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Abstract Galvanostatic steady state current potential
measurements were carried out for oxidation of a series of
aliphatic alcohols having varying number of hydroxyl
groups. The anodically deposited layer of MnO, on platinum
was used as the electrode material. The deposit was char-
acterised by scanning electron microscopy (SEM), energy
dispersive X-ray analysis (EDAX) and electrode potential
measurements. The catalytic role of MnO, in the electro-
oxidation of alcohols was indicated by the chronopotentio-
grams and the cyclic voltammograms. An analysis of the
electrochemical data indicated a catalytic EC mechanism in
which Mn (V) is generated electrochemically and consumed
chemically in succession. Based on this and the hydrogen
bonding interaction between alcoholic hydroxyl groups and
MnO, layer, a mechanism was proposed which accounts for
the variation in the observed electrochemical reaction orders.
Tafel behaviour was found to be followed only approxi-
mately. Current efficiency of the electrochemical oxidation
of polyols was studied. Replacement of platinum by carbon
as current collector was found to leave the electrocatalytic
activity of the MnO, deposit practically unaltered.
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1 Introduction

Electrochemical oxidation of organic molecules has several
possible applications. It can be used to develop suitable
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sensors for analytical purposes; it is of prime importance in
fuel cell research where organic molecules are used as
fuels; it may also be employed as a convenient technique
for obtaining useful and desired products selectively. Even
in pollution control electrochemical oxidation can be used
to reduce the oxygen demand of the effluent within a short
time so that the treated solution becomes suitable for dis-
charge into the natural environment. All these applications
are relevant for alcohols, both mono-ols and poly-ols.
Indeed, the development of the direct alcohol fuel cell
(DAFC) [1-6] has been one of the most active areas of
research over the last two decades. Also, amperometric
detection of alcohols has emerged as an area of consider-
able research interest [7—12]. Electrochemical oxidation of
alcohols is generally carried out in either acidic or alkaline
media on highly expensive noble metals and their com-
posites supported on various substrates. Undoubtedly, it
will be advantageous if a cheaper electrocatalyst can be
developed for this purpose which can work in neutral
media.

We have recently explored the possibility of using MnO,
as an electrocatalyst for carbohydrate oxidation [13, 14].
Manganese exhibits a wide range of higher oxidation states
and such oxo-manganese species are generally strong
chemical oxidants. Repeated switching between two such
states at an electrode can give rise to an anodic current in
which the net result is the oxidation of an organic molecule
present in the electrolyte. This expectation was substantiated
by results obtained using both electrolytically and chemi-
cally prepared layers of MnO, as electrocatalyst. In the
present paper we report findings on the electrochemical
oxidation of a series of aliphatic alcohols with varying
number of hydroxyl groups and hydrocarbon chain length,
employing anodic deposits of MnO, as electrode material.
The alcohols chosen were propane-1,2-diol (PD), ethanediol
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(ED) and glycerol (G), along with propan-1-ol (P) for com-
parison. There are earlier reports on the oxidation of
methanol on mixed oxides of Mn with Ni [15] and Ru [16]
and also on WO5 [17, 18].

2 Experimental

A platinum (Pt) wire was taken as the support for anodic
deposition of MnO, layers from 1 M MnSO, solution at
6 mA cm ™~ for 30 min. The galvanostatic current potential
data for oxidation of various alcohols from solutions of
different compositions with 0.25 M Na,SO, as the sup-
porting electrolyte on MnO,/Pt electrodes were determined
at different applied current densities within the range 0.08—
1.5 mA cm 2 by using a constant current source (DB-300,
DB Electronics, India) and a digital multimeter (DM
6104B, EC, India). Chronopotentiometry and cyclic
voltammetry were carried out by using a Ministat
(AEW2-10, Sycopel Scientific Ltd., U.K.). Potentials were
measured with respect to a saturated calomel electrode
(SCE).

Electrode surface microstructures were examined with
the help of a scanning electron microscope (JEOL 6360,
Japan). The surface composition was obtained from energy
dispersive X-ray analysis (INCA X-Stream Oxford Instru-
ments, U.K). The chemicals used were of AR grade. All the
experiments were carried out at room temperature
(30 £2°C)

3 Results and discussion
3.1 Characterisation of the deposited MnO, layer

Potential measurement of the MnO,/Pt electrode and its
dependence on both pH and Mn>* concentration were
found to agree fairly well with the following redox process

MnO, + 4H" + 2e — Mn™2 + 2H,0

The standard electrode potential was calculated to be
1.30 V against the literature value of 1.23 V vs. SHE [19].
This showed that the deposit predominantly consisted of
MnO,, although incorporation of a small amount of SOF ~ in
the MnO, matrix cannot be ruled out. In fact, the composition
of the deposited layer in terms of atom %, as obtained from
EDAX, included S (1.5-2.5%) in addition to Mn (20-25%)
and O (70-80%). The SEM picture (Fig. 1) shows the
deposit to be amorphous and of smooth texture with fine
cracks. There are also signs of crystallites in the growing
regions. The poorly crystalline nature of electrolytic MnO,,
believed to be y-MnQO,, has been reported earlier [20].
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Fig. 1 SEM photograph of the MnO, deposit

3.2 Effect of the deposited MnO, layer on alcohol
oxidation

Galvanostatic current—potential measurements show that
the steady state potentials for alcohol oxidation at fixed
current densities are in general ~0.6-0.8 V more positive
on bare Pt than on MnO,/Pt. This primarily indicates that
the electrocatalytic activity of MnO,/Pt for alcohol oxida-
tion is substantially greater than that of Pt. This must be
due to the fact that the alcohol molecules are sterically
hindered from undergoing dissociative adsorption at the
carbon atoms bearing the hydroxyl groups, which is gen-
erally considered as the first step in the oxidation of lower
mono-ols like methanol and ethanol on Pt based electro-
catalysts. On the other hand, in the case of poly-ols the
possibility of adsorption at the electrode surface through
hydrogen bonding becomes important. However, other
reasons behind the observed low electrocatalytic activity of
Pt cannot be ruled out, e.g., (i) the polycrystalline and non-
dispersed nature of the material used in the present work,
(ii) the absence of a suitable co-atom like Ru to expedite
the alcohol oxidation process and (iii) the use of neutral
medium instead of an acidic or an alkaline one.

The enhancement of the oxidation kinetics by deposition
of MnO, can be interpreted by the possibility of involve-
ment of some manganese species with an oxidation state
greater than +4, which is continuously generated by elec-
tron transfer and consumed chemically during the
oxidation process. Thus MnO, acts not only as a simple
electron sink but also as a catalyst and the overall process
can be considered to follow a catalytic EC mechanism. The
production of a higher valent manganese species during
oxidation has been reported earlier [21, 22].

The catalytic role of the MnO, layer deposited on Pt was
indicated by the considerable lengthening of the chrono-
potentiometric transition time in the presence of the alcohol
molecules, while the plateau potential before the transition
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remained more or less the same (Fig. 2). Also, the anodic
scans in the cyclic voltammograms of the MnO,/Pt elec-
trodes (Fig. 3) showed higher peak currents in the presence
of alcohols than in blank, the peak potential being shifted
to slightly more positive values. Thus both the chronopo-
tentiometric and the cyclic voltammetric data support the
proposed catalytic EC mechanism. However, both the
transition time and the anodic peak currents were found to
increase in the order P < PD < ED < G.

3.3 Electron transfer process at the MnO,/Pt electrode

To understand the electron transfer process more quantita-
tively, the cyclic voltammograms (CV) and the chronopo-
tentiograms (CP) of the MnO,/Pt electrode in absence of the
alcohol molecules need to be analyzed. The peak currents in

1.6
1.4
812
Q 1.2+
7]
2
Z 1.0
w
(a) blank
| (b) 0.1 MP
08 (c) 0.01 MPD
(d) 0.01 M ED
(e) 0.01 MG
06 T T T T T T T T T T T
0 200 400 600 800 1000

Time/s

Fig. 2 Anodic chronopotentiograms at 1 mA cm™~> on MnO,/Pt
electrodes in absence (blank) and presence of different alcohols
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Fig. 3 Anodic scans in the cyclic voltammograms of MnO,/Pt

electrodes in absence (blank) and presence of different alcohols at
0.02Vs™!

the CVs were found to increase non-linearly to a limiting
value with potential scan rate (v). On the other hand, the CP
transition times (7) to oxygen evolution region were found to
increase so rapidly with decreasing applied current densities
(j) that the transition could not be obtained within a practi-
cally reasonable period of time at sufficiently low values of ;.
Similar results were obtained earlier for a chemically pre-
pared MnO, deposit [14] and analyzed by considering the
generation of a reactive Mn species with an oxidation state
greater than +4, denoted by Mn(*), and its subsequent
disproportionation.
The basic electron transfer process is

Mn(IV) — ne — Mn(*) (1)

Let N, be the initial surface density of Mn (IV) sites in the
deposit while N, and 0, denote respectively the surface density
and fraction of Mn atoms present as Mn(*) at any instant ¢
during current flow. However, the Mn (¥) species is likely to
be unstable unless it is Mn (VII) and is expected to be
converted partially back to Mn (IV) by disproportionation.
Thus in the case of CV, 0, should be less than the value
obtained from the Nernst equation by using the electrode
potential E, at time ¢. This difference in 0, leads to an anodic
overpotential arising out of the disproportionation of Mn (*).
The magnitude of this overpotential should, therefore, be a
function of both the fraction of Mn (*) in the layer at time # (0,)
and also the rate of generation of fresh Mn (*). The latter must
be related to the anodic potential sweep rate (v) employed.
Now, assuming this overpotential to be simply proportional to
the product v6,, as a first approximation, as in a second order
rate equation, one can write

0:

1_9t

RT
E, =E"+ Fln + kv, (2)

After differentiation with respect to ¢ and noting that
v = dE/dt, we get

1 dgl
=|——+tkv)|— 3
’ (b@,(l )" V) (dt> ®)
Now, the current density j, at time t is given by
) do
Ji = nFNy (dtl> (4)

At current peak (dj/dt) = 0, while (d0/dt) # 0. Using
these conditions along with Eqs. 3 and 4, one obtains 0, = %2
at peak current j,. The expression for j, is found to be

- chv
1+ 1k()y

where Scy stands for [¥4 nFN,(nF/RT)].
Equation 5 gives rise to a limiting behaviour of j, with

increasing v, which justifies the experimental results
reported earlier.

(5)

j]’
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Using the same model in case of CP at a certain current
density j one can write
do,
dt  nFN,

K0, (6)

where the first and the second terms express the contribu-
tions of the generation and the disproportionation of Mn(*)
respectively, k' being an appropriate constant.

Integrating Eq. 6 within the limits t = 0, 6, = 0 and
t=1,0,=1 we get

j= (scpk’) [1 - exp(—k’z)} - (7)

where Scp stands for [nFN,].

Equation 7 indicates that, as j approaches Scpk’, T tends
to be very high so that the transition does not occur within
a reasonable time. The results of CP measurements
reported earlier can thus be rationalised. Moreover, com-
bining the expressions for Scp and Scy one can determine
n, the number of electrons transferred in step 1, as

= () () ®
F Scp

Using the measured j, at different v and t at different j
(Table 1), Sy and Scp are calculated to be 354 mC
V' em™ and 42 mC ecm™? respectively. These values,
when putin Eq. 8, given = 0.87. Asn must be an integer this
result indicates the basic electrochemical step 1 to be a one-
electron transfer process. Thus it can be concluded that the
electrogenerated Mn (*) is actually Mn(V). Indeed the +5
oxidation state is considered to be an important intermediate
in the mechanism of the redox process involving different
Mn compounds [23]. Although Mn (V) species is stable only
in strongly alkaline solutions, in the present case its existence
is transitory and, after electrogeneration, it is rapidly

Table 1 (a) Anodic peak currents and potentials (vs. SCE) at different
potential scan rates in 0.25 M Na,SO,. (b) Chronopotentiometric
transition times (t) and quarter wave potentials (E.4) vs. SCE at dif-
ferent current densities in 0.25 M Na,SO,

Potential scan rate/V s~

0.005 0.01 0.02 0.03 0.05

(@)

jp/mA cm ™2 2.52 3.48 4.88 6.8 10.24

Ey/V 0.97 0.98 0.99 1.04 1.12
j/mA cm™2
1.5 2 4 5

(b)

/s 240 94 15 6

E.u/V 0.94 0.98 1.02 1.01
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consumed either by disproportionation or by reacting with
the alcohol molecules.

As stated earlier, both peak current and transition time
were found to increase in the presence of the alcohols in
solution. This indicates that the extent of accumulation of
Mn (V) on the surface, as expressed by 0,, becomes less
in the presence of the alcohols due to the possibility
of being converted back to Mn (IV) by the redox reaction
between Mn (V) and alcohol molecules. Thus the overall
process can be considered to follow a catalytic EC
mechanism in which the consumption and the regenera-
tion of the catalyst Mn (IV) remain confined to the
electrode surface.

3.4 Variation of electrochemical reaction order

The electrochemical reaction order (p) is defined as the
slope of the log—log plot of current density (j) vs. con-
centration (C) at a fixed potential [24]. From such plots
(Fig. 4) it is observed that the slopes, i.e., the reaction
orders, decrease along the series P > PD > ED > G. All
the reaction orders, except for P, were found to be con-
siderably less than unity (Table 2). For electrochemical
oxidation of organic compounds it can reasonably be
assumed that only the molecules adsorbed onto the elec-
trode surface are capable of undergoing electron transfer.
Hence, the rate of reaction is expected to be directly pro-
portional to the surface concentration (Cy) of the adsorbed
alcohol molecule and the ‘true’ reaction order, given by
(dlogj/dlogCy) at constant potential, should be unity.
Now, C, and C are related by the equation Cy; = %
for monolayer adsorption where K,, is the adsorption
equilibrium constant and k another appropriate constant.

0.0 +
-0.2 — B *
_0_4_- *

-0.8 4

log j / mA cm®

ED
PD

* D> O 0O

1 T T 1 T
-08 -06 -04 -02 0.0 0.2 0.4 0.6
logc/M

Fig. 4 Log—log plots of oxidation current density vs. alcohol
concentration at 0.8 V (vs. SCE) for determination of electrochemical
reaction order
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Table 2 Electrochemical reaction order (p) for oxidation of different
molecules on anodically prepared MnO,/Pt electrode

Molecules p
Propan-1-ol 0.98 £ 0.05
Propane-1,2-diol 0.45 £ 0.05
Ethane diol 0.30 £ 0.05
Glycerol 0.19 £+ 0.05
Therefore,
_ (Ologj | dlogj olog Cs
P 0 10g c potential a 0 IOg CS 0 IOg c potential
_1 K,.C
1+ KuC
= : <1
1 + K.C

This explains the experimentally observed values of p.

Moreover, as the extent of adsorption becomes greater,
i.e. for higher K, values, the reaction order with respect to
the solution concentration is also expected to be smaller.
The adsorption of the molecules in the present study on the
oxide surface is likely to occur via hydrogen bonding
between the surface O atom and the hydroxyl groups of the
alcohol molecules. With increasing number of —OH groups
in the adsorbed molecule the adsorption on the oxide sur-
face is likely to be enhanced from statistical consideration.
This is reflected in the observed decrease of electrochem-
ical reaction order from mono-ol to diol to triol.

To explain the observed sequence of the reaction orders
for the diols PD and ED, the electron releasing inductive
effect of the additional methyl group in the former has to
be considered. This effect is expected to decrease the
electrostatic charge density at the positive end of the OH
dipole near the hydrogen atom. Consequently the hydrogen
bond donating ability of PD should be lower than that of
ED. This results in a relatively stronger adsorption of ED
on the electrode surface than PD. Therefore, the observed
reaction order is of lower value in case of ED.

3.5 Steady state current—potential behaviour

A comparison (Fig. 5) of the potential vs. log current density
plots for oxidation of different alcohols on MnO,/Pt shows
that the required potentials for a fixed current density
decrease in the order P > PD > ED = G. An approximate
Tafel behaviour is observed, particularly at lower currents.
The Tafel slopes increase from ~0.13 to ~ 0.21 V dec™'
with increasing hydrogen bond donating ability of the mol-
ecules. The gradual increase in the Tafel slopes possibly
indicates kinetic complications to some extent due to the

E/V (vs. SCE)
o =
© o
1 1

o
©
1
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Fig. 5 Tafel plots for oxidation of different alcohols from 1 M
solutions on MnO,/Pt electrode

progressively stronger adsorption of these molecules onto
the electrode surface, as discussed earlier (Sect. 3.4). Thus
the results from electrochemical reaction order and Tafel
slope measurements appear to be compatible.

3.6 Current efficiency of oxidation

Oxidation of the alcohols taken in the present study is
expected to primarily produce aldehydic carbonyl groups.
Titration with Fehling’s solution [25] can thus be utilised to
determine the current efficiency with respect to the first stage
of oxidation because this analytical technique measures only
the aldehyde concentration. Therefore, from the titre values
obtained before and after prolonged electrolysis of the
alcohol solutions using MnO,/Pt electrodes, the amount of
aldehydes accumulated in the solution can be estimated. The
electrolysis experiments were carried out by choosing an
appropriate constant current so that the potential remained
around 0.9V vs. SCE. The current efficiencies for aldehyde
production were found to be ~50% for G and ~40% for
both ED and PD. However, the oxidation may proceed
beyond the aldehyde stage to the generation of carboxylic
acid and CO,, which are not detectable by Fehling titration.
Hence the actual current efficiencies should be higher than
the above values.

3.7 Proposed mechanism

On the basis of the above discussion a possible mechanism
of electrochemical oxidation of alcohols on MnO, layer
deposited on Pt may be proposed (Fig. 6) Here Mn = O
represents a pair of adjacent Mn and O atoms at the surface
of the MnO, matrix. In the case of poly-ols, the adsorption

@ Springer
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Fig. 6 Proposed mechanism of H H
electrochemical oxidation of
alcohols on MnO,/Pt R—C H*O\(Son R—CH—O (ads)
1. MnIV:o — > MnIV:o -
Pt Pt
| |
R—CH—O~_(a%) R—C H—o\ﬁds> R—C H—o\(ljd3>
2. . - ; -
o Mn=0-" —_—> Mn=Q-" ? Mn=go-
< Pt Pt Pt
L] - +
R—CH—0-_ (&%) R—CH— o\(:‘ids) R—CH—0~_ (@)
1 ) ] - -H
3. o Mn'V:O/ —> MnV:o/ —> MnN:o/
< Pt Pt Pt
- (ads) £ (ads) _
R—CH O~ R—CH=—0~_ R—CH=O (sol)
4. A H
Mnl\/:o/ o Man:O// '4H+> MnN:O
Pt Pt Pt

[R=C,Hs; CH,OH; CH3;CHOH; CH,(OH)CHOH]

may also occur through another —OH group adjacent to the
one undergoing oxidation. The mechanism remains
essentially unchanged, but now the oxidation product can
remain adsorbed on the electrode surface. Unless it is
desorbed quickly, this particular site becomes unavailable
for further oxidation and kinetic complications appear.

3.8 Replacement of platinum by carbon as current
collector

Throughout the present study MnO, was electrodeposited
on Pt substrate so that the deposited layer could be
removed easily without affecting the base surface during
cleaning. As Pt is highly expensive it would be worthwhile
to find out whether the electrocatalytic properties of MnO,
deposit were maintained on other cheaper substrates. For
this purpose carbon current collectors from commercial dry
cells were used to prepare MnO,/C electrodes. The current
potential behaviour for oxidation of polyols remained
almost unchanged on these electrodes, both qualitatively as
well as quantitatively, compared to those obtained on

@ Springer

MnO,/Pt electrodes. Thus, Pt can be replaced by the much
cheaper material C as the substrate without any loss in the
electrocatalytic activity of the MnO, deposit.

4 Conclusions

The electrocatalytic role of anodically deposited MnO, in
the oxidation of alcohols with multiple hydroxyl groups in
a medium of neutral pH has been demonstrated and a
possible mechanism has been proposed. The electrocatal-
ysis takes place by successive generation and consumption
of a Mn (V) species. Measurements of current efficiencies
indicated that oxidation proceeds beyond the aldehyde
stage. Instead of Pt, MnO, can also be deposited on carbon
substrates without affecting its electrocatalytic activity for
alcohol oxidation.
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