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(57) ABSTRACT

The present invention refers to an electrode comprised of a
first layer which comprises a mesoporous nanostructured
hydrophobic material; and a second layer which comprises a
mesoporous nanostructured hydrophilic material arranged on
the first layer. In a further aspect, the present mnvention refers
to an electrode comprised of a single layer which comprises a
mixture of a mesoporous nanostructured hydrophobic mate-
rial and a mesoporous nanostructured hydrophilic material;
or a single layer comprised of a porous nanostructured mate-
rial wherein the porous nanostructured material comprises
metallic nanostructures which are bound to the surface of the
porous nanostructured material. The present invention further
refers to the manufacture of these electrodes and their use in
metal-air batteries, supercapacitors and fuel cells.




Patent Application Publication May 10, 2012 Sheet 1 of 14 US 2012/0115046 A2

FIG. 1

FIG. 1A
(prior art)

F1G. 2
1 |
|
..3 M 1wmﬂ" ; i
. N e € AETYPE 2
= 0.6 | e |
% “ - %“w
= ) AE Type 1
[
-
> 0.4
=
= g) Conventional
o
=
le i
0

. Time {h}



Patent Application Publication May 10, 2012 Sheet 2 of 14

Yoltage{V)

Discharge voltage {V)

1%

8.2

i -ﬂ .

3 X

05 -

0.4

02

2.0

FIG. 3

¢} 100% COOH-CNT (AE Type 2)

%
o, 1) 100% P-ONT (AE Type 2)

Wﬁ‘%

1D

Tinte {h)

FI1G. 4

JP—
—P3

e PAAN% P27 0%)
— =— P3(70%)P2{30%)
— e R3(50%)P2(50%)

P3(50%)P2(50%)

Time(hour)

P3(30%)P2(70%)

US 2012/0115046 A2




Patent Application Publication May 10, 2012 Sheet 3 of 14 US 2012/0115046 A2

FIG. 5
N a—— | 22 - e —
03 a b)
21
0.7 4 . = 20
=) o
05 '
£ £ )
> o
05 ,E: 17 -
W
l - 16 -
014 1 ! 1 M :l .15 _L | | —— | —
100 70 B0 30 0 100 70 50 30 0
Weight percentage of P3{74) Welght percentage of P3(%
FIG. 6

- a) AgCNT(B-8nm}
14~ by AQCNT((3-5nm)

ClAQCNT(12-15nm)

1.0 -

YVoltage (V)

0 5 1o 15
Titne (haurs)



US 2012/0115046 A2

Patent Application Publication May 10, 2012 Sheet 4 of 14

F1G. 7

“I_II_I-I-“_.I -

o H__....v., I..“.ulu..:_.w_.

mrme .- -:._..:J:_l._:_.l.

¥ .a.mﬂﬂnﬂl.,,..,.d.u
e r.____.n__.m. ....u..H...ﬂmn
._._-H F-F.—.-.- L liEm L

: ..1-.1..-_ q--l. .-.-.-_.l qnm-._.-.-ﬂ.ﬂ_.._.l-. -F..._.l..- el u._u__..-l..i.__l{-l.-_ﬂ.-q .-l:. . .-.ﬂ_l
i _.__.:_._...r.:_r_...r L wimty 14|-rlﬂ r_._”-.”.ﬂ“”____.”-r“w.”ﬂ-.uh _rm Jﬂuﬁﬁrﬂ..ﬁnﬂ.—.‘.

— I e LB AT Tkt
. ::J.::”- ..u.ﬁr...: ok ek AW hu.ﬂawu__ L g

.-....d.........!..l_,lr_..._i et Tl u.r:.t_--..fl?ru....:iﬂﬂﬂﬂm_{...r.u...._nf.-nm.

- 1I....___ .-:-._..-..-.-”._....-.-r.__r-.....rll...--.lu ._.-_.I.- ....' ﬂl.-.___Ihh -._.1 .ﬂ.-.-li.l ll.rl“.‘ltlﬂ"-‘.;fﬂ-_. Iﬂ-llfﬂ.-lml.l-l.l. -
...-..-....!.“....:- . LR N T D T T T T ] vl il s | g |1-n|q|4|..r...+1 o
-.-h-. --.- i LI 1-.- Y MEENE -.i..“..i ff-—.il..-r_ﬂl -—-ﬂul-.rll..l .J_-l_?_ -
LT S —f.-t.!.-ﬂ.:ﬂﬂ-..—.—...—ﬁ-.ﬂil .-:._._
.- :.-:-.-_.- T T aliwe N L.-l.__ﬂ--l._.ﬂ .-ﬂ“....q._-“h. _._.Il“.l.”- "ain - AmTEE —n n.rﬁwl-l:l...ln...:.l ]
e R ......”.qﬂ-.......ﬁ.m__ﬂhm__.. R i Yo Ty SR L TP s
oE +” . u ¥ ..l,.-.u_._-.—_-r.-lﬂ.‘_.-n. X ..__I_ - ol & A v ek el TS T, WAL T

..r .-J..- _-.- I1.-l._ﬂ-. -.__.I._. -nl.-..___._.llh._.l_.lld-!-—r-ﬂ.r_:_.r.- =T Ertlrnttibﬂﬁb.l.n-rnlraﬁl

= R s A, e

__.....“.”-. b .- r -_.-_I- ‘-. o wak " Yl = - Wi T o =
ST RSP G R e e
e - __..r __,__...._.r..___r..-_..__.u.. = Tin :u.ﬂ_.l._TEli..__ n __—-r:..-.._-._-l__ﬂ.._.q.-.___rhl -......__—._..?-...:-
" I :r...”qwﬁ! L PRy WA ]
" - " .I. -_.-ﬂ._.f.-ll..-. ”“-llnll- FyaEnaiELE -.m.ll.-.-! -I- ...I = - A Ry
R T S Lﬂ.-lu LR ..__._.-.r,"il e pe ey e g T e __m..._n_r..l...._.._n__._ﬂu.. |1......I-f|. A
-.-l- AINENEEN uI R - r ‘. .-l.- P “l b ”l.‘1”|'|l- ”“."-.-f-: ahke -..... .-.ﬂ‘ - " - -‘l-r—.“‘“.‘ll H}ih‘ii‘l
AR L L .:_. LT et I e LT ..“f.—lir.llflrﬂ
J.__..\“.H.l.- Y —..f-. L. LN _-.pu_.. L-.hb -.._n _.-.__._..-. 1 - .h_-ll.r:il.
e e N N 5 ;.....w e L LT 1 U YU TR o s M
Y 1% ;—*-....t . I-.I-rrrrnwr M
.-.”m.-.l”“_l‘_.. e Y Ty ......1- B J-...l” -l.-.-.-l.._lr.u..”ﬂ-_rr.--l.- l.l.”.i.-".-r..." -_-.L...-fl_. ] _-.u-’_»_
- T, A " _..-1 T T . =i
b oml mTi [ LEWLE L F » = mnl s e
xR e St i it I T
s AT T N T T R e e .:-...?.._...:_.._m
...i...- ”-....l-h__..-.-.—.-...u.._.._....“-._-....-m- J.I_Fr-. . -i.irilli..lr._l i._lh-l.-.l_ ] -.r.-_...'nl ..-1_.-...--9- -ﬂ..__-. =
--r’i FHIH$T--. .r- L] E‘h ‘.l..l p ﬁ-lil-l.‘ll-—- m rﬂ—_Fﬂ-l ‘u.
ﬁ. YT 5 APkt mWiE .“.,..ﬁ.h,, R RS

L7, Ayt I et T i ftmﬁxmk. el

LiiepEt e * i =
h. -.-_ ._.-.-.- .‘r__..r......__ .__-.._.-m_ﬂn-H el “ ﬂ._.-l.ﬂ“.-.“.ﬁi
. e EEmcTn tama . 4 - R

-r -.1 e __d.- [LLE] J I....-“- l-lj- .T- l-u. .-la..._ -.1...!.- J h-l.-l " ..I

_..r..._... L-- B8 LL _n .__.-..J_l._._lilul- ] 1 |_.1-1 - lI-u.- - l...-.
roglnmnmgr H._-l)l..r._.ll-:_u_.ﬂ_r—. -.-:_j-:_.-q 1._-.I_. F+ __-.F -m.- - = .E

A g ay e ..l.r..._ an smEEem [

A S P =, 3 e i T mﬁ- $ T
e, Foa e = e ok e AR, :_____.J w1 1

hu -.".-.{. - L N _ - ———

- ol im o T i ' et I oy v Ty WA

..-......_....‘ ity - -::l.l_

v —_— w I L
L] - W ey .-*.-mlln. - .ﬂ.. _.._ﬂ... .--J_h__ ._ -_lb.-l. __Jl
R N R Gutaiond LT g ek ...Lu. LRL AR S
3T Taai Tm  am b o e e .......tu....aq u””&..r.ﬁ.&.- . r.___,nw
R +..,1...m P A 2 S e
.-.Il.‘.- =Fy R A .ik anp -..__.F T Y. -l._.ut .’.-.-.-.-._- .u..f
1 . N o sy Bl
It e ) T L JNY S -
L i... = __#-.-ll l._-_.-.ﬁ-.lﬂ...".l_..l-l -y .-_..5._..1"..... }
AT, gtex ey Lo Y R
die s e o S emnr w0 Mk
. ._m..l”m...-:._..... ek s . :.r.urh_.

‘.-_-Fl.--l.- Bk ki

. LRI
-.l- ] m ak
- 1 ._-I-.-.....-_.“I l- I.rﬂ.-“!-r
Pl WP SR . z f--.
- »
=

- 17 R
....* “ n o LTI __._-._.._.u omat ”-._'-. i
: ..p a? s, R T
11% #{- r.. -mﬁli-l._lﬁ- .-an.._-._. Y

......... ]

o namian- skl Mo

I-il-.:l. l l#vn_-.i.l ! .

...-.1._. - 1+Huu_h...|...n|...||.| gl .n.--h (IR iyl ) Y il

=" -..__. 't .____..._._-.._..__u_! e
.

ek an

L Ly - - . -
A TR WL L
3 +ﬁ% .-._...# CTEE L .-:_-:l__l o .-
-I- H.. - AFITRENE . I -I . IaFrmEn H -I.
411 | 1T FIF ' J. = *r - = dhTRE L TR A0 gt g | T W Sdn R
\ rl._-n.l-ﬁ- - - ql-..ll....l-_ T -..”. ”._.ﬂ”..un...lu.ﬂ..l -. l-l.._rll-i.-_-ll-.ll .
A - u_ﬂlll,..m‘a P T
- heed T L 5

-
- rmm= krad Pn BRREE A T-.-l-.-:.l.q_.. L, B S N S
u u Ir rar .—.-
- o Lame - o np
.

4w
#E mmeps rmnee Spmrer Tr..h-“.._.__...r.:r:.:._.pf..;l—:_— .-r.__ l..._-

T -l ’ -|-.l- ._-l-lnla'i-'- ll'lrlll -'-l-l-ll-'-l.-‘ n .

CETRESpeme et e AT ge mﬂﬁ"ﬁ- T P Bk _phias | T RS A=
r .

- e R~ TIETITINT) T T L
NS Pk ik S | W ) NN R U SN Y

¥.. R T Fomer o JP R - i
-r- r-. n—.:._.-..-.-._l-l-f.'.l: rll- (Al ] ﬂt.:- } . H H
iy .._‘.ﬂl_.__nll.l-l_-l.ln.:._—__.,, R T =

.&l—ﬁ - Hwd nwmb by &l b ‘
] k] P J.f-—.-m EL - L} El.l..ll. 1;
w CR Ty

||||||

oL . - ll-

T [ LRI L Rl T1] [1 1]
sy ek
,.sn_..k.r ..«mm?.#._

& ...:..._._.n .-tl.u ._...I._..l.-.h

4000

3500
3000
fos 2500

ud
-

C(002)| Ag(200)

C 2000

Ag(220Ag(311)

~ -
e &
0w o2
b B

Lo
Sor
s

g0 70 80 94 100110120 130 140

M 40 50

¢ 20




Patent Application Publication May 10, 2012 Sheet 5 of 14 US 2012/0115046 A2

Mass [mg/cm’]

Voltage (vs. Ag/AgCl)

o
)
X

0.01

0.00

N oY
\ 3 § :
NPT \ -
N LN 2 LN
NI 0.0 18 N 0 h §
@l*?t. < g @\};5 QOQ’

-0.15

-0.20

-0.25

-0.30

-0.35

-0.40

-0.45

-0.50

-0.55

%
G

b,

b

F1G. 9

m— Bare SWNTs
—O— AgCNT(12-15nm)
-~ AgGCNT(6-8nm)
—@— AgCNT(3-5nm)
—m— E4A comm ercial air electrode

0.01 0.1 1
Current density (mA/mg)



Patent Application Publication May 10, 2012 Sheet 6 of 14 US 2012/0115046 A2

FIG. 10
, e b)
2) %% bare SWNT % Ag-SWNT 12-15nm
0.6- 4
< <
é 0.4 C é |
- 0.2 v ).
0.0- 2
02# Rﬂz -4 NS S e b R B
' 'éo.e 04 -02 00 02 04 06 06 04 02 00 02 04
SR U [V] 5 U [V] d)
G- A
= ] Ag-SWNT 6-8nm = 3. Ag-SWNT 3-5nm
) . q
....E.. 21 E_. 2-
- —
. 0
-2 Roz R, 1 3
06 04 -02 00 02 04 06 -06 -04 02 00 02 0.4 0.6
U [V] U [V]
FI1G. 11
0.015 [
0.010

Charge from ORR (Coulomb)
-
3

0.000
BareSWNTs  AgCNT{(12-15nm) AgCNT(6-8nm)  AgCNT(3-5nm)



US 2012/0115046 A2
|

B
—y

*1
Ty
o

BT dn
m :I':""'."'_'-:f.’l
u 1 pr—
- T
4 -

e,
e G
B

o, N

£"m,
=_tu )}

L 1-'
T R

T

r-F‘

LLL i

—a— AgCNT(3-5nm)

e {1} e AgCNT(B-Bnm)
—a— AgCNT(12-15nm)
—o—Bare SWNTs

FIG. 12

]
r

r 1._.- .}

:, .

Mok ey

K o dma Ay

|

-
.

1.2
1.1
0.6
0.0

-
-

0.4
0.3
0.2
0.1

o o ©
— O O

™~
o

(n)ebejjon .

Patent Application Publication May 10, 2012 Sheet 7 of 14

13 14

12

9 10 11

8

me(hours)

T

F1G. 13

S R T N W

g

. . e =t
e Tt DO PR u LLE LA ML
LEER L LT IR TR B I AL RN LT L)

-I.l-lil--.l_.l--l-l- L] -

P rp==Ea rl1l|||l.l-‘ =l S EL. 1IN 4 & |l -
iy - .
R, [ I .
:....u......l...hl.l..ui..-...-l el y i :.-_..:-. 11.._.._" ZAdI L JHALmE B
_}i -“-II 'l:i+:‘i Tl I8 B l.l_

sEr -rmw rmi r
A LA s RS, & .

- YIS RS n A% Beem pAss pm gy gfemsmieyom

PP u P S P e . maps C N b MIM Ay L p N EEELE g i w

I....-d.-'#.: IIT-....-..—_I--.‘LF AL AL -..- l.._- ._._-l.._

R .
T oa.kp LEy
e ]

LR LT LA
SRy
r

-l

rrrrrr
sy m mmrke ik w F

l.l:_!-.1l.|.._..-.+l...+...- X e pmap i n

ﬁn.-r__._.r_.:h-._. .u.._.-u-.._.. TP T TRTAT YT

T ﬂﬂ:.:ﬂ,,_.. LRELALNY I AR L i b iy DLl L s T S T P TR T TN T T
J.l..-I..-J. BuiEr] e :.-!-I-.-.-.m-!.-.--...-.-.:.-.._.__.-..-. [ LE B 'S T - - - R LT P ' .f..:._. |.-.|- - u1

W i =2 mmm e ek e - S e .__.'._.J

.._.l._:n..ﬁ.h.._l.:....h...._.lhn.."_n....,...:....l.. b P AN el S A ek R

f-.__.u-.-._..._l.r-._.l-.l_.lill L] o -y . P - . ot ad Crm bﬂﬂuﬂ.-l_.&r.m
eemiepir e : i i : : T T ¥
SR TR PR e e T g M e
2 ELEE g 1] %] N h y - -ml. i A []
ﬁ“ﬂ"—nﬂ.ﬂﬁ-ﬁﬁq{”—-_ﬂr“ﬁuﬂﬁmnl-lll puammrrr i F ErgEmge . - - o
] Eﬁ.n.w...ﬂ.n......u.&:hr.. T u“...nlnq ke
Ve AT e i | ik ATy L e et * A
f..ml- [] [ 1L 1 .__-.._..- -—I.ﬂ-ﬂ___._-l_.... e rr ]
e i h,.....”.,.ﬁmﬁ_ﬂ..nqi. oL

NN S FAE EEEE TR T Ilr IL

.rll-iﬂ.l'ﬂ (11 1] -_-.l Tl el e N .

maE - ——

#ﬁ.ﬂ._.....ﬂm.ﬁ.ﬂﬂm.n.ﬁr. il : R .
Lr,_..w..m.”w. t.,uuH e _......n._.,‘... P._..,,....._... ;.n...p... -

q._..l._.r..r.u_.-_.ru
a__....f.....n-..-........-..

lrrl |—-'L+1rl-_
Sy W o ety
e m AR EE r-a
n Wbl e S o URR I kAt B LSRR O

B ey gy e ety s et m R

.-'I L LI} .—I-..rrl..-f.-ll.-. b

g h_r..m__...r.“....,.....m.ﬁ......“....r......w TR
‘-_.1- -.rlle.- -_-_I.-l.- __.f-.._._.l___-r‘.-.- -m.--...!-.l I-.-l -l-
ql—ﬂ“}lﬂbﬁl—lﬂﬁﬂ ﬂ'-__-!__-_ ﬁ..ﬂ.-.-- -._l-.....u.- .-.-_-_lu.- .
o g v o o w7 ¥t m AN R R TR T R

R T T, e A AT e st e o

P e e O T L POY Y,
T .-_ .u.II..-__. ' j_].—___ T A A ik o
|1-lll|| lll||1l|l - I1  mr=awkrs wn il bl

e m— N b it s .I.”rLL

L anmEr

i...__,{_._._..,ﬁ__,._..u.hrﬂ.-..uni...ﬁi At el e = s = a-r

e rha st L..._.._..w;..._.h._a.u_h...._.‘.? . PR E Y

fkggﬁﬂiﬁuqﬁ.ﬁ: P e
te-ﬂﬁ.uﬂh-...—.%.—i.. " mgms prhckind b Bf BT adT n-.._-.-._r.

Im....._.__uu-w.ﬂm:__:._:..: ...-__-.‘__w__.q._.- .].1...1. ._—-.. " armrian

. -.H!._.-rr__-..n.ii..ul.-._..u.ur:a....l.-.. .-.u.n_-.h._ﬂ...-:.ﬂ..thl- et l.._._..:.._.:..._..u.-.__r
280 aTALE e PRy b T, oy in:ﬂnu.ﬂ. .ﬂ;]._.#:.. o
S A N Ao O
i i WAyl Ny IR RN NN AR N THEIEET 1 . - pninialy e b 7 n -

EEAN AN SN EELrEE EE

pp—— 1 ' ﬁ.l_...h_.-._...l...—.lm..”-...l....i.._ 1] ___.._h-q.-l i -._.____l_.....r..h._-.n-._.. e iy el T 11
iy s R g T L.__J_r 2 Hll..ni. el S

P Y2 oy b L e G AR .&MH ] .”..H.s.:___.% SIS R e
%&Hﬂﬂ 11%-“"1'!1!“‘[4!1--“-@- E.m..._..--...ru- KT R - 1. % --._".ﬂ._HI _-__.-l_-t.l._.._l_.r_- 1U...._.._..I1 L
iy O

T LT T ' in - priedeliel.
—.:_--.-.-L.ﬂ--...l-%;dﬁﬂﬁﬂﬁ”%*gﬁq%#ﬁw”mﬂlm.ﬁtl___. SRy :ﬁ#& J-__..u-ﬂ. l_.r-.: ..-—-. ﬁ- i 1 .n..-__Tlnln ..... P 1.1 aly “_. .

L BN i A 10 Ry LA ol Ll 1 . i 1] 148 - - ..__.._.-___-._..___. -
i3 h.u.__,w.ﬂﬂ.misﬂﬁ..ﬂ ek .._.Mr..mﬂ..L, ,ﬂnv“,..___v.“..,r.lrs. Rty Ty .A_.._: _:J___n ‘ o

By e TN _.._u. T enpaddthy,
__.“ e A .F__.: i .d..h._._...d_._ Tl .___...,.“_::.uw.,r :.W
! ; .L._-_ _...—.%-..-__ " ....-._u.__..__ __J.._..__ .1—

PPy e e Y X T fi ._ L R .._n__.._.q_ip.._._:. TR I. S,

Fi-alaial-y .-.._lr.._r.nh__ S T A L ST I -



Patent Application Publication May 10, 2012 Sheet 8 of 14 US 2012/0115046 A2

F1G. 14

.
" L}
. .-l
o
’.’1
[
=
]
- ra
i}

'
LT
---dd
el
S
a
3=
'l"li:
]
al > -
CiH e
: i
- 'I.
1




US 2012/0115046 A2

NatH

O

FI1G. 16

Patent Application Publication May 10, 2012 Sheet 9 of 14

FI1G. 17

o m—— | L B

|

Frt Yy

---------

------

e —

!!!!!
-------
i ]
g

bl L]

A e et SR
o, .b._..._l.H_ oy
B Rl B B T
.M.,.....

- el u...m?ﬁ.h..:ﬂh T

&
et
L L L]

L

el L 2 N

ATUTTC 6. SO oy R o
f . FIRP AR ey o B .
- v ik n LA T .._..'l....l o+ ol vty 1..5...'& m
0 o T P P T T LI 1 o]
. Ty 1] -.l Yy~ . .—.‘. Il—. llll [] L] Ll | t”.ii‘f‘jﬁ% Mrw b .IJ n
by s s A A o v .m_m:ﬂ.uil::
b e R R R SR s e T T B
3 u.ﬁ. webaple H i, il kg gl R B .-1_ T an  mn - L] .
- -

- o S ”...mmr.h ....m...... J
SR
LN R
w‘?.ﬂl LT lu_..m_-.. AL ._.-.‘_.-...tﬂ#..u.-

s T

IJ.J—.
L ar

4
Terawrswirmr o rl.hl..a..l“r_.H””””--u.- []
S Ers R
ety .... ._m.m“- 5 sk e

- TR L ~ 1-..l-._|1.--.-.. g a il
r bl 1] - - ] | Bh L} - - -1 RN
it e s o A S S Ty o
LI rifgun e L) ey ar -rar

Ay ot e L ol P ] P LB EE L
LI ¥ ey rin __-....__.... . :

. I
a% r 1 ]
SEa, .
[ -1 ']
:
p— ILII.-—. llL-. L] L]
Y ra. B E R -
LRy = SRENET
YT [T LY »
: r
.
.

] -...lﬁ“-. L]

Fﬂﬁ___w ___,_u.,m..‘"w.m

N A AN AR AEE g

[ Ld ] ol o B o oLl ]

v frw b cdewew b ek Bk B B St

lllllll
mar

T ik i i ek iy o
AL T A Ep oy & R ey S GO
e T AT AP ) o, e R M i e e )
s e s e e R T
,.....,uqahﬂh

Pl ¥ o O O O T T T =

- ey o Y gy e g e gl e e L e ey

- Za i AN ..-.Eﬁﬂaﬁmﬂiﬁﬂﬁu-ﬂ.ﬁﬂhﬁ.ﬂ.ﬁﬂ Y
N L I T T Nagann )

rn
::::::::::

S I - . R LD+ “ o i MY L

- S - = e ; .

i o et | ol T T,

- e T A S, i e e Rt
. " Ly e H H . a3 2T - W o P



US 2012/0115046 A2

Patent Application Publication May 10, 2012 Sheet 10 of 14

FIG. 18

B o gy ey P PR L PN LA PR LY . - Ly - - n a = _-ll.l_-__..l__.-_ll.lJ
f-ﬂ.ﬂdcﬁ_ﬁrﬁfﬂ.iﬂaﬂlhﬂ.ﬁ!f -..-...II-.-l.lu.__-_r-.I- .._.—l gy vEmEEEEE 4 mmE 1.-.'.-.|l|.|..li._-l rlll.l___ o ..E...I_.__._L__.. i
LI O W LI I TR L T T TN LAY s Rinianp w i.ﬁ-ir-i-—.- RN, !1} tmuars, ‘ LLE d....h.rl-.ll.-.-.”.-.l..l--.-l?l“.--.”.hlh.l-. -“-"' “--. -
TR S S A MO T TR, T B T e T R BT ___Wn.._._- I LIk

- J-.“J.-.!r-_ﬂ..-..!dr_—nﬂ- e mia AT RLTA, ..-.-.—.l.ll.l.-.ﬂ-ﬂ..l-....f..._f S e 1 VAT T I AT iﬁ_..l.._lﬂfnﬁnq' 'Y et
ll.l B L R o iy T Ty e e e e L T et Y -rﬂ-r-n.f'ﬂ_fﬂ.ﬁjbr.-rr._kr-u.-lu.lui-_.d.

|..Lr...__l..nHL.I.._.+:..Lru. .__.._._..._ .....pI...r.rlr..._._p._....r:f.f.Ir.r..phrE.. Firprhglvﬂuﬂ.?j- “-_.f..uﬂ...._ah.....r...:_... ‘
::-.nl._!p.n. ,_H__-__-:m.r_,. "an .?.._.._.. TR T T LT T T, S .__n. e 4 T A T AT T e S L T ey

.._4_..._.___ o T - ._I. - -.._ﬂ_. AT e B N B, L TR T iy e e, ._..._!_H.A...r._.-..-...rt.._...t-._. .h..
A B Bk B e R B A N RS N R RS N R A R R AmE g e s n g g ma gy pman g e el gl el ek AT A s
-h-.-.:.-...-p -.:.-.-_-l -.-l-.-_-:- --.- 1l._.-.=-.-_. o rurminifm sl r rewil -__-..:_-_.l-.__-...-1-.-...1.-....-"l.—-______.-.li-_.-...-__rnﬂ-:.-w..-.-.._{.--il._._____l
.-_.-...-._...._.l.-.__-.-n._ I.._ bt o T T RLY - EREE ERETNET ENRRERNRAR R UAAR R SRRAREEmE I-itlillialilnii-z-htﬂ% h
- - —— -..1-...-.__ .- _..-_.:...-._1__ rmmr bpam m oyl e A bmn P b deb e me ke s s L hn b b L Emn gy b i g nd e ekl ik
-F..-ﬂl Py _-.I..-..-._-..I- u .-1_. --. " R ay g E _-.-a..m.-l.-..._.-__l ____._-..” -1-1'- .tu.lﬂ
ameram TN FE N TR AT v

[
P
L T

L LT vy ....-..__l. .l._-. __. 1 r._ — Pemk 4moa An - e W - -__.__!._ -__-Hh!-r:ﬂ_-':l::!-iu-h-.—.-..::r-.r:‘l :q-li

T -.. FEogLopinm mae __ ST I .:..-..1.....-.. ..........-. - , "eiEE =R LaqE mEima mEES mimm am s = el .-I-_r._u.”..ll... -
-h....a-._..k_....b_ LI R T L T A --_-lrl. e -.....-.-..........-.-..-...!-..-!.._.. - ama ..%
Ty a waems r ann T - ..l..__.__.1-.-.-._..-.-.-.-...-. l- R L R

...“...hw..n-...wmqn ._......-. .“ ___..l..... - e v Lo ' -.!. -.-. __. ... -....l__. . i g e T T I A P i - ...-.- .“..1....-..--.”-.-.-.-.....!__ "t l |-..:.. ..._-._I.. T -.-.- E H-# .H.
Lo = mier m s aemar ke b ckdkd mclrker IE S om v 4 = o kee da - - ! - " "aT RS Ca -Il. ...-“ ey %

LS DHEE BANN FEGL LINSERELEE SR EELLIY EIpRILLL _—.___:n o puig mnn primesg wrk ool el ..._._.___- - '.' LI -.- - ._.”__.._.____p .-._. ..“__...__...__.__. _l_._.__."___ T h%& .r‘ . E
l l.lllllll L] .lllr l‘llll rl-ll.-.llll.-..ll' -I.I|J'llll-r‘."..1' .1' -r.-..r-rl'.l (R LN TR T BCJREY L) | -u-I-l—JI-.- - l. =E L Ll uad el
__-:._._.- T A _..-.-l-.-.-.- L 1L S (L S T 1 W K 7 S S T thl.-_.._..th i ..r__ .lu._.-.._.ﬁ [T e .h__‘.-..-:.L-..__. 1] -__."H.L;ff._-..a.a__-man..rl._r..rﬂf_r__r}-_..ri

Yty -...-l_..-.-.....h_i.__. B athE mnt b ndnl Sk Fami b ek b d e U4 b ._I+-__+._.-.-.- _I_.__-.._..........._.._.._-..._.-___r-__.rl ._-.....__-__lh.._.-... TEmraas _..ll:l.- i man ACTATA

o Lyl g e IRSE bR LWARLE mpiiage mians sy -.-.q__.-_ LK |..1u-_ PR A, A .1... ..i-._qnl.i. - {_ 2 =LA e SN

ey e i ey -....r-__l e r g e e e e ey me e el e e ----.-l-!.-h...-.---l-ll.-l -l-i-.l-l.. waar Ay I-..l-. [ o o

TN AT, e .-ﬁ..__....r-.....-......-....-..-ul..l..-_..__r-._....._“m.-r-.....+._-.-nl_.-.-.-_-a.-...+-n-1_.__ b e = il ..-.I.I-.-.l!....l-i ) ._.l-“-_.ll f I_.a = .ﬂ...n. .

= A R s R B LTS TER " Ty _:_n.-....-_. T e W T T -—_.1._..__-__._]..._.._._..._...:_-.-_ e ek d L LN e ......_l.._...__.._..__!..- L ﬂ“...ﬂ_-_. “ikE T

ATNEN LA ‘.r -_-.___..!. mrm rmenmd g el remintn  mb tner— ._nu_i._...r el MK o r-...-.:._.r__._-t_._.r__..r..-.__..ﬁi-._. - I__..__.:._- .f e

Meprmbrnmd s Fdn bk R %1 T.._.__..__ e Ju..r-_-....-_.- an vy —....-_.......n-.-.: .ﬂ..__.-.__._____-... .ﬂ.ﬂ- 1...ri-.-_|I-I-+rJ!- wimpan l...- - -I..._-.l...ln T |..“1l- . e ._1. )= .h r
-T-....._...-....__..l: weans s '-.-.... -l_....._. RS, [P, L W | e amn el S I..ql..u -_.. T i B B St _..l._.T_. .:_..:. Sat r .Htl.-.__ KT

.r__. et Lk b A R GHARH R A T i e ey e e T B A " ._r_._.___.nu..-.__...II-_-__r Y ) _..-.ﬂ iy
.ﬂ-..r-.___..m.-.:._!-a.-..ln- -._-l-. rpms -._..-.__._._ e ud.. - -.l_....r- b m -._.-....l-.-:.-.-.__:-.._.. i+ -.-..._.._..__ -.._—_T:..-..:..... __-....._ﬁ- iy .._.M._.- -...l..-—.._-u ﬂl.... - .-m b

am hrrmwerk l lrI.-:.-.ll-tflu-rtu';‘:-: .-.I.TL‘.I.T AFIFFEt 1A g .‘ I1I.Hl- F- -J‘-ll-.—1-l1-1.ﬂ..-‘-l LTEF.T R I.h e -IT.J* ey t
by e m n ek m— 1kl it L LW Lrs F.l._ A o FLEFREF ammammes mumsnins = l-.ﬂ._... -_-.r.ﬂ.ﬁl.ﬂ. .-+ 3 -iﬂ. .‘-— s

mn nmaa |.....-._.-.|-..l..l nrma -l.ul.-...-_:l:....l.l. (R SRR gL U JRPRCT R B R R T -y oy o -.1 ey ¥ ._.....F .i.l .ﬂur_.r

.._n__._.......-__.-u- [ ___._ amy I...__-._._.--.lll.___ am ._I..r IJ-...:..-._l-....lul_-l.__-_. T T W T WL PR _..__..:.-F-. -...-.___ “._.H._.._.Jﬂlﬂ -m_._ﬂ.ml\...-..“.r- = ..._PI LT I.’- .‘l.__... .

, LT Ceenata 130 1arin rubaet bagErs e e msE arp s gt ::::.___......::: T e s T iy’ e W e L)
T.-.uln. - ._ir kit ...”H e b ba b ddd N B L +..r+. At .-qh P P T s B L PP .T_..-_ﬂ.__-_...- IJ-.“JIP .I._-uur. .%. C T e "y T.-uut._.:..__:...__il_ﬂ.- "

= _I.__._I:_.:_ _.Il-_..._l.. p— .I_.:_:..h.!._l:l PR, O N .- ...-.f-_.__....- _-.._..._.....m-qr__-m.-. apmiam (W e Fa .-.-..ﬂ o

TR :.t...:...:.. PP | TN, Plapaae, PR, SR, .....1 =
- R N BT I P . ..__._r i___......

w N R e .... s Bt e 2 L WA e A

.._.n-.. I N T e ,..._...

-. -..-i_-...._l_-...-. l m
llFl . o
L L] u._-_-l_..m-..-..- .]-.r- ..‘ L
[Ty wcarriar Lo . -J......dlq....__r. et Loy ....1-...153..____
HIHHHH....“H.,,:._“H‘,:.. A A . ey Y 1......_.,994..1.1._..... xS .LH R e e _..m
[ Ty ] FLEARRLEEJ ELE -.Ih.i-l. --l..-.-l-h._.-l-ll-h-l.l- l-!-ll-lhll._.-l-l-l-l Frbwwh _-.ﬂ.-.__ .l__P -r.ﬂ -.__.__..-'-E-H .r.r.i._ .-_l.._-.__ .- .-.ll -l..I-_ ri_:..ll.-. 'y .!-.-p_ﬂ- -__.___.._ i __1__ - -ﬂﬂ.—l i .-l-.-
L g o m.___l,__..._._ﬂ....a R Bt o B R A e et

ru-.-‘-.-:r._-. +--l—.au. H l.r.J- 11:.-.1 J.lJ. I.JL. 1... !I.ii-ll-lll1il1l1!-1= IlTl.s Frn a1k .ﬁ H ..I‘. Jfrb.-lﬂ

R L T L R S St et e, RS T VT T T A AT
-llﬂ'bllwﬁ.hﬁq-ﬂ L__”- r-....wh -Lﬂ-“ﬂﬂhiﬂ-ﬁ-hhﬁ--.ﬁmh-ﬁ.-hhl-ﬂ-ﬁ- ._h-.u-:l- -.-- 1 -.“_--.rl-..-...- II_.. -:.-_m- l.r- - -H v ”.l“. ”..-...ulf-“ ”_ﬂ-.v:m..'”-.-.-_ﬂn.-._ -l-ﬂ -._- -m r.m-.--:
ol .__w__.._ A T e e e P A Tl +M v :..-ii.,..___. L T Ay e SR
-.._. ”-.... T..-. _-ﬂl._l P ...__.._u_ .”__..-...-u_-......__.1 e .-U..l....h“__.h.: -....-.l..._._h-_. L “..__... ...l__ l. " l.___ f) -.-H-H.I%ﬂl ot man L2 — -“u-_ﬂlnﬂbvhlﬁhfm-m.m ..nw-.-n-_._...kmﬂ i\-ﬂ_&w .mi-.{ -.n.-....-

O, A TR T T LY R KD O, = .m_....., 'y :......:&..m.:.nu...t S T s R |
o mafafae i B +..J......-..L.1 T R e ey g M Lty n.-__...-.-...-l._......__..- +1 W ._r._.._-*“.-vnl T _-““_..\- e Y I:. . F e ¥ 1 LT

1I...__a - ¥ Ty [ A A - N .‘H...w.__....-..__.ﬁ.u__. L e M .-adtee AL =t __.- -l_...._.lm -.|.- St ik _.n_..n...-..t._.!_ e = e .

-1
1
L.
..‘ =-r
N

= o
- - = o —r X - KT T _r. v N T
.__I..:.F. 1R 1] -1...- 1T l...l (171} Il.-.l.ﬂ“ -l.-.-__--_.._-h.-k- ..—. -lliﬂ-__l..luﬂ t_J. 1._-._‘ .l...ﬁ.l-_ oy -......_.--_ * AL -!._ : rmk r +
.....L_....__i.m _...q-_-.1._.._—.._:..-ﬂ._- ....__H-_m -u_..uu....-lr_ﬂu.:.-__.._-h-._u“rtmh__h-qn- 1] -_Lm“.wllraﬁpu%\lw __“_.ﬂ r.”._r-.-h. .-.—._.-.- ...E...H.I.H- -..._.-H--r..ll__.-.r_._ Rl e Rk B4i ke at _..I....-.-.... n.".n-::_. L T T ”- T

B e - R = S S LT ey ST el
e e e R T A .ﬂa h:u__... ol TR i T e
e bk -_.:__-.._..I- .__...._n.- T Y w l-ﬂ.u”..' ...--L.-...-.”.. ___.q“. ﬂ rh.hﬁ-ihuﬂﬂl“ﬂ-ﬂ_. -‘. l.1$-..l l__-_!. ...- " ...l-....”.._” ..:...__-. -.-. KLZTT .”_l_..F! u ' h.”_.a-m_.rﬂ.ﬂ.uut..l-l.“.. m...-._rr_.-
. ..l.. Paen a1 mrn ke s ar hwrpan .- - L - i oy wanmmmar b T Femwe e
e ORI i tﬂ:ﬂ:u s R L e Ttk L | Ty
LRI U Y L P %ﬂﬁ .w....l.fm l.q.ﬁl.d.._-_.-.ﬂr.ﬂ.ﬁ\l .i.H.._-"-“r- .!.i.. b e L b .-_..-...__-.-.I...:. "o “.n......-..... - ¥ F
__. -... e ETh arww - T . e e Sp s amemmae F "
D LT I R P - .1[... = pma iy ‘ﬂ'% rerm et e mae g o wae -.n...__..-.-. Fy iillH ki .- -
ST e LT Al hha_. .._Lﬁm. TN Dy e T SR, U AR SERE LT e R i
iy . . l!i.._ — .-_ ..._F.-I._I AT T e T e " am il l-..-n. * " mmat wu
: e ﬂ&ﬂ.._. N R .:..... R IR T ety L T -+
Hl.-_-I-.H [] .- . - m— ‘rad +F o A ]
L&*‘Iﬁ. .u.-l._t ‘“—. '.l—.r L 1] . l-—.'.—- = -f L | et . m
- + F +: F - L 1 ) - ¥

f
g

¢

3 =y
F LI

-
P LTI DL

am - hm mmmmmm dd - - - - LI n - " L] .
- mdma afkm- kN kE4D TP 1 - y
r l l' " r -.'.-. ' n .- l ar
e S e e e T A
- ln- l- u -..nl -l--- . 1L " dm
T ) . . . :
Nk - b B R » = . " ymamaa - A L
rl L ] mmm [T | - -lrll -I1 l“ r! l!u Y 1' " . L] -.I - - -
nes .. . by pmr wimpmnamd b . s .
L T .ll S -.Il.lll. l-.l. -.lll . .IILIILII."II [ 1] + h LL] | X v
. w e A o
i S LS O
s d -

[ ]
HI N
k1

.

.F_ -:.I._..__.-l....-l _."_..- oy
uﬁat‘-ﬁiﬂ—_”‘hﬂ:-t ...-.-_..__:-.l-...- Ehpmmgp oy - l._..-.-_..!l.:].._.- r-_-._-.l._-..:rql--a..l-tl...-n.ﬂl.-l-l.-‘-ﬂ_.ﬁk.-i_..ru. -

r.r Hil‘I LI R o i ] -—..11rl.|.1.1 l.l.r-.r.- r.. I r.-un. == h. -..-.-.Il-—.i. "= == 3.”-1-rari. Hl .
”-HIH-HNIIII.IH ‘. ... B ..- l -lhl. s .-.-Iur.-..r--l.rl.l.l-l-- -....I.- bl L} I-ra.l.l. - ge=nm I.‘ - -.- .-. T -W.-.—..-—.uh'l l|.
AR :.t.._,,F. :..._._ .b.—:ﬂi L_,F .:._.., 7 e Ner e .__.. e o R tb.__lt__ -
= " T g s A e -__ T T e ....:- +__. an b e +|......|.._..T. .r.-... T r e M i
- ...-..u_. e ] .__..-..F..........h.q___i...a.._-. q...q. o e " -.._ __-1.-1 b __.__ ._..t.. .-_. -_._.. u .1...._.. mrms -....._::1-...I.._.+|.-._..lﬂ =T T .....1...! .
Ll L PELL AL e R AR L R R S L L L P R TR mrames T _._.. v L - r-
s VRN N Satn AR Ae L Wfe ek B AN nm we Mt i it L A L R o T | L
D e T e e L L e R b L AR N T R L LA KA LR LN R N -_._._._o= i _..:....__t.__:_. =x w1 _F_._.I...h.-.....w»:. . ]
'y Lyt un.. iy LR, ot e Lyt oy B By gy AP e g By L i A, B .i...._ g ey e B Y = il Wi Ly L
EXJELE BFEY *‘-.I-h--ln.—.-?l’l --h;ll-..lf-_ F-‘.un -lh—.l-ll-l-hhll J-II LA . L} -l-l_ n.ll[ Iarrl 1.r..rf Tl “-lﬁ- L] -“JII --.l..r.lﬂl l.“ #.I
i e A T
Trars Y :u.._:...:..i et E .;l._.H__l.ﬂ[ﬂu S e s o e o Ty e i -__l.___...{.,.-h_-.?.hl.-__:..__.r.__.fd# Cina Ty ..._....__m.u. h,.ﬂ_:.uwr.._ e A
UL (XL G LA DT TR #...r_....,ﬂr..#. ool G e O R o LLATEL CILLCTS

gﬂﬂ. ..._m__.___,

mnﬁﬁﬁﬁmﬁ:ﬁr e L T
T R e TS e T R B T 2

,".ﬂ._lu.l.l.ll...ull o s’ _ﬂ..._ﬂ.ﬂ.h..ﬁl._-n..ﬂﬂ.i..w.!...n.r _..I.__...-.l....l+

3%y

-

ur
Fis:

._ @g clusters

. .L.ﬂ.!::.. AL ICACT N
- . :..-..n.”__.l.: Y=
5 ]

. LIS LD
. h__lma.l
INTIT R EN) -..-..
tl.v-_:_..__-..:......_._- -...._-T..-...___r.. L] .ul-‘
PRSI "= T A R
.ﬁr.__...f I IS N ]
.,__..:_._.. . .__...........___..v....____..__. Y M

R R TR
Y 1 e 1 L] o b =y ....._-T‘-.
-+ ot L L‘..-.....E. r..!. nre ok drmn I-..-...-“s.- t-..“
S i ,”.,.Ea h.a.mw.ﬁ_

[ 1) :-..—.l- (14 1]

_w.-m.nm. L .N-...um..__ .W.w...hl“rﬂuu.-u

.“..a ..”.W_l....hunhwiql ..mn.
u s = :
_r. NS e Eﬁﬁ L..L__.”_.,:
1& *

. =k .n.l:...:hrﬁ Ty ey gy A

- 4 ll.:i.-.- *Fl J.ﬂii L Ll o L L1 .J.I. = —my .l - L] ="

.Hm—. TS .I....+-.__l.__.__..-.+ m,l.m.__n..m_-_.. T .ﬁ.“.q..ﬂu. r-m.n.. dn-_..ﬂ..”.}..mn._..__‘.l.m.l_....lm_u T
i ..m.d.r. ; .th,ﬂ.nh..ﬂﬁ.,m.{..f e

i e R l:.. I T ﬂ A wah e Ny 2
Mgy o L__.... Fh:i.ul , I ...?..E AT A et L T L T, I:L....Hmr.
m}:r.fﬁhﬁﬂzﬂu&tﬂ AT s, .._ . _.. L
o i) ST e e e
e .n ammpap e u paesasuia s .l-ﬂ._l.1 g -
e AR e T e mﬁm_..m
._..__...__.......:.. %ﬁ..u B L )
s ..n.ﬂ:ﬂp.nﬂmn_mlﬁ.qh.ﬂmmuﬁrmtmi.ﬂ :..._._._..:
ot YN D e Jm_.__..
R AR J_.:h.:l. el B D L r
- T .ftﬂﬂ.n#ﬂtn.n:. Seluainei
- LA S - ) NE A b s v
w...rmrﬂu..... B e R Y- G ..I.. AT ﬁsuuﬂdnnﬂﬁ_r
l' r b l-."l?.r .-.u.! -r‘.lH‘ﬂ_" Bar® -.lqr -uir:l.al‘q?-.llﬂ. FunmuT % Jlull.- b F.-;li! ik !k ’..—I-J. l-
._._.# - ..-.-a.l I..__-..T.-_.m.-l..l.ul .r___.ﬁ.:.._ .ﬁ_._......._.& TR ..._l_:..... T ._._-.hm_.u..:. I __.r.. ﬂ_._ .t.
.-._...- =~ .._..rLl...F -.-.-...._.. = gt . - .1.“1.:!_ ll.n_... pore I._ gy ._—._. Nl -.._.__-.-..—.Hr.rl -.r....F ..Hlﬂn.-. h-....u-l.-...-..‘. .
a -n - Jr. R L Ly _“-r e n __. - l - -m-.-$ -1!.1 e rmmnnda b e ol
e e _--...-__.._.__-.1 == -.-._- ...IL. it ._-l i R I_...-n.-...l.-.n'l— .T_...
- l-. . . ll.l I.l* ‘. ' l..ﬂ]—.' H.l -1 .'-.‘- 1‘4 'I i'.‘u-l- ﬁ: -rﬂ-lq."-:-d.- I" -rl.-a‘:v.* [ ] Iluri.l.. -ll.rd :-1- I.II.
:H.. i .!ﬁ;.w_. S5 ATl :...J. = G =R el .f_.u. e R B pad

..___qh.___, 5 - A SR R R T Bt
2T e ..._1._. By ...m.., 2 B
- = _.-__n__.'._:_.l..._.r ..___..._ ....._....v

FIG. 19

4990

3500

1000

e ——— T . v}

30

o..-

16 20 30 40 30 60 70 80 90 100110120 130140

26{Degree)



Patent Application Publication May 10, 2012 Sheet 11 of 14 US 2012/0115046 A2

FIG. 20
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FIG. 21
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ELECTRODE MATERIALS FOR METAL-AIR
BATTERIES, FUEL CELLS AND
SUPERCAPACITORS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a national phase entry of PCT/
SG2009/000319 filed Sep. 7, 2009, and claims priority to

U.S. Provisional Application No. 61/095,085, filed Sep. 8,
2008, the contents of 1t being hereby incorporated by refer-
ence 1n 1ts entirety for all purposes.

FIELD OF THE INVENTION

[0002] The present invention refers to the field of electro-

chemistry, 1n particular to the electrochemistry of metal-air
batteries, fuel cells and electrochemical capacitors.

BACKGROUND OF THE INVENTION

[0003] The importance of energy harnessing and storage
devices such as solar cells and batteries 1n this era of high
gasoline prices hardly needs to be emphasized. Metal-air
batteries combine a metal anode (similar to that used 1n con-
ventional primary batteries) and an air gas-diffusion electrode
(cathode) similar to that used 1n fuel cells. During operation
the metal anode 1s electrochemically oxidized at the expense
of the oxygen from air, which 1s reduced on the air-gas difiu-
s1on electrode (or air electrode, AE). AE possesses two dis-
tinct advantages over the conventional metal-oxide cathode in
the primary batteries: infinite charge capacity and low weight
independent of the capacity. The ampere-hour capacity of the
metal-air battery 1s determined by the amount of the active
metal anode, but not by the air electrode. Hence, the specific
characteristics (such as Ah/kg and Ah/l) of the metal-air bat-
teries are significantly higher than that of the other electro-
chemical energy storage systems. Among metal-air batteries,
zinc-air batteries offers the highest specific energy (Wh/kg)
and energy density (Wh/L) steady performance, and low-
cost. Zinc-air batteries contain non-toxic materials and can
operate as long as 10 to 14 hours compared to 2 to 4 hours for
most rechargeable lithium-1on batteries and can be stored for
long periods of time without losing their charge. The light-
weight of zinc-air batteries leads to good power density
(power per unit of weight or volume), which 1s very 1deal for

portable applications.

[0004] Zinc-air battery produces electricity by the electro-
chemical coupling of a reactive metallic zinc-anode to an air
cathode through a suitable aqueous electrolyte 1n a cell. Dur-
ing cell operation (discharge) oxygen adsorbed from sur-
rounding air 1s reduced (OH™) using an oxygen reduction
catalyst (ORR) at the cathode (referred to as air electrode,
AE) while zinc metal (anode) is oxidized (Zn~"), providing a
usable electric current flow through an external circuit con-
nected between the anode and the cathode. Since Zn can be
clectrodeposited from aqueous electrolytes to replenish the

anode, zinc-air batteries can be secondary as well as primary
batteries.

Atthe anode:  2Zn +40H™ —2ZnO+2H,O+4e- E’=1.25V

At the Cath- O, +2H,O +4e™ — 40H" 120=040V
ode:

Overall 2Zn + 0O, = Zn0O E(OCV)=1.65V
reaction:
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[0005] The air-gas diffusion electrode (AE) has one surface
exposed to the atmosphere and another surface exposed to the
aqueous electrolyte of the cell and 1s the limiting component
in the Zn-air battery cell performance. It 1s because oxygen
reduction at the cathode poses substantial polarization loss,
contributing to most of the voltage reduction 1n cell discharge.
Therefore development of AE with facile electrochemical
kinetics 1s of particular importance. Many factors have been
established to affect the electrocatalytic performance of AE,
(1) the carbonaceous matenal emploved must be conductive,
possesses large surface area and have sufficient sites to
enhance oxygen reduction reaction (ORR), (11) the electro-
catalyst chosen requires efficient breaking of oxygen bonds,
(111) Internal pore structure of the AE should be optimized for
proper channeling of electrolyte and gaseous reactant, and
(1v) the hydrophobicity of the AE 1s tuned to minimize elec-
trolyte tlooding. Hence it 1s recognized that performance of
the AE hinges immensely on 1ts construction and the types of

carbon materials and electrocatalyst employed.

[0006] Owing to the above factors the architectures of the
commonly used AE are rather complex (FIG. 1A). In general,
it 1s made up of a hydrophobic layer 3 (carbon) that 1s 1n
contact with air and a hydrophilic layer 4 (carbon) that 1s 1n
contact with the electrolyte 1. The hydrophobic layer 3 should
be impermeable to the aqueous electrolyte but should be
permeable to air. The hydrophilic layer 4 consists of single/
multiple oxygen reduction catalyst. Both the layers com-
prises of a suitable polymer binder that binds the layers on to
a conductive metal screen 5 (usually made of Nickel). The
hydrophilic layer 4 consists of a physical mixture of carbon
and suitable ORR catalyst (noble metals (Pt, Ag) or oxides
(MnQO,, perovskites)).

[0007] Presentday Zinc air batteries consists of AE that are
constructed by making a thick paste of active carbon, binder
and pressing then against a nickel metal screen which acts as
both the support and current collector. One side of the Nickel
metal screen then consists of a hydrophobic layer (active
carbon+binder) the other side consists of hydrophilic layer
(active carbon, binder, catalyst).

[0008] Carbon nanotubes (CNTs) have attracted much

attention 1n both fundamental and applied study owing to
their high surface area, exceptional electrical, mechanical and
thermal properties. Due to these properties, CNTs are con-
sidered as prospective catalyst support and replacement of
active carbon 1n metal-air batteries and fuel cells. Owing to
this, there are studies on the electrocatalytic oxygen reduction
on carbon nanotubes with/without catalytic particles (such as
Ag—MnO,, Pt, MnO,). It was reported 1n these studies that
using CN'T as catalyst support not only improved the conduc-
tivity of the AE but also significantly increased the active
three-phase interfacial area for oxygen molecular reduction
process. In the above studies, the AE were made 1n the con-
ventional method of mixing CNT with binder and other addi-
tives and was placed on a nickel mesh screen.

[0009] Thus, aneed exists to develop further materials suit-
able to be used as gas diffusion electrode which overcome at
least some of the problems referred to above.

SUMMARY OF THE INVENTION

[0010] In a first aspect, the present invention refers to an
clectrode comprised of a first layer which comprises a meso-
porous nanostructured hydrophobic matenal; and a second



US 2012/0115046 A2

layer which comprises a mesoporous nanostructured hydro-
philic material arranged on the first layer. In a further aspect,
the present invention refers to an electrode comprised of a
single layer which comprises a mixture of a mesoporous
nanostructured hydrophobic material and a mesoporous
nanostructured hydrophilic material; or a single layer com-
prised of a porous nanostructured material wherein the
porous nanostructured material comprises metallic nano-
structures which are bound to the surface of the porous nano-
structured material.

[0011] In a further aspect the present invention is directed
to a metal-air battery or a fuel cell or a supercapacitor com-
prising an electrode described herein.

[0012] In another aspect, the present invention refers to a
method of manufacturing an electrode comprising arranging,
or depositing a {irst layer comprised of a mesoporous nano-
structured hydrophobic material on a second layer comprised
ol a mesoporous nanostructured hydrophilic matenal.

[0013] In still a further aspect, the present invention refers
to a method of manufacturing an electrode comprising mix-
ing a mesoporous nanostructured hydrophobic material and a
mesoporous nanostructured hydrophilic material; and form-
ing a single electrode layer.

10014] In still a further aspect, the present invention refers
to a method of manufacturing an electrode of a porous nano-
structured material, wherein the porous nanostructured mate-
rial comprises metallic nanostructures which are bound to the
surface of the porous nanostructured material. The method
comprises mixing a porous nanostructured material with a
solution comprising a metallic nanostructure precursor to
obtain a suspension of the nanostructured material with the
solution comprising the metallic nanostructure precursor. In a
turther step the method comprises chemically reducing the
metallic nanostructure precursor to allow precipitation of the
nanostructures at the surface of the nanostructured material at
a temperature ol equal or less than 80° C.

[0015] In still a further aspect, the present invention is
directed to the use of an electrode as described herein or an
clectrode manufactured by a method described herein for the
manufacture ol a metal-air battery or a fuel cell or a superca-
pacitor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The invention will be better understood with refer-
ence to the detailed description when considered 1n conjunc-
tion with the non-limiting examples and the accompanying
drawings, 1n which:

10017] FIG. 1 illustrates different configurations of metal-
air batteries. In general, a metal-air battery known 1n the art
(FIG. 1A), such as a zinc-air battery 1s made up of a hydro-
phobic layer (carbon) 3 that 1s 1n contact with air and a
hydrophilic layer 4 (carbon) that 1s 1n contact with the elec-
trolyte 1. The hydrophobic layer 3 should be impermeable to
the aqueous electrolyte 1 but should be permeable to air. The
hydrophilic layer 4 consists of single/multiple oxygen reduc-
tion catalyst. Both the layers 3, 4 comprises of a suitable
polymer binder that binds the layers on to a conductive metal
screen 5 (usually made of Nickel). The hydrophilic layer 3
consists of a physical mixture of carbon and suitable ORR
catalyst (noble metals (Pt, Ag) or oxides (MnQO,, perovs-
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kites)). The counter electrode 2 can be made of a metal usu-
ally used 1n metal air batteries, such as zinc or aluminium
oxide.

[0018] FIG. 1B illustrates a metal-air battery described
herein using an electrode 3, 4 as described herein. In the
clectrode 3, 4 a hydrophobic layer 3 and a hydrophilic layer 4
are laminated or stacked on top of each other without the need
ol any binder material. The nanostructured material which 1s
comprised in the hydrophilic layer can be mixed with cata-
lytic nanostructures or the nanostructured material can bind
to such catalytic nanostructures (decorated nanostructured
maternial). In a further embodiment referred to herein and
illustrated in FIG. 1C, the hydrophilic electrode material and
the hydrophobic electrode material are mixed with each other
to form one single layer 9. Also 1n the embodiment illustrated
in FI1G. 1C, the nanostructured material which 1s comprised in
the hydrophilic layer can be mixed with catalytic nanostruc-
tures or the catalytic nanostructures can be bound to the
hydrophilic nanostructured material (decorated nanostruc-
tured material). In another embodiment referred to herein and
illustrated 1n FIG. 1D, the electrode material 1s made of a
metal nanostructure decorated nanostructured material and
forms a single layer 10. The metal nanostructure decorated
nanostructured material can comprise for example a nano-
structured material, such as carbon nanotubes. The metal
(metallic) nanostructures, such as silver nanoparticles, MnQO,,
nanoflakes, MnO, nanoflowers, or MnO, nanowires; are
bound to the surface of this nanostructured material via a

linker.

[0019] FIG. 2 shows galvanostatic discharge curves of Zn-
air cells using a) Conventional, b) A-E Typel (FIG. 1B)
(stacked P—COOH bucky papers), and ¢) AE Type2 (FIG.

1C) (P-&COOH-CNT, 30:50) air cathodes and Zinc foil
anode.

10020] FIG. 3 shows galvanostatic discharge curves of Zn-
air cells using a) carbon black (conventional) and AE Type 2
clectrodes made of 100% made of b) P-CNT and ¢) COOH-
SWCNT air cathodes and Zinc foil anode.

[10021] FIG. 4 shows galvanostatic discharge curves of zinc

air cells with AE Type 2 electrode configuration with varying
amount of COOH-SWCNT (P3) and P-SWCNT (P2).

10022] FIG. 5 shows a variation of a) Discharge voltage and
b) Discharge time with respect to variation in weight percent

of COOH-SWCNT (P3) 1n Zinc air batteries constructed
using Zinc foil and air electrode of AE Type 2 configuration.

[10023] FIG. 6 shows galvanostatic discharge curves of Sil-
ver (Ag) of different sizes a) 6-8 nm, b) 3-5nmand ¢) 12-15
nm decorated on to 100% COOH-SWCN'T. The Zinc air cell

was constructed using AE Type 2 electrode configuration.

10024] FIG. 7 shows TEM images of Ag nanoparticles
decorated SWN'T's with the particle size of (a) 12-15 nm, (b)
6-8 nm and (c) 3-5 nm as well as x-ray difiraction on sample
C

[10025] FIG. 8 illustrates a comparison of SWCNT based
gas diffusion electrodes (GDEs) with commercially available
GDESs (Electric Fuel limited, Israel, product line E4A; BASE,
Germany, product line BLAT) 1n terms of thickness, weight
and conductivity.

[10026] FIG. 9 shows potentiodynamic polarization of an
undecorated SWCN'Ts, commercial E4A air electrode and Ag
nanoparticles decorated SWCNTs with different particle
S1ZES.




US 2012/0115046 A2

10027] FIG. 10 illustrates a comparison of cyclic voltam-
mograms of Ag decorated SWCNT's with different particle
s1zes at scan rate ol 10 mV/s 1n 6 M KOH solution (a-d).

10028] FIG. 11 1llustrates the total charge for oxygen reduc-
tion for undecorated and Ag decorated SWCNT films.

[10029] FIG. 12 shows a discharge with a constant resistance
of Zn-air batteries using GDEs based on SWCNT's decorated
with Ag nanoparticles of different size. Note that different
amounts ol Zn have been used leading to different operating
times of the devices.

10030] FIG. 13 shows a TEM image of MnQO, nanoflakes

obtained by a method described herein and which were bound
on the surface of a nanostructured material. Scale bar 100 nm.

10031] FIG. 14 shows SEM images of MnO, nanoflowers
(left 1mage), MnO, nanowires (central image) and MnQO,
powder (right image) obtained by a method described herein.
(scale bars 1n all images 1 um)

10032] FIG. 15 shows a TEM image of TiO, nanotubes
obtained by a method described herein and used for decora-

tion with metal nanoparticles as described herein. Scale bar
100 nm.

[0033] FIG. 16 shows proposed reaction mechanisms for
(a) the deposition of silver nanocrystals at carboxyl group of
SWCNTSs and (b) the resolution of silver hydroxide from
SWCNTs surfaces at high pH.

10034] FIG. 17 shows TEM images of Ag-CNT (silver

decorated carbon nanotubes) with Ag nanoparticle sizes of (a)
about 13 nm (b) about 4 nm and (c) 3 nm.

10035] FIG. 18 shows the effect of a varying metal precur-
sor concentration (in this case AgNQ,) to the silver decora-

tion of the nanostructured matenial. (a) Large colloidal silver
clusters formation at 0.15 M (Ag-CNT6) and (b) Average size

1 nm at 0.05 M (AgCNT2).

[0036] FIG. 19 1s a XRD plot showing the metallic silver
reflections of AgCNT6.

10037] FIG. 20 discloses the general principal of the
method of manufacturing a porous nanostructured material
wherein the porous nanostructured material comprises cata-
lytic nanostructures bound to 1ts surface. As shown 1n FIG. 20,
a nanostructured material (grey vertical bar) comprising link-
ers which are bound on 1ts surface 1s mixed with a solution
comprising nanostructure precursor(s). In a step of chemi-
cally reducing the precursor material at temperatures =80° C.
the nanostructures form and precipitate on the surface of the
nanostructured material by binding to the linker.

10038] FIG. 21 shows cyclic voltammograms for pristine
CNT, mixture of CNT with 6, 10,30, 50 and 70 wt % of MnO,,
(FIG. 21 a) nanoflowers (FIG. 21 5) nanowires measured at
20mVs~' from 0to 1 V.FIG. 21 ¢: Specific capacitance versus
wt % of MnQO, nanotlowers and nanotubes mixed with CN'T,
which indicates that electrodes with 6 wt % of MnQO, obtained
highest specific capacitance.

10039] FIG. 22 shows cyclic voltammograms for pristine
CNT, mixture of CN'T with 6 wt. % of MnO, nanostructures,
such as nanoflowers, nanowires; and micron-sized powder
measured at 20 mV/s from 0 to 1 V. (b) Galvanostatic charge-
discharge curves for the same devices mentioned 1n (a) mea-
sured at about 1 A/g.
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[0040] FIG. 23 shows TEM images of single walled carbon
nanotubes which have MnQO, nanostructures bound to their
surface. The average size of the nanostructures 1s between
about 1 to 10 nm. (left and right image show the same struc-
ture but the magnification 1s different; scale bar left image 100
nm, scale bar right image 20 nm).

1]
o

ENT

DETAILED DESCRIPTION OF THE PR
INVENTION

[0041] In a first aspect, the present invention refers to an
clectrode comprised of a first layer which comprises a meso-
porous nanostructured hydrophobic maternial; and a second
layer which comprises a mesoporous nanostructured hydro-
philic material arranged on the first layer. In a further aspect,
the present invention refers to an electrode comprised of a
single layer which comprises a mixture of a mesoporous
nanostructured hydrophobic material and a mesoporous
nanostructured hydrophilic matenial; or a single layer com-
prised of a porous nanostructured material wherein the
porous nanostructured material comprises metallic nano-
structures bound to 1ts surface.

[0042] In the first embodiment in which the electrode is
comprised of a first layer comprised or consisting of a meso-
porous nanostructured hydrophobic matenal; and a second
layer comprised or consisting of a mesoporous nanostruc-
tured hydrophilic material arranged on the first layer, the
mesoporous nanostructured hydrophilic material can further
comprise catalytic nanostructures which are either physically
mixed with the mesoporous nanostructured hydrophilic
material or are bound to the surface of the mesoporous nano-
structured hydrophilic material.

[0043] In a second embodiment, in which an electrode
comprised of a single layer comprises or consists ol a mixture
ol a mesoporous nanostructured hydrophobic material and a
mesoporous nanostructured hydrophilic material, the meso-
porous nanostructured hydrophilic material can further com-
prise catalytic nanostructures which are either physically
mixed with the mesoporous nanostructured hydrophilic
materal or are bound to the surface of the mesoporous nano-
structured hydrophilic material.

[0044] In a third embodiment, an electrode comprises or
consists of a single layer comprising or consisting of a porous
nanostructured material wherein the porous nanostructured
material comprises metallic nanostructures which are bound
to 1ts surface, 1.e. the porous nanostructured material 1s herein
also called decorated nanostructured material or porous deco-
rated nanostructured material.

[0045] Nanostructured materials can be easily fabricated in
the form of stable membranes by simple filtration, spray
deposition or spin-coating processes. Hence the need for
additional binders (like PVDF) as they are used in the art for
such electrode matenials like the one 1llustrated in FIG. 1A 1s
not needed.

[0046] Using the above electrode compositions for
example 1n a metal-air battery, cell performance 1s markedly
improved (~2.5x). The above electrode compositions sub-
stantially reduce the s1ze and weight of future devices, such as
metal-air batteries, fuel cells or supercapacitors. This 1s very
attractive for portable device applications. For example the
weilght of a battery can be reduced by at least 50% or more by
switching to these electrode compositions, hence the actual
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device size would become smaller with better portability.
These electrode compositions can also make present day
non-flexible metal-air batteries 1n to tflexible metal-air batter-
ies which would have a deep impact on printed power appli-
cations.

[0047] In general, the nanostructured material used in the
embodiments referred to herein can be manufactured of any
material which can be used in the applications referred to
herein. For example, the nanostructured material can be made
ol a carbon material, a ceramic, glass, such as soda-lime glass,
borosilicate glass, acrylic glass, 1singlass (Muscovy-glass),
aluminium oxynitride, a metal, such as titanium; a metal
oxide, a polypyrrole or mixtures of nanostructured materials
made of different of the atorementioned materials, to name
only a few. In one embodiment, the nanostructured material 1s
made of a carbon material. Examples of carbon materials
include, but are not limited to activated carbon, carbon black
and graphene. In one example, the nanostructured matenal 1s
made of TiO,, such as 110, nanotubes while 1n another
example carbon nanotubes, such as single-walled carbon

nanotubes (SWCNT) are used.

|0048] The nanostructured material and nanostructures
used 1n the present invention 1s porous. The pores of the
nanostructured material are either macropores or mesopores.
According to IUPAC definition, macropores are considered
pores with a size of between about >50 nm to about 5 um
while mesopores have a size of between about 2 nm to about
50 nm. Due to the porous structure the nanostructured mate-
rial and nanostructures have a high surface area. Nanostruc-
tured materials and nanostructures can be characterized by a
large surface area which can be at least about 50 m*/g. In one
embodiment the surface area of the nanostructured material 1s

about 100, or 200 or 300 m~/g.

[0049] Nanostructured material and nanostructure refers to
a material with dimensions in the nanometer range. In one
embodiment, at least one dimension of the nanostructured
material and the nanostructure 1s less than 100 nm. In another
embodiment, a nanostructured material and the nanostructure
has a dimension typically ranging from 1 to 100 nm (where 10
angstrom=1 nm="1000 micrometer). Nanostructured materi-
als and nanostructures can be classified into the following
dimensional types:

Zero dimensional (OD): nanospherical particles. (also called
nanoparticles);

One dimensional (1D): nanorods, nanowires (also called
nanofibers) and nanotubes; and

Two dimensional (2D): nanotlakes, nanoflowers, nanodiscs
and nanofilms.

[0050] The nanostructure of the nanostructured material
and nanostructures can include, but 1s not limited to a nano-
tube, a nanoflower, a nanowire (also called nanofiber), a
nanoflake, a nanoparticle, a nanodisc, a nanofilm and combi-
nations ol the aforementioned nanostructures (e.g. a mixture
of nanotubes and nanowires).

[0051] The nanotubes can be single-walled (SWNT) or
double-walled (DWNT) or multi-wall nanotubes (MWNT).
A single-wall nanotube can be defined by a cylindrical sheet
with a diameter of about 0.7 to about 10 or 20 nm or with a
diameter of <20 nm or <2 nm. They can be several micrometer
long, 1.e. at least 1 um or at least 2 um or between about 1 um
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and 5 um. Double-wall or multi-wall nanotubes consist of
numerous cylinders tightly stuck into another.

[0052] In one embodiment the nanotubes are made of car-
bon and can be used as single-wall carbon nanotubes
(SWCNT), double-wall carbon nanotubes (DWCNT) or
multi-wall carbon nanotubes (IMWCNT). Single-wall carbon
nanotubes can be described as a graphite plane (so called
graphene) sheet rolled 1into a hollow cylindrical shape so that
the structure 1s one-dimensional with axial symmetry, and in
general exhibiting a spiral conformation, called chirality.

[0053] As described herein in some embodiments a meso-
porous nanostructured hydrophilic maternial and a mesopo-
rous nanostructured hydrophobic matenal 1s used.

[0054] The term “hydrophobic” refers in general to a com-
pound or structure which has little atfinity to polar solvents,
such as water, 1.e. 1t 1s nonwettable. Such hydrophobic struc-
tures or compounds are characterized by not comprising polar
groups which are exposed to the outside polar environment,
1.€. a polar solvent, such as water. On the other hand, the term
“hydrophilic” refers 1n general to a compound or structure
which interacts with polar solvents, 1n particular with water,
or with other polar groups. Such hydrophilic structures or
compounds are characterized by comprising polar groups
which are exposed to the outside environment, 1.e. a polar
solvent.

[0055] Thus, whether a mesoporous nanostructured mate-
rial 1s hydrophilic or hydrophobic depends on the polarity of
the groups exposed to the outside environment of the meso-
porous nanostructured material or 1n other words the polarity
depends on the surface molecules which the mesoporous
nanostructured material presents.

[0056] A mesoporous nanostructured material is hydro-
phobic when 1t does not comprise any or at least almost no
polar groups at 1ts surface.

[0057] Hydrophobic nanostructured materials can be char-
acterized as being hydrophobic if they have not been sub-
jected to an oxidative treatment, 1.¢. they are unoxidized. The
use of an “unoxidized” nanostructured material means that
the nanostructured material has not been subjected to an
oxidative treatment and thus does not comprise any polar
groups or substantially no polar groups at its surface. Such
oxidative treatments are known 1n the art and can include, but
are not limited to a refluxing treatment with a strong acid or
oxidant, such as reflux in H,SO_/HNO, or KMnO,, or H,SO,
to name only a few, or subjecting the nanostructured material
to an electrochemical treatment, or reacting it with double
bond-containing molecules, such as an unsaturated carboxy-
lic acid (e.g. acrylic acid) or vinyl pyrrolidone.

[0058] In one example, the term “unoxidized” refers to a
nanostructured material which has not been subjected to an
oxidative treatment and/or has not been functionalized.
“Functionalizing” means that a nanostructured material 1s
treated to introduce functional groups at the surface of the
nanostructured material. For example, the oxidation with an
acid mtroduces —COOH groups at the surface of the nano-
structured material. A functionalization by silanization would
introduce silane groups at the surface of the nanostructured
material. Compounds used for silanisation can include for
example aminosilanes, glycidoxysilanes and mercaptosi-
lanes.
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[0059] Commercially available nanostructured materials,
such as nanotubes or nanowires, made of carbon are normally
not oxidized or functionalized and are thus hydrophobic.
Untreated, 1.e. not oxidized or functionalized, nanostructured
materials are often referred to as pristine nanostructured
materials.

[0060] In contrast, hydrophilic nanostructured materials
comprise polar groups at their surface. Such polar groups can
be linkers which are bound on the surface of the nanostruc-
tured material and thus render 1t hydrophilic. A linker
includes a functional group such as a hydroxyl group, a
pyrene, an ester, a thiol, an amine or a carboxyl group. It 1s
also possible that mixtures of different linkers of the afore-
mentioned group are used. Examples of suitable linkers can
include, but are not limited to porphyrine (including amine
groups) or polyethylene glycol (PEG; also known as poly-
(ethylene oxide)) (including —OH groups).

[0061] Inoneembodiment, the carboxyl group can be com-
prised 1n a linker including, but not limited to formic acid,
acetic acid, propionic acid, butanoic acid, pentanoic acid,
hexanoic acid, cycloalkane carboxylic acids or benzoic acid.
One example includes 4-aminobenzoic acid. Furthermore, a
hydroxyl group can be comprised 1n a linker including, but
not limited to phosphoric acid or sulfonic acid.

[0062] For example, in one embodiment the hydrophilic
nanostructured material 1s made of a carbonaceous material,
such as a carbon nanotube, which carries carboxyl group at its
surface. The basic material used for the hydrophobic nano-
structured material and the hydrophilic nanostructured mate-
rial can be the same or different. For example, 1n one embodi-
ment the material used for the hydrophobic nanostructured
material 1s pristine carbon nanotubes while the material used
for the hydrophilic nanostructured material 1s carbon nano-
tubes which have been oxidized and thus carry a linker com-
prising a carboxyl group —COOH at 1ts surface. In another
embodiment, the hydrophobic nanostructured material can be
hydrophobic Ti0O, nanotubes while the hydrophilic nano-
structured material can be carbon nanotubes which have been

oxidized and thus carry a linker comprising a carboxyl group
—COOH at 1ts surface.

[0063] It was demonstrated that the use of hydrophobic and
hydrophilic nanostructured materials alone without the addi-
tion of any catalyst material, such as noble metal catalysts, 1s

suitable as electrode matenal for example for a metal-air
battery as shown in FIGS. 1B and 1C.

[0064] Ina further embodiment, a catalyst material is added
to the mesoporous hydrophilic nanostructured material. The
catalyst material can either be simply mixed with the meso-
porous hydrophilic nanostructure material to form a physical
mixture or the catalyst material can be bound to the mesopo-
rous hydrophilic nanostructured material. The catalyst mate-
rial can be mixed 1n form of nanostructures, such as nanopar-
ticles, nanoflowers, nanowires or nanoflakes with the
mesoporous hydrophilic nanostructured material or can be
bound to the mesoporous hydrophilic nanostructured mate-
rial 1n form of nanostructures, such as nanoparticles, nanoi-
lowers, nanowires or nanotlakes. For example, a physical
mixture of catalytic nanostructures with a nanostructured
material can comprise between about 0.5 wt. % to about 10
wt. %, or between about 0.5 wt. % to about 4 wt. % of catalytic
nanostructures based on the total weight of the nanostruc-
tured material.
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[0065] In still a further embodiment, the catalyst material
also forms part of the porous nanostructured material wherein
the catalyst material in that embodiment 1s 1n form of metallic
nanostructures which are bound to the porous nanostructured
material to form a single electrode material layer as illustrated
for example 1n FIG. 1D 1n which the single electrode layer 10
forms part of a metal-air battery. Examples of such metallic
nanostructures include, but are not limited to noble metal
nanoparticles, such as silver nanoparticles, or MnO., nano-
structures, such as MnO, nanowires, MnO, nanoflakes, or
MnQO nanotlowers.

[0066] The catalyst material can be a metallic catalyst
material. Any metal that can be used as catalyst material for an
electrode can also be used herein. In one embodiment the
metal includes, but 1s not limited to a noble metal, a metal
oxide, a metal alloy, an intermetallic, or mixtures of the afore-
mentioned metals.

[0067] Noble metals include silver, palladium, gold, plati-
num, iridium, osmium, rhodium and ruthenium. In one
embodiment silver, palladium, gold, platinum, maixtures
thereof or alloys thereof can be used. Examples of noble
metal alloys include alloys of platinum and iridium, Pd—Pt,
Pd—Rh, Pd—Pt—Rh, silver or gold together with calcium,
to name only a few. Alloys of noble metals are used for
example to obtain erosion-resistant electrode materials.

[0068] Inanother embodiment metal oxides can be used. A
metal oxide can include, but 1s not limited to PtO,, V,0;,
V,0,, Nb,O,, NiO,.xH,O, LiCoO,, LiFeO,, LiMn,O,,
L1,MoQO,, L1,T10;, MnO,, Ag—MnO,, Al,O,, MoO;, T10.,
S10,, Zn0,, Sn0O,, Fe, 04, N10, Co,0,, CoO, Nb,O., W,O;,
mixtures and alloys thereof. The metal oxide can be either

stoichiometric or non-stoichiometric (e.g. Me, O, .
O<x<1; O<y<l; 1=n=3; 1=m=)J).

[0069] Catalytic alloys can include but are not limited to
alloys which are made of elements selected from the group of
clements of group 10, 11, 12, 13, 14 and 16 of the periodic
system (IUPAC nomenclature recommendation of 2006
according to Fluck and Heumann, periodic system 2007
Wiley-VCH GmbH & Co. KGaA, Weinheim, 4™ edition).
Group 10 includes nickel (N1), palladium (Pd) and platinum
(Pt); group 11 includes copper (Cu), silver (Ag) and gold
(Au); group 12 includes zinc (Zn), cadmium (Cd) and mer-
cury (Hg); group 13 includes boron (13), aluminium (Al),
galllum (Ga), mdium (In) and thallium (T1); group 14
includes carbon (C), silicon (S1), germanium (Ge), tin (Sn)
and lead (Pb); and group 16 includes oxygen (O), sultur (S),
selentum (Se), tellurium (Te) and polonium (Po).

[0070] In one embodiment, the alloy is made of elements
including, but not limited to lithtum/aluminium, Au, Pt, Pd,

Cu, In, InSe, CuSe and SnS..

[0071] In another embodiment, the metal used as catalytic
material for the electrode 1s an intermetallic. An intermetallic
1s a composition which consists only of metal atoms which
are bound to each other via metallic bonds 1n non-stoichio-
metric ratios. Examples of such intermetallics include

Ag—Nior Ag—Au.

[0072] The size of the nanostructures can be readily con-
trolled by a method described herein and 1s 1n the nanometer
range. In embodiments 1n which the nanostructures, such as
nanoparticles are mixed with the mesoporous nanostructured
hydrophilic material, the size of the nanostructures 1s equal or



US 2012/0115046 A2

below 40 nm or 1s between about 0.5 nm to about 40 nm, or1s
between about 2 nm to about 40 nm.

[0073] It was demonstrated herein that a mesoporous nano-
structured hydrophilic material or a porous nanostructured
material which comprise metallic nanostructures bound to its
surface (1.e. decorated nanostructured materials) form more
ellicient electrode materials or parts of electrode materials 1f
the maximal size of the nanostructures 1s between about 0.5
nm to about 20 nm.

[0074] Since the dimension of a nanoparticle is not always
regular, 1.e. pertectly spherical, the above size refers for nano-
particles to the maximal dimension of the nanoparticle 1n any
direction. In other embodiments, the size of the nanoparticles,
nanoflakes, or nanoflowers (irrespective of whether they are
bound to the nanostructured material or mixed with it) 1s
between about 0.5 to 20 nm, or about 0.5 to 15 nm, or about
0.5 to 12, or about 0.5 to 5 nm, or about 5 nm to about 12 nm
or about 3 to about 15 nm. In case of using nanowires or other

clongated nanostructures, the maximal dimension 1 any
direction 1s also between about 0.5 to 20 nm, or about 0.5 to

15 nm, or about 0.5to 12, or about 0.5 to 5 nm, or about 5 nm
to about 12 nm or about 5 to about 15 nm.

[0075] Furthermore, the method described herein also
allows manufacturing nanostructures which have a very nar-
row size distribution. Thus, 1n one embodiment, the nano-
structure size distribution for nanostructures, such as nano-
particles with a size of between about =12 to about 20 nm 1s
about =5 nm. The nanostructure size distribution for nano-
particles with a size of between about =5 m to <12 nm 1s
about =3 nm. The nanostructure size distribution for nano-
structures with a size of between about 2 nm to <5 nm 1s about
+]1 nm. For example, a silver nanoparticle with a size o1 1 nm
1s estimated to consist of about 31 silver atoms. Smaller
nanostructures, such as nanoparticles have the advantage of
not blocking the pores of the nanostructured material and thus
do not decrease the surface area of the nanostructured mate-
rial. A high surface area can increase the conductivity of the
decorated nanostructured material.

[0076] Instead of simply mixing the nanostructures with
the mesoporous nanostructured hydrophilic material 1t 1s also
possible to bind the nanostructures to the surface of the meso-
porous nanostructured hydrophilic material like for the
porous nanostructured material (decorated nanostructured
material) used for the single electrode layer as 1llustrated in

FIG. 1D.

[0077] Thenanostructures bound to the surface of the nano-
structured material are chemically bound or fixed to the nano-
structured material via a linker. A linker 1s a molecule con-
necting the surface of the nanostructured material with the
nanostructure. A linker includes a functional group such as a
hydroxyl group, a pyrene, an ester, a thiol, an amine or a
carboxyl group. It 1s also possible that mixtures of different
linkers of the aforementioned group are used to bind nano-
structures to the surface of the nanostructured material.
Examples of suitable linkers can include, but are not limited
to porphyrine (including amine groups) or polyethylene gly-
col (PEG; also known as poly(ethylene oxide)) (including
—OH groups).

[0078] Inoneembodiment, the carboxyl group can be com-
prised 1n a linker including, but not limited to formic acid,
acetic acid, propionic acid, butanoic acid, pentanoic acid,
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hexanoic acid, cycloalkane carboxylic acids or benzoic acid.
One example includes 4-aminobenzoic acid. Furthermore, a
hydroxyl group can be comprised 1n a linker including, but
not limited to phosphoric acid or sulifonic acid. Using such
linkers to connect the nanostructures to the surface of the
nanostructured material can enhance the device energy den-
sity while reducing the internal resistance. For example,
avoiding segregation/agglomeration of the catalysts 1n metal-
alir batteries can accelerate the oxygen reduction reaction and
improving the device performance.

[0079] Further improvement can be obtained in case the
nanostructures are evenly distributed at the surface of the
nanostructured material such as shown for example in F1G. 17
(FI1G. 17 shows nanoparticles as example for nanostructure).
Evenly distributed also means that the nanostructures do not
form separate clusters as shown 1n FIG. 18(a). Therefore, 1n

one embodiment, the nanostructures are evenly distributed at
the surface of the nanostructured material. In one embodi-
ment, between about 5% to about 80% of the surface of the
nanostructured material 1s covered with nanostructures. In
another embodiment at least 30% or 40% or 50% or 60% are

covered with nanostructures.

[0080] In one embodiment, (hydrophilic) silver decorated
carbon nanotubes forming a layer which is arranged on a layer
of (hydrophobic) pristine CNT 1s used (1.e. CN'T's which have
bound Ag particles at 1ts surface) as air electrode maternal for
a metal-air battery. Owing to the hydrophobic and hydro-
philic natures of the CNTs, high surface area pristine CNT
(hydrophobic) will absorb oxygen from air and the pores of
this will not be wetted by the electrolyte. On the other hand
the aqueous electrolyte will preferentially wet the hydrophilic
CNT (high surface) on to which Ag— nanoparticles are dis-

persed as catalyst that will enhance the oxygen reduction
reaction.

[0081] In one embodiment, silver decorated single walled
carbon nanotubes are used. In other embodiments MnQO,
decorated carbon nanotubes are used, wherein the MnO,
nanostructures can be MnQO,, nanoflakes, MnO, nanotlowers,
or MnO, nanowires.

[0082] Thenanostructured material described above can be
formed 1nto a membrane by filtering the material over a
filtration membrane which results 1n a thin sheet or membrane
which can be peeled of a form the electrode maternial or can
form part of an electrode material.

|0083] The electrode materials referred to herein which are
either made of a mesoporous nanostructured hydrophobic
material arranged on a layer of a mesoporous nanostructured
hydrophilic material, or a single layer made of a mixture of a
mesoporous nanostructured hydrophobic material and a
mesoporous nanostructured hydrophilic material, or a single
layer of a porous nanostructured material comprising metallic
nanostructures bound to its surface can be used as electrode
material for the air electrode of a metal air battery or as
clectrode 1n a fuel cell or as electrode 1n a supercapacitor.

|0084] Metal-air batteries are characterized by a high
energy density, a flat discharge voltage and long shelf life. In
metal-air batteries, the reactive anode and air electrode result
in an inexhaustible cathode reactant. Ampere-hour capacity
in the anode, as well as the handling and storage of reaction
products determines capacity limit. There are primary,
reserve, and both electrically and mechanically rechargeable
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metal-air batteries. While the mechanically rechargeable bat-
tery 1s much like a primary battery, the electrically recharge-
able type needs a third or bifunctional electrode for oxygen
evolution. Examples of metal air batteries include, but are not
limited to zinc-air batteries, lithium-air batteries and alu-
mimume-air batteries.

[0085] Like lithium-ion batteries, metal-air batteries nor-
mally also use an electrode made of carbonaceous material.
This carbon electrode can be replaced by an electrode mate-
rial described herein. An 1llustrative example of a metal-air
battery using one of the electrode matenals referred to herein

1s 1llustrated 1n FIGS. 1B, 1C and 1D.

[0086] In FIG. 1B the cathode is comprised of a mesopo-
rous nanostructured hydrophobic material 3 arranged on a
layer of a mesoporous nanostructured hydrophilic material 4.
In FIG. 1C the cathode 1s comprised of a mixture of a meso-
porous nanostructured hydrophobic material and a mesopo-
rous nanostructured hydrophilic material 9. In FIG. 1C, the
cathode 1s comprised of a porous nanostructured material
comprising metallic nanostructures bound to its surface.

|0087] The electrode materials referred to herein can also
be used as electrode matenal 1n a tuel cell. A fuel cell 1s an
clectrochemical device that converts the chemical energy of a
tuel (hydrogen, natural gas, methanol, gasoline, etc.) and an
oxidant (air or oxygen) into electricity. A fuel cell comprises
a positively charged anode and a negatively charged cathode.
The fuel cell also comprises an 1on-conducting material. In
other words, fuel cell construction generally consists of a tuel
clectrode (anode) and an oxidant electrode (cathode) sepa-
rated by an 1on-conducting material, such as an 1on-conduct-
ing membrane (e.g. a Nalilon® membrane). Oxygen passes
over one electrode and hydrogen over the other, generating
clectricity, water and heat.

|0088] In more detail, in general, in a fuel cell a proton
conducting solid membrane (PEM) 1s surrounded by two
layers, a diffusion and a reaction layer. Under constant supply
of hydrogen and oxygen the hydrogen diffuses through the
anode and the diffusion layer up to the catalyst (normally a
noble metal catalyst), the reaction layer. The reason for the
diffusion current 1s the tendency of hydrogen oxygen reac-
tion. Two main electrochemical reactions occur in the fuel
cell. One reaction occurs at the anode (anodic reaction) and
the other at the cathode. At the anode, the reaction releases
hydrogen 1ons and electrons whose transport 1s crucial to
energy production. The hydrogen 10n on 1ts way to the cath-
ode passes through the PEM while the only possible way for
the electrons 1s through an outer circuit. The hydrogen ions
together with the electrons of the outer electric circuit and the
oxygen which has diffused through the porous cathode reacts
to water. The water resulting from this reaction can be
extracted from the system by the excess air tlow. This process
occurs 1n all types of fuel cells, such as polymer exchange
membrane fuel cell (PEMFEC), solid oxide fuel cell (SOFC),
alkaline tuel cell (AFC), molten-carbonate fuel cell (MCFEFC),

phosphoric-acid fuel cell (PAFC) or direct-methanol fuel cell
(DMFEC).

[0089] For example, in one embodiment the anode of a fuel
cell can be formed of a layer of a mesoporous nanostructured
hydrophobic material arranged on a layer of a mesoporous
nanostructured hydrophilic material, wherein the mesopo-
rous nanostructured hydrophilic material comprises a metal-
lic catalyst, such as noble metal nanostructures, which are
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cither mixed with the mesoporous nanostructured hydro-
philic material or are bound to the surface of the mesoporous
nanostructured hydrophilic material. In another embodiment,
the anode of the fuel cell 1s comprised of a single layer of a
mesoporous nanostructured hydrophobic material mixed
with a mesoporous nanostructured hydrophilic matenal,
wherein the mesoporous nanostructured hydrophilic material
comprises a metallic catalyst, such as noble metal nanostruc-
tures, which are either mixed with the mesoporous nanostruc-
tured hydrophilic material or are bound to the surface of the
mesoporous nanostructured hydrophilic material. In a further
embodiment, the fuel cell 1s comprised of a single layer of a
porous nanostructured material comprising metallic nano-
structures, such as noble metal nanoparticles, bound to the
surface of the porous nanostructured material. In all cases, the
cathode of the fuel cell can be comprised of a layer of a
mesoporous nanostructured hydrophobic material arranged
on a layer of a mesoporous nanostructured hydrophilic mate-
rial or a single layer of a mesoporous nanostructured hydro-
phobic material mixed with a mesoporous nanostructured
hydrophilic material. The cathode of the fuel cell would 1n
this case not comprise any catalytic material, such as catalytic
nanostructures.

[0090] Electrochemical capacitors (ECs) often called as
“supercapacitors’” are electrical devices with highly revers-
ible charge storage and delivery capabilities. Whereas a regu-
lar capacitor consists of conductive foils and a dry separator,
the supercapacitor crosses into battery technology by using
special electrodes and an electrolyte. Electrochemical capaci-
tors differ from batteries 1n that they do not store energy in
redox reactions that occur in the electrode structure. Electro-
chemical capacitors store energy through electrostatic inter-
actions that occur in the electrode and electrolyte interface
region, also known as the double layer. ECs have properties
complementary to secondary batteries. Such an EC can be
composed of electrode based on the electrode materials
referred to herein and an electrolyte. ECs can employ both
aqueous and non-aqueous electrolytes 1n erther liquid or solid
state.

[0091] One embodiment described herein refers to a super-
capacitor comprising an electrode material as described
herein. The electrode material can be used for one electrode or
both electrodes of the supercapacitor. In one embodiment
silver decorated carbon nanotubes are used as electrode mate-
rial and 1n another embodiment MnO, decorated carbon
nanotubes are used wherein the MnO, nanostructure can be

made of MnO, nanoflakes, MnO, nanoflowers, or MnQO,
nanowires.

[0092] The separate layers forming the electrode can be
arranged or coated onto a support material (1in other words a
substrate), such as a paper-like free standing film before being
used as electrode material in metal-air batteries or fuel cells.
The paper-like free standing film can be a bucky paper or a
sprayed or printed active material on a flexible conducting
substrate, such as Al coated PET; or a free standing film of a
nanostructured material.

[0093] In one embodiment, due to their structure, the elec-

trode layers do not comprise a polymeric binder or do not
comprise poly(1,1-difluoro-1,2-ethanediyl) (PVDEF).

[0094] The new electrode materials can form electrodes
with a thickness for each layer of at least 10 um, or with a
thickness of between about 10 um to about 30 um. In one
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embodiment the thickness of a layer of the electrode 1s about
20 um. That means that a double layered structure as the one
illustrated 1n FIG. 1B can have a thickness of between about
20 um to about 60 um.

[0095] In another aspect, the present invention refers to a
method of manufacturing an electrode comprising arranging,
or depositing a {irst layer comprised of a mesoporous nano-
structured hydrophobic material on a second layer comprised
of a mesoporous nanostructured hydrophilic material. In a
turther aspect, the present mvention refers to a method of
manufacturing an electrode comprising mixing a mesoporous
nanostructured hydrophobic material and a mesoporous
nanostructured hydrophilic material, and subsequently form-
ing a single electrode layer. In still a further aspect, the present
invention refers to a method of manufacturing a porous nano-
structured material which comprises metallic nanostructures
bound to 1ts surface. This method comprises mixing a porous
nanostructured material with a solution comprising a metallic
nanostructure precursor to obtain a suspension of the nano-
structured material with the solution comprising the metallic
nanostructure precursor and chemically reducing the metallic
nanostructure precursor to allow precipitation of the nano-
structures at the surface of the nanostructured material at a
temperature of equal or less than 80° C.

[0096] In general, nanostructured materials in any form can
be formed 1nto a layered structure by methods known 1n the
art including, but not limited to filtering, casting, spin coating,
roll-casting, spraying and inkjet printing. In one embodiment,
the different layers are formed by filtering of the nanostruc-
tured material through a filter membrane. In one embodiment,
the layers can be formed separately and be arranged on each
other or stacked on each other after theirr manufacture or the
layers are arranged on each other 1n a continuous manner by
spraying or filtering or by use of a plasma method. For
example, using a plasma method, the first layer can be depos-
ited on a support material followed by plasma deposition of
the next layer directly on the first layer. For example, the first
layer can be either a hydrophobic layer or hydrophilic layer.

[0097] Nanostructured materials, such as carbonaceous
nanostructured materials (e.g. carbon nanotubes) can also be
tformed by methods known 1n the art, including but not limited
to electric arc discharge methods, laser vaporization methods,
chemical vapor deposition methods or hydrothermal synthe-
S1S.

[0098] 'To obtain a nanostructured hydrophilic material by
introducing a polar group, 1.e. a linker, at the surface of the
nanostructured material, the pristine and thus hydrophobic
nanostructured material 1s subjected to an oxidative treat-
ment, or sintering at temperatures <500° C., or refluxing in
inorganic polar solvents, or plasma treatment, such as N, or
H_ or O, plasma treatment. In another embodiment, the nano-
structured matenal 1s subjected to a treatment using 1rradia-
tion with gamma-rays and subsequent contacting of the
gamma-irradiated nanostructured material with an unsatur-
ated carboxylic acid. The gamma-rays can create free radicals
at the surface of the nanostructured material which readily
reacts with the unsaturated carboxylic acid to form a linker
molecule immobilized or bound on the surface of the nano-
structured material.

10099] The unsaturated carboxylic acid can be an unsatur-
ated carboxylic acid or dertvatives thereof. To avoid that the
distance between the nanoparticle and the nanostructured
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material becomes too great, the unsaturated carboxylic acid
forming the linker molecule comprises equal or less than 12
C-atoms.

[0100] Inoneembodiment, the unsaturated carboxylic acid
1s an acrylic acid or derivatives thereof. Examples of acrylic
acids or derivatives thereof which can be used include, but are
not limited to acrylic acid, methacrylic acid, methyl meth-
acrylic acid, ethacrylic acid, alpha-chloroacrylic acid, alpha-
cyano acrylic acid, beta methyl-acrylic acid (crotonic acid),
alpha-phenyl acrylic acid, sorbic acid, alpha-chloro sorbic
acid, angelic acid, cinnamic acid, p-chloro cinnamic acid,
itaconic acid, citraconic acid, mesaconic acid, glutaconic
acid, aconitic acid, maleic acid, fumaric acid, or tricarboxy
cthylene.

[0101] In the embodiment in which the mesoporous nano-
structured hydrophobic material and the mesoporous nano-
structured hydrophilic material are mixed together the ratio of
mixing 1s between about 10 (mesoporous nanostructured
hydrophobic material) wt. %:90 wt. % (mesoporous nano-
structured hydrophilic material) to about 90:10 wt % based on
the total weight of both materials together. In a further
embodiment, the mixing ratio 1s between about 30:70 wt. %,
or 70:30 wt. %, or 50:50 wt. % based on the total weight of
both materials together.

[0102] The method of forming the electrode can further
include arranging the layers or single layers referred to herein
on a support material. In case the electrode material referred
to herein forms part of a metal-air battery, the cathode 1s
formed of an electrode material referred to herein and 1s
arranged on the electrolyte layer of the metal-air battery
which 1s already 1n contact with the anode layer or 1s arranged
on the anode layer after 1t has been put together with the
cathode layer.

[0103] Inthe following it is referred to the method of manu-
facturing a porous nanostructured material which comprises
metallic nanostructures bound to its surface. This method
comprises mixing a porous nanostructured material with a
solution comprising a metallic nanostructure precursor to
obtain a suspension of the nanostructured material with the
solution comprising the metallic nanostructure precursor and
chemically reducing the metallic nanostructure precursor to
allow precipitation of the nanostructures at the surface of the

nanostructured material at a temperature of equal or less than
80° C.

[0104] In one embodiment in which a noble metal nano-
structure precursor 1s used the temperature for the chemical
reduction step 1s below 60° C. or below 50° C. In another
embodiment, the temperature 1s between about 15° C. to
about 30° C. or between about 15° C. to 25° C. or 1s about 0°
C.,5°C.,10°C.,15°C,20°C.,25°C.,30°C.,35°C.,40°C.,
45° C., 50° C., 55° C. or below 60° C. The reaction conditions
for the above method can be adapted such as to form nano-
structures with a maximal dimension or size of about 40 nm or
20 nm, or a size of between about 0.5 nm to about 20 nm or
any other size referred to herein.

[0105] One option to adapt the reaction conditions such as
to form nanostructures with the indicated sizes 1s to adapt the
concentration of the metallic nanostructure precursor 1n the
suspension, 1.e. in the mixture of nanostructured material and
metallic nanostructure precursor. In general, the concentra-
tion of precursor materials can be in the range of between
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about 0.001 M to about 1 M. In one embodiment, the concen-
tration range of noble metal precursor material 1s 1n the range
of between about 0.01 M to about 1 M, while in another
embodiment the concentration range of the metal oxide pre-

cursor material can be 1n the range of between about 0.001 M
to about 0.1 M.

[0106] The chemical reduction can be achieved by any one
of the following methods. Chemical reduction can be
achieved for example by adjusting the pH in the suspension
comprising the nanostructured material and the metallic
nanostructure precursor. Another method of chemical reduc-
tion 1s by heating the suspension 1n a reducing atmosphere,
such as heating 1n an 5% H,/N, or 5% H,/Ar atmosphere at a
temperature <500° C. for 4 to 8 hours; or by using a chemical
reducing agent, such as sodium borohydride (NaBH,) or
other metal hydrides, such as CaH, or MgH.,.

10107] In one embodiment the pH of the suspension com-
prising the nanostructured material and the noble metal nano-
structure precursor (e.g. noble metal nanoparticle precursor)
or metal oxide nanostructure precursor 1s adapted to allow
chemical reduction of the metallic nanostructure precursor,
such as a noble metal nanostructure e precursor by adapting
the pH to be 1n a range of between about 1 to 10, or 3 to 10, or
4 to 10. In another embodiment, the pH can be 1n a range of
between about 1 to 7.5 and 1 to 10. For example, 1n case of
using a silver nanostructure precursor material the pH 1s
adjusted or adapted to be 1n a range of between about 4 to 8 or
between about 4.3 to <7.3. In another example in which a gold
nanostructure precursor 1s used, the pH 1s adjusted to be 1n a
range of between about3to 10, 0r3.5t0 10, or 4 to 10. In case
of using a platinum nanostructure precursor the pH 1s
adjusted to be 1n a range of between about 4 to 10 or between
about 4 to 9. In case of using a metal oxide nanostructure
precursor, such as a manganese nanostructure precursor, the
pH 1s adjusted to be 1n a range of between about 1 to 7. Thus,
in case of adjusting the pH chemical reduction 1s achieved by
using a reducing agent, such as an acid or a base. Examples
include, but are not limited to NaOH, NH,, HCI, HCIO,,
H SO, to name only a few. In general, any known acid or base
can be used to adjust the pH of the suspension.

[0108] The reaction time or incubation time of the nano-
structure material with the nanostructure precursor also influ-
ences the size of the nanostructures formed. In general the
reaction time 1s between about 5 or 10 or 15 minutes to about
120 minutes. In another embodiment, the reaction time 1s
between about 15 minutes to about 60 minutes.

10109] A further factor which can influence the size of the
nanostructures formed 1s the concentration of the nanostruc-
ture precursor 1n the starting solution before mixing with the
nanostructured material. In one embodiment, the concentra-
tion of the nanostructure precursor 1s between about 3 mM to
about 150 mM, or at least 3 mM, or between about 3 mM to
about 6.5 or 6.3 mM, or between about 3 mM to about 100
mM or below 150 mM. The method described herein allows
manufacturing decorated nanostructured material wherein
the nanostructures bound to the surface of the nanostructured
material have a narrow size range as already outlined further
above.

[0110] Nanostructure precursor materials for the above
materials are known 1n the art. Different examples of precur-
sor materials include metal chlorides, such as noble metal

chlorides; metal nitrates, such as noble metal nitrates, metal-
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lic alkoxides, organometallic precursors, or metal acetates, to
name only a few. Examples of noble metal nanostructure
precursor and metal oxide nanostructure precursor include,
but are not limited to AgNO,, [Ag(NH,),|" (aq), AuCl,,
HAuCl,.3H,0, H,PtCl,.6H,O, H,PdCl..6H,O, Mn(NO,),,
or KMnO,. For example, precursor for T10, nanostructures
can be metallic alkoxides or organometallic precursors.
Examples of titantum alkoxides can include, but are not lim-
ited to titanium methoxide, titanium ethoxide, titanium 1so-
propoxide, titanium propoxide and titanium butoxide.

[0111] In general, the molar ratio of metal nanostructure
precursor to nanostructured material can be in the range of
between about 0.05 to about 0.6 or between about 0.1 to about
0.55. In one embodiment, the molar ratio of a nobel metal
nanostructure ¢ precursor, such as silver nanostructure pre-
cursor, to nanostructured material 1s between 0.18 to about
0.54. In another embodiment, the molar ratio of metal oxide
nanostructure precursor to nanostructured material 1s
between about 0.1 to about 0.3.

[0112] Before being mixed with the nanostructure precur-
sor, the nanostructured material 1s dispersed 1 a solvent
appropriate for the respective nanostructured material at a
concentration of between about 0.1 to about 1 mg/ml. Such
solvents are known 1n the art. For example, carbon nanostruc-
tured materials or MnO,, nanostructured materials can be
casily dissolved i an aqueous solution, e.g. water. Other
suitable solvents which can be used herein include alcohols,
such as ethanol, 1sopropanol; ethylene glycol and acetone.

[0113] The nanostructures which form during chemical
reduction bind to the linker during precipitation as 1llustrated
for example 1n FIG. 16. In the embodiment illustrated 1in FIG.
16, AgNO, 1s used as noble metal nanoparticle precursor
which 1s chemically reduced using HNO,; thus forming Ag
which binds to the nanostructured material via the carboxyl
group of the linker. In another embodiment KMnQO,, 1s use as
metal oxide nanostructure precursor which 1s reduced to
MnQO  nanostructure which also bind to the nanostructured
material via a linker comprising a carboxylic group.

[0114] As previously mentioned, to manufacture a mem-
brane made of the decorated nanostructured material referred
to herein the decorated nanostructured material can be
washed and afterwards be sieved through a filtration mem-
brane. Afterwards, the membrane formed of the decorated
nanostructured material can be peeled of the filter membrane
as free-standing membrane and may be directly used as elec-
trode material. It 1s also possible to mix the decorated nano-
structured material with other components which are to be
used 1n the electrode maternial before sieving 1t through a
filtration membrane to obtain the electrode material. For
example, the decorated nanostructured material can be mixed
with untreated and/or unoxidized nanostructured material.

[0115] Ina further aspect, the present invention refers to the
use of an electrode as described herein or an electrode manu-
factured according to a method described herein for the
manufacture of an electrode of a metal-air battery or a fuel
cell or a supercapacitor.

[0116] The inventions illustratively described herein may
suitably be practiced in the absence of any element or ele-
ments, limitation or limitations, not specifically disclosed

- 4 4

herein. Thus, for example, the terms “comprising”, “includ-

- 4

ing”’, “containing’’, etc. shall be read expansively and without
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limitation. Additionally, the terms and expressions employed
herein have been used as terms ol description and not of
limitation, and there 1s no intention 1n the use of such terms
and expressions of excluding any equivalents of the features
shown and described or portions thereot, but 1t 1s recognized
that various modifications are possible within the scope of the
invention claimed. Thus, i1t should be understood that
although the present invention has been specifically disclosed
by preferred embodiments and optional features, modifica-
tion and variation of the inventions embodied therein herein
disclosed may be resorted to by those skilled 1n the art, and
that such modifications and variations are considered to be
within the scope of this invention.

[0117] The invention has been described broadly and
generically herein. Each of the narrower species and subge-
neric groupings falling within the generic disclosure also
form part of the invention. This includes the generic descrip-
tion of the mvention with a proviso or negative limitation
removing any subject matter from the genus, regardless of
whether or not the excised material 1s specifically recited
herein.

[0118] Other embodiments are within the following claims
and non-limiting examples. In addition, where features or
aspects of the mvention are described 1n terms of Markush
groups, those skilled 1n the art will recognize that the mven-
tion 1s also thereby described in terms of any individual
member or subgroup ol members of the Markush group.

EXPERIMENTAL SECTION

1. Air Electrode (AE) Fabrication for Metal-Air
Battery

10119] Conventional AE (FIG. 1A) were prepared by
adhering a mixture of activated carbon and poluvinyledene
difluoride (PVDF) binder onto either side of a Nickel mesh
screen. A Teflon® piece was placed on top of the AE to act as
a hydrophobic layer 1n addition to the carbon. The layers of
the AE Type 1 (FIG. 1B) and 2 (FIG. 1C) electrodes were
prepared for the assembly of the cathode of a metal-air bat-
tery. The layers for the assembly of the different kinds of
clectrodes (AE Type 1 and AE Type 2) were prepared by the
following, the COOH-SWCN'T (Carbon Solutions Inc.) or
Ag-decorated SWCNT suspension (0.2 mg/ml 1n deionized
water) or a mixture of P(pristine) SWCNT and COOH-
SWCNT (P/COOH-SWCNT) were filtered through a filter
membrane (Whatman, 20 nm pore size, 47 mm diameter).
The SWCNT {falls through the pores and was trapped on the
surface of the filter, forming an interconnected network. After
drying, the SWCNT network can be peeled off from the filter
as a Ireestanding thin film of thickness of approximately 20
um, and was directly used as material for the electrode. Cir-

cular pieces of these air cathodes were punched out using a
die set (16 mm).

2. Zic-Air Cell Assembly

[0120] Anode represented the source of zinc and either
metallic zinc or zinc powder mixed with PVDF binder was
used. The anode was cut 1n to circular pieces (13 mm) and
stacked with KOH impregnated PVA as the electrolyte and
the Air Electrode (AE). AE type 1 (FIG. 1B) electrode was
constructed by placing the COOH-SWCNT bucky paper 1n

contact with the electrolyte and placing on top of 1t P-CNT
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bucky paper. AE type 2 (FIG. 1C) electrode mnvolved a single
bucky paper consisting of a homogeneous mixture of COOH-

SWCNT and P-SWCNT.

3. Electrochemical Testing

[0121] Galvanostatic discharge curves of the assembled
zinc-air battery was collected at a constant current of 1 mA
using a computer controlled Macpile (Biologic, France and
EG&G, USA, Model 263A). In the case of conventional
carbon electrode the electrical contact to AE was made at the
Ni-metal screen. Whilst, electrical contacts on AE type 1
(FIG. 1B) and 2 (FIG. 1C) were made directly to the bucky
paper and to the zinc anode. It 1s to be mentioned that the CN'T
was used both as the active electrode material and a current
collector 1n this study. The open-circuit voltage (OCV) of
freshly assembled cells were in the range 1.4 to 1.5V,

4. Eftect of AE Architectures

10122] The effectiveness of CNTs in different AE architec-
ture was compared with the baseline performance of activated
carbon black mixed with polyvinylidene fluonide (PVDF)
binder on a N1 mesh AE. The discharge profile of a Zn-air
battery constructed with the AEs made up of P-SWCNT,
COOH-SWCNT using air electrode configuration AE Type 1
(F1G. 1B) and AE Type 2 (FIG. 1C) are shown 1n FIG. 2. As
compared to carbon, 1t 1s seen that the zinc air battery con-
sisting of SWCNTs made with AE type 1 (FIG. 1B) and type
2 (FIG. 1C) architectures showed better cell performance (1n
terms of cell voltage and discharge time). The improvement
observed was 2.5x the performance of the conventional car-
bon-black based electrode. Amongst the air electrodes made
of SWCNT, AE Type 2 (FIG. 1C) electrode composed of a
single bucky paper consisting of pristine SWCNT
(P-SWCNT) and COOH-SWCNT exhibited the best cell per-
formance, with discharge voltage of 0.8 V and cell life o1 20.5
h as compared to carbon (0.5 V, 8 h). AE Type 2 (FIG. 1C)
clectrode made of COOH-SWCNT (hydrophilic) showed a
higher discharge voltage (about 0.75 V) as compared to the
one made of P-CNT (0.6 V). This may be attributed to the
differential wetting nature of these two SWCNT electrodes
by electrolyte due to the varying hydrophobic/hydrophilic
characteristics of these SWCNT. AE type 1 (FIG. 1B) archi-
tecture electrode with two bucky papers made of P-SWCN'T
and COOH-SWCN'T showed a stable voltage (0.7 V) and a
discharge time of 19 h. The superior performance of
SWCNTSs based AB can be attributed to the larger effective
surface area of SWCN'T that provides an increased platform
for oxygen adsorption and reduction reaction to take place. It
1s clearly seen that enhancement of Zn-air battery cell pertor-
mance 1s obtained with this architectures of air electrodes

(AE Type 1 and Type 2).

5. Effect of Using SWCNT's as the AE

[0123] Thedischarge profile of conventional AE based only
on carbon and by using only a single bucky paper of COOH-
or P-CNT 1s shown i FIG. 3. AE made up of SWCNTs
showed a better discharge plateau as compared to conven-
tional carbon indicating that the AE Type 2 (FIG. 1C) elec-
trodes are able to sustain the current drain. The discharge
voltage of AE Type 2 (FIG. 1C) electrode made of 100%
COOH-CNT (0.76 V) was higher than the 100% P-CN'T. This
1s because the 100% COOH-CNT 1s made up of hydrophilic
CN'T's which have end —COOH groups that can be wetted by
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the electrolyte thus enabling ORR to occur and 10n transier to
take place. However, 100% P-CN'T does not have any hydro-
philic (—COOQOH) groups attached to 1t making the surface
more hydrophobic than 100% COOH-CNT. Hence effective
wetting of the electrode cannot take place for the oxygen
reduction catalyst (ORR) to take place which 1s seen 1n the
discharge curve. During the ORR two concurrent process
takes place and needs to be balanced for optimum perfor-
mance of the AE (1) Oxygen diffusion takes place within the
carbon nanostructures and (11) oxygen reduction takes place
on the carbon (with/without catalyst) and 1on transfer takes
place 1n the solution and equivalent amount of electrons flow
through the external circuit as current. When a relatively
hydrophobic surface like 100% P-CN'T 1s provided then there
1s no obstruction to the oxygen diffusion from the air on to the
clectrode surface, but however due to the limited wettability
the ORR does not take place effectively which would be
evident in the discharge voltage. When a hydrophilic surface
(100% COOH-CNT) 1s provided then there 1s limited access
to the oxygen diffusion, however due to the wettability of the
clectrode the ORR Takes place much more effectively than
the former. It 1s seen from our results that one of the factors
that controls the discharge time of the AE seems to be the
oxygen tlow or diffusion of oxygen within the electrode.
Unobstructed oxygen flow prolongs the lifetime of the device
(but at a much lower discharge voltage), but flooding of the
clectrolyte on to the electrode surface increases the voltage
but decreases the discharge time due to the unavailability of
oxygen diffusion sites on the COOH-CNT electrode.

10124] Although the results on the pure SWNT compares

well with those 1n the literature, 1t needs to be mentioned that
the discharge voltage 1s slightly lower 1n our studies because
of the absence of (metallic) ORR catalyst. Also there was no
other current collector used 1n our devices. Electrocatalyst
was avoided so as to exclusively evaluate the effect of only AE
architecture and CNT functionality on the device perfor-

mance.

6. Effect of Varying the Ratio of COOH- and P-CN'T
in AE Type 2 (FIG. 1C) Electrode Architecture

[0125] Inan AFE type 2 electrode configuration the amount
of COOH-SWCNT and P-SWCNT were varied to evaluate 1ts
cifect on the device performance. FIG. 4 shows the galvano-
static discharge curves of varying amount of COOH-SWCN'T
(labeled as P3) and P-SWCNT (labeled as P2) 1in the AE type
2-electrode configuration. It 1s seen that a mixture of 50:50%
COOH-SWCNT and P-SWCNT gave a higher voltage pla-
teau as compared to other composition. The discharge voltage

and discharge times from this curve are extracted and plotted
in FIG. 5.

[0126] There s aslight increase in the discharge voltage for
S0wt % COOH-SWCNT (FIG. 5a) after which increasing the

amount of COOH-SWCNT 1n the mixture reduces the dis-
charge voltage possibly due to flooding of the electrolyte in to
the air electrode thereby decreasing the diffusion of oxygen
that adversely aflects the oxygen reduction reaction. The
discharge time increases from 17 h for 70 wt % COOH-
SWCNT to 21 h for 50 wt % COOH-SWCN'T. The discharge
time levels off after this composition and decreasing further
the concentration of COOH-SWCNT does not affect the dis-
charge time. This longevity of the device 1s related to the
addition of hydrophobic P-SWCNT which promotes oxygen
diffusion and prolongs the device lifespan. In terms of both
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discharge voltage and time 1t can be concluded from this
study that a 50:50 wt. % mixture of COOH-SWCNT (P3) and

P-SWCNT (P2) 1s a good composition in an AE type 2 elec-
trode.

7. Effect of Ag Nanoparticle Decoration on
COOH-SWCNT (AE Type2 Electrode)

[0127] It was seen from the above results discussed in the
previous sections that the simple unified AE Type 2 electrode
architecture exhibited the best performance. In a further step
a catalyst was added to the SWCNT by decorating the
COOH-SWCNT (100%) with metal particles, such as silver
nanoparticles (Ag-CNT of various sizes, (3-15 nm)). FIG. 6
shows the galvanostatic discharge curves of the Zn-air batter-
ies made using Ag-SWCN'T of various sizes in AE type 2
clectrode configuration. It 1s seen that the discharge voltages
of Ag-SWCNTs are much higher (about 1.0-1.1 V) than the
pure COOH-SWCNT (0.75-0.8 V).

[0128] This is owing to the catalytic enhancement of the
oxygen reduction process (ORR) by silver. The oxygen
reduction process occurring at the AE 1s complex and
involves a rate-limiting step of hydroperoxide 1ons (HO,™)
formation that affects the reaction kinetics and battery per-
formance. The intermediate HO,™ then reacts by catalytic
disproportionation to O, and OH™. Carbonaceous materials
like CN'T and activated carbon are known to reduce the oxy-
gen to hydroperoxide 1ons. Additional catalysts (Pt, Ag or
oxides) are required to completely reduce the hydroperoxide
ions 1n to OH™ radicals.

O,+H,0+2¢ —HO, +OH"
HO, —150,+OH"

10129] Complete reduction of oxygen to hydroxyl radicals
results 1n an increase 1n the discharge voltage and has been
achieved using silver as cocatalyst (Ag-CNT). It appears that
the 6-8 nm si1lver particle size give a slightly higher discharge
voltage as compared to the other sizes. Electrocatalytic activ-
ity of silver particles depends crucially on 1ts size on a physi-
cal dispersion of silver on carbon catalyst. The oxygen reduc-
tion reaction (ORR) that occurred on the Ag particles was
structure sensitive reaction and depended on the crystal faces
and active sites on silver.

8. Use of a Single Layer of a Decorated
Nanostructure Materal as Electrode Material (FIG.
1D)

[0130] Single-walled CNT functionalized with carboxylic
groups (P3-SWCNTs, Carbon Solution Inc.) were dispersed

in deionized water (0.5 mg/ml) with the aid of ultrasonic
treatment (120 kW). The SWCNT suspension was mixed

withan AgNO; (99.99%, Aldrich) solution (0.05-0.15 M, 100
mlL) (the molar ratio of the silver nanoparticle precursor,
AgNQO,, to the CNTs should be 1n the range 01 0.18 to 0.54),
followed by the addition of 0.1 M NaOH (99%, Merck) for
pH adjustment (4.3<pH<"7.3), and stirred vigorously for
15-120 min. The Ag-decorated SWCNTs were separated by
centrifugation (135,000 rpm, 10 min) and excess sodium
nitrate removed by multiple washings with deionized water.
A stock suspension of the final product was prepared by
redispersion in deionized water (20 mL). For electrode prepa-
ration, the mixture was filtered through a filter membrane
(Whatman, Anodisc alumina filter membranes, pore size 20
nm) using a simple filter flask and moderate vacuum. This
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way, the Ag-decorated SWCN'T's form an entangled network
onto the filter. After rinsing with deionized water and drying
in air, the SWNTs network film can be peeled off from the
filter and was used as GDE without further treatment. The
welght percentage of the Ag particles 1s approximately 2 wt.
% according to the weight increment before and after deco-
ration. The Ag nanoparticles decorated SWN'T's were charac-
terized by means of transmission electron microscopy (TEM,
JEOL 2100F), x-ray diffraction (XRD, Shimadzu diffracto-
meter operating at 4 kW and using CuKa radiation) and 4
probe resistivity measurement. For device testing, Zn powder

was mixed with polyvinylidene fluornide binder (PVDE,
80:20), heated to 85° C. for 4 hours and finally pressed nto

f1lms with thickness around 35 um. Zn anode and SWNT air
clectrode were separated by a polypropylene (PP, Celgard
2400, US) film wetted thoroughly with 6 M KOH. Discharge

was measured using a constant resistance of 1 k€2.

[0131] Results

[0132] An important parameter for controlling the disper-
s1on and size of the metal nanocrystals on SWCNT 1s pH, or
the amount of hydroxyl 1ons (OH™). After the introduction of
SWCNTs to the 0.15 M AgNO, solution, the pH acidifies
from 5.6 to 3.4 due to the presence ol carboxyl groups
(—COOH) on the exterior of the nanotubes, that subse-
quently interact with AgNO, to form —COO~™Ag™ groups.
For low but suilicient concentration of hydroxyl 1ons for
reduction (pH~4), a high nucleation at the carboxyl groups
and rapid growth of large silver crystals can be observed
according to the proposed reaction

C—COO Ag"+OH +Na*—=C—COOH+Ag’+

YaNa;0 qy+7405 1
[0133] For higher concentration (pH about 6), the silver
crystals highly dramatically decrease 1n size due to reaction
between excess hydroxyl 1ons and silver 10ns 1n the suspen-
sion favoring the formation of AgOH and preventing the
growth of nucleated silver metals.

Agt+NO; +Na*+OH —AgOH+NaNO,

[0134] Larger and poorly dispersed crystals (10 nm) appear
at higher pH (pH 7.3) due to the reaction between excess
hydroxyl 1ons with both silver ions 1n the suspension and
—COQO™Ag™ which promotes the concomitant release of

AgOH
C—COO Ag"+OH +Nat*—=C—COO Na"+AgOH

10135] Consequently, fewer nucleation sites are available
and the growth of silver nanocrystals decreases. The key role
of reactive surface carboxyl groups was substantiated by the
failure to decorate non-carboxyl-SWCN'T's with silver, at pH
6.3 and the formation of large colloidal metal clusters.

10136] FIG. 7 shows the TEM images of Ag nanoparticles
decorated SWCN'Ts with three particle sizes: 12-15 nm, 6-8
nm and 3-5 nm. In all samples, the Ag particles decorate the
SWCNTs uniformly. Neither Ag particle agglomerates nor
uncovered parts were observed among the material investi-
gated. Also, the size of the Ag nanoparticles has been con-
trolled successtully by means of pH adjustment and reaction
time during synthesis, as confirmed by the rather narrow size
distribution (see also Table 1). Since the same amount of
SWCNTSs and the same concentration of the Ag precursor
have been used for all samples it 1s reasonable to assume that
the same amount of Ag has been decorated onto the
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SWCNTSs. Accordingly, the smaller particle size leads to
more individual particles (compare FIGS. 7a and 75).

TABL.

L1l

1

Experimental parameters for decoration of Ag nanoparticles of
different sizes onto SWCNT's

Reaction time Average Ag crystal size

pH adjusted |h] |nm |
— — not decorated
4.3 2 12-15
6.3 2 6-8
6.3 1 3-5

10137] Weight, thickness and conductivities of the bare
SWCNT networks and the Ag nanoparticle decorated
SWCNT networks have been compared to commercially
available gas diffusion electrode (GDE) based on pressed
carbon on a nickel mesh (Electric Fuel limited, Israel, product
line E4A; BASF, Germany, product line ELAT). The conduc-
tivities of the SWCNT samples have been measured 1in a
4-point probe configuration while the values of the commer-
cially available samples are taken from the manufactures
specifications. The results are compared in FIG. 8. The advan-
tage of GDEs based on SWCNT networks over commercially
available GDEs 1s obvious. Weight and thickness are reduced
by more than one order of magnitude which 1s of particular
interest for portable devices where weight and space are
crucial factors. The conductivity, on the other hand increases
by around three orders of magnitude. Among the SWCNT
f1lm, the conductivity 1s significantly higher for Ag decorated
material. (bare SWCNT films: about 1000 S/cm, decorated
SWCNT films: 2000-3000 S/cm). The highest conductivity
(about 3000 S/cm) has been found for the smallest Ag particle
s1ze (3-5 nm) which can be explained by a maximum number
ol additional current paths within the SWCN'T network.

[0138] The electrochemical behavior of SWCNTSs films
decorated with Ag nanoparticles has been investigated using
potentiodynamic polarization. One side of the SWCNT films
was exposed to the air so that all films were measured 1n a
GDE configuration. For comparison, a not decorated
SWCNT film and a commercially available air electrode
(E4A) have also been tested, and the results are presented 1n
FIG. 9. Current has been normalized by weight (mA/mg) to
account for any sample to sample variance while the area of
all GDEs was kept constant (about 1 cm?®). In general, the
current density significantly increased upon Ag nanoparticle
decoration when compared to not decorated SWCNTs elec-
trodes and the commercially available E4A air electrode.
Taking the size of the Ag nanoparticles into account, the
current density increases with smaller Ag nanoparticles
which can be explained by a higher surface area. Compared to
the not decorated SWCNT electrode, the current density of
the GDE containing the smallest Ag nanoparticles (3-5 nm)
increased by a factor of 5.

[0139] Cyclic voltammetry (CV) was employed to investi-
gate the electrochemical behavior of the SWCNT GDEs
decorated with Ag nanoparticles of different sizes. For com-
parison, an undecorated SWCNT GDE was tested as well as
shown 1 FIG. 10aq. For all samples, a reduction peak at
around —0.3 V (labeled with ‘R,’) has been observed 1ndi-
cating oxygen reduction (O,+2H,0O+4e™—=40H™). For all Ag
decorated SWCNT films, one oxidation and two reduction
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peaks can be observed in addition. The oxidation peak
appearing ataround 0.25 'V (labeled with *O , ,”) can be attrib-
uted to the oxidation of Ag to Ag,O (ZAg+20H——=Ag, O+
H,O+2¢7). The first reduction peak at around 0.28 V (labeled
with ‘R, .*) indicates the reduction of Ag,O to Ag, while the
second one corresponds to the oxygen reduction mentioned
betore, An additional peak for the bare SWN'T sample can be
observed around -0.1V (labeled with *C”) and 1s due to oxy-
gen containing functional groups.

[0140] In general, the total current density for all reduction
processes 1ncreases when Ag particle size decreases due to
the higher surface area for smaller Ag particles. For all Ag
decorated SWNT films, reactions due to surface functional
groups cannot be observed indicating that Ag oxidation/re-
duction and oxygen reduction become the dominant features
upon Ag decoration. For a more detailed analysis, the total
charge for oxygen reduction was been analyzed by integrat-
ing the corresponding peaks of CV as shown in FIG. 11. It 1s
obvious that the charge for oxygen reduction increased sig-

nificantly upon Ag decoration, and further increased with Ag
particle size decreasing. Hence, Ag promotes oxygen reduc-

tion reaction under the experimental conditions applied.

[0141] For device testing, the SWCNT networks decorated
with Ag nanoparticles have been used as air electrodes 1n a
home build Zn-air battery configuration. Note that neither a
binder nor a water repellent such as PTFE has been added. For
all devices tested, the Zn containing anodes have been pre-

pared the same way. Hence, all changes in performance are
due to differences between the SWCNT based GDEs. The
discharge characteristics are presented 1n FIG. 12.

[0142] 'The open circuit voltages were around 1.2 V which
1s 11 good agreement with values of commercially available
devices confirming that neither SWN'T nor the Ag particles
lead to different battery chemistry. After connecting the
device to a 1 k€2 load, the voltage dropped according to the
conductivities listed 1n Table 2. The different operating times
were due to different amounts of Zn material used.

[0143] Among the Ag-decorated SWNT GDEs, the small-
est particle size seems to be favorable over the other particle
s1zes investigated. Not only the voltage drop 1s minimized due
to the highest conductivity among all samples, but also the
discharge curve 1s among the tlattest ones when compared to
the other samples. For a better comparison, the performance
of all devices has been summarized 1n table 2 1n terms of
conductivity of the SWN'T film, specific capacity C and spe-
cific energy E using C=I*t/m, and E=I-V-t/m,, respectively,
where I 1s the discharge current, t the discharge time, V the
operating voltage, and m, 1s the mass of the SWN'T based
GDE and m,, the weight of the device including electrodes,
separator and electrolyte. Compared to GDE based bare
SWNTs, 1t 1s obvious that both specific capacity and energy
are improving upon decoration with Ag nanoparticles with
diameters less than 8 nm. The best performance has been
achieved for GDEs based on SWNTs decorated with the
smallest Ag nanoparticles mvestigated. Both specific capac-
ity and energy density have been doubled. The improved
performance with smaller Ag particle size can be explained
by a larger number of Ag particles leading to more catalyti-
cally active sites and subsequently to a higher current density.
On the other hand, decoration with Ag nanoparticles 12-15
nm 1n size decreases the device performance possibly due to

May 10, 2012

a lower overall surface area compared to a all other samples
leading to a lower current density.

TABL.

L1l

2

Characteristics of Zn-air cells utilizing GDEs based on SWNTs
films decorated with Ag nanoparticles of different sizes. For

comparison, the typical performance range of commercially avail-
able GDEs and devices has been listed, too.

Specific
Zn-air cells utilizing  GDE Conduc- Capacity Energy Density
a GDE based on tivity [S/cm ] (mAh/g) (Wh/kg)
bare SWCNT 1025 270 125
12-15 nm Ag-CNT 1840 170 85
6-8 nm Ag-CNT 3020 340 180
3-5 nm Ag-CNT 3090 515 300
commercial devices ~2 200-600 250-400

10144 Gas diffusion electrodes (GDEs) based on SWCNT
networks lead to a significant weight reduction when com-

pared with regular GDEs. In addition, utilizing SWCNTs
decorated with Ag nanoparticles leads to a significant
improvement 1n terms of capacity and energy density in a Zn
air battery. The optimum Ag catalyst particle size was found
to be the smallest (4 nm) among the samples ivestigated

doubling capacity and energy density when compared to bare
SWNT based GDEs. Hence, SWCNTs decorated with Ag

nanoparticles are promising materials for GDEs 1n light
weight applications with higher performance demands.

10145] 9.1 Gold Decorated Single Walled Carbon Nano-
tubes.

[0146] Gold stock solutions were prepared by adding 0.1 M
NaOH (Sigma-Aldrich) dropwise to 20 ml of 3.0-6.3 mM
HAuCl (HAuCl,.3H,O, Alfa Aesar) (4.5 mM 1n this
example) until the pH stabilized at predetermined values
ranging from 4 to 10. SWCNTs suspension (0.08 g 1n 15 mL
of deionized water) was dispersed 1n the solution comprising
the gold precursor (molar ratio of gold precursor to SWCN'T's
should be 0.1 to 0.55). The pH 1n the solution after mixing the
SWCNT's with the gold precursor 1s about 3.5. The resulting
mixture was aged at 75° C. with vigorous stirring for 30 min
after which the gold loaded catalysts were collected by filtra-
tion and washed repeatedly with deionized water to remove

chloride.

[0147] 9.2 Platinum decorated single walled carbon nano-
tubes. The solution of H,PtCl,.6H,O (3.0-6.3 mM, Aldrich, 5
mM 1n this example) 1n deionized water was adjusted to the
desirable pH (4-9). SWCNTs suspension (0.08 g1in 15 mL of
deionized water) was dispersed 1n the Pt precursor solution
(molar ratio of Pt precursorto SWCNT's should be 0.1 t0 0.55)
tollowed by the addition of methanol (Merck) as a reductant.
The suspension was aged at 75° C. for 40 min and washed
several times with deiomized water.

0148] 9.3 Synthesis of MnO., Nanoflakes

0149 Solution A containing 0.2 g of manganese nitrate
M(NO ), dissolved m 10 mL of distilled water was added
under vigorous stirring to Solution B containing 0.5 g of
KMnO m 10mL of distilled water. The resultant solution was
stirred for 2 h and then transierred 1 to a Teflon® lined
stainless steel autoclave and placed 1n the oven at tempera-
tures 140-170° C. for 1-24 h to obtain the product which was
washed several times with distilled water until the pH of the
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solution was 7. This was air dried 1n an oven at 100° C. for 24
h. Nanotlakes obtained by this method are shown 1n the TEM
image of FIG. 14.

0150] 9.4 Synthesis of MnO., Nanoflowers and Nanowires

0151] Aqueous solutions of MnSO, (8 mg/ml) and
KMnO, (20 mg/ml) were mixed and transterred to a Tetlon-
lined stainless steel autoclave. The autoclave was then loaded
into an oven preheated to 140° C. The dwell time for the
reaction was varied from 1 to 18 hours in order to optimize the
material for electrochemical applications. By heating the well
mixed solution of MnSO, and MnSO, for 1 hour, MnO,
nanoflowers are formed as shown in FIG. 14 (left image).
Increasing the hydrothermal reaction time further to 18 hours,
large amount of individual nanowires are formed as shown 1n
FIG. 14 (central image). The diameter of MnO, nanowires 1s
about 80 to about 150 nm and the length 1s more than 1
micrometer. After the dwell time at 140° C. the autoclave was
cooled to room temperature naturally. The formed brownish
black precipitate was filtered and washed with de-1onized
(DI) water to remove any unreacted starting material and the
soluble byproducts produced during reaction. The precipitate
was dried at 100° C. 1n air and MnO,, nanoflowers/nanorods
were ready for collection after 1 hour. FIG. 14 (right image)
shows SEM 1mages of commercially available MnO,, powder
with particle size of 2 to 3.5 um.

10152] The BET surface measurement of MnQO, nanoflow-
ers, MnO,, nanowires and MnQO, powder are summarized in
the following Table 3. The following Table 3 summarizes the
results obtained from these measurements.

TABL.

L1

3

BET surface area (m?/g) of MnO,, nanostructures and MnQO-, powder

MnO- nanoflower MnO-, nanowires MnQO- powder

BET surface area 106 13 o1
(m*/g)

[0153] 9.5 MnO, Decorated Single Wall Nanotubes
(SWCNT)

[0154] Solution A containing 0.2 g-0.5 g of manganese
nitrate Mn(NO,), or manganese acetate dissolved mn 10
ml.-20 mL of distilled water was added under vigorous stir-
ring to Solution B containing 0.5 ¢-0.9 g of KMnO,, 1n 10
ml-20 mL of distilled water. 0.05-0.2 g of SWCNT was
dispersed 1n the solution under stirring and heating at 50-80°
C. The pH was controlled from 1-7 using 0.01 M HCI or
0.01-0.05 M HNO, (depending on the pH the MnQO, particle
s1ze/dispersity varies). The resulting suspension after stirring
for 1-2 h 1s centrifuged, washed with distilled water and dried
in an oven at 100° C. for 24 h.

[0155] In an alternative approach for the manufacture of
MnOQO decorated nanostructures, 10 mg of single walled car-
bon nanotubes were dissolved 1n 100 ml distilled water and
were mixed for about 30 minutes using sonification of the
solution. Afterwards, samples of the solution were then added
to a solution of KMnO,, (40 mg of KMnO, 1n 200 ml of H,O).
The resulting mixture was stirred for 3 days at pH 8.5 at a
temperature of about 70° C. During the reaction the purple
color of the KMnO, solution disappeared as oxidation takes
place. Atthe end of the 3 day incubation the solution 1s filtered
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and washed to obtain MnO, decorated SWCN'T. FIG. 23
shows TEM 1mages of MnQO, decorated SWCN'T, wherein the
MnQO, nanoparticles bound to the surface of the SWCNT have
an average size of between about 1 to 10 nm. The images
provided 1n FIG. 23 show the same structure but the magni-
fication 1s different.

[0156] 9.6 Synthesis of TiO, Nanotubes

[0157] Titania (T10,)powder0.5-1.0 gwasaddedtoa15M
solution of sodium hydroxide and stirred vigorously for 2 h.
Then the contents were transferred in to a Tetlon® lined
stainless steel autoclave which was placed 1n the oven for 4-5

days at 170° C. The resultant dispersion was washed several

times with 0.1 mol/L. HNO, t1ll the pH 1s 7 and then dried in
the oven at 80° C. for 24 h. Nanotubes obtained by this
method are 1llustrated 1n the TEM 1mage of FIG. 15. Using the
above methods the Ti0, nanotubes can be decorated with
metal nanoparticles.

10 Optimization of Synthesis Condition for
Decoration of Nanostructured Materal

|0158] The findings have shown that pH, reaction time and

AgNQO, concentration are the main parameters controlling the
dispersion and size of AgNP on SWCNT. After introduction
of SWCNTs to 0.15 M AgNO, solution, the pH decreases

from 5.6 to 3.4 as shown 1n Table 4 due to the presence of the
acidic carboxyl groups on the nanotubes.

TABL.

(L]

4

Silver nanoparticle characteristics as a function of pH and reaction
time for metal decorating single-walled carbon nanotube

average Ag
AgNO; rxn. time  crystal size®
Sample  conc. (M) pHs* pHsc® pHn® (min) (nm)

AgCNT1 0.15 5.6 3.4 4.3 120 15
AgCNT2 0.05 5.6 34 6.3 15 1
AgCNT3 0.10 5.6 3.4 6.3 15 3
AgCNT5 0.15 5.6 34 6.3 60 4
AgCNT6 0.15 5.6 3.4 6.3 120 6
AgCNT7 0.15 5.6 3.4 7.3 120 10

“pH of AgNO; solution.

"pH of AgNO; after added SWCNTs.

°pH of suspension after added NaOH.
Determined by TEM. rxn. time = incubation time

[0159] Subsequently, the absorption of AgNO, with these
groups on the CNT forms COO—Ag groups (FIG. 16). The
addition of NaOH solution 1s a critical step 1n controlling pH
to ensure that the quantity of hydroxyl 1ons 1s sufficient for the
progressively reduction of Ag' to Ag®. Table 4 shows the
silver nanoparticle size of three different samples as a func-
tion of pH and reaction time. At pH 4.3 (after added NaOH),
the Ag nanoparticle size decorated on SWCNTs was the
largest with the diameter about 15 nm (FIG. 17a). As the pH
increases to 6.3, the Ag nanoparticles size dramatically
decreases to 6 nm (FI1G. 176) for the same reaction time. This
phenomenon might be due to the reaction between excess
hydroxyl 1ons and the COO—Ag groups at higher pH, which
promotes the reformation of carboxyl groups on SWCNTs
with concomitant release of Ag—OH. Consequently, the
number of available nucleation sites and the growth of Ag
nanoparticles decrease. By the reducing of aging time from
120 min to 15 min (at the same pH condition), the size of the
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Ag nanoparticles decreases from 6 nm to 3 nm (FIGS. 175
and 17c¢). This indicates that longer reaction time actually
yielded larger Ag nanoparticles through the crystal growth
and aggregation after nucleation. The variation of AgNO,
concentrations (0.05-0.15 M, pH 6, aging time 15 min) was
studied to optimize the condition which the colloidal Ag
cluster formation can be prevented. At the excess Ag precur-

sor than required for nucleation and growth (0.15 M), the
mixture of large colloidal Ag clusters (20-100 nm, FIG. 18a)

and Ag decorated on SWCNTs (3 nm) were formed. The
absence ol Ag clusters with constant size of Ag on SWCNTs
as 0.15 M condition was obtained when reduced the AgNO,
concentration to 0.10 M. The lower dispersion and smaller
silver crystal size, 1 nm, on SWCN'T surfaces (FIG. 18b) were
achieved at 0.05 M AgNO, solution. XRD pattern (FI1G. 19)
confirms the formation of cubic Ag® at 20=38, 45, 64, 78, and
82.

11 Electrode for Supercapacitor

[0160] FIG. 21 shows cyclic voltammograms for six super-
capacitor devices with following electrode materials: refer-
ence device with CN'T electrode (designated CNT in FIG.
21), mixture of nanostructures of MnQO, with CNT for five
different weight percentage (wt. %) ranges: 6, 10, 30, 50 and
70, which are presented 1n FIG. 21(a) for MnO, nanoflowers
and 21(b) for MnO, nanowires. MnQO, serves as catalyst
material. Both MnO, nanoflowers and nanowires with 6 wt.
% reached the highest capacitance of ~198-209 F/g. FIG.
21(c) shows specific capacitance versus wt. % ot MnO, nano-
flowers and nanotubes mixed with CN'T, which indicates that
6 wt. % 1s the optimized mass ratio of MnO, in CNT electrode
for obtaining highest specific capacitance.

[0161] Cyclic voltammograms for four supercapacitor
devices with following electrode materials: reference device
with CNT electrode, 6 wt. % MnQO, nanostructure mixed with
CNT (MnO,-CNT) for three different morphologies: nanoi-
lowers, nanowires and powder powder 1n the form of micron-
sized particles) are presented i FIG. 22(a). The specific
capacitance of all the devices as determined using both cyclic
voltammetry (CV; FIG. 22(a)) and galvanostatic charge and
discharge (GCD; FIG. 22(5)) methods, ranged from 58-209

F/g as shown in Table 5.

TABL.

R

(L]

Specific capacitance, energy and power densities measured for
CNT and MnO,-CNT devices using both CV and GCD methods.

Capaciatance (F/g) Energy Density Power Density

Sample CV Galv (Wh/kg) (W/kg)

CNT 119.5 57.7 3.1 483.2

CNT + 6 wt. % 208.9 78.3 5.0 767.6
MnO-, Nano-

flowers
CNT + 6 wt. % 197.8 83.1 4.9 675.8
MnO, Nanowires

CNT + 6 wt. % 148.3 61.2 3.6 651.0

MnO, powder

1. An electrode comprised of:

a first layer comprised of a mesoporous nanostructured
hydrophobic matenal; and
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a second layer comprised of a mesoporous nanostructured
hydrophilic material arranged on the first layer.

2. (canceled)

3. The electrode according to claim 1, wherein the meso-
pores have a maximal dimension between about 2 to 50 nm.

4. The electrode according to claim 1, wherein the nano-
structured material 1s selected from the group consisting of
nanotubes, nanowires, nanoflakes, nanoparticles, nanoflow-
ers, nanodiscs, nanofilms and combinations of the aforemen-
tioned nanostructured materials 1n a mixture.

5. The electrode according to claim 4, wherein the nano-
tubes are single-walled or double-walled or multi-walled
nanotubes.

6. The electrode according to claim 1, wherein at least one
dimension of the nanostructured material is less than 100 nm.

7. The electrode according to claim 1, wherein the nano-
structured material 1s made of a material selected from the
group consisting of a carbon material, a ceramic, glass, a
metal, a metal oxide, a polypyrrole and mixtures of nano-
structured materials made of different of the aforementioned
materials.

8. The electrode according to claim 7, wherein the carbon
material 1s selected from the group consisting of activated
carbon, carbon blacks and graphene.

9. The electrode according to claim 1, wherein the nano-
structured hydrophilic material comprises a linker bound on
its surface.

10. The electrode according to claim 9, wherein the linker
1s selected from the group consisting of molecules compris-
ing a hydroxyl group, pyrenes, esters, thiols, amines, a car-
boxyl group and mixtures thereof.

11. The electrode according to claim 10, wherein the car-
boxyl group 1s comprised 1mn a molecule selected from the
group consisting of formic acid, acetic acid, propionic acid,
butanoic acid, pentanoic acid, hexanoic acid, cycloalkane
carboxylic acids, and benzoic acids.

12. The electrode according to claim 9, wherein the linker
1s a molecule which comprises phosphoric acid or sulfonic
acid.

13. The electrode according to claim 1, wherein the meso-
porous nanostructured hydrophilic material and the mesopo-
rous nanostructured hydrophobic material are made of the
same or different substances; wherein the mesoporous nano-
structured hydrophilic material further comprises a linker on
its surface.

14. The electrode according to claim 1, wherein the layers
are arranged on a support material.

15. The electrode according to claim 14, wherein the sup-
port material 1s a paper-like free standing film.

16. The electrode according to claim 15, wherein the paper-
like free standing film 1s a bucky paper or a thin film of
sprayed or printed active material on a flexible conducting
substrate, or a free standing film of a nanostructured material.

17. The electrode according to claim 1, wherein the meso-
porous nanostructured hydrophilic material 1s mixed with
nanostructures.

18. The electrode according to claim 17, wherein the nano-
particles of the mesoporous nanostructured hydrophilic mate-
rial are catalytic nanostructures.

19. The electrode according to claim 18, wherein the nano-
structures are made of a substance selected from the group
consisting of a noble metal, an alloy, an intermetallic, a metal
oxide or a transition metal oxide and mixtures thereof.
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20. The electrode according to claim 18, wherein the nano-
structure 1s selected from the group consisting of nanotubes,
nanowires, nanotlakes, nanoparticles, nanoflowers, nano-
discs, nanofilms and combinations of the aforementioned
nanostructured materials 1n a mixture.

21. The electrode according to claim 20, wherein the nano-
particles have a size between about 0.5 to about 40 nm.

22. The electrode according to claim 17, wherein the nano-
structures of the mesoporous nanostructured hydrophilic
material are bound to the mesoporous nanostructured hydro-
philic material via a linker.

23. The electrode according to claim 17, wherein between
about 5 to about 80% of the surface of the mesoporous nano-
structured hydrophilic material 1s covered with the nanostruc-
tures.

24. 'The electrode according to claim 23, wherein the nano-
structures are evenly dispersed at the surface of the mesopo-
rous nanostructured hydrophilic material.

25. The electrode according to claim 19, wherein the alloys
are alloys of elements from group 10, 11, 12, 13, 14, 16 or
mixtures thereot (IUPAC nomenclature).

26. The electrode according to claim 19, wherein the alloys
are alloys of Au, or Pt, or Pd, or Cu, or In, or InSe, or CuSe, or
SnS, or mixtures thereof or Ag,Ni.

27. The electrode according to claim 19, wherein the metal
oxide 1s selected from the group consisting of Ag—MnO,,
Al,O;, MoO;, MnO,,V,0., T10,, S10,, ZnO,, Sn0,, Fe,0;,
N10O, Co,0,, CoO, Nb,O., W,0,, and mixtures thereof.

28. The electrode according to claim 19, wherein the noble
metal 1s selected from the group consisting of silver, palla-
dium, gold, platinum and mixtures thereof.

29. The electrode according to claim 17, wherein the nano-
structure 1s a nanoparticle and wherein the maximal dimen-
s1on of the nanoparticles 1s between about 1 to 20 nm.

30. The electrode according to claim 29, wherein the nano-
particle size distribution for nanoparticles with a size of
between about =12 nm to 20 nm 1s about +£5 nm; wherein the
particle size distribution for nanoparticles with a size of
between about 25 nm to <12 nm 1s about £3 nm and wherein
the nanoparticle size distribution for nanoparticles with a size
of between about 2 nm to <5 nm 1s about =1 nm.

31. The electrode according to claim 1, wherein each layer
1s between about 10 um to about 30 um thick.

32. The electrode according to claim 1, wherein the layers
do not comprise a polymeric binder or do not comprise

poly(1,1-difluoro-1,2-ethanediyl) (PVDF).
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33. A metal-air battery comprising an electrode according
to claim 1.

34. The metal-air battery according to claim 33, wherein
the metal-air battery 1s a zinc-air battery, or a lithium-air
battery, or aluminium-air battery.

35. The metal-air battery according to claim 33, wherein
the electrode 1s the cathode of the metal-air battery.

36. A fuel cell comprising an electrode according to claim
1.

377. The fuel cell according to claim 36, wherein the fuel
cell 1s a polymer exchange membrane fuel cell (PEMFC), or
a solid oxade fuel cell (SOFC), or an alkaline tuel cell (AFC),
or a molten-carbonate fuel cell (MCFC), or a phosphoric-acid
tuel cell (PAFC), or a direct-methanol fuel cell (DMFEC).

38. The fuel cell according to claim 36, wherein the elec-
trode 1s the anode of the tuel cell.

39. A supercapacitor comprising an electrode according to
claim 1.

40. A method of manufacturing an electrode comprising:

arranging a first layer comprised of a mesoporous nano-
structured hydrophobic material on a second layer com-
prised of a mesoporous nanostructured hydrophilic
material.

41-44. (canceled)

45. The method according to claim 40, wherein the layers
are formed by filtering of the nanostructured material through
a filter membrane.

46. The method according to claim 40, further comprising
arranging the hydrophobic layer and/or hydrophilic layer on

a support material.

4'7. The method according to claim 40, wherein the nano-
structured hydrophilic material 1s subjected to a treatment
betore being used; wherein the treatment 1s an oxidative treat-
ment or sintering at temperatures <500° C., or refluxing in
inorganic polar solvents, such as HNO; for 24 h; or plasma
treatment, such as N, or H, or O, plasma treatment.

48. The method according to claim 40, wherein the layers
are arranged on each other by spraying or filtering or by use of
a plasma method.

49. Use of an electrode according to claim 1 for the manu-
facture of a metal-air battery or a fuel cell.

50. Use of an eclectrode manufactured according to the
method of claim 40 for the manufacture of a metal-air battery
or a fuel cell.
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