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Graphene

Graphene sheet

3D structure
- High absorbance
- High photothermal
- Porosity
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Solar Simulator
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PS foam <«— Aerogel

1" 16 571 248 4d A%

glo]¥] (Solar simulator) & AH&FATH(ZH 17). HE Source= Xe

Arc LampE AFEslE 1 2dH-E& Model LS 150(Aber Tech)©|t}.

o] 7%= 1 SUN #xk oyl 10 SUN 7b4] 2483 4 Sl Ao

o 2§ 188 ellA AlFeE A A|AFel] ofojz Aol geph AA

Abdolt), &gt Al EYolHZERE o WS e Eof 2L ooz o]
o

Fd Wkl o A& s Hi 25 VIR TS gyt 1

- 18 - I8 A—i .- Eﬂ [



19 17 &2 AR0IEHS A

dojzAZFE BT Tt A= et

baa A

e

=
=

oro. =
O}:E

0
o

oji

3

19). 0.001g<] wAl

2
™

Pl ek (L

5]

AR

Aes

E]

]

H3E dlo

A%

o mh=

S

°o]-&

_19_



_20_

Steam




AR olejzAe] FeA 545 EAsLA UV-vis NIR
(UltraViolet vis near infrared) ~#ES 438} th. HHALE (Reflec
tance) ol -3 CMCEZRF R ooj2 49 A4 o= H& o]ALe] ko]
gtk 2 AgellA THE CMC-rGO efloj2 2] Z o= 7FA 34 o
Aol 5% ofst grom mi- v ghe Holi Utk FaEolA = CM
Cel A% 7HAEA doddielA okre] ghs ®olxn AR CMC-rGO
= 0%l 77k @5 Hola v HFAer 4l Fes SAT 4
7 CMCiz FHEgl WAt ofste] BE godelr v e v
ATl mhE o2 W 3 @9 (250nmel A 2500nm 7}
AellA 90%9] =2 #he Holal Utk wEbA 2 AR dojE AL

-
W oEd glo] Re Frstl 37 Mg AT 5

pIv

- 21 - A 2 ]

| &]



——CMC+GO
—CMC
Bl o
£ w
g
£
.E 40
@
#
b _
o T T T T
500 1000 1500 2003 2500
Wavelength (nm)
o ——cMmcGo
—_— M
g0
£ &
5
B
E b
g
=1
E
20 4
[
T T T T
500 1000 1500 Hon 2500
Wavelength (nmj)
100
" o
B0 <
3 J
£ w
S
[
o
2 A0
£
204
—CMC+G0
—CMe
" T T T T
500 000 1500 2000 2500

Wavelength (nm)

a3 20 CMC, CMC-rGO®] UV-vis NIR

~HEY

_22_



222 328

a% 21 &, CMC, CMC—rGO® A|7H] ohE gshy shule 9 2
A2

- 23 - Fad i ﬁr] —_?;E}}



60min

Top : 229 Top : 27.2
Pure
water Bottom : 229 Bottom : 26.5
Top : 19.2 Top : 26.5
CMC Bottom : 22.9 Bottom : 25.1
Top: 17 Top: 348
CMC+ P
rGO Bottom : 229 | Bottom : 244

1% 22 &, CMC, CMC-rGO¢] A|ztel wE E3ld JMMe € B
A

-

% M ST ¢

AT,

1l



(Pure water), CMC 9

= O]

sk 7k
oAz4s 29 AF, CMC-rGO oo =

[eZ]
=

o
ﬁo

A5 Al 74

[e]
A5 &9

1479

o

-

ook 28 21

°©

%7

ikein =y

2z

bof g Alzre] whE

S

o

il

)

<

B
Jvmo

Al
i

o}

oF
w
B

K

o &=

o
3

Ze &%t CMCe

F71A] &2

CMC-rGO ool ZAL 22 2% of| A i}

W o2EE 22204 27.2% 7HA
Dz

19.20014 27.2% #}

=

-

L%

o
Jﬁmo
Al
T

2z

S o] o Z=
A% o 2F

-
[¢)

bof o

S

222 Al 7HA Aol

T4
il

2o 272 o™

26 5E% ot &% Aol7t A gtk CMC ooz 2

<

11

& ]

=
T

e

o}
=

2] <

w37t Wl

7ol W7 9o &

<
T

A2 2matol 7k 9] ¢l

=

il

=z

=
_25_

A
Al

= A
Aol B2 71 ko A

Z7

T

°
pul

.

26.5% ol HEL 2655 % n}
FA A WA

npx] et o 7 CMC—rGO olo] =4

=

Tl A Rt

[e)

-



CMC-RGO

CMC

Pure water

@u..m_ru o_aﬁwﬁoﬂmﬂmﬂ##
I R . =
H._L W_W m} ME Ot 5 o ,UI it = ﬂwa AI
I - SO SRR
BN ew g e
< X FMV G - = - A o= oy 25
a = olp N B (d ° RN Mu
Y e No  =m =g op XW gy %o
o meﬂCLau%iﬂi
I T T =3 ,7E}~#on_ﬂ|%a.
SRR - A L O S -
®) G oo ] | s
O) ) T X o N gl g o] <
=B B A R
~
L Sh s Rt BEebE,
5 - oy o i - LT
== o e (I
> LlL 1__/|L ,mm._ OM W: @) ,\w N r
S w T HN G5 OT §oul R
= ol < T 2 o o -
o A= = e I I
FE S RN R
. %ule RO o]m o alal % 7 O - = M NJo
! NG o =
 Lox mw T T
BT = W o X ¥
o Q™ e Mg o B g o
= ool 50 G R T
R R R -
T S TuPBEr o T
CING R Mo om0 %o X
, CI A R O N G
a o M N2 Nt W © o
o = % 70 N T
0T R MR oW T W

L
R

_26_



o -1
E
[=)]
=
5 -
on
o
g
S =
w
wn
1]
E E
pure water
-3 4 - CMC
+ CMC+GO
y T ? T J T T T J T T
0 1000 2000 3000 4000 000 6000

Time(s)

% 24 1 sun o} oA A7t wE S

2

=9 A% i3}

FEEE(kg m? h"
Pure water 0.39
CMC 0.76
CMC-rGO 2.16

¥ 21 sun 23 4% E, CMC, CMC-rGO9] &2&%

A4EE 0.39 kg m?h7to] Ytk CMC olojz2 49 H$-+= 0.76kg
m ?h o]t} CMC—-rGO of|ojZA o] &% kS 2.16 kgm *h™!o® <+

Gat Boll wsl 550 FUGEh of SEE WS ¥ GO

7 - . H E 1_'_” 8k 3y



£ gke s HolE 453

oojz AL Zgimeol 1A AE 718 AZAF

ol

ol
e

oy

Mo

ZHAA E S

e=2

2.5

1
L]
wiby)

ajel uoijelodena]

0.0

G

1
4r

Njo

oV
if

A

ol

_‘I

a9 25 9]

& A%

As

CMC-rGO eloj=

of w&

]_
of & A¢

N

A4 B4 A
. 28w SAtl

Aol

ofr
B

W
o

)

L

AN Felo] Aol g4 %

[e)
e

S°
L.

7z

FE7E =a A
skoll A|=gelld @ AA DAl DA Al

=

< 0~6AI%t

1

N

A E

Fa A ooz

S

w3}

o

1)) 8}

2] <

_28_



Ahr 6hr

2hr

Ohr

T T BT N . 1
= o oo T ) mu Iy 2 o ) 0 N, ol
BhS g HJ _ o B Nod o) X0 3z op

< ~ AR jod <M - o
I TR D - G WP S S SR N
= WA XTm o 2y .S - "k Qo — D
© E S LiesE TET i asarars

o W oS o ~ S T TS
) =T oK Yy ul L = X o0
= =r mos = oV NJo R oy = 1% g N o
m O_L _.E AT ]-_/l 1__/l ‘lea E w 2 T 1 w ‘U_l ‘ul ‘WAE HT_ O#E o
e P URw g el I P i

= O — = )
S o 2 E T oy ogymﬁwﬂﬁuﬂﬂrﬁ

o oy N° SR NS oy
© T ‘WI ,UI m__l_ ‘UI —_ & o < T o h_rt "
woM oo 2 s T T e BR oy CEN
¥ zrxpUXew 0 T e ™

= W o o X = 8 g 5 o £ 1 a9 om Xof o
T .3 X how Sem o e BN R g™
w % s \RW ofr Thy o Yy ¢ T Nd ﬂl %o athl Mﬁ Immb No _N/? o ~3
< o T oup © oo B oo ® LSRN
@ﬂu@%%ﬂ%ﬂmE&mmmmmimaz_om.EOtQW
Ho mm < mo B oo z B No & ar O
1ﬁ11uhaﬂJ%ﬂ%x1%$%hz_o$%m
T kX _ T X2 2 © o N
S O R L o S B FE

= q \mﬁE X W [mt o)) LIL :.l N
N E & AF s WA do o > 0 T R
T R @ ® D W gy TR
N oo+ 5 % oy mmocmi@..mbeﬂ_%%

= my ooy F = o 9 ol W T T BT o

oo Ma ool H % B s R O A 9

o o R T RO o) <o N Neo R n7v = Mo T

_29_



+

%0,
32
oy

Mass change(kg/m2)

«  2hr
4hr
+  Bhr
L T T T T X T T T
o 1000 2000 3000 4000 5000 6000
Time(s)

1% 27 1 sun o}l Azt mE FEE = AF W (AT

Z79 E}E})E
Sl (kg m? h"
Ohr -
2hr 1.79
4hr 2.10
6hr 2.16
E 3 4A4g x4 B 9 FTEEE

_30_



3.4 9 AA

Cling film

Surpporting
rod

Graphene
Aerogel

Seawater

19 28 A¥4Y & TV &F BAA Y AR

dol AAR =& 471 M= AT FVE S5 =
= Wrohdl= F71HAQ1 Hgo] dastth a87] s 29 283 2
AL go] &5 AAE AFsdtt. sl '3l vlFA 9ol & AT
oA AzFE oojz Aol EgtE TV WA AAE et 717
&5 & %% M (Cling film) ¥ A At (Supporting rod) & ©]&3}
of HIEg o R Ay} o] AA&dn. 58 7171 3 wel ws]A
Hy 359 BNeEs ¥ Ay HdEs g Sduy & vA abgdE
of RolA Hr.

.
- 31 - o f{ﬂ —.‘:.Tr' t__.



&
LLl
7
o
e
L4
e
| o
G
]
vl
b
4]
et
m
=
N
=
.
=
i
O

40000

30000 4
20000 4

(wojgr) Maganpuon

10000

After

Before

* Korea South Sea water was used

EX) Conductivity of water

Sea water

50,000 ps/cm

Tap Water

50-5000 pS/cm

Rain

<50 pS/cm

ﬁo
R

2

7
NJo

it
3

)
"o
in
T

o

)
A=

_
"o

ﬁo

o)
il

o7
Njo

—_
fiie)

Jﬁmc
Ar
it
i

_32_



4
iC
1o
L
At}
o
1-rl
Frt
%
[\
o
N}
o
IS
)
a
3
o
it
s
o %
sk

|

4?301] Aol “LO]Z] o}‘ﬂ‘jr. kA CMC—rGO ofojZ 4
QFE] 2% (Anti fouling) & 7FA 2 Qlo] AA] A L=

AES UY S Yk,

be

0.

33 - . H k'_. 1_'_” 1



1.

JJo

-
ol

ol
o]
)

B
ﬂwo

p—

4

o171

tt. CMC—rGO °loj=4e &

F71 o

S

Hol- A

=7 A% (Freeze casting)

At

i eR
1=

7 oyt 19

= & A~
& F

]

e
=]

o spgelA 9

-
[¢]

vl o
°H

o 200nmelA 2500nm7}A]

=]
R

A5

1 sun of#olA 2.16

o] &k

el =71 SASKEZE Uit

kg m ?h~!

WS =S 550 e B A9 19

il

(-
!

¢

3

Fol

S

15 75

)

=

T

olo

frol .

| =o
AL -

o
Plo
o

o

B3 A =

FXS
o

-

o

el

grol et whebA

o]},

]

NS

]S
=

0%

S A=~
g 5

ofo
T

S

Al Zokel

]

<
ol
o)

o}

[e)
.

|

N

1

A A 2}

0

Hr

S

Va A=

1)) 8}

2] <

_34_



=53

[1] Huo, Bingbing et al. N—doped graphene /carbon hybrid aerog
els for efficient solar steam generation. Carbon Vol. 142, 1
3~19 (2018)

[2] Zhang, Qian et al. Silk—based systems for highly efficient ph
otothermal conversion under one sun: Portability, flexibility, a
nd durability. Journal of Materials Chemistry A Vol. 6, 1721
2~17219 (2018)

[3] Hong, S. et al. Nature—Inspired, 3D Origami Solar Steam Ge
nerator toward Near Full Utilization of Solar Energy. ACS Ap
plied Materials and Interfaces Vol. 10, 34, 28517~28524 (20
18)

[4] Zhang, P. et al. Three—dimensional water evaporation on a
macroporous vertically aligned graphene pillar array under on
e sun. Journal of Materials Chemistry A Vol. 6(31), 15303—1
53094 (2018)

[5] Chen, T. et al. A cake making strategy to prepare reduced g
raphene oxide wrapped plant fiber sponges for high—efficienc
y solar steam generation. Journal of Materials Chemistry A V
ol. 6(30), 14571-14576 (2018)

[6] Cui, L et al. High Rate Production of Clean Water Based on
the Combined Photo—Electro—Thermal Effect of Graphene Ar
chitecture. Advanced Materials Vol. 30, 1706805 (2018)

[7] Fathi S. Awad et al. Plasmonic Graphene Polyurethane Nanoc
omposites for Efficient Solar Water Desalination. ACS Applie
d Energy Vol. 1, 976~985 (2018)

- 35 - ] 2-1



[8] Zhang, P. et al. High throughput of clean water excluding ion
s, organic media, and bacteria from defect—abundant graphen
e aerogel under sunlight. Nano Energy 46, pp. 415—422 (201
8)

[9] Ito, Y. et al. Multifunctional Porous Graphene for High—Effici
ency Steam Generation by Heat Localization. Advanced Mater
ials 27(29), pp. 4302—4307 (2018)

[10] Lv, Y. et al. Hydrothermal synthesis of ultra—light coal—bas
ed graphene oxide aerogel for efficient removal of dyes from
aqueous solutions. Nanomaterials 8(9), 670 (2018)

[11] Xiang, C. et al. Synthesis of carboxymethyl cellulose—reduc
ed graphene oxide aerogel for efficient removal of organic li
quids and dyes. Journal of Materials Science 54(2), pp. 187
2—1883 (2019)

[12] Wen Shang and Tao Deng. Solar steam generation: Steam b
y thermal concentration. Nature Energy Vol 1, 16133 (2016)

[13] Zhao, F. et al. Highly efficient solar vapour generation via h
ierarchically nanostructured gels. Nature Nanotechnology 13
(6), pp. 489—-495 (2018)

[14] Zhou, X. et al. A hydrogel—based antifouling solar evaporat
or for highly efficient water desalination. Energy and Environ

mental Science 11(8), pp. 1985-1992 (2018)

- 36 - A = TH <



Abstract

Solar steam generation using

graphene/polymer aerogel

TAE YOUNG KIM
Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

One of the most promising energy harvesting technolog
1es 1s the conversion of solar energy into heat for steam generat
ion because of its potential applications in energy production, des
alination and purification. However, existing methods have a prob
lem in that it is inefficient because of the large energy consumpt

ion and high cost in the desalination process.

Here, we demonstrate a 3D nanostructured aerogel ba
sed on Graphene and CarboxyMethyl Cellulose (CMC) that serve
s as an independent solar vapour generator. This aerogel is poro
us and made of hydrophilic polymer, so water transport speed is
fast, A Graphene/polymer aerogel evaporated water with a high r

ate of 2.16 kg m—2 h—1 from 1 sun irradiation. This value is 5.

:l'l ! -1
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5 times the steam generation rate of pure water, which is much
higher than that of graphene in oher studies. In particular, the so
lar water desalination with the seawater resulted in a clean wate
r suitable for drinking water standard. The device is one of the
representative photothermal conversion system with renewable, f

acile, non—toxicity and low cost for solar steam generation

Keywords : Graphene aerogel, Freeze casting, Polymer, Steam g

eneration, 3D structure
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