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amwH
 $DZ�<3mw℄HQ�7wH
\z��C08!7d4$G�a9DZT 1cm2 ;H^�J / \MYw\�;H^�J / Yw\mwH
 $DZ�&T 83.21 7
64.13cm2 ; ��Jw\2,m a WT 0.422∼0.452V, t�rDw�2,�espNw1A�T
4.02∼4.22×10−4A/cm2; gDw�T 263mV ��ges�(mQHTT 45.62∼45.77kJ/mol.& 6 �
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1 ��y^Jft
)�yUxJ�UjJn�"1{J		�X��.3�/p9n�%�~8�L��Dne �tU9|U!{�"vnuyU9�%*i	y|.^t��pb,I$�J�'h^�tmne�#���os'^ftEy��>!ftR��osy|U5n*n	 Engel-Brewer[1] � 1968 X>Shn"9��E59�|�Z���_q2�v�(_h;��1=&n d yr{(�1#3t7rnh�8N���ft
)1s!ny^JR�	2 40 X��k+b)�1s!^JR�n2��(_h�6T
6;� [2∼5], S�+ Brewer n5�	�2�v�(b�Z_h;�|Uft
)'^3-n�
zUO� [6∼13], ��On%��"A
-�(ny^3- [14]. fZ_h;�3-�y|Pf1s!n^JR��6oy|n���^JR�Ho,l	K=bL��*w+K|3-�$��>bn)-	<J_3-��S��tfS
)1�{n^J�U [15,16]. fK|�
��5-yG[��lj<J_R$>��Z~:n�;y^3-�&Z�hft^J�U_Y"g�M�ZW;�3-�>���;y^�n<J_R$Yjj�h|-	�Z5-q r�DqJ�muG[
)���(Z8℄NZW��G[�1Q�{(n<J_�K	5- XRD � EDS � SEM q��%N+<J_�Kn{(�J�yI8�<
D29{n℄:s�^Jys�ÆL��ys8AyWw<ys�
Q��<J_�Ky^�ft
)ny^J�U	\$WQ� 2005–04–04, \�z#$WQ�2005–05–091:vL� .fs���V~ (20276069, 20476097)�
59� RF� (1966– ), R�,��r$� E-mail:zhenghj@zjut.edu.cn.
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2 Y�
2.1 NH<b/m�K���5- PECVD-350 �q r�DqJ�muG[k\ (b�:�����k�^b�1q%0), "�J_ (WF6) �gP (CH4) �tm (H2) U
)m��~m (Ar) U>m���(Z8℄NZW��G[<J_�K	W�m-(E�!X�{ r.E�+uj�W C��
)�	G[n�hW�X��!Z,{X�C�x�1WUL�m�n
)�bD 30minn 100sccm tm�"{TW�%E�n�Jd	�KnG[$#6+m% 1. G[C�"��em�Sl64MSV"		 1 ���d�S-{Rt�2`-k�I�%�Æ℄

Table 1 Experimental parameters for the deposition of tungsten carbide

thin films by PECVD

Process conditions Parameters Process conditions Parameters

Base pressure 2.0×10−4Pa Total flow rate 100sccm

Working pressure 100Pa CH4 flow rate 12sccm

Incident frequency 13.65MHz WF6 flow rate 1sccm

Incident power 80kW H2 flow rate 60sccm

Deposition temperature 850◦C Deposition time 120min

2.2 �KwF'�+nu
�5-^1 EDS(Thermo NORAN VANSTAGE ESI) n Hitachi S-4700 �?	��Fy�+<�Kn%E�<�5- EDS 9{�KnJ�yI��s9U CuKα, D2UU 15.0keV;5-}t}��� (X-Ray Diffraction, ThermoARL SCINTAG X’TRA) %N�KnI�8�u�5- CuKα ���D2UU 15.0keV.

2.3 �/|yP�[5- CHI660A �yJ�$|F�
y^y|N�kb��yJ�9"�6!y^Ut^n Hg/HgO(6.0mol/L KOH ��) y^��y^UbE[-`	U�!8�
<J_�Ky^ny^J�U�$|y^UZy^�℄NZy^�<J_�K / Zy^�<J_�K /℄NZy^�b:E[�U 1cm2. y|�U 6.0mol/L KOH. 819"��~^^ny|�b���9"ny|�mD�!Yem 30min "zT�|��)M	D�emVj9"{*	�yJ�9"2Lb���yw5-P
�
)��.C	�Zb8>_ny^yW�u�3 Hg/HgO(6.0mol/L KOH ��) y^	
3 8(*
D
3.1 wF!pI 1 ��℄NZW��G[lj<J_�Kn�<	Ib A � B 8 C �0G�b�+n�K%E�<� D U�K>xE�<	[Ib A � B �"�j�D2 120min nG[��℄NZ%E�G[+�:!s[Bn�K	�K�.V	U 10nm {2wl�$(In�JC�l2�[.	[�K>xE���$J:7l���["ug�=1	�L�
�K�W�%E�6Cux�B	�ZW��G[n�K��"+<jG�n�<	
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H 1 \MYU?ÆFZP?�;H^�Jm SEM I_
Fig. 1 SEM morphology of nano-crystalline tungsten carbide thin films on foam nickle

3.2 nu
�I 2 �ZW��G[n<J_�Kn XRD Id	[Id��"�j�� 2θ U 31.54◦ �
35.72◦ � 48.37◦ � 64.16◦ � 73.20◦ � 75.63◦ 8 84.17◦ W\�Sp<J_ (WC) =N���'�)3<J_ (001) � (110) � (101) � (110) � (002) � (200) 8 (102) �E
G�� 2θ U
34.52◦ � 37.93◦ � 39.49◦ � 61.72◦ � 69.59◦ � 74.72◦ 8 75.73◦ W\�1<J�_ (W2C) =N�_�	/H�K.��En<J_ (WC) 8<J�_ (W2C) yI	/O� 44.56◦ � 51.96◦8 76.68◦ W\�j9jW��(Zn=N�	D29{�K EDS Id�lj�Kbn<4_7r!�'U 31.77% 8 65.11%, %H�KnJ�yIU<J_�<J�_P;�	G��Kb_� 3.12% n�7r�K�U�"��5bmC1�!R�<J_�$��mb�Jn{/	
3.3 b/m�K�4�pU�/yP
3.3.1 Æj_sy4/Vs~=I 3 �<J_�K / ℄NZ�<J_�K / Z�℄NZ8Z1dy^� 6.0mol/L KOH��nn℄:s�^Jys���X�U 25◦C, �F3�U 5mV/s. [I�"�S��uGny^yWl�<J_�K / ℄NZy^nfty2Ho!3℄NZy^nfty2�<J_�K / Zy^nfty2�Ho!3Zy^nfty2�/H<J_�Knft^J�U!3�(Z	/O�<J_�K / ℄NZy^ny24<J_�K / Zy^u=0���rK(dy^�k���b�1uGn Tafel }7 (b X), /H(dy^1uGn%El:�%Ey?�tfS
)nRJ{)�b[uG
G�npy�	��℄NZy^4Zy^�	
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H 2 YU?ÆFZ;H^�Jm XRD H

Fig. 2 XRD patterns of tungsten carbide thin

films on nickle

H 3 /Fw\2,? 6.0mol/L KOH ��mm\9r�\Hxr
Fig. 3 Cathodic polarization curves of electrodes

for hydrogen evolution in 6.0mol/L KOH solution

3.3.2 �4�B|�^~=U+{)�fK1dy^�k���b�ft
)nyJ��U�9{+1dy^�
25◦C � 6.0mol/L KOH ��bn Tafel ys�)��s�V;�lj Tafel �Lbn a � bX
)#�8ln a � b X�e5S1dy^tfS
)nqOy2B� i0.

H 4 ;H^�J / \MYw\? 6.0mol/L KOH ��`m lgi − T−1 H
Fig. 4 Logarithm of exchange current density of WC/Foam Ni electrodes in hydrogen evolution as a

function of 1/T in 6.0mol/L KOH solutionI 4 � 5 bn (a) �'�<J_�K / ℄NZy^8<J_�K / Zy^�Ey�U
263mV ln lgi− 1/T I��Ibn (b) B�y^� 6.0mol/L KOH ��b��0GX�lnn℄:s�^Jys��F3�U 5mV/s. #� Arrhenius {6 [17], y^ftnqOB�4%+RJt.U_X�Ui1

∆H(η)=–2.303R[lgi/(1/T )]nn*k�hb R Um�A+	D2� lgi − 1/T ns�V;��"lj<J_�K / ℄NZy^�<J_�K / Zy^� 6.0mol/L KOH ��b�Ey�U 263mV �n
)RJU	G�n���"lj℄NZy^8Zy^n
)RJU	K1dy^ny^}&�6+m% 2. .Z�T�Q��<J_�K�1=4nft^J�U	
+3-ft^JU&n aX� 0.422∼0.452V,}3-y^ (0.310V) 4�y^ (0.530V) Ui�Hos3Z8℄NZ�u
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P?�;H^�Jmes℄H�T 485�sEy�ft3- [18]. �Q��<J_�Ky^nqOy2B� (4.02∼4.22×10−4A/cm2)4-y^ (7.90×10−4A/cm2) �G�"+)`��!3�y^ (8.30×10−5A/cm2) ��(Z
(3.10×10−5A/cm2) 8℄NZ (3.90×10−5A/cm2). hEy�U 263mV ��hft
)nRJU (45.62∼45.77kJ/mol)�Hos3�(Z (61.03kJ/mol)8℄NZ (59.76kJ/mol). &Z�[y^
)n}&6+��"�j�Q��<J_�Ky^�ft
)1=4n^J|-�u��(-y^n^J�U	

H 5 ;H^�J / Yw\? 6.0mol/L KOH ��`m lgi − T−1 H
Fig. 5 Logarithm of exchange current density of WC/Ni electrodes in hydrogen evolution as a function

of 1/T in 6.0mol/L KOH solution	 2 �e�3�C� 6.0mol/L KOH X�
��A{Æ℄
Table 2 Kinetic parameters of electrodes for hydrogen evolution in 6.0mol/L KOH solution

Electrode a/V b/V i0/104A·cm−2 ∆H/kJ·mol−1 Cdl/(µF) Sreal/cm
2

WC/Ni 0.452 0.133 4.02 45.77 1282.60 64.13

WC/Foam Ni 0.422 0.125 4.22 45.62 1664.20 83.21

Foam Ni 0.763 0.173 0.39 59.76 49.60 2.48

Ni 0.879 0.195 0.31 61.03 1.56 31.20

H 6 w\? 6.0mol/L KOH ��`m�wVv;xr
Fig. 6 Potential step on electrodes in 6.0mol/L KOH solution

(a) WC/Foam Ni electrode; (b) Foam Ni electrode
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3.3.3 ,�g7��~=5-AyWw<�9{y^n-y:y� Cdl, 4dWbGn&y^�y|�bn-y:y� 20µF/cm2 u!s��")5Sy^nyJ�!%E[ [19]. I 6 U<J_�K / ℄NZy^�℄NZy^� 25◦C n 6.0mol/L KOH ��nAyWw<ys�hbIS27oI�O"AyWw<2Ln I ∼ t ys	AyWw<9{��m�b?y^yW��b? 300s,�C�y^yWw< 10mV, w<M	�iU 10s. G�n���lj<J_�K / Zy^�Zy^nAyWw<ys	D2e5�<J_�K / ℄NZ�<J_�K / Z�℄NZ8�(Z1dy^� 25◦Cn 6.0mol/L KOH ��n-y:ny��'U 1664.2 � 1282.6 � 49.6 8 31.2µF, hyJ�!%E[B�'U 83.21 � 64.13 � 2.48 8 1.56cm2. /HQ��<J_�Ky^�1ÆbnyJ�!%E[	
3.3.4 }0"��~=I 7 �℄NZy^8<J_�K / ℄NZy^� 6.0mol/L KOH ��bnÆL��ys�y|�X�U 25◦C, �F3�U 5mV/s, �'y^y�� –1.0∼–1.5VÆSb�F 100 "ÆL�+<y^y2n"Jv�	[I 7 �"�j�hy^y�U –1.45V��ft
)�℄NZy^�v�"ÆL�ny2U 23.6mA, ��v�"ÆL�BloU 20.3mA, ,l)`
14%; hv 100 "ÆL��hfty2X �oj 15.4mA, ,l)U 34.7%. �<J_�K /℄NZy^�v 100 "ÆL4v 1 "ÆLbny2XW�=1"J�/HQ��<J_�Ky^�k���b1=℄{ny^J�U	

H 7 \MYw\7;H^ / Yw\? 6mol/L KOH ��`m
K�Æxr
Fig. 7 Cyclic voltammograms on electrodes in 6.0mol/L KOH solution

(a) Foam Ni electrode; (b) WC/Foam Ni electrode

4 8D5-q r�DqJ�muG[
)^�+�1Q�{(n<J_�K��K.V	U 10nm {28wl�$(I�g�J�yI�<J_ (WC) 8<J�_ (W2C).Q��<J_�K�1=4nft^J�U8yJ�℄{��
+3-ft^JU&n
aXU 0.422∼0.452V,u�sEy�ft3-�ftqOy2B�U 4.02∼4.22×10−4A/cm2,4-y^�G�"+)`�
hEy�U 263mV��hft
)nRJUU 45.62∼45.77kJ/mol.�2 100 "ÆLny|�<J_�Ky^nfty2W�=1,l	
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Electrocatalytic Activity of Nano-crystalline Tungsten Carbide Thin

Film Electrode for Hydrogen Evolution

ZHENG Hua-Jun, WANG Wei, HUANG Jian-Guo, MA Chun-An

(Department of Applied Chemistry, Research Center of Nano Science & Technology, Zhejiang University

of Technology, Hangzhou 310032, China)

Abstract: Nano-crystalline tungsten carbide thin films were fabricated on foam nickel and nickel

foil substrates by plasma enhanced chemical vapor deposition. The structure and morphology and

constitutes of the thin films were token by XRD, SEM, EDS. The real surface area, chemistry

stability and electro-catalytic properties for the hydrogen evolution reaction of the films were also

investigated. The electrochemical analysis shows that the real surface area of 1cm2 WC/foam-Ni

and WC/Ni films catalysts is 83.21 and 64.13cm2 respectively. The Tafel parameter a of the thin

film electrode for hydrogen evolution is 0.422∼0.452V. The hydrogen evolution exchange current

density is 4.02∼4.22×10−4A/cm2, When the over-potential is 263mV, the activation energy of

hydrogen evolution is 45.62∼45.77kJ/mol.

Key words PECVD; nano-crystalline tungsten carbide thin film; electrocatalysis; hydrogen evo-

lution


