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Introduction générale 
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Figure 1: Représentation schématique d'une phase de type HDL4 
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Figure 2: Forme hexagonale des plaquettes de Ni2+-Fe3+-HDL (image MET).76 
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Figure 3: Illustration schématique du mécanisme de formation des microsphères d’HDL.35 
�
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Figure 4: Illustration schématique de la transformation du DS intercalé dans l’HDL avec (a) feuillet 
plié et (b) feuillet plane. Lors de cette transformation, la morphologie de l’HDL est conservée.84 
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Figure 5: Illustration schématique du mécanisme de formation des nano-structures 3D du NiAl-
HDL.86 (A) Attraction électrostatique entre les ions métalliques et les groupes carboxyliques de 

l'alginate. (B) L'alginate aide à la nucléation des cristaux d’HDL. (C) Formation de nano-feuillets 
primaires d’HDL. (D) Formation de différentes morphologies 3D par auto-assemblage d'un grand 

nombre de nano-feuilles d’HDL primaires à différentes concentrations d'ions métalliques. 
�
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Figure 6: (a) et (b) photo MEB du matériau nanocomposite HDL-PS.12 
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Figure 7: Clichés MEB (A) d’un cristal de PS obtenu par centrifugation et (B) d’une opale inverse de 
MgAl88 
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Figure 8: Schéma représentatif des différentes étapes de la technique « double microémulsion » 
utilisée pour synthétiser des nanoparticules d’HDL.93 
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Figure 9: Représentation schématique96 de la formation de nanoplaquettes d’HDL dans une 
microémulsion inverse: (a) trois microémulsions avec des ω = [H2O]/ [TA] différents de, (b) mélange 

de sels métalliques et d'urée à l'intérieur d'une micelle, (c) début d’hydrolyse de l'urée, (d) 
cristallisation de la phase HDL et (e) l’HDL final dans un réservoir d’eau. 
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Figure 10: Segment de la structure d’hydrotalcite : a) empilement hexagonale des atomes dans le 
feuillet brucitique, b) empilement des feuillets avec un interfeuillet de type P, (c) empilement des 

feuillets avec un interfeuillet de type O.100  
�
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 Figure 11: Schéma des éléments de symétrie présents dans un seul feuillet.101 
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Figure 12: Diagrammes RX correspondant aux différents polytypes : a) 1H, b) 2H1, c) 3R1 et d) 3R2.101  
0	���#��#''	��G���$��"��?�?"	��@�	�������!�"#���#����$�	���2#��

���!=!(!� �4,-2-; 
C
(
.4*.< 1


0	��"��?�?"	��:��� ��$��	��"	$)	���A��	��%�	�$��"#�� ��	'"��	'	����	� <	$���	���15�	��

51� 	�� $�����#��� �	�� )	��	$��� ��	'"��	'	��� 8*,� *,� B9,� 8�V�,� �V�,� B9� 	�� 8�V�,� �V�,� B9� �$� $�	�

��'%��#������	��	$-2����1����,��	�)	��	$��8*,�*,�B9��!�6�	�$�	�'#���	��	-#���#�	�15S51�	��

�	��	�)�����	'	����"���'#��&$	���#�����	�"#�	����	��#'	��#��	�W��	�"��?�?"	�	������!��@���

0�#""���#����� �$� )	��	$�� ��	'"��	'	��� 8�V�,� �V�,� B9� �!�6�	� $�	�'#���	�1521.� #)	��

�	�����	�����	��#'	��#��	���	��!�'!���	����#!���&$	��W��	�"��?�?"	�	������!��@���



�

MM�
�

4�<��,��	�)	��	$��8�V�,��V�,�B9��!�6�	�!�#�	'	���$��"��?�?"	��	��!&$	��	�152.5215�

#$�������!��@��	��!�#����'6�	��$�"�!�!�	����

���!=!=!� �4,-2-; 
C
=
.4*.< 1


0	���'%�	��	���'%��#�������$�"����%����!����	'"��	'	����	����$��	��#$�'	��	�#)	��

�	���'%�	��	���$��	���

�#��� �	� �#�� �	�� "��?�?"	�� �� ��$��	�,� ��� 	-���	� �� 	'"��	'	���� "����%�	�� ����� �� �	�

�?'!���	��	-#���#�	�	�����	��?'!���	����'%�!���&$	��

0�#""���#������$�)	��	$��8�V�,��V�,�B9�#$-���������$��	���$��	���)	��15S5.S.1S15�

����$���:�$�	�'#���	��	��?'!���	����'%�!���&$	�#)	���	��	�)�����	'	����"���'#��&$	���#���

��	�"#�	����	��#'	��#��	�W��	�"��?�?"	�	������!������

�	� �#�'A'	� <#h��,� ��#""���#����� �$� )	��	$�� 8�V�,� �V�,� B9� �!�6�	� #$���� $�	�'#���	� �	�

�?'!���	� ���'%�!���&$	� '#��� #)	�� �	�� 	�)�����	'	���� ���#!���&$	�� "�$�� ��	�"#�	�

���	��#'	��#��	�W� �#� �!&$	��	���	'"��	'	��� 	���152.125.215�	�� �	�"��?�?"	�����	�"���#���

	������!������

 �$�� ��$�	�� �	�� �!&$	��	�,� �	�� ��#��#''	�� �G� ����	�"���#��� ���� !�!� ��'$�!��

���#''	���	��$�����#����	�"����#''	��7��#G��*��0	��"��?�?"	���@�����$��	���:��#��?'!���	�

�	�0#$	�OV'''�#�����&$	��	��"��?�?"	���@�	�����"���6�	����#��?'!���	� �8�#%�	#$��9��

�

Tableau 1: Vecteurs d’empilement qui conservent la symétrie à 3 couches du synthon [MX2], les 
symétries de Laue correspondantes du cristal et la symétrie locale du site interlamellaire.101 
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Figure 13: Diffractogramme RX de l’Hydrotalcite. Polytype 3R, symétrie rhomboédrique , a = 
0,306 nm, c = 2,34 nm. 
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Figure 14: Arrangement des molécules d'eau et (a) des anions carbonate occupant des sites 
interlamellaires de type P, (b) des anions sulfate occupant des sites interlamellaires de type P et c) des 
anions sulfate occupant des sites interlamellaires de type O. Les groupements OH sont les hydroxyles 

du feuillet brucitique; les O sont les atomes d'oxygène des anions interlamellaire. Les lignes en 
pointillé représentent les liaisons hydrogène dans l’espace interlamellaire. 103 
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Figure 15: Représentation schématique d’un polytype 3R1 dont la séquence est interrompue par 
l’incorporation aléatoire du défaut 2H1 (seuls les feuillets hydroxydes sont représentés).110 
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Figure 16: Morphologies de matrices inorganiques synthétisées en utilisant différentes molécules 
organiques et différentes conditions de synthèse: (A) et (B) Solution de nitrate de Zinc en présence 

respectivement de 30 mM [Zn], 30 ml HMTA, 7,5 mM Trp-Gly et 15 mM [Zn], 15ml HMTA,1,88 mM 
Gly-Glu,136 (C) et (D) Phosphate de calcium modulé par des poly-amino acides avec respectivement 
80% et 100% de degré d’hydroxylation,137 (E) Co(OH)2 en présence de Lysine,138 (F) Cu(OH)2 en 

présence de Glycine,139 (G) β-Ni(OH)2 en présence de Glycine,140 (H) β-Ni(OH)2 en présence 
d’EDA.141 
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Figure 17: Spectre UV-visible avant (vert) et après (bleu) l’ajout du NaOH concentré (exemple donné 
dans le cas de l’utilisation de glycine dans un rapport Q = 8)  
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Figure 18 : Diffractogrammes RX des phases obtenues par coprécipitation directe avant et après 
traitement hydrothermal et par la méthode urée en conditions hydrothermales 
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Tableau 3 : Paramètres de maille 
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Figure 19 : Spectres Infra-Rouge des échantillons : NiAl-Cop-1M-25°C, NiAl-Cop-1M-120°C-24h et 
NiAl-Urée-0,5M-190°C-48h. 
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Figure 20 : Images MEB/MET des échantillons : (A) NiAl-Cop-1M-25°C, (B) NiAl-Cop-1M-120°C-
24h, (C) NiAl-Urée-0,5M-190°C-48h 
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Figure 21: Diffractogrammes RX des phases NiAl-HDL : a) NiAl-Q0-0,04M-120°C-24h, b) NiAl-Q0-
0,08M-120°C-24h et c) NiAl-Q0-0,2M-120°C-24h, d) NiAl-Q0-0,4M-120°C-24h 
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Figure 22: Spectres Infra-rouge de: a) NiAl-Q0-0,04M-120°C-24h, b) NiAl-Q0-0,08M-120°C-24h, c) 
NiAl-Q0-0,2M-120°C-24h, d) NiAl-Q0-0,4M-120°C-24h. 
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Figure 23: Images MEB du : (A) NiAl-Q0-0,04M-120°C-24h et (B) NiAl-Q0-0,4M-120°C-24h 
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Figure 24: Diffractogrammes RX de la phase NiAl-Q0-0,2M-120°C-24h pour des volumes différents 
de soude (5M) : a) 2 ml, b) 4 ml, c) 6 ml, d) 8 ml, e) 10 ml. 
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Figure 25: Spectre Infra-Rouge de la phase NiAl-Q0-0,2M-120°C-24h pour des volumes différents de 
soude (5M) : a) 2 ml, b) 4 ml, c) 6 ml, d) 8 ml, e) 10 ml. 
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Tableau 6 : Conditions de synthèse : variation du taux de glycine à 120°C pendant 24h 
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Figure 26: Diffractogrammes RX des phases NiAl- préparées avec une concentration en sels de 0,2M, 
un traitement hydrothermale à 120°C pendant 24h et en variant le taux de glycine (Q = 0-10) 
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Tableau 7 : Paramètres de maille des composés synthétisés 
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Figure 27: Représentation du(A) paramètre c = f(Q), (B) paramètre a = f(Q) 
�

4��	<<	�,��	�"#�#'6��	�������	�"����:��#�����#��	����	�2�#�������#����	�<	$���	��	���!"	���

������$��#?����	���#������'!�#���&$	���'"��&$!���1$����	��#������#)	���	���#?��������&$	���	�

���P�	��1��P� �	�"	���)	'	����	�*�O��	��*�NM�^,�$�	���'��$������$�"#�#'6��	�������	�"����:�

$�	���'��$������$��#""������V1���5	��#""����#�!�!�&$#���<�!�"#��#�#�?�	�'��������	�"�$���	��

�	$-� !��#��������� ��1�2�(2*,�32��*�52�M�� 	�� ��1�2�'2*,�32��*�52�M�� 	�� #� ����!�

�	�"	���)	'	����	��)#�	$����	��,���	���,ON�	��%���	�#������#)	����!)��$������$�"#�#'6��	�����

7�� 	��� ���!�	��#��� �	� ��$����	�� &$	� �	� �#""���� 	-"!��'	��#�� "�$�� �	�� "�#�	�� @�0�

�%�	�$	�� "#�� �	��	� '!����	� 	��� #��	B� !�����!� �$� �#""���� $�����!� �#��� �	�� ���$������ �	� �	���

'!�#���&$	���	��!"#����1��#���<<!�	��	��	��"�#�	���	��!<!�	��	���%�	�$	��"#����"�!��"��#�����

�$�"#���#�'!����	�$�!	,�#)	���	��	�'!����	�	��"�!�	��	��	���?���	,��#�"�!��"��#������	��	�<#���

"#���	�'#��6�	���K����'!���&$	�����#""������V1��"�$��!�	)!�&$	��	�$��#��	��$���!���&$	'	���

	��� :� �	��	�� #$-� ����������� <���	'	��� %#��&$	�� $�����!	�� ����� �	� �#� ��	�'��?�	,� &$�� ����� 	��

<#)	$�� �	� �#� ���$%����!� �	� ��#�$'���$'� ��$�� <��'	� ��#�$'��#�	� 1�8�@9M2� 	�� "#�� ����!&$	���

��$�	�"�!��"��#���������'"�6�	��	�������1��P�"�!�	��������#�	'	���	�����$������

�

���!=!5!(!� �; .2"41.4;/ 
�0>"�#�4*6 
����


0	�� "�#�	�� @�0� �%�	�$	�� "#�� �	��	� '!����	� ���� !�#�	'	��� !�!� �#�#��!���!	�� "#��

�"	�������"�	� 7�� #<��� 	�� "#����$��	�� ��#�&$!���� �	�� ��<��'#������ �$�� �	�� 	�"6�	��



�

Q��
�

���	��#'	��#��	���0#����$�	��Q��!)6�	��	��)�%�#�������$��!�	#$�@�0�#����%$!	��#$-���#������32

��:�%#��	�<�!&$	��	�	���	�Q�*��'2��	��NM*��'2���

�

Figure 28 : Spectres Infra-Rouge des phases HDL (NiAl-0.2M-120°C-24h) préparées avec différents 
taux de glycine 
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Figure 29: Cliché MEB (colonne A) et MET (colonne B) des échantillons : (a) NiAl-Q0, (b) NiAl-Q2, 
(a) NiAl-Q6, (a) NiAl-Q8-(0,2M-120°C-24h). 
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Tableau 8: Conditions de synthèse : variation de la concentration en sels métalliques 
T���P�P�1��PU�
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Figure 30: Diffractogrammes RX des phases préparées en variant la concentration en sels métalliques 
à taux de glycine constant : (A) Q = 4, (B) Q = 10 
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Tableau 9: Paramètres de maille des composés synthétisés 
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 Figure 31: Spectres Infra-Rouge des phases préparées en variant la concentration en sels 
métalliques à taux de glycine constant : (A) Q = 4, (B) Q = 10 

�



�

QO�
�

�?��!'#��&$	'	��,� ��#$�'	��#����� �	� �#� ����	���#����� �	�� �	��� '!�#���&$	�,� ���$��� $�	�

#$�'	��#������	������	����!��	�#��)	��	��#�%#��	�:�������'2���#�#��!�����&$	��	��������$�<#�	,�

&$��	���:� �	��	��:� �#�"�!�	��	�	����G���$�	�"�#�	���1�2@�0����	��#�!	�"#�� �	�� ������$�<#�	�

"�$��[�S��*��7���	'%�	������&$	�"�$��$���	��#����	$����	�����	���#�����	���	���'!�#���&$	���#�

&$#����!� ������� �#�%��#�	� 	�� ���$����� �	� ����� "�$�� �$<<��#��	,� ���$��#��� #����� �#� <��'#�����

���>����	��	�"�#�	��@�0��$�<#�	�� #�#��6�	'	��,���#$�'	��#������	��#�&$#����!��	���?���	��#���

�	� '���	$� �!#������	�� <#)����	� !�#�	'	��� �#� "�!�	��	� �	�� ����� �$�<#�	� �#��� �	�� "�#�	��

"�!��"��!	���

�

���!=!=!� �0>,* 0. 
7*
2�*8
7 
6,-./0 
 2
7 
,�
.40. 02"�2/40
 0
1 ,1


�+2�,,/3* 1!


1"�6��#)����!�$��!�����<�$	��	��$��#$-��	���?���	���$�	�"#���	���	�$���	��#�����	���#�����	��

�	��� '!�#���&$	�� ��#$��	� "#��,� ��$�� #)���� �#��� �	� "#�#��#"�	� !)#�$!� ����<�$	��	� �	�� �	$-�

"#�#'6��	�� 	�� "#�#��6�	� 	�� ��'"#�#��� �	�� !��#��������� �%�	�$�� 	�� #$�'	��#��� �	� �#""����[�

��$��	����'��$#����#�����	���#�����	���	���'!�#���&$	����0	��#%�	#$��*��!�$'	��	�������������

	-"!��'	��#�	���	��!��#����������"�!"#�!����

�

Tableau 10 : Conditions de synthèse des échantillons : variation de Q et de [Ni2+ +Al3+] à 120°C, 24h 
T���P�P�1��PU�
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Figure 32: Diffractogrammes RX des phases préparées en variant la concentration en sels métalliques 
et le taux de glycine (à 120°C pendant 24h). 
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Figure 33: Spectres Infra-Rouge des phases préparées en variant la concentration en sels métalliques 
et le taux de glycine (à 120°C pendant 24h). 
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Figure 34: Cliché MEB des phases HDL obtenues en faisant varier deux paramètres de synthèse : la 
concentration en sels métalliques et le taux de glycine (à 120°C pendant 24h). 
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Figure 35: Diffractogrammes RX des phases obtenues pour NiAl-Q8-0,2M-T°C-24h ; pour des valeurs 
de T°C de (a) 80°C, (b) 100°C, (c) 150°C, (d) 180°C et (e) 200°C. 
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Tableau 11: Composition chimique, taille du domaine de cohérence et distance interlamellaire des 
phases, NiAl-Q8-0,2M-T°C-24h 
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Figure 36: Variation de la taille du domaine cohérent selon [110] et [00l] vis-à-vis la température 
de synthèse pour des échantillons NiAl-Q8-0,2M-T°C-24h 
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Figure 37: Images MEB de NiAl-Q8-0,2M-T°C-24h à différentes températures: (a) 80 °C, (b) 100°C, 
(c) 150°C et (d) 180°C. 
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Figure 38: Diffractogrammes X des échantillons préparés à 120°C après un temps de réaction de (a) 
1h, (b) 2h, (c) 3h, (d) 5h, (e) 12h, (f) 14 jours.  
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Tableau 12: Composition chimique des phases, taille du domaine de cohérence et distance 
interlamellaire pour des échantillons NiAl-Q8-0,2M-120°C-Durée 
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Figure 39: Variation de la taille moyenne du domaine cohérent selon les deux directions [110] et 
[00l] vis-à-vis la durée de la réaction 
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Figure 40: Variation du paramètre de maille a en fonction de la fraction molaire en aluminium. 
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Figure 41: Images MEB de la famille NiAl-Q8-0,2M-120°C-Durée : (a) et (b) 1h, (c) 3h, (d) 5h, (e) 
12h, (f) 14 jours 
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Figure 42: Diffractogrammes RX des échantillons NiAl-Q40-0,04M-120°C-Durée obtenus après (a) 
1h, (b) 3h, (c) 5h, (d) 15h, (e) 24h 
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Tableau 13 : Paramètres de maille des composés NiAl-Q2-0,2M-120°C-Durée  
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Figure 43: Diffractogrammes RX des échantillons NiAl-Q40-0,04M-120°C-Durée  obtenus après (a) 
3h, (b) 5h, (c) 15h, (d) 24h 
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Tableau 14: Paramètres de maille et domaine de cohérence des composés NiAl-Q40-0,04M-120°C- 
Durée synthétisés 
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Figure 44 : Diffractogrammes RX de : a) NiAl-Q8-0,2M-120°C-24h-(Glycine), b) NiAl-Q8-0,2M-
120°C-24h-(Sérine), c) NiAl-Q8-0,2M-120°C-24h-(Lysine), d) NiAl-Q12-0,2M-120°C-24h-(Ac 

Glutamique) et e) NiAl-Q8-0,2M-120°C-24h-(Tyrosine). 
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Figure 45 : Spectres Infra-rouge de : a) NiAl-Q8-0,2M-120°C-24h-(Glycine), b) NiAl-Q8-0,2M-
120°C-24h-(Sérine), c) NiAl-Q8-0,2M-120°C-24h-(Lysine), d) NiAl-Q12-0,2M-120°C-24h-(Ac 

Glutamique) et e) NiAl-Q8-0,2M-120°C-24h-(Tyrosine). 
�

���!&!5!=!� ���


0	��'��"������	�� �%�	�)!	�� "#��34.� �	�� ��<<!�	��	�� "�#�	�� ����� "�!�	��!	�� �$�� �#�

���$�	�MO��0	���'#�	��34.�'����	���&$	��	��'��"������	���!"	��	����	��#��#�$�	��	���#���	�

#'��!� $�����!�� �	�� �#�����$��$�	�� �����'	������	��	�� ����� �%�	�)!	�� �#��� �	� �#�� �	��



�

�*M�
�

!��#���������"�!"#�!��	��"�!�	��	��	��#���?���	,� �#��!���	�	�� �#��?���	�8���$�	�MO212.259��0	�

��#'6��	� '�?	�� �	�� "#����$�	�� 	��� �	� ������	� �	� �*� m'� 8��?���	9,� �� m'� 8�!���	9� 	�� M� m'�

8�?���	9�� � ��#$��	� "#��,� �	�� '��"������	�� "�#&$	��#��	�� ����� �%�	�)!	�� �#��� �	� �#�� �	� �#�

�?���6�	�	��"�!�	��	��	���#���	���$�#'�&$	�	���	��#��?�����	�8���$�	�MO2�24V�9�#)	��$�	�<���	�

#����'!�#������	��"�#&$	��	���#��� �	��#���	� ��#���	���$�#'�&$	��1�����&$	��#��� �	��#���	� �#�

�?�����	,�������	� �#� <��'#������	�"	���	��"�#&$	��	���	-#���#�	�� ����)��$	��	�,� &$��'	�$�	���

	���	��**�:��M*��'��	���#'6��	�8���$�	�MO2424�9��

�

Figure 46 : Images MEB et MET de : (A) NiAl-Q8-0,2M-120°C-24h-(Glycine), (B) NiAl-Q8-0,2M-
120°C-24h-(Sérine), (C) NiAl-Q8-0,2M-120°C-24h-(Lysine), (D) NiAl-Q12-0,2M-120°C-24h-(Ac 

Glutamique) et (E) et (E’) NiAl-Q8-0,2M-120°C-24h-(Tyrosine). 
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Figure 47: Diffractogrammes RX de la phase NiAl-Q8-0,2M-120°C-24h-(Lysine) : (a) à pH = 11,5, 
(b) à pH = 12,5, (c) à pH = 13,5 avant traitement hydrothermal, (d) à pH = 13,5 après traitement 

hydrothermal, (e) phase NiAl-Q12-0,2M-120°C-24h-(Lysine) à pH = 13,5. 
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Tableau 16: Paramètres de maille et composition chimique des différents échantillons 
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Figure 48: Spectres Infra-rouges : de l’échantillon NiAl-Q8-0,2M-120°C-24h-(Lysine) : (a) à pH = 
11,5, (b) à pH = 12,5, (c) à pH = 13,5 avant traitement hydrothermal, (d) à pH = 13,5 après 

traitement hydrothermal, (e) la phase NiAl-Q12-0,2M-120°C-24h-(Lysine) à pH = 13,5. 
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 Figure 49: Images MEB de la phase NiAl-Q8-0,2M-120°C-24h-(Lysine) : (A) et (A’) à pH = 12,5 (B) 
et (B’) à pH = 13,5. 
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Figure 50: Images MET de la phase NiAl-Q8-0,2M-120°C-24h-(Lysine) : (A) à pH = 12,5 (B) à pH = 
13,5 et la phase NiAl-Q12-0,2M-120°C-24h-(Lysine) : (C) et (C’) à pH =13,5. 
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Figure 51: Diffractogrammes R X de NiAl-Q8-0,2M-(Tyrosine) : (a) à pH = 12,5 (VNaOH = 10 ml) à 
120°C-24h, (b) à pH = 13,5 (VNaOH = 12,5 ml) avant traitement hydrothermal, (c) à pH = 13,5 (VNaOH 
= 12,5 ml) à 120°C-24h, (d) à pH = 14 (VNaOH = 17 ml) avant traitement hydrothermal, (e) à pH = 14 

(VNaOH = 17 ml) à 120°C-24h, (f) NiAl-Q12-0,2M-(Tyrosine) à pH = 14 (VNaOH = 17 ml). 
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Figure 52: Modèle schématique du processus d’intercalation de la tyrosinate dans les HDL.11, 144, 157 
��� ����� ������$	� :� #$�'	��	�� �	� "@� �$� '���	$� "#�� ��#>�$�� ��$�� 	-�6�� �	� �#�@,�

��#�#�?�	� 	�� ��G� �$� "�!��"��!� #"�6�� �!��#�	� ����&$	� �#� <��'#����� ��$�	� "�#�	� @�0�

<#�%�	'	��� �����#����!	� 8���$�	� N�2�9� ��'��#��	� :� �	��	� �%�	�)!	� �$�� �#� ���$�	� N�2%�� 0	�

��<<�#�����#''	�G��	��	��	�"�#�	�#"�6���#��!#���#������$���#��	'	����?�����	�'#��8���$�	�N�2

	9�	����#�#��!�����&$	���$�	�"�#�	�@�0�"$�	����	��#�!	�"#���	��#�������#�%��#�	�$��&$	'	����

5	�&$��'����	�&$	���#$�'	��#������$�"@�<#)����	��#�<��'#�������$�	�"�#�	��#�%��#�	����

4��#$�'	��#����	��#$-��	��?�����	�8[�S���9�	��	����#)#���#����#���$��'���	$��$��#�$�!�

	���#�@�8/�#�@�S����'�9,���$���%�	�����$�	�"�#�	�@�0�"$�	�8���$�	�N�2<9,���'��#��	�:��	��	�

�%�	�$	�"�!�!�	''	����#����	��'A'	�������������	��?���6�	�	���	�"@�'#���#)	��[�S�Q�� �$��



�

����
�

�	���	$-�"�#�	��������	,��!�����"�!�!�	''	��,�$��!�#�����	'	����	���#�	���	���<<�#�������#���

�#�B��	��N2N*�����$��"�!�	�������#����	��#%�	#$�����	��"#�#'6��	���	�'#���	��	���	������#��	��

���	��#'	��#��	���	��	��#����!��#���������"#��#<<��	'	����	���#�	�����V��*��
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Figure 53: Spectres Infra-rouge de : (a) la tyrosine libre, de (b) à (e) la phase NiAl-Q8-0,2M-
(Tyrosine) : (b) à pH = 12,5 à 120°C-24h, (c) à pH = 13,5 (VNaOH = 12,5 ml) avant traitement 

hydrothermal, (d) à pH = 13,5 (VNaOH = 12,5 ml) à 120°C-24h, (e) à pH = 14 (VNaOH = 17 ml) avant 
traitement hydrothermal, (f) à pH 14 (VNaOH = 17 ml)  à 120°C-24h, (g) NiAl-Q12-0,2M-(Tyrosine) à 

pH 14 (VNaOH = 17 ml). 
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Figure 54 : Images MEB de : (A) NiAl-Q8-0,2M-120°C-24h-(Tyrosine) à pH = 12,5 (VNaOH = 10 ml), 
(B) NiAl-Q12-0,2M-120°C-24h-(Tyrosine) à pH 14 (VNaOH = 17 ml). 
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Figure 55: Images MET de : (A) et (A’) NiAl-Q8-0,2M-120°C-24h-(Tyrosine) à pH = 12,5, (B) et (B’) 
NiAl-Q12-0,2M-120°C-24h-(Tyrosine) à pH 14. 
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Chapitre III: 
Caractérisation structural/ 
microstructurale des HDL 
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Domaine interlamellaire : 
(Atome d’oxygène et de carbone 
des anions carbonate) 
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Figure 58: exemple d’un diagramme X simulé d’une phase MgFe-CO3
2- de polytype 3R1 avec 

différentes proportions du motif 2H1.154 
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Figure 59: angle aigu entre R et l'axe cristallographique privilégié « c » 
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Figure 61: ��	#"��2��;������������2'��=D���5	
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Figure 62: Diffractogrammes X enregistré au synchrotron des trois échantillons étudiés: a) NiAl-Q2-
0,2M-120°C-24h, b) NiAl-Q8-0,2M-120°C-24h, c) NiAl-Q40-0,04M-120°C-24h.  
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Figure 63: Diffractogramme X de NiAl-Q2-0,2M-120°C-24h, difficulté d’affiner la structure  par 
Rietveld et  de sortir les paramètres structuraux due à la présence du désordre de type «Warren full » 

de la région aux  moyens angles (entre 9 et 15 ° 2θ). 
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Tableau 18 : Composition chimique (rapport Ni/Al determiné par EPMA-Oxyde, le contenu d’eau par 
ATG), surface spécifique BET, taille moyenne des particules déterminée par MET et DLS, longueur de 

cohérence et paramètre de microcontrainte obtenus à partir de l’analyse des données DRX des 
échantillons NiAl-Q2-0,2M-120°C-24h, NiAl-Q8-0,2M-120°C-24h et NiAl-Q40-0,04M-120°C-24h. 
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Figure 64: Comparaison entre le diagramme X expérimental (diffractomètre X’Pert Pro = 
1.5418 Å) et celui simulé par DIFFaX. Simulation de l’intercroissance aléatoire de 50% de motif 2H1 

dans le polytype 3R1 de l’échantillon NiAl-Q2-0,2M-120°C-24h: donnée expérimental (pointillé) et 
simulé (ligne continu). L’image insérée donne les diagrammes attendus des deux polytypes purs 2H1 et 

3R1. 
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Figure 65: Affinement Rietveld des données X synchrotron de NiAl-Q8-0,2M-120°C-24h : Diagramme 
expérimental (pointillé) et calculé (ligne continu), réflexions de Bragg (tirets) et la différence entre les 

deux profils expérimental et calculé. Les images insérées montrent la forme et la taille moyenne des 
cristallites dans les directions 00l et 110 obtenues à partir du développement en harmoniques 

sphériques.  
�



�

��Q�
�

�

Figure 66: Affinement Rietveld des données X synchrotron de NiAl-Q40-0,04M-120°C-24h: 
Diagramme expérimental (pointillé) et calculé (ligne continu), réflexions de Bragg (tirets) et la 

différence entre les deux profils expérimental et calculé. Les images insérées montrent la forme et la 
taille moyenne des cristallites dans les directions 00l et 110 obtenues à partir du développement en 

harmoniques sphériques. 
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Tableau 19: résultats de l’affinement Rietveld des données de diffraction X sur poudre des 
échantillons NiAl-Q8-0,2M-120°C-24h, NiAl-Q40-0,04M-120°C-24h: paramètres de maille, positions 
atomiques, paramètres de déplacements atomiques (les écarts-types sont donnés entre parenthèses) et 

les facteurs de confiance Rwp, Rexp et RBragg. 
� �/,#�'#%�(�#5(%O�#(&<
 �/,#�&%#%�%&�#5(%O�#(&<


�
*����.����	��	������	�1�	

�

�


�����
�

*��������	 ����"���	
��,�1�����������������������*�*�*�
��8�@9��������������O����*�*�4�
��5������������������������O���|�}�~�
���85��V@��9��Q	����2��~�

�
!���	�#����������	�#
�(�


�	%
&�

�
�

�,*���O8O9�
��,**M8�9�
�,OOQ�

�
�
�

4�S�*,���N�
��S�*,���*�

�
�

*,��Q8�9�
�,MQ�

�
�

�,*����8�9�
��,*MON8�9�
�,OQ��

�
�
�

4�S�*,���N8�9�
��S�*,���8�9�

�
�

*,��O8�9�
�,��

*����.����	��	������������	
 ����"���	
��,�1��
���
���
�

2��������	�1�	
8��,1�92�@�
�@2�@�

�@2��85��V@��9�
52��85��9�

�
3�������	��	���+������	

���8Y9�
�F�8Y9�
���

��!�22�8Y9�
�A�8Y9�

�
�

*,M*�
*,N*�
M,N�
�
�

�,*���
�,OQ��
�,QQM�
�,NMO�

�
�

O,MV��,��
Q,MV�Q,M�
*,O�
�,Q�
�,O�

�
�

*,��8�9�
*,NM8M9�
M,N8�9�

�
�

�,*��8�9�
�,OQ�8�9�
�,QQM8�9�
�,NMO8�9�

�
�

N,*V�,��
O,QV�*,N�
�,��
M,M�
O,��

[Q�
�T���,�Q1�*,Q�8�@9O,**5��
�2
*,M�U��,MQ@���b�

[M*�
�T���,��1�*,��8�@9O,**5��
�2
*,�QU��,�O@���b�



�

�M*�
�

�����b��	��#""������V1��	����!�$����	���#�#�?�	����'�&$	��

��������0	���'%�	��	�'��!�$�	���	#$�8'�@��9����$��	���#<<��	'	����$��#$-������$"#�������	��#�"��������8�Q�9�

�

.�	��&$	� �I#�#�?�	� "#�� �#�'��������	� !�	������&$	� ����&$	� �	�� �#""�������V1�� ��$�� :�

<#�����<<!�	�����#�����1�2�'#%�(�2��*�52�M��8�,ON9�	����1�2�&%#%�%&�2��*�52�M��8�,��9,�

���	������!�	��#����	����	��&$	��	��)#�	$���#<<��!	���$�"#�#'6��	��	�'#���	����������6��"����	��

�����	��<#)	$����$���#""������V1��"�$�J���	'%�#%�	��0	�<#�%�	��#""��������#�V%�$����	������!	��

�	���<<�#������G��$��"�$��	��#����	��#���	���!��#����������1�2�'#%�(�2��*�52�M�,���'"#�!�:�

�	�$���	� ��!��#����������1�2�&%#%�%&�2��*�52�M��#�����&$	� �#�"�!�	��	��	��%���	���#��� �	�

<���� ������$� ����&$	��� $�	� �����#������!� �	��	'	��� <#�%�	� 	�� "��%#%�	'	��� �#� "�!�	��	� �I$�	�

��'"��#��	� #'��"�	� �#��� �	� �#�� �	���1�2�'#%�(�2��*�52�M��� 7�� 	��� ����� �#�����#%�	� �	�

"	��	��&$	��	��#""������V1���	��#�"�#�	������#����	��#�����!��#����������1�2�'#%�(�2��*�52

�M�������A��	���6��"����	��	��,�,�%�	��&$	��	��#""������V1��������#����I	��	'%�	��	��,ON��5	���

��$����	� �#� ��<<��$��!� �I	<<	��$	�� �I#�#�?�	� ���'�&$	� �$�� �	�� !��#��������� �	� "�$��	� 	�� �	�

�#""����	�� �#� ��'"�������� !�!'	��#��	� #)	�� �	��	� �!�$��	� �	� ��#<<��	'	��� �	� ����!	�� �	�

��<<�#������G�����&$�$�	����'"��#��	�#'��"�	�	���8#$���9�"�!�	��	��

��!(!?!� 
�/1.*11/40
7 1
"+1*,2�21
#
�40.,*1/40


0	����'	��������	��"�#&$	��	���#����	�"�#��0��*�"�$���	��!��#�����������1�2�(#%�(�2

��*�52�M�� 	�� ��1�2�&%#%�%&�2��*�52�M�� ����� #��	B� "����	�� 	�� ����� �	�"	���)	'	��� QO,N�

�'�	����*,N��'�W���	��)#�	$���������	$-�<����"�$����#��	��&$	��	��	��%�	�$	�"�$����!��#��������

��1�2�'#%�(�2��*�52�M�
�MN,���'���	�'A'	,��	������$	$����	����!�	��	��#����#����	������

�I	'"��	'	���5���������#$������6��"����	���#����	��#���	��!��#�����������1�2�(#%�(�2��*�52

�M��	����1�2�&%#%�%&�2��*�52�M�,��	�"	���)	'	����N,*��'�	��MM,N��',��#�����&$I$�	�)#�	$��

��6��<#�%�	�	����%�	�$	�"�$����1�2�'#%�(�2��*�52�M��O,*��'���

1� ��#��	� �	�� )#�	$��� �	� 5���� �%�	�$	�� 	�� �	�� ����#��	�� ���	��#'	��#��	�� ����,� ��� "	$��

�#��$�	�� $�� ��'%�	� #""��-�'#��<� �	�� <	$���	��� 	'"��!�� �#��� �	� �#�� �	� ��#&$	� !��#��������

85���V�**�9������
�qMN��#����	��#���	���1�2�(#%�(�2��*�52�M��8�����S��,�*N�^9,�qQ��#����	��#��

�	� ��1�2�'#%�(�2��*�52�M�� 8����� S� �,OOQ� ^9� 	�� qNQ� �#��� �	� �#�� �	� ��1�2�&%#%�%&�2

��*�52�M�� 8����� S� �,N��� ^9�� �#��� �	� �#�� �	� ��!��#�������� ��1�2�(#%�(�2��*�52�M�,� �	��

)#�	$��������	�����#��#������#)	���	���%�	�)#������34��	��"�$��#��� ����&$	��&$	��#��#���	��	��

"#����$�	�� 	��� "��%#%�	'	��� �#� �	$�	� :� ��������	��	� ��!�#�����	'	����	��"�����	���<<�#������G�

�%�	�)!� �	���� �#� ���	������ �	� �����  #�� �����	,� �	�� ��'	������� �#��� �	� "�#�� �	�� "#����$�	��



�

�M��
�

'	�$�!	��"#��34�������"�$����#��	��&$	� �	�� ����$	$����	����!�	��	��!�	�'��!	��"#����G�

�	���� �#����	��������*�85���9�	���	���"	$����	-"��&$	��"#��$�	���#�	��	��	����2���!�	��	��	��

��'#��	�� 	�� �#����� �	� �#� "�!�	��	� �	�� '����2�����#���	�� V� �!<#$��� ���$��$�#$-� ����� �	� �#�

������#��	������#����	�&$����	<<	��$	�"�!<!�	���	��	'	����#����	�"�#��%#�#���0	��<#�%�	��)#�	$���

"�$��5����"	$)	���!�#�	'	��� ��	-"��&$	��"#�� �I#""#��������	��!<#$����I	'"��	'	��� �	���&$�����

������%�	�)!���#����	��#���	���!��#����������1�2�(#%�(�2��*�52�M��#<<	��#���"�����"#�	'	���

�	���#�	��	���	���!�$��#����	�<#����	������$	$����	����!�	��	��#����	�����	��������

0�!��#�������� ��1�2�&%#%�%&�2��*�52�M�� 	��� <#�%�	'	��� #<<	��!� "#�� �	�� '����2

�����#���	��
��!�6�	���<<!�	��	��%�	�)!	�	���	��	�����	�����������8�����S��N��*2M9�	���	���*�8�����S�

����*2M9�� 5�''	� ����&$!� "�!�!�	''	��,� �	� ��#��#''	� �	� ��<<�#������ G� �	� ��!��#��������

��1�2�'#%�(�2��*�52�M�� �	'%�	� A��	� <���	'	��� #<<	��!� "#�� �	�� '����2�����#���	�� �#��� �#�

���	�������I	'"��	'	����	��<	$���	���#)	��$�	�)#�	$���	������S�N�j�*2M���'"#�!�:������S��Nj�*2

M� �#��� �	� "�#�� �	�� <	$���	���� �	� #�#�?�	� "�$�� �!�#���!	� �$� ��#��#''	� �	� ��<<�#������G� �$��

"�$��	� �	� ��!��#�������� ��1�2�'#%�(�2��*�52�M�� ��$�� #'6�	� :� "��"��	�� $�� "�!��'6�	�

�����	����#��<��#�����:� ��������	��	� �	��'����2�����#���	��	�� �$��!�!�"#�� �#� �#��	$�� �'"���#��	�

�	��#��#�	�**O�8�\@3�
�*,�NV���]9�"#���#""����:��#��#�	�**��8�\@3�
�*,�V���]9�#�����&$	��#�

<��	��	��	��#��#�	�*���8�\@3�
�*,*QV���]9���M��

��!(!?!5!� �/�*,�2/40
;�"
������


��$��#����%$�����	��	����	����#��<��#�����:��#�"�!�	��	���'$��#�!	��	��#�������#�%��#�	�

	���$�<#�	��!)!�!	�"#���	��#�#�?�	��7��	��1�=���

�



�

�M��
�

�

Figure 67: Comparaison entre le diagramme X expérimental (diffractomètre X’Pert Pro = 
1.5418 Å) et celui simulé par DIFFaX. Modèle simulé de l’échantillon NiAl-Q8-0,2M-120°C-24h 
(représenté par Q8 sur la figure) suppose un polytype 3R1 interstratifié avec 10% de Ni2Al-SO4 : 

données expérimentales (en bas), simulées avec 10% de SO4 (au milieu) et 100% de CO3 (en haut).  
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Chapitre IV: Etude des 
comportements 
électrochimiques 
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Figure 68: Images MEB (en haut) et diffractogrammes RX (en bas) des phases [NiAl-CO3
2]-.  

Colonne A : NiAl-Q2-0,2M-120°C-24h, colonne B : NiAl-Q8-0,2M-120°C-24h, colonne C : NiAl-Q40-
0,04M-120°C-24h 
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Figure 69 : Images MEB des échantillons NiAl-Q2-0,2M-120°C-24h, NiAl-Q8-0,2M-120°C-24h, NiAl-
Q40-0,04M-120°C-24h et NiAl-Urée-0,5M-190°C-48h (A, B, C, D) et des électrodes modifiées 

correspondantes (A’, B’, C’, D’). 
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Figure 70 : (A) Photo d’un film utilisé pour mesurer l’épaisseur, (B) exemple du profil obtenu d’un 
dépôt d’HDL : (a) est la partie concernant le substrat (plaque de Pt) et (b) celle comprenant le film et 

le substrat ensemble. 
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Figure 71: Cellule électrochimique reliée par des fils au potentiostat : (A) électrode de référence, (B) 
électrode auxiliaire et (C) électrode de travail (1cm2). 
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Figure 72: Evolution des voltammogrammes de l’électrode E-NiAl-Q2-0,2M-120°C-24h dans une 
solution de NaOH (0,1 M) à v = 50 mV/s pour 50 cycles. (a) et (b) représente respectivement 

l’électrode modifiée E-NiAl-Q2-0,2M-120°C-24h avant et après oxydation. 
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Figure 73: Comparaison du 20ème cycle de VC des différentes électrodes modifiées : a) E-NiAl-Q2-
0,2M-120°C-24h, b) E-NiAl-Q8-0,2M-120°C-24h, c) E-NiAl-Q40-0,04M-120°C-24h et d) E-NiAl-
Urée-0,5M-190°C-48h déposées sur des électrodes de platine dans 0,1M de NaOH. Les graphes 

insérés montrent la variation Ipa en fonction de  et les photos MEB des films 
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Figure 74: Superposition du 20ème cycle de VC des trois électrodes modifiées par les phases HDL : a) 
E-NiAl-Q2-0,2M-120°C-24h, b) E-NiAl-Q8-0,2M-120°C-24h et c) E-NiAl-Q40-0,04M-120°C-24h 

enregistrés à v = 50 mV/s dans 0,1M de NaOH 
�
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Tableau 20: Paramètres électrochimiques des électrodes modifiées [NiAl-CO3
2-]/Pt 
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Figure 75: Exemple d’extrapolation de Qa : (a) à v→0 et (b) à v →∞ pour E-NiAl-Q2-0,2M-120°C-
24h 
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Figure 76: Diffractogramme des rayons X sur poudre (X’Pert Pro diffractometer 1,5418 
Å) des films déposés ) E-NiAl-Q2-0,2M-120°C-24h, (B) E-NiAl-Q8-0,2M-120°C-24h, (C) E-NiAl-
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Q40-0,04M-120°C-24h et (D) E-NiAl-Urée-0,5M-190°C-48h : (a) films fraîchement préparés, (b) 
après 10 cycles de potentiel dans une solution aqueuse de 0,1M de NaOH. Les phases supplémentaires 

sont désignées par les symboles : (*) β-Ni(OH)2 tel que rapporté par Wronskiet et ses 
collaborateurs;128 (♣) les réflexions du premier et du second ordre de NiAl-OH- ou γ-NiOOH/α-

Ni(OH)2. 
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Figure 77 : Schéma représentatif de la corrélation entre la structure/microstructure et le 
comportement électrochimique des phases HDL [NiAl-CO3
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rayons X sur poudre 
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Figure 78: Largeurs du domaine de diffraction 
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Figure 79: domaine de diffraction d’une cristallite en forme de plaquette 
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a b s t r a c t

In order to better understand the relationship between LDH synthesis parameters and their particle

sizes, diverse carbonate intercalated NiAl–LDH phases were prepared using different coprecipitation

conditions and their structure, microstructure and morphology were characterized. The samples were

synthesized by coprecipitation either at constant pH, in strong alkaline medium or using urea

decomposition. The influence of a post-synthesis hydrothermal treatment was also investigated. A well

crystalline NiAl–CO3 phase but containing a high stacking fault density was obtained by combining a

strong basic medium and hydrothermal treatment at 120 1C for 24 h. Interestingly, the hydrothermal

treatment increases the crystallinity of the samples but does not eliminate stacking faults. The

crystallite sizes determined by modeling X-ray diffraction peak broadening with linear combinations of

spherical harmonics are fully consistent with TEM observations confirming the validity of the approach

used and indicating that the particles are probably small single crystals.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Attracted by the versatilities of the chemical composition and
the surface chemical properties of layered double hydroxides
(LDH) (chemical formula [MII

1–xM
III
x (OH)2][A

m�
x/m �nH2O] with M:

metal cations, A: interlayer anion), the preparation and properties
of LDH have actively been investigated. Interesting applications
have been proposed in different areas such as catalysis, in ion
exchange/adsorption processes for treating wastewaters, as fillers
in polymers, in drug delivery systems, as biosensors [1–3].
Natural and synthetic LDH consist of brucite-like layers in which
a part of divalent cations are replaced by trivalent cations. This
replacement generates a positive charge on the layers, which is
balanced by the presence of anions in the interlayer domain
surrounded by water molecules.

As commonly observed for lamellar structures, LDH can
crystallize with different stacking sequences of the brucite-like
layers. For instance, for MgAl–CO3 LDH composition, it exists both
the hydrotalcite mineral corresponding to a 3R1 polytype and the
manasseite mineral, which is a 2H1 polytype. On the other hand,
Newman et al. [4] have recently reported the formation of 3R2

polytype for MgAl LDH prepared from a mixture of MgO and a
flash-calcined gibbsite under hydrothermal treatment whereas a

thermal treatment at 70 1C under atmospheric pressure produces
a 3R1 polytype.

Although the 3R1 polytype is the most common polytype for
synthetic LDH, many stacking sequences and polytypes are
theorically possible as demonstrated by Bookin and coworkers
[5–7]. These authors have shown that the neighboring layers may
be stacked in two different ways building two kinds of interlayers,
either a prism (P-type) when OH groups lie one above another or
an octahedron (O-type). Then, all possible polytypes can be
separated into three different groups based on the interlayer
polyhedron type: only O- or P-type, or alternating interlayers of
both types. Both polytypes form trigonal prismatic interlayer
polyhedra which are occupied by the interlayer anions. In the 3R1

structure, adjacent layers are translated by a stacking vector (2/3,
1/3, 1/3) relative to each other. The 2H1 structure is formed by an
alternate stacking of layers rotated by 1801 relative to each other.
Both stacking forms can occur within the same crystallite leading
to stacking faults into LDH structure and inducing broad and
asymmetric X-ray diffraction peaks. Britto et al. [8] and Radha
et al. [9] have studied stacking faults in LDH system using DIFFaX
program and concluded that stacking faults and thermodynamic
stability are correlated in LDH materials.

For all the applications cited above, the particle size and its
distribution are key issues to achieve optimized performance of
LDH. These materials can be easily prepared in laboratory by
several methods [10] and the coprecipitation is probably the most
commonly used allowing a fine tuning of LDH properties through
the variation of many different synthesis parameters. However,
the information on the particle size and size distribution are still
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scarce and the success in controlling particle morphology is also
limited because no clear relationship between the synthetic
method and the particle size/morphology has been established
yet [11–13].

In this work, the influence of coprecipitation parameters such
as the nature of the precipitant agent and the application of a
hydrothermal treatment, on the microstructure, particle size and
morphology of carbonate containing NiAl–LDH was investigated
for the first time. The crystallite sizes determined by modeling
X-ray diffraction peak broadening with linear combinations
of spherical harmonics are discussed in comparison with TEM
images.

2. Experimental section

2.1. Preparation of LDH samples

Different NiAl–CO3 LDH samples were synthesized by three
different methods derived from the coprecipitation: (1) the
classical coprecipitation at constant pH, (2) under strong alkaline
conditions and (3) using urea as retardant base agent. A solution
of Ni(NO3)2 �6H2O and Al(NO3)3 �6H2O with a Ni/Al molar ratio of
2 was systematically used. For method (1), 40 mL of 1 M salt
solution were slowly added under stirring into a reactor contain-
ing 200 mL of water. The reaction pH was maintained at a
constant value of 10 by the simultaneous addition of an alkaline
solution (2 M NaOH, 0.5 M Na2CO3). After 24 h, the reaction was
stopped, the slurry was centrifuged, washed three times with
deionized water and dried at room temperature.

In method (2), 10 mL of 5 M NaOH solution were added in
one drop under stirring to 25 mL of 0.2 M metal salts solution
(OH�/(SNi2+ +Al3+)=10). The NaOH addition induced a pH
increase from 3.1 to 13.5. After 1 h, the precipitate was recovered
as described above.

In both cases, i.e. for methods (1) and (2), a part of the
coprecipiation medium was transferred into a 40 mL capacity
Teflon-lined stainless steel autoclave and heated at 120 1C under
autogeneous pressure for 24 h. After the hydrothermal treatment,
the autoclave was allowed to cool down to room temperature and
the resulting green precipitate was recovered by centrifugation.

For the homogenous LDH precipitation involving the use
of urea, i.e. method (3), 10 mL of 1 M metal salts solution
were added to 80 mL of water containing 1.2 g of urea
(urea/(S(Ni2+ +Al3+)=1) and submitted to a hydrothermal treat-
ment at 120 1C for 24 h.

2.2. Characterization

Chemical analyses (Ni, Al, C, S, H) were performed by X-ray
fluorescence spectrometry. The amount of water molecules was
determined from thermogravimetric analyses recorded on a
Setaram TG-DTA 92 instrument in the temperature range
25–1000 1C with a heating rate of 5 1C/min. The presence of
intercalated carbonate anions in all samples was evidenced by IR

spectroscopy, in attenuated total reflectance (ATR) mode using an
FTIR Nicolet 5700 spectrometer (Thermo Electon Corporation), as
indicated by the characteristic band at 1384 cm�1. IR analysis was
also used to check the absence of nitrate anions in the solids. The
chemical compositions of all samples are given Table 1. HT stands
for hydrothermally treated samples.

Powder X-ray diffraction (XRD) patterns were recorded on a
Panalytical X’Pert Pro diffractometer in y/y geometry equipped
with a real-time multistrips X’celerator detector using CuKa1/2
radiation. The samples were side loaded in order to minimize
texture effects. All profile refinements were carried out with the
Fullprof suite [14] using the pseudo-Voigt function of Thompson,
Cox and Hastings, and considering the R-3m space groups usually
reported for LDH [15]. The background was refined by adjusting
the height of pre-selected points for linear interpolation. The
instrumental contribution to peak broadening was determined
with a Y2O3 standard. Anisotropic size broadening was modelled
in terms of spherical harmonics (SPH) and the crystallite average
apparent size along each reciprocal lattice vector was calculated.

SEM images were obtained by a high-resolution scanning
electron microscope (Zeiss supra 55 FEG-VP operating at 3 keV).
Transmission electron microscopy (TEM) experiments were
performed on a Hitachi 7650 microscope at an acceleration
voltage of 80 kV. Nitrogen adsorption–desorption isotherms were
performed at �196 1C with a Micromeritics ASAP 2020. The
Brunauer–Emmett–Teller model was used to calculate the surface
areas.

3. Results and discussion

The particle sizes of the samples are, as expected, very
dependent on the synthetic route used for their preparation. SEM
and TEM images of all samples before and after the hydrothermal
treatment are displayed in Fig. 1. LDH consist of hexagonal platelet-
shaped particles. In the present case, we observe a higher tendency
to agglomerate as the particle size decreases and a net increase
in the particle size upon the hydrothermal treatment. Interestingly,
the ‘‘sand rose’’ aggregate disruption observed for NiAl1-HT
compared to NiAl1 sample (Figs. 1A and B) suggests a dissolution
re-precipitation process occurring upon the hydrothermal
treatment. Indeed, hydrothermal conditions favor the solubility of
solids, also favor a particle growth through an Ostwald ripening
phenomenon that consists of the dissolution of the small particles
and recrystallization around the biggest ones, thereby explaining
the large particles obtained for NiAl1-HT of ca. 30 nm. Similarly,
well-defined hexagonal platelets of ca. 140 nm are isolated after
hydrothermal treatment for NiAl2-HT (Fig. 1D) whereas NiAl2
sample, obtained just after stirring, exhibits very small and ill-
defined aggregated particles. It is noteworthy that NiAl2 sample
was prepared in the presence of a strong basic medium and that
this method leads to relatively large particles when followed
with hydrothermal treatment. On the other hand, the homogenous
LDH precipitation in presence of urea leads to thin platelets of ca.
80 nm but with irregular contours (Fig. 1E). One must say that
bigger and well-defined particles can be prepared at higher

Table 1
Synthesis methods and chemical compositions of NiAl–CO3 LDH samples.

Sample Synthetic conditions Ratio Ni/Al nH2O

NiAl1 Constant pH 1.9 3.3

NiAl1-HT Hydrothermal treatment of NiAl1 (120 1C; 24 h) 1.9 2.7

NiAl2 in strong alkaline medium 2.6 2.9

NiAl2-HT Hydrothermal treatment 3.0 1.8

NiAl3-HT Urea decomposition under hydrothermal treatment 2.0 2.4
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temperature (180 1C) using the urea method [12]. Yet, in the
present study, for the sake of comparison, it was decided to
perform all the hydrothermal treatments at the same temperature,
i.e. 120 1C.

The surface area in LDH materials mainly originates from
inter-particle pores, which may explain the high surface area
observed for sand rose agglomerated NiAl1 particles. A high
surface area is also exhibited by NiAl1-HT composed of well
deagglomerated small particles. On the other hand, the low
surface area observed with NiAl2 is likely to be due to a high level
of particle aggregation with no inter-particle pores.

The diffraction pattern of NiAl2-HT sample (Fig. 2) shows quite
sharp (0 0 l) and (1 1 l) peaks, typical of a well-crystallized
material, whereas those corresponding to samples NiAl1 and
NiAl3-HT exhibit anisotropic peak broadening, the extent of
which increases as the crystallite size decreases. Furthermore,
NiAl2-HT samples exhibit large and asymmetric (0 1 l) reflections,
indicating stacking faults that were already present in NiAl2
sample. Therefore, one can say that the hydrothermal treatment
increases the crystallinity of the samples but does not alter the
stacking arrangement nor eliminate stacking faults. Stacking
faults are also visible on NiAl1 and NiAl1-HT samples. On the
contrary, NiAl3-HT sample would exhibit less stacking faults as

judged from the symmetrical shape of the (0 1 l) reflections. The
layers in LDH can be stacked in such a way that the cations of
neighboring octahedral sheets either are on the vertical of each
other or are shifted by 2a/3,b/3. These two stacking sequences, if
extended throughout the crystal without faults, produce the two
hexagonal (2H1) and rhombohedral (3R1) polytypes, respectively.
A random arrangement of the hexagonal and rhombohedral

Fig. 1. SEM/TEM images of samples: (A) NiAl1, (B) NiAl1-HT, (C) NiAl2, (D) NiAl2-

HT, (E) NiAl3-HT.

Fig. 2. Powder XRD patterns of the NiAl–CO3 LDH samples.

Fig. 3. Result of the profile refinement for NiAl3-HT sample prepared according to

the urea method at 120 1C after a reaction time of 24 h (reliability factors : Rp
(%)=7.3, Rwp (%)=6.2, Rexp (%)=2.6, X2=5.7) together with a plot of the average

apparent shape and the average apparent sizes in the directions indicated as

obtained with the SHP approach. Experimental X-ray diffraction (grey), calculated

(black), Bragg reflections (ticks) and difference profile.
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stacking sequences is likely to occur in NiAl1/NiAl1-HT and NiAl2/
NiAl2-HT samples.

The probable presence of stacking faults in all cases precludes
a structural refinement. However, a microstructural analysis was
performed by modeling the peak broadening of the (0 0 l) and
(h k 0) reflections with linear combinations of SPH.

The refined microstructural parameters together with the
refined cell parameters are presented in Table 2. As expected, we
observe an increase in the cell parameter a with increase in the
Ni/Al molar ratio in agreement with the difference in ionic radius.
An increase in the cell parameter c is also observed when
increasing the Ni/Al ratio which can be explained by lower
electrostatic interactions between adjacent layers resulting from
decrease in the layer charge density. No correlation can be made
between the interlayer distance and the water content since the
amounts calculated from TGA measurements certainly include
physisorbed water molecules.

The average apparent diameter (L110) and thickness (L00l)
reported Table 2 have been obtained from the mean values
obtained from (1 1 0) and (0 0 l) reflections, respectively. The
results are fully consistent with TEM observations. Notwith-
standing the disordered stacking arrangement phenomenon
which alters only the (0 1 l), this agreement between XRD
analysis and TEM is a clear proof that particle size is the main
source of the observed anisotropic peak broadening. Further-
more, the fact that the values of particle size and crystallite size
are coincident indicates that the particles are probably small
single crystals.

A visual comparison of the calculated and experimental
profiles for NiAl3-HT sample is given in Fig. 3 together with an
‘‘average apparent shape’’ and the average apparent size in the
directions indicated as obtained with the SPH approach. The
average apparent shape consists of thin platelets of pseudo-
hexagonal symmetry, which are in perfect agreement with TEM
observations, confirming once more the validity of the approach
used.

4. Conclusion

The structure, the microstructure and the morphology of
diverse carbonate intercalated NiAl–CO3 LDH phases pre-
pared using different coprecipitation conditions were character-
ized. The microstructural analysis of the X-ray powder diffraction
data indicates that size is clearly the main source of peak
broadening even though a contribution due to stacking faults
was clearly evidenced on the (1 0 l) reflections. The consistency
of the results obtained with TEM observations confirms the
validity of the approach used. A well crystalline LDH phase
was obtained by combining a strong basic medium and hydro-
thermal treatment at 120 1C for 24 h but with a high stacking
fault density. Interestingly, the hydrothermal treatment increases
the crystallinity of the samples but does not eliminate stacking
faults.
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NiAl3-HT 5 70 2.2839(2) 0.301898(6) 68
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Intercalation chemistry in a LDH system: anion exchange process and staging
phenomenon investigated by means of time-resolved, in situ X-ray diffraction
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Using time-resolved, in situ energy-dispersive X-ray diffraction (EDXRD), the formation of
interstratified LDH structures, with alternate interlayer spaces occupied by different anions, have been
demonstrated during anion exchange reactions. Novel hybrid LDH nanostructures can thus be
prepared, combining the physicochemical properties of two intercalated anions plus those of the LDH
host. A general trend is that inorganic–inorganic anion exchange reactions occur in a one-step process
while inorganic–organic exchanges may proceed via a second-stage intermediate, suggesting that
staging occurs partly as a result of organic–inorganic separation. Yet, other influencing parameters
must be considered such as LDH host composition, LDH affinity for different anions and LDH
particle size as well as extrinsic parameters like the reaction temperature. Hence, a correlation between
the occurrence of staging phenomenon and the difficulty of the exchange of the initial anion is
observed, suggesting that staging is needed to overcome the energy barrier in the case of the exchange
by organic anions. Notwithstanding the LiAl2 system, staging has mainly been observed with Zn2Cr
LDH host so far, a peculiar LDH composition with a unique Zn/Cr ratio of two and a local order of
the cations within the hydroxide layers. The formation of a higher order-staged intermediate than stage
two, observed during the exchange reaction of CO3

2- or SO4
2- anions with Zn2Cr–tartrate, is in favour

of a Daumas–Herold model although this model implies a bending of LDH layers. The analysis of the
X-ray powder diffraction pattern of Zn2Cr–Cl/tartrate second-stage intermediate, isolated almost as a
pure phase during the exchange of Cl- with tartrate anions in Zn2Cr LDH, indicates a disorder in the
stacking sequence and a relative proportion of the two kinds of interlayers slightly different from 50/50.
Besides, the microstructural analysis of the XRD pattern reveals a great reduction of the stacking
thickness during the anion exchange process but with no change of the in-plane coherent length,
therefore no in-plane deformation of LDH host layers. Finally, the anion exchange properties of
Zn2Cr–Cl/tartrate, investigated by means of EDXRD, show highly selective anion-exchange reactions,
leading to the formation of new second-stage intermediates that cannot be prepared starting from the
mono-intercalated Zn2Cr–Cl. This “Zn2Cr–Cl/tartrate approach” might constitute a new route for the
synthesis of various mixed organic–inorganic anions-exchanged forms of LDH.

Introduction

Layered double hydroxides, LDH, are a subgroup of the gen-
eral class of layered solids that includes such materials as
graphite, layered silicates or clays, layered perovskites and layered
dichalcogenides. Typical of the class of layered solids, LDH
readily form intercalation compounds into which a variety of
anionic guest species can be inserted.1–3 The LDH host layers,
of positive charge, consist of octahedral hydroxide layers that can
accommodate numerous divalent and trivalent cations, forming
partial solid solutions in most cases. LDH are represented by the
formula [M2+

1-xM3+
x(OH)2]x+Am-

x/m·nH2O, abbreviated hereafter
as M2+

RM3+-Am-, where R = 1-x/x is the molar ratio of diva-
lent M2+ to trivalent M3+ cations within the hydroxide layers, and
Am- is the interlayer anion of valence m. Because of the large

CNRS, UMR 6002, LMI, F-63177 AUBIERE - Clermont Université,
Université Blaise Pascal, Laboratoire des Matériaux Inorganiques, BP
10448, F-63000, CLERMONT-FERRAND. E-mail: christine.TAVIOT-
GUEHO@univ-bpclermont.fr

range of variation of the substitution rate x (0.1 ≤ x ≤ 0.5) within
LDH layers, and consequently the layer charge, the number and
forms of guest species that have been inserted into LDH vastly
exceeds those reported for other classes of layered intercalation
compounds.2 Accordingly, LDH exhibit physical and chemical
properties of both fundamental and practical interest and they
have long been the focus of research in the fields of mineralogy and
materials science. Formed in nature by the weathering of basalts
or by precipitation from saline lakes,4 the crystal structures of
LDH minerals have been described in detail.5,6 LDH have also
been reviewed in the context of the origins of life, displaying
the ability to concentrate, protect, and activate simple organic
anionic species of possible relevance to the earliest organisms.7

Furthermore, LDH can readily be prepared in the laboratory
through numerous synthesis routes, for various M2+, M3+ and Am-

compositions, with a precise control of the layer charge density
x, of the particle size allowing to fit the properties of LDH to
applications in a large number of fields such as in catalysis,8 waste
water treatment,9 as electrochemical sensors10 and so on.

5994 | Dalton Trans., 2010, 39, 5994–6005 This journal is © The Royal Society of Chemistry 2010

�
�D

��
�#
�	
��
%?
�
��
)	
��
��?
��
<�5

�	
�'
��
���
	�
�#
��
�77
��
��
�O
��
��
�%
	�
��
*�
*

 $
%�
��
�	
��
��
��
*�
3
#?
��
*�
*�
��
��
��"

VV
"$
%�
���
��
��
��
���
��

�
*�
�*
��
V5
**
�O
�Q
C



During the last decade, LDH materials have attracted much
attention for the development of hybrid materials. Indeed, the
ease with which various inorganic and organic anions can be
accommodated into the two-dimensional expandable interlayer
space of LDH, together with their environment-friendly and bio-
compatible characters, bring LDH a high level of interest for the
development of advanced nanostructured materials. According
to the classification stated by Romero and Sanchez,11 LDH
belong to Class I hybrids including all systems where only van
der Waals, hydrogen bonding or electrostatic forces are present
between the organic and inorganic components. Despite these
weak interactions between LDH host and intercalated species,
the properties of the latter can be strongly affected by the
geometrically constrained environment supplied by LDH host,
hence the properties of hybrid LDH assemblies generally differ
from those of the pure guest species. Moreover, embedding active
species within LDH host may also improve their chemical, photo-
chemical, and thermal stability and influence their release during
application.

An important and promising field of application of hybrid
LDH is that of optical devices and pigments. The literature
already offers several examples of LDH–organic chromophore
nanostructured assemblies.12 Human health is another field of
increasing interest for the use of bio-nanohybrids and in the
last few years, studies considering the possible use of LDH
as “drug containers” have been raised.13 The last field with
advanced LDH applications is that of polymer nanocomposites.
A steady increase of articles related to the use of LDH as
filler in polymers is observed in the literature.14 LDH–polymer
interactions, as well as physical confinement, are manifested in
material key properties and these systems have been found suitable
for mechanical reinforcement, in permeation and flame retardancy
applications.15

The staging phenomenon for LDH materials, first evidenced
by O’Hare et al. in 1998 for LiAl2 systems16 and lately in 2003
by our group for other LDH host compositions,17 conceptually

opens new possibilities for tailoring hybrid LDH nanostructures.
Theoretical models consider staging as a way to reduce the energy
barrier to intercalation reactions by localizing the new guests in
certain interlayer regions, thus lowering the energy required to
prise the layers apart. For a long time, staging had been reported
essential in graphite compounds and, in a few occasions, in
layered dichalcogenides and layered silicates.18 Staging in graphite
intercalation compounds corresponds to a thermodynamically
reversible phenomenon in which n host layers separate near-
neighbour pairs of guest layers in a stage-n structural arrangement,
and such structures can reversibly transform from stage-n to stage
n ± 1. For LDH and the other layered solids cited above, the
term “interstratification” is more appropriate, corresponding to
a thermodynamically irreversible phenomenon in which two or
more distinct structural elements stack sequentially in a regular or
irregular pattern. However, this regular stacking being reminiscent
of staging behaviour in graphite, the term “staging” is often used
for ordered interstratified structures.

Only “second-stage” LDH structures, with alternate interlayer
regions occupied by different anionic species, have been reported
so far.17,19–21 Because of the scarcity of staging phenomenon in
LDH system, or the lack of experimental evidence, the reasons
it takes place have not been clearly established yet. In the
present paper, is described the anion exchange chemistry of LDH
investigated by means of time-resolved, in situ energy-dispersive X-
ray diffraction (EDXRD) experiments. In particular, the reaction
mechanism of the formation of interstratified LDH intermediates
was probed for a series of anion exchange reactions and some
of the key parameters, by which interstratification occurs, are
emphasised.

The formation of these interstratified LDH structures expands
the intercalation chemistry of LDH and demonstrates again
the chemical and structural malleability of LDH system. Novel
hybrid LDH nanostructures can thus be prepared, combining the
physicochemical properties of two intercalated anions plus those
of LDH host.
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Experimental

Synthesis

The starting LDH host materials were prepared either by di-
rect coprecipitation method (Zn2Cr–Cl, Zn2Cr–NO3, Zn2Al–Cl,
Mg2Al–Cl) or by anion-exchange process (Zn2Cr–tartrate) as
describes in a previous paper.21 On the other hand, Zn2Cr–
Cl/tartrate second-stage phase was prepared in the laboratory by
repeating the EDXRD experiment described below and quenching
the reaction when the concentration of the intermediate is
expected to be greatest. The elemental analysis of LDH host
phases was performed at the Vernaison Analysis Center of
CNRS by inductively coupled plasma (ICP) emission. Zn2Cr–
Cl LDH particles with an equivalent hydrodynamic diameter of
250 nm, measured by photon correlation spectroscopy (nanosizer
Nano ZS, MALVERN Instrument), were obtained via centrifuge
separation at 2000 rpm for 20 min of a freshly coprecipitated
Zn2Cr–Cl LDH suspension (no ageing step).

Analysis

Time-resolved, in situ energy-dispersive X-ray diffraction
(EDXRD) experiments. Experiments were carried out on Station
16.4 of the U.K. Synchrotron Radiation Source at the Daresbury
Laboratory, using an experimental setup reported elsewhere.21,22

EDXRD individual spectra were collected at a fixed detector angle
of 1.625◦, with acquisition times ranging from 10 to 60 s. Anion
exchange reactions were performed in glass ampoules contained
within a temperature-controlled block. In a typical experiment, a
0.4 M solution of monovalent guest species was added dropwise to
a suspension of 250 mg of the desired LDH in 10 mL of water, using
a syringe pump system. Note that slow addition of the guest species
was necessary owing to the very rapid nature of the reactions.
The exchange reactions for a series of inorganic (F-, Cl-, OH-,
NO3

-, CO3
2-, SO4

2-, Fe(CN)6
3-) and organic (tartrate, succinate,

adipate, vinyl benzene sulfonate (VBS), dodécylsulfate (DS), 9,10-
anthraquinone-2-sulfonate (AQS)) anions were thus examined at
different temperatures i.e. 10, 20 and 55 ◦C. Spectra were recorded

all along the reaction, at different anion/LDH ratios in solution
converted into theoretical anion exchange rates (AEC). Individual
spectra were collected with an acquisition time of 60 s.

The experimental conditions i.e. the concentration of the
guest anion solution, the addition rate and the reaction tem-
perature, for all the anion exchange reactions investigated
by EDXRD, are as follows: 0.2 M/0.094 mL min-1/20 ◦C,
0.2 M/0.094 mL min-1/55 ◦C and 0.2 M/0.059 mL min-1/10 ◦C
for the Cl- → tartrate exchange reactions in Zn2Cr LDH;
0.2 M/0.047 mL min-1/20 ◦C for Cl- → tartrate in Mg2Cr and
Zn2Al; 0.2 M/0.094 mL min-1/10 ◦C for Cl- → SO4

2- in Zn2Cr;
0.4 M/0.094 mL min-1/10 ◦C for Cl- → OH- and Cl- → NO3

-

in Zn2Cr; 0.4 M/0.047 mL min-1/55 ◦C for Cl- → VBS in
Zn2Cr; 0.4 M/0.071 mL min-1/55 ◦C for Cl- → DS in Zn2Cr;
0.032 M/0.059 mL min-1/55 ◦C for Cl- → AQS in Zn2Cr;
0.1 M/0.059 mL min-1/55 ◦C for Cl- → Fe(CN)6

3- in Zn2Cr;
0.2 M/0.094 mL min-1/20 ◦C for Cl → succinate in Zn2Cr;
0.2 M/0.094 mL min-1/55 ◦C for tartrate → CO3

2- and tartrate →
SO4

2- in Zn2Cr.
The competition reaction between tartrate and VBS anions, in

the presence of Zn2Cr–Cl, was conducted at 55 ◦C, with a solution
of equimolar amounts of tartrate (0.1 M) and VBS (0.2), added
at a rate of 0.047 mL min-1 to a suspension of 250 mg of Zn2Cr–
Cl in 10 mL of water. Individual spectra were collected with an
acquisition time of 60 s.

Data analysis. An automated Gaussian fitting routine was
used to obtain the peak areas of the Bragg reflections.23 These
values are then converted to the extent of reaction at time t, a(t),
defined as a(t) = Ihkl(t)/Ihkl(max) where Ihkl(t) is the area of a given
peak at time t, and Ihkl(max) is the maximum area of this peak.

Powder X-ray diffraction. The powder X-ray diffraction pat-
terns of the starting materials and quenched phases were recorded
on an X’Pert Pro Philips diffractometer using Cu-Ka radiation
and equipped with an X’Celerator detector. Divergence and
receiving slits were 1/16◦ and 1 mm, respectively. The diffracted
beam was collected over a range of 2.0–90◦ (2q), with a step size
of 0.02◦ (2q) and a counting time of 600 s/step.
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The cell parameters were determined from peak profile analysis
using Fullprof program (Full Pattern Matching).24a Refinements
were carried out in the space group R3̄m usually reported for
LDH. In order to take into account anisotropic size effects in
the broadening of the Bragg reflections, the peak profiles were
modeled by the TCH pseudo-Voigt profile function using a linear
combination of spherical harmonics.24b

Results and discussion

The ability of LiAl2(OH)6Cl·2H2O to form second-stage interme-
diates was first demonstrated by O’Hare et al. using EDXRD.16

These authors have shown the interest of this technique in solid
state kinetics and, particularly, in the intercalation chemistry of
lamellar materials.25 By employing the entire spectral range of
the radiation produced by the synchrotron radiation source, the
total flux is very high and this allows probing the processes during
the reaction, in solution in the present case, within very short
acquisition times in the order of seconds in some cases.

Though not clearly specified by the authors, one might think
in the first place that staging in LiAl2(OH)6Cl·2H2O, which is
a rare example of LDH presenting an ordered structure, stems
from this structural singularity.26 However, phenomena related to
staging have since been observed for more common LDH host
compositions such as Zn2Cr, ZnRAl, Cu2Cr, and MgRAl, reported
by our group and others.17,19,21,27

By means of EDXRD technique, we have investigated LDH
anion exchange reactions for a series of inorganic (F-, Cl-,
OH-, NO3

-, CO3
2-, SO4

2-, Fe(CN)6
3-) and organic (tartrate,

succinate, adipate, VBS, DS, AQS) anions, for different LDH host
compositions (Zn2Cr, ZnRAl, Cu2Cr, MgRAl). The experimental
set-up used permits the carrying out of anion exchange reactions
in exactly the same conditions as in the laboratory, i.e. using a large
volume of sample that can be kept at a controlled temperature, at a
fixed pH value, under nitrogen atmosphere and so on. The aim of
the present study is to determine whether staging could be related
to the chemical composition of the hydroxide layers, and/or the
nature of the interlayer species. We also examined the effects of
the reaction temperature and LDH particle size.

Formation of Zn2Cr–Cl/tartrate second-stage intermediate

Fig. 1 is illustrative of the type of data that can be obtained by
EDXRD and corresponds to the Cl- → tartrate exchange reaction
in Zn2Cr LDH. The energy range of interest for this study was
between 35 and 65 keV, corresponding to d-spacings between 20
and 4 Å, which allows basal diffraction peaks due to both the
starting phase, any intermediate and product to be monitored
continuously and simultaneously. As can be seen in Fig. 1(a), the
immediate decay of the 003 Bragg reflection due to Zn2Cr–Cl (d003

~7.8 Å), following the addition of tartrate incoming anions, is
accompanied by the growth of a reflection at ~10.1 Å that can
be assigned to the 006 reflection of Zn2Cr–Cl/tartrate assuming
an ordered interstratification. Indeed, the basal spacing d003 = 2 ¥
d006 = 20.2 Å is equal to the sum of the d-spacings characteristic
of Cl (d003 ~7.8 Å) and tartrate (d003 ~12.2 Å) end-members which
strongly suggests a regular stacking of the two types of galleries
(Fig. 1(c)). If we keep on adding the tartrate anion solution, the

Fig. 1 In situ EDXRD data showing the course of the Cl- → tartrate
exchange reaction in Zn2Cr LDH: (a) 3D stacked plot and (b) the
corresponding a(t) plot showing the evolution of Zn2Cr–Cl host 003 (�),
Zn2Cr–Cl/tartrate intermediate 006 (�) and Zn2Cr-tartrate product 003
(�) reflections with time; (c) a schematic representation of the structure
of Zn2Cr–Cl/tartrate second-stage intermediate with alternate interlayers
occupied by tartrate and Cl- anions. The reaction was performed at room
temperature (20 ◦C) with an addition rate of the tartrate anions solution
0.2M of 0.094 mL min-1.

growth of the fully exchanged phase i.e. Zn2Cr–tartrate is finally
observed.

LDH anion-exchange reactions appeared to be very fast reac-
tions, with reaction times of less than 1 min to reach completion at
room temperature for all the reactions examined here. Therefore,
in order to study these reactions in detail, it was necessary to
slow the reaction down by adding the anion guest solution in
a dropwise manner, using a syringe pump system. On the other

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 5994–6005 | 5997
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hand, this experimental setup impedes a full quantitative kinetic
analysis of the EDXRD data; the decay or the growth of the
Bragg peaks observed here cannot be reliably used to access kinetic
parameters.

Owing to the poor crystallinity of such intermediate species and
the difficulty of resolving corresponding reflections, great care was
taken in analyzing the EDXRD data. Hence, to ensure the validity
of the interpretations, calculations of the extent of reaction and
quenching studies were performed, as described hereafter.

The integrated intensity of the Bragg reflections can be used
to calculate the extent of reaction a at time t, a(t), for each
component (Fig. 1(b)). The crossing of a(t) curves at a ~0.5
confirms this exchange reaction to be a two-step consecutive
process, with first a conversion of Zn2Cr–Cl starting phase to
Zn2Cr–Cl/tartrate second-stage intermediate followed by the
conversion of this intermediate to Zn2Cr–tartrate fully exchanged
product.

To gain more insight into the nature of this intermediate, we tried
to isolate this phase by repeating the reaction and quenching it at
the point where the concentration of the intermediate is expected
to be greatest, based on a(t) plots. The powder X-ray diffraction
pattern of the quenched material presented in Fig. 2 indicates
the presence of a Zn2Cr–Cl/tartrate intermediate as the major
phase with trace amounts of the starting phase, preventing the
determination of the chemical composition of the intermediate.
Yet, the detection of the 003 reflection at ~19.8 Å and the values of
the cell parameters, calculated from the profile refinement of the
X-ray diffraction pattern, provide irrefutable proof that a second-
stage material is formed. It is likely, however, that this intermediate
does not display a regular interstratified Cl-/tartrate structure.
Indeed, the very low intensity of the 003 reflection as well as the
broadness of the basal reflections, strongly suggest a disorder in the
stacking sequence and probably a relative proportion of the two
kinds of interlayers slightly different from 50/50.28 In addition,
the fact that a(t) curves for Zn2Cr–Cl and Zn2Cr–Cl/tartrate
intermediate cross below 0.5 (~0.4) indicates that the loss of
coherent diffraction from Zn2Cr–Cl occurs more rapidly than

the gain of coherent diffraction from Zn2Cr–Cl/tartrate, further
confirming the above hypothesis of intercalation occurring in a
statistical fashion.

The size of the coherent domains was determined from X-
ray diffraction peak profile analysis using the TCH pseudo-
Voigt profile function and a linear combination of spherical
harmonics (SPH) as implemented in Fullprof suite. The average
size of the coherent domain D considerably decreases upon Cl- →
tartrate exchange, from 340 Å (anisotropy: 120 Å) for Zn2Cr–Cl
to 120(20) Å for Zn2Cr–Cl/tartrate and 130(30) Å for Zn2Cr–
tartrate. The SPH approach allows the calculation of the size of
the scattering domains along the c-stacking direction (L00l) and
in the a,b plane (L110): 550/220 Å (L00l/L110 in Å) for Zn2Cr–
Cl, 95/160 Å for Zn2Cr–Cl/tartrate and 100/175 Å for Zn2Cr–
tartrate. These values reveal an important loss of coherency
in the stacking direction during the first step of the exchange
reaction, corresponding to the formation of the second-stage
intermediate, while the dimension in the a,b plane is almost
not modified all along the exchange process. The length of the
stacking sequence L00l can also be used to calculate the number
of repeat units or repeat distances d003, by dividing L00l by d003.
Hence, while a stacking of approximately 70 repeat units is found
with Zn2Cr–Cl, the calculation gives only eight interlayers for both
Zn2Cr–Cl/tartrate (i.e. 4 Cl/tartrate pairs) and Zn2Cr–tartrate
samples.

Two important insights into the overall process of intercalation
in Zn2Cr LDH can be derived from this microstructural study.
First, the important loss of coherency, in the first step of the
reaction, is in favour of a statistical nucleation of the guest
molecules at the edge of the crystallites. Secondly, the fact that
the in-plane coherent dimension L110 remains almost constant all
along the process might indicate that the diffusion of the guest
anions within the interlayer space occurs without any bending or
corrugation of the hydroxide layers. Yet, one must keep in mind
that X-ray diffraction provides an average measurement of the
dimension of the coherent domains, which does not exclude the
presence of local structural defects inside them.

Fig. 2 Powder X-ray diffraction patterns and results of the profile refinements for Zn2Cr–Cl/tartrate: experimental data (circle), calculated data (solid
line), Bragg reflections (ticks), and difference profile. The average particle size was obtained with the spherical harmonics model. The asterisk indicates
the presence of Zn2Cr–Cl in a small amount.
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Effect of the temperature

The temperature dependence for the Cl- → tartrate exchange
reaction in Zn2Cr was examined (Fig. 3). As expected, increasing
the temperature first increases the reaction rate but also causes a
change from consecutive (Cl- → Cl-/tartrate → tartrate) to par-
allel processes with a route going through a direct transformation
(one-step process: Cl- → tartrate) (Fig. 3(b)). Since the energy of
the system is expected to increase with temperature, it is reasonable
to think that the energy barrier to reaction will be more facile
to overcome at higher temperature, hence explaining the direct
transformation to Zn2Cr–tartrate. The Zn2Cr–Cl sample being
quite heterogeneous in terms of particle size, we first attributed
these parallel processes to different reactivities depending on
the particle sizes. Yet, this parameter examined below did not
show any effect on the conditions of appearance of parallel
processes. Another explanation, proposed elsewhere,29 would be
that consecutive processes arise from an ordered replacement
of interlayer anions while a random replacement would lead to
parallel processes. Besides, the influence of the temperature on
staging phenomena has been discussed by Safran in a theoretical
study on staging in graphite intercalation compounds.30 By
establishing the staging Hamiltonian, Safran showed that there
was a maximum temperature Tm above which only the fully

Fig. 3 In situ EDXRD data showing the course of the Cl- → tartrate
exchange reaction in Zn2Cr LDH, recorded at different temperatures and
for different addition rates of the tartrate anions solution: (a) 10 ◦C/
0.059 mL min-1, (b) 55 ◦C/ 0.094 mL min-1. 3D stacked plots are displayed
on the left and the corresponding a(t) plot on the right, showing the
evolution of Zn2Cr–Cl host 003 (�), Zn2Cr–Cl/tartrate intermediate 006
(�) Zn2Cr–tartrate product 003 (�) reflections as function of time. The
amount of tartrate anions added in solution is converted in theoretical
anion exchange rates (AEC), given on the right scale of the 3D stacked
plots.

exchanged phase exists. One can thus infer that the value of Tm
for the Cl- → tartrate exchange reaction in Zn2Cr LDH host is a
little above 55 ◦C.

Effect of the chemical composition of LDH host

The same anion exchange reaction, i.e. Cl- → tartrate exchange,
was conducted with other LDH hosts to see the effect of the
cationic composition of LDH hydroxide layers. As shown on
Fig. 4, no reflections attributable to any intermediate phases can
be seen during the exchange reactions with Mg2Al and Zn2Al
hosts, suggesting that these reactions proceed directly to the fully
exchanged products. Note that the crystallinity of these systems
is rather poor and make detection difficult. However, the crossing
of a(t) curves, close to 0.5, unequivocally confirms the one-step
nature of these processes: as Mg2Al–Cl and Zn2Al–Cl phases
are consumed, Mg2Al–tartrate and Zn2Al–tartrate products are
formed at almost comparable rates. The fact that a(t) curves
cross somewhat below 0.5 might indicate here that a significant
number of interlayer spaces must be filled by tartrate anions, to
give coherent diffraction, and that some Mg2Al–Cl and Zn2Al–Cl
are probably consumed before any product phases are visible.

Fig. 4 In situ EDXRD data showing the course of the Cl- → tartrate
exchange reaction in (a) Mg2Al LDH and (b) Zn2Al LDH. 3D stacked
plots are displayed on the left and the corresponding a(t) plots on the right,
showing the direct transformation of the host phase (�) into the product
(�). The reactions were performed at room temperature (20 ◦C) with an
addition rate of the tartrate anions solution 0.2 M of 0.047 mL min-1.

By the chemical composition of the hydroxide layers, we also
refer to the cation ordering and the observed differences in
intercalation behaviour between Zn2Cr, Zn2Al and Mg2Al LDH
hosts which may partly originate from this parameter. Indeed, it
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is noteworthy that Zn2Cr exists for only one ratio R = Zn/Cr =
2, while R varies in the range between 2 and 5 for ZnRAl and
MgRAl. Ordering is highly probable for a M2+/M3+ ratio equal to
2, since for this ratio it is difficult to satisfy both the disordering of
cations and the trivalent cation avoidance rule. A local description
of the arrangement around cations, by extended X-ray absorption
fine structure (EXAFS), has concluded unambiguously to a local
cationic ordering for Zn2Cr LDH host while there is no evidence
for cationic order in Zn2Al.31 A comparison with the ordered
LiAl2 system, for which staging has been observed more often,
brings us to say that staging and cation ordering might be
linked phenomena. However, Grey et al. have shown recently,32

by multinuclear NMR spectroscopy, that Mg2+ and Al3+ cations
are also fully ordered in Mg2Al, a LDH host composition for
which we have not observed staging.

Interestingly, EDXRD data also show an important loss of
coherency for Zn2Al LDH host when suspended in water, con-
trasting with the high crystallinity of the powder sample measured
by conventional X-ray diffraction, higher than that of Zn2Cr host.
Such a loss of coherency is likely to reflect a higher reactivity in
solution for Zn2Al than for Zn2Cr and accordingly no need of
energy gain via a staging pathway. This observation led us to
examine the effect of LDH particle size on the occurrence of
staging, since a higher chemical reactivity is often associated to
smaller particle size materials. In Fig. 5, are EDXRD data for
Cl- → tartrate exchange in Zn2Cr with an average particle size
around 250 nm, while data reported in Fig. 3(b) were obtained for
Zn2Cr–Cl with an average particle size above 1 mm. Surprisingly,
the particle size has no effect on the reaction rate neither on the
two exchange pathways.

Fig. 5 In situ EDXRD data showing the course of the Cl- → tartrate
exchange reaction in Zn2Cr LDH: a(t) plot showing the evolution
of Zn2Cr–Cl host 003 (�), Zn2Cr–Cl/tartrate intermediate 006 (�)
Zn2Cr–tartrate product 003 (�) reflections as function of time. The average
particle size of the starting Zn2Cr–Cl phase is ~250 nm. The reactions were
performed at 55 ◦C with an addition rate of the tartrate anions solution
0.2 M of 0.094 mL min-1.

Effect of the identity of the intercalating and deintercalating anions

Only LDH “second stage” intermediates with consecutive galleries
occupied alternatively by organic and inorganic anions have been
reported so far. Moreover, it should be noted that staging is not
seen with all organic anions and that it remains quite a rare
phenomenon in LDH system. To illustrate this point, EDXRD

experiments performed with many different inorganic and organic
anions are described hereafter.

Hence, the exchange of chloride anions with a series of inorganic
anions (OH-, NO3

-, SO4
2-) in Zn2Cr LDH host is depicted in

Fig. 6. Assuming that staging is a low temperature process, the

Fig. 6 In situ EDXRD data showing the course of the Cl- → Am- exchange
reaction in Zn2Cr LDH: (a) Am- = SO4

2-, (b) Am- = OH- and (c) Am- =
NO3

-. 3D stacked plots showing the direct transformation of the host
phases into the products. The reactions were performed at 10 ◦C with an
addition rate of the guest anion solutions – (SO4

2-) = 0.2 M/(OH-) =
(NO3

-) = 0.4 M – of 0.094 mL min-1. The amount of guest anions added
in solution is converted in theoretical anion exchange rates (AEC), given
on the right scale of the 3D stacked plots.

6000 | Dalton Trans., 2010, 39, 5994–6005 This journal is © The Royal Society of Chemistry 2010
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reactions were carried out at low temperature (10 ◦C) to increase
our chance of observing any intermediate. However, in neither case
was staging observed and the extent of reaction vs. time curves a(t)
all cross close to a ~0.5. The exchange reactions proceed directly
from Zn2Cr–Cl to the fully exchanged materials but with different
reaction rates as deduced from the theoretical anion exchange rates
(AEC) given on the right scales of the 3D stacked plots. Indeed,
the rate of reaction is found much greater for the intercalation of
SO4

2- than for the intercalation of OH- and NO3
-. This trend is

consistent with the affinity order of LDH hosts for these anions,
determined elsewhere from microcalorimetry measurements33 and
equilibrium constants calculations.34 Notwithstanding the absence
of intermediate phase, the investigation of the exchange with
OH- is of interest. Indeed, this intercalate, often called meixnerite
phase, is difficult to characterise as a powder under air conditions
owing to its strong basic character and the consequent rapid
conversion into a carbonate intercalate. By conducting the Cl- →
OH- exchange reaction under nitrogen atmosphere, we were able
to characterise OH intercalate as a pure phase and characterised
by an interlayer distance of d003 ~7.3 Å. On the other hand, the
present EDXRD data provide an experimental evidence for the
existence, often contested in the literature, of two intercalates
with nitrate anions (d003 = 10.5 Å and 8.1 Å) appearing almost
simultaneously in solution and attributed to different orientations
of intercalated nitrate anions.35 However, the interlamellar dis-
tances usually reported are around 8 and 9 Å for horizontal and
vertical orientations of the nitrate anions, respectively. EDXRD
measurements being performed in solution, the large interlayer
distance observed here, 10.5 Å, may be attributed to a high
hydration state of nitrate anions.

The exchange of chloride anions in Zn2Cr–Cl with organic
anions like succinate, vinyl benzene sulfonate (VBS), dodecylsul-
fate (DS), 9,10 anthraquinone-2-sulfonate (AQS) and ferricyanide
Fe(CN)6

3-, was also examined by EDXRD. Except for Cl- →
succinate exchange (Fig. 7), the reactions were observed to be
one-step processes in all the other three cases, proceeding directly
to the fully exchanged phases as shown in Fig. 8. The rates of
intercalation of these organic anions, much slower than the rates of
intercalation of the previous inorganic anions, probably indicate

Fig. 7 In situ EDXRD data showing the course of the Cl- → succinate
exchange reaction in Zn2Cr LDH: 3D stacked plot displayed on the left
and the corresponding a(t) plot displayed on the right, both showing the
evolution of Zn2Cr–Cl host 003 (�), Zn2Cr–Cl/succinate intermediate
006 (�) and Zn2Cr–succinate product 003 (�) reflections with time. The
reactions were performed at room temperature with an addition rate of
the succinate anions solution 0.2 M of 0.094 mL min-1. The amount
of succinate anions added in solution is converted in theoretical anion
exchange rates (AEC), given on the right scale of the 3D stacked plots.

higher activation energies Ea. However, staging is not observed
and one may surmise, as proposed elsewhere,29 that in the present
case the reduction in Ea that would be achieved through staging
is negligible and reactions proceed slowly in a one-step process
rather than exhibiting staging. On the other hand, the formation
of Zn2Cr–Cl/succinate intermediate was observed (Fig. 7). Note
the poor crystallinity of this system, which makes difficult the
analysis of the data to spot the intermediate. Yet, the presence
of this intermediate is confirmed by the fact that a(t) curves for
Zn2Cr–Cl and Zn2Cr–succinate cross close to a ~0.

The first series of EDXRD experiments involved the reaction
of an inorganic anion containing LDH, Zn2Cr–Cl, contacted with
either organic or inorganic anions. In a second step, we examined
the reverse approach wherein an organic anion containing LDH,
Zn2Cr–tartrate, was treated with inorganic anions.

In this second set of EDXRD experiments, the replacement
of tartrate anions appeared to be very difficult. Indeed, no
exchange was observed with chloride anions, indicating strong
interactions between Zn2Cr–LDH host and tartrate anions, thus
high Ea. On the other hand, interesting features were observed
with carbonate and sulfate anions. As can be seen in Fig. 9,
EDXRD data show a gradual shift of the 003 Bragg reflection
from 12.1 Å (d003 for Zn2Cr–tartrate) to 7.6 Å (d003 for Zn2Cr–
CO3

2-) or 11.1 Å (d003 for Zn2Cr–SO4
2-) upon carbonate anions

or sulfate anions addition, respectively. Such linear variations
can only be explained by a gradual increase of the number of
interlayers intercalated with carbonate or sulfate anions. This
progressive exchange of tartrate anions was further confirmed by
quenching experiments. The powder X-ray diffraction patterns
of the solids, recovered after a reaction time of 10 and 20 min
with carbonate anions, are consistent with the formation of
a second-stage intermediate Zn2Cr–tartrate/CO3

2- and a third-
stage intermediate Zn2Cr–tartrate/2CO3

2-, subsequently (results
not shown). Although one may wonder whether a random
displacement would not give similar X-ray diffraction patterns,
this result is in favour of the model proposed by Daumas and
Herold for the description of staging and shown schematically in
Fig. 10.18 This model can easily account for transition from odd to
even order stage compounds while the Rudorff model cannot. Yet,
the Daumas–Herold model, developed for graphite intercalation
compounds, implies a bending of LDH layers which has never
been demonstrated so far. As said before, no change in the in-
plane coherent dimensions of LDH host layers, as determined by
X-ray diffraction, is observed during the exchange process but this
does not exclude the presence of local structural defects. TEM is
the most effective technique to obtain such information, however
it has proved difficult to obtain good quality TEM images of
LDH compounds perpendicular to the stacking axis owing to their
platelet morphology.27 On the other hand, an interlayer rigidity
parameter p ~5 was determined for LDH;36 this value indicates
that LDH layers constituted by three atom thick layers are more
rigid than those in graphite (p ~2) and metal dichalcogenides (p
~3.5) but less rigid than those in clays (vermiculite p ~7).

Competitive intercalation reactions

The occurrence of staging phenomena was also examined through
competition reactions between tartrate and other organic anions,
like VBS anions, in presence of Zn2Cr–Cl (Fig. 11). The formation
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Fig. 8 In situ EDXRD data showing the course of the Cl- → Am- exchange reaction in Zn2Cr LDH: (a) Am- = VBS, (b) Am- = DS, (c) Am- = AQS
and (d) Am- = Fe(CN)6

3-. 3D stacked plots showing the direct transformation of the host phases into the products. The reactions were performed at
55 ◦C with an addition rate of the guest anion solutions – (VBS) = (DS) = 0.4 M/(AQS) = 0.032 M/(Fe(CN)6

3-) = 0.1 M – of 0.047, 0.071, 0.059 and
0.059 mL min-1, respectively. The amount of guest anions added in solution is converted in theoretical anion exchange rates (AEC), given on the right
scale of the 3D stacked plots.

of two distinct intercalates, Zn2Cr–VBS and Zn2Cr–Cl/tartrate,
is observed almost at the same time. The 006 Bragg reflection
of Zn2Cr–Cl/tartrate increases in intensity very rapidly and
as soon as it has reached its maximum, Zn2Cr–Cl/tartrate is
quantitatively converted into Zn2Cr–tartrate as shown by the
crossing of the corresponding a(t) curves exactly for a = 0.5.
On the other hand, the 003 Bragg reflection for Zn2Cr–VBS
steadily increases in intensity all along the reaction. Although
not well resolved because of the high dilution of the system, data
collected beyond a reaction time of 80 min show a slight decrease
in the intensity for the 003 Bragg reflection of Zn2Cr–tartrate
which may indicate that this product then undergoes exchange
with VBS anions. A similar reaction sequence was obtained for
the competition reaction between tartrate and methyl orange MO
(results not shown) and this leads us to the conclusion that Zn2Cr–
Cl/tartrate intermediate may be considered as a kinetic product
while Zn2Cr–VBS and Zn2Cr–MO would be thermodynamic
products.

Anion-exchange properties of Zn2Cr–Cl/tartrate second stage
material

Since we were able to isolate the Zn2Cr–Cl/tartrate second stage
intermediate almost as a pure phase, we investigated its anion

exchange properties, also by means of EDXRD. In Fig. 12 are
presented the EDXRD data for the exchange reactions of F-

or AQS anions with Zn2Cr–Cl/tartrate. Highly selective anion
exchange reactions were observed as a result of the segregation be-
tween organic and inorganic anions existing in Zn2Cr–Cl/tartrate
starting phase. Note that the size of the leaving anion compared
to the size of the incoming anion may also play a role but has
not been clearly established yet. The reactions initially occur with
the preferential replacement of either inorganic Cl- anions with
F- or organic tartrate anions with AQS. Then, upon adding the
incoming anions, the fully exchanged products form. The fully
exchanged phase Zn2Cr–F was not observed probably due to the
poor crystallinity of this system, but the powder XRD analysis of
the final solid product recovered after centrifugation and drying
unambiguously indicates the formation of Zn2Cr–F (results not
shown). Another important point to note is that any attempts
to prepare Zn2Cr–Cl/AQS (Fig. 8(c)) and Zn2Cr–tartrate/F-

second-stage materials by direct synthesis failed. Indeed, no
staging was observed for both the Cl- → AQS and tartrate →
F- exchange reactions in Zn2Cr LDH (results not shown). Similar
results were obtained with other anions like SO4

2-, amino benzene
sulfonic acid (4-absa), adipate anions which all form second-
stage intermediates when contacted with Zn2Cr–Cl/tartrate. One
can thus say that the present phases can be prepared starting

6002 | Dalton Trans., 2010, 39, 5994–6005 This journal is © The Royal Society of Chemistry 2010
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Fig. 9 In situ EDXRD (3D stacked plots) data showing the course of the
tartrate → Am- exchange reaction in Zn2Cr LDH: (a) Am- = CO3

2- and (b)
Am- = SO4

2-. The reactions were performed at 55 ◦C with an addition rate
of the guest anions solution 0.2 M of 0.094 mL min-1.

Fig. 10 Schematic diagram showing the difference between the Rüdorff
and Daumas–Herold models of staging in lamellar hosts.

from second-stage structures only, such as Zn2Cr–tart/Cl. This
“Zn2Cr–tart/Cl approach” provides a new synthesis route for the
preparation of various mixed organic–inorganic anions exchanged
forms of LDH.

Fig. 11 In situ EDXRD data showing the competition reaction between
tartrate and VBS guest anions in presence of Zn2Cr–Cl: (a) 3D stacked
plot and (b) the corresponding a(t) plot displayed showing the evolution
of Zn2Cr–Cl host 003 (�), Zn2Cr–Cl/tartrate intermediate 006 (�),
Zn2Cr–tartrate product 003 (�) and Zn2Cr–VBS 003 (�) reflections with
time. The reaction was performed at 55 ◦C with equimolar amounts of
tartrate (0.1 M) and VBS (0.2) added at a rate of 0.047 mL min-1. The
amount of guest anions added in solution is converted in theoretical anion
exchange rates (AEC), given on the left scale of the 3D stacked plot.

Conclusion

Interstratification phenomena in LDH systems offer new perspec-
tives for LDH intercalation chemistry. Indeed, one can easily
imagine the possibility to prepare multifunctional materials by
combining different intercalates possessing different functional
properties like optical or magnetic properties. Yet, we must admit
that we are far from being able to prepare such multifunctional
materials for the processes involved in LDH staging phenomenon
are still not well understood and need additional experimental
and theoretical studies. The use of time-resolved, in situ energy-
dispersive X-ray diffraction technique was essential for the in-
depth investigation of the mechanisms involved. We also expect
significant progress in our understanding of dynamics in the
interlayer space of LDH and staging phenomenon by using molec-
ular dynamic simulation.37 Meanwhile, the “Zn2Cr–Cl/tartrate
approach” might constitute a new route to the synthesis of various
mixed organic–inorganic anions exchanged forms of LDH.

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 5994–6005 | 6003
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Fig. 12 In situ EDXRD data showing the exchange reaction between
Zn2Cr–Cl/tartrate and: (a) F- anions (0.4 M) added at a rate of
0.047 mL min-1, at room temperature; (b) AQS anions (0.032 M) added
at a rate of 0.094 mL min-1, at 55 ◦C. Because of the small difference
between the interlamellar distances for Cl- (d003 = 7.8 Å) and F- (d003 =
7.4 Å), only a gradual displacement of the 006 Bragg reflection is observed
upon Cl- → F- exchange, from 10.1 Å for Zn2Cr–Cl/tartrate to 9.7 Å for
Zn2Cr–F/tartrate.
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ABSTRACT: We studied a series of NiAl−CO3 layered double
hydroxides (LDHs) of various degrees of crystallinity prepared by a
glycine-assisted hydrothermal method. The structures and the
microstructures were determined by Rietveld refinement with a
spherical harmonic-implemented algorithm using high-resolution
synchrotron powder X-ray diffraction (XRD) data. These XRD
results combined with transmission electron microscopy (TEM)
observations indicate that the broadening of 00l diffraction lines is
mainly due to size effects, while both size and strain effects
contribute to the anisotropic broadening of the other hkl reflections.
The in-plane TEM dimensions of LDH platelets are found larger than the coherent lengths in the 110 direction, indicating a
noncoherent coalescence of domains during crystal growth. The DIFFaX program was also used to model structural defects, i.e.,
CO3

2−/SO4
2− interstratification and intergrowth between rhombohedral 3R1 and hexagonal 2H1 polytypes. Furthermore, the

distribution of the cations within the hydroxide layers has been determined by the atomic pair distribution function technique,
indicating a disordered distribution of the cation in all samples with absolutely identical cationic coordination spheres. The
electrochemical characterization of these samples as thin-film modified electrodes, by means of cyclic voltammetry and
electrochemical impedance spectroscopy measurements, reveals complex behaviors which are the result of competing effects
between the coherent domain size and the particle size, the aggregation state of LDH particles, the Ni bulk concentration, and
the presence of structural defects. Remarkably, the presence of the 2H1 stacking motifs in the 3R1 LDH matrix results in an
increased electrochemical signal. Either the location of metal cations exactly on top of the others in the 2H1 polytype or the
defects associated with the intergrowth of 2H1−3R1 polytypes may be responsible for the enhanced electroactivity of Ni centers.

1. INTRODUCTION

Layered double hydroxides (LDHs) constitute a class of
compounds of general formula [M2+

1−xM
3+

x(OH)2A
n−

x/n]·-
mH2O (abbreviated notation M2+M3+−An−), with M2+ = Mg,
Ca, Ni, Cu, Zn, ..., M3+ = Al, Cr, Fe, ..., An− any n-valent
inorganic or organic anion (the most common being CO3

2−,
Cl−, NO3

−, dodecyl sulfate, ...), x usually in the range of 0.1−
0.5, and m in the range of 0.1−1.0.1 As highly flexible
compounds in terms of chemical compositions, LDHs have
been widely studied in the literature in recent years. In
particular, the chemistry of the interlayer region endows these
materials with many interesting properties which allow their use
for numerous applications such as anionic exchange resins,2

sensors or biosensors,3,4 drug delivery systems,5 and more
recently fillers in polymers.6,7

The common denominator in all these studies is to seek a
better control of the size, shape, and crystallinity of LDH
particles, enabling more efficient products for the envisaged
applications. Hence, many strategies for fabricating original and
well-controlled morphologies of LDHs have been reported.8,9

Among these strategies, those controlling the morphologies of
nickel-containing LDHs have attracted more attention, and one
of the reasons is their possible used in commercial alkaline
secondary batteries for the replacement of β-Ni(OH)2
electrodes.10−14As shown in the case of β-Ni(OH)2, micro-
structural features such as crystallite size, extended defects, and
the existence of microstrains may have an important effect upon
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the electrochemical properties and therefore must be taken into
account.15−17

Although polycrystalline materials such as LDHs contain
imperfections that can deeply influence their physical and
chemical properties, there have been few reports on the
correlation between the microstructure and the electrochemical
performance of the NiAl−CO3 LDH α-phase.10,12−14 In all
these studies, the powder diffraction technique is used for
studying the structure and the microstructure. However, the
correlation between the diffraction line profile and micro-
structural features is a complex task since in the case of LDH
materials different phenomena can be involved, including
crystallite size effects, stacking faults, turbostratic disorders, and
interstratification. As a result, the difficulty in independent
reliable estimation of these factors led to conflicting conclusions
in the literature on the relative importance of each of them.
Sugimoto et al.10 reported a correlation between the width of
the 003 diffraction line and the electrochemical performance of
NiAl−CO3 LDHs in terms of utilization and half-discharge
potential. The crystallinity dependence of the cell performance
was explained by the reduction of polarization because of a
more ordered structure which led to a faster solid-state reaction.
Later, Wronski et al.12 proposed that turbostratic NiAl LDHs,
displaying broad and asymmetrical X-ray diffraction (XRD)
lines, exchange as many electrons as or more electrons than
well-crystallized samples and are more stable during oxidative
charging. Villemure et al.13 indicated that the electrochemical
performance also depends on the nature of the intercalated
anion and the ease by which they can be exchanged by
hydroxide anions during the electrochemical process.
The present study deals with a series of nanostructurated

NiAl−CO3 LDHs, of various degrees of crystallinity, prepared
by a glycine-assisted hydrothermal method,18 and emphasis is
put on the role of the structural and microstructural parameters
in determining the electrochemical properties of these
materials. In the first part, the structures and microstructures
have been studied using powder X-ray diffraction (PXRD) data
coupled with electron microscopy. X-ray data were treated by
performing Rietveld refinements and modeling the peak
broadening with linear combinations of spherical harmonics
using the program FULLPROF. We also used the atomic pair
distribution function (PDF) technique to investigate the cation
distribution within the hydroxide layers. Besides, the DIFFaX
program was used to estimate the nature and the amount of
stacking faults. In the second part, electrochemical tests,
namely, cyclic voltammetry and electrochemical impedance
measurements, allowed us to draw some microstructure/
electrochemical property correlations. In particular, we have
demonstrated univocally the importance of structural defects

due to polytypism in the electrochemical response of NiAl−
CO3 LDHs.

2. EXPERIMENTAL SECTION

2.1. Synthesis of NiAl−CO3 Samples S1−S4. All the
reagents were of analytical grade and were purchased from
Acros Organics and used without further purification.

2.1.1. Glycine-Assisted Hydrothermal Method. NiAl−CO3
samples were prepared following the same procedure as
described previously.18 In a typical experiment, glycine
(NH2CH2COOH; pKa1 = 2.3, pKa2 = 9.6) and sodium sulfate
(15 mmol) were dissolved in 25 mL of a solution of
Ni(NO3)2·6H2O and Al(NO3)3·9H2O (Ni/Al molar ratio of
2). A clear green solution was obtained after 5 min of stirring.
Then 10 mL of 5 M NaOH (OH−/∑(Ni2+ + Al3+) = 10) was
added all at once under stirring, inducing a pH increase from
3.5 to 13.5. Afterward, the solution was transferred into a 40
mL capacity Teflon-lined stainless steel autoclave (autogenous
pressure) and heated at 120 °C for 24 h. After the
hydrothermal treatment, the autoclave was allowed to cool to
room temperature, the resulting green precipitate was
recovered by centrifugation, and the clear colorless supernatant
was removed. There was no change in the solution pH before
and after the hydrothermal treatment. The precipitate was
washed three times with deionized water and dried at room
temperature.
To study the influence of the reactant ratio in this method,

the metal salt concentration and the amount of glycine were
varied from 0.04 to 0.4 M and from 0 to 33.3 mmol (2.5 g),
respectively. Samples obtained by using a metal salt
concentration of 0.2 M in the presence of 6.6 mmol (0.5 g)
or 26 mmol (2 g) of glycine are named respectively S1 and S2.
Sample S3 corresponds to the use of a metal salt concentration
of 0.04 M and 26 mmol (2 g) of glycine.

2.1.2. Urea Method. For comparison purposes, a well-
crystallized NiAl−CO3 phase noted S4 was also prepared using
the homogeneous precipitation method based on urea
hydrolysis19 in which a 0.1 M metal salt solution and solid
urea were dissolved in appropriate amounts (urea/∑(Ni2+ +
Al3+) = 10 and ∑(Ni2+ + Al3+) = 2) in water and then
submitted to a hydrothermal treatment at 190 °C for 48 h.

2.2. Preparation of Modified Electrodes. The modified
electrodes were prepared by solvent casting. The Pt electrode
surfaces were polished to a mirrorlike surface with diamond
paste (1 μm) and aqueous alumina slurry paste (0.05 μm).
Then they were rinsed thoroughly with deionized water and
submitted to ultrasonic treatment for 5 min to remove any
trace of alumina. Four modified electrodes named ES1, ES2,
ES3, and ES4 were prepared corresponding to the four NiAl−

Table 1. Chemical Compositions (Ni/Al Ratio Determined by EPMA and Water Content Determined by TGA), Brunauer−
Emmett−Teller (BET) Specific Surface Areas, Particle Sizes Determined by TEM, Coherence Lengths, and Microstrain
Parameters Obtained from the Analysis of XRD Data for Samples S1−S4

chemical composition microstructure

Ni/Al (molar
ratio)

water content (mol/
formula unit)

surface area
(m2/g)

SEM/TEM particle size, diameter/
thickness (nm)

XRD coherence length, L110/
L00l (nm)

microstrain, ε110/ε00l
(×104)

S1 2.97 ± 0.04 2.1 23 207/28 86.5/35.0b

S2 2.65 ± 0.04 2.2 39 45.3/6.0c 25/59
S3 2.91 ± 0.04 2.3 14 −/83 110.5/44.5c 13/15
S4a 1.94 ± 0.02 1.9 230/32 98.0/55.5c 9/17

aReference sample. bEstimated from the fwhm of the 00l and 110 reflections using the Scherrer formula. cEstimated from the full profile analysis of
the PXRD patterns using the SPH model.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp300780w | J. Phys. Chem. C 2012, 116, 15646−1565915647



CO3 samples (S1−S4) prepared above. Aqueous colloidal
solutions (2 mg/mL) of S1−S4 powders were stirred for 12 h.
Then 20 μL (40 μg) or 100 μL (200 μg) of the resulting
suspensions was deposited with a micropipet on cleaned Pt
surfaces with a geometrical area (A) of 0.196 or 1 cm2,
respectively. Finally, the LDH thin-film electrodes were dried at
room temperature for 4 h.
2.3. Preliminary Characterization. The Ni/Al molar ratio

in samples S1−S4 (Table 1) was determined by electron probe
microanalysis (EPMA) with a Camera SX100 electron
microprobe at LMV. The operating conditions were a 15 kV
accelerating voltage, a 15 nA beam current, a 10 s counting time
on peaks, and a 20 μm defocused beam. Synthetic Al2O3 and
NiO were used as standards. To circumvent the sample
instability of LDH materials under the microprobe beam and
correction errors due to the presence of CO3

2−, OH−, and H2O
that cannot be analyzed by EPMA and might potentially
volatilize under vacuum, LDHs were calcined at 750 °C for 4 h
prior to analysis. Pellets were then prepared by applying a
pressure of ca. 1.5 ton to the calcined powders to reduce
porosity and obtain a flat surface. This preparation method was
found to be adequate, yielding reproducible analyses with
consistent oxide summations of ca. 97%.
The thermal behavior and concentrations in anionic species

of the samples was determined by thermogravimetric analysis
(TGA) using a Setaram TG-DTA 92 instrument in the
temperature range of 25−1000 °C with a heating rate of 5 °C
min−1. FT-IR spectra were recorded with a Nicolet 5700
spectrometer using the KBr pellet technique.
Preliminary XRD investigations were performed on a

PANalytical X’Pert Pro diffractometer equipped with an
X’Celerator Scientific detector and a Cu anticathode (Kα1/
Kα2). The instrument was used in the θ/θ reflection mode and
was fitted with a nickel filter, 0.04 rad Soller slits, a 10 mm
mask, a 1/2° fixed divergence slit, and a 1° fixed antiscatter slit.
The diffracted beam was detected (detector active length
2.122° (2θ)) over a range of 5−70° (2θ) with a step size of
0.0167° and a counting time of 350 s/step.
The morphologies and internal crystal structures were

investigated with scanning/transmission electron microscopy
(SEM/TEM). SEM images of samples S1−S4 and the
corresponding thin films ES1−ES4 were obtained with a field
emission (FE) gun scanning electron microscope (Zeiss Supra
55 FEG-VP) operating at 3 keV. TEM images were taken on a
Philips CM20 electron microscope operating at 120 kV; the
LDH powders were suspended in ethanol for 30 min, and a
drop of the suspension was deposited on a 400 mesh holey
carbon-coated copper grid and allowed to dry at room
temperature. For surface area measurements, N2 adsorption−
desorption was performed at −196 °C with a Micromeritics
ASAP 2020. Before analysis, the samples were pretreated at 80
°C under vacuum for 12 h.
The thickness of the ES1−ES4 LDH thin-film electrodes was

measured with an Alpha-step IQ surface profiler (KLA Tencor)
assuming a surface density of 200 μg/cm2, and mean values
around 1−2 μm were found.
To determine the stability of samples S1−S4 during the

preparation of the modified electrodes and their evolution
during the cyclic voltammetry experiments, ES1−ES4 thin films
deposited on 1 cm2 Pt electrodes were analyzed by XRD using
the PANalytical X’Pert Pro diffractometer cited above. For
these tests, the Pt diffraction peaks were used to obtain an
accurate positioning of the electrodes at the reference plane of

the goniometer. After 10 potential scans in cyclic voltammetry,
the ES1−ES4 modified electrodes were rinsed lightly with
deionized water, dried under a nitrogen flow, and then
promptly analyzed by XRD.

2.4. Structural and Microstructural Characterizations.
Rietveld refinements and DIFFaX simulations were employed
for the structural and microstructural analysis of samples S1−
S4. High-resolution powder X-ray diffraction data were
collected on the beamline CRISTAL at synchrotron SOLEIL
(France). A monochromatic beam of wavelength 0.4388 Å was
extracted from the undulator beam using a double-crystal
Si(111) monochromator. Each sample was loaded in a rotating
0.7 mm diameter glass capillary, which was mounted on a two-
circle diffractometer equipped with a 21-crystal multianalyzer,
enabling among others the removal of unwanted fluorescence
signal from Ni. Rietveld refinements on samples S2 and S3
were carried out with the FULLPROF suite programs20 using
the TCH pseudo-Voigt function21 to fit the experimental
profiles. Structural refinements were performed considering the
R3 ̅m space group and taking as initial values those reported for
MgAl−CO3.

22 The scale factor, zero point, cell dimensions,
atomic coordinates, and atomic displacement factors were
refined. Backgrounds were refined by adjusting the height of
preselected points for linear interpolation. The instrumental
contribution to peak broadening was determined with the
Na2Ca3Al2F14 (NAC) standard. The resulting instrumental
resolution function (U = 2.29 × 10−4, V = 2.1 × 10−5, W = 4 ×
10−6, X = 1 × 10−6, Y = 5.44 × 10−4) was included in the
refinement. To treat anisotropic size effects, the Lorentzian part
of the peak broadening was modeled with linear combinations
of spherical harmonics which allow the calculation of the
crystallite average size along each reciprocal lattice vector.23

Assuming disk-shaped crystallites, the apparent size for the 00l
reflections corresponds to the thickness of the disk and the
diameter is obtained from the apparent size for 110 reflections
multiplied by 3π/8.24 An “average apparent shape” of the
crystallite can also be displayed using GFOURIER, a program
of the FULLPROF suite. Anisotropic strain effects were also
considered and modeled using the formalism developed by
Stephens.25

The same sets of diffraction data were used for the PDF
analysis. The PDF analysis exploits the total scattering pattern,
which means that it takes into account not only the Bragg peaks
but also the diffuse component coming from the local structural
imperfections not accessible by Rietveld refinement.26 At first,
the diffraction patterns were corrected for background, which
was determined using a separate diffraction measurement of an
empty glass capillary and taking into account Compton
scattering, absorption, and polarization. All these corrections
were done using the program PDFgetX2.27 Subsequently, the
corrected X-ray diffraction data were scaled into electron units,
and the structure function S(Q) was calculated. The PDF,
which gives the probability to find an atom at a distance r from
another atom, was obtained by a Fourier transformation of
S(Q) according to

∫π
= −

∞
G r S Q Q r Q( )

2
Q[ ( ) 1] sin ( ) d

0 (1)

where Q is the magnitude of the scattering vector. S(Q) was
truncated at Qmax = 25.4 Å−1, the signal-to-noise ratio being
unfavorable beyond that value of Q. To investigate the cation
distribution in samples S1−S3, the simulated PDF based on the
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Rietveld structure of S3 was compared to the experimental PDF
using the software PDFFIT.28

The nonuniform broadening of peaks observed in the PXRD
patterns of samples S1 and S2, indicative of structural disorder,
was interpreted using the program DIFFaX.29 Kamath et al.
have provided the detailed steps for the use of DIFFaX for the
simulation of the powder X-ray diffraction patterns of LDHs,
and the procedure is briefly described in the Supporting
Information.30−33 The stacking unit comprising a metal
hydroxide slab and an interlayer was built by using the atomic
coordinates of sample S3, determined by Rietveld refinement of
the synchrotron X-ray diffraction data. The intergrowth
between the 3R1 and 2H1 polytypes in sample S1 was simulated
by stacking the NiAl−CO3 unit one above another using two
different stacking vectors, (2/3,

1/3,
1/3) and (0,0,1/2). In sample

S2, TGA and IR analysis revealed the presence of sulfate anions
in a non-negligible amount, brought by Na2SO4 salt used in the
synthetic process, leading us to hypothesize a possible
interstratification of CO3

− and SO4
2− anions in S2. This

interstratification was simulated by considering two stacking
units, NiAl−CO3 and NiAl−SO4, stacked one above the other
using the stacking vector (2/3,

1/3,k); the structural data of
ZnCr−SO4

34 were used to model the NiAl−SO4 block. k =
dCO3

/dSO4
= 0.86, where dCO3

(7.682 Å) and dSO4
(∼8.9 Å)

correspond respectively to the interlayer distance of NiAl−CO3
(sample S3) and NiAl−SO4. For a comparison with
experimental patterns, the calculated peaks were broadened
using a Lorentzian profile function (fwhm (full width at half-
maximum) = 0.4° (2θ)). For the sake of comparison with
published data, DIFFaX simulations were done at the Cu Kα1/
α2 wavelength (1.5418 Å) and compared with PXRD data
recorded on the PANalytical X’Pert Pro diffractometer
described above.
2.5. Electrochemical Characterization. Experiments

were carried out with an EA161 potentiostat (EDAQ) for
cyclic voltammetry (CV) and with a VSP multichannel
potentiostat from BioLogic for electrochemical impedance
spectroscopy (EIS). All these experiments were done with a
three-electrode system, including a Ag−AgCl reference
electrode (CV) or standard calomel electrode (SCE) (EIS), a
platinum auxiliary electrode, and a Pt disk electrode modified
with LDH thin films as the working electrode. In EIS,
sinusoidal potential modulation with an amplitude of 10 mV
(peak to peak) was superimposed on the applied potential with
a frequency ranging from 100 kHz to 10 mHz. Homemade
modeling software was used to simulate the data thus obtained
using an appropriate equivalent electrical circuit.

3. RESULTS AND DISCUSSION

3.1. Chemical and Morphological Characterizations of
Powder Samples S1−S3. Using the reaction between the
divalent and trivalent metal nitrate solution and concentrated
sodium hydroxide solution in the presence of glycine18 allowed
us to obtain NiAl−CO3 LDHs with various morphologies. In
Figure 1 is illustrated the effect of the variation of the precursor
concentration, i.e., the metal salt concentration in solution, and
the glycine/Ni ratio on the PXRD patterns. A detailed
description of the PXRD pattern of the LDHs is given below
in section 3.2. To discuss synthesis aspects, one can mainly say
that the present PXRD patterns are all consistent with the
formation of an LDH structure intercalated with carbonate
anions (interlayer distance ∼7.7 Å) but with notable differences

depending on the synthesis parameters. Indeed, the decrease of
the metal salt concentration in the medium leads to sharper
peaks which traduce a net increase of the crystallinity of the
samples, the lower saturation level being in favor of crystal
growth (Figure 1a). For an intermediate metal salt concen-
tration of 0.2 M and when decreasing the amount of glycine
(glycine/Ni < 5), a broadening of the reflections in the mid-2θ
region is observed (Figure 1b). Such behavior was previously
reported for CoAl LDH phases and attributed to the use of a
high and uncontrolled pH during the sample preparation.35 On
the other hand, for a large amount of glycine (glycine/Ni ≥ 5),
in particular for glycine/Ni = 10, one observes an additional

Figure 1. PXRD patterns (X’Pert Pro diffractometer, λCu Kα1/α2 =
1.5418 Å) of NiAl−CO3 LDH samples obtained using (a) different
metal salt concentrations (0.04, 0.08, 0.12, 0.16, and 0.4 M) and a fixed
amount of glycine (26 mmol) or (b) a 0.2 M metal salt solution and
different glycine/Ni molar ratios (0, 2, 4, 5, 8, and 10).
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series of 00l diffraction peaks corresponding to an interlayer
distance of ∼8.75 Å and characteristic of sulfate intercalated
species.36

FE-SEM images given in Figure 2 (left side) show the
different morphologies obtained by varying the synthesis

parameters. Thus, for a fixed metal salt concentration of 0.2
M and a glycine/Ni ratio lower than 5 (Figure 2a), thick disk-
shaped particles are systematically observed. Dynamic light
scattering size measurements (results not shown) indicate a
unimodal size distribution and a net tendency that is the greater
the amount of glycine, the larger the average particle size.
Typically, mean values centered at 178, 196, 213, and 250 nm
are obtained respectively for glycine/Ni ratios of 1, 2 (sample
S1), 3, and 5, evidencing that the presence of glycine as a

complexing reagent also favors crystal growth in the present
case. For the compound prepared with a glycine/Ni ratio of 5,
the presence of both small disks and large platelets, probably
formed by small disk association, also supports the occurrence
of a dynamic Ostwald ripening phenomenon (Figure 2b).37 A
further increase of the glycine amount induces the formation of
3D hierarchical nanostructures, as illustrated by sample S2,
which displays peony-like particles with an average diameter of
10 μm (Figure 2c) in which the petals consist of thin
intergrown plates. Interestingly, a completely different
morphology is observed in decreasing the metal salt
concentration, highlighting the ability of such a simple synthetic
process in tailoring the morphology of NiAl−CO3 LDHs.
Indeed, at low metal salt concentration (sample S3, 0.04 M,
glycine/Ni ratio 40) homogeneous spherical nanostructures
similar to wool balls are formed with an average diameter of 2
μm (Figure 2d). The individual particles involved in this
assembly present a circular border and a thickness in the range
of 50−90 nm, which correspond to approximately 65−110
stacked individual LDH layers. Such a morphology corresponds
to an anisotropic growth of individual particles associated in an
isotropic manner.
The TEM images, also presented in Figure 2 (right side),

confirm the above FE-SEM observations. At a low glycine/Ni
ratio (sample S1), both well-defined hexagonal platelets and
disk-shaped particles are observed. Thanks to particles oriented
perpendicular to the grid, it is possible to estimate a particle
thickness of 30 ± 15 nm corresponding to 40 ± 20 individual
LDH layers; these stacked layers can be distinguished at higher
magnification (inset of Figure 2a). For the sample obtained
with a higher glycine amount (sample S2, Figure 2c), the TEM
image confirms the formation of flowerlike 3D architecture
built up of thin and large interconnected particles.18

Interestingly, the TEM image of S3 clearly evidences that the
3D spherical nanostructures are formed by a radial distribution
of thin platelets, each individual particle displaying a geometry
similar to a sector of a circle with a central angle lower than 45°
(Figure 2d).
In the following, the discussion is mainly focused on samples

S1, S2, and S3 displaying distinct XRD diffraction patterns and
morphologies.
The EPMA analyses reveal Ni/Al ratios much higher than

the nominal ratio of 2 used in all syntheses (Table 1). This can
be explained by the strong basic conditions applied (pH ≈
13.5) in favor of the solubility of aluminum species in solution.
Further characterizations, including nitrogen adsorption

isotherms and IR and TGA analysis, were performed on
samples S1−S3 and are described in the Supporting
Information.
To get a better understanding of the electrochemical

properties of the samples investigated, a well-crystallized
reference sample, S4, was prepared by the urea method.
SEM/TEM images of sample S4 are shown in Figure 2e; its
chemical composition, structural and microstructural parame-
ters, and electrochemical results are given in Tables 1−3,
respectively, and will be considered in the discussion part.

3.2. Structural and Microstructural Analysis of
Powder Samples S1−S3. The powder X-ray diffraction
patterns of samples S1−S3 given in Figure 3 (high-resolution
synchrotron X-ray powder diffraction data, λ = 0.4388 Å) are
typical of LDH materials with three distinct regions: (1) the
low-angle region (<9° 2θ) containing the basal reflections 00l,
the positions of which depend on the size of the intercalated

Figure 2. FE-SEM (left) and TEM (right) images of NiAl−CO3
obtained with (a) a glycine/Ni ratio of 2 and a metal salt concentration
of 0.2 M (sample S1), (b) a glycine/Ni ratio of 5 and a metal salt
concentration of 0.2 M, (c) a glycine/Ni ratio of 8 and a metal salt
concentration of 0.2 M (sample S2), and (d) a glycine/Ni ratio of 40
and a metal salt concentration of 0.2 M (sample S3). (e) S4 reference
sample prepared using the urea method. The insets correspond to
larger magnification of individual particles.
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anion; (2) the high-angle region (2θ = 15−20°) containing the
hk0 and hkl reflections characteristic of the metal hydroxide
layers, thus remaining the same for invariant layer composition
and for all polytypes; (3) the mid-2θ region (9−15°)
containing the h0l and 0kl reflections, the positions of which
depend on the polytype and are strongly affected by
turbostratic disorders as well as random intergrowth of different
polytypes.
Using DIFFaX simulations, Kamath et al. have examined in

detail the effect of various kinds of disorder (stacking faults,
turbostraticity, and interstratification) versus crystallite size
effect on the line width of Bragg reflections in the powder X-ray
diffraction patterns of LDHs (Supporting Information).27−30

At first sight, the very diffuse mid-2θ region observed for S1
and the anisotropic line-broadening effects noticed for S2 point
out structural disorders in both cases while sample S3 displays

the features of a “highly” ordered material. More precisely, the
PXRD pattern of S1 is typical of stacking disorder with a very
important asymmetric broadening of the h0l/0kl reflections in
the mid-2θ region also called Warren fall, while the 00l and
110/113 reflections are not affected. Particularly, the 113
reflections appears well-resolved and sharp, which is in favor of
the existence of stacking faults rather than turbostratic disorder.
The Le Bail method being unable to model the typical

Warren fall in the mid-2θ region of S1, cell parameters a and c
were determined from single-peak profile analysis of the 00l
and 110 reflections, respectively, using a pseudo-Voigt peak
shape and assuming the R3̅m space group: a = 2d110 =
3.04207(5) Å, c = 3d003 = 23.115(2) Å, and d003 = 7.705 Å.
Furthermore, the size of the coherent domains was estimated
from the fwhm of the 00l and 110 reflections (after subtraction
of the small instrumental contribution obtained from the NAC

Table 2. Rietveld X-ray Powder Diffraction Refinement Results for Samples S2, S3, and S4: Cell Parameters, Atomic Positions,
Atomic Displacement Parameters, and Agreement Factors Rwp, Rexptl, and RBragg

a

S2 S3 S4b

d003 7.668 7.682 7.533
R3̅m
cell parameters (Å)

a 3.03716(6) 3.03717(1) 3.02419(2)
c 23.004(2) 23.0465(2) 22.5994(2)

atomic positions
Ni, Al 3a,0,0,0
O1(OH) 6c,0,0,y y = 0.3775 y = 0.3775(1) y = 0.3794(1)
C 6c,1/3,

2/3,
1/2 x = 0.1120 x = 0.112(1) x = 0.100(1)

O2(CO3/H2O)
18h,x,−x,1/2
site occupancy,
H2O

0.138(2) 0.126(1) 0.102(1)

atomic displacement
parameters

Ni, Al 0.40 0.39(1) 0.30(1)
O1 0.50 0.54(4) 0.80(5)
O2 4.5 4.5(3) 5.0(4)

distances (Å)
(Ni,Al)−OH 2.027 2.027(1) 2.033(1)
OH−OH 2.687 2.687(2) 2.718(3)
OH−O(CO3/
H2O)

2.884 2.884(2) 2.775(3)

C−O(CO3) 1.546 1.546(3) 1.551(4)
reliability factors

Rp (%) 6.4c/17.3d 4.9/9.0 5.7/7.5
Rwp (%) 8.4/18.4 6.6/10.3 9.9/11.2
Rexptl (%) 10.5/22.9 5.8/9.1 7.2/10.8
χ2 0.6 1.3 1.3
RBragg (%) 3.8 4.4 5.0
RF (%) 3.6 6.9 4.4

chemical formula [Ni2.18Al0.82(OH)6.00(CO3
2−)0.41]·2.48H2O [Ni2.23Al0.77(OH)6.00(CO3

2−)0.38]·2.26H2O [Ni1.89Al1.11(OH)6.00(CO3
2−)0.55]·1.83H2O

aStandard deviations in parentheses. Note that, due to the intergrowth of the 3R1 and 2H1 polytypes in S1, a Rietveld refinement was not possible.
bReference sample. cNot corrected for background. dConventional Rietveld R factors.

Table 3. Electrochemical Parameters of ES1−ES4 NiAl−CO3/Pt-Modified Electrodes

sample peak Epa (V/Ag−AgCl) Epc (V/Ag−AgCl) Ipa/Ipc D (cm2 s−1) Q(v=5) (C) QT(v→0) (C) Qout(v→∞) (C) electroactivity (%)

ES1 A 0.72 0.42 1.1 4 × 10−10 7.9 × 10−4 2.8 × 10−3 5.0 × 10−5 2.50
ES2 A 0.60 0.47 0.9 1 × 10−7 7.6 × 10−6 7.4 × 10−6 7.7 × 10−6 0.03

B 0.45 0.42 0.7 2.5 × 10−6 2.4 × 10−6 3.3 × 10−6

ES3 A 0.62 0.47 0.9 7 × 10−8 4.0 × 10−5 4.2 × 10−5 1.4 × 10−5 0.13
B 0.47 1.6 × 10−6 1.6 × 10−6 2.3 × 10−6

ES4 A 0.60 0.50 1.0 4 × 10−6 1.9 × 10−6 1.5 × 10−6 1.3 × 10−6 0.01
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sample), both unaffected by the structural disorder and using
the Scherrer formula.38 The thickness and diameter thus
calculated are respectively L00l = 35.0 nm and L110 = 86.5 nm, in
agreement with the platelet shape of LDH particles (Table 1),
i.e., a thickness much lower than the in-plane dimension. The
consistency of these results with TEM particle size dimensions
will be discussed below. As mentioned above, the intergrowth
between 3R1 and 2H1 polytypes is quite common in carbonate-
containing LDHs, and we surmise the same kind of intergrowth
for S1. To estimate the relative amount of the two polytypes,
we attempted a simulation of the PXRD of S1 using the
DIFFaX program and considered a random stacking sequence.
As can be judged from the visual comparison presented in
Figure 4a, the DIFFaX-simulated pattern obtained by the
random intergrowth of the 3R1 and 2H1 polytypes in equal
proportions reproduces rather well all the features present in
the experimental pattern, in particular the Warren fall in the
mid-2θ region and the sharpness of the other reflections.
On the other hand, for samples S2 and S3, using synchrotron

X-ray powder diffraction data, we were able to refine both
structural and microstructural parameters. The Rietveld refine-
ments were performed in the space group R3 ̅m considering an
ordered 3R1 polytype. The graphic outputs are shown in Figure
3, and the final values for cell parameters, atomic positions, and
atomic displacement parameters are summarized in Table 2.
The implementation of corrections for anisotropic size and
strain broadening was essential to reach acceptable reliability
factors, especially for S2. The site occupancy of water refined to
values in relatively good agreement with the chemical analysis,
leading to the chemical formulas [Ni2.18Al0.82(OH)6.00-
(CO3

2−)0.41]·2.48H2O for S2 and [Ni2.23Al0.77(OH)6.00-
(CO3

2−)0.38]·2.26H2O for S3.
It is interesting to note that although EPMA analysis

indicates quite different Ni/Al ratios in S2 (2.65) and S3
(2.91), the refined values of the lattice parameter a are very
close and thus in favor of a rather similar Ni/Al ratio. The lower
signal-to-noise ratio for S2 PXRD data compared to S3 PXRD
data and the presence of humps in the background indicate a
lower crystallinity and probably the presence of an amorphous
component for S2. It is thus inferred that although the Ni/Al
ratio in sample S2 as a whole is 2.65, the Ni/Al ratio for the
crystalline phase responsible for the PXRD peaks must be very
close to 2.9. This underlines the difficulty in carrying out
chemical analysis on powder samples and relating the elemental
composition to powder XRD data when an amorphous
component is also present.
The refined microstructural parameters for samples S2 and

S3 are detailed in Table 1. As said before, the anisotropic peak
broadening has been modeled as a linear combination of
spherical harmonics from which are then calculated the average
apparent sizes in the directions corresponding to a given Bragg
reflection. The average apparent diameter L110 and thickness
L00l have thus been obtained from the values determined in the
directions normal to the 110 and 00l reflecting planes. Besides,
to account for some structural disorder, the contribution of the

Figure 3. High-resolution X-ray synchrotron powder diffraction data
(λ = 0.4388 Å) for (a) S1, (b) S2, and (c) S3. Rietveld refinement
results for S2 and S3: experimental X-ray powder diffraction patterns

Figure 3. continued

(dots), calculated data (continuous line), Bragg reflections (ticks), and
difference profile. The insets give the average shape and size of the
crystallites in the directions indicated. Note that, due to the
intergrowth of the 3R1 aand 2H1 polytypes in S1, a Rietveld
refinement was not possible.
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microstrain to peak broadening was also evaluated. The
coherent domains reconstructed from the refined spherical
harmonic coefficients are in total agreement with the platelet
shape of LDH crystals (inset of Figure 3). The platelet
dimensions in the plane L110 for samples S1 and S3 are rather
close, respectively 86.5 and 110.5 nm, and 2 times larger than
that obtained for S2, 45.3 nm. Similarly, the coherence lengths
in the stacking direction L00l are very close for S1 and S3,
respectively 35.0 and 44.5 nm, while a very small value is
obtained for S2, 6.0 nm. From these values of L00l, one can also
calculate an approximate number of stacking layers, which is
∼45 for S1 (d003 = 7.705 Å), ∼8 for S2 (d003 = 7.668 Å), and
∼58 for S3 (d003 = 7.533 Å). The similarities between the L00l
coherence lengths and the platelet thicknesses obtained by
TEM, particularly for S1, may indicate that the particle size is
probably the main source of the observed peak broadening in
the 00l direction for all these samples. On the other hand, the
in-plane dimensions of the particles measured by TEM are
larger than the coherent lengths determined in the 110

direction L110, and this can be explained by a noncoherent
coalescence of domains due to microstrains or defects during
crystal growth which occurs preferentially in the basal plane.
For instance, the occurrence of stacking faults, as observed in
S1 and affecting mainly the h0l reflection, reduces de facto the
coherence lengths in these directions.
As expected, S3 is weakly affected by microstrains; the slight

difference observed between the 00l (ε00l = 15 × 10−4) and the
110 (ε110 = 13 × 10−4) directions may indicate a crystallite size
dependence of the strains as reported elsewhere,17 but cannot
be more thoroughly discussed here. On the other hand, the S2
PXRD pattern appears to be strongly affected by microstrains
in the stacking direction with a value of ε00l = 59 × 10−4

compared to ε110 = 25 × 10−4 along the in-plane direction of
the platelets. The careful inspection of the S2 PXRD pattern
seems to indicate that these microstrains arise due to an
interstratification phenomenon as suggested by the broadening
of the 006 reflection (fwhm = 0.25° (2θ)) with respect to the
003 reflection and the excessive sharpness of the 012 reflection
(fwhm = 0.08° (2θ)).29 Supported by the IR and TGA analyses,
which show the presence of sulfate anions, DIFFaX model
simulations were carried out for an interstratified phase
containing both intercalated sulfate and carbonate anions. As
can be judged from the visual comparison presented in Figure
4b, the DIFFaX simulation of the 3R1 polytype of NiAl−CO3
interstratified with 10% NiAl−SO4 reproduces rather well all
the features present in the experimental pattern.
To explore the cation distribution within the hydroxide

layers, the approach of atomic pair distribution function analysis
was used. The PDF technique has emerged recently as a
powerful tool for the investigation of local structural
imperfections.26 The PDFs for samples S1−S3 were
determined using the same set of diffraction data as for
Rietveld refinement since these data were measured at 0.4388
Å−1, giving access to a high Q range, up to 25.4 Å−1. The
oscillations of the PDFs extend over 50 Å, in agreement with
the crystalline character of the materials (Supporting
Information). As can be seen in Figure 5, the experimental
PDFs are compared to the PDF calculated from the Rietveld
averaged structure determined for S3. A rather good agreement
is obtained; in particular, the peak attributed to M−M bond
distances at a, (√3)a, and 2a are well fitted, indicating reliable
site occupancies and therefore in favor of a disordered
distribution of the cation. The comparison of the PDFs of S1
and S3 (displaying almost the same Ni/Al molar ratio, ∼2.9) is
quite interesting. Indeed, for interatomic distances below the
interlayer distance d003, i.e., ∼7.7 Å, the PDFs are found to be
very similar, suggesting the same atomic near neighbor
distributions within the hydroxide layers of these two
compounds; the differences observed for interatomic distances
above d003 are due to the presence of the 2H1 polytype in S1. In
the case of S2, the lower intensity of the peaks at a, (√3)a, and
2a indicates a different occupation of the corresponding atomic
positions compared to those S1 and S3, consistent with the
lower Ni/Al molar ratio of ∼2.6.

3.3. Stability and Structural Changes of ES1−ES3
Thin-Film Modified Electrodes. In the second study,
samples S1−S3 were prepared as thin films for electrochemical
investigation by solvent casting of the aqueous suspensions.
The stability of the corresponding thin films deposited on
platinum electrodes, noted thereafter ES1−ES3 modified
electrodes, was checked by means of XRD and SEM analysis
before the electrochemical measurements. SEM images

Figure 4. Comparison between experimental (X’Pert Pro diffrac-
tometer, λCu Kα1/α2

= 1.5418 Å) and DIFFaX-simulated PXRD patterns.
(a) Simulation of the random intergrowth of 50% 2H1 motifs in the
3R1 polytype in S1: experimental (bottom) and simulated (top) data
(the inset gives the expected patterns for pure 2H1 and 3R1 polytypes).
(b) Simulated pattern of S2 assuming a 3R1 polytype interstratified
with 10% Ni2Al−SO4: experimental data (bottom) and simulated data
with 10% SO4 (medium) and 100% CO3 (top).
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presented in Figure 6 show that, after 12 h of stirring and
deposition, S2 and S3 aggregates are split into pieces
corresponding more or less to isolated particles. A coarser
detachment of the petals is observed in the case of S2
aggregates probably due to the composition heterogeneity of
the sample. In parallel, the XRD analysis of the films indicates
relatively weak reflections, the most visible being the lines 00l,
explained by the small quantities deposited on the electrodes
(200 μg), also probably a preferential orientation phenomenon
with numerous LDH platelets lying flat on the surface.
Nevertheless, the careful inspection of these XRD patterns
(Figure 6a) reveals changes for S3 upon modified electrode
preparation with the appearance of an additional peak at ∼4.90
Å (2θ = 18.0°) that can be attributed to the formation of a β-
Ni(OH)2-type phase as reported by Villemure et al.13 or to the
interstratification of the α- and β-Ni(OH)2 phases, intimately
and randomly mixed.39,40 This additional peak corresponds
either to a degradation product or the crystallization of an

initially amorphous phase through dissolution−recrystallization
mechanisms occurring during the 12 h of stirring of the
suspensions. On the other hand, no apparent modification is
seen on S1 nor S2.

3.4. Electrochemical characterization of ES1−ES3
Thin-Film Modified Electrodes. Thin films of samples S1−
S3 coated on Pt electrodes have been characterized by cyclic
voltammetry in 0.1 M NaOH aqueous solution (Figure 7).
Different parameters characteristic of the electrochemical
process involved in the LDH layer can be calculated by
analyzing these curves (Supporting Information). ES1 is
characterized by a typical anodic peak at 0.72 V (peak A)
and the corresponding cathodic peak at 0.42 V (peak A′); the
ratio Ipa/Ipc is equal to 1.1, showing the quasi-reversibility of
the electrochemical process. The effect of the scan rate (v) on
the electrochemical response was analyzed, showing a good
linearity when Ip is plotted vs v1/2 for 20 mV/s ≤ v ≤ 200 mV/s
(inset of Figure 7a), suggesting that the electrochemical process
is under diffusion control within the LDH layer. The redox
process may be depicted by the following reaction:

+ ⇔ +− −Ni LDH OH Ni (OH)LDH 1eII III (2)

where the electron transfer within redox-active NiAl LDH,
known as a complex phenomenon, involves charge percolation
through the LDH layer by an electron transport mechanism
associated with the ion diffusion, mainly OH− anions41−43 and
also protons,10,44 to preserve the electroneutrality of the LDH
structure.
The number of moles of oxidized Ni (n*) can be estimated

from the integration of the oxidation peak at a low scan rate (Qa
at v = 5 mV s−1). This value is 8.2 × 10−9 mol for ES1.
According to the formula proposed for as-prepared sample S1
(Table 1) and the total amount of LDH coated on the
electrode surface (40 μg), it corresponds to ∼2.5% Ni cations
present in the film.
An apparent diffusion coefficient D is estimated at 4 × 10−10

cm2 s−1. This value is slightly lower than that estimated by Roto
et al. for NiAl−Cl films in 0.1 M phosphate buffer solution (pH
10, D = (1−5) × 10−9 cm2 s−1).45 In view of the assumption
made with regard to the electrode surface area, thickness of the
LDH films, and concentration of electroactive species, the
values obtained here for D are approximate and can be used
only to provide relative comparisons among ES1, ES2, and ES3
modified electrodes prepared in the same conditions. More-
over, considering the electrochemical process involving electron
transport and ion diffusion, the D values must be regarded as
macroscopic average values for total charge transport through
the LDH film and not attributed to a simple mass transfer as
should be implied in permeability measurements of thin films
using an electroactive probe dissolved in electrolyte.46

Complementary information may be obtained from the
calculation of the total charge (QT), which is proportional to
the entire active layer, and the outer charge Qout at v → ∞,
which is proportional to the outer active surface (Supporting
Information).47 It should be noted that the calculated QT value
is higher than that measured at v = 5 mV/s (Qa = 7.9 × 10−4

C). This suggests that electrochemical transfer within the ES1 is
limited by diffusional constraints even at a low scan rate and the
system never reaches a thin-layer-like behavior because more
and more Ni atoms are implied in the electrochemical process.
Moreover, a great discrepancy is observed between QT and Qout
values, with a QT/Qout ratio of ca. 56, which confirms the mass
transfer limitations suggested by the low value of D. These

Figure 5. (a) Experimental pair distribution function of S3 (red dot)
compared to the PDF calculated from the Rietveld average structure
(plain black line). Arrows indicate expected interatomic distances. (b)
Comparison of the experimental PDFs of S1 (plain black line), S2
(dotted blue line), and S3 (red dots).
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electrochemical parameters, which can be interdependent as
previously shown, are summarized in Table 3 and will be used
for relative comparisons among ES1, ES2, and ES3.
The same procedure was adopted for the ES2 and ES3

modified electrodes, and parts b and c of Figure 6 show the
20th cycle obtained with the ES2 and ES3 samples at v = 50
mV/s. The corresponding electrochemical parameters are also
reported in Table 3. In both cases, the current peak intensities
(A and A′) are significantly lower than for ES1; moreover, a
new couple of peaks (B and B′) is observed at lower potential
(Epa = 0.45 V). These new peaks are more noticeable for ES2
than for ES3. The peak shapes are different; peak A has a

diffusion tail, suggesting mass transfer dominance in the redox
mechanism, whereas peak B is sharper, indicating a dominance
of charge transfer control. The anodic peak (B) was also
reported by Scavetta et al. for a NiAl−Cl/epoxy resin
composite electrode,44 and it has been assigned to the
oxidation of the β-Ni(OH)2 phase formed during the electrode
preparation. Indeed, the potential of peak B corresponds to that
reported for the oxidation of Ni(OH)2 in basic medium.48,49

The effects of the scan rate on Ipa and Qa were also investigated
(Table 3). It should be noted that, in these cases, the apparent
diffusion coefficients are higher, with increasing values
following the sequence ES2 > ES3 > ES1. Moreover, for ES2,

Figure 6. Powder X-ray diffraction patterns (X’Pert Pro diffractometer, λCu Kα1/α2 = 1.5418 Å) of ES1−ES4 films deposited on Pt electrodes (left) and
the corresponding SEM images (right): (a) freshly prepared films, (b) after potential cycling (10 scans) in 0.1 M NaOH aqueous solution.
Additional phases are denoted by different symbols: (◆) β-Ni(OH)2 as reported by Villemure et al.13 or the interstratification of the α- and β-
Ni(OH)2 phases; (*) β-Ni(OH)2 as reported by Wronski et al.;12 (clover leaf) first- and second-order reflections of NiAl−OH− or γ-NiOOH/α-
Ni(OH)2.
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the values of QT and Qout are very similar to the value of
Q(v=5), taking into account the calculation errors, suggesting
that the entire thickness of the film is involved in the
electrochemical process. The electrochemical behavior of
sample ES3 seems to be intermediate between those of ES1
and ES2 (Table 3). The relative contribution of peak B with
regard to peak A is smaller than in the case of sample ES2, and
0.13% of Ni atoms contribute to the electroactivity. In this case
the QT/Qout ratio is 3, with a D value of 7 × 10−8 cm2 s−1.
To better understand the contribution of electronic and ionic

conduction in the present oxidation processes, a series of EIS
measurements were also performed with Pt electrodes modified
with the three samples at different applied potentials (Eapp) and
under open circuit conditions (OCPi and OCPf) (Supporting
Information). Nyquist plots of the resulting EIS spectra for ES1
are shown in Figure 8. These impedance data were fitted using
the equivalent circuit model, depicted in Figure 8b, that is
inspirited from the representation of a faradic pseudocapaci-
tance.50 The calculated IES parameters have been plotted as a
function of the applied potentials (Supporting Information).
The behaviors of the three samples are different, as shown in
Figure 7c for Eapp = 0.65 V. From a general point of view, the
evolutions of resistance and capacitance elements with Eapp are
similar for ES1 and ES3, whereas they are quite different for
ES2. For unoxidized ES1 and ES3 films, the calculated Cdl is
approximately constant (∼100 μF cm−1) and slightly decreases
to 30 μF cm−1 when the oxidation process starts (Eapp ≥ 0.55
V/SCE). For ES2, Cdl remains constant at 300 μF.cm−1 over
the entire potential range. These values can be compared to the
values of 40 and 60 μF cm−1 adopted as references for a
double-layer capacitance of a smooth oxide-covered electrode.51

For ES1 and ES3, both resistant components decrease in a
parallel way during the oxidation process to reach minimal
values at 0.65 V/SCE: Re = 130 Ω and Rd = 30 Ω for ES1 and
Re = 150 Ω and Rd = 80 Ω for ES3. This suggests that electron
transfer resistance and mass transport resistance decrease with

an increase in the nickel oxidation state, the resulting
conductivity being slightly higher for ES1 than for ES3, as
observed in the cyclic voltammetry experiments. At OCPf,
where the driving force for the oxidation is off, Re returns to its
initial value but Rd remains unchanged, showing a certain
permanent modification in the ionic conductivity of the
material after its oxidation. Associated constant phase elements
Ke and Kd follow the same tendency as a function of Eapp with a
break in their values at the potential corresponding to the foot
of the oxidation wave observed in cyclic voltammetry. It should
be noted that the exponent of Ke fluctuates between −0.8 ≤ pe
≤ −0.6 over the entire potential range. It is not surprising that
intergranular roughness should be involved in the electron
percolation process, leading to a modulation of pe.
For ES2, Re and Ke show minimal values in the potential

range 0.45−0.50 V, and then at higher potentials their values
increase. It should be noted that this potential range is
consistent with that corresponding to peak B in the CV curve.
At 0.65 V, the values of Rd and Re are 280 and 330 Ω,
respectively. pe remains stable at −0.8, and the variation
amplitudes of K elements are lower over the potential window
than for other samples. These data suggest that the ES2 film is
more resistive than the other samples and that electron transfer
within the film is mainly governed by the oxidation process
occurring at 0.45 V in the CV curve (peak B).
To gain further insight into the phase modification occurring

during the oxidation process, the resulting oxidized films were
characterized by XRD. Figure 6b shows the XRD patterns
recorded on ES1−ES3/Pt electrodes after 10 potential scans.
Note that, owing to the low signal at high 2θ angle, it was not
possible to detect any change of the cell parameter a associated
with a modification of the Ni/Al ratio within LDH layers upon
potential cycling. The XRD pattern of the ES1 modified
electrode does not differ from that of the freshly prepared film;
therefore, potential cycling on ES1 has no effect on the LDH
structure. On the other hand, significant modifications are

Figure 7. Twentieth cyclic voltammograms of (a) ES1, (b) ES2, (c) ES3, and (d) ES4 coatings on platinum electrodes in 0.1 M NaOH. The insets
show the variation of Ipa as a function of v1/2.
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observed with ES2 and ES3. First, the crystallinity of ES2 is
considerably improved, as visible with the decrease of the fwhm
of the 00l reflection. This reflection is also slightly shifted
toward high values of the 2θ angle, which may indicate the
departure of sulfate anions from the interlayer space,
subsequently displaced by hydroxide anions from the electro-
lyte and then carbonate anions in contact with air. Besides, we
observe the growth of sharp reflections at ∼4.35 Å (2θ = 20.7°)
and ∼1.53 Å (not shown) that were also attributed to β-
Ni(OH)2 (001 and 110 reflections, respectively) at the early
stage of its formation as reported by Wronski et al..12 For ES3,
the β-Ni(OH)2 phase, present in the freshly prepared film (4.90
Å), disappears upon potential cycling. At the same time, one
notices the appearance of two new reflections at ∼7.13 Å (2θ =
12.4°) and ∼3.55 Å (2θ = 25.1°), which are probably the first-
and second-order reflections of the same phase. This latter
phase is quite unstable since it disappears within less than 1 h in
air. We believe that this phase also probably occurs in ES1and
ES2 and that we were quite lucky to have observed it in the case
of ES3. This unstable phase may result either from the
exchange of CO3

2− by OH− anions within the LDH film under
potential scanning as already suggested by Villemure et al.13 or
from the conversion of β-Ni(OH)2 in γ-NiOOH/α-Ni(OH)2
under potential cycling according to the electrochemical
mechanism proposed by Bode et al.52 It is noteworthy that

all these phases are relatively unstable in air and display a nearly
identical interlayer distance, close to 7 Å.37,53

3.5. Correlation between the Structure/Microstruc-
ture and the Electrochemical Behavior. In light of these
results, one can try to establish a correlation between the
structure/microstructure and the electrochemical performance
of NiAl−CO3 LDHs. We recall that S refers to the as-prepared
powder samples and ES to the corresponding thin-film
modified electrodes.
To ascertain the independent effect of particle size and

stacking faults, the electrochemical results are also compared to
those obtained with the reference sample S4 prepared by the
urea method and presenting a negligible amount of stacking
faults, a very large coherent domain size (L110/L00l = 98.0 nm/
55.5 nm) as determined by PXRD, and a morphology very
close to that of sample S1 with similar TEM particle sizes
(Table 1).
The influence of stacking faults on the electrochemical

response can be assessed by comparing ES1 and ES3. Indeed,
notwithstanding the differences between particle sizes and
aggregation states, samples S1 and S3 display similar coherent
domain sizes (the difference in size is lower than 10%) and very
close Ni/Al ratios of ∼2.9. Furthermore, the cation distribution
within the hydroxide layers is the same in both samples as
evidenced by the PDF analysis of XRD data. Therefore, one can
assert that the main difference between the two samples is that
S3 is a pure rhombohedral polytype 3R1 while S1 contains
∼50% 2H1 stacking motifs in the 3R1 matrix. As can be seen in
Figure 7a,c, the presence of the hexagonal polytype 2H1 in ES1
brings about a significant increase in the current intensity of
oxidation peak A compared to that of ES3.
From the comparison between samples ES3 and ES4, both

displaying nearly similar coherent domain sizes (the difference
in size is lower than 15%) and almost no structural defect but
different Ni/Al molar ratios (respectively 2.91 and 1.94), it is
clear that the increase of the Ni “bulk” concentration in LDH
layers brings about an increase of the current intensity of the
anodic peak (A) recorded in CV corresponding to the
oxidation of Ni cations (Figure 7). This increase can be
evaluated by calculating the ratio Q(v=5,ES3)/Q(v=5,ES4)
∼21. Although the coherent domain size is similar, SEM
measurements revealed the actual particle size to be much
larger for S3 than S4, suggesting, in the present case, a minor
effect of the particle size/morphology factor and therefore a
minor effect of the LDH material/electrode interface on the
electrochemical signal.
It is noteworthy that the independent effects observed here

of the Ni/Al ratio (bulk concentration) and stacking faults on
the electrochemical signal are comparable, Q(v=5,ES3)/
Q(v=5,ES4) = Q(v=5,ES1)/Q(v=5,ES3) ∼21, in the range of
variation examined.
The interpretation of the S2 electrochemical behavior is

biased by the heterogeneity of the sample as evidenced by the
PXRD and SEM analysis. If one only considers the LDH
contribution, i.e., the A/A′ couple observed at Epa = 0.6 V, ES2
exhibits the lowest electrochemical signal although it has very
small coherence lengths L00l/L110 compared to S1 and S3 and it
is the one with certainly the highest degree of defects. Indeed,
although the mechanisms are not probed, the effect of
nanosized particles and structural defects on the enhancement
of electrochemical activity has been reported by several
authors.10,12 This apparent discrepancy with the above results
must be related to the occurrence of a second peak couple (B/

Figure 8. (a) Nyquist plots obtained for the ES1 Pt-modified electrode
in 0.1 M NaOH as a function of the applied potential (teq = 300 s). (b)
Equivalent circuit used for fitting the plots. (c) Experimental (Eapp =
0.65 V) and fitted data for ES1, ES2, and ES3.
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B′) situated at a more anodic potential (0.45 V) and assigned to
the presence of β-Ni(OH)2. This is further supported by EIS
measurements which clearly show that the cyclic voltammetry
signal for ES2 is mainly governed by the redox process
occurring at 0.45 V (Figures 7 and 8).
Finally, the comparison between ES1 and ES4 (Figure 7a,d)

displaying similar particle sizes and morphologies, also similar
coherent domain sizes, enables us to reveal the synergic effect
between the Ni/Al ratio (bulk concentration) and stacking
disorders, resulting in a considerable increase of the oxidation
peak current with Q(v=5,ES1)/Q(v=5,ES4) ∼415.
As already indicated by Kamath et al.,30 stacking faults in

layered materials are very particular defects for the atoms
involved in the faulted layers have the same coordination
symmetry and coordination number as those in the ordered
domains of the crystal. Consequently, stacking faults contribute
to the thermodynamic stability by increasing the entropy of the
crystal while the enthalpy component remains unchanged. This
general assumption is corroborated here by the contrast
between samples ES1 and ES3. Indeed, the fact that the
dimensions of the coherent domains in samples S1 and S3 are
comparable may suggest similar free energies, i.e., similar
enthalpies, of the crystals. On the other hand, ES1 shows no
sign of degradation in 0.1 M NaOH up to the end of the
electrochemical tests, while ES3 decomposes, and this clearly
indicates a higher thermodynamic stability for S1 enhanced by
the presence of stacking disorders. The presence of the 2H1
polytype clearly leads to enhanced electroactivity of Ni centers
even though one cannot say whether it is the location of metal
cations in 2H1 directly on top of each other in consecutive
layers or the defects associated with the intergrowth of 2H1−
3R1 polytypes which prevail.
Finally, the values of the outer charge Qout(v→∞) (propor-

tional to the outer active surface) can be used to tentatively
investigate the effect of the morphology, i.e., the way that LDH
platelets aggregate. This effect is estimated from the
comparison of samples ES1 and ES3 using the normalized
values of Qout/QT. In S1, particles are detached from each other
while in S3 they aggregate, forming ball-like assemblies.
Although this aggregation state is disturbed upon LDH film
preparation for ES3, one can assume that it is in great part
maintained. Accordingly, one could relate the higher ratio
obtained for ES3 (3 × 10−1) compared to ES1 (2 × 10−2) to an
enhanced ion transport through the LDH film due to the open
3D architecture of S3 aggregates.

4. CONCLUSION
By means of Rietveld refinements of high-resolution synchro-
tron powder X-ray diffraction data with the SPH implemented
FullProf program, we were able to obtain the structural and
microstructural parameters for a series of NiAl−CO3 LDHs of
various degrees of crystallinity, prepared by a glycine-assisted
hydrothermal method. By comparing the XRD results with
TEM observations, we have shown that the coherent length in
the c-stacking direction of the hydroxide layers is the main
source of peak broadening for the 00l series of reflections in
these compounds while both size and microstrain effects must
be considered for explaining the anisotropic broadening of the
other hkl reflections. The large TEM diameter of LDH platelets
compared to the coherent lengths in the 110 direction can be
explained by a noncoherent coalescence of domains during
crystal growth which occurs preferentially in the basal plane.
The DIFFAX program was also used to model CO3

2−/SO4
2−

interstratification and 3R1−2H1 polytypism. The cation
distribution within the hydroxide layers was investigated by
means of PDF analysis. The electrochemical characterization of
these samples as thin-film modified electrodes reveals complex
behaviors due to competing effects between the coherent
domain size, the particle size, the aggregation state of LDH
particles, the Ni bulk concentration, and the presence of
structural defects. Remarkably, the presence of the 2H1 stacking
motifs in the 3R1 LDH matrix results in a net increase of the
electrochemical signal. Either the location of metal cations
exactly on top of the others in the 2H1 polytype or the defects
associated with the intergrowth of 2H1−3R1 polytypes may be
responsible for the enhanced electroactivity of Ni centers.
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