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Figure 1.1
SEM images of commercial microporous membrane with pores of 200 nm diameter: a) alumina; b) track-
etched polycarbonate.
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Figure 1.2
Scheme for electrochemical template synthesis.
�

�

���� 
������� 
�	���������
�� �
� 
��� ����
�����������������
��	����� ������	�	����
������

�	�� 	�
� ������� �
���
����� ������ ��� 
��� �	�
�	���� 	�	�
����� ��� 	�	������������ ����

����
����������� �������� ��	���
�� �	� 
��
� �	� 
��� ����
�� �	�� 
����	�� �
� 
��� �������

�
��
�	��
����
�����

�����
�������������	�����������	��
�������
������	��	���
�
���


�����
�	������������&������4���

G	�����
�	
���
�
�������
�����������������
��	�
��������
�	�
������	��������
������
���


���������
��	��
� 
��������	
�����	��
����������� �!9"��;�
����
���	���
�� 
���
�������

��������������	��	�&������9���	������	�G���
���������������	�
�����������	������	�GG�


��� ������ ���� ������
���� 
������ �	�� �	� �����	� GGG� 
��� ����
�� ��������� �	� 
��� ��
���


���� �
� 
��� 
�����
�	��������	���6
����	�� 
��� ����
��������
��	��
� �
��� G� ������ 
��


���
����
��	��
�	�	�
�������	���
��
���GG�
��B��������C��������	�	��
���
����������

&������9 @��	��*���

pore

Cross section of
the membrane

50 nm sputtered
Au layer

Dissolution
of the template

membrane

Further
electrochemical
Au deposition

Electrochemical
deposition of Au

Au nanowires

Electrochemically
thickened Au
surface layer

Electrochemically
deposited Au
surface layer

Au base layer

Au nanowires



�������	�
��� (

�

�

�

�

�

�

�

�

�

�

�

�
�
� � � � � � Time
HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH�
Figure 1.3
Dependence of the electrochemical reduction current on time for the potentiostatic deposition of a metal in
a microporous membrane.  In region I metal wires grow in the pores, in region II the pores are just
completely filled (transition region to bulk growth) and in region III, growth commences over the whole
membrane.
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Figure 1.4
A) Scheme of a Au NEE deposited at a polycarbonate membrane. B) Schematic diagram of the typical
assembly of the nanoelectrode ensembles
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Figure 1.5
Different geometries for templated nanoelectrode ensembles: a) ensemble of nanodisks; b) ensemble of
partially naked nanowires; c) ensemble of completely naked nanowires.
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Figure 1.6
Typical diffusive regimes observed at nanoelectrode ensembles as a function of the scan rate and/or
nanoelectrodes distance.
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Figure 1.7
Schematic drawing of the effect of the etching on the NEE structure
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Figure 2.1
Flow cell system
�

�

��
���
����������
���

+��

�
�� ����	
�
� ���
������� �+94�� �
������� ��
�� ��
"�
���� ���
�� �� B9;@� B+4�

6&''��
�	
���
	/�������	
�
�������
�����	
�
����
��������,94�������
���
	����
��

��

������	����
����B9;@�B94�2'�'#��

5�����9������
� +��

�
�� ����	
�
� ���
��
����� �59�+94�� ��
�� ��
"�
���� �	� 	���

@���	�@�(/�+�
��
�	
�
�5�����	�/�A854��,
���	��A	���C�����������
���������
���	�$��

(�����		�
�
����	��
�����
��"����)�����������
����$���������		�
����	�
#�

5�
�����	
����������������	��
�/��
��"�����"�	���)�����(
�
��������������
���	�$��

(�� �$���
�	��
� �"� �� 	��
� ����
� �"� ����� ���
�� �
� 9���
��� ��	�� 2'&� <������

9$���
�	�
���
����
��D��>�'− ��(�
C�������	��
�������D�'#'6�E ���

�54� �
������� ��
�� ��
"�
���� ���
�� �� 8,9*F�� �8,� 4G,�� 4��
������� ��	�� ��

+��

�
�� A����� )
������
/� +)A)� $� H#�/� A����� 4�	
������ � +� �331��''6#�

4����
���
	����
����
���
���
	��	�����#��

Electrode

Screws

Inlet Outlet



��������	
�� �3

�

�����
���	
����

�

������������	����	����������
�	��

)�����
(�
�	�� "��	
�	��
� ���(
�
��� �+)A�)�
�/� H�� ��� "��	�
� �����	�
/� &� ?�� "��	�
�

	���0
�������	����
���
�����
�������	�
��"�2'�
���
�����	���(��	����
�����
���	��

	�����		�
�����
	�����$�
����

�����
���)<)����
����������	���	�����	���	���
���
��

	���899�#��

�����
����� ����� ����	
������ ���	�
�� ����	��
� �;
���
��� )�
	� :/� ,���
��� A
�#�� ����

����	��� �H'� 	����� ��	�� ��	�
�� �
��
� 	�� ���#� 5�
� 	��� ����� ������	��
� ��� ����� 	���

�����
�������������	�
��(�	��9�5�&'��,���
���A
�#�#�

�

�����������
����

�5�

���
����	��������	������
������
���������
���	�����	����	���� �������	�� "�
��

	������	�

�
������
�����������I�J#�,��������	��
���
$�
	���	���"�

���
����	�����

	
���	�������
������>�"���
��������	���5� )5 −�����
����)5 #�

)����������(���� ����/� % )4� ; /� �)4��� ���� ��
������� "
��� +����C� 	
���(�""�
�

�
��������������
���������
�	���
������������
����
�������"
���4�
�0��
��+����/�


�����	�$���/��
����������
����$��#�*�����������	��
����
����"	������"�
�������(
�	��
�

(�"�
�����#�	
���(�""�
������
���
���(��������$�
��	���������	������
	��"�������
��

�
����K��	�
��	���%�1�(������	��
��"���
��
	
�	���%8; #��H���
(�>���/6/��	
�
�	
��3�

"���
�
�����
�������
�
�	
�����,854�������
���
�������
��
��	��	�����	�
�	�
���
��

������������6��4�����	��
��
�	
���(�""�
�I�J#�

,���
�������"�
���"���
���	�
���������
�
����
�����	�����8�G%��������
����������

	�������������	���	��31L���
�	���+�����#�8�G ����������(	��
���"
���+�������	��

33L� ��
�	�#� *������� �����
���
���� "
��� (�������� ����	�
���� �+������ ���� �
�

��	�$�	���"�6'��6'��
�	����
�������
��#�

�����	��
�
����
	����
���"��
���	������
�����
����
����������
����$��#�)�
�"������	�
�

�����(	��
������
����4�����F�������4�����M��4������
�����	�
���
�"���	��
����	��#�



��������	
�� 2'

�
�������������������

,��� �>���
��� ���	������� �
���� ��
�� 5���$�	� �,��"�
��� +#
#�/� A	����� �
�� F�(K�$�	�

�+#A#5#A#�+#�#�/� A	����#�,��������
����������	��
��"��''�@��"�5���$�	�����	��
� ��/� "�
�

��	�$�� �����
�
	�N� �''� ��� ��	������� ������/� �''� ��� 
�(������ ������/� �'� ���

�
����
�	�� 	��	��	�
�
�� �
�� 6� ��� 
�(�"��$�
C� �>�����
	�N� ��
�������� �������	��

�����
�	�/� ��������� �������	�� �����
�	�/� ������
(�	�� 1'/� ����
�>��
�������	����

�����������
��(�
=����
��������
���#�,����������	��
��"��''��@��"�F�(K�$�	�����	��
�

��N� 1''� ��� 
�(������ ������/� �#�� �� ������� ������/� 6''� ��� �������� "�
��	�/� ��6� ���

������� ����
(�	�/� �''� ��� ����
(��� ����� �
�� �6'� ��� 	�����
�� ���
�����
���C�

�>�����
	�� �
�� (�
��� ����/� 	����
��/� ���
��� �
�� ���	���� ��
����
�	�#� 5�
� 	���

�
������/�	����
��������	�"�
�	�����	�����N�'�"�
�5���$�	��
���N�''�"�
�F�(K�$�	����	��

'#�4�% +; /�	��
��
�������	��"�	��������	��
�����������	���'�@��"�'#�4�% +; ��
�

	�������	
��������������#�

,�����������"������
��������$����(�������=���	�(������	��+���
�
/�9(�
���/����	
����

���� (����	� �	� �� ������ �
���
�#� A	� ��
	��
��� �� �����
��� $����� �"� 2� ��� �"� ��	�������

������� �
� �''� �� �"� ���	#� ,��� �������� ��
�� �
���
��� (�� ������$�
�� 61#6� ��

����
�>���	��������$���
	�	���������"�8������"�	������	��
��6'�@��"�������
�������/�

�%� �#'/� �
�� �
� ������	� �"� 	���� ����	��
� �	��������� H''� ?@�� ���� ������ 	�� �'�@� �"�

������
�������/��%��#'/��
�	�������	
��������������#�



��������	
�� 2�

�

�����
��	�
�	�������
���	�����������������
��������� ���!�

�

���������

������������������
��	�

A
� 	���� ��
0/� ����� �G�899�� ��
�� �
���
��� $��� ����	
������ �
� ����	
����������

�
�����
��#� ,��� ���
� �	��� �"� -���������.� 	�����	�� �"� ����	
������ ������	��
� I2J� �
��

����
�(��� �
�� �0�	����� �
� 5��#� �#�N� �"	�
� ��		�
�� "�
� �� �� �
� ��	��
��/� 	���

������
(�
�	�� 	�����	�� ���(
�
�� ���� ��
��	�=��� ��	�� +
 � (�� ����
���
� �
	�� ��

����	��
� 	��	� ���� '#'�&� 4� �
� +
�� � �
�� '#'�� 4� �
� 	
�"���
����	��� ����� �
� 6'N6'�

��	��
�����	�
�"�
�H6���
�	����+	������#��"	�
�
�
��
����	����	��
���"�
�6���
/�	���

��
��	�=������(
�
����������
����"�
��'���
��
�'#'�3�4���I�8% � J8; ��+	���(���

,������(
�
������	��
�����
�����
	��	���������	�
��(�	�������������#3>�' �4��
�

8� ���+; � /�'#����4��
�8� +; #��"	�
����	�
��2'���
�	��/�'#&�6�4�"�
����������

����������	��	������	�
��(�	���+	������#�

,��� 	����
�	�
�� �"� 	��� (�	�� ���� '��� ��#� 9���	
������ ������	��
� ���� �������� 	��

�
������ "�
� �6� ���
�/� �"	�
� ������ �
� ����	��
��� '#2� 4� "�
���������� ���� �����#�

G�����	��
�������
	�
����"�
��
�	��
�3����
�/��"	�
�������	������(
�
������
�
����

��	�� ��	�
� �
�� ����
���� �
� �'L� %8; � "�
� ��� ���
�#� ,��� ���(
�
�� ���� 	��
�


�
��������
���	����	�
��
���
���#�

�"	�
� 	��� ��
��	�=�	��
� ��	��� ��/� �
� ������ 	 � ��� ����
(��� �
� 	��� ��
�� ������ �
��

���(
�
�� "����� $��� ���
��
�	��
� 	�� 	��� )<)� ������ ���
��
�	�� 	��� )�� ���(
�
��

I2J/�����
�	��
�
��������!����
	�������
��������	�������
��
��	��	���"������
��
���	��
�

��	���(�N�

+
 �O���� ���+
 �O���� � ��#���

�

A
� 	��� 
�>	� �	��/� 	���!����
	������ �
�� ���$�
������� ���������� (��!�� ��
��� ����� ��� ��

��
��
�(�����	��/����"������N��

�� �O��� ����� �O��� � ��#���

�



��������	
�� 2�

Figure 2.2
Electroless deposition procedure: Steps a) sensitization with Sn 2+ ; b) activation in a solution of AgNO3

that causes a redox reaction in which the surface-bond Sn2+ is oxidized to Sn 4+ and the Ag+ is reduced to
elemental Ag; c) reduction of gold: the Ag particles are galvanically displaced by Au since gold is a more
noble metal.
The bulk reaction is performed adding formaldehyde as the reducing agent and the deposition time could
be modified in order to get nanowires or nanotubes.
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Figure 2.3
Gold deposition in template membrane and disk shaped nanoelectrode ensembles formation.
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Figure 2.4
Scheme of a Au-NEE prepared using a track-etched polycarbonate membrane as template A). Particular
of the section of the active area; B) top view, C) section of the all NEE ready for use as working electrode.
(a): track-etched golden membrane; (b): copper adhesive tape with conductive glue to connect to
instrumentation; (c): aluminum adhesive foil with non-conductive glue; (d): insulating tape. Note: the
dimensions of the pores (nanofibers) are only indicative and not in scale.
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Figure 2.5
Electrochemical template deposition of metals: scheme of the electrochemical cell
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Figure 2.6
NEE/SPS assembly. Sequence of the printing steps: first graphite-based pastes with an optimized
concentric lay-out were prepared; Au-NEE membrane is first one side peeled and soaked on the golden
side of a wet graphite ink and then placed on the graphite working electrode; afterwards, device is
completed by printing insulator and reference layers
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Figure 3.1
Nanowires formation: TEM image of the template after gold electroless deposition and dissolving the
polycarbonate membrane. Pore diameters of 30nm, deposition time of 20 minutes and pH value 12.�
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Figure 3.2
Photograph of the membranes plated at pH 10 using different deposition time: 10, 20, 30, 40, 60, 90,
120, 210, 240 minutes in clockwise direction from the arrow.
Membranes 200 nm pore diameter.�
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Figure 3.3
Comparison between membranes plated at pH 10 and pH 12 for 30 minutes. Membranes 200 nm
pore diameter.�
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Figure 3.4
A) Nanotubes formation: SEM imagine of the template after gold electroless deposition. Pore diameters
of 220 nm, the deposition time of 40 minutes and pH 10. B) Magnification
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Table 3.1
Dependence of the surface roughness on pH values
Sds, the density of the summits, is the number of the local maximums per area
�
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Figure 3.5
Surface roughness dependence on pH values: AFM imagine of the template after gold electroless
deposition performed at A) pH 7, B) pH 9, C) pH 10. Pore diameters of 30nm, the deposition time of 40
hours. On the right side, the surface roughness trend is reported (see table 3.1).�
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Figure 3.6
Influence of the pH on the electroless deposition. Sketches of particles growth: comparison of the
situation at pH 8-10 and pH 12 after A) a few minutes, B) 1-2 hours and C) several hours of
deposition time.
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Figure 3.7
SEM imagine of the cross section of the template after gold electroless deposition. Pore diameters of
30nm, the deposition time of 24 hours and pH 12.�
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Figure 3.8
Dependence of the electrochemical reduction current on time for the potentiostatic deposition of a metal
in a nanoporous membrane. In this current vs time curve four steps are observed: A) double layer
charging current; B) slight current increase which corresponds to the pores’ filling with gold; C) steep
current increase which corresponds to the formation of hemispheric caps; D) constant current which
correspond to the formation of a planar layer.
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Figure 3.9
SEM images of copper nanowires electrodeposited into the polycarbonate membrane with pores
diameter of 200nm. Electrodeposition is stopped between steps B and C ( see Fig. 3.8).�
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Figure 3.10
SEM imagine of copper nanowires electrodeposited into the polycarbonate membrane with pores
diameter of 200nm. Electrodeposition is stopped between steps C and D ( see Fig. 3.8)
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Figure 3.11
SEM images of the template after gold electrochemical deposition before A) removing the outer layer
of Au and after B).�
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Figure 3.12
Comparison between digital simulations (
curves refer to: (A) ( ---) “bad” NEE ( for “good” and “bad” definition, see
text). Experimental conditions: 10 M NaNO3, 6 μM (ferrocenylmethyl)-trimethylammonium
hexafluorophosphate, Ageom = 0.079 cm2, scan rate 50 mV s . Additional parameters used for the digital
simulation: E0 = 0.44 V, k0 = 0.008 (see text), D = 4x10 cm2 s
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Figure 3.13
Current signal at increasing step potential recorded at a NEE/SPS in a flow cell. Analyte employed was
a solution of FA+ 10-4M in KNO3 10-2M as supporting electrolyte. Flow rate was 50 μL/min.
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Figure 3.14
Current signal at increasing step potential recorded at a GC macroelectrode in a flow cell. Analyte
employed was a solution of FA+ 10-4M in KNO3 10-2M as supporting electrolyte. Flow rate was 50 μL/min.
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Figure 3.15
Signal to background ratio (black, right Y axis), current (red, left Y axis) as a function of the applied
potential; injections of 10-3 M glucose in PB solution at pH 6.8 on GOx /SAM/NEE/SPS biosensor;
sample loop: 115 μL, flow rate: 0.4 mL min-1
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Figure 4.1
Cyclic voltammograms recorded at different KI concentrations in sulphuric acid, pH 1.0: (A) at Au-
macro electrode; (B) at a NEE. KI concentrations as indicated in the figure; scan rate 20 mV s ,
initial potential 0 V, vertex potential 0.7 V.�
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Figure 4.2
(A) Cyclic voltammograms recorded at different scan rates (from 2 to 100 mV s ) at a NEE in 5 μM KI;
(B) peak current dependence on the square root of the scan rate. Other conditions as in Fig. 4.1�
�

;���!
���!���
������
��
�
�����	���
	�����
������������	

���
��	�
�����������	����

���
�����	����#)� /E ��
�����	��������
����'�#�����	���
�
�	������
���
�����������	�

������
�����	������!
���	� ��
��
	������� ����	

���
�������	������� ����

���
���
	�.

��!��	��������
�������
�	�������
�		������!����� !
���	�	��������
��	��������	���!��

�������
�	� ����� ��
��
	���� 	

�� �
��� ���	� ����

����� ���� ��!��!������ ��� 
� �����


���������
�
��	���/����
�������	������!���������������
�H�	���������� �!
���	�

9	���
��!�:��
�����	��!������4�#)� /E ��



���������	
���
�
�����������
�����
�	
	�       68
 

 

�

��� �	� ������� �������� ��
�� ������� ����
����� �

��	� !�
� �
��� 	���	� ��� ���
��


�	�������8��	�������� ���
�		�	� 
��� ��!��!��D� ���	� �
	� 	������� ��� ���
��� ���� -��

���
�����	�"$08&4%�
���������������
�����	�
	������"&#8&'%�����������
�����

	�������
	�

	��������<�
!���
���
�������	�"&'%���
������������
������
�����������	������
���
��

9������=�	�>������	����
��
�	������	��
��	:I�

$�−�������C��−���	������ − ��	���C�$�� � � � 9'�#:�

$�−�������C�� −���	������ −���	���C�$�� � � � 9'�$:�


��6���

$�−�������C��−���	������  ···�−���	���C�$�� � � � 9'�&:�

������������

� −�9
�	:���� ������C�� −���	��� � � � � 9'�':�


��6���

�  ··· �−���	������ ������C��−���	���� � � � 9'�(:�

�������
�������
�	�����	��������
������������
�	����	����
����

����

����	���!��!����

�����
�	������
���	��������	��
��	����
��
	��������	

���
���

�	�	�
�	��������
��	�

�������	���!���������
�	����
��
�����������
���������������������
���������������
	����

��������������
����

����

����	�9'�':�
���9'�(:�"'$%���

Epf (mV) Epb (mV) Ep (mV) E1/2 (mV)

V (mVs-1) NEE Au-macro NEE Au-macro NEE Au-macro NEE Au-macro

5 564 528 489 460 75 68 526 494

10 569 531 487 461 82 70 528 496

20 576 536 483 454 93 82 530 495

50 590 546 480 450 110 96 535 498

100 606 556 473 443 133 113 540 500

200 620 571 470 431 150 140 545 501

500 616 597 468 418 148 179 542 508

Table 4.1
Cyclic voltammetric parameters at different scan rates (v) at a NEE in 5 μM KI, and at an Au-macro in
100 μM KI; supporting electrolyte 1M H2SO4
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•  
________________________________________________________________________________
Figure 4.3
(A) Cyclic voltammograms recorded at 20 mV s at a NEE in sulphuric acid, pH 1.0, at increasing KI
concentrations (blank and then from 0.7 to 10 μM); (B) calibration plot�

•  

Figure 4.4
(A) Cyclic voltammograms recorded at 20 mV s at an Au-macro electrode in sulphuric acid, pH 1.0,
at increasing KI concentrations (blank and then from 20 to 200 μM); (B) calibration plot�
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•  
________________________________________________________________________________
Figure 4.5
(A) Linear sweep voltammograms recorded at 20 mV s at a NEE in: a) sulphuric acid, pH 1.0
(blank, 20mL); b) spiked with 35 μL of Facovit (pre-diluted 1:10) and after standard additions of KI:
(c) 1 μM; (d) 2 μM; (e) 3 μM; (f) 4 μM. (B) Standard additions plot.
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•  

Figure 4.6
(A) Linear sweep voltammograms recorded at 20 mV s at a NEE in: a) sulphuric acid, pH 1.0
(blank, 20mL); b) spiked with 400 μL of iodized table salt solution (234 g L ) and after standard
additions of KI: (c) 3.5 μM; (d) 7.0 μM; (e) 10.5 μM. (B) Standard additions plot �
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C

Figure 5.1
SEM (A) and FE-SEM (B,C) images of a NEE : A) after gold electroless deposition and peeling the gold
from the outer face of the membrane; B) after etching with O2/Ar plasma for 30 seconds; C) after
chemical etching with 1:9 CH2Cl2/C2H5OH for 5 seconds.
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___________________________________________________________________________________
Figure 5.2
Background CVs in 1 mM KNO3 recorded at 100 mV/s: a) with an unetched NEE and with NEEs etched
with 1:9 CH2Cl2/C2H5OH for 2 seconds (b), 5 seconds (c), 10 seconds (d).
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ETCHING TIME

2 seconds 5 seconds 10 seconds

Increase of capacitive current (iC) 8 times 25 times 45 times
Increase of faradaic current (iF) 0.9 times 0.9 times 0.9 times

Table 5.1
Dependence on the etching time (in 1:9 CH2Cl2/C2H5OH) for the increase in double layer charging current
and faradaic peak current, obtained from the CVs in Fig. 2 and 3, respectively, with respect to CVs
recorded at unetched NEEs
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__________________________________________________________________________________
Figure 5.3
CVs of 10 μM FA+ in 1 mM KNO3 recorded at 50 mV/s: A) with three different unetched NEEs; B) with
NEEs etched with 1:9 CH2Cl2/C2H5OH for 2 seconds (a), 5 seconds (b), 10 seconds (c).
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Figure 5.4
CVs recorded in 0.3 M H2O2, 0.5 M H2SO4 at 10 mV/s: a) with an unetched NEE and with NEEs etched
with 1:9 CH2Cl2/C2H5OH for 2 seconds (b), 5 seconds (c), 10 seconds (d).
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_________________________________________________________________________________
Figure 5.5
CVs recorded in 0.5 M H2SO4 at 50 mV/s after dipping the working electrode in 5mM H3PMo12O40 for 1
hour, rinsing and transferring into pure supporting electrolyte for an unetched NEE and a NEE etched with
1:9 CH2Cl2/C2H5OH for 10 seconds.
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Figure 5.6
CVs recorded at different scan rates in 0.5 M H2SO4 at a NEE etched with 1:9 CH2Cl2/C2H5OH for 10
seconds; the working electrode was dipped in 5 mM H3PMo12O40 for 1 hour, rinsed with water and
transferred into pure supporting electrolyte; scan rates 5, 10, 20, 50 100 mV/s, from the smaller to the
larger peak currents CVs. Insert: peak current vs scan rate plot, relevant to the first reduction peak.
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ETCHING TIME
2 seconds 5 seconds 10 seconds

Q (C) 1.5 10-8 4.2 10-8 6.9 10-8

m (picomoles) 3.9 10-2 1.08 10-1 1.80 10-1

Table 5.2
Dependence on the etching time (in 1:9 CH2Cl2/C2H5OH) for the charge (Q) and number of moles
adsorbed (m), obtained by integration of the reduction peak currents recorded at NEEs dipped in 5 mM
H3PMo12O40 for 1 hour, rinsed with water and transferred into 0.5 M H2SO4.
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__________________________________________________________________________________
Figure 5.7
CVs recorded at 100 mV/s with a NEE etched in 1:9 CH2Cl2/C2H5OH, dipped for 2 hours in 1 mM 4-
carboxy-2,5,7-trinitro-9-fluorenylidene-malononitrile, rinsed with water and transferred into 0.2 M CaCl2, 0.1
M TRIS buffer solution (pH 8): A) before (thin line), and after the addition of 0.5 mM NADH (thick line); B)
after the addition of 3.2 mM NAD+ and 3 units of GDH (thin line), and 0.2 mM glucose (thick line).
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