCd s tt r

which i s %5adt. 51 .n0FimANOc.p® QéMl eHct rol yte. The co

CrN and Ni and the following treatment wit
adsorgitti o, whi ch si grmrilfeicdamnkhymo nmaovedot
CrN thin film supercapacitor.

(a) CN b) CrN-Ni (€} Porous CrN

Ni adding HCI etching
s s

g

Fi g26GSec hematic il lustration of the fabrica
CriNhi n:(faaydl ensosi t(dbasl €Ep dlsiitNed (Gmddr ous Cr N
fil mdas«ed] by per mi ssion.

Xu ¢€tddalviel oped a 3DofedN@uathbhogemanosheet a
car bon paper (Cr N@ONCs @CP) Vi a reactive r

Cr N@NCs was uni formly coat ed above t he

16
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Cr N@ONCs @CP gives the highe?att capaceint ardeea sao
mA €anl ong wi tclapeaxdehleaet on of 95.5% after .
Met al sulfides such as Ni S, CoS and MoS ha
compl ex valence states, | argecongsbanadndt yntt
mechani cal stability, l ow ¢d$t. dlehje egnevn erro

reversible redoxulrfeiadcesl krad i o métalktrol yte

fol [ &}
DY 00z 0 YO '0OQ ()
0YOO0 Oz 0"YO OO0 Q ¢ X
The main issues for metal sulfides are the
and possi bl e detri ment al si de reactions.
met hodsfrmoéd pmghodti esct ur e, i mproving curr
and electrode/electrolyte interfacdsA7gdrope

desi gned um@mpogetlefdanNisheetwhiade mgsstrat ed e X
el ectrochemical properties. Thta cchaipeavce st ahnicc
valofe 12%8f20rF 200, 000 cycles, which can be at
structure facilitating the Far[addBaiba ircead exd
high performance 3D CoS/graphene hybrid n
foam by green el eThter ccdoenpdouscittiivan ymesmahsodi.ncr €
i ntegrating t wo component and t he el ectr
CoS/ grapmponsesite exhibited hlagh 1I& afpaagedi tgaonocde
rate capabirleittemt widthh ABu%@ pt eapared hi=xerarch

17
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mi crospheresaslsy saedi mgdirohn her mal met hod an
The composite dembnkérmbephal 8y f Wiowler hi gh
254 '&t gftaAdggpoding stability (78.5% retent
2. 4CBnducting polymer (CP)

Conducti ngucphppdbdysgmgyr rol e (PPy) , polyaniline
and peeltyh(yd,ednedi oxythi ophene) p(sRrRRD@T)apacet
mat er isadumpamaai t or aapplhiaovaet iboenesn ext ensi vely

year 3heir molecul arFisgZ#fuet ures are shown i

Nm@@

Polyacetylene (PA) Polythiophene (PT) Polypyrrole (PPy) Polyparaphenyl
(PPP)
Polyparaphenyl
Poly(3 4- ethylenedioxythlophene Polylsothsanaphthene Poly(3-alkylthiophene) vinylene (PPV)
(PEDOT) (PITN) (P3AT)

OO0
Polyaniline (PANI)

Fig&dtvVari ous conducti nd0geldy mgr pestmi sci o

The main advantages of conducting pol ymer s
conduct ifvalryi, c ataisoonl ow cost (compaasgdsiwo wih

Tab2kwhi ch make them promising for t he d

18
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equi val ent series resistance (ESR), hi gh
pseudocapaciatsaensc ef roofm QGFhse f ast and reversi

which not only takes place on the surface,

t he speci fic capacitance, c has geif sscthoarr agcee
However, complaaead t U pcearrchaopraeli d oiowelr CPs weIf
density due to the slow ions diffusion wit

Tab2ll&l ectrochemicall 5.p]rUspedr thiye p eafmi GBS on .

Mol ec Pot en Theor et

Condu«WeigDopiDopa rangConduc speci_f
pol yn ] typ | evi (S ™m capaci-
(g :h]( (V) (F-l)g
PAni 93 n, 0.5 0.7 0 .-51 750
PPy 6 7 p 0. 3 0. 8 160 620
PTh 8 4 n, 0. 3 0.8 30400 485
PEDOT 142 n, 0. 3 1.2 30800 210

Thel ectonda totfi VCGPtsy ori.gi nat es’-cfomg mgyyws wam de
along the pol ymer backbone after redox pr
oxi dateileectarochemotat hex mdabimen. Depending
and the redox process, CPs -Hapekngdwamidnygp,e s

as shbwg2& a

19
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(@) Polymer
Backbone
¥ Q> ]
e P-DOPING @
— (&)
2 @ g
i
—— @® - @ e
e o P-DEDOPING :
® e
Current L e @ Current L
Collecior Neutral Solution Collector P-Doped  Sojution
Plate Conducting @ Cations Plate Conducting
Polymer & Anlons Polymer
Fllm Film
(b) —
e ° 12 ®
© N-DOPING o
—
P ) ® e ®
@) P — e
e @ N-DEDOPING ®
e k
Current L © e Current L ©
Collector Neutral Solution Collector N-Doped  Solution
Plate Conducling @ Catlona Plate Conducting
Polymer O Anlons Polymer
Film Film

Fi g&a8Sec hemati ¢ diagram of chartgymg &dnd sclh
typpb@Used by permission.

CPs cathopmed pwith anions duriwnWgpthke wo xihd atait
during the reduction pr oecxepsrsas sTéhadel Icchvas:gi ng
oM on o EQ N Q&N Q ¢ Y
0N €QO 6 oO0n €& QeERMQEQ ¢ w
WhereaeanA'r Epresents arnd mprne sheyhtiteactaiiviseahar ge pr «
the reverse of above eguwptecidomo.l yimter wasar ee
thadoped pool3dymeorme CPs such as PPydomead PA

because the potceapgiinmd ireqmomedndgatinve t ha
20
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' imit of mobesad agl &&f rvelnytt es
However, the main factor that | imit the ap
Compared t-batsbhd sapbooapacitor with capabi

with CPs electrodes begin to dedrsadddhende

mechani cal and electrochemical properties
changes such as cracks, swelling, shrinkag
charging and di scharging process. I n addi

el ectrodes are fi xexdi datdi dn mp dteantbiyalt.heTloe
be enhanced by combining CPs and other ma
oxides and hydroxides to fabricate compos
hi gher specific capacitance, increased con

stabhislei.t b 7]

PAni i s one of t he mo st studi ed CPs due
el ectroactivity, high dopisnt@bibleidteyl,f acpgbe
pr oc e s[sha8]iHloiwtew e r |, it needs a proton to be
protic solvent, an acidic so[lux]iMor emrvea, pl
poor cyclic stability, poor rate capabilit
have | imited the practical application of
with different strategies in order to impr
PANni . Efforts including rationally design

wi t h car bon materi al s have been consider e
drawback of PANI ¢lb@etvred dpe.d-f Weertge grptl a&ale 0 s

21
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current method to fabricate | arge arrays o
conducting substrates. The el e'attr o' eAasgldo we
high capacitance 'aetanghocuwrehtT7TB@néEx ggl |4
el ectropbefmocembhnce can be attributed t o

perpendicul ar orientation to the substrate
the stabili6ttyje.poYu edt 38! .i nt e rlcioknen eltit erda rhcohni
porous -hhdpedgear bon (HPC)/ PAnNi nanowire ar
andoseffective metphed.WhaBlmehicar bsopneci fi ¢ sur f

2 gt The obtained nanocomposite HPC/ PAnNi e

m
1080t&t g1tim gl . S@WeHectrolyte. An asymmetri.
assembled with HPC/ PANI as positive electr
voltage -Wwithddwi 55QEe| FicNaol yt e. demossdipreratca
excellent performance with high capacitanc
good cyclic stability with 91. 6% capacitan
PPy is another CP that attracts great atte
capacitance, easy fabrication met hod, | ow
to other CPs, PPy has hi ghle6,2 ]mwahsi sc hd ean sl iotwy
performance i nnnmasimdlel adapdledmd or di fferen
advantages has all owed PPy to be applied
del i ver[y6,3gymetcdhrani ¢ /4] act ualt oc S[r@aS]t abh € €1 deos
supercapacitor. However, due to the common

application of PPy is |l imited. Strategies

22
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such as synthesize PPy with rationally de
combine PPy with carbon materials or met a
increase surface area and ré¢dbbEpovoledma ah
mul til ayered nanoarchitecture of graphene
whi ch exhibited enhanced charge transport
electrolytic ionic accessibility of fibrou
The composite was fabricatsadwvaigt deut Waahde
bet weeghly aromati c gr dpchhenfaeu R dhali nPhane
mul tilayered composite electrode showed hi
retention tattnlaRh@G®rF 1g 000 dJyodlhebsr.i clait eerdg sa |
wal | carbon nanot/ubrRys f(ISIWNTag @MawWi ng excel
performance comparedl| evdittrho dSeVANTsl@Mn®Was r epc
serve as a bridcgedbewheen whiechMniOncreased

efficiency. The obtained flexible hybrid f
1 high power “Jhennds ihtiygh3 %e.n7erwWht. gdensity 10 K\
2. Fhabrication #faskRRy comgp oRFPY es

2. 5Prloperties of PPy

PPy S a heterocyclic and positively c h i
el ectr oactoirgiatny ¢ el ectrolyte and aqueous

and environment al stability. These advant a
fields (supercapacitors, adsorbent s, gas s
wi t h di fferent f or ms and mo6,plh o & o[gooe]s e s S

23
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nanof 6,émsarfofOilbb | A,1fandt s kengdrrR2dct ur e

PPy is conductive due to the heéelctoenrjuagtaitred
systaémboiwe del @®d ®&lct poam®ve freely within th
construct an electrical [g.81lhwayddpmreeaenobfi | &«
is related to the conjugation |l ength, dens
charge carriers includi ng7.Moorl @ a vwenhse, npeocl haar noi
of electronic conduction has been proposed
was stated that conductivity not only resu
chains or bet ween different conjugated se
hopping from [c/hH]h e s-athdpe ncelraaicnys o f PPy of t
produces structur al defects in the polymer
single and 760 ledee gleanred at e ground state col

carri er sdeofwdd tgd er e
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(d) bipolaron defect

Fi g29Neo-degener ate ground state configurat:.i
PPly7.7]Used by permission.

However, pureanmdcapwati h PRyl asge banp7.§pp of
PPy can -donpeyd baentdppi cally doped by  ,siegdngd e ¢
, S50o0r multiple @hatgewani orpoltkd BDBDat PF
charge anions can form crosslinks bet weer
di f f uvasnighoir oggnidt yl ead t o [hi%guhr icnagp atchiet adhocpei ng p
i s oxi di electton is eemaleddrom the neutral PPy chain. The structure of PPy
changes from benzenoid (aromatic) foffmi( g 2+9 (&) to the quinoid formK i g 29 e

(b)). After that, a polaronrHi g29(ec ) ) f or ms, and with -furthe
25
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electron is removed and forms the doubly charged bipol&on g 2-9 (&)[78, 80} The
conductivity of PPy can be influenced by many factors including type of oxidants, initial
oxidant to pyrrole monomer ration, dopants, surfactants, polymerization temperature and
procedurel81, 82]

The stability of PPy belongs to the extrinsic stability, which is relevant to vulnerability to
external environmental agents like oxygen and water. PPy can be attacked in the charged
sites of polymers by the nature of electrophilicity and nucleophilicity. Due to the low
oxidation potential of PPy, the redox reactions of PPy are more sensitive to the oxygen
than other polymers that are more difficult to oxifB8e 84] PPy is also sensitive to
moisture due to the leaching of counter idesding toa break of conjugation and the

loss of conductivity The nature of counter ions or dopants is the key factor in the
properties of PPy, which not only affect the electrical conductantyelectroactivity, but

also influence the general properties of the final product on chemical, morphological,
mechanicalproperties and thermal and environmental stability. It was found that PPy
doped with arylsulfonates demonstrated good stability in inert atmospheres while less
stable in dry or humid dB5], and PPy doped with tosylate anion was promising for
enhancing the stabilifg6].

The el ectroactive behaviaagc ompbdlyrPitehdei Icrh aing e

el ectrical properties from ap8ilnBlhud atvhoge
oxidation and reduction process involves ¢
process that are not [ &&Jolved in other red
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/ \ A J_r: / \ + A~ (anion release),
0
+
A+ C* _e / A~C* (cation insertion).
N /n

Fi ga2r®edox reaction of PPyrebetnanblegdoph
count ge89]jlbsnesd by permi ssi on.

Oxi dation of pyrrol e genadrnatoasaaui adriealr gWhde mp

sufficient negative potenti al i's applied,
anions or incorporation of cations from el
potenti al i's applied, the anions a&awxe dims®eer

t he neut8rdal 8fehpkantt i 88 p B O CkEhiogwl 6F ar S 0me

i mmobilised pol ymeric dopant s such as I
pol yelectrolytes, the incorporated dopants
reducti qM.Optrmicesas e, the electroneutrality
penetration of el ectrolyte cations into t
behavior of PPy involves cations transport
the PPy matrix and entangle PPy chains, wh
strength[87] PPy film
2. 5Fa@brication met hdbdsedf cBhpoandePPy

PPy can be easily synthesized based on the
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in orgaamdet ofnBapd |leropyl gna@andanrnaratus medi
presehce xiadgieznitnsg 4, i ki@l e CChemo kyaimeraredti on
el ectrochemical pol ymerization method has
PPy because of their facile process and ca
met hods have also been devel opd%2d,powhiphlasier
pol ymeri zat9i30lnec¢(VBPREP4]Jnmirroemul si on [ 950]l vy mer
mechanochemical 9ppptyoneo li g[a®.7 JoTdadvi aomtnadg e s a
di sadvantages of P®PymmagmiThedMeisn met hods ar e

Tab22ddvantages and disadvanta&sedoby PPy sy
per mi ssi on.

Synt he

Advant ages Di sadvant
met hoq

Difficult t
homogenous P
-Si mpl e and fast fjuniform stru
Chemical-Ef ficient to prod-Produce ver )
pol ymer|{the form of dispeljand difficul
coating film thickne
Difficult t
rigid insolu
-Hi gh rates of acc
-Produces very thi|-Difficulup 1t
-Power ful met hod t|(process.
mor phol ogy and itj-Some monome:r
properties theoreticall

El ectrodq-Provide higher mejlel ectropol yn
pol ymerjand el ectrical <col|-High oxidat:i

produced fil ms could | ead t
-Hi gh efficiency of the polymn
-Possible to depos|-Costly -and t
onto exposed phot{(consuming me
Ssubstrate to avoi |

2. 5ClRerti cal polymerization met hod
Chemical poilsyrmasy zanidord ast process, by whi
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nanoparticles can be obtained. The conduc!H
final product arecomdijtuieancscd dbyg relaet namu
concentration of solution component s, i nit

reaction temperature and ti me.

The possible mechanism ofi xchehmbe@dlidEH ol ymer
t he initiation step, pyrrol e monomer s al
Subsequentl vy, the two generated radical c
bi pyrrole after the prerppapgobiaes 9N phecbspy
oxidized again and couple with other radi
continues tahhar mas wloths of n hi gher oli gomers a
Mangxi dants such as ammomi(um [ &d)OliHded reo g eAn
peroxide, Haeveaibeentuaed f orThtehesod wretnh e soif
synthesis can be eithaneaci @dihd¢ oopof or gman me |
agueousHGEGINO acetonitrile, tetra hydrBorfur e
exampl-dj meesbonal PPy nanopartijacsl esx inwdearnet f
the presencl[e9.O]fT hrei tnreitch oalciodbt ai nedanBPg wit
uni form gl obul e morphol agyT heaend omarurcaw vs it ze
as 39 S/ cm as a result of tshoedinuam odsotdreuccytl u r:
(SDS)The specific captacihancer wastlL3@@meFi tgy
di mensional PPy nanotubes and nanofibers a
conductivity and hijdOpOrdeaparced abemed¥agtl e e
orange as despant cbgmiacailn pol ymeri zati on 14
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parameters including concentthhreattiyymes odf rsal
the diameters wefrethemveabhogabed and opti mi
nanotubes showed saraobdle@ dnna.meThea maax iuneu no fc e

960 'Wwag obtainégd amtd G.h%e A agpacitance reten

10,000 cycl es. However, it should be noted
materi al was whi eny wans not practic@alolif]or t
reported novel hi erar chi c alan g schoeneptonsei/ tpeosl y Iy

adsorbing pyrrole monomé&Trisntoenr atchhd oswsr, f aheyed r
and Van deraMhatt serd owaz®soxidized by APS an
sur face areas and short el ectron transpo.l
per f oroma maaecosnpessitistheper i or <staphaicl( iBthya,c6h iFg ly

at a scan Jyaaprdofo@dm¥Wapacitance retention
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Figadr®echanism of chemich7.Jpeldymgr prami ens

Shi [eltOd2a]V el oped a nanostructured PPy hydro
met hod. The unigqgue 8Dbnepbrocsedabypysinaetrcmo
nanospheres endows PPy hydrogel s wi t h g C

performance acting as supercapacitor! elect

angxcell ent rate capability.

Most of the PPy chemical polymerization al
potenti adp fpmrodwatlieon. Ho we vieululnyd énres tnoeacch aan
i@ challenging to obtained homogeneous PPy
2. 5El2e2t rochemi cal pol ymerization met hod
El ectrogdleynmmerail zati on i s another synthesis
over chemical pol ymerization. Hi ghsi tanduc
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deposition on the electrode surface. The
t hickness and structures can be tuned by
par ameters, such ascsesoldemisti t yel etctercitc odepe
concentration of monomer [ 408, t &4 Jrmatdurtd oo
resul tamat eedPyel ectrode can be directly usec
the resultant PPy from chemintparle gmalt yt rheer i z
current collector with binder. The mechani

i Fi g2 2

Pyrrole Polypyrrole

Figadr2l ectrochemi cal pol yh@ bilUzsatdi dry mea ant i

wher eAtdgresents the counter ions that inc
mai ntain the charge bal ance.

The electrochemical performance of PPy <car
di fferent counter i aamdai fhfaewee nd i fdfoeprienngt | cehva
di fferent el ectwarcwilrbgomauetandtyuppBerting
structures can be obtainesg, annuc I8 Da :n ent avroa WKis
PPy t hin film can be synthesized by cycl
potentiostatic deplokOsGeilerct melt dodd.erkeint efs ul

gol d, gl assy-madebaocmr aod cokhposite for PP
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deposition methods. It was reported that t
hi ghest el ectrochemical activi tmadfeorcatriben
compositedesnmadirssttrindtegbdersft or Wa s c-& b § oapnad - c o

worlk®e0r7e]lport ¢dc mapl ssbtkteponeel ect rochemi cal poly
fabricate Wyt dddigrmhwvd kdeonset ructures i n aque
usellaCj ONaBFNacCl ,>SQNa Na NOs supporting el e
pol yvinyl pyramdoidd awne d(oRI\eR)yal p osluyl nhearlirec o nSiDcS )
surfagctaeespectively. Thseuppmpheogrool ydef foer
mor phol ogy of PPy wer e i nves tciognatcead, sarmrad cit
in the sol utCil®nrsBE o mtharilrnei gnugld a me th BPiPe/a d Im

struwdasirfeound in other electrolytes. The i
on the PPy ifniviemtwdd ¢ &lhspoage dtanclevasf oB75i Re
for the fsihhampPdagit rcuccaunrge §e6td pavlie.l oped funct i c
nanotubesasbhBemdl| gelef ectrochemical pol ymeri z
met hyl orange ( MO) . MO fibrillar precipita
el ectrode in a neutral aqgueous solution be
as a template for the growth of PPy nano:
functional dopanNO nrréhreo truebseusl tsamaweRIPyhi gh
S/ cm. ChlanGs8ylet hasi zed el ectrochemically re
and PPy composite film by cyclic vol'tammet
was obtained and was attributed to the | ar
separation at the interface of electrode a
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from PPy.

Al t hough el ectrochemical pol ymeri zati on m
homogenous PPy with wuniform st r upcrtoucreed,u rprl e
si mplwii dihtowt the purification and separatio
scalpe production | i mit schietng adap/prieird ataitd o nc o m
2.B6f fect of dopants on the properties of

Thevepalbfor nPaPnyc ecanf be | mpr ov e dqubayl itthye dsoepl aer
The morphol ogy cosnidaetempbghaapaer dg,l 0t9Haermrdna |

mechani c@ll 106ff rPePygtahr e i nfl uenced by the nat
and the @ddaidhg | evel

Rel atively high conductivity of PPy can

dopfandtag]lt was found that aromatic dopants

parall el to the electrode or [grlo3wBy ualftaerei

t he dopant a nc oomasu, cottihvBEPtygyl eabhr be | mproved |
magnititddéParticul arl vy, anionic dopants con
provide |inks to different pol ymer macr om

charge carriers and t hulsl 5§Aac iod a ymantge rR RAY sc
been chobesepantassdlbdasy!| benzelnkk@tloflouneince saird if d
aclfidliarnd naphthal gnieeB¢okéoasal faenidc compoul
extensively sgsgtudoim®dgonduueg attoe timd e raarca maotnisc b
ring and][ PPI9t] cvhaas nfsound t hat t hendwdeaileasp of
charge delocalization of PPy backbone, t he
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adjacent chains are facil i t[at2eddl, n | addii tnigo n
sul fonat eeghradnitpen t @nmad Ind ceu laart i onisncofela® Py a
solubility of dopant § 12 f nhyaddrdoipthiiolni,c tihnet
showed t hat aromati c dopant s containing

conductivityiofrkkgirigigel/ nMmawsist hr at i o[ D22} he d

The use of | arge dopant mol ecul es offers &
t he edhiasrcghear ge process, thus reducing the
stabill2ilMby epveéhe increase in the size and

mol ecul es can reduce the size of PPy part
stability and [ilRRArlease capacitance

Besides conductivity and capacitance, t he
by ddpla&mt]ehe structur eafdfe &g isonziec adnodp amh asp
partaobdedsdédl ect rperhfeariadaart € €y by chemical p
met hadd 7JPPy nanoparticles, nanofi bers, nano

varying the d¢@agamtf concentration

2.Flundament al of magnetoelectric and magn

The magnetoelectric effect allows for the
enabling the manipul ation of magnetic char
fi ehd,ch r e€a&lnitosdeelvtihcee [fluil/dijteind res e st i n magne
phenomena arises from its possibility of (
magnetic field. The magrdetcita ot yeled ftamw, ih
el ectrochemi.cal reaction rate
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The electromigration and diffusion proces
i mporftacntor s t hat i mpact t he[ 2 &]theodh d miuc
process |l eads to the formation of Nernst o
the réedaeoOijloansaddi ti on, the electrochemical
the surface of both cathode and anode, whi
react i[oln3sO |[Thaed emax g eetniat fi el d exerts influe
and | ocal pH[ B lLorentz force

D B @ ¢ pTm
wheVeepresents tha@8iison heelmaginteyt,i carfd el d. l
wheWwanBare parall el to each owkeManBamde it
perpendicul ar. I n the presence of |l ar ge m:
flux of reactants and product s, l eadi ng t
facilitate the efficiph8%JToke eféectochamibe
magnetohydrodynamic (MHD) theory, and the
flow. MHD fl ow can also reduce pH gradient
el ectrode reaction efficiency. The influen
field on electrolytemddyi ngi Hidcak2gdn be desc

’OT—b: é—“(\’)pébé ¢ pp

T oY’
Whedreepresents the neCithaexelodctel @elcPiro| yao rc
di ffusionnceseftthmbeentof el ectrons passing
reacRkKiisont,he Far draeypbrse sneunnibse rt,he t her mal ene
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The magnetocapacitance phenomenon occurs w
i n responsematgon eatni ce xftieerlnddhlia@ip |l ¢ &2 he deéscri
o cof A ¢ PG
wh eHies Heliesenber g,{Hamfi d t ® ns @minnJi csp e rhaet cerxsc,h an
i nt eJpr @l indicates a ferromagnetic interact
par all<l &l ;indi cates a ferrimagnetic interact
antipahaltbbhnge of magnetic moments during
and the change of their i ntnmeargancettioocen eecrterigoy

coupling and magnetocppa8jtive behavior of
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3.Problem stabegmeni syeand o

3.Probl em statements

The interest inamesaebbpengl PPygr asupercapac
attributed to its high specific capacitanc
of the challenges of achieving -bgpssced edlud ckt
electrode is the requirement of hidghomctiyv

practical[ lalpAllti kt@agirgdovnilsmeythr i bas apaentaapert e

|l ow mass | oading, t $,@gihealflaybrbeladw ohO0 t ;g h r
suitabl ecfadre Iparmglaicti on. However, t he incr
poerl ectaodgdd Botive material, resul ting

decreasing splez]i fnhcaddpacbhantede high act.i
reduced capacitanc-di seheaenljje dmatak e if @amg ¢ icha@r
t happliofAtiPPry in supercapacitors i's the p
resulting from the anion exchange Dbetween
di scharge process [d4mpTlahersefoy el i ct hetraebiils t
devel opment of novel materi al s and proces
el ectr hdegsbhtmaveeh | oadi ng.

The devel opment of anionic dopants for t h
attenti on, because of the influence of dop
The conductivity of PPy can increase by t
gualitybddpgamas reported that polyaromati c
of PPy amd edredametde ori entation of the pyrr
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growth surface and ¢é®hancegde PPRY yaomdadti icv i
advantages of daerdgu ctelde mowelmemg , whi ch can
i mproving PPy capacitance retention and ¢
groups can provi de | amaknsh amicteh itnh edi@fhfderirgeen tt |
charge to mass ratio of ar omatnido pdapantws t
| arge charge to mass ratio can reduce the
which enhance g@Bdci fic capacitance

Anot her strategy of solving -mbkesewallobddt ema
nanot ubMWCNAPRPY composite electrodes, whi ch
st ay,i|l ctoqqlduchiigrh t gorositansnurcfradace r aofear édec
carbon nanotubes. However,ti BHWENYs eamatangl pi
sized ag,glwhhmechtreesqui r e ¢ oreda ddviasnpteargsel so.n Moor
showled noted that the specific capacitance
significantly Il[o8ethaeshanhe hamowht Py MWCNT
shobkedoptimized and the dispersion of MWC |
was found that acid treatment of MWCNTs
functionali g@pwhivcahg N W d better di spersi or
functionalization strategies i ntroduce def

conductivi t[ylL.OoJfAnMWONWWDs t ant breakthrough 1is

agent s, whi ch of fer advantages of hi gh c
MWCNTs . Particular interest i s molecules f
salts. Cat echaltiua aro Ipehcewnnlpd & baarceo orpoubé@s f o u |
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and ani mal s. The characteristics of a cate
with two adjacent Hydr d»xyd onwgurhiceuinphst eatat ac b
bet ween car bon r ianlglsowasn dt haer oandastoircp triionng sof
MWCNTd,2]1l eading to the di s p eateholw molezifles MWCNT
al so exhi badhesmdmalbablie y within wide pH ra
form complexes with metal atoms on mater.i
| i gabh8The mechani sm of cat echwoV odhebl®antdiinngg,
i nner sphere bridging, out er sphe) ©t hoerri d ¢
functgroonads may al so play a r ol eatedhalic adsor
moleculesfacilitate the cedispersion of MWCNTs and metal oxides and enhance their

mixing. In addition, some molecules in the catechol family have other properties like
pseudocapacitance, which can be applied as cliangsfer mediators for energy storage
applicatiofl4l.Bi | e aci ds and their salts are anot
natur al anionic surfactanl.5] Tainaduaftaumb iblee fsoaul
i s characterized by the ytderophotiac kbomea v
a hydrophil,i c ecaodn wvnegx atrap hitielpeh edm iccpufels6t]Th et ur
adsorption of bile acids i s bydgreap hoinl itch ec o
side steroid bile acid backbones with MWCN
the dispersion of MWCNTSs by the formatior
changing the intrinii &he luddtl rbd ryiec apcri odp earntdi
is significant, which can be used for the
containing MWCNTs.
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Il n this case, an i mportant task is the dev
t he fabri eMMCINOTn cofmp@BYy te el ectrodes. The
can offer benefits for PPy and may al so s¢
spetuattional groups.
3.bjective
Based on the above | obegeat uv es @&avdthoivsd e vheel
advawPPpdseldecmaobdébal €1 ectrochemi cThhh4sguper
term objeachiveveanbplel!l-bair mgobhecti ves
Devel opmewvedwdnced anionic dopants for
MWCNT
Devel opment of peasy ol madsPiycanammparti cl
opti mihzend c al poley memdiszati on
Devel opment o f composiCN@sd chat ai maguget
ferromagnetic material s
Fabrication and el ectrocimpeossliceaceét rtoaetsi M
optimized component rati o and high acti

excellent cyclic stability
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4 Albstract

1-Di aznoa p h-4-shwllf oni ¢ acid (DNS), and sodium t
ani oni c-didsopeaearngant s for the fabrication of
el ectrodes. The electrodes show i deal pse
4.89 and?f4ar77DNFS camd ST, respectivel y. Co mj
40 m@Egcomtaining feeSrMo®4 ¢ SM)i anda conductiv
obtained. The approach of this investigatd.i
on RBW composites related to the wuse of n
el ectrolyte. | n contrast t o previous WO I
pseudocapacitive bfSWaeviexrt rohytae.neMomradv eNa
el ectrodes showed significant!l ¥f i ghR% amag
ST, respectivel vy, and enhanced capacitanc
composites combi ne advanced pseudocapaci

magneti zation of ferromagnetic LSM.

Key worpdosl ypyrrole, dopant, manganate, ferr
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4 I12ntroducti on

Composites conptaaritniicnlge smaagnndetcdoccnducti ve pol

(PPy) and polyaniline ( PANI ) , have gener
adsorption, wat er purification, bi-BbJs ensor
Especially pRpPEMi sabhg oms eof such composit
supercapacitors and capacitive deioni zat

pseudocapacitive and magnetic properties i

magnetoel ectric ( ME) phenomena. Such mat e
i ncrease i n magnetic field, i mproved cycl
charging speeds, electric potenti al contro
at a remarkably fast speed of smal | el ec
coefficient, significant shi ft of Curie t
phenomena, which provide a pladiform for <co

Composites containing PPy and ferromagnet
charge transfer, whi ch l ed to increased |
ferromag&eMnea@colmposi tes showed higher capac
PPly5] Sur face moddsfMic@tairarn cdfesLai th PPy res
magnet[i&lati owas sugges$tlecthamns def oRY | we de
the outer diso&d &ne&d Thaey eerl eocft rlboan transfer
doubl e exchange i nteract]j 6hsPAEMRIMN® gher
composites showed enhanfc d evmaogumset o me eis$ 1
pseudocapaciti v.8MpeBPRPertnesl wéd Lal ectrodes
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mass and were performed in the nexglaThee p
i mportant task is to achieve good electroc
high active mass electrodes while avoidin
range in alkaline electrolytes.

The goal of this investd- dlLgadds Mo e lwacst t ke & aw

high active mas s u sdiinsgp e radavrmtnsc e da n dd o pi annvte
pseudocapacitive performance in a neutral
4 EXperi ment al procedures

LaSsMN®@(LSM)2SQ Napyrdolaznmap b4shwllf oni c acid (

pol yvinyl butyral (PVB), sodium taurochol :
were supplied by MilliporeSigma. Chemical
pyrrole solutions, containing 0.01 M DNS o

Obt ained PPy was washed and dried at 60 A
Bayer) were used asfacaomduC®9bWepadasitti yesl.
Val e) wer e used as current coll ectors.

i mpregnation of the current <collectors fro
and 3 mg-GA\WIB (oRPPYy40 mg PPy, 40 mg LSM, 20 r
LSMNT) in ethanol. The i mpregnated current

of i nitid@hetéaxpgdémieseemsthaclev@c he Md.t i c
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<2
. E— ult.rasFmiC
o) washing — agitation
I — — |
[ drying - drying
PPy, CNT,

magnetic materials

PPy chemical Carbon nanotubes Slurry
Filtration
polymerization Incorporation Impregnation

SchemMdExkperi mental procedure of el ect

XRD testing was <conducted with a &Uffract
radiati on. Transmission electron microscop
TALOS L102C instrument (Thermo Fisher Sci
performed using a QaametmmPesr gn TBOUEDect T
cel l for cyclic vol tammetry (CV), i mp

chronopotentiometry (CP) studi es containe

reference, Pt mesh counter electrodse@ and a
el ectrolyte. The equations wused for the <c
dat a, obtained usi ng di fferent techni ques

previousl[y]described

4 Results and discussion

The conductivity and pseudocapaciti[wgd prop
DNS and ST were tested as new dopants witht

of buiICNTPEBWHSKMNYI el eEit geXNebowwlse mi c al struc
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of DNS and ST. The aromatic structure of D

CNT and facilitated CNT dispersion. The <ch
adsorption on inorganic particles by bondi
bile salt family of materials, which exhib

due t o their amp.hj] Wi Isihowed r lextcuerld ent di
suspensions i hCNvlatseus pelmsei alns§STc wet ai Bt Ay | ¢
over 1 year. Pr eFliigni$2ea ’hh otwe st it @ tr és glhtes
be achieved by dispersing CNT in pyrrole s
mi Xi ng. El ectrochemical t esti ROQ. -5wa.s4 perv or
SCE. Preliminary testing results also sho\
obtaining the IFi ghdeSsSB . c Mpa eiotven e god mat
was evident from capacitance Fngu&Ed&s e with
The maxi mum massCNIToadiercg rfoadresPPyr the fix
collectors was ?FAingdteeth d3 94 <3160 wnge lcdmetsrt d mge m

resul t <<NfTor PPy

70



capacitance

M. A. Sc.iSThexi €Chen; MciMeadteari alrsi \VSecri eintcye &
A B C . 150
a0 &0l 4 120 _
g B f:: 2 90 s
< 0.0 < 0.0 3 g 3 b &
5-0.1 5-0.1 d “ o 30
Q . . . . . Q . . . . . ol . . . . g
—0.6—0.4—0.2 0.0 0.2 0.4 —0.6-0.4—0.2 0.0 0.2 0.4 0 20 40 60 80 100
Potential (V) Potential (V) Scan rate (mV-s-1)
D 6 E F 18
—a 3 ——a ——a
——b —b a —b
T & g 1.2
E 4 £ 2 5
=) 2 &
: S = 06
2} o g
J @]
0 0.0
0 3 4 1077 107" 10" 100 1 1072 107" 10 10 10’
Z' (Ohm) Frequency (Hz) Frequency (Hz)
G 06— H 06— 1 200
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Fi gd1(EA, B) CVs at scan rates Lof( Gla)@ap q di)te
versus scan rate, ( D) Nyqui st pl ot , (E, F)
frequency, ( G, H) chronopotentiomet}ry(Ildat a

ver susCNTureleendt rdoednessi twi tfho r maPsPsy

cmMmprepared wusing (A), (C(a)), (D(a)), (E(
(D(b)), (E(b)), (F(b)), H, (I(b)) ST.

Nearly rect-ppgeharakudeprnhdences were obt e
high capacitances 2o0fr els B&c tainvde | 4T,h7e7a teFl 2 min ¢
prepared using DNS showed good haapachaagee
rate. The capacdwasnchkt afndd 9@hiFz@0MmMwmY si gn
higher than that obtaine[d9usheghoghecapaty
achieved at a | ow i mpedance. The studies
capacitance showed relatively hi gh rel axe
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maxi ma in the i maginary components. CP dat
chadgecharge curves and obtained capacitan
from CV dat a. The hi-GMT capmrad giatnecese aarfd tdeo
retention -dt sthghgehaages pave the way for
containing LSM.

Fi g#42sehows afeslwu3Mscharacterization. The XRD

of perovskite.

Intensity (a.u.)

s
IIIIIII.-....

0 20 40 60 80 100 120 2 -1 0 1 2
Degree) H (T)

W ]

Figued A) XRD ppaetagesrrmr,esponding 0643 CPDB) f
Magneti zation versus magnetic field, ( C, C
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L SM.

Magneti c measurements confirmed ferromagne
magnetization of TEMoOoumMmag&s eau lgower magni f
with a typi-£@®@0 mm.z eHowWwe Ve0r0, at higher magn
found to be aggl omerates of smaller partic
Fi g&3aendS9 sdiloavct r ochemi cal -L 8BCNTNn gelreecd ulotdse
Due to the higher density of LSM, compar e

increased®?®tor 40hengsame el ectrode thickness.
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[y a 3l 80
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Fi gd3 (A, B) CVs at scan rates tof( Qla)@ap g di)te
versus scan rat e, ( D) Nyqui st pl ot , (E, F)
frequency, (G, H) chronopotentiomet’ry(Ildat a
capacitance versusLSIMONT eanlt e dtemesdesg wiotrh PRy
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mg €pmepared using (A), (C(a)), (D(a)), ( E
(b(b)), (E(CbL)), (F(b)), H, (I (b)) ST.

Pseudocapacitive properties of the composi
rectangul ar CVs without obvious redox pea
triangul ar CP d-&f&nN\dTe nccoensp.o sTitee sPRyhowed c apg

and 2.6t F2¢mWdscapacitance retention 43

respectivel y. I n compari-€bm &l € bt rha dehs asctt
previ oju%] wer &chieved significant i mproveme
critically important for practical appl i c:
pseudocapacitive behavior, hi gher <capacita

i mpedanc-e SEINTPRY ect pSoQ@eelsecitmr oNgt e, compar e
St ud%]eas al kaline electrolyte in negative wi
The composite materials combine advanced
ferromagnetic properties of LSM.

4 . Goncl usions

The uBNMS odnd Sdi dppranasts all owed -ENE fabr
el ectrodes with high capaci¢ameetsi wod-l y4.. 89S
di spersants facili tltaSMENT thleedtabodesaatwionh ot
2.82 and?RPob60DRScmnd ST, respectively. Th

promising for the fabricatioqwi ethadegeceat d

contrast to previous investigations perfol
el ectrolyte, which can promote PPy degr ac
achieved in neutral el ecOr-60.y4\¥ v SKACEvolC
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pseudocapacitive performance, hi gh capaci:t
el ectrode i mpedance were achieved at high
combine advanced pseudocapacitive propert
ferromagnetic LSM.

4 . SSupporting information

Fi g u-$14A) €hemicalstructures of (A) dDiazo-2-naphthol4-sulfonic acid (DNS)
and (B) sodium taurocholate (ST).

Selection of anionic dopants

The <chemical structure of DNS <contains t\
compared to mon[olalrjosnuacthi ca sp-bdiatneg e aadil ghoni
sodi um Istalits known that the use of polyaron
condufg®jvitt was found that DNS facilitated
nanotubes and all owed for their improved m
dopant for PPydi sbpuetr saalnsto feosr &P Py@22arj dT hcear b o
amphiphilic chemical structure of ST, cont
benefici al for adsorpti b4 nt Riys ppers i coanr ba

i mproved miXxing.
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Conductivity of PPy and LSM

LSM exhibits metallic conductivity bel ow
MPEBbObMrAi on hopi ng[ 1Inde.c hTh6m]jé senl ect ri cal condu
Srcontent , [tL5] s LTy ptilh83 | -0 @ e S.oTthm10 el ectr
conductivity of LSM i's by 6 orders of ma
mat erials for supenwapabihe®ocrno,st s ypch masi Ma
mat erials for asymmetric supedsSQapaItors

el ect r[oll9y]t Ry i s a caoantdiuce i weol yrmaelrox whi c
condufpebdbyi2tog0 & cTmme high electrical conduc
i ts medpxerties makes t his materi al very
supercdgprpdci 2dds

Analysis of microstructure and morphol ogy

XRD studies showed peaks, -06a8r easnpdo nadd mfgi rtm
perovskite structure of L SM. XRD peak i n
agreement wi t0h6 48CPDS fil e 89

Magnetic measurements showed t hat LSM i s
magnetization of h@&abmagnéfi zeartui o;n o f LSM r
exchange int3¥amd{MoONs5;2422IEM st udies showe
received LSM contained agg#dme man. e sT hwei tam ad
the aggl omerates at hi gher magni fication ¢
typica3d30 snm.e Bhe aggl omeration of the prim
di fferent factors, such as high surface ar

76



M. A. Sc.iSThesxi Chen; MciNVead teeri alU msi VSecri seintcye &

Analysis of capacitive properties

Areal (Cs) and gravimetric Cm) capacitancesvere derivedfrom the CV datausing the

following equation

& — = : (S1)

where DQ is charge, dcurrent and DU- the potential rangeand from the the
chronopotentiometry data:

C =0t DU (S2)

The compl ex capaciCiNgNif cderiv@iasy i ECHNj(ept freq
from the complex i mpHNagwmyre Z*(¥) =ZNj(r¥r) +
.3‘339

# ' S
SES S
pay ($4)
58
The composite materials tested in this i

properties-daschawijedaebaesge (q) of an i dea
function of applied potenti al (U) and cap
potenti al
q=CuU S5

The cyclic voltammograms (CV) of i deal cap
redox peaks because ixhargehdempéimdregqpe @aur rae
scan rate (duU/dt):

i=dq/ dt =CdU/ dt SH

At t he gailcwanmrsasatnat)i cch(arge/ di scharge, t he
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time (Exfuadandnthe chronogpiogemdr ganetouy veda
triangulHorwevylape.t he CVs at high scdn rat e

deviated from rectangul ar shapeccarnsd wer & ht

active materi al and increased resistance.
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ZSi mpWin software was used for simul ati on
showed charge transfer resi stances of 0. 3¢
resistance for electrodes prepared DNS.
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5.Albstract
This investigation is motiveug BFBOY, i wherce

combines advanced ferrimagnetic and ferroe

exhibits interesting magnetoel ectric pher
properties of BFO are | imitedodsardtohihghgh
dielectric | osses. We report pseudocapaci:t
charge storage, compared to the ferroelec

el ectrodes show a remar kab¥Pfiyn ha gheluQarpalci N

el ectrolyte. The charging mechanism is di s
benefici al effect of high energy balll mi | |
which facilitates charge transfer. Anot her

pol ypyrrole (PPy) f BFOt tompadbrieati drmeofcl
pol yaromatic dopants with high charge to m
capacitance?fodr 4p.uwrée FPPoym el ect rBoFdG s( 5 0T/h5e0 ) c

el ectrodes show a ¢aplacw tiamgedarfce3,. 3r9e dru coe

resistance, enhanced capacitance retention
due to beneficial effect of advanced dopan
and BFO.

S5.2ntroducti on
BaFa 019 (BFO) is an advanced ferrimagnetic material for applications in magnetic
recording media, microwave devices, sensors, transducers and electromagnetic
shielding1]. Moreover, magnetic properties of BFO were used for the development of
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absorbents for the removal of various toxins from wajer BFO exhibits high
magnetization and magnetic anisotropy, high Curie temperature df 2@l a good
maximum energy product value (BH)[3]. BFO shows superior magnetic hardness,
compared to other hexaferrites. Moreover, BFO has high chemical stability, high
electrical resistivity and corrosion resistaiicet]. The crystallographic unit cell of BFO
contains 24 F¥ ions in three different crystallographic positions. The superexchange
interactions resul't i g peraunit roell.gTihes high cemanentme n t
magnetization and high coercivity of BFO were beneficial for the fabrication of hard
magnetic composites, containing BFO particles in a polymer rfiat6k

There is currently a surge of interest in electrical properties of BFO. The deformation of
FeQs octahedron in the BFO magnetoplumbite structure andesfter shift of F& ions
results in polarization, which can be enhanced by d@pind’ure and doped BFO
showed multiferroic propertiEd. The spontaneous polarization of pure BFO was
found8] to be 48.4 9 . 5 & BFOcsmowef9] a decrease of the dielectgonstant

with increasing magnetic field and a magnetodielectric coupling coefficient of 13% at
room temperatuff]. The application of electric field of 20 kV c¢hto BFO resulted in
remanent magnetization decrease /% and increase in magnetic coercive field by 6
8%99]. The magnetoelectric coupling in BFO resulted in magnetocapacitance of about
49%99]. A magnetic field induced polarization was also reported in this mii€jaBFO
showed phase transformation from ferroelectric to antiferroelectric and from
antiferroelectric to paraelectric phases at relatively high temperdi@)esThe
combination of ferroelectricity and magnetism in materials offers possibilities for various
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applications based on magnetoelectric effédfs Despite of high spontaneous
polarization, the applications of BFO ferroelectric properties for capacitors presents
difficulties due to its high ferroelectric coercive field of 441 kV-tmlow dielectric
permittivity at room temperature and high dielectric logs@gls However, BFO showed
interesting redox properties, which can provide a platform for electrochemical charge
storaggl2] devices. BFO was investigated as a cathode material for magnesium
batteriefl2] and an anode material for lithivion batteriegl3]. BFO is currently under
investigation for electrical charge storage application in supercapacitors. The capacitance
of graphene electrodes was increased by adding recycled1BFQ/arious charge
storage mechanisms of BFO were suggested, which involved oxygen defects and
Fe'/Fe**/Fe redox reactiorid5]. The capacitive behavior of BFO was tested in KOH
electrolyte and obtained electrodes showed relatively low capacitance of about20 F g
and high resistanfk6]. Reduced resistance was reported for composites of BFO with
conductive polyaniline polymgk7]. Moreover, the addition of BFO to polyaniline
resulted in enhanced capacitance, compared to pure polyanilin€@ electrolytg¢18].

The high magnetization and pseudocapacitive properties of BFO make it a promising
magnetically ordered pseudocapacitive (MOPC) material. It is in this regard that many
MOPC materialg9], such as R4, -FeOs, CuFeOs, NiFeO4 and CoFgOs, show by

factor 16 higher capacitance, compared to multiferrffi®s25]. MOPC exhibit
interesting effects related to coupling of electrochemical charge storage and magnetic
properties. It was hypothesized that the use of MOPC materials can address problems
related to development of high active mass supercapacitors with advancedveegy
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characteristics for operation at fast charging sf@égisThe high magnetization and high
coercivity of BFO are beneficial for creation of local magnetic fields in high active mass
electrodes, containing small BFO patrticles. In this case, magnetohydrodynamid @ffect
can facilitate ion access to the electrode surface and improve capacitive properties at fast
charging rates. Moreover, MOPC materials offer advantages for magnetic field enhanced
energy efficient capacitive deionization devices. However, limited progress was achieved
in the application of BFO for supercapacitors.

The goal of this investigation was the development of advanced BFO and BFO
polypyrrole (PPy) electrodes with high active mass loading for energy storage in
supercapacitors. PPy is a conductive redox active polymer, which is used for many
advanced energy storage and catalytic applicd@6r&1]. This polymer and its
composites exhibit good charge storage properties, which are especially important for
supercapacitof81, 32] The approach developed in this investigation offers benefits of
the use of neutral N8Oy electrolyte. High capacitance of BFO (1.34 F3nwas
achieved using high energy ball millingEEBM) andgallocyanine (GCARs an advanced
dispersant.The catechol group of GCA facilitated its adsorption on BFO patrticles,
whereas the electric charge of this molecule allowed electrostatic dispersion. Moreover,
the GCA molecule exhibits valuable redox properties, which were used to facilitate
charge transferNew anionic dopantssuch as 1,3,(6,f)aphthalenetrisulfonic acid
trisodium salt hydrate (NTS), 1,3,6p8renetetrasulfonic acid tetrasodium salt hydrate
(PTS) were tested for the fabricatioof PPyNTS and PPyPTS electrodes with high
capacitance of 4.66 F cfrand the influence of the dopant structure on capacitance was
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analyzed. The composite electrodes, containing BFO and PPy showed a capacitance of
3.39 F cn?, good capacitance retention at fast charge/discharge rates and low impedance
due to the synergy of contributions of the individual components.

5.Materials and Methods

5. 3Materials
Pyrrole (Py), BaFeOig, gallocyanine (GCA), 1,3,(6,-f)aphthalenetrisulfonic acid

trisodium salt hydrate (NTS), 1,3,6p8renetetrasulfonic acid tetrasodium salt hydrate

(PTS), ammonium persulfate (APS) and polyvinyl butyral (PVB) were purchased from
Millipore Sigma (Canada). MWCNT (diameter 13 nm, length 1 e m) wer e pr ovi
Bayer (Germany). Ni foam current collectors with 95% volumetric porosity were supplied

by Vale (Canada). Py was stored in a fridg
received without further purification. BFO was highergy ball milled using a Mixer

Mill MM 500 Nano (Retsch GmbH, Haan, Germany) for 2 h at a frequency of 15 Hz.

After the milling process, the material was washed with ethanol and dried.

5.3S¢2nthesis of PPy

PPy was prepared by a chemical pol ymeri zat
Synthesis of PPy, doped with NTS (PRYS) or PTS (PPYTS) involved preparation

100 mL of 1 mM NTS or 1 mM PTS solutions,
stirring for 10 min, and slowly adding 50 mL of 0.2 M APS solution in DI water. The
resul tant mixture was subsequently all owed
PPy materials were filtered and washed with 1 L DI water. The obtained powders were

dried at 60 for 12 h.
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5. 3EBectrode fabricati on

All electrodes tested in this investigation contained active materials (AM) and MWCNT
in a mass ratio AM:MWCNT=4:1. Various AM, including -eeceived BFO, HEBM
BFO, PPyNTS, PPyPTS and composite powders of BFO and R, BFO and PRy

PTS, HEBM BFO and PPMTS, HEBM BFO and PRPTS were mixed with MWCNT

in ethanol, containing dissolved PVB for the preparation of slurries for impregnation of
current collectors and fabrication of electrodes BEOHEBMBFOE, PPyNTSE,
PPyPTSE, BFOPPyNTSE, BFOPPyPTSE, HEBMBFOPPyNTSE, HEBMBFG
PPyPTSE, respectively. The mass ratio of BFO or HEBM BFO to -RHY or PPy

PTS was 1:1.

In another approach, BFO or HEBM BFO were mixed with MWCNT in ethanol
containing GCA dispersant and PVB for the preparation of slurries for impregnation of
current collectors and fabrication of electrodes BEOA-E and HEBMBFGGCA-E.

The mass ratio of GCA: (AM+MWCNT) was 0.02. The mass ratio of PVB to
(AM+MWCNT) was 0.03 all the slurries.

The slurries were ultrasonically agitated before the impregnation of current collectors.
After drying, the impregnated current collectors with initial thickness of 1.6 mm were
pressed to a final thickness of 0.5 mm. The mass of the impregnated material was limited
to 0.035 g crit for PPyNTS-E and PPYPTSE due to low density of PPy. For other
electrodes of the same thickness the mass of the impregnated material was 0.640 g cm

5. 3CAhAaracterization met hods
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XRD studies were conducted using a Bruker D8 Advance diffractometer witk Cu
radiation. TALOS L102C microscope (Thermo Fisher Scientifiegas used for
transmission electron microscopy (TEM) investigations. Magnetic investigations were
carried out with a Quantum Design SQUitagnetometer. The electrochemical testing
cell for chronopotentiometry (CP), cyclic voltammetry (CV), and AC electrochemical
impedance spectroscopy (EIS) studies contained a saturated calomel electrode (SCE) as a
reference, Pt mesh counter electrode and a working electrode in 0.5 >80ONa
electrolyte. EIS studies were performed at amplitude of AC signal of 5 mV. The
equations used for the capacitance calculations from the CP, CV and EIS data with
SP300 Biologic potentiostat, were previously desci#&id

Areal (Gs) and gravimetric (&) capacitances were derived from from the CV data using

the following equation:

~
g

S, 0Qo s, 0GQo
T’Y q'rY

€

€

where DQ is charge, -turrent and DU- the potential range, and from the the

chronopotentiometry data:

° DBy VoS

The complex capaciCiNgNjfog @acry)exCNjed) at di f
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5. Rlesults and discussion
Figure 5-1A presents Xay diffraction pattern of BFO. The diffraction angles of the
peaks and peak intensities are in agreement with JCPDS fitkdZ2 Magnetic
measurementsk{gure 5-1B) confirmed hard ferrimagnetic properties of this material,
which showed a remanent magnetization of about 50 ehaung coercive field of 0.6 T.
As pointed outabove, the use of hard magnetic materials offers advantages for
supercapacitor devices for energy storage and magnetically enhanced capacitive water
deionizatiofl9]. BFO particles are usually monodomain at particle size below a critical
value of about 460 nfd]. Therefore, permanent magnetic moment of small BFO patrticles
can facilitate ion transport due to magnetohydrodynamic eft&jtsTEM studies
showed that BFO particles were agglomerated due to Van der Waals and magnetic
attraction forces. The agglomerates contained large particles with a size-50@@0n
and smaller particles @bout 50 nmKigure5-1C, Figure 5S1). It was hypothesized that
HEBM and the use of a dispersacan improve electrochemical behavior of the
electrodes containing BF®igure 5-1D indicates that HEBM resulted in elimination of
large particles with size above 100 nm. The particle size reduction can be beneficial for
fabricating electrodes with enhanced capacitance. However, investigations of different
materials did not show correlation between electrochemical capacitance and BET surface

areg34-36].
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Figure 5-2A shows a chemical structure of GCA (see experimental section for
abbreviations for different materials), which was used as a dispersant for BFO and
multiwalled carbon nanotubes (MWCNT, described in Materials and Methods section),
which were used as conductive additiv€CA is a polyaromatic cationic molecule,
containing a catechol group. It was found that GCA allowed enhanced dispersion of BFO

and MWCNT in ethanol. Previous investigatif8¥d showed that aseceived MWCNT

contained large agglomerates with a typical size of-2@0 & m. The dispe

MWCNT is critical for their application as conductive additives and utilization of
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relatively low percolation limit of MWCNT.Figure 5-2B illustrates the suggested
mechanism of GCA bonding to the Ba or Fe atoms on the BFO surface, which involves a
catechol group. This mechanism was reported for other catecholate molecules, it
resembles the mechanism stirong bonding of mussel protejnsontaining catechol
groups to inorganic surfac¢38]. The analysis of literatuf89] indicated thatnon
covalent "-" interactionsallowed GCA adsorption on MWCNT. The cationic GCA
facilitated cedispersion of BFO and MWCNT and their enhanced mixing. Moreover,
GCA is a redox activanolecule Figure 5-2C), which can act as a chargensfer
mediator for electrochemical reactiof@]. However, due to low redox charge to mass
ratio and small amount of GCA used, the direct contribution of this molecule to
capacitance is negligibly small. The interest in application of catecholate molecules as
charge transfer mediators for supercapacitors is motivated by their application as charge
transfer mediators for anodic electropolymerizat[dd-43] and photovoltaic devices

[44].
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Figure5-3 comparesyclic voltammetry(CV) data for different electrodes, such as BFO

E, BFOGCA-E, HEBMBFOE, and HEBMBFGGCA-E. The BFOE and BFGGCA-E
electrodes contained -asceived BFO as an active material. The HEBMBEOand
HEBMBFO-GCA-E electrodes contained high energy ball milled BFO. GCA was used as
a dispersant for aeceived BFO and high energy ball milled BFO for preparation of
BFO-GCA-E and HEBMBFGGCA-E electrodes (see also experimental section for
abbreviations of different electrodesihe CVs for BFGE at different sweep rates
showed significant reduction of current with increasing potential #@&to 0 Vversus
saturated calomel electrod&CE) Figure 5-3A). In contrast, BFGGCA-E showed

enhanced current in the range abe0et V and improved CV shapd-igure 5-3B).
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Significant increase in current was observed for HEBMHBEQvhich indicated a higher
capacitance of such electrodésylure5-3C). Further increase in current was observed in
investigation of HEBMBFGGCA-E (Figure5-3D). The porous microstructure of such
electrodesKigure 5S2) was beneficial for electrolyte diffusion and electrolyte access to
the active material.

The analysis othronopotentiometryCP) data Figure 5-4) in the same potential range
showed that charge and discharge times increased in an ordee BFBFOGCA-E <
HEBMBFO-E < HEBMBFOGCA-E, which indicated capacitance increase. The shapes
of CP curves were close to triangular and symmetric. The capacitances were calculated
from CV and CP data and presentedrigure5-5 and inTable 5S1, S2

The capacitance increased in order BEO< BFOGCA-E < HEBMBFOE <
HEBMBFO-GCA-E for all sweep rates and current densities. Therefore, the testing
results show beneficial effects of HEBM and GB%O-E electrodes, prepared using as
receivedBFO showed capacitances of 0.15 Fcat 2 mV &' (or 0.16 F crif at 3 mA
cmi?). The use of GCA resulted in capacitances of 0.32 Famn2 mV s'(or 0.30 F cn?

at 3 mA cnr?) for BFO-GCA-E. HEBM showed a stronger effect on capacitance. The
capacitances of HEBMBF@& and HEBMBFQGGCA-E were found to be 1.00 F ¢hat 2

mV s (or 1.08 F crif at 3 mA cn?) and 1.34 F crat 2 mV &' (or 1.43 F crif at 3 mA
cm?), respectively. The capacitances of HEBMBEOand HEBMBFGGCA-E are
comparable with capacitances of other advanced supercapacitor materials for negative
electrodes at similar active mass load[88% For example, nanostructured ferrimagnetic
o-Fe03 showed a capacitance of 1.53 FZms pointed out above, the electrochemical
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capacitance of supercapacitor materials is superior to the capacitances of ferroelectric and

multiferroic materialsTaking into account the literature d@afor dielectric permittivity

of BFO, the capacitance related to the ferroelectric mechanism is ab'dug 612,
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The charge storage properties of HEBMBEGind HEBMBFGGCA-E were analyzed
using equatiofd5]:

N L U
where i-c u r r & @M sweep rate, a and-lparameters. Parameter b=1 for pure double

layer capacitive response and b=0.5 for pure battery behavior. Literature data analysis for
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different material§46-50] shows that electrodes with 0.5<b<1 exhibit a mixed battery
and capacitive response. The capacitive behavior is dominant for 0.8Rieparameter
b was found to be 0.94 and 0.97 for HEBMBECand HEBMBFGOGCA-E electrodes
and indicated their pseudocapacitive response. Considering advanced magnetic properties
of BFO and its pseudocapacitive properties, this material can be considered as a
MOP{19] material.
The charge storage mechanism of BFO can be described by the following equation:

0 d0Q U 1Q 1700P 6 dDQ 0Q 0 0 (VI
Figure 5-6 and Table 5S3 show results of EIS study of the BHE) BFOGCA-E,
HEBMBFO-E, and HEBMBFQGCA-E electrodes. The use of GCA resulted in lower
resistances. BRGCA-E showed lower real parts of impedance, compared to-BFD
the same frequencies and HEBMBITA-E electrodes showed lower real parts of
impedance, compared to HEBMBHE The lower real part of impedance indicated lower
resistance, which is beneficial for energy storage in supercapacitors. It is in agreement
with literature data, which indicates that GCA can act as a clangsfer mediator for
electrochemical reactiorj40] and facilitate charge transfer. However, HEBM resulted in
higher resistance. HEBMBF& showed higher resistances compare®@k®-E at the
same frequencies, whereas HEBMBBQA-E showed higher resistances, compared to
BFO-GCA-E.
BFO-GCA-E showed the highest AC capacitance at frequencies below 1 Hz and
relatively high relaxation frequency, corresponding to the maximum of the imaginary
component at ~0.6 Hz. HEBMBFGCA-E electrodes showed higher capacitance
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compared to BFEE and HEBMBFQGE. The problem of higher resistance of HEBM
BFO was addressed by the use of composites with conductive PPy polymer.

PPy electrodes wemgrepared using new anionic polyaromatic dopants, such as NTS and
PTS. Previous investigatioid., 52]highlighted benefits of polyaromatic dopants for the
fabrication of PPy with enhanced conductivifygure5-2D, E show chemical structures

of the polyaromatic dopants selected for this study. The chemical structure of NTS and
PTS contain 3 and 4 anionic $@roups, respectively, bonded to the carbon atoms of the
aromatic rings. It is known that multiple anionic groups of the dopants can potentially be
involved in doping of different polymer cha[B8], enhancing the interchain mobility of
charge carriers and improving the electricainductivity of PPy. Another important
parameter for the selection of dopants for PPy application in supercapacitors is charge to
mass ratifb2], which is higher for NTS, compared to PT8igure 5-7 shows
electrochemical testing results for RNYS-E and PPYPTSE electrodesprepared using

NTS and PTS dopants, respectively.
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Fi gbt(eA, B) CVs at sweep rates of (a) 2, (k
st (C) capacitance calcul a<Fgd Ert &md@Vea, véc
data at current densities ofan(da)(13), c(abpach
calcul ated from CP data versus current den
l (a)NTP&®yand (B), (C(b)), (D(BJE, (E(b)), (|

The electrochemical studies did not show redox peakseirCVs Figure5-7A, B). The
capacitances at 2 m\*svere found to be 4.53 and 4.66 Ftfor PPyNTS-E and PPy
PTSE. PPyPTSE showed better capacitance retention at high sweep raigsrg
5-7C). EIS data showed lower resistance of IS E, compared to PPMTS-E (Figure
5-7D). Moreover PPYPTSE showed higher real component of complex capacitance
(Figure5-7E). The relaxation frequencies were found to be 0.02 and 0.08 Hz fer PPy

NTS-E and PPYyPTSE, respectively Kigure 5-7F). The analysis of CP datd&igure
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