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The heterogeneous catalytic redox behaviour of  NiSx deposited electrodes was investigated with and 
without  benzyl alcohol in K O H  solution using cyclic vol tammetry and linear sweep voltammetry.  The 
limiting current density for benzyl alcohol oxidation on a NiSx electrode was 22 times larger than that 
on a polished nickel electrode. The experimental results in galvanostatic electrolysis using fractional 
factorial design showed that the main and interaction effects of  benzyl alcohol concentration, tem- 
perature, and O H -  concentration are the key variables influencing the selectivity of  benzaldehyde 
formation during electrolysis. 

1. Introduction 

Electrooxidation of many organic compounds at 
nickel has been proved to be an indirect, hetero- 
geneous anodic dehydrogenation [1-3]. The rate 
determining step was a chemical reaction, for 
example, abstracting hydrogen from the o~-carbon of 
the alcohol by a nickel hydroxide (NiOOH), which 
is continuously regenerated on the electrode surface. 
Indeed, the application of nickel (more exactly, 
NiOOH) for the oxidation of alcohols, aldehydes, 
amines and related compounds has been extensively 
reviewed [4]. Unfortunately, however, many reac- 
tions only give an acceptable current efficiency at a 
very low current density (about < 1 mA cm -2) [1-3]. 
In order to overcome this problem, many modified 
nickel electrodes have been developed, all of which 
possess either high surface area or special properties, 
in order to increase the reaction rate between the 
organic compounds and nickel hydroxide [5-10]. 

Cox and Pletcher [5, 6], studying the electrochemi- 
cal oxidation of alcohols and amines on spinel elec- 
trodes (i.e. NiCo204 etc.), found that the mechanism 
for organic compound oxidation on spinel electrodes 
was similar to that on nickel, and reported that the 
chemical reaction rate between nickel hydroxide and 
the organic was considerably enhanced by use of 
spinel electrodes and current efficiency reached 
100% for ethanol oxidation at the high current 
density of 120mAcm -2 in a flow cell system. 
Budniok and Kozlowska [7] compared the rate of 
propanol oxidation on nickel and Ni-Ni5 P2 modi- 
fied electrodes in alkaline solution and found that 
the oxide layers formed on Ni -P  alloys for propanol 
oxidation are more active than those on a nickel 
electrode. Kunugi et al. [8-10] studied the electro- 
oxidation of various organic compounds on nickel/ 
poly(tetrafluoroethylene) composite-plated anodes and 
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reported that the current efficiencies for the corre- 
sponding products were considerably improved, due 
to the hydrophobicity of the anode. However, Wen 
et al. [11] recently reported that the high electro- 
catalytic activity of the Ni/PTFE electrode is due to 
the fact that the presence of PTFE in a nickel elec- 
trode alters the formation pathway of the "y-phase 
nickel hydrous oxide and is not caused by the 
enhanced surface area of the Ni/PTFE electrode. 

Among modified nickel electrodes, NiSx deposited 
electrodes have been shown to be suitable cathodes 
for hydrogen evolution, due to the high surface area 
exposed after long term polarization [12, 13]. In 
this work, the application of NiSx deposits to the 
oxidation of benzyl alcohol in alkaline solution was 
examined. The cyclic voltammetric behaviour of 
nickel and NiSx electrodes in alkaline solution were 
first compared and the effect of prolonged polariza- 
tion on the activity for benzyl alcohol oxidation was 
also presented. In addition, fractional factorial 
design [14] was employed in planning the experiments 
for studying the effects of the electrolysis variables 
on benzyl alcohol oxidation current efficiency and 
benzaldehyde production yield. 

2. Experimental details 

2.1. NiS x deposit preparation 

NiS x deposited electrodes were prepared in a manner 
similar to that reported in previous work [13]. In order 
to prevent the electrode from pitting corrosion during 
anodic electrolysis, the substrate, low carbon steel, 
was first plated with a compact nickel deposit using a 
typical Watts bath, containing mainly NiSO4.6H20 
(250gdm-3), NiClz.6H20 (40gdm-3), and H3BO3 
(35gdm-3), at current density of 30mAcm -2 for 
30 min, at 55 ° C. The plated cathode was then further 
plated in the above mentioned Watts bath with the 
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add i t i on  o f  55 g d m  -3 th iourea ,  at  a cur ren t  densi ty  o f  
4 m A  cm -2 for  225 min,  a t  55 ° C. 

The  p r e p a r e d  NiSx electrode,  before  anod ic  elec- 
trolysis ,  was first ca thod ica l ly  po la r i zed  at  a cur ren t  
dens i ty  o f  7 0 0 m A c m  -2 for  0, 25, 50, 100 and  200h.  

The  1M K O H  so lu t ion  employed  for  ca thod ic  
po la r i za t ion ,  was pre -e lec t ro lyzed  unde r  a ca thod ic  
cur ren t  dens i ty  o f  1 0 m A c m  -2 using t i t an ium and  

I rO2/Ti  e lec t rodes  as the ca thode  and  anode ,  respec-  
tively. 

Nicke l  rod  (99.9945%, Johnson  Mat they) ,  used for  
c o m p a r i s o n  with  the NiSx electrode,  was po l i shed  
with  a 1 # m  d i a m o n d  pol i sh  slurry,  then r insed with  

dist i l led water ,  before  use. 

2.2. Elec t rochemica l  characterizat ion 

Elec t rochemica l  exper iments  were car r ied  ou t  in a 
BAS-100B p o t e n t i o s t a t / g a l v a n o s t a t  system (Bio- 
ana ly t ic  System, Inc.,  USA) .  A n  Ag/AgC1 e lec t rode  
(Argentha l ,  3 M KC1, 0.207 V vs N H E  at  25 ° C) was 
used as the reference,  while a p l a t i n u m  wire was 
employed  as the coun te r  electrode.  A Luggin  capil-  
lary,  whose  tip was set a t  a d is tance  o f  a b o u t  1 m m  
f rom the surface o f  the work ing  electrode,  was used 
in min imiz ing  er rors  due  to iR  d r o p  in the elec- 
t rolytes .  There  was no iR  c o m p e n s a t i o n  dur ing  the 
p o t e n t i o d y n a m i c  measurements .  V o l t a m m e t r y  was 
car r ied  out  a t  a scan ra te  o f  20 m V  s -1 in 1 M K O H  
so lu t ion  at  25°C.  S teady  s tate  I / E  curves were 
ob ta ined  at  a scan ra te  o f  1 m V s  -1 in 0 .5M K O H  
so lu t ion  con ta in ing  20% t -bu tano l  before  and  af ter  
a d d i t i o n  o f  0.1 M benzyl  a lcohol ,  at  25 ° C. 

2.3. Galvanostat ic  electrolysis  

Galvanos t a t i c  electrolysis  was car r ied  ou t  in a d iv ided  

cell wi th  N a t i o n  435 ®, a p l a t i n u m  wire, and  a NiSx 
e lec t rode  (after  50 h ca thod ic  po la r i za t ion )  as separ-  
a tor ,  c a thode  and  anode ,  respectively.  The  anoly te  
was ag i ta ted  by  a m o t o r i z e d  st irrer  ( L a b o  stirrer,  
M o d e l  LR-41B,  Japan) .  The  d.c. power  was 
suppl ied  by  a HA-301 p o t e n t i o s t a t / g a l v a n o s t a t  
system ( H o k u t o  D e n k o  C o m p a n y ,  J apan)  and  the 
a m o u n t  o f  electr ici ty passed  was 0 . 5 F m o 1 - 1 .  The  
organic  v a p o u r  was condensed  by  a reflux condense r  
and  the r eac to r  was immersed  in a wa te r  ba th  con-  
t ro l led  at  a des i red  t empera tu re  wi th  an  accuracy  o f  
0 .05°C by  means  o f  a wate r  t he rmos t a t  ( H A A K E  

D8 and  G).  

Table 1. EDAX-determined element content (wt %) in NiSx electrode 

Time Element content/ w t % 
/h 

S Fe N/ 

0 10.68 0.37 88.95 
25 5.77 0.58 93.66 
50 5.12 1.03 93.86 

100 4.13 1.20 94.70 
200 3.87 1.12 95.08 

Table 2. Factors and levels for the 2 5-1 fractional factorial design 

Factors Levels 

- + 

A, BA Concentration/M 
B, Agitation rate/r.p.m. 
C, Temperature/° C 
D, Current density/mAcm -2 
E, O H -  Concentration/M 

0.2 0.6 
500 800 
25 60 
20 40 
0.5 1.0 

The  effects o f  the fol lowing electrolysis  pa r a me te r s  
on  cur ren t  efficiency and  benza ldehyde  selectivity 
were invest igated:  (A) benzyl  a lcohol  concen t ra t ion ,  
(B) ag i t a t ion  rate,  (C) t empera tu re ,  (D) cur ren t  
densi ty,  and  (E) O H -  concen t ra t ion .  F ixed  levels o f  
these five pa r a me te r s  are given in Tab le  2, with the 
design levels being given in Table  3. 

Af t e r  electrolysis,  samples  t aken  f rom the anod ic  
c o m p a r t m e n t  were acidified with  hydroch lo r i c  
acid  p r io r  to analysis  by  high pe r fo rmance  l iquid 
ch roma tog raphy  (LC- 10A, SPD-  10A, Shimazu,  Japan).  

3. Resu l t s  and d iscuss ion  

3.1. E lec t rochemica l  studies 

Typica l  cyclic v o l t a m m o g r a m s  o f  nickel  and  NiSx 
e lect rodes  in 1 M K O H  so lu t ion  are shown in Fig.  1. 
The  shapes show i m p o r t a n t  differences. The  po l i shed  
nickel  e lec t rode  exhibi ts  a sharp  anod ic  peak  at  a b o u t  
4 0 0 m V  co r re spond ing  to the N i ( I I ) / N i ( I I I )  r edox  
t rans i t ion  and  oxygen evo lu t ion  commences  at  a b o u t  
500mV.  In  c o m p a r i s o n  to the po l i shed  nickel  elec- 
t rode,  the NiSx electrode,  after  first being ca th-  
odical ly  po la r i zed  for  50 h, shows a very b r o a d  peak  
between 370 and  500mV,  and  possesses 40 t imes 
larger  peak  cur ren t  co r r e spond ing  to the N i ( I I ) /  
N i ( I I I )  redox  t rans i t ion  (30 as c o m p a r e d  to 
0.75 m A  cm -2 for  the po l i shed  nickel  electrode) .  The  

Table 3. Design matrix and experimental data from the 25v -1 
fractional factorial design 

Run Factors Current Aldehyde 
efficiency selectivity 

A B C D E /% /% 

1 . . . .  + 94.54 46.57 
2 + . . . .  96.48 42.40 
3 - + - - - 91.71 41.76 
4 + + - - + 84.50 50.89 
5 - - + - - 96.89 54.56 
6 + - + - + 97.05 52.28 
7 - + + - + 90.78 33.08 
8 + + + - - 97.55 66.32 
9 - - - + - 89.79 38.05 

10 + - - + + 80.79 32.68 
11 - + - + + 54.75 53.12 
12 + + - + - 80.04 62.12 
13 - - + + + 92.58 36.04 
14 + - + + - 82.91 69.45 
15 - + + + - 92.55 41.46 
16 + + + + + 77.42 46.88 
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Fig. 1. The voltammetric behaviour of nickel and NiSx electrodes in 
electrode after cathodic polarization for 50 h. 
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former result suggests that the NiSx electrode pos- 
sesses more ' inner '  (less accessible) active sites than 
the nickel electrode. These ' inner'  active sites may 
result f rom the cracks and porosity of  the NiSx 
deposits [12, 13]. The higher Ni ( I I ) /Ni ( I I I )  redox 
transition peak current in the NiSx electrode indi- 
cates that the active surface area on the NiSx 
electrode is higher than that on the nickel electrode. 

Cyclic vo l tammograms of  the NiS x electrode in 
0.5M K O H  containing 0.1M benzyl alcohol at a 
scan rate of  2 0 m V s  -1 are presented in Fig. 2. In 
comparison to curve (a) in Fig. 2, the currents of  
curve (b) in the 400-500mV potential range for 
both  the anodic and cathodic sweeps are positive 
and much larger, indicating that the nickel hydroxide 
(NiOOH) formed here is an active species for the 
catalytic oxidation of  benzyl alcohol. This result indi- 
cates that benzyl alcohol oxidation on the NiSx elec- 
trode is similar to that on the nickel electrode, that 
is, a chemical reaction between the nickel hydroxide 
and the benzyl alcohol, and does not involve direct 
electron transfer f rom the organic compound to the 
anode [1-3]. 

The I/Ecurves recorded for a very slow scan rate of 
1 mV s -1 for a NiSx electrode in 0.5 M K O H  solution 

containing 20% t-butanol without and with the 
addition of 0.1 M benzyl alcohol are shown in curves 
(a) and (b), respectively (Fig. 3). In 0.5 M K O H  sol- 
ution only one peak at about  400 mV was observed 
prior to the commencement  of  oxygen evolution at 
about  500 mV; while in the presence of benzyl alcohol 
in the solution, the anodic current increased consider- 
ably and reached a rising plateau at about  470 inV. 
The limiting current density for benzyl alcohol oxi- 
dation on the NiSx electrode is 22 times larger than 
that on the polished nickel electrode (57 as compared 
to 2.6 mA cm -2 for the polished nickel electrode); thus 
the rate of  chemical reaction between nickel hydroxide 
and benzyl alcohol is considerably enhanced on the 
NiSx electrode. 

3.2. Effect of polarization time 

In previous papers [12, 13], the hydrogen over- 
potential of  a NiSx electrode was decreased and 
stabilized after long-term (about 200h) cathodic 
polarization at relatively high current densities 
(about 500-800 mA cm -2) due to the washing-out of  
adsorbed residues of  thiourea or reduction of sulfur, 
which resulted in the exposure of  a larger active 
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Fig. 2. Cyclic voltammograms of NiSx electrode. (a) 0.5 M KOH 
containing 20% t-butanol; (b) 0.5M KOH containing 20% 
t-butanol + 0.1M benzyl alcohol. 
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Fig. 3. I/E curves for NiSx electrode in (a) 0.5 M KOH containing 
20% t-butanol; (b) 0.5M KOH containing 20% t-butanol + 0.1 M 
benzyl alcohol. 
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surface area for hydrogen evolution. In this study, the 
effect of cathodic polarization time on limiting current 
density for benzyl alcohol oxidation was examined. 

Limiting current densities for benzyl alcohol oxi- 
dation on the NiSx electrode against cathodic polari- 
zation time are plotted in Fig. 4, which reveals that 
the limiting current density increases substantially 
after 25h (from 28 to 52mAcm -2) and reaches a 
maximum value at 50 h. In order to understand the 
above results, the elemental content of the NiSx elec- 
trodes was analysed by EDAX and the surface 
morphological changes were examined by SEM. The 
results are shown in Table 1 and Fig. 5, respectively. 

An examination of Table 1 reveals that the 
sulphur content substantially decreases (from 10.68 to 
5.77 wt %) after 25 h polarization and then gradually 
decreases from 5.77 to 3.87 wt %. The nickel content 
increases from 89 to 95 wt % and also a small amount 
of iron is observed. Figure 5(a) for the surface 
morphology of as deposited NiSx shows a smooth 
structure with small cracks, on which granular parti- 
cles deposit. While after being cathodically polar- 
ized, the cracks become more obvious and the 
number of the deposited granular particles decreases 
(Fig. 5(b) and (c)). The former result was ascribable 
to hydride formation at the active nickel surface 
[15], which induced hydrogen embrittlement during 
cathodic polarization; while the latter result was 
thought to arise from the washing out of adsorbed 
residues of thiourea or the reduction of sulphur dur- 
ing polarization. HzS could be detected on the NiSx 
electrode after long-term cathodic polarization; sug- 
gesting that the sulphur content was removed from 
the sulphur reduction which was also evidenced by 
EDAX data. Based on the above SEM and EDAX 
results, it can be stated that the increase in limiting 
current density for benzyl alcohol oxidation after 
cathodic polarization is due to crack formation and 
sulphur reduction, resulting in the exposure of a 
larger active surface area for benzyl alcohol oxida- 
tion. The 'mud-crack' and porous morphology of 
the NiSx electrode after cathodic polarization also 
support our previous supposition on the cyclic 
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Fig. 4. Dependence of limiting current density for benzyl alcohol 
oxidation on cathodic polarization time. 

voltammetric result that the Ni(OH)2/NiOOH tran- 
sition charge from the 'inner' (less accessible) region 
is due to diffusion, through cracks and pores, of 
OH-  ions and water during anodic scans giving the 
observed broad and more irreversible redox tran- 
sition peak in Fig. 1. 

3.3. Galvanostatic electrolysis 

Products of benzyl alcohol oxidation on the nickel 
electrode in alkaline solution containing organic 
solvent (t-butanol) were reported to be benzaldehyde 
and benzoic acid, and the yield of aldehyde was 
strongly affected by electrolysis conditions [3, 4, 6]. 
In this study, the fractional factorial design method 
[14] was established in order to identify the key vari- 
ables influencing the current efficiency and aldehyde 
yield from the following variables: (A) benzyl alcohol 
concentration, (B) agitation rate, (C) temperature, 
(D) current density, and (E) OH-  concentration. 
This experimental design allows the influence on 
each process variable to be observed at a variety of 
other variable levels, as well as allowing observations 
of the interaction effects among the variables. 

The design factors and levels for the 2~ -1 fractional 

Fig. 5. SEM photographs of NiS x electrode: (a) as deposited; (b) 
after 25 h polarization; (c) after 200 h polarization. 
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factorial experiments are listed in Table 2 and the 
results of these experiments are given in Table 3. 
The level of each variable during a run is indicated 
in columns 2 to 6 of Table 3, with the current effi- 
ciency and aldehyde selectivity corresponding to 
each set of conditions, being shown in columns 7 
and 8, respectively. 

Estimates of the experimental variable effects were 
algebraically calculated following the procedure 
recommended by Box et  al. [14] and are given in 
Table 4. Table 4 reveals that the current efficiency 
increases with decreasing agitation rate, current 
density, O H -  concentration, and with increasing 
temperature. The latter result can be explained by 
the fact that the rate of chemical reaction between 
nickel hydroxide and organic compounds increases 
with increasing electrolysis temperature [3]. At higher 
current density, competitive oxygen evolution occurs, 
thereby decreasing the current efficiency. Moreover, 
the current efficiency decreases with increasing O H -  
concentration. This result is thought to arise from 
the fact that phase separation occurs at high O H -  
concentration. Under such circumstance, benzyl alco- 
hol is dispersed in the solvent phase, and consequently 
decreases the possibility of benzyl alcohol in contact 
with the electrode, resulting in the observed low 
current efficiency at high O H -  concentration. 

Table 4 also reveals that the effects of benzyl alco- 
hol concentration (A), temperature (C), and O H -  
concentration (E) are the key variables influencing 
the aldehyde selectivity, and that the two factor inter- 
actions on aldehyde selectivity of benzyl alcohol 
concentration and temperature (AC), of agitation 
rate and temperature (BC), of benzyl alcohol con- 
centration and O H -  concentration (AE), and of tem- 
perature and O H -  concentration (CE) are significant. 
These effects are indicated with an asterisk in Table 
4, and represent the relatively larger positive and 
negative estimated values. 

The effects of benzyl alcohol concentration (A), 

Table 4. Estimates of the effects from the 25v -1 fractional factorial 
design 

Effects Estimate 

Current Aldehyde 
efficiency~% selectivity~% 

A -1.14 -9.79* 
B -7.32 2.94 
C 6.61 4.05* 
D - 12.06 - 1.00 
E -6.55 -8.06* 
AB 2.89 4.39 
AC -3.33 7.64* 
AD -1.55 0.83 
AE 2.24 -6.31" 
BC 4.54 -9.11" 
BD -2.22 3.90 
BE -6.38 1.16 
CD 2.85 -2.08 
CE 3.53 -7.80* 
DE -2.55 -2.53 

temperature (C), and O H -  concentration (E) cannot 
be discussed separately due to the significant inter- 
actions on aldehyde selectivity between benzyl alco- 
hol concentration and temperature (AC) and benzyl 
alcohol concentration and O H -  concentration (AE), 
as well as temperature and O H -  concentration 
(CE). Hence, the aldehyde selectivity is depicted as a 
function of benzyl alcohol concentration (A), tem- 
perature (C), and O H -  concentration (E) in Fig. 6. 
An examination of Fig. 6 reveals that the average 
aldehyde selectivity increases with decreasing O H -  
concentration. This result was consistent with that 
obtained previously by Pletcher et  al. [3]. They 
reported that the dependence of the formation of 
aldehyde or acid on the O H -  concentration was 
attributable to the change in the nickel oxide surface 
with pH, which changes the stability to desorption 
of surface species with intermediate degrees of oxi- 
dation. The result of high aldehyde yield at low pH 
indicates that the desorption of intermediate (alde- 
hyde) for benzyl alcohol oxidation to benzoic acid 
on the nickel hydroxide surface formed at low pH 
must be easier than that formed at high pH value. 

In alkaline solution, the oxidation of primary 
alcohol to acid on nickel has been formulated as [1-4]: 

O H -  +Ni(OH)2  - ~  Ni(OOH) + H 2 0 + e -  (1) 

RCH2OHsol ~ RCH2OHad s (2) 

RCH2OHaa s + NiOOH r .~  RCHOH + Ni (OH)2 

(3) 
RCHOH + H20 ----+ RCO2H + 3e- + 3H + (4) 

Accordingly, in an aqueous solution, the major 
product of benzyl alcohol oxidation was benzoic 
acid. Conversely, in mixed organic solvents, or in an 
emulsion electrolysis, alcohol can be converted to 
aldehyde as main product in the following manner: 

RCHOH ~ RCOH + H + + e- (5) 

In the present results, the aldehyde selectivity increase 
with increasing benzyl alcohol concentration and tem- 
perature, in 0.5 M KOH solution can be explained by 
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Fig. 6. Estimated values for the average benzaldehyde selectivity as 
a function of benzyl alcohol concentration, temperature, and OH - 
concentration. 
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the fact that an emulsion solution easily forms at the 
relatively high benzyl alcohol concentration and tem- 
perature. In emulsion electrolysis, it is conceivable 
that the intermediate aldehyde is extracted into the 
organic phase and thus prevented from further 
oxidation to acid. 

Based on the above results and discussion, it is 
concluded that the benzyl alcohol oxidation current 
efficiency and aldehyde selectivity can be increased 
with increasing benzyl alcohol concentration, tem- 
perature, and with decreasing agitation rate, current 
density and O H -  concentration. To confirm the 
validity of the statistical experimental strategy, an 
additional confirmatory experiment was performed 
under the following conditions: 0.4 M KOH solution 
containing 20% t-butanol and 0.9 M benzyl alcohol, 
current density 20 mA cm -z, electrolysis temperature 
60°C and agitation rate 500r.p.m. The resulting 
current efficiency and aldehyde selectivity were 95.4 
and 76.2%, respectively, which lends further support 
to the previous conclusion. 

4. Conclusions 

The Ni(OH)2/NiOOH redox transition formed 
anodically on a NiSx electrode was found to be a 
suitable electrocatalyst for benzyl alcohol oxidation. 
Long-term cathodic polarization exposed a large 
active surface area for benzyl alcohol oxidation, 
resulting in a high limiting current density for benzyl 
alcohol oxidation. The effects of the following elec- 
trolysis parameters: benzyl alcohol concentration, 
agitation rate, temperature, current density, and 
O H -  concentration on the benzyl alcohol oxidation 
current efficiency and benzaldehyde selectivity were 
experimentally investigated. The experimental 

results from fractional factorial design showed 
that the benzyl alcohol oxidation current efficiency 
and aldehyde selectivity increased with increasing 
benzyl alcohol concentration, temperature, and with 
decreasing agitation rate, current density and O H -  
concentration. 
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