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T his diss ert ati o n c o nsist s of t w o p art s. T h e f ir st f o c us es o n t h e s y nt h e sis a n d 

c h ar a ct eri z ati o n of M g 2 + / Al3 + -L D H -D S/ S 2 O 8
2 + -• H2 O/ C 3 H 6 O H. T h e s e c o n d f o c us es o n  

t h e gr o wt h a n d s p e ctr al r es p o ns e of C s S b p h ot o c at h o d e( s)  o n Si, Al 2 O 3 , Ti O2 , a n d Si C. 

L a y er e d d o u bl e h y dr o xi d es ( [ MII
1 - x M III 

x ( O H)2 ] ( An -)x/ m · n H2 O ) ar e l a y er e d m at eri als 

k n o w n as a ni o ni c cl a ys , or h y dr ot al cit e -li k e c o m p o u n ds st art e d in t h e e arl y 1 9 8 0s, h as 

b e c o m e a cl as s of l a y er e d m at eri als h a vi n g pr oj e cti o ns a n d pr o mis e i n t h e fi el d of 

bi o m at eri als, dr u g d eli v er y, s e ns or s, m ol e c ul ar a n d i m pri nti n g. I n t his i n v esti g ati o n, w e 

a p pr o a c h e d a m et h o d  t o i d e ntif y c o u nt erf eit dr u gs i n a w ell-c o ntr oll e d e n vir o n m e nt, 

w hi c h is a n a p pr o a c h t h at will b e c h e a p er a n d c o n d u ci v e t o s o ci et y. T h er e ar e t w o 

si g nifi c a nt st e ps i n a c c o m plis hi n g t his i n v e sti g ati o n. T h e fir st, w hi c h is dis c us s e d i n t his 

pr oj e ct, is i nt e r c al ati n g M g 2 + / Al3 + -L D H -D S/ S 2 O 8
2 + -• H2 O/ C 3 H 6 O H  i n disti n ct  l a y er s t h at 

will b e i n d u ci v e f or p ol y m eri z ati o n. O n e of t h e si g nifi c a nt a c c o m plis h m e nt s h as b e e n t o 
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i nt er c al at e b ot h s o di u m d o d e c yl s ulf at e a n d p er s ulf at e i o ns b et w e e n t h e l a y er s a n d f or t h e 

a ds or pt i o n of all yl al c o h ol. W e b e g a n wit h s y nt h esi zi n g M g 2 + / Al3 + -L D H -N O 3  wit h a d -

s p a ci n g of 7. 8 8 Å. T h e l a y er s i n cr e a s e d t o 3 5. 9 Å w h e n r e pl a c e d b y M g 2 + / Al3 + -L D H -D S . 

T h es e pr eli mi n ar y r es ult s v ali d at e o ur a p pr o a c h a n d o p e n t h e w a y t o d e v el o pi n g 

i m pri nt e d p ol y m er s t h at c a n  i d e ntif y c o u nt erf eit dr u gs. 

T h e s e c o n d p art f o c us es o n t h e gr o wt h a n d s p e ctr al r e s p o ns e of C s S b 

p h ot o c at h o d es o n Si, Al 2 O 3 , Ti O2 , a n d Si C. Al k ali a nti m o ni d es ar e effi ci e nt p h ot o c at h o d e 

m at eri als d u e t o  t h eir hi g h q u a nt u m effi ci e n c y c o m p ar e d t o ot h er m at eri als. F or t his 

r e as o n, a d e v el o p e d t e c h ni q u e t o b ett er u n d er st a n d t h e gr o wt h a n d c h ar a ct eri z ati o n of t his 

m at eri al o n diff er e nt s u bstr at es. T h e gr o wt h of Cs S b p h ot o c at h o d es is d e p e n d e nt o n 

t e m p er at ur e, pr ess ur e, a n d d e p o siti o n r at e t o o bt ai n a b ett er q u a nt u m effi ci e n c y ( Q E). 

T h e dri v e of t his i n v e sti g ati o n w as t o e x pl or e t h e gr o wt h a n d s p e ctr al r es p o ns e of Cs S b 

p h ot o c at h o d es o n Si, Al 2 O 3 , Ti O2 , a n d Si C al o n g wit h t h eir c orr es p o n di n g q u a nt u m 

effi ci e n c y. T h e gr o wt h t hi c k n e ss w as m e a s ur e d usi n g a q u art z cr yst al mi cr o b al a n c e 

( Q C B). T h e r es ult s l e a d t o t h e c o n cl u si o n t h at Si C h a s a Q E of 9. 7 %, w hi c h is a n 

i m pr o v e m e nt c o m p ar e d t o Si, Al2 O 3 , Ti O2 - b e c a u s e Si C f or ms a b ett er i nt erf a c e wit h 

Cs 3 S b b e c a u s e it d o es n ot c o nt ai n o x y g e n.   
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1  

C H A P T E R 1  

L A Y E R E D D O U B L E H Y D R O XI D E S  
 

1. 1 I nt r o d u cti o n of L a y e r e d D o u bl e H y d r o xi d e s  

 T h e n e e d t o i d e ntif y c o u nt erf eit dr u gs eff e cti v el y a n d i n e x p e nsi v el y h as a hi g h er 

d e m a n d  n o w t h a n e v er b ef or e, es p e ci all y t o d a y i n t h e 2 1 st c e nt ur y, w h er e t h e us e of 

t e c h n ol o g y h as a d v a n c e d o ur k n o wl e d g e a n d e x p a n d e d o ur i d e a s. T h es e i d e as d e v el o p e d 

c o nsi d eri n g e c o n o mi c all y u n d er d e v el o p e d c o u ntri e s t h at d o n ot h a v e t h e e q ui p m e nt a n d 

r es o ur c es t o c arr y o ut c o u nt erf eit dr u g t esti n g. F or e x a m pl e, p e o pl e h a v e di e d a n d h a v e 

i nj ur e d as a r es ult of t a ki n g f a k e or c o u nt erf eit dr u gs. T h e y w er e t a ki n g diff er e nt t y p e s of 

m e di c ati o n s wit h o ut l a b els, a n d t h e o n es wit h t h e n a m e  w er e wr o n g w h e n p ur c h a s e d, 

l ea di n g t o m or e a n d s e v er al m e di c al att e nti o ns.  

 A c c or di n g t o t h e W orl d H e alt h Or g a ni z ati o n ( W H O), “ al m o st h alf of t h e 

c o u nt erf eit dr u gs a n d l o w -q u alit y dr u gs r e p ort e d b et w e e n 2 0 1 3 a n d 2 0 1 7 w er e f o u n d t o 

b e i n s u b -S a h ar a n Afri c a , c o sti n g a b o ut $ 2 0 0 billi o n w orl d wi d e. 1  O n e of t h e si g nifi c a nt 

r e p ort e d r e as o ns w h y t h e g e n er al p u bli c b u ys t h es e dr u gs d u e t o t h e hi g h  pri c e f or t h e 

br a n d n a m e dr u gs t h at p e o pl e c o ul d n ot aff or d, a n d t h e y i nst e a d s ettl e f or t h e o n es s ol d 

o n t h e str e et. T h e y b eli e v e d t h e s ol uti o n t o t h eir pr o bl e m h as b e e n t o fi n d t h es e 

m e di c ati o ns o n t h e str e et f or a l o w er a n d r e as o n a bl e pri c e. T h e b eli ef h a s b e e n t h at t h e 

dr u gs w o ul d n ot h ar m t h e m. All t his h as c o ntri b ut e d t o t h e i d e a  a n d n e e d s t o i d e ntif y 

c o u nt erf eit dr u gs i n e x p e nsi v el y s o t h at l o w -i n c o m e f a mili e s c a n c arr y o ut t h es e t est s.  
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T h e d a n g er will c o nti n u e t o i n cr e a s e, a n d m or e li v es will b e aff e ct e d as a r es ult of 

p e o pl e t a ki n g f a k e or c o u nt erf eit dr u gs a v ail a bl e i n l o w -i n c o m e c o u ntri es. A c c or di n g t o 

t h e W orl d H e alt h Or g a ni z ati o n ( W H O), it s a ys: 

A W H O r e p ort s h o ws t h at Afri c a al o n e a c c o u nt s f or 4 2 % of t h e gl o b al 

c as es of s u bst a n d ar d a n d f a k e m e di c al pr o d u ct s. T h e U nit e d N ati o ns ( U N) 

Offi c e o n Dr u g a n d Cri m e s u g g est s t h at t h e p e n etr ati o n of c o u nt erf eit 

p h ar m a c e uti c als h a s b e e n m u c h hi g h er i n t h e d e v el o pi n g w orl d, r e a c hi n g 

3 0 %, as o p p o s e d t o l e ss t h a n 1 % i n t h e d e v el o p e d w orl d. P er p etr at or s of 

t h e p h e n o m e n o n s e e Afri c a as a s oft t ar g et b e c a us e t h e c o nti n e nt h as w e a k 

t e c h ni c al c a p a cit y a n d t o ols w h e n c o m p ar e d wit h t h e W e st .2  

T his is a h u g e n u m b er c o m p ar e d t o t h e d e v el o p e d n ati o ns, wit h o nl y 1 % of t h e p e o pl e 

t a ki n g f a k e or c o u nt erf eit dr u gs. T h er e is a n e e d t o fi n d a w a y t o r e d u c e t h e n u m b er fr o m 

3 0 %, a n d it is t h e r e as o n f or t his i n v esti g ati o n.  

T h e W H O als o r e p ort e d t h at “ A n al yti c al d e vi c es u s e d t o d et e ct f a k e dr u gs ar e 

v er y e x p e nsi v e f or wi d es pr e a d us e i n m a n y Afri c a n c o u ntri e s, c o sti n g b et w e e n $ 4 5, 0 0 0 

a n d $ 6 7, 0 0 0 , a n d m o stl y i m p ort e d. T h e h ur dl e is hi g h a n d c o m pli c at e d b y a n a bs e n c e of 

s yst e miz e d c oll e cti o n of d at a o n c o u nt erf eit a n d s u bst a n d ar d m e di ci n e s o n t h e 

c o nti n e nt ”. 2  T his w or k will b e a str ai g htf or w ar d m et h o d us e d i n s c h o ols a n d t hir d -w orl d 

c o u ntri es, w h i c h ar e n ot c a p a bl e of p ur c h a si n g hi g h -p erf or m a n c e li q ui d c hr o m at o gr a p h y 

or g as c hr o m at o gr a p h y i nstr u m e nt s. T h e ulti m at e g o al of t his w or k is t o b e a bl e t o 

i d e ntif y c o u nt erf eit dr u gs c h e a pl y a n d eff e cti v el y. T h e g o al is t o d e v el o p a n effi ci e nt a n d 
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i n e x p e nsi v e m e a ns t o i d e ntif y m ol e c ul e s usi n g i m pri nt e d p ol y m er s.  T h er e is a n e e d f or 

a n i n e x p e nsi v e m e a ns of i d e ntif yi n g a n d s e p ar ati n g a s p e cifi c m ol e c ul e i n t h e pr es e n c e of 

a l ar g e n u m b er of ot h er m ol e c ul es.  T h er e h a v e b e e n pr e vi o us att e m pt s t o d o t his.  T h e 

r es ult s h a v e b e e n u ns atisf a ct or y. A c c o m plis hi n g t his g o al r e q uir es t w o p art s, t h e fir st is t o 

pr e p ar e l a y er e d d o u bl e h y dr o xi d e s (M g 2 + / Al3 + -L D H ) wit h a w ell-str u ct ur e d e n vir o n m e nt. 

T h e s e c o n d p art is t o c arr y o ut m ol e c ul ar i m pri nti n g s u c c essf ull y i n t h es e e n vir o n m e nt s. 

M ol e c ul ar i m pri nti n g is c arri e d o ut vi a p ol y m eri z ati o n i nsi d e t h e L D H g all eri es usi n g a 

t e m pl at e t o i m pri nt a s p e cifi c m ol e c ul e. T h e o v er all fi n al g o al will b e t o d e v el o p t h e 

a bilit y t o i d e ntif y f a k e a n d c o u nt erf eit dr u gs s ol d a n y w h er e i n t h e w orl d. T h e i m m e di at e 

g o al of t his diss ert ati o n is t o pr o vi d e pr o of -of -c o n c e pt b y d e m o nstr ati n g t h at t h e ess e nti al 

c o m p o n e nt s of L D H n a n or e a ct or s f a bri c at e d. Pr e p ar ati o n of d esi g n er p ol y m er s a n d 

c arr yi n g  o ut p ol y m eri z ati o ns i n w ell -c o ntr oll e d e n vir o n m e nt s.  

 

1. 2  P r oj e ct R ati o n al e  

T h e r ati o n al e f or t his pr oj e ct is t h at i m pr o v e d p ol y m er s pr e p ar e d b y c arr yi n g o ut 

t h e p ol y m eri z ati o ns i n t h e c ust o mi z e d e n vir o n m e nt s of n a n o s c al e mi ni r e a ct or s.  T h e 

pr o p o s e d mi ni r e a ct or s ar e t h e g all eri es of m o difi e d l a y er e d d o u bl e h y dr o xi d e s. T h e 

s c h e m ati c di a gr a m b el o w ( Fi g ur e 1) ill ustr at es a c urr e nt m et h o d f or pr e p ari n g m ol e c ul ar 

t e m pl at es. T h e p ol y m eri z ati o n pr o c ess r e q uir es a t e m pl at e of t h e d esir e d m ol e c ul e, a 

s uit a bl e s ol v e nt, a cr o ss -li n k er, o n e or m or e f u n cti o n al m o n o m er s a n d a n i niti at or.3  T h e  

t e m pl at e m ust b e c o m p ati bl e wit h t h e c h o s e n f u n cti o n al m o n o m er( s) b e c a us e t h e s u c c es s 
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of t h e p ol y m eri z ati o n is d u e t o t h e t e m pl at e -m o n o m er i nt er a cti o n. T h e p ol y m eri z ati o n 

c arri e d o ut i n t h e pr es e n c e of t h e f u n cti o n al m o n o m er( s).  Aft er t h e p ol y m eri z ati o n is 

c o m pl et e, t h e t e m pl at e is e xtr a ct e d usi n g a s ol v e nt, t h us l e a vi n g o nl y t h e t e m pl at e d 

p ol y m er m atri x b e hi n d. 4  T h e p ol y m er m atri x will h a v e bi n di n g sit es t h at h a v e t h e s h a p e 

a n d si z e t h at will bi n d t h e t e m pl at e us e d d uri n g t h e p ol y m eri z ati o n. T h e r es ulti n g 

p ol y m er m atri x will t h e n r e c o g ni z e a n d bi n d t o t h e t ar g et m ol e c ul e. A n a d diti o n al 

r e q uir e m e nt is t h at, if a n ot h er m ol e c ul e pl a c e d i nt o t h e p ol y m er m atri x, it will n ot fit i nt o 

or bi n d t o t h e p ol y m er m atri x.  

 

 
Fi g ur e 1. S c h e m e of m ol e c ul ar im pri nti n g. 4   
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I n ot h er t o i m pr o v e t h e q u alit y of t h e t e m pl at e d p ol y m er s, it is pr o p o s e d t h at t h e 

p ol y m eri z ati o ns c arri e d o ut i n t h e g all eri e s of m o difi e d l a y er e d d o u bl e h y dr o xi d es. 

M a g n esi u m -al u mi n u m l a y er e d d o u bl e h y dr o xi d es ( M g 2 + / Al3 + -L D H ) ar e a cl as s of m et al 

h y dr o xi d es d eri v e d fr o m t h e br u cit e str u ct ur e ( Fi g ur e 2). 5, 6  St u d y of M 2 + / M3 + -L D H s  

st art e d i n t h e mi d -1 9 0 0 s d u e t o t h eir m ulti pl e a p pli c ati o ns i n n e w p ol y m er 

n a n o c o m p o sit es, i o n e x c h a n g e, p h ot o c h e mistr y, dr u g d eli v er y, c at al ysis a n d m o st 

i m p ort a ntl y as mi ni-r e c e pt or s f or p o y m eri z ati o n.7 -1 1  I n a d diti o n, ot h er criti c al 

a p pli c ati o ns i n cl u d e c at al yst s u p p ort s, c o ntr oll e d r el e a s e of a ni o ns a n d p h ot o a cti v e 

m at eri als. 1 2 -1 5   T h e br u cit e str u ct ur e is t h at of M g( O H) 2, a n d d u e t o it s i o ni c r a di us a n d 

l o w el e ctr o n e g ativit y M g 2 +  pr ef er s t o b e s urr o u n d e d b y si x o x y g e n at o ms. 1 6 -2 0   

T h e L D H g all eri e s c a n b e us e d a s a mi ni r e a ct or f or t h e p ol y m eri z ati o n t o t a k e 

pl a c e. T h e m o st str ai g htf or w ar d ill ustr ati o n t o e x pl ai n t his is t o i m a gi n e a b uil di n g 

s urr o u n d e d b y w alls. Im a gi n e c arr yi n g o ut a t as k i nsi d e t h e b uil di n g wit h o ut t h e eff e ct of 

t h e o ut si d e e n vir o n m e nt pl a yi n g a f a ct or i n d et er mi ni n g t h e o ut c o m e of t h e r es ult. T h e 

b uil di n g i n t his e x a m pl e c orr es p o n ds t o o n e g all er y b et w e e n t h e l a y er s of t h e D H, w hi c h 

ar e c o m p o s e d of m a n y l a y er s st a c k e d t o g et h er. E v er yt hi n g wit hi n t h e b uil di n g is s uit e d 

f or t h e t as k t o b e c arri e d o ut s u c c essf ull y wit h o ut t h e eff e ct of t h e o ut si d e e n vir o n m e nt. 

Si mil arl y, t h e r ol e of L D H g all eri e s is t h at of a mi ni r e a ct or, i n w hi c h t h e p ol y m eri z ati o n 

t a k es pl a c e. 2 1 -2 4  T his n e w t e c h ni q u e h o p es t o i m pr o v e t h e s y nt h esis a n d eff e cti v e n es s of 

m ol e c ul ar i m pri nti n g i n i d e ntif yi n g s p e cifi c m ol e c ul e s. 
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Fi g ur e 2 . S c h e m ati c str u ct ur e of la y er e d d o u bl e h y dr o xi d es ( L D H s). 1 5  
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1. 3 Lit e r at u r e  

1. 3 . 1 St r u ct u r e a n d D e ri v e d P r o p e rti es of L D Hs  

L a y er e d d o u bl e h y dr o xi d es ( L D Hs) ar e h y dr ot al cit e -li k e c o m p o u n d s dis c o v er e d 

i n t h e mi d-1 9 t h c e nt ur y, w hi c h c a n b e r e pr es e nt e d b y t h e g e n er al f or m ul a [ M II
1 - x M III 

x 

( O H)2 ] ( An -)x/ m · n H2 O. 2 5 -2 7  T h e L D H str u ct ur e d eri v e s fr o m t h e br u cit e str u ct ur e, w hi c h 

c o nt ai ns el e ctri c all y n e utr al M ( 2 +)( O H)2  l a y er s. R e pl a c e m e nt of s o m e of t h e di v al e nt 

m et al i o ns i n t h e l a y er s b y tri v al e nt i o ns pl a c e s a n et p o siti v e c h ar g e o n e a c h l a y er [ M 1 -

x
( 2 +)M ( 3 +)

x ( O H)2 ]x + , w h er e M 2 +  ar e di v al e nt m et al i o ns li k e M g 2 + , C a2 + , Z n2 + , a n d M3 +  ar e 

tri v al e nt m et al i o ns li k e Al3 + , Cr3 + , F e3 + , C o3 + .  An - is a n a ni o n s u c h as Cl-, C O3 2 -, or N O3 -

. T h e v ari a bl e x is a fi x e d-c o m p o siti o n o v er a r a n g e of 0. 2 ≤ x ≤ 0. 3 3. T h e e x a ct f or m ul a 

w as n ot p u bl is h e d u ntil 1 9 1 5 b y M a n a ss e.2 8   

M g 2 + / Al3 + -L D Hs  ar e mi n er als a n d s y nt h eti c m at eri als wit h p o siti v el y c h ar g e d 

br u cit e t y p e l a y er s of mi x e d m et als h y dr o xi d es. 2 9 -3 1  A p o siti v e c h ar g e e xist s i n mi x e d 

di v al e nt a n d tri v al e nt m et al h y dr o xi d es, i n w hi c h it s’ s c h ar g e -b al a n c e r et ai n e d b y t h e 

pr es e n c e of a ni o ns i n t h e i nt erl a y er r e gi o ns. 3 2  I nt er est i n L D H c h e mistr y i n cr e a s e d i n 

1 9 4 2 f oll o wi n g t h e p u bli c ati o n of a s eri es of p a p er s b y F eit k n e c ht o n w h at h e c all e d 

“ d o u bl e s h e et str u ct ur e s ”. 3 3  E x c h a n g e a bl e a ni o ns, l o c at e d i n t h e i nt erl a y er s p a c es, 

c o m p e ns at e f or t h e p o siti v e c h ar g e of it s br u cit e l a y er s. T h e c o u nt eri o ns f o u n d i n t h e 

g all eri es b et w e e n t h e L D H l a y er s. T h er e ar e l a y er s of h y dr o x yl gr o u ps b et w e e n t h e 

m et als a n d t h e c o u nt er i o ns s h o w n i n Fi g ur e 3 . T h e bi n di n g of t h e c o u nt eri o ns is 

el e ctr o st ati c, w hi c h r e a dil y is r e pl a c e d b y ot h er n e g ati v e i o ns. 
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Fi g ur e 3 . S c h e m ati c re pr es e nt ati o n of t h e str u ct ur e of la y er e d d o u bl e h y dr o xi d e s. 3 4  

 

 Diff er e nt di v al e nt a n d tri v al e nt m et al h a v e b e e n us e d i n t h e L D Hs s y nt h esis a n d 

t e n d t o h a v e pr o p ert y diff er e n c e s. Usi n g s p e cifi c t w o or t hr e e el e m e nt s t o g et h er is t h e y t o 

a c hi e v e t h e b est r es ult d u e t o t h e s y n er gisti c eff e ct. 3 5  Als o, al k ali n e m et als t e n d, w hi c h 

ar e m et al i o ns i n gr o u p 2 ( M + 2 ) c h e mi c all y, f or m a str u ct ur al L D H t h a n tr a nsiti o n al 

m et als. I n L D H s s y nt h esis, f o ur -l a y er e d d o u bl e h y dr o xi d es of C u-Z n -Cr, Z n -Cr, Ni -Al, 

a n d C u -Ni -Cr s h o w e d hi g h p h o s p h at e a bs or pti o n c a p a bilit y. 3 5  H o w e v er, m o st of t h e 

r es e ar c h a n d st u di e s c arri e d o ut h a v e f o c us e d o n usi n g L D Hs t h at co nsist of M g a n d Al i n 

t h eir str u ct ur e  a n d nitr at e i o n i n t h e L D H l a y er s.3 6 -4 1 “ T o d at e, 4 4 mi n er als d es cri b e d as 

n at ur al of L D H p h as es; c o m m o nl y k n o w n t o mi n er al o gist as t h e ‘ h y dr ot al cit e’ or 

‘ h y dr ot al cit e gr o u p’ of mi n er als ”.4 2  
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1. 3 . 2 L D Hs M o r p h ol o gi es  

M a n y st u di es us e d L D H s f or e n vir o n m e nt al p urifi c ati o n, bi o m e di c al a p pli c ati o n, 

a n d as a c at al yst b y utili zi n g t h eir i nt er c al ati o n pr o p erti es. 4 2 -4 4  L D Hs g e n er all y h a v e t h e 

h e x a g o n al pl at e -s h a p e d cr yst als st a c k e d t o g et h er , a n d t h e i m a g e of t h e n a n o p arti cl e s  

o bt ai n e d usi n g t h e s c a n ni n g el e ctr o n mi cr o s c o p e. Ot h er r es e ar c h h as s h o w n t h at L D Hs 

als o h a v e t h e s p h eri c al s h a p e pl at e. 4 4  E st a blis hi n g t h e g ui d eli n e a b o ut m or p h ol o gi c al 

c o ntr ol c a n c o ntri b ut e t o i m pr o vi n g t h e pr o p erti e s of L D H m at eri als. 4 5  

 

1. 3 . 3 P o w d e r X -r a y D iff r a cti o n S t u di es  

 P o w d er x -r a y diffr a cti o n ( P X R D) is a s ci e ntifi c t e c h ni q u e t h at us es x-r a y 

diffr a cti o n o n p o w d er s a m pl es t o i d e ntif y t h e str u ct ur e, b as al s p a ci n g, cr yst alli nit y , 

i n cl u di n g cr yst alli n e or a m or p h o us o f t h e m at eri al. T hes e  p o w d er x -r a y diffr a cti o n st u di e s 

h a v e  b e e n a t e c h ni q u e t h at h as b e e n i m pl e m e nt e d y e ar s a g o i n i d e ntif yi n g n a n o p arti cl es 

m at eri als. T h e i nt er n al str u ct ur e of t h e l a y er s pr o d u c es r efl e cti o n at a p oi nt w h e n t h e x -

r a y hit s t h e s a m pl e. T h es e r efl e cti o ns ar e i n s e q u e n c e of t h e b as al s p a ci n g b et w e e n t h e 

l a y er s w h e n t h e x-r a y hit s t h e s a m pl e.4 4 T h e a ni o ns aff e ct t h e si z e of t h e L D Hs g all eri e s of 

t h e s h a p e of t h e a ni o ns.   A m o n g t h e a ni o ns f o u n d i n t h e L D H g all eri e s ar e Cl-, Br-, N O3 -, 

C O 3
2 -, S O4 2 -, a n d S e O4 2 -.5, 7  T h es e a ni o n s c a n e x p a n d t h e l a y er s of t h e L D H g all eri es 

l e a di n g t o t h eir h a vi n g diff er e nt b as al. S o m e a ni o ns ar e e as y t o i nt er c al at e i nt o t h e L D H 

l a y er s, w hil e s o m e ar e h ar d a n d diffi c ult t o i nt er c al at e i nt o t h e L D H l a y er s. 7  
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1. 3 . 4 R el ati v e A ffi niti es of t h e Io n s  

T h e r el ati v e affi niti es f or e a c h a ni o n ar e diff er e nt, es p e ci all y f or t h e c as e of 

c ar b o n at e i o n. L D Hs r es ult e d fr o m c ar b o n at e c o nt a mi n ati o n c a us e d b y C O 2  i n t h e air 

d uri n g t h e pr e p ar ati o n. C ar b o n at e i o n i nsi d e t h e L D Hs c o ntri b ut es t o t h e L D H s h a p es 

c h ar a ct e ri z e d usi n g s c a n ni n g el e ctr o n mi cr o s c o p y ( S E M), a n d als o m a k e s it c h all e n gi n g 

t o i nt er c al at e ot h er a ni o ns i nt o t h e L D H l a y er s. N at ur all y o c c urri n g M g 2 + / Al3 + -L D H  c a n 

h a v e r h o m b o h e dr al a n d h e x a g o n al str u ct ur es, a n d t h e s e str u ct ur es i nfl u e n c e d b y t h e 

pr es e n c e  of c ar b o n at e i o n b et w e e n t h e l a y er s. 4 6, 4 7  M g 2 + / Al3 + -L D H  s y nt h es e s c arri e d o ut 

u n d er nitr o g e n g as, b e c a us e of t h e hi g h affi nit y r e s ulti n g fr o m t h e di -p o siti v e c h ar g e o n 

c ar b o n at e i o n.  

D u e t o it s a bilit y t o h y dr o g e n b o n d a n d it s g e o m etr y, c ar b o n i o n t e n ds t o bi n d 

v er y str o n gl y t o M g 2 + / Al3 + -L D H, a n d it is virt u all y i m p o ssi bl e t o r e m o v e it, m a ki n g it 

diffi c ult f or a n y a ni o n e x c h a n g e t o o c c ur. T w o m aj or r ul es d et er mi n e t h e r el ati v e 

affi niti e s of i o ns f or t h e f u n cti o n al gr o u p . T h e fir st r ul e is t h at i o ns wit h hi g h er c h ar g e 

t e n d t o h a v e hi g h er affi nit y ( e. g., N a+  < C a 2 +  < Al 3 +  < Cl - a n d < S O 4
2 -). T h e s e c o n d r ul e is 

h at i o n wit h t h e gr e at est si z e (r a di u s) a n d t h e gr e at est c h ar g e h as t h e hi g h est affi nit y ( e. g., 

Li +  < N a +  < K +  < Cs +  < M g 2 +  < Br - a n d < I -). 
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1. 3 .5  C o -i nt e r c al ati o n P r o c es s  

T h e w or d i nt er c al ati o n r ef er s t o a r e v er si bl e i n cl usi o n or i ns erti o n of a m ol e c ul e 

or a n a ni o n i nt o t h e m at eri al b et w e e n t h e l a y er’s str u ct ur es. T h e i o ns i nt er c al at e d i n t h e 

L D Hs l a y er s str u ct ur e. T h er ef or e, c o -i nt er c al ati o n is t h e pr o c ess w h er e t w o i o ns pl a c e d 

i nt o t h e str u ct ur al l a y er s of t h e m at eri al at t h e s a m e ti m e. F or e x a m pl e, t h e m o st w ell-

k n o w n c as e of c o -i nt er c al ati o n is gr a p h e n e, w h er e b ot h s o di u m a n d p ot assi u m ar e b ot h 

c o -i nt er c al at e d f or lit hi u m-i o n b att eri es.4 8 -4 9  T h e c o -i nt er c al ati o n pr o c ess s h o w e d a 

c h a n g e i n t h e n a n o p arti cl e s w h e n c h ar a ct eri z e d b y  p o w d er x -r a y diffr a cti o n c o m p ar e t o 

w h e n i nt er c al at e d wit h j ust o n e i o n. D uri n g c o -i nt er c al ati o n, w e t e n d t o s e e a n e x p a nsi o n 

of t h e str u ct ur al l a y er s t o a c c o m m o d ati o n a n ot h er i o n. T h es e c h a n g e s r efl e ct t h e i n cr e a s e 

i n dist a n c e of t h e b as al b et w e e n t h e L D H l a y er s. T h e m or p h ol o g y c a n als o b e pr o v e n 

usi n g a s c a n ni n g el e ctr o n mi cr o s c o p e if b ot h i o n s w er e s u c c es sf ull y c o -i nt er c al at e d i nt o 

t h e L D H l a y er s.2 7, 2 8   

 

1. 3 .6  A ni o n E x c h a n g e P r o c e ss  

Diff er e nt a ni o ns e x c h a n g e d i n L D H s g all eri es. A m o n g t h es e ar e Cl -, Br-, N O3 -, 

C O 3
2 -, S O4 2 -, a n d S e O4 2 -. T h es e a ni o ns c a n b e c o m pl e x a n d h ar d t o e x c h a n g e b et w e e n t h e 

L D H l a y er s. G e n er all y, t h er e ar e t w o diff er e nt t y p es of i o n e x c h a n g e c arri e d o ut. 5  T h e 

fir st is t h e a ni o n e x c h a n g e, a n d t h e s e c o n d is t h e c ati o n e x c h a n g e. 5  G e n er all y, t h e i o n 

e x c h a n g e m et h o d i n a c ati o n s u c h as N a + , K+ , C a + 2,  a n d M g + 2  r e pl a c e d b y H+  i o n, r e d u ci n g 

t h e p H of t h e s ol uti o n. W hil e a ni o ns s u c h as Cl-, F-, Br- a n d  P O 4
3 - ar e r e pl a c e d b y O H - 

i o ns, t h er ef or e i n cr e a si n g t h e p H of t h e s ol uti o n.6  
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 A ni o n e x c h a n g e us e d is c arri e d o ut i n c h e mi c al, p etr o c h e mi c al, p h ar m a c e uti c al 

i n d ustri es, i n cl u di n g o ur h o us e h ol d it e ms. F or e x a m pl e, i o n e x c h a n g e is a n a p pli c ati o n 

us e d i n hi g h dri n ki n g w at er p urifi c ati o n. T h e i o n e x c h a n g e m et h o d c arri e d o ut wit h t w o 

diff er e nt s ol uti o ns, a n d t h e i o n e x c h a n g e t a k es pl a c e w h e n b ot h s ol uti o ns ar e mi x e d. T h e 

i o n e x c h a n g e m et h o d w as a p pli e d w h e n c arr yi n g o ut t h e s y nt h e sis of M g 2 + / Al3 + -L D H  

N O 3 . T h e e x c h a n g e of t w o i o ns r e pl a ci n g L D H N O 3
- wit h d o d e c yl s ulf at e ( D S) m a ki n g 

L D H D S.  

I o n e x c h a n g e c a n i m p a ct t h e str u ct ur e b ot h p o siti v el y a n d n e g ati v el y. T h e s e 

i m p a ct s c a n c o ntri b ut e t o t h e c h a n g e of t h e str u ct ur e of a cr yst alli n e or a m or p h o us 

str u ct ur e. L D Hs st u di es h a v e  s h o w n t h e c orr e ct e d i o ns , a n d ot h er i o ns h a v e  als o 

i nt er c al at e d i nt o t h e L D H l a y er s. T h e a ni o ns i n c or p or at e d i nt t h e g all eri e s i n t w o diff er e nt 

w a ys. 5 0  T h e fir st is t h e i nt er c al ati o n m et h o d , a n d t h e s e c o n d is t h e e xf oli at e d m et h o d 

s h o w n i n F i g ur e 4 . T h e i nt er c al ati o n m et h o d is a pr o c ess w h er e t h e L D Hs ar e arr a n g e d i n 

or d er a n d l a y er s u p t o g et h er. T h e i nt er c al ati o n m et h o d is t h e m o st s u c c essf ul t y p e of 

arr a n g e m e nt c arri e d o ut wit h L D H s i n p ol y m eri z ati o n. T h e pr o d u c e d fr o m t h e L D Hs 

p ol y m eri z ati o n pr o d u c es n a n o c o m p o sit e c o nsisti n g of t h e p ol y m eri c c h ai n. T h e 

i nt er c al ati o n m et h o d oft e n i n cr e a s e d i nt erl a y er s p a ci n g. T h e ot h er t y p e is t h e e xf oli ati o n 

m et h o d , w h er e t h e l a y er s ar e all s c att er e d, a n d n o f or m of arr a n g e m e nt c arri e d o ut. 5 0   
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Fi g ur e 4 . S c h e m ati c re pr es e nt ati o n of t h e d iff er e nt t y p e s of c o m p o sit es. ( a) I nt er c al ati o n 
n a n o c o m p o sit e ( b) E xf oli at e d n a n o c o m p o sit e. 5 0  

 

 

1. 3 .7  P ol y m e ri z ati o n  

 T h e m e c h a nis m f or t h e fr e e r a di c al p ol y m eri z ati o n of ol efi ns s h o w n i n Fi g ur e 5 . 

T h e r e a cti o n b e gi ns wit h p er s ulf at e h e at e d, w hi c h g e n er at es r a di c al S O 4
1 -. T his r e a cti o n 

r ef err e d t o as a fr e e r a di c al c h ai n t h at r e q uir e s a s e p ar at e i niti ati o n st e p g e n er at e d. 

R a di c al i niti ati o n r e a cti o n c o nsist s of t w o g e n er al t y p e s a c c or di n g t o h o w t h e r a di c al 

f or m e d; t h ese ar e t h e h o m ol yti c d e c o m p o siti o n of c o v al e nt b o n ds b y e n er g y a bs or pti o n, 

a n d t h e s e c o n d is t h e el e ctr o n tr a nsf er fr o m o n e at o m -c o nt ai ni n g u n p air e d el e ctr o n. 5 1 O n e 

of t h e c o m p elli n g  m et h o d s of g e n er ati n g fr e e r a di c al s is vis l o w-t e m p er at ur e u n d er mil d 

c o n d iti o n, b ut t h e m o st eff e cti v e m et h o d is r e d o x i niti ati o n. 5 1  T h e c o n diti o n t o c arr y o ut 
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t h e b ul k p ol y m eri z ati o n of t h e m o n o m er of i nt er est is t o h a v e a s m all a m o u nt of 

p er s ulf at e i niti at e d i nt o t h e L D H l a y er s.   T his pr o c ess a c c o u nt s f or cr e ati n g m or e 

e xt e n d e d c h ai n p ol y m er a n d r es ulti n g i n b ul k p ol y m eri z ati o n. A ct u al p ol y m eri z ati o ns 

t h at h a v e pr e vi o usl y c arri e d o ut i n L D H g all eri es is vi n yl al c o h ol.5 2  

 

 

 

Fi g ur e 5. E x a m pl e of ra di c al p ol y m eri z ati o n usi n g p er s ulf at e . 
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1. 3 .8  M ol e c ul a r Im p ri nti n g  

M ol e c ul ar i m pri nti n g t e c h n ol o g y ( MI T) h as b e e n o n e of t h e m o st eff e cti v e a n d 

c o nsist e nt m et h o ds f or dr u g i m pri nti n g vi a p ol y m eri z ati o n. 5 3, 5 4, 5 5  M ol e c ul arl y i m pri nt e d 

p ol y m er s ( MI P s), o bt ai n e d usi n g t h e i m pri nti n g t e c h n ol o g y, ar e m ol e c ul ar r e c o g niti o n  

el e m e nt s t h at c a n  mi mi c n at ur al r e c o g niti o n e ntiti e s s u c h as a nti b o di e s, c at al yst s, s e ns or s, 

a n d bi ol o gi c al r e c e pt or s .5 6, 5 7, 5 8  MI P’s ar e  us ef ul i n s e p ar at i n g a n d a n al y z i n g c o m pl e x  

bi ol o gi c al fl ui ds a n d v ari o us e n vir o n m e nt al s a m pl es. 5 9 -6 3   

M ol e c ul ar i m pri nti n g t e c h n ol o g y h a s l o n g b e e n i ntr o d u c e d i nt o t h e i n d u str y f or 

y e ar s n o w as a si m pl e, c h e a p a n d eff e cti v e w a y t o d esi g n m ol e c ul ar r e c o g niti o n, b ei n g 

a bl e t o mi mi c n at ur al r e c o g niti o n e ntiti es s u c h a s a nti b o di es, dr u gs, a n d bi ol o gi c al 

r e c e pt or.6 4 -6 7  M ol e c ul ar i m pri nti n g ( MI) n ot o nl y mi mi cs dr u gs, b ut it h as als o fr e q u e ntl y 

us e d f or dr u g d eli v er y. M ol e c ul arl y i m pri nti n g st art e d a l o n g ti m e a g o b y P ol y a k o v i n 

1 9 3 1 i n his att e m pt t o u n d er st a n d t h e pri n ci pl es u n d erl yi n g t h e a ds or pti o n pr o p erti es a n d 

str u ct ur e of sil i c a g el i n a r a n g e of a p pli c ati o ns.6 8   

MI t e c h n ol o g y h a s als o s h o w n ot h er pr o misi n g pr o s p e ct i n ot h er ar e as f or t h e 

r e c o g niti o n i n a mi n o a ci d s a n d pr ot ei ns.6 9 -7 5  T h e p ol y m eri z ati o n r e q uir es s e v er al st e ps 

b ef or e b ei n g c arri e d o ut. T h e m o st cr u ci al st e p d uri n g t h e p ol y m eri z ati o n pr o c ess is t h e 

fir st st e p; d uri n g t his st e p, t h e pr o c ess i n v ol v e s br e a ki n g of c ar b o n-c ar b o n d o u bl e b o n d. 

T h e fir st st e p is g e n er ati n g t h e r a di c al , a n d t h e s e c o n d st e p is tr a nsf erri n g r a di c al fr o m t h e 

i niti at or m ol e c ul e t o t h e m o n o m er of i nt er est. Aft er t h e p ol y m eri z ati o n pr o c ess, as 

ill ustr at e d i n t h e s c h e m ati c di a gr a m i n F i g ur e 6 , t h e d esir e d t e m pl at e is r e m o v e d fr o m t h e 

p ol y m er usi n g s ol v e nt e xtr a cti o n. T h e p ol y m er -m atri x wit h o ut t h e t e m pl at e will t h e n 
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h a v e it s s p e cifi c r e c o g niti o n s it e o bt ai ni n g t h e s h a p e, si z e, a n d bi n di n g sit e s t o t h e 

t e m pl at e of i nt er est. T h us, t h e r es ult a nt p ol y m er m atri x r e c o g ni z e s a n d bi n ds s el e cti v el y 

o nl y t o t h e t e m pl at e d m ol e c ul e s. T his pr o c ess is c all e d a “l o c k a n d k e y ” m o d el. S e v er al 

a d v a nt a g es of MI p ol y m er s s h o w n i n r e vi e w s wit h t h e c a p a bilit y of hi g h s el e cti vit y a n d 

affi nit y f or t h e t ar g et m ol e c ul e us e d d uri n g p ol y m eri z ati o n. 7 6 -7 9   

 

 

 
Fi g ur e 6 . P ol y m eri z ati o n p r o c ess.4  
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Aft er t h e p ol y m er s y nt h e sis s u c c e ssf ull y c arri e d o ut, t h e r e m o v al of t h e t e m pl at e  

m ol e c ul e s fr o m t h e p ol y m er vi a w as hi n g wit h s ol v e nt or t h e vi a e xtr a cti o n. 8 0  T his pr o c ess 

l e a v e s bi n di n g sit e s t h at ar e c o m pl e m e nt ar y i n s h a p e t o t h e t e m pl at e us e d s h o w n i n t h e 

lit er at ur e.8 1  T h e r es ult a nt p ol y m er fr o m t h e t e m pl at e m ol e c ul e r e c o g ni z es all t h e bi n di n g 

sit es fr o m t h e t e m pl at e m ol e c ul e s. T h er e ar e t w o t y p e s of m ol e c ul ar i m pri nti n g 

t e c h ni q u e s, w hi c h ar e t h e s elf-ass e m bli n g a n d pr e or g a ni z e d a p pr o a c h. 8 1, 8 2  T h e s elf -

ass e m bli n g a p pr o a c h w as r e p ort e d, a n d it is v er y si mil ar t o t h e bi ol o gi c al r e c o g ni ti o n 

s yst e ms. 8 2  T his a p pr o a c h of i nt er a cti o ns b et w e e n t h e p ol y m er t e m pl at e a n d p ol y m er us es 

h y dr o g e n b o n d s, di p ol e -di p ol e, V a n d er W a als f or c es, n o n -c o v al e nt f or c es, a n d 

f u n cti o n al gr o u ps pr es e nt i n t h e p ol y m er m atri x dri v e t h e m ol e c ul ar r e c o g niti o n 

p h e n o m e n a.  

 

1. 4  E x p e ri m e nt al  

T h e f oll o wi n g c o nstit ut es t h e r ati o n al e f or d e v el o pi n g a n e x p eri m e nt al pr o c e d ur e, 

f o u n d i n t his s e cti o n. 

 

1. 4 . 1 M at e ri als 

T h e m at eri als a n d s o ur c es ar e al u mi n u m nitr at e ( Fis h er S ci e ntifi c C o., 9 9. 2 %), 

m a g n e si u m nitr at e ( Fis h er S ci e ntifi c C o., 9 9. 9 %), s o di u m h y dr o xi d e ( Fis h er S ci e ntifi c 

C o., 9 9. 6 %), b e n z oi c a ci d ( Fis h er S ci e ntifi c C o.,), s o di u m p er s ulf at e ( Al dri c h C h e mi c al 

C o m p a n y, I n c., 9 8 %), s o di u m d o d e c yl s ulf at e ( S D S) ( Si g m a C h e mi c al C o., 9 9 %), 



1 8  
 

 

p ot assi u m di c hr o m at e ( Fis h er S ci e ntifi c C o., 9 9. 6 %), s ulf uri c a ci d ( Fis h er S ci e ntifi c C o., 

9 8 %), pr o p a n -1 -ol ( A cr o ss  Or g a ni c C o., 9 9. 5 %), t ol u e n e, tr a ns, -tr a ns-1, 3 b ut a di e n e -1, 4 -

di c ar b o x yli c a ci d, s o di u m p er s ulf at e, a n d all yl al c o h ol w er e all u s e d as r e c ei v e d.  

 

1. 4 . 2 P r e p a r ati o n of M g3 Al( O H) 8 N O 3 ∙ 2 H2 O  

 M g 3 Al( O H) 8 N O 3 ‧ 2 H2 O ( M g3 / Al-L D H -N O 3 ∙ 2 H2 O) pr e p ar e d b y c o -pr e ci pit ati o n 

r es ulti n g fr o m t h e a d diti o n of a mi x e d m et al a ci d s ol uti o n t o a b asi c s ol uti o n. 

M g( N O 3 )2 ‧ 6 H2 O of 5 g diss ol v e d i n 6 9 m L of distill e d w at er, a n d Al( N O 3 ‧9 H 2 O of 5 g 

w as diss ol v e d i n 2 3 m L of distill e d w at er s e p ar at el y b ef or e b ei n g mi x e d f or t h e 

pr e p ar ati o n of t h e mi x e d m et al a ci d s ol uti o n. T h e mi x e d m et al a ci d s ol uti o n w as 

tr a nsf err e d i nt o a cl e a n 1 5 0 m L s e p ar at or y f u n n el. A s ol uti o n c o nt ai ni n g 7. 0 g of s o di u m 

h y dr o xi d e diss ol v e d i n  1 5 0 m L of distill e d w at er tr a nsf err e d i nt o a s e p ar at or y f u n n el, a n d 

t h e n 6 0 m L of distill e d w at er pl a c e d i nt o t h e t hr e e-n e c k fl a s k a n d t h e s e p ar at or y f u n n els 

w er e att a c h e d. T h e m et al mi xt ur e w as t h e n sl o wl y a d d e d dr o p wis e i nt o a t hr e e -n e c k 

r o u n d fl as k, a n d t h e p H m ai nt ai n e d at 1 0 usi n g t h e s o di u m h y dr o xi d e s ol uti o n. T h e L D H 

s y nt h esis c o m pl et e d w h e n all of t h e mi x e d m et al a ci d s a d d e d t o t h e t hr e e -n e c k r o u n d 

fl as k. T his t o o k a b o ut 2 0 t o 2 5 mi n ut es. T h e r es ulti n g sl urr y w as pl a c e d i n a h ot w at er 

b at h f or 2 4 h o ur s at 7 0 ° C f or t h e f or m ati o n of t h e cr yst als.   

 

3 M g ( N O 3 )2  + Al ( N O 3 )3  + 8 N a O H + 2 H 2 O → M g 3 Al( O H) 8 N O 3 · 2 H2 O + 8 N a N O 3  
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1. 4 . 3 P r e p a r ati o n of M g 3 Al( O H) 8 C 1 2 H 2 5 S O 4 ∙ 2 H2 O  

 M g 3 Al( O H) 8 C 1 2 H 2 5 S O 4 ∙ 2 H2 O ( M g 3 / Al-L D H - C 1 2 H 2 5 S O 4 ∙ 2 H2 O) pr e p ar e d b y 

a ni o n e x c h a n g e r es ulti n g fr o m M g 3 Al( O H) 8 N O 3 ‧ 2 H2 O  a n d s o di u m d o d e c yl s ulf at e ( S D S) 

s ol uti o n. S o di u m d o d e c yl s ulf at e of 3 g w as dis s ol v e d i n 1 0 0 m L of distill e d w at er a n d 

tr a nsf err e d i nt o a r o u n d fl as k. M g 3 Al( O H) 8 N O 3 · 2 H2 O of 5 m L mi x e d wit h 1 0 m L of 

s o di u m d o d e c yl s ulf at e s ol uti o n c arri e d o ut u n d er nitr o g e n w hil e stirri n g. T h e p H v al u e 

of t h e mi x e d  s ol uti o ns w as k e pt at 9 usi n g s o di u m h y dr o xi d e s ol uti o n. T h e mi xt ur e w as 

k e pt at r o o m t e m p er at ur e f or 2 4 h o ur s w hil e stirri n g. T h e pr e ci pit at e fr o m t h e L D Hs w as 

w as h e d wit h distill e d w at er a n d dri e d u n d er nitr o g e n at 7 0 ° C.  

 

M g 3 Al( O H) 8 N O 3 · 2 H2 O + C 1 2 H 2 5 S O 4   → M g 3 Al( O H) 8 C 1 2 H 2 5 S O 4 · 2 H2 O +  N a S O 4  

 

1. 4 . 4 P r e p a r ati o n of M g 3 Al( O H) 8 ( S2 O 8 )1/ 2  

M g 3 Al( O H) 8 ( S2 O 8 )1/ 2  ( M g3 / Al-L D H - S 2 O 8  ∙ 2 H2 O) pr e p ar e d b y a ni o n e x c h a n g e 

r es ulti n g fr o m M g 3 Al( O H) 8 N O 3 ‧ 2 H2 O  a n d s o di u m p er s ulf at e ( N a 2 S 2 O 8 ) s ol uti o n. S o di u m 

p er s ulf at e of 1 2 g w as dis s ol v e d i n 1 0 0 m L of distill e d w at er a n d tr a nsf err e d i nt o a r o u n d 

fl as k. M g 3 Al( O H) 8 N O 3 · 2 H2 O of 1 0 m L mi x e d wit h 1 0 m L of s o di u m p er s ulf at e s ol uti o n 

c arri e d o ut u n d er nitr o g e n w hil e stirri n g. T h e p H v al u e of t h e mi x e d s ol uti o ns k e pt at 9. 

T h e mi xt ur e w as k e pt at r o o m t e m p er at ur e f or 2 4 h o ur s w hil e stirri n g. T h e pr e ci pit at e 

fr o m t h e L D Hs w a s w as h e d wit h distill e d w at er a n d dri e d u n d er nitr o g e n at 7 0 ° C.   
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1. 4 . 5 P r e p a r ati o n of M g 3 Al( O H) 8 ( C1 2 H 2 5 S O 4 )1 -x ( S2 O 8 )x/ 2  

M g 3 Al( O H) 8 ( C1 2 H 2 5 S O 4 )1 -x ( S2 O 8 )x/ 2  ( M g3 / Al-L D H - C 1 2 H 2 5 S O 4 / S2 O 8 ∙ 2 H2 O) pr e p ar e d 

fr o m M g 3 Al( O H) 8 N O 3 ‧ 2 H2 O , so di u m p er s ulf at e ( N a 2 S 2 O 8 )  a n d s o di u m d o d e c yl s ulf at e 

s ol uti o n. M g 3 Al( O H) 8 N O 3 · 2 H2 O of 5 m L, 5 m L of s o di u m p er s ulf at e , a n d 1 0 m L of 

s o di u m d o d e c yl s ulf at e s ol uti o ns w er e all mi x e d a n d c arri e d o ut u n d er nitr o g e n w hil e 

stirri n g. T h e p H v al u e of t h e mi x e d s ol uti o ns w as k e pt at 9 usi n g s o di u m h y dr o xi d e 

s ol uti o n. T h e mi xt ur e w as k e pt at r o o m t e m p er at ur e f or 2 4 h o ur s w hil e stir ri n g. T h e 

pr e ci pit at e fr o m t h e L D Hs w as w as h e d wit h distill e d w at er a n d dri e d u n d er nitr o g e n at 

7 0 ° C.   

 

1. 4 . 6 P ot assi u m D i c h r o m at e R e a g e nt   

T h e o xi di zi n g a g e nt us e d i n t h e al c o h ol  i n v e sti g ati o n c o nt ai n e d p ot assi u m 

di c hr o m at e ( VI) a ci difi e d wit h dil ut e s ulf uri c a ci d. If t h e o xi d ati o n is c o m pl et e, t h e 

di c hr o m at e ( VI) i o ns t ur n gr e e n s ol uti o n c o nt ai ni n g c hr o mi u m (III) i o ns s h o w n i n t h e 

el e ctr o n h alf e q u ati o n b el o w. 8 3  P ot assi u m di c hr o m at e wit h s ulf uri c a ci d mi x e d wit h 

et h a n ol a n d M g 3 Al( O H) 8 C 1 2 H 2 5 S O 4 ∙ 2 H2 O.  

 

Cr 2 O 7
2 - + 1 4 H +  + 6 e -   →   2 Cr 3 +  + 7 H 2 O  
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I n  a  1 0  m L  v ol u m etri c  fl a s k,  5  m L  of  M g3 Al( O H) 8 C 1 2 H 2 5 S O 4 ∙ 2 H2 O,  1  m L  of  

di c hr o m at e, 1 m L of s ulf uri c a ci d, a n d 3 m L of et h a n ol w er e mi x e d a n d stirr e d. T h e mi xt ur e 

pl a c e d i nt o a n oil b at h at 3 0 ° C. A s m all p orti o n of t h e s ol uti o n w as tr a nsf err e d fr o m t h e 

v ol u m etri c fl as k i nt o a c u v ett e a n d a n al y z e d usi n g U V/ Vis s p e ctr o p h ot o m et er.  

 

1. 4 . 7 A m o u nt of A l c o h ol A b s o r b e d b y L D Hs  

 M g 3  Al( O H) 8 C 1 2 H 2 5 S O 4 · 2 H2 O ‧ C H 2 = C H C H 2 O H pr e p ar e d fr o m M g 3  

Al( O H) 8 C 1 2 H 2 5 S O 4 · 2 H2 O a n d all yl al c o h ol. M g 3 Al( O H) 8 C 1 2 H 2 5 S O 4 · 2 H2 O  of 3 m L w a s 

m e a s ur e d o ut a n d tr a nsf err e d i nt o si x diff er e nt 1 0 m L v ol u m etri c fl as k s. E a c h of t h e fi v e 

v ol u m etri c fl as k s c o nt ai n e d a d diti o n al ( 1 m L, 2 m L, 4 m L, a n d 6 m L, r es p e cti v el y) of all yl 

al c o h ol. Distill e d w at er us e d t o c o m pl et e t h e t ot al v ol u m e of t h e 1 0 m L v ol u m etri c fl as k s. 

T h e s ol uti o n w a s c e ntrif u g e d at 2 6 0 0 r p m f o r 1 5 mi n ut es t o s e p ar at e b ot h l a y er s. T h e 

s u p er n at a nt l a y er c o nt ai ni n g 8 m L of M g 3  Al( O H) 8 C 1 2 H 2 5 S O 4 · 2 H2 O ‧ C H 2 = C H C H 2 O H  

tr a nsf err e d i nt o a n ot h er si x 1 0 m L of v ol u m etri c fl as ks. A n a d diti o n al 1 m L of 

di c hr o m at e a n d 1 m L of s ulf uri c a ci d mi x e d a n d a n al y z e d t o  d et er mi n e t h e a m o u nt of 

al c o h ol a bs or b e d i n M g 3  Al( O H) 8 C 1 2 H 2 5 S O 4 · 2 H2 O ‧ C H 2 = C H C H 2 O H. T h e mi xt ur e 

pl a c e d i nt o a n oil b at h at 3 0 ° C. A s m all p orti o n of t h e s ol uti o n w as tr a nsf err e d fr o m t h e 

v ol u m etri c fl as k i nt o a c u v ett e a n d a n al y z e d usi n g U V/ Vis s p e ctr o p h ot o m et er.  

 

1. 4 . 8 C h a r a ct e ri z ati o n  

 P o w d er x -r a y diffr a cti o n d at a w er e r e c or d e d o n a P A N al yti c al diffr a ct o m et er 

usi n g C u K α r a di ati o n ( 1. 5 4 1 8 7 Å) at 4 5 k V a n d 4 0 m A. T h e cr yst alli n e s a m pl e pl a c e d i n 
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t h e c e nt er of t h e i nstr u m e nt b ef or e b ei n g hit b y t h e x-r a y at a n gl e s of 2 ° t o 7 0 °. T h e 

b a s al -s p a ci n g c al c ul at e d usi n g t h e  diffr a cti o n m a xi m a.  P o w d er x -r a y diffr a cti o n s a m pl es 

c o nt ai ni n g L D H s gr o u n d i n a m ort al wit h a pist ol. T h e gr o u n d s a m pl es w er e t h e n pl a c e d 

i n t h e mi d dl e of t h e p o w d er x-r a y diffr a cti o n pl at e an d pl a c e d i nt o t h e i nstr u m e nt.  

 F o uri er tr a nsf or m i nfr ar e d s p e ctr o s c o p y ( 4 0 0 0 –  4 0 0 c m -1 ) usi n g a Ni c ol et 1 7 0 0 

F T -I R s p e ctr o m et er w as us e d t o i d e ntif y t h e f u n cti o n al gr o u ps.  F o uri er tr a nsf or m 

i nfr ar e d s p e ctr o s c o p y s a m pl es pl a c ed  i n a m ort al a n d gr o u n d with a p estl e. L D H s a m pl e s 

gr o u n d wit h p ot assi u m br o mi d e. F o uri er tr a nsf or m i nfr ar e d s p e ctr o s c o p y w as c ali br at e d 

usi n g p ot assi u m br o mi d e b ef or e t h e mi xt ur e of L D Hs a n d p ot assi u m br o mi d e w as pl a c e d 

i nt o t h e s a m pl e h ol d er. T h e s a m pl e h ol d er c o nt ai ni n g t h e s a m pl e pl a c e d i nt o t h e 

i nstr u m e nt. 

T h er m o gr a vi m etri c a n al ysis of s a m pl e s w as c arri e d o ut i n t h e air b et w e e n 0 t o 

6 0 0 ° C. T h e m or p h ol o g y of t h e M g 2 + / Al3 + -L D H s a m pl es w a s st u di e d usi n g a s c a n ni n g 

el e ctr o n mi cr o s c o p e. O pti c al a bs or b a n c e d et er mi n e d b y a U V -Vis s p e ctr o p h ot o m et er 

( C ar y 1 0 0 Bi o). 

 

1. 4 . 9 L D Hs S a m pl e  P r e p a r ati o n  

T h e s a m pl e pr e p ar ati o n v ari e s f or e a c h c h ar a ct eri z ati o n us e d t o a n al y z e d L D Hs. 

P o w d er x -r a y diffr a cti o n s a m pl e c o nt ai ni n g L D H s gr o u n d e d i nsi d e a m ort al wit h a pist ol. 

T h e gr o u n d e d s a m pl e w as  t h e n pl a c e d i n t h e mi d dl e of t h e p o w d er x-r a y diffr a cti o n pl at e 

a n d pl a c e d i nt o t h e i nstr u m e nt. F o uri er tr a nsf or m i nfr ar e d s p e ctr o s c o p y ( F TI R) pr e p ar e d 



2 3  
 

 

i nsi d e a m ort al wit h a pist ol. L D Hs s a m pl e gr o u n d e d wit h p ot assi u m br o mi d e ( K Br). 

F o uri er tr a nsf or m i nf r ar e d s p e ctr o s c o p y w as c ali br at e d usi n g p ot assi u m br o mi d e b ef or e 

t h e mi xt ur e of L D H s a n d p ot assi u m br o mi d e w as pl a c e d i nt o t h e s a m pl e h ol d er. T h e 

s a m pl e h ol d er c o nt ai ni n g t h e s a m pl e pl a c e d i nt o t h e i nstr u m e nt. T h e pr e p ar ati o n t o 

a bs or b e d al c o h ol usi n g a U V -Vis s p e ctr o p h ot o m et er ( C ar y 1 0 0 Bi o) c arri e d o ut i n 1 0 m L 

of v ol u m etri c fl as k. E a c h fl a s k c o nt ai n e d diff er e nt v ol u m es of M g 3  Al( O H) 8 C 1 2 H 2 5 S O 4 · 

2 H 2 O ‧ C H 2 = C H C H 2 O H wit h di c hr o m at e a n d s ulf uri c a ci d.  

 

1. 5 R es ult s a n d Dis c u ssi o n  

It is pr o p o s e d t h at t h e g all eri es of l a y er e d d o u bl e h y dr o xi d es c a n s er v e as 

c o ntr oll e d e n vir o n m e nt s i n w hi c h t o c arr y o ut p ol y m eri z ati o ns of or g a ni c m o n o m er s. 

S u c h a c o ntr oll e d e n vir o n m e nt w o ul d p ot e nti all y b e a bl e t o c o ntr ol t h e m or p h ol o g y of t h e 

r es ulti n g p oly m er, t h e distri b uti o n of m o n o m er s i n c o p ol y m er s, t h e a c c essi bilit y of t h e 

i m pri nt s i n i m pri nt e d p ol y m er s, a n d s e v er al ot h er pr o p erti e s. T h e r a di c al p ol y m eri z ati o n 

of a ni o ni c m o n o m er s i n t h e g all eri e s of l a y er e d d o u bl e h y dr o xi d e s h a s s u c c e ssf ull y 

c arri e d o ut. Of i nt er est i n t his i n v e sti g ati o n is t h e p ol y m eri z ati o n of n e utr al m o n o m er s i n 

t h e g all eri e s of l a y er e d d o u bl e h y dr o xi d e s wit h t h e ulti m at e l o n g-t er m g o al of 

s y nt h esi zi n g i m pri nt e d p ol y m er s t h at c a n bi n d s p e cifi c dr u gs i n a n eff ort t o eli mi n at e t h e 

pr o bl e ms c a us e d b y t h e distri b uti o n of c o u nt erf eit dr u gs.  

 L a y er e d d o u bl e h y dr o xi d es c o nsist of p o siti v el y c h ar g e d m et al -h y dr o xi d e l a y er s 

t h at ar e s e p ar at e d b y g all eri es t h at c a n a bs or b a ni o ns r a n gi n g fr o m at o mi c a ni o ns t o h u g e 
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m ol e c ul e s s u c h as D N A. 6 9  B e c a us e t h es e g all eri e s ar e li n e d wit h a h y dr o x yl gr o u p, t h e 

g all er y e n vir o n m e nt is n e c es s aril y h o m o p hili c. T h e m o n o m er s of i nt er est, b ei n g n o n p ol ar 

or g a ni c m ol e c ul es, h o w e v er, ar e h y dr o p hili c. T his b ei n g t h e c as e, t h e i nt eri or s of t h e 

g all eri es h a v e t o b e m a d e h y dr o p h o bi c i n or d er f or t h e m o n o m er s of i nt er est t o b e 

a bs or b e d i nt o t h e g all eri es.  T o w ar ds t his e n d, it pr o p o s e d t h at t h e i nt eri or of t h e g all eri e s 

b e m a d e h y dr o p h o bi c b y r e pl a ci n g t h e i n or g a ni c a ni o ns i n t h e g all eri es wit h a ni o ns 

h a vi n g l ar g e h y dr o p h o b i c s e g m e nt s. I n a d diti o n, i n or d er t o pr o p erl y i niti at e t h e 

p ol y m eri z ati o ns i n t h e g all eri e s, t h e i niti at or s m ust als o b e i n t h e g all eri es. I n or d er t o 

a c c o m plis h t his, it pr o p o s e d t h at a ni o ni c i niti at or i o ns b e c o-a bs or b e d o nt o t h e w alls of 

t h e g all eri e s. 

 

1. 5 . 1 L a y e r e d D o u bl e H y d r o xi d e: St a rti n g M at e ri als  

T h e l a y er e d d o u bl e h y dr o xi d e, c o nt ai ni n g m a g n esi u m a n d al u mi n u m a s m et als, is 

t h e m o st t h or o u g hl y i n v e sti g at e d l a y er e d d o u bl e h y dr o xi d e.  T h e al u mi n u m-m a g n e si u m 

l a y er e d d o u bl e h y dr o xi d e h a vi n g m a g n e si u m t o al u mi n u m r ati o of t hr e e a n d nitr at e as t h e 

a ni o n i n t h e g all eri e s w as s el e ct e d as t h e st arti n g m at eri al, Al M g 3 ( O H)8 N O 3 ∙ 2 H2 O.  T his 

w as pr e p ar e d b y t h e tr e at m e nt of a s ol uti o n of t h e nitr at e s alt s of al u mi n u m a n d 

m a g n e si u m wit h a s o di u m h y dr o xi d e s ol uti o n w hil e m ai nt ai ni n g t h e p H at or n e ar 1 0.   

 

Al( N O 3 )3 ( a q) + 3 M g( N O3 )2 ( a q) + 8 N a O H( a q) + 2 H2 O →  

Al M g 3 ( O H)8 N O 3 ∙ 2 H2 O ( s) + 8 N a N O 3 ( a q) 
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T h e r es ulti n g pr o d u ct w as w as h e d e xt e nsi v el y a n d us e d as a sl urr y.  

 

1. 5 . 2 M g/ Al -L D H -N O 3  I nf r a r e d A n al ysi s  

T h e pr o d u ct w as o bt ai n e d as a n a q u e o us sl urr y. S a m pl es w er e dri e d u n d er 

nitr o g e n f or c h ar a ct eri z ati o n p ur p o s es.  T h e i nfr ar e d s p e ctr a w er e o bt ai n e d usi n g t h e dri e d 

s a m pl e i n a p ot assi u m br o mi d e dis c.  T h e i nfr ar e d (I R) s p e ctr u m a n d d at a ( Fi g ur e 7  a n d 

T a bl e 1 ) w er e o bt ai n e d t o i d e ntif y e a c h  of t h e f u n cti o n al gr o u ps s h o w n i n F i g ur e 7 . T h e 

I R s p e ctr u m of t his c o m p o u n d h as a  s h ar p, i nt e nse  p e a k at 1 3 8 4 c m -1 , w hi c h h a s b e e n 

assi g n e d t o i nt er c al at e d nitr at e i o ns. T h e br o a d, i nt e ns e p e a k at 3 4 6 5 c m-1  i n di c at es t h e 

pr e s e n c e of t h e h y dr o xi d e l a y er a n d i nt erl a y er w at er m ol e c ul e s.  T h e a bs e n c e of a p e a k or 

s h o ul d er at 1 3 6 8 c m -1  i n di c at es t h e a bs e n c e of a n y c ar b o n at e i n t h e g all eri es . C ar b o n at e 

i o ns ar e a c o m m o n c o nt a mi n a nt, w hi c h mi g ht h a v e f or m e d d uri n g t h e s y nt h e sis.  T h e 

br o a d b a n d of t h e b e n di n g vi br ati o n of t h e i nt erl a y er H 2 O is at 1 6 3 8 c m -1 , as e x p e ct e d. T h e 

b a n d c h ar a ct eristi c of m et al -o x y g e n b o n d str et c hi n g a p p e ar s b el o w 8 2 5 c m -1 . T h e 

br o a d b a n d ar o u n d 5 6 9 c m -1  is c a u s e d b y v ari o us l atti c e vi br ati o ns ass o ci at e d wit h m et al -

h y dr o xi d e  s h e et s. T h us, t h e i nfr ar e d a n al ysis c o nfir ms t h e pr es e n c e of t h e h y dr o x yl, 

nitr at e, a n d i nt er c al at e d w at er f u n cti o n aliti e s.  
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Fi g ur e 7 . F TI R sp e ctr u m of M g/ Al -L D H -N O 3 . 

 
 
T a bl e 1 . I d e ntifi c ati o n a n d A s si g n m e nt of I R B a n d s of  M g 2 + / Al3 + -L D H -N O 3 ∙ 2 H2 O  

Assi g n m e nt s  B a n d P ositi o n/ R a n g e  
( c m-1 ) 

 Lit e r at u r e 1  O b s e r v e d  

O -H ( Al/ M g -L D H)  3 2 0 0 -3 7 0 0 a 3 0 0 0 -3 7 5 0  

H -O -H  1 6 3 7  1 6 3 8  

C -O ( Al/ M g -L D H -C O 3 ) 1 3 6 8 a  a bs e nt  

N -O ( N a N O 3 ) 1 3 8 6 b  1 3 8 4  

O -M -O  4 9 2 -6 0 0  5 0 0 -7 5 0  
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1. 5 .3  M g/ Al -L D H -N O 3  X -R a y Diff r a cti o n A n al y sis  

W h er e a s t h e i nfr ar e d d at a ( T a bl e 2 a n d T a bl e 3 ) s h o w e d t h e pr es e n c e of O H-, 

N O 3 , a n d H 2 O, t h e p o w d er X R D r es ult s pr o vi d e i nf or m ati o n a b o ut t h e s oli d -st at e 

str u ct ur e of t h e L D H ( Fi g ur e 9  a n d Fi g ur e 1 0 ), i n p arti c ul ar t h e b as al s p a ci n g , t h e a n d 

cr yst alli nit y  of t h e cr yst als  as w ell a s t h e pr es e n c e of ot h er p o ssi bl e cr yst alli n e p h as e s . 

T h e b a s al s p a ci n g is t h e dist a n c e fr o m t h e c e nt er of o n e m et al -h y dr o xi d e l a y er a n d t h e 

n e xt. It s er v es as a m e as ur e of t h e h ei g ht a n d v ol u m e of t h e g all eri e s of t h e L D H.  T his 

sp a ci n g is v er y s e nsiti v e t o t h e c h ar a ct eristi c s of t h e i nt erl a y er a ni o ns.   

 

 
Fi g ur e 8 . S c h e m ati c d i a gr a m of M g/ Al -L D H -N O 3 . 
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X -r a y diffr a cto gr a ms d at a o bt ai n e d f or Al / M g-L D -N O 3 , pr e p ar e d b y b ot h t h e 

c o pr e ci pit ati o n a n d t h e i o n e x c h a n g e m et h o ds ( Fi g ur es 9  a n d Fi g ur e 1 0 ). T h e d at a f o u n d 

i n T a bl e s 2 a n d T a bl e 3. Pr es e n c e i n b ot h c as es of str o n g fir st, s e c o n d, a n d t hir d -or d er 

p e a ks t h at aris e fr o m a l a y er e d str u ct ur e ar e str o n g i n di c at or s of pr es e n c e m et al -

h y dr o xi d e l a y er s wit h g all eri e s i n b et w e e n.  F urt h er m or e, t h e r el ati v el y n arr o w f ull -

wi dt hs -at -h alf -m a xi m a ( 1. 1 a n d 1. 3 f or t h e fir st or d er p e a ks o bt ai n e d fr o m s a m pl e s 

pr e p ar e d b y t h e i o n e x c h a n g e a n d c o pr e ci pit ati o n m et h o ds, r es p e cti v el y) s h o w a hi g h 

d e gr e e or d er a m o n g t h e s h e et s.  T h e c o m p ut e d b as al s p a ci n g s ar e 7. 8 5 a n d 7. 9 5 Å  f or 

s a m pl es pr e p ar e d b y t h e i o n e x c h a n g e a n d c o pr e ci pit ati o n m et h o ds, r es p e cti v el y. T h es e  

i nt erl a y er s p a ci n gs ar e v er y si mil ar  t o t ho s e  o bt ai n e d f or 3: 1 ( M g t o Al) Al/M g -L D H -

N O 3  r e p ort e d i n t h e lit er at ur e.6 8   T h e x -r a y diffr a ct o gr a ms of t h e Al / M g-L D H -N O 3  i n 

v ari o us  lit er at ur e r e p ort s s h o w b as al s p a ci n gs of  7. 9 0 Å aft er dr yi n g i n a n o v e n f or t w o 

d a ys at 7 0 ° C. 4  T h es e s p a ci n g s s u g g est t h at  t h e nitr at e i o n is i n a tilt e d ori e nt ati o n i n t h e 

i nt erl a y er r e gi o n wit h it s pl a n e al m o st p er p e n di c ul ar t o t h e h y dr o xi d e s h e et s.4   T h e  hi g h 

cr yst alli nit y of Al/ M g  -L D H -N O 3  is v er y i m p ort a nt f or t h e s y nt h e sis of Al/ M g -L D H s , f or 

w hi c h Al/ M g -L D -N O 3  is a pr e c ur s or.  Dr yi n g u n d er nitr o g e n h as b e e n r e p ort e d t o b e t h e 

m o st eff e cti v e w a y t o a v oi d  g etti n g C O 3
2 - i nt o t h e g all eri es b ef or e c arr yi n g o ut 

s u bs e q u e nt a ni o ni c e x c h a n g e  r e a cti o ns i nsi d e t h e g all eri es. 
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Fi g ur e 9 . X -r a y d iffr a cti o n of M g/ Al -L D H N O 3 vi a t h e io n  e x c h a n g e m et h o d.  
 

T a bl e 2 . M g 2 + / Al3 + -L D H N O 3 B a s al  S p a ci n g R e s ult vi a t h e Io n -e x c h a n g e M et h o d.  

N o . B as al S p a ci n g  
( Å) 

2 θ (° ) I nt e n sit y  

1  7. 9 0  1 1. 2  9 3 2 3. 1  

2  7. 8 3  2 2. 7  3 7 2 7. 5  

3  7. 8 4  3 4. 3  2 6 1 5. 3  
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Fi g ur e 1 0 . X -r a y D iffr a cti o n of M g/ Al -L D H N O 3 vi a c o -pr e ci pit ati o n m et h o d.  

 

T a bl e 3 . M g/ Al -L D H N O 3 B a s al  R es ult vi a t h e C o -pr e ci pit ati o n M et h o d.  

N o . B as al S p a ci n g  
( Å) 

2 θ (° ) I nt e n sit y  

1  8. 1  1 0. 9  2 2 7 1. 6  
2  8. 1  2 1. 9  6 1 3. 0 8  

3  7. 7  3 4. 8  2 1 5. 5 9  
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Fi g ur e 1 1 . S c h e m ati c d i a gr a m of M g/ Al -L D H  -N O 3  wit h c ar b o n at e io n.  
 

1. 5 .4  L a y e r e d D o u bl e H y d r o xi d e s wit h H y d r o p h o bi c G all e ri e s  

 It is pr o p o s e d t h at t o pr e p ar e a l a y er e d d o u bl e h y dr o xi d e wit h h y dr o p h o bi c 

g all eri es, t h e i nt eri or of  t h e Al M g3 ( O H)8 N O 3 ∙ 2 H2 O g all eri e s will b e r e s urf a c e d wit h 

l o n g-c h ai n h y dr o c ar b o ns.  T h e a ni o ns i n t h e g all eri es of L D Hs ki n eti c all y l a bil e a n d c a n 

b e r e pl a c e d b y ot h er a ni o ns b y a n i o n e x c h a n g e pr o c ess.  It  is pr o p o s e d t h at r es urf a ci n g 

t h e g all eri e s of Al M g 3 ( O H)8 N O 3 ∙ 2 H2 O wit h t h e d o d e c yl s ulf at e, w hi c h h as a t w el v e-

c ar b o n c h ai n b o n d e d t o a s ulf at e gr o u p, s h o ul d yi el d h y dr o p h o bi c g all eri es.  

Al M g 3 ( O H)8 N O 3 ∙ 2 H2 O w a s tr e at e d i n a q u e o us s ol uti o n u n d er nitr o g e n wit h s o di u m 
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d o d e c yl s ulf at e ( N a D S) t o yi el d Al M g 3 ( O H)8 ( C H3 ( C H2 )1 1 S O 4 )∙ n H2 O ( M g/ Al -L D H -D S ) 

( Fi g ur e 1 2 ), w hi c h o bt ai n e d as a n a q u e o us sl urr y.   

 

C H 3 ( C H2 )1 1 S O 4 N a  + Al M g 3 ( O H)8 N O 3 ∙ 2 H2 O + ( n -2) H 2 O →  

Al M g 3 ( O H)8 ( C H3 ( C H2 )1 1 S O 4 )∙ n H2 O +  N a N O 3  

 

 
Fi g ur e 1 2 . S c h e m ati c d i a gr a m of t h e s y nt h e sis of Al/ M g -L D H D S 7 0 . 
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1. 5 .5  M g / Al-L D H -D S I nf r a r e d A n al y sis  

S a m pl es w er e dri e d u n d er nitr o g e n i n a h ot w at er b at h f or c h ar a ct eri z ati o n 

p ur p o s es. Usi n g a h ot w at er b at h at 7 0 ° C wit h a c o nst a nt fl o w of nitr o g e n g as gi v e s t h e 

s a m e b a s al s p a ci n g as e x p e ct e d w h e n t h e l a y er e d d o u bl e h y dr o xi d e dri e d i n a n o v e n. 7 1  

Fi g ur e 1 3  a n d T a bl e 4 s h o ws t h e I R s p e ctr u m of Al/ M g-L D H -D S. T h e br o a d a bs or pti o n 

at 3 5 0 0 c m -1  is d u e t o t h e O-H str et c hi n g vi br ati o n s  of t h e h y dr o x yl gr o u p s a n d w at er 

m ol e c ul e s i n t h e i nt erl a y er s p a c e. T h e p e a ks f or t h e C -H str et c hi n g  vi br ati o n s of t h e  

d o d e c yl s ulf at e i n  i nt erl a y er s p a c e o bs er v e d at 2 9 6 0, 2 9 2 1 c m -1 , a n d 2 8 4 9 c m -1 . P e a ks at 

1 2 1 0 c m -1 , 1 0 8 0 c m -1 , a n d 1 0 1 9 c m -1  ar e assi g n e d t o S -O str et c hi n g vi br ati o n i n di c at e t h e 

pr es e n c e of  t h e d o d e c yl s ulf at e.   T h e a bs e n c e of a p e a k at 1 3 7 9 c m -1  c o nfir ms t h e a bs e n c e 

of nitr at e i o ns i n t h e Al/ M g -L D H -D S, w hi c h i n di c ates  t h e c o m pl et e e x c h a n g e of nitr at e 

b y t h e  D S i o n. Als o, t h e a bs e n c e of a p e a k at 1 3 6 8 c m -1  c o nfir ms t h e a bs e n c e of 

c ar b o n at e i o ns  as a c o nt a mi n a nt .  
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Fi g ur e 1 3 . T h e i nfr ar e d sp e ctr u m of Al/ M g -L D H -D S.  
 

T a bl e 4 . I d e ntifi c ati o n a n d A s si g n m e nt of I R B a n d s of  Al/ M g/ Al -L D H -D S.  
Assi g n m e nt s  B a n d P ositi o n/ R a n g e  

( c m-1 ) 
 Lit e r at u r e  O b s e r v e d  

O -H ( Al/ M g -L D H)  3 2 0 0 -3 7 0 0 a 3 0 0 0 -3 7 5 0  

H -O -H  1 6 3 7  1 6 3 8  

C -H  2 9 0 0 -2 8 0 0  2 9 6 0, 2 9 2 1, 2 8 4 9  

C -O ( Al/ M g -L D H -C O 3 ) 1 3 6 8 a  a bs e nt  

S -O ( Al/ M g -L D H -D S 3 ) 1 2 1 0, 1 0 6 2 c 1 2 1 0, 1 0 8 0, 1 0 1 9  

O -M -O  4 9 2 -6 0 0  5 0 0 -7 5 0  
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1. 5 .6  M g / Al-L D H -D S X -r a y Diff r a cti o n A n al ysi s  

T h e i nfr ar e d r es ult s h a v e s h o w n t h at t h e i nt erl a y er nitr at e i o ns h a v e b e e n 

c o m pl et el y r e pl a c e d b y d o d e c yl s ulf at e i o ns.  P o w d er x -r a y diffr a cti o n st u di e s w er e 

c arri e d o ut o n a dri e d s a m pl e of Al/ M g -L D H -D S .  T h e x-r a y diffr a ct o gr a m m a y b e f o u n d 

i n Fi g ur e 1 4  a n d t h e d at a i n T a bl e 5.  T h e fir st, s e c o n d, a n d t hir d -or d er p e a ks, w hi c h yi el d 

a b as al s p a ci n g of 3 7. 5 Å, ar e cl e arl y o bs er v e d.  T h e o bs er v e d  b as al s p a ci n g is c o nsist e nt 

wit h t h e b a s al s p a ci n g r e p ort e d in t h e lit er at ur e. 2 4  T h e l ar g e i n cr e as e i n b a s al s p a ci n g is 

c o nsist e nt wit h t h e r e pl a c e m e nt of t h e c o m p ar ati v el y s m all nitr at e i o n b y o n e h a vi n g a 

t w el v e-c ar b o n c h ai n. 7 1  T h e m et al -h y dr o xi d e l a y er c arri es a n et p o siti v e c h ar g e.  T h us, t h e 

s ulf at e gr o u ps of t h e d o d e c yl s ulf at e i o ns ar e e x p e ct e d t o li n e t h e s urf a c e of t h e m et al -

h y dr o xi d e l a y er, a n d t h e h y dr o c ar b o ns t ail e xt e n d i nt o t h e i nt eri or of t h e g all eri e s, 

m a ki n g t h at p orti o n of t h e g all eri e s h y dr o p h o bi c ( Fi g ur e 1 4 ).  T h e f ull-wi dt h -at -h alf -

m a xi m u m f or t h e fir st -or d er p e a k w as o nl y 0. 4 Å, w hi c h is m u c h s m all er t h a n t hat of  

M g /Al -L D H -N O 3 , fr o m w hi c h it w as pr e p ar e d.  T his s u g g e st s t h at t h er e w as n o l o ss i n 

cr yst alli nit y d uri n g t h e c o n v er si o n fr o m nitr at e t o d o d e c yl s ulf at e.  A n u m b er of f a ct or s 

i m p a ct t h e p e a k wi dt h.  A m o n g t h e m ar e t h e cr yst alli nit y of t h e s u bst a n c e a n d t h e n u m b er 

of m et al -h y dr o xi d e l a y er s i n t h e cr yst al.   T his b ei n g t h e c as e, t h e r e pl a c e m e nt of nitr at e 

b y d o d e c yl s ulf at e a p p e ar s t o h a v e i n cr e as e d t h e cr yst alli nit y of t h e s a m pl e a n d/ or t o  h a v e 

i n cr e a s e d t h e n u m b er of m et al-h y dr o xi d e l a y er s i n t h e cr yst als.  
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Fi g ur e 1 4 . P o w d er x -ra y d iffr a ct o gr a m of Al/ M g -L D H -D S . 

 

T a bl e 5 . X -r a y D iffr a cti o n D at a a n d B as al S p a ci n g s f or M g/ Al -L D H -D S . 

N o . B as al S p a ci n g  
( Å) 

2 θ (° ) I nt e n sit y  

1  3 5 .9  2. 4 6  1 9 9 2 6  
2  2 8. 2  3. 1 3  4 9 4 0. 8  

3  3 7. 9  4. 6 6  1 1 2 9 1  

4  3 8. 6  6. 8 6  9 1 2 7. 2  
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1. 5 .7  Al/ M g -L D H -D S T h e r m o g r a vi m et ri c A n al ysis  

 T h er m o gr a vi m etri c a n al ysis ( T G A) is a t h er m al a n al ysis m et h o d t h at m e as ur es 

t h e c h a n g e i n m a ss of a s a m pl e as it s t e m p er at ur e is i n cr e a s e d.1 9   T h er m al gr a vi m etri c 

a n al ysis i n t h e air w as c arri e d o ut o n s a m pl es of M g/ Al -L D H -D S t h at h a d b e e n dri e d 

u n d er nitr o g e n ( Fi g ur e 1 5 ). Si n c e t h e dr yi n g pr o c e d ur e i n v ol v e d t e m p er at ur e n o gr e at er 

t h a n s e v e nt y d e gr e es, it is e x p e ct e d t h at o nl y s urf a c e w at er w o uld b e r e m o v e d. T h e 

i nt erl a y er w at er m ol e c ul es ar e e x p e ct e d t o r esi d e n e ar t h e s urf a c e of t h e m et al-h y dr o xi d e 

l a y er s, w h er e h y dr o g e n b o n di n g a n d t h e c h ar g e of t h e s ulf at e of t h e d o d e c yl s ulf at e m a k e 

t h e e n vir o n m e nt v er y h y dr o p hili c. T h e t h er m o gr a ms s h o w w h at a p p e ar s t o b e t hr e e 

diff er e nt d e c o m p o siti o n pr o c ess es, w hi c h ar e d es cri b e d i n m or e d et ail i n T a bl e 6.  F or 

h y dr ot al cit e , t h e q u a ntit ati v e l o s s of i nt erl a y er w at er o c c ur s b et w e e n 1 5 0 a n d 2 0 0 °C d  

 

Al M g 3 ( O H)8 ( C1 2 H 2 5 S O 4 )∙ n H2 O   →  Al M g 3 ( O H)8 ( C1 2 H 2 5 S O 4 )  + n H 2 O              
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Fi g ur e 1 5 . T h er m o gr a vi m etri c a n al ysis of M g/ A l-L D H -D S  i n air. 

 

T a bl e 6 . T G A T e m p er at ur e R a n g e s  

N o.  R a n g e  C h a n g e i n M ass  
1  
 

2 5 °C → 2 4 5 °C  1 2 %  

2  2 5 °C → 3 6 3 °C  3 0 %  

3  2 5 °C → 6 0 0 °C  4 4 %  

 

 

 T h e fir st l o s s i n m as s o c c ur s b el o w 2 4 5 °C. T his b ei n g t h e c as e, t h e t h er m o gr a m 

s h o ws t h at t h e i nt erl a y er w at er a c c o u nt s f or 1 2 p er c e nt of t h e m ass of t h e s a m pl e.  B as e d 

o n t his r es ult , t h e pr o p er m ol e c ul ar f or m ul a f or M g/ Al -L D H -D S s h o ul d t a k e t h e f or m 
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Al M g 3 ( O H)8 ( C1 2 H 2 5 S O 4 )∙ 4 H2 O, i n w hi c h t h e i nt erl a y er w at er is 1 2. 6 % of t h e m as s.  It 

s h o ul d b e n ot e d t h at t h e d e cr e as e i n m a ss b el o w 2 4 5 °C o c c ur s i n t w o st a g es, w hi c h 

s u g g est s t h at t h e i nt erl a y er w at er s ar e n ot all e q ui v al e nt.  

F oll o wi n g t h e l o ss of t h e i nt erl a y er w at er ( 2 4 5 °C) , t h er e is a n 1 8 % d e cr e as e i n 

m a ss.  I n h y dr ot al cit e , t his hi g h er t e m p er at ur e pr o c ess is attri b ut e d t o d e h y dr o x yl ati o n 

a n d d e c ar b o n yl ati o n.  I n t h e a bs e n c e of c ar b o n at e i o ns, t h e l o ss of m ass fr o m 2 4 5 °C t o 

3 6 3 °C c a n b e attri b ut e d t o t h e d e c o m p o siti o n of t h e l a y er h y dr o xi d es t o yi el d m et al 

o xi d e s. T his w o ul d a c c o u nt f or 1 4. 4 % of t h e 1 8 % d e cr e as e i n m as s.  

 

Al M g 3 ( O H)8 ( C1 2 H 2 5 S O 4 ) → Al M g3 O 4 ( C1 2 H 2 5 S O 4 ) + 4 H2 O                                  

 

 As t h e t e m p er at ur e is i n cr e as ed,  t h er e is a n a d diti o nal  l o ss of m a ss, w hi c h is li k el y 

d o n e  t o t h e d e c o m p o siti o n of t h e d o d e c yl s ulf at e. 

 

1. 5 .8  M g / Al-L D H -D S  M o r p h ol o g y   

F or t h e pr o p o s e d a p pli c ati o ns, t h e m or p h ol o g y of t h e l a y er e d d o u bl e h y dr o xi d es 

is v er y i m p ort a nt.  I n or d er t o b e us e d as n a n o-r e a ct or s, a w ell-or g a ni z e d str u ct ur e h a vi n g 

u nif or m g all eri e s is r e q uir e d f or d esir e d c o ntr ol o v er t h e r e a cti o ns.  H o w e v er, l a y er e d 

d o u bl e h y dr o xi d e s h a v e b e e n r e p ort e d t h at c o nsist of h e x a g o n al cr yst als o n t h e mi cr o -

s c al e.  S u c h str u ct ur es ar e n ot o pti m al, b e c a us e alt h o u g h t h e y h a v e u nif or m g all eri e s, 
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w o ul d t h e y w o u n d i n hi bit diff usi o n of r e a ct a nt s i nt o t h e g all eri es.  Wit h t his i n  mi n d, t h e 

m or p h ol o g y of t h e M g/ Al -L D H -D S  w as  c h ar a ct eri z e d usi n g s c a n ni n g el e ctr o n 

mi cr o s c o p y ( S E M)  s h o w n i n Fi g ur e 1 6, Fi g ur e 1 7, a n d Fi g ur e 1 8 .   

At l o w er m a g nifi c ati o n ( 1 4, 3 7 8 x), t h e M g/ Al -L D H -D S  s a m pl e a p p e ar s t o b e 

a m or p h o us m as s es wit h v oi ds, t hr o u g h w hi c h r e a ct a nt s c a n diff u s e.  Alt h o u g h at l o w er 

r es ol uti o n ( 1 4, 3 7 8 x) M g/ Al -L D H -D S a p p e ar s t o b e a m or p h o us, at a hi g h er r es ol uti o n 

( 6 6, 8 8 7 x), t h es e a m or p h o us m as s es a p p e ar t o b e c o m p o s e d of r a n d o ml y ori e nt e d f ol d e d 

s h e et s s e p ar at e d b y v oi d s, w hi c h c o ul d fill wit h s ol v e nt, a n d all o w a c c e ss of r e a ct a nt s t o 

t h e l a y er s urf a c e s.  T h e l ar g er of t h es e f ol d e d s h e et s ar e as m u c h as  6 7 5 n m ( 6 7 5 0 Å) 

a cr o ss a n d 2 5 n m ( 2 5 0 Å) t hi c k.  It h as alr e a d y b e e n d et er mi n e d t h at t h e b a s al s p a ci n g f or 

M g/ Al -L D H -D S is 3 7. 5  Å ( T a bl e 4), w hi c h m e a ns t h at t h es e  r a n d o m f o al e d s h e et s 

c o nt ai n a p pr o xi m at el y s e v e n l a y er s, a n d t h us, c o nt ai n a b o ut si x g all eri es p er s h e et. T h e 

b ul k m at eri al, h a vi n g a n o p e n str u ct ur e c o nsisti n g of v oi ds a n d s h e et s of o nl y a b o u t s e v e n 

l a y er s, w o ul d b e e x p e ct e d t o b e f a v or a bl e f or i n c or p or ati n g r e a ct a nt s i nt o it s g all eri e s. 
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Fi g ur e 1 6 . S E M of M g/ Al -L D H -D S  at 3 0, 0 9 9 x . 

 

 
Fi g ur e 1 7 . S E M of M g/ Al -L D H -D S  at 6 6. 8 8 7 x .   
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Fi g ur e 1 8 . S E M of M g/ Al -L D H D S at 1 4, 3 7 8 x . 

 

1. 5 .9  L a y e r e d D o u bl e H y d r o xi d e wit h F r e e R a di al I niti at o rs  

If l a y er e d d o u bl e h y dr o xi d e g all eri es ar e t o s er v e as n a n o -r e a ct or s f or fr e e-r a di c al 

p ol y m eri z ati o ns, a n i niti at or m ust b e i n c or p or at e d i nt o t h e g all eri es at l o w c o n c e ntr ati o ns.  

T h e p er s ulf at e i o n is o n e of t h e  m o st c o m m o n i o n s  us e d t o g e n er at e fr e e r a di c als w h e n 

h e at e d . 7 2  

S 2 O 8
2 - → 2 S O 4

-∙ 

S O 4
-∙ + R H C = C H 2  → ∙ C H R -C H 2 S O 4

- 

 Alt h o u g h i n or d er f or t h e p er s ulf at e i o n t o b e a n eff e cti v e i niti at or, it m ust b e 

pr es e nt i n v er y l o w c o n c e ntr ati o ns, at t his st a g e,  t h e o bj e cti v e w as o nl y  t o d et er mi n e  if 
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p er s ulf at e will i nt er c al at e i nt o t h e g all eri e s of t h e m a g n e si u m -al u mi n u m l a y er e d d o u bl e 

h y dr o xi d es.  B ei n g a ni o ni c, t h e p er s ulf at e i o n c a n b e i n c or p or at e d i nt o t h e g all eri es of 

Al/ M g -L D H -N O 3  vi a t o t h e i o n e x c h a n g e r e a cti o n  2 Al M g 3 ( O H)8 N O 3  + N a 2 S 2 O 8  → 

2 Al M g 3 ( O H)8 ( S2 O 8 )1/ 2  + 2 N a N O 3  t o yi el d Al M g3 ( O H)8 ( S2 O 8 )1/ 2 ∙ H2 O ( Al/ M g -L D H - 

S 2 O 8 )                                                  

 A n a q u e o us sl urr y of Al M g 3 ( O H)8 N O 3  w as tr e at e d wit h e x c e ss s o di u m p er s ulf at e 

at a n el e v at e d t e m p er at ur e. T h e pr o d u ct w as o bt ai n e d as a w hit e sl urr y, w hi c h w as 

t h or o u g hl y w a s h e d t o r e m o v e e x c es s p er s ulf at e. S a m pl es w er e dri e d u n d er nitr o g e n f or 

c h ar a ct eri z ati o n.  

 

1. 5 .1 0  M g / Al-L D H -S 2 O 8  I nf r a r e d A n al y sis  

T h e i nfr ar e d s p e ctr u m of Al/ M g -L D H -S 2 O 8  w as r e c or d e d as a p ot assi u m br o mi d e 

dis k ( Fi g ur e 1 9 ), a n d t h e r es ult s ar e t a b ul at e d i n T a bl e 7 . As e x p e ct e d, t h e i nfr ar e d 

s p e ctr u m c o nt ai ns t h e b a n ds f or t h e O -H str et c hi n g a n d b e n di n g vi br ati o ns a t 3 0 0 0-3 7 5 0  

c m -1  a n d 1 6 3 1 c m -1 , r es p e cti v el y. T h e b a n d s f or t h e v ari o us m et al-o x y g e n vi br ati o ns ar e 

f o u n d i n t h e 5 0 0-7 0 0 c m -1  r e gi o n. T h e as si g n m e nt of t h e b a n ds at 1 1 5 9 c m-1  a n d 1 1 1 6 

c m -1  ar e si mil ar i n s h a p e a n d s e p ar ati o n t o t h o s e f o u n d i n K 2 S 2 O 8  b ut ar e s hift e d t o hi g h er 

e n er g y. U nli k e s oli d K 2 S 2 O 8 , t h e p er s ulf at e i o ns i n t h e g all eri es ar e li k el y t o b e h y dr o g e n-

b o n d e d t o t h e h y dr o x yl h y dr o g e n at o ms of t h e m et al -h y dr o xi d e l a y er. T his is li k el y t o 

r es ult i n a s hift i n t h e vi br ati o n al b a n d s.  A d diti o n all y, t h e b a n d f or s ulf at e i n K2 S O 4  is 

f o u n d at 1 1 1 1 c m-1 . T h er e is, h o w e v er, a str o n g b a n d at 1 3 6 6 c m-1 , w hi c h is c o nsist e nt 
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wit h t h e pr es e n c e of c ar b o n at e i o n.  T his s u g g est s t h at t h er e is c ar b o n at e c o nt a mi n ati o n i n 

t his s a m pl e.  T h e a bs e n c e of a b a n d at 1 3 8 6 c m -1  s h o ws t h at all of t h e nitr at es i n t h e 

st arti n g m at eri al h as b e e n r e pl a c e d.  T h e t hr e e b a n ds, 2 4 3 2 c m -1 , 2 3 8 8 c m-1 , a n d 2 0 9 2 c m -

1 , h a v e n ot b e e n as si g n e d.  

 

 

 
Fi g ur e  1 9 . T h e i nfr ar e d sp e ctr u m of  Al/ M g -L D H -S 2 O 8 . 
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T a bl e 7 .  I d e ntifi c ati o n a n d A ssi g n m e nt of I R B a n ds of  Al/ M g -L D H -S 2 O 8 .   
Assi g n m e nt s  B a n d P ositi o n/ R a n g e  

( c m-1 ) 
 Lit e r at u r e  O b s e r v e d  

O -H ( Al/ M g -L D H)  3 2 0 0 -3 7 0 0 a 3 0 0 0 -3 7 5 0  

H -O -H  1 6 3 7  1 6 3 1  

H -C -C -H   2 4 3 2  

H -C -C -H   2 3 8 8  

H -C -C -H   2 0 9 2  

N -O ( N a N O 3 ) 1 3 8 6 b  a bs e nt  

C -O ( Al/ M g -L D H -C O 3 ) 1 3 6 8 a  1 3 6 6  

S -O ( N a 2 S O 4 ) 1 1 1 1 b  1 1 5 9, 1 1 1 5  

S -O ( K 2 S 2 O 8 ) 1 2 6 7, 1 3 0 4 b  

O -M -O  4 9 2 -6 0 0  5 0 0 -7 5 0  

  

 

1. 5 . 11  Al / M g-L D H -S 2 O 8  X -r a y Diff r a cti o n A n al ysis  

 P o w d er x -r a y diffr a cti o n s c a ns w er e c arri e d o ut o n a dri e d s a m pl e of Al/ M g -

L D H -S 2 O 8 .  T h e hi g h n ois e t o si g n al r ati o a n d t h e i n cr e a s e d b as eli n e i nt e nsit y at s m all er 

a n gl e s s u g g est t h at t his s a m pl e c o nt ai ns c o nsi d er a bl e a m or p h o us m at eri al. T his w o ul d b e 

c o nsist e nt wit h c ar b o n at e c o nt a mi n ati o n. T his n ot wit hst a n di n g, t h e fir st, s e c o n d, a n d 

thir d -or d er r efl e cti o ns ar e a p p ar e nt at 8. 6 5 o , 1 6. 8o,  a n d 2 4. 7 o . T h e p o w d er x -r a y 

diffr a ct o gr a m f or Al/ M g -L D H -S 2 O 8  is dis pl a y e d i n Fi g ur e 2 0 , a n d t h e d eri v ati v e d at a is 

t a b ul at e d i n T a bl e 8.  T h e f ull -wi dt h -at -h alf -m a xi m u m is 1. 8, w hi c h is gr e at er t h a n  t h at 

f or Al/ M g-L D H -N O 3 , w hi c h w as t h e st arti n g m at eri al. T his s u g g est s t h at d uri n g i o n 

e x c h a n g e, t h er e w as a d e cr e as e i n  cr yst alli nit y a n d/ or f e w er l a y er s  p er cr yst al .  T h e fir st, 
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s e c o n d , a n d t hir d -or d er r efl e cti o ns ar e cl e arl y a p p ar e nt , a n d abs e nt ar e p e a ks at 1 1. 2 o , 

2 2. 7 o , a n d 3 4. 3 o , w hi c h i n di c at es t h e a bs e n c e of a n y si g nifi c a nt Al/ M g -L D H -N O 3  p h as e.  

 

 

Fi g ur e 2 0 . X R D of Al/ M g -L D H -S 2 O 8 . 
 

T a bl e 8 . M g / Al-L D H -S 2 O 8 .  

N o . B as al S p a ci n g  
( Å) 

2 θ (° ) I nt e n sit y  

1   1 0. 2  8. 6 5  2 7 3 9. 1  

2  1 0. 5  1 6. 8  1 3 5 6. 6  

3  1 0. 8  2 4. 7  8 6 0. 2 3  
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 T h e o bs er v e d b a s al -s p a ci n g is 1 0. 5 Å, w hi c h is gr e at er  t h a n t h at of Al/ M g-L D H -

N O 3  ( 7. 8 5 a n d 7. 9 8 Å), fr o m w hi c h Al/ M g -L D H -S 2 O 8  w as pr e p ar e d a n d l e ss t h a n t h at of 

Al/ M g -L D H -D S, w hi c h h a s a m u c h l ar g er i nt er c al at e d a ni o n.  B as e d o n t h e str u ct ur es  of 

nitr at e a n d p er s ulf at e i o ns ( Fi g ur e 2 1 ), o n e w o ul d e x p e ct t h e l o n g di m e nsi o n of t h e 

p er s ulf at e t o b e m or e t h a n t wi c e t h at of t h e nitr at e i o n’s l o n g est di m e nsi o n ( Fi g ur e 2 1 ).   

H o w e v er, t h e b as al -s p a ci n g i n M g / Al-L D H -S 2 O 8  is o nl y 3 3 % gr e at er t h a n t h at i n Al/ M g -

L D H -N O 3 , w hi c h s u g g est s t h at t h e p er s ulf at e is ori e nt e d l e n gt h wis e o n t h e s urf a c e of t h e 

m et al -h y dr o xi d e l a y er.  S u c h a n ori e nt ati o n w o ul d all o w f or gr e at er h y dr o g e n b o n di n g 

b et w e e n t h e p er s ulf at e o x y g e ns a n d t h e h y dr o x yl h y dr o g e ns as w ell as str o n g er 

el e ctr o st ati c i nt er a cti o ns.  

 

 
Fi g ur e 2 1 . S c h e m ati c re pr es e nt ati o ns of t h e str u ct ur es of n itr at e a n d p er s ulf at e io ns.  
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1. 5 . 12  H y d r o p h o bi c L a y e r e d D o u bl e H y d r o xi d e s wit h R a di c al I niti at o rs  

T h er e ar e t w o ess e nti al r e q uir e m e nt s f or a l a y er e d d o u bl e h y dr o xi d e n a n o -r e a ct or 

t o b e us e d i n t h e p ol y m eri z ati o n of ol efi ns.  T h es e ar e a h y dr o p h o bi c e n vir o n m e nt a n d t h e 

pr es e n c e of a fr e e r a di c al i niti at or.  I n or d er t o m a k e t h e i nt eri or of t h e g all eri e s 

h y dr o p h o bi c, t h eir s urf a c e s h a v e b e e n li n e d wit h l o n g -c h ai n h y dr o c ar b o ns.  I n or d er t o 

i n c or p or at e a fr e e r a di c al i niti at or i nt o t h e g all eri es, a l a y er e d d o u bl e h y dr o xi d e h a s b e e n 

pr e p ar e d t o c o nt ai n t h e a ni o ni c p er s ulf at e i o n.  A f u n cti o ni n g l a y er e d d o u bl e h y dr o xi d e 

n a n or e a ct or m u st c o nt ai n b ot h t h e a ni o ni c r a di c al i niti at or a n d h a v e a n i nt eri or li n e d wit h 

l o n g-c h ai n h y dr o c ar b o ns. T o w ar ds t his e n d, a m a g n e si u m -al u mi n u m l a y er e d d o u bl e 

h y dr o xi d e w as pr e p ar e d t h at c o nt ai n e d b ot h i nt er c al at e d d o d e c yl s ulf at e a n d p er s ulf at e.  

 

1. 5 . 13  Al/ M g -L D H -D S/ S 2 O 8  I nf r a r e d A n al ysi s  

T h e i nfr ar e d s p e ctr u m of Al/ M g -L D H -S 2 O 8  w as r e c or d e d ( Fi g ur e 2 2 ), a n d t h e 

r es ult s ar e t a b ul at e d i n T a bl e 9. As h a s b e e n t h e c as e f or t h e ot h er L D Hs, t h e i nfr ar e d 

s p e ctr u m c o nt ai ns t h e b a n ds f or t h e O -H str et c hi n g a n d b e n di n g vi br ati o ns at 3 0 0 0 -3 7 5 0 

c m -1  a n d 1 6 3 1 c m -1 , r es p e cti v el y. T h e b a n d s f or t h e v ari o us m et al-o x y g e n vi br ati o ns ar e 

f o u n d i n t h e 5 0 0-7 0 0 c m -1  r e gi o n.  T h e b a n d s at 2 9 5 7 c m-1 , 2 9 1 9 c m-1 , a n d 2 8 5 1 c m -1  

h a v e b e e n as si g n e d t o t h e C -H str et c hi n g vi br ati o ns of t h e d o d e c yl c h ai n.  T h e b a n ds 

1 2 2 2  c m -1 , 1 1 3 2 c m -1 , 1 1 1 5 c m -1 , 1 0 8 2 c m -1  a n d  1 0 1 5  c m -1  ar e i n t h e r e gi o n of t h e S -O 

vi br ati o ns.  B e c a us e b ot h d o d e c yl s ulf at e a n d p er s ulf at e h a v e S -O vi br ati o ns, it is 

diffi c ult t o assi g n t h es e i n di vi d u al vi br ati o ns.  T h es e vi br ati o ns d o c o m p ar e  f a v or a bl y t o 
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t h o s e of i n t h e i nfr ar e d s p e ctr a of M g / Al-L D H - S 2 O 8  a n d M g / Al-L D H -D S  r e c or d e d 

e arli er ( Fi g ur e 2 2  a n d T a bl e 9). T h e a bs e n c e of a b a n d at 1 3 6 8 c m -1  is a str o n g i n di c ati o n 

t h at t his s a m pl e of fr e e of c ar b o n at e c o nt a mi n ati o n. 

 
Fi g ur e 2 2 . F TI R of M g / Al-L D H -D S/ S 2 O 8 . 
 
 
T a bl e 9 . I d e ntifi c ati o n a n d As si g n m e nt of I R B a n d s of  M g / Al-L D H -D S / S2 O 8 . 

Assi g n m e nt s  B a n d P ositi o n/ R a n g e  
( c m-1 ) 

 Lit e r at u r e  O b s e r v e d  

O -H ( Al/ M g -L D H)  3 2 0 0 -3 7 0 0 a 3 0 0 0 -3 7 5 0  

H -O -H  1 6 3 7  1 6 5 9  

C -H  2 9 0 0 -2 8 0 0  2 9 5 6, 2 9 1 9, 2 8 5 0  

C -O ( Al/ M g-L D H -C O 3 ) 1 3 6 8 a  a bs e nt  

S -O ( Al/ M g -L D H - S 2 O 8 ) 1 1 5 9, 1 1 1 5  1 2 2 2, 1 1 3 2, 1 1 1 5,  

1 0 8 2, 1 0 1 5  S -O ( Al/ M g -L D H -D S)  1 2 1 0, 1 0 8 0, 

1 0 1 9  

O -M -O  4 9 2 -6 0 0  5 0 0 -7 5 0  
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1. 5 . 14  M g / Al-L D H -D S/ S 2 O 8  X -R a y Diff r a cti o n A n al ysi s  

 P o w d er x -r a y diffr a cti o n s c a ns w er e c arri e d o ut o n a dri e d s a m pl e of Al/ M g -

L D H -D S/ S 2 O 8 . T h e v er y l o w n ois e t o si g n al r ati o s u g g est s t h at t his s a m pl e is v er y 

cr yst alli n e wit h littl e or n o a m or p h o us p h as e. T h e fir st, s e c o n d, a n d t hir d -or d er 

r efl e cti o ns ar e ap p ar e nt at 2. 4 4 o , 4. 9 2o,  a n d 7. 1 3 o , s h o w n i n Fi g ur e 2 3  a n d T a bl e 1 0.   

W h e n att e m pti n g t o i nt er c al at e t w o diff er e nt a ni o ns i nt o t h e s a m e g all er y of a l a y er e d 

h y dr o xi d e, o n e mi g ht f or m t w o or m or e diff er e nt p h a s es. O n e of t h e p h as es w o ul d 

c o nt ai n e x cl usi v el y o n e a ni o n, t h e ot h er p h as e w o ul d c o nt ai n t h e ot h er i o n e x cl u si v el y , 

a n d t h er e mi g ht b e a n ot h er p h as e c o nt ai ni n g b ot h i o ns. T h e x -r a y diffr a cti o n r es ult s will 

d et er mi n e if t h e c o -i nt er c al ati o n of d o d e c yl s ulf at e a n d p er s ulf at e h as b e e n s u c c es sf ul. 

 

 
Fi g ur e 2 3.  X R D of M g / Al-L D H -D S/ S 2 O 8 . 
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 T h e fir st or d er r efl e cti o ns f or M g / Al-L D H -D S a n d M g / Al-L D H -S 2 O 8  ar e at 3. 1 3 o  

a n d 8. 6 5 o , r es p e cti v el y. T h e a bs e n c e of t h es e r efl e cti o n s h o ws t h at n eit h er of t h es e p h a s es 

is pr es e nt. 

 

T a bl e 1 0 . L D H D S P er s ulf at e  B as al S p a ci n g .   
N o . B as al S p a ci n g  

( Å) 
2 θ  
 (° ) 

I nt e n sit y  

1  3 6. 2  2. 4 4  1 0 2 6 2 8  

2  3 5. 9  4. 9 2  8 8 0 2. 5 1  

3  3 7. 2  7. 1 3  8 4 8 6. 8 8  

 

 T h e b a s al s p a ci n g f or Al/ M g -L D H -S 2 O 8  is 1 0. 5 Å, a n d t h at f or Al/ M g -L D H -D S  is 

3 7. 5 0. 5 Å. T h e o bs er v e d b as al -s p a ci n g f or Al/ M g -L D H -D S/ S 2 O 8  is 3 6. 4 Å.  It w o ul d, 

t h us, a p p e ar t h at t h e p er s ulf at e i n i nt er c al at e d i nt o t h e g all eri e s al o n g wit h d o d e c yl s ulf at e 

i o ns. As o n e mi g ht e x p e ct, t h e b as al s p a ci n g f or Al/ M g -L D H -D S/ S 2 O 8  is b et w e e n t h at of 

Al/ M g -L D H -D S  a n d Al/ M g -L D H -S 2 O 8 .  

 

1. 5 . 15  M g / Al-L D H -D S/ S 2 O 8  T h e r m o g r a vi m et ri c A n al ysis  

T h e pr es e n c e of i nfr ar e d b a n ds f or b ot h d o d e c yl s ulf at e a n d f or p er s ulf at e i n t h e 

s p e ctr u m of Al/ M g -L D H -D S/ S 2 O 8  a n d a b as al s p a ci n g b et w e e n t h at of Al/ M g -L D H -D S 

a n d Al/ M g -L D H -S 2 O 8  s u p p ort s t h e c o -i nt er c al ati o n of d o d e c yl s ulf at e a n d p er s ulf at e.  

T h e s a m pl e c o nt ai n e d 1 4 % i nt er c al at e d w at er , w hi c h w as l o st b et w e e n 2 5 o  t o 2 4 4o . T h e 
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t h er m o gr a vi m etri c s c a n is v er y si mil ar t o t h at of M g / Al-L D H -D S. I n t h e a bs e n c e of a 

q u a ntit ati v e d et er mi n ati o n of t h e e xt e nt t o w hi c h d o d e c yl s ulf at e w as dis pl a c e d b y 

p er s ulf at e, it is diffi c ult t o pr o vi d e a m or e d et ail e d  a n al ysis s h o w n i n Fi g ur e  2 4  a n d T a bl e  

1 1.  

 
Fi g ur e 2 4.  T h er m o gr a vi m etri c a n al ysis of Al/ M g -L D H -D S / S2 O 8  i n a ir. 
 
 
T a bl e 1 1 . T G A T e m p er at ur e R a n g e s    

N o.  R a n g e  C h a n g e i n M ass  

1  2 5 ° C → 2 4 4 ° C  1 4 %  

2  2 5 ° C → 3 9 7 ° C  3 3 %  

3  2 5 ° C → 6 0 0 ° C  4 3 %  
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1. 5 . 16  M g /Al -L D H -D S/ S 2 O 8  M o r p h ol o g i es 

T h e m or p h ol o g y of t h e M g/ Al -L D H -D S c h ar a ct eri z e d usi n g s c a n ni n g el e ctr o n 

mi cr o s c o p y ( S E M). Alt h o u g h at l o w er r es ol uti o n ( 1 4, 3 7 8 x) , M g/ Al -L D H -D S/ S 2 O 8 , li k e 

it s pr e c ur s or, a p p e ar s t o b e a m or p h o us at a hi g h er r es ol uti o n ( 7 5, 0 5 1 x), t h es e a m or p h o us 

m a ss e s a p p e ar t o b e c o m p o s e d of r a n d o ml y ori e nt e d f ol d e d s h e et s s e p ar at e d b y v oi ds, 

w hi c h m a y fill wit h s ol v e nt. T h e f ol d e d s h e et s a p p e ar t o h a v e t h e s a m e di m e n si o ns as 

t h o s e of t h e st arti n g m at eri al ( 6 7 5 0 Å a cr o ss a n d 2 5 0 Å t hi c k. It h as b e e n d et er mi n e d t h at 

t h e b as al s p a ci n g f or M g/ Al -L D H -D S/ S 2 O 8  is 3 7.5 Å ( T a bl e 1 0), w hi c h m e a ns t h at t h es e 

s h e et s c o nt ai n a p pr o xi m at el y s e v e n l a y er s, a n d t h u s, c o nt ai n a b o ut si x g all eri e s p er s h e et.   

 

 

Fi g ur e 2 5 . L D H D S P er s ulf at e usi n g S E M at 7 5, 0 6 1 x.  
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Fi g ur e 2 6 . L D H D S P er s ulf at e usi n g S E M at 2 8, 1 3 8 x.  

 

 

 
Fi g ur e 2 7 a . L D H D S P er s ulf at e usi n g S E M at 2 2, 4 9 2 x  
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Fi g ur e 2 7 b.  L D H D S P er s ulf at e usi n g S E M at 2 2, 4 9 2 x  
 
 

 
Fi g ur e 2 8 . S c h e m ati c d i a gr a m of M g Al-L D H D S p er s ulf at e . 
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1. 6 C o n cl u si o n  

T h e n e e d t o i d e ntif y c o u nt erf eit dr u gs eff e cti v el y a n d i n e x p e nsi v el y h as a hi g h er 

d e m a n d n o w t h a n e v er b ef or e, es p e ci all y t o d a y i n t h e 2 1 st c e nt ur y, w h er e t h e us e of 

t e c h n ol o g y h as a d v a n c e d o ur k no wl e d g e a n d e x p a n d e d o ur i d e a s.  A c c or di n g t o t h e W orl d 

H e alt h Or g a ni z ati o n ( W H O), “ al m o st h alf of t h e c o u nt erf eit dr u gs a n d l o w -q u alit y dr u gs 

r e p ort e d b et w e e n 2 0 1 3 a n d 2 0 1 7, w er e f o u n d t o b e i n s u b-S a h ar a n Afri c a ”. 1  T h e 

c o u nt erf eit dr u g m ar k et is w e alt h y g e n er ati n g, a n n u all y a b o ut $ 2 0 0 billi o n w orl d wi d e 

a c c or di n g t o W orl d H e alt h Or g a ni z ati o n. 1  O n e of t h e si g nifi c a nt r e p ort e d r e as o ns w h y t h e 

g e n er al p u bli c b u ys t h e s e dr u gs d u e t o t h e hi g h  pri c e f or t h e br a n d n a m e dr u g s t h at 

p e o pl e c o ul d n ot aff or d, a n d t h e y i nst e a d s ettl e f or t h e o n es s ol d o n t h e str e et.   

T h e g o al t o d e v el o p a n effi ci e nt a n d i n e x p e nsi v e m e a ns t o i d e ntif y m ol e c ul es 

usi n g i m pri nt e d p ol y m er s.  T h er e is a n e e d f or a n i n e x p e nsi v e m e a ns of i d e ntif yi n g a n d 

s ep ar ati n g a s p e cifi c m ol e c ul e i n t h e pr es e n c e of a l ar g e n u m b er of ot h er m ol e c ul e s . 

Pr e p ar ati o n of d esi g n er p ol y m er s a n d c arr yi n g  o ut p ol y m eri z ati o ns i n w ell -c o ntr oll e d 

e n vir o n m e nt s. T h e r ati o n al e f or t his pr oj e ct is t h at i m pr o v e d p ol y m er s pr e p ar e d b y 

c arr y i n g o ut t h e p ol y m eri z ati o ns i n t h e c ust o mi z e d e n vir o n m e nt s of n a n o s c al e mi ni 

r e a ct or s.  T h e pr o p o s e d mi ni r e a ct or s ar e t h e g all eri e s of m o difi e d l a y er e d d o u bl e 

h y dr o xi d es.  T h e p ol y m er m atri x will h a v e bi n di n g sit es t h at h a v e t h e s h a p e a n d si z e t h at 

will bi n d t h e t e m pl at e us e d d uri n g t h e p ol y m eri z ati o n. T h e r es ulti n g p ol y m er m atri x will 

t h e n r e c o g ni z e a n d bi n d t o t h e t ar g et m ol e c ul e. A n a d diti o n al r e q uir e m e nt is t h at, if 

a n ot h er -m ol e c ul e  pl a c e d i nt o t h e p ol y m er m atri x, it will n ot fit i nt o or bi n d t o t h e 
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p o l y m er m atri x. W e w er e s u c c e ssf ull y a bl e t o c arr y o ut M g/ Al -L D H -N O 3 , Al/ M g -L D H -

D S , Al/ M g -L D H -S 2 O 8 , a n d Al/ M g -L D H -D S/ S 2 O 8  i n a w ell d efi n e t h e e n vir o n m e nt as 

ill ustr at e d i n t his diss ert ati o n. T his n e w t e c h ni q u e h o p es t o i m pr o v e t h e s y nt h esis a n d 

eff e cti v e n es s of m ol e c ul ar i m pri nti n g i n i d e ntif yi n g s p e cifi c m ol e c ul es. 
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C H A P T E R 2  

Q U A N T U M E F FI CI E N C Y O F C s S b P H O T O C A T H O D E  

2 . 1 I nt r o d u cti o n of P h ot o c at h o d e  

At t h e e arl y y e ar s b y G orli c h ( 1 9 3 6) w h o dis c o v er e d t h at c esi u m a nti m o ni d e 

h ol ds a hi g h q u a nt u m effi ci e n c y i n t h e visi bl e r e gi o n ( 5 3 0 n m), t h e c o m p o u n d s of 

a nti m o n y wit h t h e al k ali m et als h a v e b e e n t h e s u bj e ct of si g nifi c a nt r es e ar c h e v er si n c e .8 4 -

8 6  S o m m er ( 1 9 5 8) h as e m er g e d t his t o pi c t o t h e n e xt l e v el i n di c ati n g t h at t h es e 

a nti m o ni d es h a v e r el ati v el y l o w q u a nt u m effi ci e n ci e s p o ss ess a h e x a g o n al cr yst al 

str u ct ur e. W h er e a s t h o s e a nti m o ni d e s s u c h as Cs 3 S b, N a 2 K S b, a n d ( Cs) N a 2 L S b, h a v e 

q u a nt u m ef fi ci e n ci e s gr e at er t h a n 1 0 % p o ss ess a c u bi c cr yst al str u ct ur e.8 6  

M a n y t y p e s of p h ot o e mis si v e  m at eri als h a v e b e e n us e d as p h ot o c at h o d es t o 

g e n er at e fr e e el e ctr o ns i n pr a cti c al a p pli c ati o ns. F or e x a m pl e, r o b ust m et al p h ot o c at h o d es 

us e d i n a c c el er at or -b as e d li g ht s o ur c es, a n d l o w w or k f u n cti o n c o m p o u n d p h ot o c at h o d es 

us e d i n p h ot o m ulti pli er t u b es. 8 4 -8 9  P h ot o c at h o d es f or el e ctr o n a c c el er at or a p pli c ati o ns 

s u c h as e n er g y r e c o v er y li n a c s ( E R L) a n d fr e e -el e ctr o n l a s er s ( F E L) o p er at e wit h c esi u m 

tr a ns v er s e e n er g y.8 9  H o w e v er, el e ctr o n p h ot o -e x cit e d fr o m t h e c at h o d e m ust b e 

a c c el er at e d t o r el ati visti c v el o cit i e s i n t h e s m all e st p o ssi bl e dist a n c e t o a v oi d t h e 

d el et eri o us eff e ct s of s p a c e c h ar g e. 9 0  A m o n g v ari o us p h ot o c at h o d e m at eri als , al k ali 

a nti m o ni d e s u c h as K 3 S b, Cs 3 S b, K 2 Cs S b, a n d N a 2 K S b h a v e gr e at pr o mis e i n t h e
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a p pli c ati o n of f ut ur e li g ht s o ur c es b e c a us e of t h eir hi g h Q E , f ast r es p o ns e a n d l o w 

t h er m al e mitt a n c e.9 1 -9 5  

M ulti -al k ali M ulti -al k ali a nti m o ni d e p h ot o c at h o d es w hi c h ar e k n o w n t o b e 

e x c ell e nt c a n di d at es f or hi g h -q u alit y el e ctr o n s o ur c es b e c a us e of t h eir q u a nt u m effi ci e n c y 

i n t h e visi bl e li g ht r a n g e. L o w e mitt a n c e fr o m t h es e p h ot o c at h o d es s urf a c e is v er y us ef ul 

f or a lif eti m e, a n d f a st r es p o ns e.9 6  I n g e n er al, a n a nti m o n y l a y er is d e p o sit e d o nt o t h e 

s u bstr at e as t h e fir st st e p, f oll o w e d b y p ot assi u m a n d t h e n c esi u m d e p o siti o n wit h a n 

a m o u nt of m at eri al d e p o sit e d c o ntr oll e d b y m a xi mi zi n g t h e c urr e nt fr o m t h e 

p h ot o c at h o d e i n e a c h A k ali d e p o siti o n st e p .9 6  

T h e dri v e of t his i n v e sti g ati o n w as t o e x pl or e t h e gr o wt h a n d s p e ctr al r es p o ns e of 

Cs S b p h ot o c at h o d e o n Si, Al 2 O 3 , Ti O2 , a n d Si C s u bstr at e al o n g wit h t h eir c orr es p o n di n g 

q u a nt u m effi ci e n c y. T h e t hi c k n es s w as m e as ur e d usi n g a q u art z cr yst al mi cr o b al a n c e  

( Q C B). T his st u d y will gi v e us a b ett er u n d er st a n di n g of Cs S b a n d p o ssi bl e f ut ur e 

s u bstr at es us e d t o gr o w t h e Cs S b p h ot o c at h o d e.  

 

2. 2 M at e ri als a n d M et h o d  

2. 2 . 1 T e c h ni q u e u s e d i n G r o wi n g P h ot o c at h o d e 

 T a bl e 1 2  s h o ws t h e ultr a -hi g h v a c u u m s c h e m ati c pr o c e d ur e  f or gr o wi n g Cs S b o n 

m ulti pl e s u bstr at es . T h e d e p o siti o n r at e i n r es p e ct t o pr ess ur e, t e m p er at ur e ( Cs a n d S b), 

a n d fl u x v ar y f or e a c h m e a s ur e m e nt, a n d t h e m e as ur e m e nt w as m e as ur e d usi n g q u art z 

mi cr o -b al a n c e ( Q M B).  T h e d e p o siti o n gr o wt h f or Cs S b p h ot o c at h o d e o n Si, Al 2 O 3 , Ti O2 , 

a n d Si C s u bstr at es ill ustr at e d i n T a bl e 1 2 . T h e s u bstr at e w a s a n n e al e d b et w e e n 5 h o ur s t o 
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6 h o ur s wit h a h e at er c urr e nt of 1 0 A. T h e s u bstr at e w as h e at e d at hi g h t e m p er at ur e t o 

r e m o v e t h e h y dr o g e n p assi v ati o n fr o m t h e Si s urf a c e  a n d t o cl e a n a n y i m p urit y fr o m 

Al 2 O 3 , Ti O2 , a n d Si C.9 7  T h e t hi c k n es s f or e a c h d e p o siti o n v ari es, a n d e a c h m e as ur e m e nt 

o bt ai n e d fr o m t h e Q M B. T h e st a bilit y of t h e Cs d e p o siti o n d et er mi n e d t h e d e p o siti o n of 

S b d uri n g t h e gr o wt h.   

 

 T a bl e 1 2 . T h e Gr o w t h rat e s of Si, Al 2 O 3 , Ti O2 , a n d Si C. 
S u bstr at e  Sili c o n ( Si)  Si C  Al 2 O 3  Ti O 2  

Pr ess ur e 
( b as e) 

1. 1 e -9 T orr  1. 8 e -9 T orr  2. 1 e -9 T orr  2. 4 6 e -9 T orr  

T( Cs)  6 5. 8 C  8 0. 2 C  8 1. 3 C  8 2. 8 C  

T( S b)  4 5 0 C  4 6 0 C  4 6 5 C  4 6 3 C  

Fl u x ( Cs)  3. 5 e 1 2 at o ms/ c
m 2 / s 

7. 5 e 1 2 at o ms/ c m 2

/ s 
1. 1 e 1 3 at o ms/ c m 2

/ s 
9 e 1 2 at o ms/ c m 2

/ s 

Fl u x ( S b)  4 e 1 2 at o ms/ c m 2 /
s 

3. 3 e 1 2 at o ms/ c m 2

/ s 
4. 9 e 1 2 at o ms/ c m 2

/ s 
3 e 1 2 at o ms/ c m 2

/ s 

T hi c k n es s  7 n m  1 0 n m  1 6 n m  5. 5 n m  

Q E  1. 6 %  6. 2 %  2. 8 %  3. 3 %  

 
 

2. 2 . 2 S a m pl e G r o wt h ( Cs S b o n Si, Al 2 O 3 , Ti O2 , a n d Si C) 

T h e t hi n fil m gr o wt h p erf or m e d  i n a n ultr a-hi g h v a c u u m ( U H V) e q ui p p e d wit h 

t ur b o p u m ps t o e ns ur e a b as e pr ess ur e i n t h e l o w 1 x 1 0-1 0  T orr. E a c h s u bstr at e fir st 

d e gr e as e d i n a c et o n e a n d is o pr o p a n ol al c o h ol f or 3 0 mi ns a n d t h e n et c h e d i n dil ut e d 

a q u e o us h y dr ofl u ori c a ci d ( H F) s ol uti o n t o r e m o v e t h e n ati v e o xi d e l a y er. Aft er H F 

tr e at m e nt, t h e s u bstr at e w as ri ns e d wit h d ei o ni z e d w at er, dri e d u n d er t h e str e a m of hi g h 

p urit y nitr o g e n. B ef or e t h e gr o wt h, t h e s u bstr at e w as h e at e d at 5 0 0 ° C u n d er hi g h v a c u u m 
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f or f urt h er s urf a c e cl e a ni n g tr e at m e nt. Th e Cs S b p h ot o c at h o d e fil m w as pr o d u c e d b y 

alt er n at el y i ntr o d u ci n g Cs a n d S b v a p or o n Si, Al 2 O 3 , Ti O2,  a n d Si C s u bstr at e. Cs a n d S b 

g e n er at e d b y t h er m al e v a p or ati o n. D uri n g t h e p h ot o c at h o d e gr o wt h, t h e v a p or d e p o siti o n 

t hi c k n e ss a n d t h e p h ot o c at h o d e r es p o ns e m o nit or e d wit h q u art z cr yst al mi cr o b al a n c e 

( Q C M). Fir st, Cs w as e v a p or at e d o nt o Si a n d t h e n e x p o s e d t o Cs u ntil t h e p h ot o c urr e nt 

r e a c h e d a pl at e a u b ef or e t h e e v a p or ati o n of S b. T his pr o c ess r e p e at e d f or Al2 O 3 , Ti O2,  

a n d Si C s u bstr at e i n t his w or k.  

 

 
Fi g ur e 2 9.  S c h e m ati c of Si, Al 2 O 3 , Ti O 2 , a n d Si C  g r o wt h. 

 
 
2. 2. 3  V a c u u m S uit c as e (f o r S T M m e as u r e m e nt s)  
 

O n e of t h e m et h o ds us e d t o tr a ns p ort t h es e p h ot o c at h o d es is s uit c as e s, w hi c h 

a v oi d t h e e x p o s ur e of air. T h e v a c u u m suit c as e s h o w e d i n Fi g ur e 3 0  c o nsist s of a 

m a g n eti c tr a nsl at or ar m c o n n e ct e d t o a s m all v a c u u m a n d a s m all i o n p u m p. A n all -m et al 

g at e v al v e us e d t o is ol at e t h e s uit c as e c o nt ai ni n g c at h o d e d uri n g t h e tr a nsf er fr o m t h e 

d e p o siti o n c h a m b er w h er e t h e p h ot o c at h o d e gr o wt h t o o k pl a c e t o t h e l o a d l o c k c h a m b er 
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of t h e p h ot oi nj e ct or g u n.  T h e p h ot o c at h o d e tr a nsf err e d i nt o t his s uit c as e c a n  t h e n b e 

c h ar a ct eri z e d usi n g t h e s c a n ni n g t u n n eli n g mi cr o s c o p e ( S T M).  

 

 
Fi g ur e 3 0.  V a c u u m suit c a s e.  
 

 

2. 3 R es ult s a n d Dis c u ssi o n  

2. 3. 1 Cs S b o n Si, Al 2 O 3 , Ti O2 , a n d Si C G r a p h s  

T h e l a s er s o ur c es us e d f or m e as uri n g t h e Q E v al u e of t h e c at h o d e gr o w n ar e a 

s m all s oli d -st at e l as er e mitti n g 0. 7 m W at 5 3 2.9 7  T h e li g ht p o w er is m e a s ur e d usi n g a 

p o w er  m et er ( N e w p ort m o d el 8 4 2 -P E) c o u pl e d wit h a U V e n h a n c e d Sili c o n 

p h ot o d et e ct or ( N e w p ort m o d el 9 1 8 D -U V -O D 3). 9 7 D uri n g t h e t hi n fil m d e p o siti o n, 

p h ot or es p o ns e r e c or d e d t o m o nit or t h e fil m gr o wt h a n d t h e c o m pl eti o n of t h e fil m 

d e p o siti o n. A c o nti n u e i n ci d e nt l a s er of 5 3 2 n m w a v el e n gt h g e n er at es a l as er s p ot o n t h e 
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s urf a c e of t h e p h ot o c at h o d e o bt ai n e d i n Fi g ur e 3 1, Fi g ur e 3 2, a n d Fi g ur e 3 3. T h e Q E 

c al c ul at e d wit h e q u ati o n 1:  

 

                                               Q E = h cI p h                                                                           (1 ) 
                                                          e λ P 0    

 

 

 

 

 

 

T a bl e 1 3 : Q E V al u e s C al c ul at e d aft er G r o wt h. 
S u bstr at e  Sili c o n ( Si)  Si C  Al 2 O 3  Ti O 2  

Q E  0 %  9. 7 %  2. 8 %  5. 5 %  
 
 
 
 

 
Fi g ur e 3 1 . Gr a p h of Si C p l ott e d aft er g r o wt h. 
 
 
 

1. 0 0 E- 0 6

1. 0 0 E- 0 5

1. 0 0 E- 0 4

1. 0 0 E- 0 3

1. 0 0 E- 0 2

1. 0 0 E- 0 1

1. 0 0 E + 0 0

3. 9 0 E + 0 2 4. 9 0 E + 0 2 5. 9 0 E + 0 2 6. 9 0 E + 0 2 7. 9 0 E + 0 2 8. 9 0 E + 0 2 9. 9 0 E + 0 2

QE

W a v el e n gt h ( n m)

Q E ( Si C Aft er gr o wt h)
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Fi g ur e 3 2. Gr a p h of Al 2 O 3  p l ott e d aft er g r o wt h. 
 
 
 
 

 
Fi g ur e 3 3. Gr a p h of Ti O 2 p l ott e d aft er g r o wt h. 

 

1. 0 0 E- 0 4

1. 0 0 E- 0 3

1. 0 0 E- 0 2

1. 0 0 E- 0 1

1. 0 0 E + 0 0

3. 2 2 E + 0 2 4. 2 2 E + 0 2 5. 2 2 E + 0 2 6. 2 2 E + 0 2 7. 2 2 E + 0 2 8. 2 2 E + 0 2 9. 2 2 E + 0 2

QE

W a v el e n gt h ( n m)

Q E ( Al 2 O 3 Aft er gr o wt h)

1. 0 0 E- 0 5

1. 0 0 E- 0 4

1. 0 0 E- 0 3

1. 0 0 E- 0 2

1. 0 0 E- 0 1

1. 0 0 E + 0 0

3. 0 0 E + 0 2 4. 0 0 E + 0 2 5. 0 0 E + 0 2 6. 0 0 E + 0 2 7. 0 0 E + 0 2 8. 0 0 E + 0 2 9. 0 0 E + 0 2

QE

W a v el e n gt h ( n m)

Q E ( Ti O 2 Aft er gr o wt h)
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T h e s p e ctr al r es p o ns e of a t y pi c al C s S b p h ot o c at h o d e gr o w n o n Si, Si C, Al 2 O 3 , 

a n d Ti O 2  as d es cri b e d i n t h e pr e vi o u s s e cti o n s h o w n i n T a bl e 1 . T he  gr a p h r e p ort s t h e Q E 

v al u e m e as ur e d at 5 3 2 n m usi n g a l as er li g ht s o ur c e. T h e pl ot a b o v e d e m o nstr at es t h e 

Q u a n t u m effi ci e n c y v er s u s p h ot o n w a v el e n gt h m e as ur e d i n t h e 7 0 0 -4 0 0 n m  r a n g e. T h e 

Q E v al u e m e a s ur e o n Si, Si C, Al 2 O 3 , a n d Ti O2  at t h e l as er w a v el e n gt h ar e 0 %, 9. 7 %, 

2. 8 %, a n d 5. 5 %.  As s h o w n, Cs S b p h ot o c at h o d e gr o w n o n Si C r e p ort s t h e hi g h est Q E 

v al u e, a n d t his  w as a r es ult of c ar b o n. D uri n g t h e gr o wt h, c ar b o n e x p o s e d t o t h e c h a m b er, 

w hi c h l e a ds t o a m u c h pr o misi n g r es ult, dis c o v er e d t h at c ar b o n is ess e nti al f or t h e u pt a k e 

of h a vi n g hi g h er Q E v al u e.  

 

2. 4 C o n cl u si o n  

 M ulti -al k ali a nti m o ni d e p h ot o c at h o d es w hi c h ar e k n o w n t o b e e x c ell e nt 

c a n di d at es f or hi g h -q u alit y el e ctr o n s o ur c es b e c a us e of t h eir q u a nt u m effi ci e n c y i n t h e 

visi bl e li g ht r a n g e. L o w e mitt a n c e fr o m t h es e p h ot o c at h o d es s urf a c e is v er y u s ef ul f or a 

lif eti m e, a n d f ast r es p o ns e.9 6  I n g e n er al, a n a nti m o ny l a y er is d e p o sit e d o nt o t h e s u bstr at e 

as t h e fir st st e p, f oll o w e d b y p ot assi u m a n d t h e n c e si u m d e p o siti o n wit h a n a m o u nt of 

m at eri al d e p o sit e d c o ntr oll e d b y m a xi mi zi n g t h e c urr e nt fr o m t h e p h ot o c at h o d e i n e a c h 

A k ali d e p o siti o n st e p. 9 6 -9 8  

 T h e dri v e of t h is i n v e sti g ati o n w as t o e x pl or e t h e gr o wt h a n d s p e ctr al r es p o ns e of 

Cs S b p h ot o c at h o d e o n Si, Al 2 O 3 , Ti O2 , a n d Si C s u bstr at e al o n g wit h t h eir c orr es p o n di n g 

q u a nt u m effi ci e n c y. T h e t hi c k n es s w as m e as ur e d usi n g a q u art z cr yst al mi cr o b al a n c e 

( Q C B). D uri n g t h e gr o wt h, c ar b o n e x p o s e d t o t h e c h a m b er, w hi c h l e a ds t o a m u c h 

pr o misi n g r es ult, dis c o v er e d t h at Si C is a b ett er s u bstr at e f or gr o wt h. T h e r e as o n c a n b e 
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t h at Si C f or ms a b ett er i nt erf a c e wit h C s3 S b, pr o b a bl y b e c a us e it d o es n ot c o nt ai n 

o x y g e n. Wit h a n ast o ni s hi n g r es ult, t h e pr o mis e of gr o wi n g Cs S b o n a s u bstr at e 

c o nt ai ni n g c ar b o n will e x p a n d a n d u nl o c k t h e n e w p h a s e of t h e p h ot o c at h o d e. T h e 

c o n cl u si o n fr o m t his i n v esti g ati o n st at e t h at e x p o s ur e t o c ar b o n w as t h e k e y t o o bt ai ni n g 

a hi g h er Q E v al u e.   
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