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Abstract 

A Pd/ZnO sample prepared by the polygonal barrel-sputtering method was tested for the performance in 

methanol steam reforming in comparison with a similar sample from a conventional wet process.  

Transmission electron microscopy (TEM) showed that sputtering produced smaller and more uniformly 

sized Pd nano-particles than the wet process.  Steam reforming of methanol was conducted by supplying a 

gaseous mixture of methanol + H2O + Ar.  In the experiment with the polygonal barrel-sputtering method, 

H2 generation started at a lower temperature (80 °C) than that for the wet process (100 °C).  In addition, 

H2O was scarcely consumed at both of the samples when H2 was generated at < 100 °C.  These results 

suggested that the sputtering preparation allowed direct decomposition of methanol to occur easily at less 

than 100 °C, as supported by the observed relationship between the CO/CO2 generation ratio and the 

reaction temperature.  It should be noted that the smaller Pd particle sizes for the sputtering method were 

maintained at reaction temperatures up to 150 °C. 
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1. �� 

� �������	
���������
���CO2���������� !"#$%&

'(�)*+����
,-./�01234�5�'��67��89�)5�:;��01

23�<=>9?�89�@AB%#�CDEFGHIJ'(K�LMNO!"#$%'��/

PK�Q��9:RS/�4�) 

� 5�T'�UV�
WXY� Cu�Pd Z�UV[B\]/^_`abc�@AB%#�012

3deHfg��89�[1-5])5�?�bc��hiN�jkl�mn���opqrl's6

��89�)`t`�5�ul'�jk��avwx/yz{|4�}�\]�~�E��H�

5�[6])5������r������HK���� @AB%#23��/�=) 

� ��`aopqrl���/|�4�a����yz��H� bcs6lH�'(�)

�5'������������x �¡¢£¤A%'¥¦��a§¨©ª«#¬qA®¤¯

l[7-12]°�±²`a)5�ul��¬qA®¤¯³l/´�`aµ¶�·\]n¸¹ºl'(

�)��a��vwx/»>Q¼�UV[B\]/·\]n¸�½�'^_'¾�)5�RS�

¿9�Àl'^_��aUV[B\]�\Á�·Â�ÃÄÅh'\]���Æ�5? 9[9-12])

5�?�Çd��@AB%#�0123����r��Èy��H�)�?�ÉÊ�¨©ª«#

¬qA®¤¯l's6��abc/ CO2 �@A¤
���>9������ËH 400Ìt?

160Ì�OÍ4�5�HÎÏ��a[11])5�ÇdH@AB%#�0123��'Æ¦*4�Ð�

*Ñ�23�Ë�200ÌÒ�[1-3]��O�
ÆÓÔ'¾�) 

� �5'�À¡¢'��¨©ª«#¬qA®¤¯l/>98@AB%#�0123bc�hÄ

'(� Pd^_ ZnObc�Pd/ZnO�[1,3,4]/s6`���Wd�bcde/ÕÖl�LM`a) 

 

2. �� 

2.1 ����� 

� Pd/ZnO×.��ZnOXY�ØÅ\Á 70 nm�ÙÚ¬�ÛqÚ�/^x�>98s6`a)ZnO

XY��{�Ü�\]���/ÝÞa���»>v� 180Ì'µß`a[10,12])̈ ©ª«#¬q

A®¤¯l�Ü�×.�s6��Pdà�50 mm × 100 mm�/A%áqr�>98ÒÍ�Ü:�â

ãa[7-12])3.0 g� ZnOXY/äå`a 8©ª«#/æçèé¤ª%�êë`�ì%A®%í¤

î�ïðñí¤î/>98æç�1`a)òóH 8 × 10
-4

 Pa ÒÍ�ô`aõ�Ar ö¬�÷Ë: 

99.999 %�/èé¤ª%ø�äå`�RF�ó: 100 W�Arö¬ò: 0.8 Pa�½��ùú' 35{û¬

qA®¤¯/âãa)5�ü�ZnOXY/äå`a 8©ª«#��ýþ: 75°��Ó: 14.6�/�

'ýK]���Qa)5����ÜK�ZnO XY������	
' =���\]t?h�\

]��XÆ�5�)¬qA®¤¯õ�N2ö¬�÷Ë: 99.99 %�/æçèé¤ª%ø�äå`�

�1ò��`8t?×./PK�`a) ��5�×.� Pd^_���õ�����ä��î�

���]¦�{��ICP-AES��ÜK 2.0 wt.%��Tãa)Ò���À×./(BS)-Pd/ZnO�n�

4�) 

� (BS)-Pd/ZnO ×.��Z� Pd ^_�/�4���×.�jkl's6`a[3])5�ul'��

T¼����t`a 0.145 g� Pd(NO3)2� !
��/¬Ú®"%#ø' ZnOXY���4�5

�������������������
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����������110	���
����������������� 500	3 ���

����������������� !	�
��400	�"#� 1 ��$%������

�&'������ Pd()*+ 2.0 wt.%�,���-�+.�����(IW)-Pd/ZnO�/01

2� 

 

2.2 ��������	 

3 45��� Pd ()*+���� Pd ���6��7�8������ ICP-AES9Optima 

7300DVPerkinElmer:�;�12����<��45���=�>?@A+�� B!="

9TEM: JEM-2100JEOL:�C��DE���TEM#$+%F G F� 200 kV�H$�300,000

&�&I�����?�PdJB�JK;'+TEM(L&)*�+,�� 100--M�JB�

JK�./N2���0���� 

 

2.3 
�����������	 

3 OPQRS$T� !+UVWXU5 !	9YK: 4.35 mm:�C��1F2$3��Z�

-��[\����[3]�]^4Y�56@�7_�<�`8W9RPR�C�� 0.4 g �

Pd/ZnO���
��� !	� AraU���?b& 80	]�cd���:��AraU�OP

QRS�$�e;<R����OPQRS$T�fg !����9aU�*h CH
3OH:H2O:Ar 

= 8.4:12:30 ml/min:���� !	-=�aU�>+`8W9RPR�?�� 120	�@"���

30 ;� !A�@� TCD aUijBkl<C9GC-8ADE50F:�;������;�

�+H2GCO2GCO;�C� Activated carbon9YK: 3 mmmn: 2 mDE50F:CH3OHG

H2OC� GaskuroPack 549YK: 3 mmmn: 3 mDE50F:�H<I���oC�H<I

"#�JpK"#+8'L' 150	170	�H$���]�Mq`NaU�C�� Ar aU

+ 50 ml/min ������?�M

0��OPQRS$T� !� !

A�@;�+ !	"#� 20	^

rMOOPQRSPsIb 100%

�t12]����� 

3. ��

3.1 Pd/ZnO ����	 

3 45�� Pd/ZnO ���=�>@

A�DE12�<�TEM#$��

���Q 1(I)+(A) (BS)-Pd/ZnO

(B) (IW)-Pd/ZnO�RS>? TEM(

�T1��^'����NUV�/

n'2 ZnO(uM� PdvQJBb

W<&'2��L�Q 1(II)�T1

0 5 10 15 20

0

20

40

60

80

D
i
s
t
r
i
b
u
t
i
o
n

 
/
 
%

Diameter / nm

�

�

0 5 10 15 20

0

20

40

60

80

D
i
s
t
r
i
b

u
t
i
o

n
 
/
 
%

Diameter / nm

�

n = 202 

(Average size: 2.4 nm)

20 nm

20 nm

n = 100 

(Average size: 3.8 nm)

(A)

(B)

(I) (II)

Figure 1 (I) Typical TEM images and (II) particle size 

distribution of (A) (BS)-Pd/ZnO and (B) (IW)-Pd/ZnO ([n]: 

number of particle counts). 
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Pd�\Á{$/%���(BS)-Pd/ZnO�\]�& 1'6 nm�{$`89���(`�(IW)-Pd/ZnO

�{$�& 1'12 nm�þ<9)Ta�(BS)-Pd/ZnO�ØÅ\Á� 2.4 nm'(K�(IW)-Pd/ZnO�3.8 

nm��& 2/3 )'(�)5�?��*t?�½�'s6+e ¨©ª«#¬qA®¤¯l��

Åh�ÃÄ·Â Pd[B\]/,{ñ^_'¾�³l'(�5�H-t�) 

 

3.2 ���	
������ 

� @AB%#�0123���(1)¶�Õã8�5�[2-5])Ta�@AB%#./{|��(2)H�

5K��Ë��0�¿ã8(3)¶Hõ14���23ÆÎÏ��89�[3]) 

 

 CH3OH + H2O → 3H2 + CO2      (1) 

 CH3OH → 2H2 + CO      (2) 

 CO + H2O → H2 + CO2      (3) 

 

5�?���¶/´��CH3OH45�/@AB%#�0123��'6?�aö¬Úì�r¯�

78%A�(4)¶t?��a) 

 

 CH3OH45� (%) = (CH3OH9:;#�)/( CH3OH<=;#�) × 100 (4) 

 

6?�a CH3OH�45�����Ë� >/? 2(A)�@4)5�?�@4 CH3OH4
���9

¼���Ë��98Æ(BS)-Pd/ZnO �uH�¾9)Ta�(BS)-Pd/ZnO ��984
�H 100%�

Aô4��Ë� 260Ì'(K�(IW)-Pd/ZnO'6?�a 280ÌÜK 20ÌO9) 

� hu���¶(1)��ÜB(2)+(3)�23'��9¼�Æ 1 mol�@AB%#� 1 mol� H2Ot?

3 mol� H2HCD�)5�5�t?�H2E�� H2O�9:��¶(5)�(6)ÜK���5�H'¾

�) 

 

 H2E� (%) = (H2C~;#�)/(CH3OH<=;#�) × 1/3 × 100  (5) 

 H2O9:� (%) = (H2O9:;#�)/(H2O<=;#�) × 100  (6) 

 

(5)¶t?6?�a H2E�����Ë� >/? 2(B)�@4)5�?��98�200ÌÒ���Ë

FG� H2E��(IW)-Pd/ZnO �uH,9)5�ü�(6)¶t? H2O 9:�/�����? 2(C)�

@4Ü:��ÜK¨=��H(IW)-Pd/ZnO�'9:���)5�?��*��200ÌÒ���ËF

G��98���(1)�(�9�(3)H(IW)-Pd/ZnO�'�5KJ95�/@4) 

� hu�100ÌÒÍ�FG/ð�4��� (BS)-Pd/ZnO '� 80Ìt?��HC~4���(`�

(IW)-Pd/ZnO'� 100ÌT'���C~` 9�? 2(B)Hå?���)Ta�5��ËFG���

C~��(BS)-Pd/ZnO�uH¨9)�?��? 2(C)/%���9¼��×.��98Æ 100ÌÒÍ

' H2O �I�JK9:�� 9)5�?��*t?�100ÌÒÍ'���¶(2)�@4@AB%#

�./{|H�5��LM?��5���� (BS)-Pd/ZnO�'�5KJ9�NO���) 

�������������������

��



� CO��ÜB CO2C~�����¶(1)P(3)�´Q¾ÒÍ�¶t?��a) 

 

 COC~� (%) = (COC~;#�)/(CH3OH<=;#�) × 100  (7) 

 CO2C~� (%) = (CO2C~;#�)/(CH3OH<=;#�) × 100  (8) 

 

? 3(A)�(IW)-Pd/ZnO � CO��ÜB CO2�C~�����Ë� >/@4)5�?��98�

CO� 140Ìt?C~`R��)5��Ë�? 2(B)�@4 H2C~¥R�Ë�Ê=�(2)¶�@AB

%#�./{|H�5ã89�5�/S_4�)Ta�? 3(A)'��COC~�H 180Ìt?OÍ

4���¿9�CO2 H 160Ìt?C~4�)5�?��*t?�180ÌÒ�'�(1)¶��ÜB(3)

¶HSTN��5��LM?��) 

� (BS)-Pd/ZnO'6?�a�*�? 3(B)�@4H�COC~���Ë� >�? 3(A)�UV4�)

`t`�(BS)-Pd/ZnO'6?�� COC~��(IW)-Pd/ZnOÜKW?t��¾9)Ta�5�?�

�98�CO2C~�� 200ÌT'Èy` 9)5�?��*t?�200ÌÜKO9�ËFG'C~

4������(2)¶�@AB%#�./{|�XÖ4��YM�(2)¶H(BS)-Pd/ZnO �'�5K

J9�9:? 2 ��*�Z�4�) ��200ÌÒ�'��(IW)-Pd/ZnO ��[��CO C~��

���¿9 CO2C~�HÈy4�)5��*t?�(BS)-Pd/ZnO��98(1)�(�9�(3)¶HS

Figure 2 (A) CH3OH conversion ratio, (B) H2

yield, and (C) H2O consumption ratio for 

methanol steam reforming reaction on Pd/ZnO 

catalysts as a function of reaction temperature. 

The inset in (B) shows the magnified graph at 

less than 100 °C. 
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TN��5KR���Ë�(IW)-Pd/ZnOÜK 20Ì,95�H-t�) 

� �?����õ�×.\� Pd\]�ØÅ\Á/ TEMO]'%^Æãa�n 1�)���*�

(IW)-Pd/ZnO ×.� 280Ì���õ�ØÅ\Á��¾=_
`89 tãa)5��(`�

(BS)-Pd/ZnO� `8��200Ì'ØÅ\Á�ÈyH`�?�aÆ�����ÒÍ��Ë�ØÅ\

Á���v��Z'(ãa) 

 

Table 1 Relationship between methanol steam reforming temperatures and average 

sizes of Pd particles in Pd/ZnO catalysts. 

Sample Reaction temperature / °C Average Pd particle size
1)

 / nm 

(IW)-Pd/ZnO Before 3.8 

 280 4.4 

(BS)-Pd/ZnO Before 2.4 

 150 2.3 

 200 3.2 

1) These data were estimated by averaging the sizes of more than 100 randomly 

chosen particles from TEM images. 

 

� 55'�TEM O]�*/´��H2C~a��bc4n¸^�de/fg`a)Pd UV[B\

]/�x�h]4���Pd\]�Ln¸ �̂S: m
2

/g��ÒÍ�¶t?���5�H'¾�[13-15]) 

 

 S = 6000/ρd       (9) 

 

55'�ρ� Pd�iË�g/cm
3

��d�ØÅ\Á�nm�/n4)5�¶� TEMO]t?6?�a

Pd�ØÅ\Á��ÜB���»>`a×.\� Pd�t? Pd�n¸^/���? 2� H2E��

¯�7/jk
`a)`t`�l×.��*�hm` tãa)5���H2C~a��(`�n

Figure 3 CO and CO2 generation ratios for methanol steam reforming reaction on Pd/ZnO catalysts as a

function of reaction temperature. 
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¸^��n ��Hde4�5�/n4)o���aÜ:��¨©ª«#¬qA®¤¯l'

^_��a Pd[B\]�·Â'Åh \Á/�`�5�\Á� 150Ì����ËT'p_���)

5�?��*t?�Pd�·Â \ÁH 150ÌÒÍ� H2C~a�� q4��NO���)5�5

�/W?t�4�a�����? �fgH�'(�) 

 

4. ��� 

� À¡¢'��̈ ©ª«#¬qA®¤¯l's6`a Pd/ZnObc�@AB%#�0123Çd

/ÕÖl's6`a×.�LM`a)6?�a�*/ÒÍ�T���) 

 

�1�s6×.� TEMO]�*t?�¬qA®¤¯��a Pd� ZnO^x�'[B\]/r~

`�\Á�ÕÖl×.ÜK·Â'Åh'(�5�H-tãa) 

�2�¨©ª«#¬qA®¤¯l's6`a×.�@AB%#�0123'� H2H 80Ìt?C

~`�100ÌÒÍ� H2C~��jkls6×.ÜK¨tãa)Ta�100ÌÒÍ'� H2O �I�

JK9:�� tãa)5�?��*t?�O�FG'�5�@AB%#�./{|���¨©

ª«#¬qA®¤¯s6×.'�5KJ9�LM?��) 

�3�CO��ÜB CO2C~���Ë� >����`aO�FG'@AB%#�./{|��H

�5KJ9¨©ª«#¬qA®¤¯s6×.�Çd�Z�4�) 

�4�̈ ©ª«#¬qA®¤¯s6×.��98�Pd�·Â \Á� 150Ì����ËT'p_

��a) 
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