I ¥ $% &



#$ % &

*$ % &

(
(



$/
0 0 1
2 34 1 5
1 2 1 6
.
28 1) 9 «*
$ # % $9
)9 N
(4; 1

< LLLLLL L L L L L L L L

=1

$&

(41
& 9 )

<LLLLLLL L L L L L L K







@ $ 1 9009
A6 % $ 9 1 9 9%$9 A
% $ 9 B 9 8 9
6 ) ? 5 9 + 1 8
9 9 2 % 2
) + 6 8 9
) ? ) $
+ 2
3 8 6 : 6 3
2 ? 4
+ 6 ? 4 )8 IC
=8 (, 29 9 1
( $ ) ) 9 9 ? 4!
6 1 8 (, 8 $8 1
9% 85 9
1 D 0 ) 9 9
3 9 % 3
2 (
+ 6 ) (
8 % 8
A 88 + 6 ) %
6 A88 1 9
3 8 6 1 6
9 ( , I+ 6 6
+ 9 ( !
+ 6 9 D 6 3 8 E

2 $9 +




A9










3,8

"FI

IFI

IF_

‘FJ

#@'@ )8

C, @

C

8

8,

%

HH

#0

10




Jl
J 2
42/
>1 (
3

?

DI<2

C 3 8

8
672 ! 42/

b 8 H

, 88 %
C 4 (
#92
3 8 +

962

2/

KF

*5 81

##1

1>

#10

#18

HOH

HO#

#91

#90




1 1
; 8 1
: 18
; 8 88
M'1-N 3
; 8 18
MJON 2 ,
8 J>L , 8
8 I8 MK
1 18 1 4
8 8
3 P Q IHKJ ,)
3 8 88
888 8 MIJ1I>N 3 4
4 :
8 4 +.
8 ,
88 8 8
MIK1IHN 1
8 M" 1IN ,
8, M'N1 ! !
MI>1'JN 2
; 4 8 8
0 1 2=
8 8

88

M-1I'N

% G MI1I'N
MI'1I-N
, 88,
8
1 1

C MIF1IN ?=.
!

MIJ1I N

4 8
M>N 3




B 8
M'F1' N 2= 1 8
8 ., 8
01 8 ?=
: 8 ,
, 8 , 2=
2= 8 8
8 8 8
31 . 7=
M--1-J1-FN
) 88 4 8 8
1 2= 8
0o 1 8 48  M-N1
8 7= 8
?=
,81 MJNL 8  MJIN
! 8,
88 2=
1
* 2= |
MIJLI>1JFN 2 ! !
1
4
8
MJLIFLIN 2
8 , MJFLIK1J
8 2= _
M> 1>IN1 8, M>IN
3
+.C , E
4

8

M'K1'HN

8

MIK1J>N
8 , % 41
M"1JIN C 8

M--O->N

- M-J1JJN

88 1

1




M>IO>FN 3 8

8
M>JO>FN 8 M>JN 8 :
8 | 1 M>JN
3 18 8
8 9 1 8 M>JN
3 8 9
8 .8 ,
88 = 17= 88 ,8!
| 8 , =
1 8
8 3 88
8 4







*$#

4 MI-1JF

3 )
MIJ1> 1>KN .

8,
+

418 ( MIJ1IH1> N

8

MIJ1JH1> N . )
8
MIJ1I>1> N

8
1JHN 3 8 838

MIJ1IK1JKN

,8 MIJ1>N 3,8 .

G MIJ1> 1>KN

! 8 1

,8 .. MIJ1> O>HN

48

MIJ1I>11IKN1

>



4

, MI>1IKN . 8 4

MI>1IKN 3 ,
, MI>1IKN 3
, 8 MI>1IKN1
8 8
, MI>1IKN 3 88
8
, 4 MIJ

?

- MI>1IKN

= MI>1IKN 1=
MFF1F N

lonic Storage Layer
(Electrochromic Layer)

N\

, MI-11>1F 1FIN1 3=
, MF 1F'1F-N

, 8
C= - MRI1F>N

11>1IKN 2

lonic Conductor
(Electrolyte)

Electrochromic Layer

»— o
o— O
glass | TC »— TC | glass

._,ions »—

s &
I +| |
|
"1/ 3,8 28 MIKN




8 1 O
9 MI-1II>N " 8 "C=
8 G , MI>N
, MFK1FHN * | G
8, |, , (++218 ,
1 4
, 8 MIJ1I>N =
S TU
| 4 9
MI>1IKN 2 8
1 G 8
88,
, 1 H L
MI>1'1-N 2 8 8
G "l
4
TU
3
8 Ml
, 8
: 8 ,
8 8

r 1

1
MI>1IKN

J1I>N 3

4 9

8

|=>

T MI>N

MIJ1I>N

1 8
MI>1IKN 3 1

1 !
1
MIJ1I>N + ,

MIJ1I>N




*$6 " "

, IHF
8 IF @
,M OKN 3 ?=
, 8
> MI 1IK1KI1K'N .
2= . 8 )

?= . MI1lIK1K'N

*$6$#
?: - y
MIH1 J1 >N . 8 8
MIH1FN ?= 8
8 ) 1
8 8 4, '8 8
8
[
| 8 8 1 1
AN B S
/l II
.——"_ . -
N "i—_ V4
\\ . " 4/
R V<
SN |1 e
\\\ ',’
"/ C, +7=
MK'N
=, 4 8
8 7=
"' MIK1K'1K-N .
4 = ’
8
MIK1K'OK N )
?= F
"' MIK1K-OKFN

+ 8 238
+ 8
4 D=
?= 1 !
FR 4 4,




, ?= 1
MI 1KJOKFN 3 4 ?=
MKKOHN 0 1°2=. , 8
! 8 8
, 8 MIKIK-N 2 8 17=
8 MK1HIN = 8 7= :
8 4 MK 1H'OHKN % 8
- 0JWwCl 8 8
JWC?= . 88 8 MHJIHHLI N ) ! ?=
: ;! !
, 4, MIK1l | N3 | ?=
8 + X 8 MIKN 8 7= 1
?= F M N
3 8, 88
4 MIIKN2G , 8,8
MI 1IK1KIN 8 1
9 8, 8 8 8 8
MI 1IKN ? 8 8,8 1
, ?= 8
MIK1K'N
3 ?= , G
9 + 4?2= - MJ11'1-N/
?7=. 8 R +RR °OY+ o=
+U0 M"f R A
M J11'1l -N
3 ?= 8
MIJ11 J11 >N c 7=
z !
,MIF1l N 3 ?=
: 0 1 4 48
8 ? =. MIK1KJIN




1 1 i 8
@c3 1 L 8
i 4 MKJ1l'1I KN *
| 8 1) 8 8
P 11 9 2 >R
8 9
8  MKJ1IK1IHN 3 . 8
8 , | : ] B
8 o MI K11 HN
R?>R R2?FR [? FR Ro >R -
3 .@C3 |
8  MI'l-1IKN 3
? FR o >R MKJ11'1l-N 3 8 8
, .@C3 e
2 FR MKJ1I'1l -N
o N 8 188
4 4, , MIH1lI N 2 MI H1lI N
8 ,? FR o IR 8 8 ,
8 ° 8 MIN) 8
@C3 2 >R R , -
8 G . 3 4
MI HOIIIN
R?® R?® [? R R2%R '3
| 8 \ > " 47?2=
.@C3 ’ ) o :
8 MIF1l N | F1 ) ;
? FR o >R
? . ? FR o IR
MI F1l N




4, , _
4 1 2 R ?
.4,
4 1 _
R 1?2 ® 2 RMIHN 3 8
8 8
8 1 1
3 8 _R 8
2 >R o FR
MIHN 3
MIHLI H1Il N
, 4 1
,MI'OIUN 3 B
8 7=
*$6$* 2
= 8 ,
88
MJF1JH1II>N 3 8
MJHN ( 8 , 8
AL M 1SN '3
, M> 111>N
9 988, MI>LIFN 3
8 1
4 M> 111>N
38 88 8 |
8
8 , 1
0=+= 8

?= . 8

4, MIHN
B 2 >R MIHN 2
IR ? FR1.8 | MIHN

MIHN .
) 41 )
4, , 8
B ?
MIH1 N
4 =R
2=
8 .@C3
9 9
?= . MII'OIIJN
!
IH
8
8

M> 1II>11FN - 9 88
8
ll#+=




8 ) ! J !

> OK 8 8 8 MJ 1IIFOIIKN 8 ,
84 1 1
: 8
8 8 MJ 1IIFOIIKN 3 , 8 !
, MII>1IIFN
1 8 !
AL ! MIIF1IIHN
) ?= 1 8 8 ,
8 8 MIJ1JIFN
3 4 8 , 8
8 , MJK1I' OI"N )
, 8 , , !
8 , 88
14 c M>-1>J1I'N . 88 8
8 , 1 F(C1 , 88 8 ,
, D rUDUDU '-
M>J1>>N ) 8 8 , 8 88, 8
DuUDUC 18 8 , :
DU 88 18 8 8,! 8 8 , 1 FI(C
'- M>-1>J1>FN . 88 18 8 8,18 8 , 1
i(C -1, : D rUD U
: , 8 88 8 D -.UuC MIJN 3 8
E 8 , 8 ,
1 1
8 M>J1I'IN
3 E 8 , 8 ,
G ,  M>-1>J1I'N1 8 8
: : 2 , 8
) 8 , 8 MI>1I'FN1 8
, , 8 8 ,
MI"1I'KN 0 1
c M>J 1IN 3
8 ;

A R ! M>J1I'-N ! R 8 , 4




8 8 1 1 88 !

FiPcM: R, =R, =R,=F
FsPCM: R, =R, =F

R;=C5F,
Fe,PcM: R, =F
R, =R;=G5F,
1) 8 | +
+UC 1D 8 18 8
8 D D . 8 8 8




*$0 2

3,8 8 , 8 8 , 8 8 G
MJIK1II>N  ?=.1 | 8 8
8 M-J1JJIN .
1
*$0$#  <( 2
3 ! 8 !
4 , !
8 M- 1I'HN 2 8 8
8 MI'HN
3 1 1 ,
8 |
, MJ 1I'HN %,
8 1 4 MI'HN . 8
, 8 MI'HN 3 I 8
' 8 M-1I'HN 3
88 1 , 81 8! 8
M-1J 1I'HN = I 8 8 ,
, 8 M-1'HN 0 1
I 8 8 , 1
8 8 8
, , M-J1JJ1I'HN 2 !
8 G , 8 ' G8 1 ,
M- 1I'HN
<
)8 | 8 8 8
Mi- OI--N 8 81
MI-N 2 8 8
88 8 88 1 B
MI-IOI--N 3 8




8 MI- OI--N 3

18 8 MI--N
3 , 8 , 8 ,8
8 8 MI--N *, #@!9
1 481 : , 8
8 I 8 MI-- 11-IN 8 8
, 8 :
MI- OI--N 3 8 ,
MI-1I--N 3
8 8 8 8
8 !
G MI-IN 1 8
G |, B o
1 8 8 1 , 1 8
MI-IOI--N ? 8 1
8 8 MI- OI--N
*$0$* &
3 8 : 8 8
8, 8 8 (@ G MI->1I-F N C
8 8
MI->N 2 8
8 8 MI->N
2 8 8 1
MI->11-FN ) 8
8 8 1 8 8
: 8 8
8 : MI->1I- FN 3 8
8 B 8 ,
G 9, MI- 11-KN . 1 9 8
4 , 8 MI-HI1IJN




*$9

)8 , 8 G 8
MIJLIJILIIN . 8 ,
, 48
8 88 MIJI 11I'N1 8 8
, , ¥
2 ! 8 # @'@ 8 8
8 'J3 8
18 (
E 2E2C
, #@ @ 8 G 88
MIJLJIN 3,8 ,1
: 4,
1 - - 8
MI'J113-N

Optional N, Gas Supply ——1]

Ag/AgCl| Reference
+« Electrode

Pt Electrode
\

A A
Diode Array ) Light
G
> @ \

Electrolyte Electrochromic Material

'J/) 8 8 8




*$O$# >7<?

'@ ! 8 8, 9 8
, 4
MIJJ1II>N 0=4=
"#+=1 1 8 , MIJ>11IJFN 3 8
, #Ho @ MIJJ1II>N #@
8 8 9
@ MIJJ1II>N ) 8
8 7= )
I L @ MIJ 11JKN
, 1 C(
- L MIJHN1
8 , 3 1 ,
8 81 1 )
1 48 , R G '>
) 1 1 8 8
8 MIJJ11J>1I> N 3 T
8 T
, G '"F MIJJ1IJ>N 3 T T 8
8 8 8 MIJJOIJFN
U T ">
I
U —u - 'F
T
#o'@ 8 8, , 8
MIJJOIJFEN
*$9$* ?
C, , C@ , 8 G
9 4 8

,  MIJ1IJI113-N




MIJI113-

MIJ1131113-N

N38 ,1 8
1
MIJIZIJ-N . ! 1
3 , 2E2C
88 8 MIJI1IJ-N 3
8
28
8
MIJ1IJILIJ-N 3 8 8
8 8 CMIJILI-N 2 1
MIJI11J-N 3 81
!
'> MIJLIJILII-N
£
3
">/ C, 8 8,
8 1 81 g1l 8 8 8
8 8 ’ 1
E MIJIZII-N + 8
88 MIJIZII-N 2 ,
, 4 I

81

81




8 8 MIJI1IJ-N C 88

: 8 ,  MIJI1IJ-N 2
8 ,
ES E
8 MUJI1IJ-N 0 1 8
) 8
MIJILIJ-N . 8 8 1 8
, MIJI1IJ-N ) 8 |
1 1 8 MIJI11J-N
3 48 ,
8 :
MIJI 113-N *, 8
11 8 8 8
MIJILIJ-N 2 48 , 8 '>1 8
1 = g1l 8 8 8 1 81 g1l
4 8 1 8 , MIJI11J-N
8 8 4 4 ,
8 8 MIJI1I>IO1>-N
8 1 8
8 8 G 8 B 1
, D labc G
8 , 1
8 G " MIJI1IJ-N
gU'FHI > & B E
28 !'18 8 S sU>SHE@ 8 4
s g USE @ 8 48 !
4 MIJI1IJ-N 4
8 8 1 8 sd 8
,  MIJIN 2 8 g d
4 : 88

4 MI>IOI>-N

1




8 ! 8
MIJIZI>IN 3 8
B :
MIJI1I>>N 2 G 1 8
MIJI11>J1I>>N 3 , ,
MIJI11>J1I>>N 3 " 8 !
8 8 8 G

1 ’ ’ el
G 'K MIJI11>J1I>>N

" U Fl‘ 'E- IEF IE' ! K
, : 4
Al G G "H
1 i !
MIJIN 8 1 . 8
8 b
MIJI1I>FN
I R | .
—U—R-U-R— e H
) 1 ) b #@!@
8 8, 8 , 4
888 8

4 9 c MIJ1I>N




*$9$1

C 8 , 8
8 MIJIN )
8 88
8
8 MIJIN . 1
, 1 1
8 8
MIJIN # 8
4 8 9
2 8
8
G "I MIJIN
3 8
1 88 88 8
MIJ1I>N
#AQ!@ 8 8,1
MIJ1I>N
1 D labc G
8
*$9%$6
2 , G
) 1

G
1

8

8 'F'1 !
8 , MIJIN 2
4 8
8 8
MIJIN , 1
8 1
8 1
, 8 48 MIJIN

G elE'

, C G

IE'A IE' IE "

4

!
8

8 1

| , S}

G G ' 11
8

MI> OI>HN

8

8 8, .) MUIN
8 8




le

8 88 , G ,
8 +09 09 MIJIN
8 , )
MIJIN 3 G G 8
8 4 G “II' MJIN 3 1
8 , 8 G "1 MIJIN
U—uUgg U R "l
1 8 G 8 8
G , 8
,  MIJIN * G 8
, 1 8
! 8 )
8 MIJIN
8 G 8 1 8 1?= . 8
, M-1IFN
'F 3 8 G F
D G M- 1IF N
a b
(a) b) . C
I_ L
——
Rct Zw B
R Z'
'Fl 38 ,G 8 ?= D G
28 M- 1IF N




: , M- 1IFIOIFJN

3 8
, M- 1IF 1IF'OIF>N
3 8 ,
, M- 11JI1IF 1IF'1IF-N
3 8 8 8 C( MIFILIFJLIF>N
8 1
MIFFLIFN 3 8 o 8 ,
G I C( 8 8 C( 48
MIFFIIFN ?  UIlC( G 8 MIFF1IFN
|
o U ot
3 8 ?
8 G 'F !
8 ., MIJIN ,
G 1 1 8 W 8 |,
G , 'F !
M- 1IF 1IF'1IF>N
G 1 8 : 'F
8
, M- 1 IF 1IFILIFKN 2 G 1
8 MUJIN 3 8
4 'F
M- 1IFN 3 |
? G I
8 MIJILIFHN
u







@ , 2/ #
2 8 4 8 , ,
8 8
8 8 MJILIJ LI N 3 8 7= ]
8 8 , MJIN 8
8 4 8 ! , 2
8 8 8
M-JLJIN (2= . 4 8
8
M-J1JIN . MJ'11 101 JN1 8 o, (%
! 88 ?=
, 1 8 3 (% ,
8 8 ?= . 8
8 8 (% MJ1IIOIIN * 8, (  ('-MI>N
g8,, ! 8, , 4 () I(= MIFN
8 8 4
8 1 MI 11 KN
8 8 8 , 8 8
1
8, I
8 , 8 3
88 4 3=
8 , 1 8 .8, |
8, , 4 (¥ (= 8, 4
.9 C F C ! G MIKN #

8 8 8 7= . ( |




2/ #
( l :
18 , 8 ?=
* 8 MJI1J'11 IN 48 , 8
?= ; 8 8 )8 %5
%6 , (% J (% F !
8 4 8 3 (%
| >/1 8 ?= -8J
?= _h8F 8 8 8
C
8 8 8 7= ?= g 8
+ 1 I ,
8 , 3D+, 8 8
n R 2 R
?= g 8 1 R
?= $h8J ?= N8F
8 3 8
?= . 8 - WC , ,
8 J WC , 9 i,
%.D 2 48 1 8 ,
8 7= )
, MJI1IJ 11 N
) 8 (% 8 4 8 ?=
8 8 1 G ?=
8 8 8 8 8
3 1 8 ( C81 8, (* >HI(= »1
, ,8 8 8 4 MI K1l HN1
8 ! 3 8,
8 MI HN 8
-wWC I' 3 , ,
8, )+ 8 2= 2=
0O 1 , 8,
3 8 8 (x St i= »
; , 3% 8 8




- )8 ( (7=
+ 8 8 ?= g8 )+
! , 3 7= 48 8 8
8, 88 8 8 :
?2= g 8
3 8 8 ,
3 1 8 ( C81(* ! Y= s
(%F 8 4 8
?= ?= .58 1 8
8 =8 9
2 8 8 8, :
3% 8 G 48
8 )8 %5
(% F ?= 8 8
(% F )+ ?= )8
8 8 1 1 8
A8, 8 : ?= 8
?= . JyI8F 7= 48 ,
8 8 8, +(2 )
0 . 1 8 3 8
?= 81 , ?= 481 ?= . h8F ?= . Jh8) 2
, 8 .,
3 8 8 ?= .8
8 9
1 1
8 ?= 8
, 8 3
8 ?= .h8J ?= . h8F
8 8 ?= . h8
8
i1 18 i,8 8, i i,8
8 8 i) ?= - ()
n R
? >R ?= - MIK 1IKIN




- )8 ( ( 7=

8 1 2=
, 8 2= 7=
C % %0jC A% 3 8 ,
7= . 8 8
8
1$# 2/ #) " 2
3 1 /> < " "
(
3 48 88 , 8 ,
8 8 ( C8 * +) : : (
c "o, % & 1)8 %5 1
+ 13 () " %6 8 8
8 1 8
, 8 1
D 8 8, 88 8 3%
8 , , + 8 3N+ , )8
%5 88 8 A8, 8 +(12)
3 8 , , 1
)8 %5 13 () ( Cs8 8 %.iD
2 %.iD Y+ i,
8 : . (, C , "o
% & 3 ) , 3 i),
88 8 :
) 8 8 B 3 8
10! ) !
D8 30 ,1 1) %5 1 ( C81 + 1
3() 1" %6 1 *+ ) 1 ) 1
)8 ( ?= S# ) 2
% g " *Ter 180> 1

8 /[EE El --H E 88I' >'-




- )8

Fieird applied
b sciences

Article

Enhancing the Spectroelectrochemical Performance of WO3
Films by Use of Structure-Directing Agents during Film Growth

Thi Hai Quyen Nguyen '-2, Florian Eberheim 2, Sophie Gobel 12, Pascal Cop 2-3, Marius Eckert 12,

Tim P. Schneider 12, Lukas Giimbel 12, Bernd M. Smarsly 2,3

check for
updates

Citation: Nguyen, T.H.Q.; Eberheim,
E; Gobel, S.; Cop, P; Eckert, M.;
Schneider, T.P.; Giimbel, L.; Smarsly,
B.M.; Schlettwein, D. Enhancing the
Spectroelectrochemical Performance
of WO; Films by Use of
Structure-Directing Agents during
Film Growth. Appl. Sci. 2022, 12, 2327.
https:/ /doi.org/10.3390/
app12052327

Academic Editor: Francesco

Lamberti

Received: 18 January 2022
Accepted: 17 February 2022
Published: 23 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/ licenses /by /
4.0/).

and Derck Schlettwein 1-2-*

Institute of Applied Physics, Justus-Liebig-University Giessen, Heinrich-Buff-Ring 16,

35392 Giessen, Germany; thi.h.nguyen@ap.physik.uni-giessen.de (T.H.Q.N.);
florian.eberheim@gmail.com (E.E.); sophie.goebel@materialwiss.uni-giessen.de (S.G.);
marius.eckert@chemie.uni-giessen.de (M.E.); tim.p.schneider@physik.uni-giessen.de (T.P.S.);
lukas.guembel@materialwiss.uni-giessen.de (L.G.)

2 Center for Materials Research (ZfM), Justus-Liebig-University Giessen, Heinrich-Buff-Ring 16,

35392 Giessen, Germany; pascal.cop@gmx.de (P.C.); bernd.smarsly@phys.chemie.uni-giessen.de (B.M.S.)
Institute of Physical Chemistry, Justus-Liebig-University Giessen, Heinrich-Buff-Ring 17,

35392 Giessen, Germany

*  Correspondence: schlettwein@uni-giessen.de

Abstract: Thin, porous films of WO3 were fabricated by solution-based synthesis via spin-coating
using polyethylene glycol (PEG), a block copolymer (PIBsp-b-PEOys), or a combination of PEG and
PIBs(-b-PEOys5 as structure-directing agents. The influence of the polymers on the composition and
porosity of WO3 was investigated by microwave plasma atomic emission spectroscopy, energy-
dispersive X-ray spectroscopy, scanning electron microscopy, X-ray diffraction, and gas sorption
analysis. The electrochromic performance of the WOj3 thin films was characterized with LiClOy4
in propylene carbonate as electrolyte. To analyze the intercalation of the Li* ions, time-of-flight
secondary ion mass spectrometry, and X-ray photoelectron spectroscopy were performed on films in
a pristine or reduced state. The use of PEG led to networks of micropores allowing fast reversible
electrochromic switching with a high modulation of the optical transmittance and a high coloration ef-
ficiency. The use of PIB5(-b-PEO,s5 provided isolated spherical mesopores leading to an electrochromic
performance similar to compact WO3, only. Optimum characteristics were obtained in films which
had been prepared in the presence of both, PEG and PIBsy-b-PEO;s5, since WOj3 films with mesopores
were obtained that were interconnected by a microporous network and showed a clear progress in
electrochromic switching beyond compact or microporous WO3.

Keywords: tungsten oxide; structure-directing agent; smart windows; electrochromism; porosity;
spin-coating

1. Introduction

Windows are an essential component in almost every building. Switchable glass,
also known as a smart window, provides tunable shading that can improve the indoor
occupant comfort and reduce the energy consumption caused by heating and cooling of
a building [1,2]. For smart windows, electrochromic materials are of high interest [3,4].
Along with an electrolyte containing small ions, electrochromic thin films can offer a
reversible coloration under an applied voltage [1,5]. Tungsten oxide (WO3) is a widely
used electrochromic material [6,7] that can change color from colorless transparent to
dark blue with good switching characteristics upon reduction and intercalation of small
charge-balancing countercations such as H*, Li*, Na*, or K* ions [7].

Thin films of WOj3 can be fabricated by various deposition techniques [8] such as
sputtering [9,10], thermal vapor deposition [11,12], or sol-gel processing [13,14] from
precursor solutions by spin-coating [14], dip-coating [15] or electrodeposition [16] which
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provide good options of device production at low cost and low environmental footprint [8].
Precursor solutions based on tungsten hexachloride [17,18], peroxotungstic acid [14,19],
sodium tungstate [16,20] or ammonium metatungstate [21] have been used successfully for
the preparation of tungsten oxide thin films. Further, the internal structure of WO3 can be
tuned in a wide range using such solution-based approach [22,23].

The electrochromic properties of tungsten oxide and, in particular, the charge trans-
port in the films are highly influenced by the structure (amorphous vs. crystalline) and
the porosity of the films [2,15]. Compact WO3 thin films with improved electrochromic
characteristics could be obtained from a precursor solution containing peroxotungstic acid
upon annealing of the samples at 250 °C, and it was observed that amorphous WOj3 thin
films showed a larger change in coloration between the colored and bleached state, a faster
diffusion of ions and a higher coloration efficiency compared to crystalline films [14].

The addition of polymers or surfactants as structure-directing agents into the precursor
solution allows a facile modification of the porosity and atomic arrangement (amorphous
vs. crystalline) of the WOj films [22,23]. Polyethylene glycol (PEG) of different molecular
weight has been largely used in sol-gel processes to inhibit crystallization of WO3 [22,24].
Djaoued et al. [25] and Cremonesi et al. [26] added PEG 600 to a tungsten hexachloride-
based precursor solution and prepared WOj3 thin films by dip-coating followed by heat
treatment at different temperatures. The films prepared in the presence of PEG 600 and
annealed at 300 °C showed a higher coloration efficiency compared to the films prepared
without PEG 600 [25,26]. Lu et al. [27] used PEG 400 as additive in a peroxotungstic acid-
based precursor solution in a volume ratio of 1:10. Thin films were obtained by dip-coating
and annealing at 300 °C. These films exhibited better electrochromic characteristics than
the films prepared without polymers [27]. Hence, the addition of PEG 400 or PEG 600
consistently provided WOj3 films with a high active surface area leading to good elec-
trochromic properties [25-27]. The proper amount of polymer in the precursor solution
is crucial for adjusting the structure and porosity of the films [22]. WOj3 thin films which
were electrodeposited by Deepa et al. [28] showed that the amount of PEG 400 in the perox-
otungstic acid deposition solution significantly influenced the morphology of the films and,
thus, their electrochromic characteristics. WOj3 thin films with improved electrochromic
properties could also be obtained by addition of polyethylene glycol of a higher molecular
weight such as PEG 2000 [29] or PEG 20,000 [30] with different precursor solutions. The
improvement in electrochromic parameters such as the coloration efficiency by nanoscaled
porosity is supposed to be attributable to enhanced diffusion of Li*, which is a relevant
issue in regard to the desired fast switching times [2]. Hence, further previous studies
addressed the impact of different nanoscaled porosity on the electrochromic performance.
Block copolymers such as polystyrene-block-polyethylene oxide (PS-b-PEO) [31] or Pluronic
P123 [32] that are forming micelles allow the formation of mesoporous films with 4-30 nm
large pores providing enhanced electrochromic characteristics such as short switching time,
high coloration efficiency and large transmittance modulation [31,32]. Note that in diverse
previous studies films with spherical mesopores were investigated which inherently suffer
from restricted connection between the spherical pores, impeding Li* diffusion [33,34]. In
view of such experience, a combination of block copolymers and long-chained additives
might be promising to prepare WOj films with both, spherical mesopores as well as inter-
connected micropores. Such strategy already was successful in the preparation of titanium
oxide thin films using polyisobutylene-block-polyethylene oxide (PIBsy-b-PEOys) as block
copolymer and 1-hexadecyl-3-methylimidazolium chloride (C;¢mimCl) as surfactant-like
ionic liquid in different ratios to tune the porosity and permeability of titanium oxide thin
films by creating a film structure with mesopores (caused by PIBs-b-PEOy5) connected by
worm-like pores (caused by C;¢mimCl) [35].

In the present work, thin films of WO3 were prepared via spin-coating with similar
polymers as structure-directing agents to influence the internal film structure and poros-
ity and to improve the electrochromic switching characteristics. The precursor solution
based on peroxotungstic acid showing a high stability can be easily and inexpensively
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prepared by dissolution of tungsten in hydrogen peroxide with no need of anhydrous
conditions [8,14,36]. It is desirable to use PEG of low molecular weight to create a network
of interconnected micropores in the films since such PEG can be easily removed after an-
nealing for a shorter time compared to PEG of high molecular weight [27,30]. Therefore, a
peroxotungstic acid-based precursor solution was used with addition of PEG 400, PEG 600
(for a formation of micropores [37]) or the diblock copolymer PIBsy-b-PEOys that had been
successfully used for the preparation of mesoporous titanium oxide [35,38]. To obtain WO3
thin films with interconnected mesopores, a mixture of PEG 600 and PIB5y-b-PEO45 was
established. The structural, optical, electrochemical and spectroelectrochemical properties
of the WOj3 thin films using these approaches were characterized and compared to compact
films prepared without additives. The addition of PEG 400 or PEG 600 into the precursor
solution created a network of interconnected micropores within the films. An enhancement
of the electrochromic switching properties compared to compact WO3 films was observed.
The largest transmittance modulations, highest coloration efficiencies and fastest diffusion
of ions along with highly reversible and stable switching processes could be obtained for
WO; films prepared with PIB5g-b-PEO,5 combined with PEG 600 as additives, leading to
films with interconnected mesopores. The great potential of solution-based processing for
WOj suitable for the application in smart windows is thereby demonstrated.

2. Experimental
2.1. Preparation of WO3 Thin Films

Silicon (111) wafers (WACKER, Munich, Germany) or fluorine doped tin oxide (FTO)
coated glass substrates (Kaivo, Zhuhai, China, <15 Ohm sq_l, cut into 25 mm x 35 mm
pieces) were cleaned for 15 min in RBS solution (Carl Roth, Karlsruhe, Germany), acetone
(Carl Roth, Karlsruhe, Germany, >99.5%) and isopropanol (Carl Roth, Karlsruhe, Germany,
>99.8%), subsequently using an ultrasonic bath at room temperature and dried with N, gas
followed by UV-ozone treatment for 15 min. In case of the FTO-coated glass substrates, a
5 mm wide stripe was masked with a piece of adhesive tape (TESA, Norderstedt, Germany)
for later electrical contacting purposes.

The precursor solution containing peroxotungstic acid (PTA) was synthesized as
described in Ref. [14] from 3 g tungsten powder (Alfa Aesar, Kandel, Germany, >99.9%) by
slowly adding 10 mL 30% hydrogen peroxide solution (Sigma Aldrich, Steinheim, Germany)
into an Erlenmeyer flask. Afterwards, 3 mL glacial acetic acid (Alfa Aesar, Kandel, Germany,
>99.7%) and 11 mL ethanol (Carl Roth, Karlsruhe, Germany, >99.8%) were added and
the mixture was stirred for 2 h while cooling in an ice bath at 0-10 °C. The mixture
was left at room temperature for 70 h and subsequently filtered three times to remove
excess tungsten powder. This precursor solution was spin-coated onto the substrates at
3500 rpm for 30 s. Spin-coating was repeated three times to ensure a homogeneously
coated substrate. These as-deposited WO3| comp thin films were dried at 60 °C for about
2 h and then baked at 250 °C, if not mentioned otherwise for about 1 h (Table 1). In
order to achieve interconnected micropores, polyethylene glycol (PEG 400 (Sigma Aldrich,
Steinheim, Germany) or PEG 600 (Sigma Aldrich, Steinheim, Germany)) was added as
structure-directing agent into the precursor solution in different volume ratio (1.0:10, 1.5:10,
3:10 and 5:10) and the WO3 up400 and WO;3 | up600 films were prepared following the same
procedure as the WO3| comp films. About 37 mg of polyisobutylene-block-polyethylene
oxide (PIBsy-b-PEOy5) (BASE, Ludwigshafen, Germany) were added into 1 mL of the
peroxotungstic acid precursor solution to obtain mesoporous WOz mp films with large
spherical mesopores. Thin WOz, ump films exhibiting a combination of interconnected
micropores and mesopores were prepared by adding around 75-150 uL. PEG 600 and 42 mg
PIBs5y-b-PEOys5 into 1 mL of the peroxotungstic acid precursor solution. Both precursor
solutions containing PIB5o-b-PEO,5 were additionally treated in the ultrasonic bath for at
least 30 min. After complete dissolution of PIB5o-b-PEOys5, agglomerates were removed
using a 0.2 um syringe filter. After spin-coating, these as-deposited films were first dried at
60 °C for about 2 h and then annealed at 300 °C for around 12 h (Table 1). For benchmarking

Ji
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diffractometry (GIXRD) using a PANanalytical X'Pert Pro MRD instrument (Malvern
Panalytical B.V., Almelo, Netherlands) with Cu-Ka-radiation. In situ GIXRD was performed
during step-wise heat treatment of a film from 30-700 °C to determine the crystallization
temperature. The diffractograms were analyzed using the software HighScore Plus 3.0e.

The thickness d of the films was measured with an Alpha-Step profilometer from
Tencor Instruments (Milpitas, CA, USA) as an average over at least 10 samples at different
sites and verified by the analysis of the cross-section of the samples by SEM. Using the
Alpha-Step profilometer the surface roughness was also determined. Ellipsometry of the
films was measured on polished silicon wafers by means of a variable angle spectroscopic
ellipsometer (VASE) from Woollam (Lincoln, NE, USA) and the data were fitted with the
WVase32 software. The thickness dg and the porosity Pg of the films was determined
using the Bruggeman effective medium approximation and the compact WOj3 film as
reference sample.

Krypton physisorption measurements were performed in an automated gas sorption
station (Autosorb iQ2, Quantachrome Corporation, Boynton Beach, FL, USA) at 77 K by
using a cryostat (CryoSync, Quantachrome Corporation, Boynton Beach, FL) in a relative
pressure range of p/py = 0.05-0.30 to obtain the surface areas of the films. Thin films
prepared on silicon wafers were cut and filled into glass tubes with a cylindrical end.
Surface areas were determined by applying the Brunauer-Emmett-Teller (BET) model
supported by the software ASiQwin 4.0. The mass of tungsten in the different films m(W)
was determined by microwave plasma atomic emission spectroscopy (MP-AES) with a
4210 MP-AES from Agilent Technologies (Santa Clara, CA, USA) using a nitrogen plasma.
The films were dissolved in a defined volume of 5% NHj solution overnight. Sodium
tungstate dissolved in NHj3 solution was used for calibration purposes.

The mass of tungsten oxide m(WQ3) in the different thin films was calculated using
the content of tungsten m(W) measured by MP-AES, the molar mass of W, and that of WOs.
m(WO3) was then used to calculate the density p of the films based on the volume V of the
films as the product of the geometric film area A and the thickness d of the films plus a film
volume existing between FTO crystallites. Material that was spin-coated onto the edges of
the substrates, which would lead to higher p than the true value was considered in another
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