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DANIEL G. MARANGONI, RICHARD S. SMITH, and SHARON G. ROSCOE. Can. J.  Chem. 67,921 (1989). 
The electrochemical oxidation of glycine at a Pt electrode was investigated in aqueous solutions at pH 1 and 13 using 

steady-state current-potential measurements, cyclic voltammetry, and open circuit potential decay. The capacitance behaviour 
and the high Tafel slopes suggest the production of free radicals at the surface of the electrode accompanied by a second reaction 
involving loss of C 0 2  which is the rate determining step. In the electro-oxidation of glycine, it appears that the adsorbed 
intermediate species is either hydrolyzed anodically to formaldehyde and ammonia, or is oxidized to a carbonium ion which is 
subsequently hydrolyzed to formaldehyde and ammonia in solution. This behaviour differs from the dimerization process typical 
of the radical reactions associated with the Kolbe mechanism. 
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DANIEL G. MARANGONI, RICHARD S. SMITH et SHARON G. ROSCOE. Can. J. Chem. 67,921 (1 989). 
Faisant appel 1 des mesures de potentiel du courant a 1'Ctat stationnaire, a la voltametrie cyclique et i la dtg6nCrescence du 

potentiel en circuit ouvert et operant en solutions aqueuses, i des pH de 1 et de 13, on a ttudiC l'oxydation electrochimique de la 
glycine, au niveau d'une electrode de Pt. Le comportement de la capacitance et les courbes de Tafel tlevees suggtrent qu'il y a 
une production de radicaux libres i la surface de I'tlectrode et que celle-ci est accompagnte d'une deuxitme reaction, impliquant 
une perte de C02,  qui determine la vitesse de la reaction. Dans l'tlectro-oxydation de la glycine, il semble que l'esptce 
intermediaire adsorbee est soit hydrolysCe a l'anode en formaldehyde et en ammoniac soit oxydte en un carbocation qui est 
subsCquemment hydrolyse en formaldehyde et en amrnoniac, en solution. Ce comportement diffkre du processus de dimirisation 
typique des reactions radicaliques associkes au mecanisme de la reaction de Kolbe. 

Mots clks : glycine, acide amink, oxydation 6lectrochimique, electrochimie de surface, mecanisme de la reaction de Kolbe. 
[Traduit par la revue] 

Introduction 
Several investigations of the electro-oxidation of a-amino 

acids were reported in the early 1930's (1-5). Fichter and 
Schmid (I) concluded from product analysis, that the electrolytic 
oxidation of a-amino acids in sulfuric acid solution produces the 
next lower aldehyde in the first step of the oxidation. However, 
Takayama (2, 3) found that oxidation at a Pb02 anode resulted 
in a facile further oxidation of the aldehyde by the following: 

RCH(NH2)COOH RCHO + NH3 + COI 

[ol 
RCHO + RCOOH 

Fichter and Kuhn (2) and Takayama (5) reported the 
formation of ammonia, formaldehyde, formic acid, carbon 
dioxide, and methyl, dimethyl, and trimethyl amines as 
products from the electrolytic oxidation of glycine. Plochl (6) 
has suggested that the amines probably resulted from the 
interaction of formaldehyde and ammonia. Takayama concluded 
that, from the experimental..results, the first stage of the 
oxidation of amino acids is the aldehyde formation and that the 
other products either result from further oxidation (formation of 
carboxylic acids) or the chemical interaction of one product with 
another. He also concluded that the general reaction above best 
represents the course of the electrolytic oxidation of an a-amino 
acid. 

The present research has been undertaken to investigate the 
kinetics, mechanisms, and surface effects of the electrochem- 
ical oxidation of glycine at the Pt electrode. Steady-state 
current-potential measurements, cyclic voltammetry, and open 
circuit potential decay have been used to study 0.45 M aqueous 
solutions of glycine at pH 1 and pH 13 in order to characterize 
these reactions with a fully protonated and fully unprotonated 
reactant, respectively. Anodic reactions in aqueous solutions at 
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the Pt electrode are complicated by the electrocatalytic surface 
oxide film which develops on the anode metal surface. Thus, 
electrocatalysis occurs for such reactions as O2 (7, 8), C12 
(9-13), N2 (from N;) (14-17) evolution, and the Kolbe 
reaction (1 8). Generally, in anodic reactions in aqueous media, 
the electrode may be considered "demetallized" (19) by its 
oxide film. Thus, the present work examines the influence of 
surface oxidation on the kinetics of anodic oxidation of glycine 
on well defined states of the Pt surface oxide film. 

Experimental 
(a)  Methods 

Steady-state polarization measurements were made on solutions of 
the amino acid at a pH of 1 and 13. A Wenking potentiostat (Fast Rise 
Model 6288RS) was used to control the potential of the working 
electrode, and the current and potential measurements were read from 
Keithley autoranging multimeters (model 175 and model 195), 
respectively. Polarization lines were determined by holding for 10 s per 
current-density point, at 10 mV intervals of potential. Dataanalysis and 
graphics were carried out using both the Cyber 830 and Commodore 
PC- 10 computers. 

Corrections for uncompensated solution resistance ("iR" drop 
corrections) were made to the Tafel plots. These "iR" corrections were 
determined using a mercury-wetted vacuum relay to give a clean fast 
break in the circuit, and the rapid potential drop was recorded on a 
digital storage Tektronics oscilloscope (model 5440). Potential decay 
transients were determined in the same manner following steady-state 
potentiostatic polarization. Analysis of the potential-time data was 
accomplished using a Commodore PC-10 computer with the Asystant 
data processing software. 

Cyclic voltammograms were obtained using the potentiostat and a 
function generator (Hokuto Denko Ltd, Model HB-1 1 1) to produce a 
repeating triangular potential function. The potential, read directly 
from the working and the reference electrodes, and the current, 
measured by the potential across a variable resistor placed in the 
counter electrode circuit, were connected to a Hewlett-Packard X-Y 
recorder (model HP 489-5093) to give the potential-current profile. 
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(b) Solutions 
Solutions of glycine were prepared from 99+ % purity, gold label 

reagent (Aldrich Chemical Company) using conductivity water (Nano- 
pure water, resistivity = 18.3 megohm cm-') which had been distilled 
from acid potassium permanganate to remove organic impurities. 
Sulfuric acid solutions were prepared from Aristar grade 98% purity 
reagent (BDH Chemicals Limited), while sodium hydroxide solutions 
were prepared from the standardized Aldrich Acculute concentrate. All 
solutions were prepared to a concentration of 0.45 M in amino acid. 

(c)  Electrochemical cell and electrodes 
Three compartment, all glass cells, provided with glass-sleeved 

stopcocks as twoof the compartments, were used. A specially designed 
gas-tight cell having a small volume was used for analysis of 
electrogenerated gaseous products by means of gas chromatography. 
Johnson Matthey and Mallory high-purity grade Pt wires were 
degreased by refluxing in acetone, sealed in soft glass, and electro- 
chemically cleaned by potential cycling in 1 M sulfuric acid, and stored 
in 98% H2S04 The reference electrodes used were saturated calomel 
electrodes made according to a standard procedure (19). Their 
potentials were checked frequently against a standard hydrogen 
electrode and compared with the literature value (20). The saturated 
calomel electrodes were found to be reproducible to within ) 1 mV. 

(d) Product analysis 
A Perkin-Elmer model 226 gas chromatograph fitted with a flame 

ionization detector was used to detect products from electrolysed 
solutions of glycine at pH 1 and pH 13. The 2.5 m by 0.6 cm copper 
column, packed with Chromosorb 103, was maintained at 140°C. This 
column packing is selective for nitrogen-containing compounds, 
aldehydes, and some lower molecular weight alcohols. In addition, 
formaldehyde was quantitatively determined from electrolysed solu- 
tions of glycine maintained at carefully controlled anodic potentials, 
using the pentane-2,4-dione colorimetric method (21). Carbon dioxide 
was detected by passing the evolved gases through a saturated BaOH 
solution. Ammonia was determined by the Kjeldahl method (22). 

Results 
Tafel plots derived from the steady-state polarization experi- 

ments for each of the systems studied are shown in Figs. 1 and 2 ,  
and the numerical values for the Tafel slopes determined by 
least-squares analysis are presented in Table 1. The Tafel slopes 
for both systems are significantly higher than those normally ob- 
served for oxygen evolution in aqueous solution (i.e. 2.3(2RT/ 
F) = 120 mV) (23). In Fig. 2, the Tafel plots for the amino acid 
under acidic conditions (pH 1) showed a long linear Tafel region 
with a slope which was twice those observed for oxygen 
evolution. In a 1 M sulfuric acid solution, in the absence of 
amino acid, oxygen evolution occurs at 1.36 V,EscE. This 
difference in the Tafel behaviour may be attributed to the barrier 
layer effect observed by Conway and Dzeiciuch (24) where the 
oxygen evolution reaction is suppressed because of a dipole 
barrier due to the presence of adsorbed species on the surface of 
the electrode. 

A different effect is observed under alkaline conditions. 
There is a distinct inflection observed in the Tafel slopes (Fig. 1). 
This is similar to that observed in the ~ o l b e  reaction of acetate 
ion in aqueous solution (18) and again appears at the same 
potential where oxygen evolution would occur in a 1 M sodium 
hydroxide solution (i.e. 1.10 V,EscE). Thus it appears, as in the 
~ o l b e  mechanism, that the oxygen evolution teaction is sup- 
pressed by the amino acid anion. Glycine shows an unusually 
high Tafel slope over this potential region. The value of 363 mV 
corresponds to a Tafel slope of 3(2.3(2RT/F)). It is also 
interesting that below the inflection region the slope is the same 
as those observed under acidic conditions. 

Cyclic voltammograms for glycine in both alkaline and acidic 

0.60 L' I 
-4.50 -4.00 -3.50 -3.00 -2.50 -2.00 -1.50 

LOG(i/A cmP2) 

FIG. 1. Tafel behaviour of 0.45 M glycine in NaOH (pH 13) at the 
Pt electrode. 

FIG. 2. Tafel behaviour of 0.45 M glycine in H2S04 (pH 1) at the Pt 
electrode. 

TABLE 1. Experimental Tafel parameters for 
the electro-oxidation of glycine (0.45 M) in 

acidic and alkaline solutions 

Potential range Tafel slope b 
PH (ESCE (V)) (mV) 

13.0 (0.900-1.100) 239 
13.0 (1.480-1.700) 363 
1.0 (1.280-1.680) 237 

solutions are shown in Figs. 3 and 4. Table 2 shows the numerical 
values for the charge vo associated with the formation of oxide, 
the charge Q, due to the reduction of the surface oxide, and 
the ratio Qo/Q,. A comparison may also be made of the charge 
from the oxidation process with that of the reduction process in a 
sulfuric acid or sodium hydroxide solution. 

The results from Table 2 show that the charge Q, due to the 
reduction of the oxide is very much smaller than Qo in all cases, 
suggesting that there are species other than the normal oxide 
adsorbed on the surface of the electrode which are not removed 
during the oxide reduction process. The ratio of Q, for oxide 
reduction to Q, (=210 pC cmP2) for hydrogen reduction is also 
significant. For a sulfuric acid solution in the absence of amino 
acids this ratio is about 2.5 (18). For amino acids at pH 1, the 
ratio is about 2.1, whereas an even smaller ratio of ca. 1.0 is 
observed in solutions of pH 13. This indicates that adsorption by 
amino acids occurs at platinum causing a reduction in the 
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3NI ET AL. 923 

FIG. 3. Cyclic-voltammogram of 0.45 M glycine in NaOH (pH 13) 
at the Pt electrode. 

-60 I 
-0.400 0.000 0.400 0.800 1.200 

E s c P  

FIG. 4. Cyclic-voltammogram of 0.45 M glycine in H2SO4 (pH 1) 
at the Pt electrode. 

TABLE 2. Evaluation of the charge and surface coverage of the cyclic 
voltammograms of glycine (0.45 M) at a platinum electrode 

Potential range Qo Qr 

PH (ESCE (V)) (PC ~ 1 7 7 ~ ~ )  ( P C C ~ - ~ )  Qo/ Qr 

normal oxide growth due to a blocking effect by the bulkier 
molecules with an even stronger adsorption and diminished 
oxide formation occumng in the basic solutions. This is also 
consistent with the larger. Qij/Qr for anodic oxidation and 
reduction in the basic compared with the acidic solutions. In the 
aqueous acid solution (Fig. 4) a blocking effect by glycine of the 
submonolayer film of upd (underpotential deposition) OH 
species occurs similar to the blocking effect of C1- ions 
adsorbed at Pt electrodes during anodic C12 evolution from an 
aqueous solution (25-29). 

Open circuit potential decay curves for glycine in basic and 
acidic solutions are shown in Figs. 5 and 7. Plots of potential 
versus log (-dV/dt) were obtained from a curve-fitting routine 
on the potential versus time data. Multiple correlation coeffi- 
cients were determined using the F-test. In all cases, the fit was 
better than 99.99%. The pseudo-capacitance (C4) was then 
evaluated as a function of potential (Figs. 6 and 8) (30). 

These graphs indicate a rapid decrease in capacitance in the 
basic solution at the lower potentials to a capacitance of about 

FIG. 5. Open-circuit potential decay of 0.45 M glycine (pH 13) at 
the Pt electrode. 

FIG. 6. Capacitance behaviour at anodic potentials of 0.45 M 
glycine (pH 13) at the Pt electrode. 

250 pF cmP2 (Fig. 5). An inflection in the capacitance is 
observed at potentials coincident with the inflection in the Tafel 
plot (Fig. 1). The capacitance decreases to a minimum of about 
100 pF cmP2 before increasing again at higher potentials, 
indicating that the initial coverage of adsorbed species on the 
electrode surface is rapidly diminished as the Faradaic process 
proceeds. This decrease in surface coverage corresponds to a 
mechanism where the initial or electron discharge step is slow, 
followed by fast consecutive reactions which reduce the surface 
coverage (3 1). The inflection regions in the capacitance and the 
Tafel plots suggest a change in the mechanism of the reaction 
associated with surface coverage of adsorbed species. 

The potential decay curve in the acidic solution shows three 
linear regions with very small changes in slope (Fig. 7). These 
correspond to very slight inflections observed in the Tafel slope 
(Fig. 2). However, the plots of C4 versus potential (Fig. 8) show 
a similar rapid decrease in capacitance followed by an increase 
to ca. 600 pF cmP2 at a potential of 1.47 V. This behaviour is 
similar to the inflection region observed in the alkaline solution. 

Qualitative analysis of the products obtained from the 
electrolysis of glycine agreed with those found by Fichter and 
co-workers (1, 2) and Takayama (3-5). The electrolysis was 
carried out at high current densities under controlled potentials 
of 2.2 V in the acidic solution and 1.8 V in the basic solution. 
The products identified by gas chromatographic analysis were 
formaldehyde and methyl and trimethyl amine in acidic solution 
and formaldehyde and methyl amine in the basic solution. 
Carbon dioxide and ammonia were also detected as products of 
the electrolysis. A quantitative analysis of the formaldehyde 
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FIG. 7. Open-circuit potential decay of 0.45 M glycine (pH 1) at the 
Pt electrode. 

FIG. 8. Capacitance behaviour at anodic potentials of 0.45 M 
glycine (pH 1) at the Pt electrode. 

formed after electrolyzing the basic solution at an anodic poten- 
tial of 1.32 V,EscE using the pentane-2,4-dione colorimetric 
method (21) indicated an 85-90% yield. From the same experi- 
ments, analysis of ammonia using the Kjeldahl method (22) 
indicated ca. 83% yield. When the electrolysis was carried out 
at the anodic potential of 1.06 V,EscE, which is just below the 
inflection region, the yield of formaldehyde dropped to 60% and 
ammonia to ca. 55%. 

Discussion 
Analysis of the products of the electro-oxidation of glycine 

shows that formaldehyde is the main product in both basic and 
acidic conditions. Ammonia and carbon dioxide were also 
detected as products of this reaction in agreement with Fichter 
(1,2). 'These products suggest a dissociative, adsorptive type of 
mechanism, with the overall reaction for the basic solution 

CH2(NH2)COO- + OH- + CH20 + NH3 + C02 + 2e 

The thermodynamic potential for the basic glycine solution was 
calculated to be 1.33 V,ESCE using the standard free energies of 
formation (20). A similar calculation for the acidic solution 
gave a value of 1.17 V ,EscE. These correspond to the observed 
inflection regions discussed previously which are also coinci- 
dent with the potentials for oxygen evolution, which suggests 
that oxygen evolution is suppressed by the amino acid oxidation 
process in a manner similar to that observed for the Kolbe 
reaction (24). The overall reaction must, however, be written in 
terms of elementary electrochemical steps because it has become 
well established in electrodics that it is not energetically favour- 

TABLE 3. Theoretical Tafel slopes calculated on the basis of each of 
the steps being rate-determining for the mechanism proposed for the 

electro-oxidation of glycine at Pt 

Calculated 
Tafel slope 

RDS Theoretical Tafel slope (mV) r2/rl 

Step I 2.3(2RT/F) 120 - 
Step I1 2.3(2RT/F)(rl/(rl - r2)) 180 0.33 

240 0.50 
360 0.66 

Step 111 2.3(2RT/F)(rl/(ri + r2)) 90 0.33 
80 0.50 
72 0.66 

able for two electrons to tunnel simultaneously between the 
solution and the metal surface (32). Elementary steps using 
single electron transfer are therefore preferred. 

The production of C02  in the alkaline solution may be ex- 
plained by a series of steps similar to the initial two steps in 
the Kolbe reaction (1 8), 

This series of steps could lead to formaldehyde and ammonia by 
either of two routes, a hydrolysis reaction of the adsorbed 
radical accompanied by an electron transfer at the surface of the 
electrode, 

NH2CH2(M) + OH- + NH3 + CH20 + e 

or with the formation of a carbonium ion by electron transfer 
(18, 33) followed by subsequent hydrolysis in solution to give 
ammonia and formaldehyde: 

NH2CH: + OH- + NH3 + CH20 

The corresponding mechanism for the acidic solution would be 

followed by: 

A carbonium ion mechanism in the acidic solution, however, is 
rather unlikely due to the formation of a positive charge on 
adjacent atoms: 

(NH:)CH2(M) + (NH:)CH: + e . 

(NH:)CH: + H20 + NH: + CH20 + H+ 

In order to verify these mechanisms it is necessary to compare 
the experimentally determined Tafel slopes with those derived 
from theoretical considerations (34-36). The Tafel slope is 
calculated separately for each possible rate determining step 
(Table 3). 

Considering step I of the mechanisms to be rate determining, 
the following rate expression is obtained: 

il = zFkl(l - OG.)CG+ exp{-(AG: - PVF + Pr,0)/RT} 

where the subscript G' refers to the radical species on the elec- 
trode surface, G+  the amino acid species in the bulk solution, 0 
the fractional surface coverage, and p the symmetry factor, 
which will be considered for these calculations to be equal to 
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0.5, which is the value expected for most reactions (18). The 
possibility of very low values for P due to a barrier-layer 
discharge process will be discussed later. The r term is 
introduced in the above equation to allow for variation in the 
heat of adsorption with coverage. 

The experimental Tafel slopes may be compared with those 
calculated from the rate expressions. For the case where step I is 
rate controlling the derivative is: 

dV/d log il = 2.3(2RT/F) 

If step 11 of the mechanisms were rate determining, the rate 
equation would rearrange as follows: 

where G' refers to the initially adsorbed radical in step I and G I '  
refers to the adsorbed radical after rearrangement occurs. Now 
if step 11 was rate controlling and step I was in quasi-equilibrium, 
and with p = 0.5, the equation may be written as 

Rearranging and differentiating gives 

If step 111 of the mechanisms were rate determining 

Substituting in terms of 0 and differentiating gives 

The Tafel slopes obtained have factors designated as r related to 
the heats of adsorption. Under Temkin conditions, that is con- 
ditions of intermediate coverage, the r values become impor- 
tant, whereas under Langmuir conditions, either 0 = 0 or 0 1, 
these effects need not be considered. Under Temkin conditions, 
values must be assigned to r l  and r2. The high Tafel slopes may 
be explained by taking r1 to be 1.5 to 2 times greater than r2, and 
the Tafel slopes calculated in this way for each of the possible 
steps considered to be rate controlling are given in Table 3. 
From these results and a comparison with the Tafel slopes 
observed experimentally (Table l), a mechanism consistent 
with step I1 as the rate-determining step is proposed. 

For the alkaline solution of glycine, the experimental Tafel 
slope was 239 mV over the potential range 0.90 to 1.10 V, 
which is below the inflection region. This would correspond to 
r2/r1 = 0.5 where r l  and r2 represent the heats of adsorption of 
CH2(NH2)COO' and NH2CH;', respectively. At the inflection 
point, the Tafel slope increased abruptly to 363 mV which 
would correspond to r2/rl  = 0.66. The capacitance decreased 
abruptly at this point indicating a smaller surface coverage. At 
very high potentials the capacitance gradually increased due to 
the growth of thicker films of adsorbed species. 

In the acidic solution of glycine, the Tafel slope of 237 mV 
again corresponds to a value of r2/rl  = 0.5 where r1 and r2 are 
now CH~(NH:)COO' and (NH:)CH2'. An inflection region 
is not observed in the Tafel slope, although the capacitance 
behaviour shows an increase in surface coverage which maxi- 
mizes and then drops as in the alkaline solution. 

Similar Tafel relationships were obtained for the reaction of 
formate ion in 100% formic acid (36) and trifluoroacetate in 
100% trifluoroacetic acid (24). The reaction mechanisms were 
treated in terms of a Temkin isotherm. In the case of the 

trifluoroacetate reaction, the value of r l  for adsorption of the 
bulky polar CF3COO' was considered to be greater than that for 
the smaller CF3' groups. 

If the mechanism involving formation of carbonium ions for 
step I11 proceeds as follows, 

NH2CH2(M) + NH2CH: + e 

followed by hydrolysis in solution to give ammonia and 
formaldehyde, a similar analysis for this step I11 as the 
rate-determining step results in the same theoretical Tafel slope 
as that obtained previously for step I11 (Table 3). Thus, although 
the mechanism may proceed via a carbonium ion intermediate 
formed in solution, it is not the rate-determining step for the 
process. 

Another possibility which may be considered is the formation 
of the carbonium ion during the decarboxylation step, step 11, 
although generally carbonium ion formation is considered to 
occur in a step following decarboxylation (1 8, 33). 

CH2(NH2)COO(M) + C 0 2  + NH2CH: + e 

However, if this were the rate-determining step, the derivative 
would be 

dV/d log il = 2.3(RT/2PF) 

which gives a value of 60 mV for the Tafel slope if P = 
0.5, which is too low a value compared to that observed 
experimentally. 

High Tafel slopes observed in anodic oxidations of this type 
have also been interpreted by a change in the effective symmetry 
factor due to the formation of a thin moderately conducting 
dipole barrier-layer film of adsorbed species on the electrode 
(18,24,36). This may cause the effective symmetry factor to be 
less than 0.5. In order to explain the high Tafel slopes observed, 
the p values would have to be as low as 0.25 and 0.17 for the 
lower and upper Tafel slopes, respectively. However, there is 
evidence for strong adsorption of species as shown by the 
blocking of the upd OH species and the large anodic charge in 
the cyclic voltammograms. The capacitance behaviour shows a 
rapid decrease in surface coverage with increasing potential at 
the onset of the Faradaic process, which gives further evidence 
for the second step following adsorption being the rate deter- 
mining step, followed by fast consecutive reactions (31). As 
even higher potentials are reached, the capacitance again begins 
to increase due to the strongly adsorbed intermediate species on 
the surface of the electrode. Therefore, although a barrier-layer 
film and consequently a modified P value may be used to explain 
the high Tafel slopes, there is evidence that a changing surface 
coverage due to adsorbed species may account for these results. 
It is of interest that a more normal vaue of @ is actually observed 
for the acetate Kolbe reaction in completely anhydrous solution 
(18). Recently, the results of several studies of the Kolbe 
electrosynthesis under a variety of conditions have been 
attributed to the surface adsorption of radicals (37-39). 

In conclusion, the mechanism of electrolytic oxidation of 
glycine at a platinum electrode, in both basic and acidic 
solution, may be accounted for by a radical mechanism for the 
first two steps similar to that observed for the Kolbe reaction 
with the loss of carbon dioxide, the second step in the 
mechanism being rate-determining. However, rather than the 
dimerization typical of those radical reactions associated with 
the Kolbe mechanism, it appears that the adsorbed intermediate 
species is either hydrolyzed anodically in these aqueous 
solutions to formaldehyde and ammonia, or is possibly further 
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oxidized to a carbonium ion which is  subsequently hydrolyzed 
to ammonia and formaldehyde in solution. 
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