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the adsorbent material needs to combine a high adsorption capacity with good desorption 

characteristics. Such combinations would considerably enhance the efficiency of the 

adsorbent and possibly allow its use in real life applications. To study the reversible 

adsorption of heavy metal ions onto the BPEI-GO foam, the composite is repeatedly 

immersed in the aqueous solutions of heavy metal ions and treated with 0.1 M solution 

of either ethylenediaminetetraacetic acid (EDTA) or nitric acid. The adsorbent is washed 

several times with MiliQ water, freeze-dried overnight and used as adsorbent in 

subsequent adsorption cycles. The adsorption experiments are then carried out by mixing 

BPEI-GO and Pb2+, Cd2+ and Cu2+ aqueous solutions at pH = 5. Noteworthy, the use of 

EDTA for regeneration of GO-based adsorbents has some drawbacks. While EDTA has 

a high affinity for metal ions, as reflected in its high complexation constants for Cu2+ 

(18.8), Pb2+ (18.1) and Cd2+ (16.5), it can also interact with GO through strong 

electrostatic forces and block its binding sites.40, 41 Such characteristics of EDTA may 

affect the reusability of BPEI-GO foam in the long term. As illustrated in nigure 3.9 high 

decrease in the adsorption capacity is monitored for GO-BPEI treated with EDTA. In 

particular, the adsorption capacity decreases over ten cycles by 28% for Cu, 55% for Pb 

and 72% for Cd ions. On the other hand, HNO3 treatment allows reaching high 

regeneration efficiency. The overall decrease in adsorption capacity is found smaller than 

in the EDTA treated foam, and it amounts to 45% for Cu, 20% for Pb and 33% for Cd 

ions. Noteworthy, the decrease in the adsorption capacity after tenth cycle is most likely 

related to the decrease in the number of BPEI-GO coordination pockets and therefore in 

the decrease of the binding sites after each regeneration step. As a consequence of the 

strong acidic environment the decomposition of BPEI-GO can take place, and in 

particular hydrolysis of amide bonds may occur.!U'!=.%!%58=&!'5.'!'5$#$!0%!.!"8%%0)070'*!
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In this chapter, we have developed a novel mesoporous silica - graphene oxide 

hybrid material (SiO2NH2-GO) operating as highly efficient and rapid adsorbent for 

removal of cationic organic dyes from water. The fabrication of such a three dimensional 

(3D) SiO2NH2-GO composite has been achieved via the condensation reaction between 

the amine units exposed on 3-aminopropyl-functionalized silica nanoparticles and the 

epoxy groups on GO's surface resulting in homogeneous powder with large specific 

surface area (405.5 m2 g-1) and high pore volume (0.714 cm3 g-1). As proof-of-concept, 

SiO2NH2-GO was used for the removal from water of archetypical dyes such as methylene 

blue (MB), rhodamine B (RhB) and methyl violet (MV) revealing outstanding maximum 

adsorption capacity towards these organic pollutants reaching 300, 358 and 178 mg g-1 

for MB, RhB and MV, respectively at pH 10. Moreover, the adsorption process exhibit 

that ~ 99.7 % of MB, RhB and MV have been removed and the equilibrium state has been 

reached in 3 min. The accurate studies of the adsorption isotherms as well as the kinetics 

of MB, RhB and MV from aqueous solution proved that the cationic dyes adsorb 

immediately, in accordance with Langmuir adsorption isotherm and pseudo-second order 

kinetics model. Finally, the composite was used in solid phase extraction (SPE) as column 

packing material, for continuous water purification from aforementioned organic dyes, 

thereby highlighting the great potential of SiO2NH2-GO for the large-scale removal of 

cationic dyes from aqueous solutions.
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To gain further insight into the adsorption process, the effect of pH was analyzed 

and FTIR spectra after adsorption were recorded. The effect of pH on the adsorption rate 

of MB, RhB and MV on the SiO2NH2-GO was examined at pH ranging from 2 to 12. The 

adsorption capacities with different pH are presented in nigure 4.10. At low pH conditions 

(pH=4) only approx. 20% for MB and RhB and less than 35% for MV of the initial dyes 
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were removed, with further increase in pH value the adsorption efficiency increases. MB, 

RhB and MV are cationic dyes, which were favorably adsorbed through electrostatic 

interactions with negatively charged functional groups on the surface of SiO2NH2-GO 

composite. Alongside, the planar structure of GO favours the presence of π-π interactions. 

In our case organic dyes can act as π-electron acceptors of residual π-electron rich regions 

of graphene oxide providing co-participation of π-π stacking in adsorption mechanism 

previously reported for graphene based nanostructures.58, 59 

 

'

^LPM0,'ue32C!G"'.@$!8<!8#4.&09!(*$%!.%!'5$!<1&9'08&!8<!0&0'0.7!98&9$&'#.'08&!98&(19'$(!.'!(0<<$#$&'!"K!

R.71$%C!T71$!9871M&%!#$"#$%$&'!M$'5*7$&$!)71$P!"0&@!V!#58(.M0&$!T!.&(!R087$'!t!M$'5*7$&$!R087$'C!!

!

l&!'5$!8'5$#!5.&(P!=$!5.R$!1%$(!nSUL!'8!M8&0'8#!'5$!0&'$#.9'08&!)$'=$$&!(*$%!

.&(!A0lc\KcVfl!0&!'5$!%871'08&!En041#$!eChhHC!S5$!%"$9'#.!#$98#($(!.<'$#!.(%8#"'08&!8<!

(*$!(0%"7.*$(!.!%04&0<09.&'!0&9#$.%$!8<!'5$!"$.@!.'!Yehs!9MVh!=5095!9.&!)$!.''#0)1'$(!'8!

"#$%$&9$!8<!5*(#84$&!)8&(%!.&(!0&(09.'$%!'5.'!%195!0&'$#.9'08&%!M045'!)$!.7%8!0M"8#'.&'!

0&!8#4.&09!(*$%!.(%8#"'08&C!-8#$8R$#P!.<'$#!.(%8#"'08&!8<!-T!'5$#$!0%!.!%7045'!%50<'!<#8M!

hXdr!'8!hXdh!9MVh!98##$%"8&(0&4!'8!J�J!)8&(%!.&(!98&<0#M0&4!�V�!0&'$#.9'08&%C!!

'

'



'

!

hhX!

^%-MS)Z'"X'8*,.LK)0Z!7$K)L)M)'N,'A-L,$-,',)'NO7$PQ$L,0L,'AMR0%."SQ-MS%L0,K'

'

'

^LPM0,'ue33e'nSVUL!%"$9'#.!)$<8#$!.&(!.<'$#!.(%8#"'08&!8<!M$'5*7$&$!)71$!E-TH!8&!A0lc\KcVfl!

98M"8%0'$C'

!

G&<8#'1&.'$7*P!1&($#%'.&(0&4!'5$!$2.9'!.(%8#"'08&!M$95.&0%M!0%!.!M8#$!98M"7$2!'.%@P!

=5095! 0%! )$*8&(! '5$! %98"$! 8<! '50%! =8#@C! K8=$R$#P! 0'! 0%! <.0#! '8! 98&971($! '5.'! '5$!

.<8#$M$&'08&$(! #$%17'%! %144$%'! '5.'! '$%'$(! 9.'08&09! (*$%! 9.&! )$! $.%07*! .(%8#)$(! ;%'!

$7$9'#8%'.'09! 0&'$#.9'08&%! .&(! '50%! '*"$! 8<! 0&'$#.9'08&%! "7.*! .! %04&0<09.&'! #87$! 0&! '5$!

.(%8#"'08&!8<!-TP!L5T!.&(!-D!8&!'5$!A0lc\KcVflC!U&!.998#(0&4!'8!@0&$'09!%'1(0$%P!'5$!

$2"$#0M$&'.7!R.71$%!8<!.(%8#"'08&!9.".90'*!.&(!70&$.#!#$4#$%%08&!98$<<090$&'!%58=$(!'5.'!

'5$!.(%8#"'08&!8<!9.'08&09!(*$%! 0%!)$''$#! <0''$(!)*!"%$1(8V%$98&(!8#($#!@0&$'09%P!=5095!

0&(09.'$! '5.'! '5$! .(%8#"'08&! "#89$%%! 0%! (#0R$&! )*! '5$! %'#8&4! %1#<.9$! 98M"7$2.'08&! 8<!

9.'08&09!(*$%!=0'5!'5$!82*4$&!.&(!&0'#84$&!98&'.0&0&4!4#81"%!8<!A0lc\KcVflC!

S5$!'5$#M8(*&.M09!.&.7*%0%!%195!.%!%'.&(.#(!f0))%!<#$$!$&$#4*!95.&4$!E¦f§HP!

'5$! $&'5.7"*! 95.&4$! E¦K§H! .&(! $&'#8"*! 95.&4$! E¦A§H! =$#$! 9.7917.'$(! <8#! )$''$#!

1&($#%'.&(0&4!8<!'5$!&.'1#$!8<!.(%8#"'08&!)$5.R08#!E%$$!95."'$#!cP!Ov1.'08&%!hhVhYHC!S5$!

R.71$%!8<!jhk!.&(!jGk!9.&!)$!9.7917.'$(!<#8M!'5$!%78"$!.&(! 0&'$#9$"'P! #$%"$9'0R$7*!)*!

"78''0&4!'5$!R.71$%!8<!41Y#!R%C!hyS!En041#$!eChcHC!!



'

!

hhr!

^%-MS)Z'"X'8*,.LK)0Z!7$K)L)M)'N,'A-L,$-,',)'NO7$PQ$L,0L,'AMR0%."SQ-MS%L0,K'

'

'

^LPM0,'ue31e'S5$!70&$.#!91#R$!8<!7&g(!R%!hyS!<8#!-TP!L5T!.&(!-D!.(%8#"'08&!'8!($'$#M0&$!

'5$#M8(*&.M09!".#.M$'$#%C!

!

S5$!'5$#M8(*&.M09!".#.M$'$#%!<#8M!'5$!<0''0&4!70&$!%195!.%!f0))%!<#$$!$&$#4*!95.&4$!

EWlHP!'5$!$&'5.7"*!95.&4$!EjhkHP!'5$!$&'#8"*!95.&4$!EjGkH!.&(!98##$7.'08&!98$<<090$&'!EJ\H!

.#$!70%'$(!0&!S.)7$!eCYC!

!

B%/S,'uefe!S5$#M8(*&.M09!".#.M$'$#%!<8#!.(%8#"'08&!8<!9.'08&09!(*$%!E-TP!L5TP!-DH!8&'8!A0lc\KcV

fl!98M"8%0'$C!

+Z,' Bb9c'
yHz'

b9n'."SJ3c'

yTz'

b9n'."SJ3c'

yAz'

b9n'."SJ3'9J3c'
@1'

-T!

cqs! VcCr!

VhqCX! reCq! dCqqe!YhY! VYCr!

YYY! VWCY!

L5T!

cqs! VdCY!

VWcCX! hrrCh! dCqqc!YhY! VcCe!

YYY! VXCW!

-D!

cqs! WCe!

VYsCs! hhcCq! dCqqr!YhY! YCd!

YYY! hCe!

!

S5$!&$4.'0R$!R.71$%!8<!jWk!98&<0#M$(!'5$!%"8&'.&$81%!&.'1#$!8<!'5$!.(%8#"'08&!"#89$%%C!

S5$!(0%'#0)1'08&!#.'08!EY#H!8<!9.'08&09!(*$%!8&'8!A0lc\KcVfl!98M"8%0'$!.#$!($9#$.%$(!



'

!

hhs!

^%-MS)Z'"X'8*,.LK)0Z!7$K)L)M)'N,'A-L,$-,',)'NO7$PQ$L,0L,'AMR0%."SQ-MS%L0,K'

'

=0'5! '5$! 0&9#$.%$! 0&! '$M"$#.'1#$P! 0M"7*0&4! '5.'! '5$! .(%8#"'08&! "#89$%%! 0%! $28'5$#M09P!

=5095! =.%! <1#'5$#! 98&<0#M$(! )*! '5$! &$4.'0R$! R.71$%! 8<! ¦K§C! l&! '5$! 8'5$#! 5.&(P! '5$!

"8%0'0R$!R.71$%!8<!jGk!%58=%!'5$!0&9#$M$&'!#.&(8M&$%%!.'!'5$!%1#<.9$!8<!.(%8#)$&'!(1#0&4!

'5$!.(%8#"'08&!"#89$%%!=5095!9.&!)$!#$<7$9'$(!)*!'5$!.<<0&0'*!8<!'5$!A0lc\KcVfl!<8#!'5$!

9.'08&09!(*$%C!

! F! @0&$'09! 0&R$%'04.'08&! 8<! '5$! .(%8#"'08&! "#89$%%! 9.&! )$! .998M"70%5$(! )*!

$R.71.'0&4! '5$! #.'$!.&(!M$95.&0%M!8<!M.%%! '#.&%<$#!8<!.(%8#).'$! <#8M! 70v10(!"5.%$! '8!

%870(!.(%8#)$&'!%1#<.9$C!S5$!'0M$!#$v10#$(!'8!#$.95!$v1070)#01M!0%!.&!0M"8#'.&'!".#.M$'$#!

<8#!(*$!#$M8R.7C!S5$!"%$1(8V%$98&(V8#($#!@0&$'09%!M8($7!5.%!)$$&!$2'$&%0R$7*!1%$(!'8!

"#$(09'!(*$!.(%8#"'08&!@0&$'09%CcsP!Xd!U'!#$R$.7%!'5.'!'5$!.(%8#"'08&!(0%"7.*%!.!#$M.#@.)7$!

0&9#$.%$!.'!'5$!)$40&&0&4!8<!'5$!$2"$#0M$&'%!.&(!'5$&!0'!#$.95$%!.!"7.'$.1C!S8!$%'.)70%5!

'5$!'0M$!($"$&($&9$!8<!.(%8#"'08&!"#89$%%P!'5$!.(%8#"'08&!9.".90'.&9$!8<!A0lc\KcVfl!

<8#!-TP!L5T!.&(!-D!%871'08&%!8<!0&0'0.7!98&9$&'#.'08&%!8<!Wd!M4!4Vh!.'!(0R$#%$!98&'.9'!

'0M$!=$#$!M$.%1#$(C! n041#$'eChY! "#$%$&'%! '5.'! '5$! 0&0'0.7! #.'$! 8<! 9.'08&09! (*$%! .(%8#)!

0&9#$.%$(!%5.#"7*!=0'5!'0M$!.&(!#$.95$(!.!M.20M1M!�qqCr�!=0'50&!Y!M0&P!.&(!'5$&!0'!

#$.95$%!.!"7.'$.1C!S50%!#$%17'!0&(09.'$%!'5.'!.!M8&87.*$#!8<!(*$!M87$917$%!.'!'5$!%1#<.9$!

8&!'5$!A0lc\KcVfl!98M"8%0'$!0%!<8#M$(C!Q5$&!'5$!0&0'0.77*!<.%'!.(%8#"'08&!"#89$%%!0%!

8R$#P! '5$!(*$%!.(%8#"'08&!@0&$'09!#.'$!=.%!.(>1%'$(!)*!M.%%!'#.&%"8#'!0&!'5$!98M"8%0'$!

M.'$#0.7CXhP!Xc!!

'

^LPM0,'ue3fe'S0M$!($"$&($&'!8#4.&09!(*$%!%8#"'08&!8&!A0lc\KcVfl!M.'$#0.7!EJd�!Wd!M4!4Vh!S�!cW!�JP!

%'0##0&4!%"$$(!�!Ydd!#"MP!"K!�!rHC'

!



'

!

hhq!

^%-MS)Z'"X'8*,.LK)0Z!7$K)L)M)'N,'A-L,$-,',)'NO7$PQ$L,0L,'AMR0%."SQ-MS%L0,K'

'

S5$!$2"$#0M$&'.7!R.71$%!8<!.(%8#"'08&!9.".90'*!.&(!70&$.#!#$4#$%%08&!98$<<090$&'!%58=$(!

'5.'!'5$!.(%8#"'08&!8<!9.'08&09!(*$%!0%!)$''$#!<0''$(!)*!"%$1(8V%$98&(!8#($#!@0&$'09%!En041#$!

eChe)H!'5.&!"%$1(8!<0#%'!8#($#!@0&$'09%!En041#$!eChe.HP!=5095!0&(09.'$!'5.'!'5$!.(%8#"'08&!

"#89$%%!0%!(#0R$&!)*!'5$!%'#8&4!%1#<.9$!98M"7$2.'08&!8<!9.'08&09!(*$%!=0'5!'5$!82*4$&!.&(!

&0'#84$&!98&'.0&0&4!4#81"%!8<!A0lc\KcVflC!!

!

 

^LPM0,'ue3ue!S5$!@0&$'09!"78'%!8)'.0&$(!)*!.H!"%$1(8V<0#%'!.&(!)H!"%$1(8V%$98&(!8#($#!M8($7!#$.9'08&%C!

!

F((0'08&.77*P!'5$!9.7917.'$(!@0&$'09!".#.M$'$#%!<8#!.(%8#"'08&!8<!-TP!L5T!.&(!-D!(*$%!

.'!"K!hd!.#$!70%'$(!)$78=!0&!S.)7$!eCeC!

'

B%/S,'ueue'J88#(0&.'08&!@0&$'09!#.'$!98&%'.&'%!.&(!1&0'!.(%8#"'08&!9.".90'*!8<!<1&9'08&.70?$(!4#."5$&$!

820($!M.'$#0.7!EA0lc\KcVflH!'8=.#(%!9.'08&09!(*$%!E-TP!L5TP!-DHC!

!

+Z,'
!K,MN"JXL0K)'"0N,0'."N,S' !K,MN"JK,-"$N'"0N,0'."N,S'

b$E$2"H!
Lc! @h!2!¤hdVc¥! b$! Lc! @c!2!¤hdVc¥! b$!

-T! dCqch! eCh!©!dCY! WsCe!©!eCe! dCqqs! dCqW!©!dChY! eWCX!©!cCc! ecCW!©!cCh!

L5T! dCqsq! cCW!©!dCc! cWCe!©!hCq! dCqqc! dCrY!©!dChh! csCh!©!hCW! csCY!©!hCe!

-D! dCqss! hCW!©!dCh! ccCh!©!hCY! dCqqY! dCch!©!dCde! chCh!©!hCh! cdCc!©!h!

!

'



!

!

hcd!

^%-MS)Z'"X'8*,.LK)0Z!7$K)L)M)'N,'A-L,$-,',)'NO7$PQ$L,0L,'AMR0%."SQ-MS%L0,K'

'

ueue'8"$-SMKL"$K'

'

! U&!%1MM.#*P!=$!5.R$!"#$%$&'$(!.&!$.%*!.&(!$<<$9'0R$!.""#8.95!'8=.#(%!%*&'5$%0%!

8<!A0lc\KcVfl!98M"8%0'$P! .&(! 0'%!5045!$<<090$&9*! <8#! #$M8R.7!8<! 9.'08&09!(*$%! <#8M!

=.'$#C!D.#081%!98M"7$M$&'.#*!95.#.9'$#0?.'08&!M$'58(%!=$#$!$M"78*$(!'8!98&<0#M!'5$!

98R.7$&'! .''.95M$&'! 8<! YV.M0&8%0709.V<1&9'08&.70?$(! %0709.! '8! flC! S5$! &8R$7! "8#81%!

M.'$#0.7P!=0'5!0'%!5045!%"$90<09!%1#<.9$!.#$.!EedWCW!Mc!4VhHP!$250)0'$(!5045!.<<0&0'*!'8=.#(!

9.'08&09!8#4.&09!"8771'.&'%C!S5$!.(%8#"'08&!$2"$#0M$&'%! %58=! '5.'! 9.'08&09!(*$%! E-TP!

L5T!.&(!-DH!9.&!)$!v1.&'0'.'0R$7*!.(%8#)$(!.'!"K!hd!=0'5!M.20M1M!.(%8#"'08&!9.".90'*!

.%! 5045! .%! YddP! YWs! .&(! hrs!M4! 4VhP! #$%"$9'0R$7*C!-8#$8R$#P! '5$! 8)'.0&$(! 98M"8%0'$!

$250)0'$(! '5$! 5045! R.71$! 8<! @0&$'09! #.'$! .&(! =.%! .((0'08&.77*! $<<090$&'7*! 0&R$%'04.'$(!

'8=.#(! 98&'0&181%! .(%8#"'08&! <#8M! .<8#$M$&'08&$(! 8#4.&09! (*$%! .%! 9871M&! <0770&4! 0&!

%870(! "5.%$! $2'#.9'08&! "#89$%%C! \8'$=8#'5*P! '5$! "#$%$&'$(! %*%'$M! (0%"7.*$(! $29$77$&'!

.(%8#"'08&!$<<090$&9*!8<!�qqCr�!<8#!-TP!L5T!.&(!-D!0&!Y!M0&P!%'.)070'*!.&(!#$1%.)070'*!

'8=.#(!#$M8R.7!8<!9.'08&09!8#4.&09!(*$%!".R0&4!'5$!=.*!'8!($R$78"M$&'!%0709.Vfl!).%$(!

M.'$#0.7%!8<!5045V$<<090$&9*!.&(!78=V98%'!=.'$#!"1#0<09.'08&!'$95&87840$%C!



!

!

hch!

^%-MS)Z'"X'8*,.LK)0Z!7$K)L)M)'N,'A-L,$-,',)'NO7$PQ$L,0L,'AMR0%."SQ-MS%L0,K'

'

uese'@,X,0,$-,K'

!

hC! BC!bC!bC!F7R.#$?P!JC!gC!J5.&P!-C!O70M$7$95P!\C!bC!K.7.%!.&(!IC!D077.4#�&P!U'(5!
U'1,($&)5P!cdhsP!3fP!XYeVXehC!

cC! AC!-C!f58#$0%50!.&(!LC!K.450450P!@)$/5!a195!e5P!cddYP!4sP!hXYVhXqC!
YC! KC!i8770&4$#P!>@h!=3O4%*)$-*8!U$+!m,-.P!hqsrP!qcVhddC!
eC! \C!T1R.&$%=.#0!.&(!JC!g.&&.&P!e5!h'C'-#5!B'($-5P!cdhhP!3t4P!cqeVYddC!
WC! iC!F@%1P!=-,&$**!V%,&)$/5P!cddWP!u2P!qqrVhdcXC!
XC! GC!A5.&@$#P!-C!L.&0!.&(!DC!bC!OC!JC!pC!b.%%.7P!a1;%-,15!@)$/5!Z$((5P!cdhrP!3sP!

XcYVXecC!
rC! JCVKC!Q$&4!.&(!�CVnC!B.&P!e5!h'C'-#5!B'($-5P!cddrP!3uuP!YWWVYXcC!
sC! -C!FC!-C!A.77$5P!IC!gC!-.5M81(P!QC!FC!QC!FC!g.#0M!.&(!FC!U(#0%P!F$*'4%1'(%,1P!

cdhhP!1t2P!hVhYC!
qC! �C!p01P!nC!p0P!�C!o0.P!bC!Q1P!bC!p01P!-C!K1.&4!.&(!bC!o0$P!U'1,*&'4$P!cdhsP!32P!

errhVerrsC!
hdC! �C!K.&P!iC!o1!.&(!JC!f.8P!A#;5!?31&(5!B'($-5P!cdhYP!1fP!YXqYVYrddC!
hhC! �C!-.P!�C!�1P!-C!A0&(8#8P!FC!fC!n.&$P!LC!Q.&4!.&(!KC!i5.&4P!A#;5!B'($-5P!cdhrP!

14P!hXdWYXhC!
hcC! UC!F70P!@)$/5!J$;5P!cdhcP!331P!WdrYVWdqhC!
hYC! QC!-.P!bC!p0P!oC!S.8P!bC!K$P!�C!o1P!bC!JC!�1!.&(!bC!i5.8P!A19$+5!@)$/5!"1(5!a#5P!

cddYP!u1P!hdcqVhdYcC!
heC! FC!DC!I$%.0P!TC!-.&&.P!FC!g.#M.@.#P!FC!A.51!.&(!AC!gC!f58%5P!A19$+5!@)$/5!

"1(5!a#5P!cdhXP!ssP!rshhVrshWC!
hWC! BC!S.&P!bC!A1&P!�C!K1P!iC!n.&4P!�C!T0P!�C!J5$&!.&(!bC!J5$&4P!e5!h'C'-#5!B'($-5P!

cdhWP!14IP!cWhVcXdC!
hXC! bC!-.P!nC!�1P!pC!i581P!pC!b0&P!-C!�.&4P!bC!p1.&P!�C!S.&4P!KC!n.&P!iC!�1.&!.&(!bC!

J5$&P!A@G!A7745!B'($-5!"1($-2'&$*P!cdhcP!uP!WreqVWrXdC!
hrC! JC!\C!LC!L.8P!KC!AC!AC!L.M.@#0%5&.!-.''$!.&(!GC!-.0'#.P!A19$+5!@)$/5!"1(5!a#5P!

cdhYP!s1P!hYhXcVhYhsWC!
hsC! gC!�.&4P!bC!Q.&4!.&(!TC!J5$&P!e5!B'($-5!@)$/5!AP!cdheP!1P!hschqVhscceC!
hqC! bC!Q.&4P!bC!K.8P!IC!p01P!AC!�0&P!JC!J5$&P!JC!�.&4P!�C!p01P!SC!�.&4P!�C!n.&P!�C!

J5$&!.&(!QC!p$0P!U'1,*&'4$P!cdhrP!4P!qrsrVqrqhC!
cdC! AC!p18P!oC!o1P!fC!i581P!JC!p01P!�C!S.&4!.&(!�C!p01P!e5!h'C'-#5!B'($-5P!cdheP!

1IuP!heWVhWWC!
chC! gC!F0P!JC!L1.&P!-C!A5$&!.&(!pC!p1P!A#;5!?31&(5!B'($-5P!cdhXP!1(P!WWecVWWeqC!
ccC! IC!LC!I#$*$#P!FC!IC!S8((!.&(!JC!QC!T0$7.=%@0P!@)$/5!G,&5!J$;5P!cdheP!ufP!WcssV

WYdhC!
cYC! DC!f$8#4.@07.%P!bC!\C!S0=.#0P!gC!JC!g$M"P!bC!FC!B$#M.&P!FC!TC!T81#70&8%P!gC!AC!

g0M!.&(!LC!i)8#07P!@)$/5!J$;5P!cdhXP!33(P!WeXeVWWhqC!
ceC! AC!O047$#!.&(!FC!K0#%95P!A19$+5!@)$/5!"1(5!a#5P!cdheP!sfP!rrcdVrrYsC!
cWC! DC!f$8#4.@07.%P!-C!l'*$"@.P!FC!TC!T81#70&8%P!DC!J5.&(#.P!\C!g0MP!gC!JC!g$M"P!

BC!K8)?.P!LC!i)8#07!.&(!gC!AC!g0MP!@)$/5!J$;5P!cdhcP!331P!XhWXVXcheC!
cXC! FC!bC!n7$'95$#P!�C!��?.@!.&(!gC!-C!S58M.%P!@'-O,1P!cddXP!uuP!qsqVhddeC!
crC! iC!I8&4P!IC!Q.&4P!oC!p01P!oC!B$0P!pC!J5$&!.&(!bC!b0&P!e5!B'($-5!@)$/5!AP!cdheP!

1P!WdYeVWdedC!
csC! iC!J5$&4P!bC!p0.8P!TC!K$P!nC!i5.&4P!nC!i5.&4P!oC!K1.&4!.&(!pC!i581P!A@G!G3*('%15!

@)$/5!a195P!FJA!A1%'.0&.)7$!J5$M0%'#*!«!O&40&$$#0&4P!cdhWC!



'

!

hcc!

^%-MS)Z'"X'8*,.LK)0Z!7$K)L)M)'N,'A-L,$-,',)'NO7$PQ$L,0L,'AMR0%."SQ-MS%L0,K'

'

cqC! -C!F@#.M0P!AC!I.&$%5!.&(!-C!O<'$@5.#0P!e5!"1,-95![-95!=,45!B'($-5P!cdhqP!IlU+!
hdChddry%hdqdeVdhqVdhhedVdC!

YdC! oC!i5.&4P!IC!p01P!pC!�.&4P!pC!i581!.&(!SC!�81P!e5!B'($-5!@)$/5!AP!cdhWP!fP!
hddYhVhddYrC!

YhC! gC!JC!g$M"P!KC!A$$M.P!-C!A.7$5P!\C!KC!p$P!gC!-.5$%5P!DC!J5.&(#.!.&(!gC!AC!
g0MP!U'1,*&'4$P!cdhYP!sP!YheqVYhrhC!

YcC! iC!J5$&4P!bC!p0.8P!TC!K$P!nC!i5.&4P!nC!i5.&4P!oC!K1.&4!.&(!pC!i581P!A@G!G3*('%15!
@)$/5!a195P!cdhWP!fP!hXrrVhXsWC!

YYC! IC!B.@17%@0P!QC!J?$".P!AC!Q0'8M%@.P!FC!F70"#.&(0P!BC!B.=71[P!DC!B.'#8&0.@P!FC!
J0$%0$7%@0!.&(!BC!A.M8#NP!e5!B'($-5!@)$/5!AP!cdhsP!(P!qYseVqYqdC!

YeC! JC!F&0950&0P!QC!J?$".P!IC!B.@17%@0P!FC!F70"#.&(0P!FC!J0$%0$7%@0!.&(!BC!A.M8#NP!
@)$/5!G,&5!J$;5P!cdhsP!uIP!esXdVeqdsC!

YWC! LC!A0'@8P!OC!S1#$@P!TC!i.=0%?.P!OC!-.709@.P!OC!S.70@P!bC!K$0M.&&P!FC!f.48#P!TC!
n$0%'!.&(!LC!Q#?.70@P!F'4(,1!6-'1*5P!cdhYP!u1P!WXscVWXsqC!

YXC! nC!p01P!AC!J51&4P!fC!l5!.&(!SC!AC!A$8P!A@G!A7745!B'($-5!"1($-2'&$*P!cdhcP!uP!qccV
qcrC!

YrC! fC!iC!g*?.%P!OC!FC!I$70*.&&0!.&(!gC!FC!-.'0%P!e5!@)$/5!6$&)1,45!V%,($&)1,45! P!
cdheP!t4P!hqXVcdWC!

YsC! -C!�1%1<P!nC!-C!O7<450P!AC!FC!i.0(0P!OC!JC!F)(177.5!.&(!-C!FC!g5.&P!JG@!A#;5P!
cdhWP!sP!WdYqcVWdecdC!

YqC! fC!gC!L.M$%5.P!FC!D0>.*.!g1M.#.P!KC!TC!-1#.70(5.#.!.&(!AC!A.M".'5P!e5!@,44,%#!
"1($-2'&$!G&%5P!cdhhP!f(3P!crdVcrrC!

edC! JC!SC!g#$%4$P!-C!OC!p$8&8=09?P!QC!bC!L8'5P!bC!JC!D.#'170!.&(!bC!AC!T$9@P!U'(3-$P!
hqqcP!fs4P!rhdVrhcC!

ehC! iC!Q1!.&(!IC!i5.8P!@)$/5!@,//315P!cdhhP!uIP!YYYcVYYYsC!
ecC! JC!SC!g#$%4$P!-C!OC!p$8&8=09?P!QC!bC!L8'5P!bC!JC!D.#'170!.&(!bC!AC!T$9@P!U'(3-$P!

hqqcP!fs4P!rhdC!
eYC! BC!\C!OC!I0.4)8*.!.&(!OC!IC!I0@08P!B%&-,7,-,3*!B$*,7,-,3*!B'($-5P!cdhsP!1((P!

cWcVcXrC!
eeC! AC!J5.@#.)8#'*P!AC!A.5.P!DC!LC!I5.&.@P!gC!T0%=.%P!-C!T.#)$?.'P!fC!BC!S$##.%0!.&(!

FC!gC!J5.@#.)8#'*P!JG@!A#;5P!cdhXP!(P!XrqhXVXrqceC!
eWC! gC!g#0%5&.M88#'5*P!-C!D$$#.".&(0.&P!gC!�1&!.&(!AC!bC!g0MP!@'-O,1P!cdhYP!sfP!

YsVeqC!
eXC! �C!o1P!KC!T.0P!fC!p1P!JC!p0!.&(!fC!A50P!e5!A/5!@)$/5!G,&5P!cddsP!3f2P!WsWXVWsWrC!
erC! FC!JC!n$##.#0P!bC!JC!-$*$#P!DC!A9.#(.90P!JC!J.%0#.450P!-C!p.??$#0P!nC!-.1#0P!AC!

B0%9.&$9P!IC!b0.&4P!gC!AC!\8R8%$78RP!AC!L8'5!.&(!FC!gC!f$0MP!=)0*5!J$;5!Z$((5P!
cddXP!4IP!hsredhC!

esC! IC!i581!.&(!TCVKC!K.&P!A#;5!?31&(5!B'($-5P!cdhdP!12P!crhrVcrccC!
eqC! QC!p0P!oCViC!S.&4P!KCVTC!i5.&4P!iCVfC!b0.&4P!iCViC!�1P!oCVAC!I1!.&(!�CVQC!-.0P!

@'-O,1P!cdhhP!u4P!erceVerYdC!
WdC! -C!-C!p1995$%$P!nC!A'.R.7$P!OC!KC!-C!n$##$0#.P!JC!D07.&0P!-C!DC!lC!-81'0&58P!LC!

TC!J.".?P!JC!FC!F95$'$!.&(!FC!b8#08P!@'-O,1P!cdhdP!utP!hWqcVhWqrC!
WhC! KC!f.8P!�C!A1&P!bC!i581P!LC!o1!.&(!KC!I1.&P!A@G!A7745!B'($-5!"1($-2'&$*P!cdhYP!

sP!ecWVeYcC!
WcC! nC!K$P! bC!n.&P!IC!-.P!pC!i5.&4P!JC!p$1&4!.&(!KC!pC!J5.&P!@'-O,1P!cdhdP!utP!

YhYqVYheeC!
WYC! KC!QF\fP!oC!iKlG!.&(!�C!JKO\P!U'1,P!cdhYP!2tP!hYWdddXC!
WeC! AC!Q.&4!.&(!iC!KC!i51P!F0$*!=%9/5P!cddrP!IsP!YdXVYheC!



'

!

hcY!

^%-MS)Z'"X'8*,.LK)0Z!7$K)L)M)'N,'A-L,$-,',)'NO7$PQ$L,0L,'AMR0%."SQ-MS%L0,K'

'

WWC! bC! LC! g0MP! TC! A.&'0.&8P! KC! g0M! .&(! OC! g.&P! A/5! e5! A1'45! @)$/5P! cdhYP!
?"Se2u>"e2IP!sC!

WXC! BC!Q.&4P!-C!J5$&4!.&(!iC!i5.&4P!e5!G'3#%!@)$/5!G,&5P!cdheP!3tP!YdsVYhXC!
WrC! FC!AC!gC!g1M.#!.&(!ACVbC!b0.&4P!e5!a1;%-,15!@)$/5!a195P!cdhXP!uP!hXqsVhrhYC!
WsC! iC!B$0P!pC!p0P!pC!A1&P!AC!i5.&4P!oCVvC!A5.&P!AC!�.&4!.&(!TC!Q$&P!@'-O,1P!cdhYP!

s3P!hWXVhXYC!
WqC! bC!o1P!pC!Q.&4!.&(!�C!i51P!Z'19/3%-P!cdhcP!1tP!sehsVsecWC!
XdC! AC!\.*.)P!FC!n.##1@5P!iC!l71?P!OC!S1&9$7P!AC!LC!S.#0vP!KC!1C!L.5M.&P!gC!g0#9558<<P!

KC!I1#.&!.&(!TC!�.M$$&P!A@G!A7745!B'($-5!"1($-2'&$*P!cdheP!(P!eedsVeehrC!
XhC! AC!f58#.0P!FC!gC!A.#@.#P!FC!TC!B.&(.!.&(!AC!B.7P!V%,-$*5!6$&)1,45P!cdhYP!3uuP!esWV

eqhC!
XcC! bC!L.595.M.&0P!KC!iC!-81%.R0!.&(!-C!T$5?.(P!F$*'4%1'(%,1P!cdhhP!1(IP!cWXVcXdC



!

!

hce!

^%-MS)Z'"X'8*,.LK)0Z!7$K)L)M)'N,'A-L,$-,',)'NO7$PQ$L,0L,'AMR0%."SQ-MS%L0,K'

'

8*%R),0'se''

'

:S,-)0L-%S' R0"R,0)L,K' "X' $"Y,S' R"SZ"l".,)%S%),J

KM0X%-)%$)JP0%R*,$,'*Z/0LN'.%),0L%SK''

!

The development of novel materials for enhanced electrochemical energy storage 

applications, in particular for the fabrication of supercapacitors (SCs) displaying 

increased properties, is a milestone of both fundamental and technological relevance. 

Among nanostructured materials, polyoxometalates (POMs) combined with various 

carbon-based nanostructures represent a very promising class of hybrid systems for 

energy storage, yet, guidelines for their rational design and synthesis leading to high-

performance SCs is still lacking. In this chapter we will discuss the production of a novel 

hybrid architecture based on Keplerate type POM (Mo132) functionalized with 

dodecyltrimethylammonium bromide (DTAB), which upon mixing with 

electrochemically exfoliated graphene (EEG) nanosheets results in the formation of 

porous 3D superstructures. Mo132-DTAB-EEG combines the redox activity of POMs and 

high electrical conductivity of graphene, all synergically mediated by the surfactant-

assisted porosity enhancement, to form new electrode materials for SCs. Cyclic 

voltammetry and galvanostatic charge/discharge electrochemical studies revealed that the 

unique combination of these three components yields highly efficient energy storage 

materials. In particular, our highly porous hybrids system exhibits high specific 

capacitance of 65 F g-1 (93 F cm-3, 93 mF cm-2) combined with excellent stability (99% of 

specific capacitance retained) after 5000 charge/discharge cycles at different current 

densities, overall displaying significantly improved performance compared to pristine 

electrochemically exfoliated graphene material. High-resolution transmission electron 

microscopy analysis presented in this chapter was carried out in the collaboration with 

Dr. Luca Ortolani and Prof. Vittorio Morandi from CNR-IMM Bologna (Italy). SCs 

discussed in this chapter have been produced and analyzed under the supervision of Dr. 

Zhaoyang Liu from the Nanochemistry Lab (ISIS, Strasbourg). 
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this solution was subsequently added a large excess of DTAB -!

(8($9*7'#0M$'5*7.MM8&01M! )#8M0($ surfactant (6.5 g, 21 mmol) solubilized in 

chloroform (400 mL) under vigorous stirring during 3 hours at room temperature. After 

almost complete extraction of POM into the organic phase, the latter is separated by 

decantation and absolute ethanol (about 400 mL) is added, provoking the precipitation of 

the target compound as a black powder which was isolated by filtration, washed with 
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The supercapacitor working electrode was fabricated by mixing 80 wt% Mo132-

DTAB-EEG, 10 wt% carbon black and 10 wt% poly(tetrafluoroethylene) binder 

dispersed in water. After sufficient grinding the mixture in ethanol, the obtained paste 

was pressed onto a platinum mesh which served as current collector, followed by drying 

in a vacuum oven for 6 hours. Electrochemical measurements, including cyclic 

voltammetry, were performed with a PGSTAT204 instrument (Autolab). The 

electrochemical capacitive of Mo132-DTAB-EEG was evaluated in a three-electrode 

system, applying 1 M H2SO4 as electrolyte, platinum plate and Ag/AgCl (saturated KCl) 

as the counter and reference electrodes, respectively. The scan rates varied from 1 mV/s 

to 100 mV/s. The specific capacitance is normalized by the weight of Mo132-DTAB-EEG. 

The stability tests were performed at 100 mV/s for 5000 cycles. All electrochemical 

experiments were carried out at room temperature.
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Mo132  is a POM nanocapsule displaying an icosahedral symmetry and comprising 

over 500 atoms, being arguably one of the largest spherical POM ever produced.23 Since 

its first successful synthesis by M�ller,20 this building block attracted a great interest 

because of its structural and catalytic properties.24, 25 Hitherto, only one article reported 

on the use of Mo132 as composite component in metal oxide semiconductor 

photoelectrodes.26 This is surprising, especially given that the redox electronic properties 

of Mo132 and its inherent porous structure are key characteristics which makes it ideal 

component for the generation of efficient SC devices. This prompted us to focus on this 

species to construct novel, electronically active hybrid materials and ultimately prove that 

the Keplerate clusters are promising class of POMs that are worth further studies towards 

energy applications. Size of Mo132 POM allows one to utilize its inorganic core for the 

effective formation of large surfactant-encapsulated clusters (SECs), effectively leading 

to decoration of POM with notable number of surfactant molecules. We have thus 

demonstrated herein a facile protocol for the fabrication of Mo132-DTAB-EEG hybrid 

system, with dodecyltrimethylammonium bromide (DTAB) as the surfactant of choice. 

The role of the DTAB surfactant is crucial in the process of Mo132-DTAB-G formation, 

since DTAB molecules not only increase the strength of van der Waals interactions 

between the Mo132 and electrochemically exfoliated graphene, but also results in 

synergically increased porosity of the Mo132-DTAB-EEG and thus enhanced 

supercapacitive performance of the hybrid material. In theory it should be possible to 

screen a variety of different surfactants (surfs) to form a relevant family of Mo132-surf-

EEG hybrids, though it would be difficult to pre-determine which surfactant would be the 

most suitable for the electrochemical applications. Noteworthy, the influence of the 

surfactant on the morphology of obtained surfactant encapsulated clusters (SECs) is 

known phenomenon .&(!9817(!#$%17'!0&!'5$!%*&'5$%0%!8<!.%%$M)70$%!8<!(0<<$#$&'!"8#8%0'*P!8#!$R$&!

"#$971($!'5$!<8#M.'08&!8<!AOJ%!7$-!*$.14 We have performed such preliminary studies by 

using four different surfactants, i.e. DTAB- dodecyltrimethylammonium bromide, 
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DDAB - didodecyldimethylammonium bromide, DODA- dioctadecyldimethyl 

ammonium bromide, TODA - octadecyltrimethylammonium bromide, accounting for 

different number and length of employed organic chains. Certain synthetic problems were 

encountered that concern the phase purity and homogeneity of synthesized species with 

DDAB and DODA as the surfactant, which resulted in successful formation of two 

hybrids materials with one alkyl chain (Mo132-DTAB-EEG, Mo132-TODA-EEG). Initial 

electrochemical tests showed that Mo132-DTAB-EEG is far superior material than Mo132-

TODA-EEG, therefore the former one was used for further research. Mo132-DTAB-EEG 

hybrid material can be efficiently generated by exploiting a self-assembly protocol which 

relies on two different types of non-covalent interaction: (a) Mo132-DTAB system can be 

formed by using electrostatic interactions holding together the Keplerate POM Mo132 and 

the DTAB surfactant, and (b) the grafting of Mo132-DTAB onto the electrochemically 

exfoliated graphene nanosheets (EEG) via van der Waals type interactions. Noteworthy, 

the use of one-pot reaction, with all three components mixed together simultaneously, led 

to disordered structures; therefore, a two-step synthesis has been employed to guarantee 

homogenous dispersion of the component in the hybrid structure. 

S5$!M8#"58784*!.&(!'5$!95$M09.7!%'#19'1#$!8<!'5$!"#$".#$(!5*)#0(!M.'$#0.7!=.%!
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Fourier-transform infrared spectroscopy (nigure 5.4) revealed that the 

characteristic bands of Mo132 are found in spectra of Mo132-DTAB and Mo132-DTAB-EEG 

at 721, 798, 864 (Mo-O-Mo) and 979 cm-1 (Mo=O).22 Such result confirmed the structural 

integrity of polyoxometalate (Mo132) whose architecture is well retained in the hybrid 

structures (Mo132-DTAB and Mo132-DTAB-EEG).  

The chemical composition and thermal stability of the as-synthesized Mo132-

DTAB-EEG was firstly characterized by TGA and XRD, as shown in nigure 5.5. S5$!

-8hYcVISFTVOOf!91#R$!En041#$!WCW.H!(0%"7.*%!.!=$045'!78%%!8<C!9.C!q�!)$'=$$&!#88M!
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Such evidences demonstrated that Mo132-DTAB clusters are uniformly distributed over 

graphene nanosheets, thus yielding the desired product.33 
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Figure 5.6. XPS spectra of Mo132-DTAB-EEG: (a) wide range survey, and high-resolution (b)Mo 3d, (c) 

C1s and (d) N1s.
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In summary, we have demonstrated for the first time that the Keplerate type 

polyoxometalate Mo132 can be used to tailor novel Mo132-DTAB-EEG hybrids as electrode 

materials for supercapacitors. The hybrid material was generated by exploiting of a simple 

two-step synthetic methodology which relies on the use of DTAB to form the surfactant 

encapsulated cluster Mo132-DTAB, which, via van der Waals interaction with the 

electrochemically exfoliated graphene, forms a Mo132-DTAB-EEG composite displaying 

synergically increased porosity and thus enhanced supercapacitive performance. The 

novel porous material exhibits significantly higher specific, volumetric and surface 

capacitance parameters compared to the non-functionalized graphene in the acidic 

aqueous solution (1M H2SO4), 0-1 V potential window followed by excellent 

electrochemical cycling stability (99% of specific capacitance retained) after 5000 

charge/discharge cycles. This work enriches the current family of POM-based carbon 

composites and provides a solid evidence that polyoxometalates of other chemical 

composition than Keggin or Wells-Dawson. The greater degree of functionalization that 

can be achieved when using Keplerate type polyoxometalate enables better tuning of a 

variety of physico-chemical properties of the hybrid system towards the emergence of a 

new generation of high performing multifunctional supercapacitors possessing enhanced 

stability.
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