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(nm)D ]]/Y]Y�/Y]Y�/Y]qj/Y�
(× 10-3)εq/jo/jp/j^

/)0<07���+Q
� �(�7X�e��7X� I��SMP2.0 O��K :�G ��'	 �� %,  �+�D ���< 
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,QT��%��X  ���0�!�<�D ���� �G3
� �>��< � �<�
 �d�'� ��S�>;:�G ;�&�K ;��. . .a��

2#D� O�(7B 1
�!X�� :( �-
 �� �< �8 ,#!�� M7QL��
�G3
�;�� 1+< :�� �� �>,#� ;��G:�> E,B � ;��!S�> 
�-6 ;�7Q< ;�� �
5�
5�
: � ���� �N( ����(_G .2��8 �< ��

2#D 1
( O+�� �
5 �� ���� ?�!�G,#<�
 .�QS(� 2��8 �7T�
�� , �< f�� *8(�� O+-'D ;(�< �Q��B ,�(7D.%:(,�( 2��8

�� 9�7Q< <�� ,�(7D, �< 2��8 2
(*	( �< k7 ]��[.
�-6  ;���!�(��4a ,b ,c 7&!>(� :�	 �< k7<�� :( %��H!>( �< �

�
: �L<(�]�A[I�,T �� � �6>�R� ��>( %,  %���F:

2 2 2

2 2 2

1
hkl h k l

a b c

d =

+ +

 (�)

)h k l(fS� ?(�4 [+P �� %,#<�D:�< C�RH$ �Q+� ;�� �

lkhd�RH$ �!>� C�RH$ �Q$�	 )hkl(,#!�� .
��7X� �� 2��8SMP2.0 ��7X� �< �6�� SMP1.8 2��8 

�>( �!	�
r�-6  �<�N �''8 2��8 2��8 O+�� �< 1
(�<�#< 
��7X� �� �''8 2��8 2
(*	( �< w=> � �!	�
 2��8 0F ;��

SMP2.2 �SMP2.5�>( �!	�
 2
(*	( 0F �-6  �<�N .

������5"� =>� ���?0 ��
�
� �>��< �7g#� �<��7X� �L> ��! �
��dD :( ��SEM)O- 

o(0F, %��H!>( �� .��7X� �8 ,  %,
� ��(� :( �� ;�� ~�< 
%,  O+-'D %,+6�� ,�( .�
5 ��7X� 0�7< ;( �
��dD �� ��

SEM ��+�� �� µm�7D�4 ?(�4 Z
�!� �8 �>( f�'� X
:�	 O+-'D �< �#6�α-MoO3,#8 �� ,+
�D (� .

8�!9<�
5 ;�7Q< �-6  ;���!�(��49:�� ;�� α-MoO3O��K :�G [Q!�� ;����'	 �< %,  �+�D)]/^�j/Y�Y/Y�bar q/Y(.
��7X�(hkl) θ2dhkl a (Å) b (Å) c (Å) 

)A�A(/�a/��/A�/.A�./��
SMP1.8 )��A(���/�a./�/��Aa/�

)A��(A.A/���.�/�.��/�
)A�A(./�/��a��/.�.a/��

SMP2.0 )��A(a��/�a.a�/���a/�
)A��(���/�����/�.�./�
)A�A(/aa/��/��/.A../��

SMP2.2 )��A(�a�/�a./a/��Aa/�
)A��(���/����//�./�/�
)A�A(�A�/��./�/.�A�/��

SMP2.5 )��A(��a/�a.�//����/�
)A��(��A/���Aa/�././�

/)0@�
��dDSEM��7X� ;��)[�( (SMP1.8 �)M(SMP2.0 �)c(SMP2.2 �)C(SMP2.5 
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���XK� ��	�W �"QW 0(�
( �>�#  ���8 � �>�# �7Q< �Q\� a�A

 ����� �����5� 
O- q�-+!4( M_T )(α%,�F �>� �< ;�7� Z#> [+P :( 

UV-Vis �� (� %�!�GT7� I7P �nm �AAe��AA 0�'� 
��,�� .0�#� �8 %,
�����7X� �7 5�< M_T :( �� �� �


��7X� M_T � ,��(��7S�< 2H#<(�	 �+K���7� I7P �� �� ;��
�� 2��8 �D5�<�� �8 ,<�
 ��D �< k7<�� ,�(7D 03+�8( ;���T

 , �< �(7� ��]��[.��'	 �D M_T 0(*+� barY/Y�'��8 ,��� 
��'	 �< 0,+>� �< � �! (�bar q/Y�� 2
(*	(,<�
.�\+!� 1
( 

�� (�%���F t
(�  �< �!�<(� �!�(��4 ,#� �< 0(7D ,#��� ;:�>
;�<: ��7Q6D�f�� �(� �+�7D ��]��[.

�(,��;|��( `�G (Eg)�� ~+�!�� �(_G �< k7<�� t>7D ,�(7D
�L<(� �7  �6>�R� �
: ]��[:

(α hν)2 = An (hν - Eg) A:cte  )a(
��7X� ;�(7� `�G I�,T �� ��o�>( %,  %���F .�� %,
� �7 

 ���� �8 :( O��K :�G ��'	 2
(*	( �<�/��Dbar  Y/��`�G 
�>( �!	�
 2
(*	( ;|��( .�� 2
(*	( 1
( �4 �< k7<�� ,�(7D

%�HK �u*T 0,  �8( ;��, �< 03+ .:�G ��'	 0,+>� �< w=>
 �< O��Kbar q/��D ;|��( `�G eV q�/��� 2��8 �,<�
 

�� ;|��( `�G 2��8 %�HK �8 , �< O+�� 1
( �< ,�(7D ;��
�� 03+�8( �\+!� �� �,��+&< 0��!-�( �� �
 }
 ,#�(7D

%�HK OXB %,#�� *8(�� 0(7#B �< %,  I�� ( 03+�8( ;��
�� ,##8 .8(�� 1
( %,#�� �(7� }
 � ,#!�� �B7#X� `�G �� *

�� O+-'D 2��>� �(7� �
: �� }
��< ,#��]��,�a[.

/)0A)[�( :(�
5 �< k7<�� �7� I7P n�K �< M_T �(�7X� O��K :�G [Q!�� ;����'	 �< 0,6+�7� ,+�8( 9:�� ;�� )bar //Y,Y/Y,Y,]/^(

8�!9@�
5 ;�(7� `�G �
����9:�� ;�� MoO3O��K :�G [Q!�� ;����'	 �< %,  �+�D)]/^�j/Y�Y/Y�bar q/Y.(

��7X� ;|��( `�G)eV(

SMP1.8 o]/�

SMP2.0 /o/�

SMP2.2 pp/�

SMP2.5 /�/�
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,QT��%��X  ���0�!�<�D ���� �G3
� �>��< � �<�
 �d�'� ��S�>;:�G ;�&�K ;��. . .a��

B���� C(D 
��7X� 0��(� [+PSMP2.0 ��D( ;��� �� O- ��p'�0�
�>( %,  %�(� .0�#� �8 %,
����7 ��QW :( 0��(� [+P ;��

 �� sW(���A ��/� ���� ��aY ���/ ���/ ���� �aa/ �a�/ �
/a/ ��o] ���� �]�] ��.. �cm-1 ��/�>( %,  O+-'D .

�QW 0�7< *+D �� 0�'� ��,���8���K � �"D�( ;��:( � �� 
~g#� ��+�< ��!S�>�>(.

�QW �7T7�����,K cm-1��q���''8 ���K �< ,�(7D
�'� 97� �� sW(� 03+�8( ��T�MoO6)Mo6+=O ( ��

;�!>(� �7R� b;�� ��T� �'� 1+< �8 ��3+�8( sW(� �� �
MoO6%,'� �! (_G 9(�! ( �< �>( �7  %�(� ��d!S( �.

;(�< �QW 1
(MoO3�>( [+"� �!6�� �
5 ,#� .�QW �7T7�
 ����,K cm-1 ]^]�<�� 1+< �� sW(� 03+�8( �''8 ���K 
~D(Mo �
��X� )Mo2–O ( ��;�!>(� �7R� a�6�� %�(� 
�� � 7G ;�(_G 9(�! ( �< :( �8 �7  �� 9�!'� 03+�8( ;(

�'� ���� �\+!� ��T� �7  .;(�< �QW 1
(MoO3�
5 ,#�
 �>( ;7W �!6��].,�A[.

�QW��;�'XS ���K /0���!��� �''8O–Mo–O �� cm-

1a�q���K �� �< ;���'XS �O–Mo–O n+D�D �< ��

cm-1 ��Y ��,K �cm-1 ��q�'6#T ���K ��'l+4 �
O=Mo=O n+D�D �<����,K cm-1 ��q�cm-1 YoY 
%,  ���{,�( .�QW �+"W7� ?�(*G �< ��;�� :�	 ;(�< 0(�&
� 

;�7Q< α -MoO3,��(� �<7S ��(7�X�.�
�\<�T �� �u*T ;��
�QW �+"W7� 0��(� [+P �� ���� %,
��7  .�� �8 �< ,�(7D

�<�N �� C(�++�D O+��, �< ��,�7+4 ;��+� .�!G�*< ;��+� �<�N
 �� �6�� �
�\<�T �< �\#� �+"W7��QW�<�N � �� ;��+� 

�� �H#� �
�\<�T �< �\#� �!-�78���F %�&
�T ���7 ]�A[.

���� �	��� ��� ����� 
�d�'� ��%:(,�( �
�4 �< �<�
 �-
�!-�( 0�
�T � ������ ;�+G

 �X�( I�dD( }
 :( %��H!>( �< ;*Q	 ,+�8( 9:�� �
5 ����
�� Od!� ���!-�( }
 �< �7  .O- �%�(7K�P �"LW :( ;(

 :( %,  �!S�> ;�&�Kα-MoO
3

�� 0�'� (� ,��.
�
5 ;:�G i>�4 ;��MoO31++"D �
: �L<(� :( %��H!>( �<

�� �7 ]��[:
S(%) = (Ra - Rg)/Ra × 100 (/)

�8Ra�
5 ������ MoO3� (7� �7mK ��Rg0F ������ ��
:�G �7mK I7��D( �>(.

/)0E��7X� 0��(� [+PSMP2.0��D( ;��� �� 
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���XK� ��	�W �"QW 0(�
( �>�#  ���8 � �>�# �7Q< �Q\� a��

/)0F%,  �!S�> ;�&�K �"LW %�(7K�P �
5 :( %��H!>( �< 9:�� ;��α-MoO
3

O- ]�(�7X� ����: C(�++�D �< �6�� �+>��Kppm
�AA ;��� �� I7��D( ºC�AA��7X� ;(�< ;��SMP1.8 �

SMP2.0 �SMP2.2 �SMP2.5 �>( .�&�K i>�4 �#+'+<
 ;��� ��ºC�AA �k7<� ��7X� �< SMP1.8�� �8 �>( ,�(7D

5�< �!6�� ;�<: O+�� �<�L> ;�RL> �+K�� �\+!� �� �
�8 , �< �!'+< %�&
�T I7-�7� M_T ;(�< (� ;�!'+< ;�� ;��

�� ~�(�	 I7��D(,#8 .1 �� �>( �8��RL> �+K�� ��
I7-�7� 1+< 2#-X��< �&�K �L> � %,  M_T :�G ;��

;7W �!'+< ;:�G i>�4 �\+!� �� � �D�>( ]�/[.1+#lX� 
%�HK �7T��� 03+�8( ;�� � ,�� 2��8 (� ;�(7� `�G ,�(7D

E�\�(�> ;:�G ;�&�K �76�< � 0��!-�( I��!�( 2
(*	( �< �\#� 
�7  .���\#
(+���7X� *SMP1.8 ;(�(� ;�(7� `�G 1
�!X8 �< 

��7X� � �+>��K 0(*+� 1
�!'+<SMP2.2 `�G 1
�!'+< �< 
�+>��K 1
�!X8 ;(�(� ;�(7��>( ]�a[.

�G,#��>� � ����!-�( 9�RD �< �-�F O+�� �< ��8 ;���
�� �N( �(7� �-
�!-�( i>�4 �� ~�� O�(7B :( �-
 ��(_G

 ,+�8( ;�����>�X+� �
�4 �< ;:�G ;���&�K�>( ;*Q	 .
i>�4 �;�&�K �#+�< ;��� 0���F �>� �< �7g#� �< 1
(�<�#<
 �7mK �� � [Q!�� ;����� �� I7��D( ���< �< �6�� ��7X�

ppm�AA, ;�+G %:(,�( I7��D( ���< .O- ��(�7X� 
�< �6�� �+>��K ����: C(�++�Dppm�AA �� I7��D( 

��7X� ;(�< (� [Q!�� ;�����SMP1.8  �� 0�'���,.�#+'+<
 ;��� �� �&�K i>�4ºC�AA�� �� ;��� 1
(�<�#< �,��
��7X� ;(�< ;�&�K �#+�<SMP1.8  �< �<(�< ºC�AA�>( .

/)0 G��7X� �+>��K ����: C(�++�D ;��SMP1.8 �SMP2.0 �SMP2.2 �< �6�� ppm �AA ;��� �� I7��D( °C�AA.
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,QT��%��X  ���0�!�<�D ���� �G3
� �>��< � �<�
 �d�'� ��S�>;:�G ;�&�K ;��. . .a��

/)0H��7X� �+>��K ����: C(�++�DSMP1.8 ;(�<ppm Yjj[Q!�� ;����� �� I7��D( .

�� %,
� �8 0�#� �< I7��D( :�G �< �6�� �+>��K �7 
�>( �!	�
 2��8 ��� 2
(*	( .03+�8( ��� 2
(*	( �>( 1-X�

%,  M_T 03+�8( 1
(�<�#< ,�� 2��8 (� �L> �< M_T ;��
2#8(� :�G ;�� I7-�7� �< �D ,��(,� �7T� �	�8 %:(,�( �< %,  
�!	�
 2��8 I7��D( :�G �< �6�� �+>��K �\+!� �� � ,#��

�>( .�� ��� 2
(*	( 1+#lX� 2#8(� 0(*+� 2
(*	( yB�< ,�(7D
� %,  M_T 2+4 :( 03+�8( ��7G �6�� %,  M_T :�G ;��

I7-�7� ��'!�( 0(*+� �< 2��8 yB�< �\+!� �� � ��7  :�G ;��
%�&
�TwK ;�� �� �&�K :( %,##8 �7 ]a,��[.�(�7X�

 ��7X� �+>��K ����: C(�++�DSMP1.8�gQh ;(�< ;��
�AA ��AA �/AA �ppm�AAA ;�&�K �#+�< ;��� �� °C
�AA O-  �� ^j�>( %,  %�(� 0�'� .�� %,
� �8 0�#� �7 

�� 2
(*	( �+>��K �:�G �gQh 2
(*	( �< ,<�
 .<2
(*	( �
:( :�G �gQh�AA �D ppm�AAA ;�!'+< �L> �8 �\�F :( �

I7-�7� t>7D �� %�(� 2 74 %,  M_T I7��D( :�G ;�� ��7 
2#8(� �� � �
5 �L> �< �RL> ;�� ;:�G i>�4 �\+!�

�� 2
(*	( ,<�
]a[.:( ;:�G �&�K �<�
:�< � i>�4 0��: 
�>( :�G f+�'D �#+�: �� ~�� ;���!�(��4 .�< i>�4 0��:

 �< ���>�X+� ,+�8( ������ �8 ����: 0(7#B�A������ ,$�� 
�
���)x�6 ( �(,�� (��E:5 0��: 0(7#B �< �<�
:�< 0��: � ,>�

 �<�
:�< ;(�<�A�� [
�"D �+��( ������ ,$�� �7 ]�/[.
���7X� ;(��< �<��
:�< � i>�4 0��: ��+>��KSMP1.8 �� 

�� ;�&�K �#+�< ;�°C�AA �gQh ;(�< ����< C���H!� ;���
 I�,T �� I7��D(q�>( %,  %���F .�� %,
� �(��W ��< ��8 �7� 

 ;���� �� I7���D( ����< v�"� �� �&�K �RL> �+K�� 1!	�G
 ;�&�K �#+�<°C�AA :( :�G �gQh 2
(*	( �< :�G i>�4 ��AA 

�Dppm�AAA :( oY/��<pY/^q %�>( �!	�
 2
(*	(.

/)01I��7X� �+>��K ����: C(�++�DSMP1.8I7��D( :�G [Q!�� ;�� �gQh ;(�< 
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���XK� ��	�W �"QW 0(�
( �>�#  ���8 � �>�# �7Q< �Q\� a�a

8�!9A��7X� �<�
:�< � i>�4 0��: ��+>��KSMP1.8�gQh �< �6�� ;�&�K �#+�< ;��� �� I7��D( :�G [Q!�� ;��°CYjj 
�gQh)ppm(�+>��K(%)  0��:i>�4(s) �<�
:�< 0��:(s)

�AAoY/��p^o]�
�AAqq/�^j^�q^�
/AA^�/�o^jYY]�o
�AAApY/^q^j�q��j

� :�G M_T ,#
F�	 �< ��L> ;�� ��!>� O<�W :�G �(,��
�� %,
� �8 0�#� 1
(�<�#< ��(� �N( i>�4 0��: i>�4 0��: �7 

�� 2
(*	( �gQh 2
(*	( �< ,<�
 .C,� ��57P �<�
:�< 0��:
 ��!S�> O+�� �< �>( 1-X� �+Q�D �B�> �8 , �< O�Q�!�
�� 2��8 (� �d+�'D :�G ,��]��[.

��� �	��� ��-���� 
MoO

3
x7� ;���>�X+� }
 nO��K 0F �� �8 �>( ;��

0��!-�( �
��8(,#!�� ��.����K �(7� ������ n+D�D 1
,< 
�<~8(�D0��!-�( �>( �!�<(� �� .�&� (7� �� �&�K �8 ���&#�
��� �! ( ��7  I7-�7� M_T �&�K �L> �� 03+�8( ;��

�� 0��!-�( � ,�7  �� E(� �< 2��>� �(7� :( (� �� �:(,�( .��( 1
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