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The cyclic voltammetric behaviour of  a Ti/ceramic TiO2 cathode has been studied in 50% (v/v) 
ethanolic 1 M H2SO4, 0.1 M NazSO 4 and 1 M NaOH solutions, both in the absence and presence of 
various concentrations of  added 1-nitroso-2-naphthol (NN). Catalytic reduction of  NN at the Ti/cera- 
mic TiO2 cathode occurs by the electrogenerated Ti 3+ species. Galvanostatic electrolytic reduction of  
N N  at a Ti/ceramic TiO2 cathode carried out in these media gave 1-amino-2-naphthol in high yield 
with a high current efficiency. The cyclic voltammetric and galvanostatic studies on the reduction 
of  N N  in these media have also been carried out at a glassy carbon electrode (GCE) for comparison. 

1. Introduction 

The behaviour of a Ti/ceramic TiO2 cathode in 50% 
(v/v) ethanolic 1 M H2SO 4 and the electrocatalytic 
reduction of several nitrocompounds to the respec- 
tive amino compounds in high yields at this cathode 
has been reported earlier in this journal [1-4]. As 
part of the present work, the cyclic voltammetric 
studies on the behaviour of the Ti/ceramic TiO2 
cathode have been extended to 50% (v/v) ethanolic 
0.1 M NazSO 4 and 1 M NaOH media. The influence 
of different concentrations of added NN on the 
behaviour of the cathode in the three different media 
has also been investigated. Galvanostatie electrolytic 
reduction of NN was also carried out in these media 
using a Ti/ceramic TiO2 cathode and lead anode and 
the product formed was characterized by its melting 
point and i.r. spectral data. Both cyclic voltammetric 
and galvanostatic electrolysis studies on the reduc- 
tion of NN in these media have also been carried 
out at a GCE for comparison. 

Literature data on the electrochemical studies on 
NN are limited to polarographic studies in aqueous 
or aqueous methanolic solutions in acid, neutral or 
basic media [5-8]. A single four-electron wave corre- 
sponding to the reduction of the nitroso group to 
the amino group was observed in acid and basic 
media. However, two waves were observed in the 
neutral media. Also, due to ease of complex forma- 
tion, polarographic estimations of a number of metal 
ions such as Co 2+, Cu 2+ and Zn 2+, employing NN as 
the titrating agent, have been reported [9, 10]. 

2. Experimental details 

2.1. Cyclic voltammetric studies 

Cyclic voltammetric studies were carried out in an 

undivided cell using a potentiostat and a scan genera- 
tor in conjunction with an XY recorder. An aqueous 
SCE and a platinum foil served as the reference and 
counter electrodes respectively while a Ti/ceramic 
TiO2 electrode (area 0.283cm 2) or a GCE (area 
0.07! cm 2) served as the working electrode. 50% 
(v/v) ethanolic 1M H2SO4, 0.1M NazSO 4 and 1M 
NaOH served as the electrolyte, which are quoted 
in the following as acid, neutral or basic media, 
respectively (electrolytes, solutions). An AR sample 
of NN (Loba Chemic) was used. The depolariser 
(NN) in the concentration range of 1--10mM was 
employed. The experimental solution was deaerated 
using pure nitrogen gas. All the measurements were 
carried out at 30 ° C. 

2.2. Galvanostatic electrolysis studies 

The Ti/ceramic TiO 2 cathode for galvanostatic elec- 
trolytic studies was prepared by a method similar to 
that reported by Beck and coworkers [11, 12], by 
sandblasting the expanded titanium sheet of required 
area, pickling of the above sheet in 50% HC1 and 
finally applying the coating solution consisting of tita- 
nium acetylacetonate (2.189 g) in concentrated HNO3 
(5 ml) and H20 (3 ml) made upto 50 ml with isopropa- 
nol using a micropipette. The electrode was dried at 
90 ° C for 10rain and then baked in air in a muffle fur- 
nace at 550 ° C for 15 min. After a total of five activa- 
tion cycles, a TiO 2 concentration of 5 #tool cm -2 is 
present on the electrode surface. 

The electrolytic cell consisted of a glass beaker of 
one litre capacity provided with a lead cover for intro- 
ducing the cathode, anode (placed inside a porous pot 
diaphram) and an overhead stirrer. A stationary Ti/ 
ceramic TiO2 cathode (area 0.35dm 2) or a GCE 
(area 0.40 dm 2) served as the cathode and a lead sheet 
served as the anode. 200 ml of 50% (v/v) ethanolic 
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H2SO 4 (10%) or Na2SO 4 (5%) or NaOH (10%). 
(These electrolyte media would also be quoted as 
acid, neutral and basic media in subsequent discus- 
sions.) Along with 25 g of NN served as the catholyte 
and 25 ml of one of the above solutions without N N  
served as the anolyte. The quantity of electricity con- 
sumed was 4 faradaymo1-1 of NN. A current density 
of 5 A d m  -2 was employed. The temperature was 
maintained at 30 ° C. The amine in solution was esti- 
mated by the standard method [13]. The electrolysed 
solution was neutralized after the completion of elec- 
trolysis and the resulting solid obtained was dried, 
weighed and stored in an amber coloured bottle. Its 
structure was confirmed from its melting point and 
i.r. spectra. 

3. Results and discussion 

3.1. Cyclic voltammetric behaviour of  Ti/ceramic TiO 2 

cathode in different media 

The cyclic voltammetric behaviour for the first and 
repeated cycles of the Ti/ceramic TiO2 cathode in 
acid, neutral and basic media is shown in Fig. l(a), 
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Fig. 1. Cyclic voltammetric response ofTi/ceramic TiO2 cathode for 
the first and repeated cycles in acid(a), neutral(b) and basic(c) media 
at a sweep rate of 0.100Vs -1. 

(b) and (c). The high reversibility of the cathode in 
acid media was previously reported [1-4]. The catho- 
dic peak in this medium appears at around -0 .55 -  
-0 .58V depending on the sweep rate employed, 
with the peak potentials (not corrected for iR) shift- 
ing cathodically with increase in sweep rate. The shift 
of peak potential with pH is in the range 0.030- 
0.050V. The value of 0.030V observed at lower 
sweep rates suggests the occurrence of a prepro- 
tonation reaction involving a dimeric TiO2 species 
[4] which undergoes a two-electron reduction in a 
rate determining step as shown below: 

2TIO2 + H + ' [(TIO2)2 H+] (1) 

(TIO2)2 H+ + H + + 2 e- , 2TiOOH (2) 

The preprotonation has been reported previously [14, 
15] for the ceramic oxide electrodes by Beck et al. 
Alternatively, the value of 0.050 V suggests the follow- 
ing redox reaction: 

TiO2 + H20 + H + + e- . , Ti(OH)3 (3) 

It can be seen from Fig. 1 (c) that the cathode shows 
considerable reversibility in basic medium. Both the 
cathodic and anodic peaks are well defined. The 
cathodic peak appears in the potential range -0 .99 -  
-1 .02V in the sweep rate range of 0.05 to 0.3Vs -1, 
with the peak potential values shifting negatively 
with increase in the sweep rate. The negative shift 
in the peak potentials on going from acid to 
basic medium is understandable since surface pro- 
tonation becomes more and more difficult with 
increasing pH. The peak separation was around 
55-60mV in the sweep rate range 0.05-0.3Vs -1 in 
basic medium. At sweep rates less than 0.05Vs -l ,  
the peaks are not well defined due to higher back- 
ground current. The possible redox reaction in this 
medium is 

TiO 2 + 2H20 + e- . ..... , Ti(OH)3 + OH- (4) 

In neutral medium, the cathodic peak is observed 
at - 0 . 7 0 - - 0 . 8 0 V  depending on the sweep rate 
employed. A cathodic shift of peak potentials with 
increase in sweep rate is observed. The peak 
separation is around 100mV in the sweep rate 
range 0.05-0.3Vs -1. The peak is less well defined 
as compared to those in acid and basic media. A 
redox reaction similar to Reaction 3 above may be 
operative. 

3.2. Cyclic voltammetric reduction of N N  in different 
media at a Ti/ceramic Ti02 cathode and a GCE 

Cyclic voltammograms for the first and repeated 
cycles of NN(5 x 10-3M) at a GCE(a) and a Ti/ 
ceramic TiO2 cathode(b) in acid, neutral and basic 
media are shown in Figs 2(a) and (b), 3(a) and (b) 
and 4(a) and (b), respectively. A single cathodic 
peak is seen for the reduction of NN at a GCE in 
acid and basic media (Figs 2(a) and 4(a)). However, 
in neutral medium (Fig. 3(a)), the main peak is pre- 
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Fig. 2. Cyclic vol tammograms for the first 
and repeated cycles of  5 x 10-3M 1NFN at a 
GCE(a) and a Ti/ceramic TiO2 cathode(b) in 
acid medium at a sweep rate of 0.100 V s -1 . 

ceded by an adsorption prepeak (as can be seen from 
the disappearance of the prepeak in subsequent 
cycles). The reduction of  N N  to 1-amino-2-naphthol 
occurs by an ECE pathway at the GCE. The neutral 
molecule is the reactant in acid and neutral media, 
whereas its anion is the reducing species in basic 
media as represented below: 

In acid and neutral media 

NO NHOH NH NH 2 

OH OH 0 . OH 
• . _ 

In basic medium 

NO NHOH NH NH2 

O" + . O" . 0 • _ I " ~  t~H 
: 2H ,21 "OH ~ ' .  

In weakly acidic solutions, N N  can also exist in the 
oxime form [16] and this can undergo a four-electron 
transfer as shown below: 

NOH H NHOH NHOH NH 2 

0 0 OH OH 

At a Ti/ceramic TiO2 cathode, only a single peak 
is registered for the reduction of N N  in acid and 
basic media (Figs 2(b) and 4(b)). The anodic peak 
due to oxidation of  Ti 3+ to Ti 4+ species (in the 
absence of  NN)  disappears with increasing addition 
of NN. This suggests that the Ti(OH)3 generated by 
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Fig. 3. Cyclic vol tammograms for the first and repeated cycles of  
5 × 10-3M N N  at a GCE(a) and a Ti/ceramic TiO 2 cathode(b) in 
neutral medium at a sweep rate of  0.100 V s -I . 

Reaction 3 or 4 reacts with N N  as follows: 

4Ti(OH)3 + RNO --> 4TIO2 + RNH2 + 5H20 

(5) 

However, the anodic peak may be seen at higher 
sweep rates ( > 0 . 1 V s  -1) at low concentration of 
N N  (1 x 10-3M) and with 5 x 10-3M NN,  the 
anodic peak disappeared completely. This indicates 
that the chemical reaction between Ti 3+ and N N  is 
not complete in the time scale of  higher sweep 
rates (> 0.1 V S -1) for low concentrations of  
NN(1 × 10 -3 M). However, at higher concentrations 
o f N N ( >  5 × 10 -3 M), the reaction becomes predomi- 
nant even in the time scale of  higher sweep rates 
because diffusion of N N  becomes less important  at 
these concentrations. These results are in conformity 
with the catalysis of  NO group reduction by the 
Ti4+/Ti 3+ redox species at the electrode surface. 

In neutral media, two peaks are seen at low concen- 
tration of N N ( <  5 × 10-3M). At concentrations 
greater than 5 x 10-3M, however, three peaks are 
seen. The first peak is adsorption controlled, as can 
be seen from its disappearance in subsequent cycles 
in the cyclic vol tammograms.  
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Fig. 4. Cyclic voltammograms for the first and repeated cycles of 
5 x 10-3M of NN at a GCE(a) and a Ti/ceramic TiO 2 cathode(b) 
in basic medium at a sweep rate of 0.100 V s -1 . 
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The plot of peak current density (Ip) against the 
square root of sweep rate (v) for the reduction of 
NN(5 x 10-3M) in acid, neutral and basic media at 
both GCE and Ti/ceramic TiO2 cathode are shown 
in Fig. 5. It can be seen that a straight line passing 
through origin is obtained in general indicating diffu- 
sion limited reduction of NN. In neutral media, how- 
ever, at a Ti/ceramic TiO2 cathode, the current density 
corresponding to the second peak is seen to increase 
continuously and that of the third peak decrease con- 
tinuously with decrease in sweep rate. This is probably 
due to an equilibria between the protonated and 
unprotonated forms of the depolariser molecule, and 
the protonation being predominant in the time scale 
of lower sweep rates. The peak potentials were found 
to be more negative at a Ti/ceramic TiO2 cathode as 
compared to that at a GCE and the values were 
found to shift negatively with increase in sweep rate 
in both the cases. 

The above results indicate that the reduction of NN 
in acid, neutral and basic media at a Ti/ceramic TiO2 
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Fig. 5. Ip/v 1/2 plots of the cyclic voltammetric peaks for the reduc- 
tion of NN(5 x 10-3M) at a GCE(©--o) and at a Ti/ceramic TiO2 
cathode (o - - e )  in acid(a), neutral(b) and basic(c) media. 

cathode occurs by a chemical reaction of the electro- 
generated Ti 3+ species with NN. Though the reversi- 
bility of the Ti4+/Ti 3+ redox species is considerably 
lower in neutral medium, mechanism involving the 
reduction with the electrogenerated Ti 3+ species is 
still operative. 

3.3. Galvanostatic electrolys& of  N N  at a Ti/ceramic 
7702 cathode 

The results of the galvanostatic electrolysis data 
carried out on the reduction of NN in acid, neutral 
and basic media at a GCE and a Ti/ceramic TiO2 
cathode are shown in Table 1. It can be seen that 
good yield of 1-amino-2-naphthol is obtained in acid 
media with a high current efficiency (CE). The yield 
of 1-amino-2-naphthol and also the CE value are 
slightly lower in neutral and basic media. This is 
because at the end of electrolysis, some tarry material 
could also be seen in these media which is the likely 
air oxidation product of 1-amino-2-naphthol. The 
observation of 1-amino-2-naphthol as almost the 
exclusive product in neutral and basic media suggests 
that the dehydration step in the reduction mechanism 
suggested for NN, is considerably fast and hence the 
formation of the corresponding azoxy, azo or 
hydrazo products is avoided. A comparison of the 
yields obtained at the two cathodes shows that the 
yields are generally slightly higher at the Ti/ceramic 
TiO2 cathode although the reduction potentials for 
the nitroso group reduction are more negative than 
those observed at the GCE. However, it was estab- 
lished earlier that for the reduction of nitro com- 
pounds to the corresponding amines, Ti/ceramic 
TiO2 cathode is much superior in its efficiency as 
compared to the existing conventional cathodes 
[1-4]. 

The amine so isolated melted at 150 ° C with decom- 
position in agreement with the literature value [17]. IR 
spectra of the sample showed absorptions at frequen- 
cies (cm -1) of 3260, 3060 and 2800 (apart from other 
absorptions) which coincide with those obtained 
with an authentic sample of the amine reported 
in the literature [17]. These values correspond to 
the - N - H  and - O - H  stretching frequencies, 
respectively. 

Table 1. Galvanostatic electrolysis data on the reduction o f  N N  in 
acid, neutral and basic media at a GCE and a Ti/ceramic 2702 
cathode 

Medium YieM*/% CE/% YieM*/% CE/% 

GCE Ti/ceramic Ti02 cathode 

Acid 83.6 83.0 87.0 85.0 
Neutral 74.1 76.5 79.0 78.3 
Alkaline 72.9 71.0 74.5 74.5 

* Yield refers to the yield of amine isolated at the end of galvano- 
static electrolysis. 
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