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SUMMARY

The.oﬁiQation of methanol at smooth and porous, platinum
and platinum/tin electrocatalysts in sulphurib acid solutions
has been studied. The methods employed include linear sweep
voltammetry and potentiometry at stationary and rotating electrodes.

A micfoprocessor-baéed instrumental technique has been
déve10ped, which.allows the simultaneous acquisition of steady-
state polarisation data aﬁd a.c. impedance measufements. This
system was based around a programmable potential controller used
in conjunction with a freque#cy‘reéponse analyser.

It has been confirmed.that‘the platinum/aqueous sulphuric
.acid system is highly sensitive to solution impurities and
special care must be taken in electrolyte pre?aration. Various
methods of purifidafion have been surveyed and the most
satisfactory method chosen. The charcoal cleaﬁing technique
wﬁs found to be inadequate for the present work, probably due to
the oxidising action‘of sulphuric acid on carbon.

Adsorption of neutral sto4 molecules on platinum wag
observed to be-significanf in the range of potentials where
methanol is oxidised. Impedance measurements donfirmed the
potentiais of methanol adsorptién and its subsequent displacement
by a.groﬁing film of oxide,

Chronoamperométric data indicated the bi-functional
nature of the platinum catalyst encouraging the simul taneous
adsorption of methanol and an oxygen containing speéies.

The‘crucial involvement of water in the overall process

was emphasised by polarisation data obtained in dilute solutions
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of water in trifluoromethanesulphonic acid monochydrate.
An oxidation scheme has been proposed and the relevance

of this system to contemporary energy conversion problems discussed.
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CHAPTER 1

* INTRODUCTION

Events of the last decade have céused the industrialised nations
of the world to re-assess their future energy ﬁolicies. The era of
plentiful oil supply is coming to an end and the cost of fuel is
expected to go on rising. Efficiency in its use will become more
important, and this in turn will mean that the energy industry will
increasingly undertake costly prospecting in advanced technologies,
with a view to developing and marketiné high.efficiehcy equipment for
the conversion and utilisation of primary éources of energf.

Electricity is likely to be the chief medium of energy in the
future and electrochemistry is the sciencé relating electrical energy
‘to materials. The fuel cell, like a conventional electric power stétion,
is a device for transferring energy stored in a chemical form into
electricity. It differs, however, from thermal energy transfer devices
because its efficiency is not limited by the thermodynamic considerations
put forward by the French scientist Carnot. The fuel cell not only
promises greater efficiency than the heat engine but also the cell has
no‘moving parts (although auxilliary systems are needed in any practical
unit) making it very reliable. One more aspect of fuel cells which is
making them more and more popular, is their freedom from pollution; in
theory and practice, the simplest fuel celi? the hydfogen—oxygeh cell,
produces only water ahd.electricity; Other types of cell are not quite
50 ideal; but none of them present severe environmental‘problems.

Froﬁ the vehicle-propulsion viewpoint, the fuel céll in its.
original form suffered from two major drawbacks. One was the low

specific output and the other was the inconvenience of the fuels.



The development of fuel cells utilising electrolyte-soluble fuels has
become the object of a considerable research effort over recent times.

Prospective liquid fuels must satisfy ﬁrrange of stringent
requirements regarding price, availability, fhySical handling propefties
and chemical stability. Finally they should ionize rapidly at a $uitable
anode with a minimum of overvoltage and be converted to harmless final .
oxidation products such as carbon dioxide and water. At the.same time
they shouid be inert at the cathode. Obviously no single substance is
likely to fulfil all of these criteria, and in practice few materials
are worth considéring.

Methanol is a particularly.prﬁmising'organic fuel. It is not
cheap, but it can be produced in bulk and in an expanded markef the
price is likely to fail substantially. Its physical prdperties approach
* the ideal, and it can be oxidised elecfrochemically to carbon dioxide
and water. However, commercially attractive fuel cells_using methanol.
have not been developed, primarily because no electrocatalyst will yield.
a suitably high curreht density at an acceptable degree of polarisation.

The overall reaction taking place at the anode of a methanol-air
fuel cell is:- |

CHOH + H0 > 6H' + 6e + CO,

In reality the reaction is much more complicated, occuring in several
steps. Nevertheless, whenever currentiis drawn; hydrogen ions are

produced and the major end product is carbon dioxide. Strongly alkaline
electrolytes cannot therefore be used because of the formation of

carbonate and bicarbonate. Sulphuric acid, of about the same concentration

as is used in car batteries, is the most suitable electrolyte.



A considerable literature on the oxidation of methanol at a
variety of electrode catalysts exists, and the results 6f replicate
investigations are bewilderingly éonflicting. This thesis reports
experiments in which modern instrumental techniques have been employed

in an attempt to elucidate the methanol oxidation reaction mechanism.



CHAPTER 2

THEORETICAL PRINCIPLES

2.1. The Electrode-Electrolyte Ihterphase

An interphase may be considered as the region between two phases
in which the properties have not yet reaéhed those of the bulk of either
phase. The structure of the electrode-electrolyte interﬁhase is of
fundamental importance in detefmining the course of electrode reactions,
since electrochemical reactions occur within this interphasial region.

At a metal-solution interfhase there exists an electrical double
layer. This consists of two layers of electrical chargg of opposite

sign and equél magnitude separated by a distance of the order of tenfhs
.of nanometres. As a consequence of this charge separation there exists
a potential difference across the interphasial region. In view of the
small distance of charge separation at the elecirical double layer the

potential gradient will be large. Clearly the number of ions next to
the electrode (and hence the magnitude of the potential gradient) will
influence the rate of charge transfer from one phase to the other.

The simplest model for the distfibution of ions at the interphase
- was proposed by Helmholt21 in 1879. He regarded the interphase as
consisting of two rigidly held planes of equal and opposite charge, one
on the metal surface and the other on the solution side of the interphaée
a fixed dis;ance aﬁay frpm'the electrode, This arrangement approximates.
to a parallel-piate condenser and the foIloﬁing:assumptiﬁns are inherent
in the model: | '

(a) the separated charges at tﬁe interphase are in electrostatic equilibriw

(b} there is no transfer of charge in either direction across the intérphas<
with changes in electrode potential.

(c) with changes in electrode potential the charge in the solution.near

to the electrode interphase changes.



The above assumptions imply that the electrical double layer is purely
capacitive and has no parallel resistive éomponents. E;ectrodes which
closely-obey those conditions are.termed"ideally polarisable". In
pract1ce,meta1 -solution 1nterphases only approx1mate to the ideal
- situation. The mercury- potassium chloride solution interphase prov1des
a good example since the mercury electrode has a high hydrogen overvoltage.'
and a relatively poor aff1n1ty for oxygen too.
Gouy2 and Chapman3 extendéd the Helmholtz concept of the double

layer by assuming the solution side to have a.diffuse {rather than compact)
structure‘owing'to the thermal motioh of the ions. Chéprr;an's3 mathematicai
theory“was based on the assumptionlthat the ions.were pbint chargeé'which
could approach the electrode within any distance. A more accurate model
was put forward by Stern4 who proposed that ions have finite sizes and
.approach the electrode only to within a certaiﬁ critical distance. He
further postﬁlated that in some cases ions may be specifically adsorbed
(i.e. undergo adsorption due to othef than pufely eiectréstatic interactions
on the electrode‘surface. Thus, based on these ideas the'QOlee layer

can be divided into two regions; next to the electrode there is a region.
of high field and low dielectric constant with a row of firmly held ions,
and beyond that there is a diffuse layer extending frdm fhe‘plane of
closesf approach to the bulk solution where the electrostatic forces are

in balance with the random thermal motions. The difference of potential

between the electrode and solution can therefore be divided into two parts:
o o

b, = (B, - 4t by (2.1)

where -¢0 is the potential difference between the electrode and solution

(¢s, the potential on the solution side of the double layer, is zero by



convention) and o is the potential at the plane of clbsest:approach.

From {2.1) we obtain

3¢ 36y = &), By

(2.2)

9% = 0
3q 3q 2q
which may be written as -
L (2.3)

comp  Cdiff

where C is. the overali.double layer differential capaci;énce and Ccomp
and Cdiff are the differential capacitances corresponding to the compact
and diffuse layer resPectiveiy. ‘It is evident that the-doublellayﬁr

can be regarded as two capaéitors connected in series.

Further modifications to the Stefn model were made by Grahame5
who considered there to be two distinct planes of closest approach.
Grahame5 suggested that thelcompact‘layer consisted of a plane of-
closest approach for aniqns (which are not likely to be hydrated),
and a plane further out which corresponded to the closest approach of
solvated cations. These were referred to és the inner and outer Helmholtz
planes respectively.

A more recent theory (1963) of the distribution of ions and
sﬁlvated dipoles in the double layer has been advanced by Devanathan, -
Bockris and Muller6, in which adsorbed solvated cations are regarded as
remaining outside a layer of strongly orientated solvent dipoles.
Specifically adsorbed anions are regarded as capable of penetrating
the inmer solvént layér and water molecules are regarded as being adsorbed
with their negative poles pointing either towards or away from the metal
surface, depending on the electrode charge or potential. A schematic

representation of this model is shown in figure 2-1.



Figure 2-1. Model of the electrical double layer proposed

- by Devanathan et 51.6.
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From equation (2.3) it is clear that the smaller of the two
capaéitances determines the overall capacitahce. If Ccomp and Cdiff
are of very different magnitudes, then the larger can be neglected.
Grahame5 has shown, using.the Gouy-Chapman theory, that Cdiff is related
‘to potential and to the concentration of an aqueous, symmetrical |
electrolyte (CS) at 25°C by the‘equation:

Cyise 2285 |a] (€5)?¥ cosh (19.46 |z by | (2.4)

From equation (2.4) it can be seen that as the électrolyte concentration
is lowered, Cdiff is reduced and consequently determines the overall
capacitance. The obsefved capacitance-potential curve for an ideally
polarisable electrode, exhibiting little specific adsorption and in a
symmetrical electrolyte (e.g. mercury in sodium fluoride solutions),
shows a pronﬁunced minimum which lessens in intensity and ultimately
disa?pears with'iﬁcrea;ing conceﬁtration. The minimum corresponds to
a predominant influence of the diffuse layer Eapacitance,'and the
dependence of Cdiff‘on ¢H’ as calculated from equation'(2.4),.corresponds
to this shape of curve. The minimum occurs at the potential of zefo
charge (p.z.c.) for a z-z electrolyte. Grahame7 has modified the
~ theory for unsymmetrical electrolytes. |
The Cun%$rm in equation (2.3) is nof accessible experimentally,

but Grahame5 has shown that qxnﬁfpends solely on the charge on the
" electrode {and not on the electrolyte'concentration) for the case of
an electrolyte exhibiting little specific adsorption.

-Many attempts have been made to improve the model described above
and the comprehensive review of Payne8 gives details of progress in this
field up to 1973.

Frumking’lo has discussed the influence of the potential of zero



~charge on the electrochemical behaviour of metals. The charge on the
" electrode plays an impdrtant role in determining which species are
adsorbed at the surface. Its magnitude is affected by the quantity

(E - Ep z.c ) referred to as a rational potential, ER. At positive

ER 's the adsorption of negative ions is favoured and at negative

ER's the adsorption of positive ions is favoured. When ER tends to

E the adsorption of neutral molecules is at a maximum.

p.z.c.’
In conclusion, a study of the differential capacitance together

with a-knowledge of the p.z.c. is crucial in establishing conditions

under which the exchange reaction at an electrode-electrolyte interphase

may be studied in the absence of adsorption and film formation at the

electrode surface.



2.2. The Charge Transfer Process

Electrbde processes afe-heterogeneous chemical reactions_bécurring
at the interphase of a metal and an electrolyte, accompanied by the
‘“transfer of eiectric charge through this interphasial region. ~Since
charge transfer always involves electrons, the electrode proceSs‘is.the
transfer of electrons from one substance to andther.r The.electrode
process is therefore a redox-type reaction and.may-be represented by -

the overall equation

k
c

0 + ze :Ezzzzzsz R : - @29
. o . .

The overall current (per unit electrode area) flowing‘at'a given potential

can be expressed as the difference between the forward and reverse rates.
. _ ‘ S oS - - :
i = 2zF (chO - kaCR b} _ : o ' ‘(2.6)

5
c
¢

are the potential dependent rate constants

and C§ are the surface concentrations of 0 and R, whilst kc and ka

-02FE

o : - . '
kC = kC exp ( -—RT--) | . (2.7)
4,0 {1-a) zFE _
Ky = kg ow () (2.8)

where o is the charge transfer coefficient, E is the potential of the
electrode on a suitable reference scale: and k: and k: are the values
of kc and ka at the reference potential.

By substituting (2.7) and (2.8) into (2.6) we obtain

-a2FE s - 1-a) zFE
) - K e (PR )

. 0.5
i = zF [ch0 exp ( (2.9)



At the reversible potential (Er) we have a situation where the net

current is zero and
i =1 =1 B ) S (2.10)
i0 is defined as the eichange current density and it follows from (2.10) tha

szo CS eip'( —azFEr )

e
H

° ¢ 0 RT
= 2R ¢S exp (U7 PR O @an
| - - o
By solving (2.11) for szZ cg and sz‘; ci and substituting into (2.9)
we obtain |
~azF(E-E_) © (1-a)zF (E-E))

0

where (E-Er) is defined as the charge transfer overpotential11 (nD).
Equation (2.12) describes the current density-overpotential relationship

for an electrode-electrolyte system in the presence of excess supporting

electrolyte and was first derived by Erdey-Gruz and Volmerlz.
' : . RT
For low overpotentlals ( InD] << ozF °F

| "~ __RT . s s :
]nDI << TT:ETE?') , the overpotential-current curve is linear.

Differentiation of the'Erdey-Gruz_and Volmer equation (2.12) with nb = 0 give
a . F i - o
-( 5 = = . O (2.13)
an U o RT

Since the current-overpotential relationship is of the form of Ohm's law,

the reciprocal of the left hand side of (2.13), according to Vetterls’14 ,
is defined as the charge transfer resistance, RD (or 8) so that-
&8 = R, = RT 1 ' _
b ZF- T - (2.14)

10



or

CoL . RT
At high overpotentials we have [nD| > oo

RT . . -
]nD[ >> (-0 7F and.one of the exponentials in equation (2.12) can

be dropped. At high cathodic overpotentials

ng, = RT_ logi_ - RT_ logi =~ (2.15)
| —_— [0 3 —
azF azF

and at high anodic overpotentials

n = _ﬂ__ H RT . . ) o
D TGF 8% * oz gl (2.16)

‘12;15) and (2.16) afe the well known Tafel relationships15
Hence the exchange current density can be obtained from the values

of charge transfer resistance at low overpotentials, and by extrapolating

n, Vs log i plots to the equilibrium potential from measurements taken

at high overpotentials. The concept of exchange current was introduced

by Butler16 in 1936 and its dependence on reactant concentfation is given

by17

l-a

. _ o
i, = zFk (CO)

. .
| Cg) . (2.17)

“where k° is the apparent standard rate constant first introduced by
Randleslg. | |

The theory of the charge traﬁsfer‘process as outlined above
applies only to the simple electrode reaction for which all of the
electrons are transferred simultaneously.

The most recent developments to the theory have been defived from
quantum mechanics concepts, and have largeiy been the wofk of Levichlg,
Marcu520 and DogonadseZI.

The reaction does not occur in one smooth step over a single energy

11



barrier but proceeds in various stages. The reactant must first diffuse
ta the éléctrode and then the ionic atmosphere arrange and solvent -
orientaté to form a transition state. Finally the electron is transferred,
and only this step has to be treated kinetically. The first stages of
the reaction are all in equilibrium and can be treated By thermodynamiés.
-Following electron trénsfer, the ligand bond distances are altered and
the solvent dipoles and ion.atmosphere reorientated. When an electron
is transferred there is no'chhnge in enefgy. Thaf radiationless iso-
energetic electron tranéfér can take'place is a central fea;ure-of the
Marcus and Levich theories. |
The.Tafel relationship can be derived using_this approach and a
value of 0.5 is predicted for the charge transfe; coefficient. This
is found in practise to be true for many reactions. For fast reaétions
the theory predicted that &‘wodld decrease continuously as "the reaction
is driven harder. This too has been confirmed ekp?%ﬁmentally by Frumkin22
for the Fe(CN)6 3- / Fe(CN)6 4f system, | ‘
Electrode reactions in whiéh a number of electrons are transferred
successively have been compreheﬁsively revieﬁed by Losev23 from both
theoretical and experimental viewpoints. He has considéred proéesSes
with a single limiting step and processes with comparable rate constants

for successive steps.

12



2.3. Mass Transfer Processes

Equation (2.5) may be considered to be composed of the following

individual processes

Obulk > Oc1ectrode - - (2.18)
Ociectrode * 26 o Ryjectrode - - e
Relectrode > Ry 1k (2.20)

The overall flow of electrons can be limited by either (2.18) or (2.19).

If the first step is slowest then the overall process is limited by mass
transfer of O to the electrode. Such reactions are said fo be mass transfer
controlled. If, however, (2.19).has a slowef rate than (2.18) the rate

of electron transfer limits the process and the reaction occﬁrs under
charge transfer control. In somé instances neither of the above processes
is as slow as a chemical transformation involving the electroactive species,
In this case the chemical transformafidn becomés the rate determining

step.

Three modes of mass transfer are commonly encountered. The} a?e
migration, convection and diffusion.

Mass transfer by migration is the result of the forces exerted on
charged particles by an electfic figld.; In the presence of a large excess
of supporting electrolyte, migratioﬁ of electroactive material is miﬁimised t
an extent where ii'may be neglecte&.

Natural or free convection develops spontaneously in any solution
undergoing electrolysis, as a result of density différences‘which dévelop
near the electrode. It may also arise from thermal or mgchanical disturbance
Forced convection may be effected by.stirring the Solution, rotating

the electrode (éee section 2.4.), bubbling gas near to the electrode etc.

13



Diffusion exists whenever concenﬁration differences are
established. Since a concentration gradient develops as soon as
electrolysis is initiated, diffusion occurs td some extent in every
practical electrode reaction. if we consider a planar electrode
immersed in an electrolyte solution containing 0, which is réduced
according to equation (2.5), then the number of mbles of O which
diffuse ﬁast a given area (A cm2) in a time dt, is proportional to

the concentration gradient of the diffusing species.

o

= 0 “Ix C o (2.21)
This is fick's first law, reiating diffusion rates to concentration.

The quantity on the left haﬁd side of (2.21) is called the flux (q) |
and is the number of moles diffusing through unit area per unit timé.

D0 is the diffusion coefficient, defined ?s the number of moleculeS'per
second crossing unit area under unit concentration gradient. Considering
the electrolysis over a period of time, it is evident that CO and hence

3Cy must decrease with time since O is being consumed at the electrode.

ax

Fick's second law describes the variation of C0 with time and may be

summarised as

2 .
Co.

ot 0 3xZ2
The solution of (2.22) in terms of Co (x,t) is
X, b &
b /2 p% ¢ 2 .
Co 1) = G 2. / = eV oy @2.23)
‘ e 0 '

The conditions for the solution of (2.22) are:

- S - b
at t =0 C0 C0
at t >0 Cy = O

14



and-CO > Cg » as X > e

where CS and Cg correspond to the concentrations of 0 at the electrode
surface and in the bulk sclution. The instantaneous current, it’ is

proportional to the flux at x =0, so

. : 3C .

i, = zFAq (0,t) = zFAD_ ( "T0)

v 0 3% "ot (2.24)
3C

" The value of &5§QJO £ is obtained by differentiating equation (2.23)
and evaluating at x =0.. The final expression for the instantaneous current

at a planar electrode under diffusion control becomes

't‘ 0 0 | | (2.25)
e

iSince the instantaneous current is purely diffusion controlled it is

‘often denoted by'id. The term i, is preferable in as much as it emphasises

t
the transient nature of this current.

15



2.4, The Rotating Disc Electrode

The rotating disc electrode (RDE) gives rise to the phenomenon
of forced convection. The fundamental mathematical problem associated
with this technique is in solving the equations relating to a_fluid
ﬁoving past a solid surface. At the surface the fluid flow velocity
is zero. At some distance away, measured in the x direction normal
to the sufface, the flow velocity has a value characferistic of the bulk
solution unaffecte& by the solid body. Between these extremes there |
exists a region in which there.is a substantial velocity gradient.

This layef is known as the hydrodynamic boundary layer (60);- Reécting .
species.will be tranéported to a rotatiﬁg electrode physically by the
moving fluid. 1In additipn to this forced convection, there will be -
diffusion when concentration gradients exist.

- Hydrodynamic treatment of-the problem leads to the concept of
a thin diffusion boundary layer cloée to the electrode surface. 'The
greatest fall in concentration occurs within this layexr. The thickness
éf this layer (8) is related ﬁo the physical properties of the solution
by24 ' '

s = 1.620/3 WMo U2 ‘ | (2.26)

where v is the kinematic viscosity of the electrolyte (i.e. the ratio

between the viscosity and the specific gravity of fhe ﬁediﬁmﬂ, and

the angular velocity of the electrode, Ih,principle each electroactive -

species has its own value of 6. It should also be noted that & << 60.
The detailed mathematical treatment of tﬁe RDE has been presented

by Levichzszand'two_cases are generally considered in the treatment of.

reactions at this electrode. In the first case, the reaction is relatively

fast and the current is determined by mass transport. In such a case

16



the limiting current density is independent of potential over a wide
range and is given by

i, = 0.62nF 0?3 Ve 1/ Gy , | 2.27)

In the second case, the reaction is considered to have a higher activation
energy. .Its rate is correspondingly lower and thus the current is controlled
both by mass transport and by activation. The measured current density i

can now be given by
3t ac

1/. é. 1/, +Upt o (2.28)

where iac is the activation-controlled current dénéity which can be
‘evaluated by plotting 1/i Vs llmﬁ‘ and extrapolating to zero i.e. to
infinite éngular velocity. The constant B is related to the limiting

current density, iL, by the equation

B o= i | - o (2.29)
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2.5. Double Layer and Faradaic Impedance Measurements

The structure of the lonic double layer may be investigated -
directly by measuring the interfacial tensioﬁ or the differential capaéity,
The bulk of experiments in this field have been performed on mercury -
(or dilute amalgam) eléCtrodes since both the interfacial tension (y)
and the differentigl capacity (CD#) can be determined accurately. The

two quantities are related by

Y © Ymax ° I Cpp; dE dE (2.30)
pzc ‘ '

This equation is deriﬁed from the Gibbs adsorptiqn isotherm and the
equation of electrocapillarity; It is based'on purely thermodynamic
considerations as applied to an ideally polarised electrode. The
quantity Epzc is the potential of zero charge (see section 2.1) and it
coincides with the electrocépillafy maximuﬁ i.e. the potential at which y
reaches its maximum value. |

Equation (2.30) is more commonly used in its differential form

- ¢ '
¢ = - (5=x) | | (2.31)

in order to determine C from interfacial tension measurements..

DL
. -
The relative surface excess I' is related to the surface tension .
"~ by an equation of the form
3 na - _ '
(__I_) . - oL (2.32)
8ui_uj s E i A : :

where all surface excesses are calculated with respect to the solvent,
i.e. uj refers to all ionic or molecular species in the system except

- the solvent. Thus adsorption data can be derived from surface-tension
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or differential capacity data. ﬁ} is an integral quantify and gives no .
information on the distribution of adsorbed species in the interphase,
as a function of distance from the eleptréde for example.

The shape of the capacitance-potential curve in the absence of
specific adsorpfidn.has been discussed in section 2.1. and in this case
the p.z.c..is independent of electrolyte concentfation.

When an ion is sPecifically‘adsorbed the values of y and C are
altered in a characteristic manner. For example, in the case of anian‘
_adsorption, there is a marked increase'in the value of C at each poten;ial
on thé posi;ive (anodic) branch of the capaqiténce curve, and the p.z.c.
-is shifted in a negative direction. Equally when the cation is adsorbed,
the increase in C is bn thé cathodic branch of the curve and the p.z.c. -
is shifted in a positive direction. |

The adsorption of neutral organic molecules is restricted to a
well defined potential‘region on both sides of the p.z.c. Outside this
region the measured curves coincide with those obtéined'in the absencé
of organic adsorbate. The limits of the adsorption region are bounded by
two sharp ''adsorption-desorption' peaks in the éapacityhpotential curve.

Betweeﬁ them the‘capacitanCe,has a 1ow,.essentially constant value. Tﬁe
potential region over which adsorption occurs increases with bu}k'
concentration of the organic species.

| The faradaic impedance at the working electrode arises from the

electrochemical reaction taking place there. Rand1e526’27

proposed that_
the electrode impedance could be represented by the equivalenf circuit
shown in figure 2-2, where Rsol is the ohmic resistance ofrthe electrﬁlyte,
and Co. is the double layer capacitance (which varies with d.c. potential

depending on the concentration and nature of the electrolyte). RD(orfﬂ‘is

the charge transfer resistance and is related to the exchange current densit
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Figure 2-2:. Electrical analogue of the electrode/electrolyte

interphase.
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I
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W
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Figure 2-3. Complex plane display for a diffusion controlled

reaction.
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by equation (2.14). The Warburg impedance28 (W) is the a.c. impedance
due to charged species diffusing to and from the electrode. Randles

derived the following expressions for 6 and W

' ‘ S a 5 . S
= 1- ‘
73~ L%y (R . 2.33)
z"F°k ' ‘
'sh
and
W= owd(-j) | (2.34)

where ¢ is the Warburg coefficient, w the angular frequency and j = (-1)5.

The Warburg coefficient can be expressed as

o = ZR'ZF% ('51 x 51 ) ) | L (2.35)
22F%2 G Do c3 Dy -
S b

In (2.33) and (2.35), C and C; can be replaced by q)'and Cg if measurement

0
are made at the equilibrium potentiél. At potentials away from this va}ue
o and 6 can be expressed.in terms of bulk éoncentrations prdvided that.
(2.33) and (2.35) are suitably modified?”.

Various methods have been proposed for the determination of & and o

26

from impedance measurements. Vector methods were used by Randles™ = and

‘Delahay et. a1.30. Gerisch;er31 has presented a treatment in which he
neglected the imaginary.part,of the Warburg impedance‘and Vettersz'has
corrected fhe cell impedance for the double layer capacitance and solution
chmic resistance. In the present studies the "complex plane" techniﬁue
devised by Sluytefs33 was.used. This method involves plotting the real
component (Z') and the imaginary compdnent (Z't) of the cell impedance
against each other as a function of some varied parameter (usuélly frequenc)

It becomes possible to calculate C 8 and o using this method.

DL?
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From figure 2-2 the cell impedance is given by33

Z = R + 1

sol (2. 36)
juC .. + 1 o o
DL ——3 v
S+ow -jcmi
After separation of the real and imaginary parts of Z we obtain
Z = AN TS ‘ (2.37)
where Z and 2" are given by
Z = R + 0 + ow (2.38)
sol 3 3 .2 :
-2
{ow CDL+1) 4 CDL(6+0m' )
and
" A2 o |
Z = wCDL(Bﬂnu% + ow “(ow CDL + 1) (2.39)

(o ¢y + 1P+ wley (0 + ou™H?

_Although equation (2.37) is complex, its two limiting cases (at low and

high frequencies)} yield important results.

(a) At low freﬁuencies (2.37) reduces to

(2.40)

1)

. | 4 ¥, 2
Z = Rsol+ef0m -J(TJU.) + 20 CD

When the real and imaginary parts are plotted against each other we

obtain a straight line of unit slope. (figure 2-3).

(b) At high frequencies, the concentration polarisation (¥) can be

neglected for a fairly irreversible reaction, and (2.37) reduces to

Cry 6 '
0= R+ 0 - i “nL : (2.41)
2 2 2,2 o2

1 Z g 2
ArerCpr RS
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In this case, if the real and imaginary parts are plotted against each

other, a semi-circle is obtained. Values of Rsol’

8 z:md CDL' may be |
computed from such plots as is shown in figure 2-4. At lower frequencies
diffusion polarisation will give rise to a distortion of the semi-circle,
as illustrated in figure 2-5, leading to a line of 45° slope eventually.

The extent of this distortion is dependent upon the relative values of

8, o and CDLf
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Figure 2-4. éomplex plane display for a charge transfer
controlled reaction.
N
Rsol ‘ RsoRp
. 2 : )
Figure 2-5. Complex plane diagram for a reaction under
mixed control.
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2,6. - Cyclic Voltammetry

In cyclic voltammetry the potential applied to an electrode (by
means of a potentiostat) is changed linearly with time in a repetitive
manner. The current is measured as a function of.poténtial or time.

If only a single anodic or cathodic sweep is performed, the technique

is usually referred to as the linear potential sweep method. In both

_ cases the experimént is conducted in unétirred solutions where convection
is eliminated as far.as péssible.

The fundamental equations for sweeping voltammetry have been

34 35,36 37-40

developed by Delahay™ , Shain and others . The basic feature

of a voltammogram (i.e. curfeﬁt~potentia1 plot dﬁring the-sweep) is
the appearancé of a current peak.at a pﬁtential characteristic of the
electrode reaction tﬁking pléce. The position and shape of the peak depen
on factors such as sweep-rate, electrode material, solution composition
and the concenﬁration of reactants. Of the two techniques only linear
potential sweep can pfovide accurate kinetic parameters, since the
equations derived apply only if there are no concéntratioﬁ'gradients in
solution just before the sweep is started. Cycling the potential
several times creates complex concentration gradients near the electrode
surface and the boundary-layer problem'has not been solved. Thus;
cyclic voltammetry is better suited to the identification of steps in the
overall reaction and of new gpecies which appear in solution during
electrqusis as a result of_combined electrochemical and chemical stgps.
Nevertheless, an approximate value of the rate constant can be derived
- from the separation of the anodic and cathodic peakléotentials'at a
given sweep rate for irreversible reactions.

. The mechanisms indicated by cyclic voltammetry alone are relevant

only to the specific experimental conditions chosen, and may not be.
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applicabie‘to steady-state electrolysis of the Same.systems in well
stirred solutions. Kinetic parameters"can only be evaluated correcfiy
if the reaction mechanism is known and the equations ?elevant to this
mechanism employed. In spite of these limitationé, cyclic voltammetry
has found widespread usage in the study ofrorganic electrode reactions
and is particularly valuable for the'qualitative detection of interme-
diates formed in complex reaqtioﬁ'sequences.

The basic equations of linear potential sweép relate_the.peak‘
current‘density (ip), and the‘corresponding potenpial (Ep)to ks’ the
electrochemical specific rate constant at the étandérd potential Eo,
the Tafel slope (b), the coﬁcentration in solution (Co), and the

dE/

sweep rate (v; which is equivalent to dt)° For a simple charge

transfer process under reversible conditions, where both reactant and

2

product are soluble, ip (in A cm™“ at 25°C) is given by

- ' 3/ | :
i) = 2.72 x 10° n 2 p¥ oyt (2.42)

1

where D is in cm2 s™t, ¢° in mol em™2 and v in vst, Ep'is related

to the polarographic half-wave potential (E%) by

E = E - 1.1 RT - : ' .43)
. 3. 1 | (2.43)

nF

Under totally irreversible conditions, i.e, when the rate of the
- reverse reaction is negligible throughout the potential region studied, .

the following equations apply:

Iipl = 3,01 x 105 n( gﬁ%BZ )% D& c® v% _ _ ‘(2;44)'

‘where all of the units are as in equation (2.42) and b is in volts.
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The peak potential is given under these conditions by

1

; , 1 b 1,
E_ =. E% - b [0.52 - 5log { 5 ) - log ks * 5 logv ] (2.45)

p

The variation of Ep with sweep ;aﬁe is an indication of the departure
of the system from equilibrium. The spécifie rate coﬁstant (k;) ﬁt
the standard potentigl and the Tafel slope‘caﬁ be calcﬁlated from a
plot of Ep vs log v accofding to (2.45) proﬁided that the diffusion
coefficient is known.

At sufficiently slow sweep rates a system will behave revérsibly,
whilst at high sweép rates it will behave irreversibiy. From the
characteristic sweep rate at which this transformation occﬁfs it is
possible to determine ks'

The equations above apply quantitatively only to first order
charge tran;fer reactions with no kinetic or catélytic complications.

. . . . . 35
Equations for various more complex situations have been derived™ .
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2.7. _ The Potential-Step Method (Chronoamperometry)

In chronoamperometry, the'potential of fhe working elecrrode
is changed instaﬁtaneously'and the transient current-time response
monitored es tﬁe system relaxes to the.steady state. The transientl
takes the form of a-sharp rise in current initially (associated with
" double layer charglng) fbllowed by a current decay as a result of -
'depletlon of the reactant neax the electrode surface.

The time dependence of measured currents when falling'trénsients
are solely a consequence of diffusion have been'dieCUesed'in section
2.3. | |

‘The otﬁer limiting case occurs when tHe rete of diffusion is
much fascer_rhan another reaction in the overall sequence e.g.-electron
'trensfer or a chemical reaction. The current will theo be'iodeﬁendent
of time except for a charging current at very short.times.

In thelintermediate situation, diffusion and the other processes
will be of comparable rates and a falllng i-t transient will again be
observed 51nce diffusion is partially determlnlng ‘the rate of the
electrode process. The decay curve will fall less,steeply_however;
than when diffusion is solely rate determining. Mass transfer will °
be fastest at short times.(when the concentration éradienr is‘steepest),.
and at long times the current willztend to ﬁecoﬁe diffusion controlled.

it has been shownA(section 2.3., equation 2;25) rhat at higﬁ
‘overpotentials where the electron transfér 1s fast, and current always'
determined by the rate of dlffu51on, the whole transient ylelds a
linear plot of i vs t %. At lower overpotentials where in the.steady
state; eiectron transfer .and diffusion occur at similar retes itlie

possible to show that
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. b 2 | 3
i = ancco exp (kc+ka) t erfc (kc+ka)t (2.46)
D : DE

and that this expression has the limiting forms
. b % _ - ‘
1= ancCo D .ot 3 at long times (2.47)

c.a

and
. b 'l .
o= ancCe (fig(kc+ka) . t%) at short times (2.48)

’ ﬂéD; : ) : .

Hence at short times the i-t transient contains kinetic data which may

3

be obtained by extrapolation of a linear i vs t

3

plot to t = O, while |

at long times a plot of i vs t ° should be linear.
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CHAPTER 3

A SELECTfVE REVIEW OF METHANOL OXIDATION AT PLATINUM
ELECTRODES IN ACID ELECTROLYTE SOLUTIONS

3.1, Introduction

Since the concept of a fuel-cell was first proposed early
in fhe nineteenth‘century41 and its féﬁsibility subsequently
proven by Grove4?,-reséarch into this topic has enjoyed several
waves of popularity. However, the fundémental electrocatalytic
pfoblems associated with the anode and cathode réactions have -
meant that sucﬁ deviées.have been‘ecohomically viable in very few

applications.

A considerable research effort has been stimulated by fhe
possibility of producing an efficient and relatively cheap power
source. The fuel cell also has a high energy density, consumes

conventional fuels and air, and operates quietly without producing

obnoxious by-products.

In the U.S.A, particularly, much work has been concentrated
" on the development of indirect hydrogen-air fuel cells for stationary
power genefation. This programme has been sponsored largely by the

U.S. Department of Energy and the Electric Power Research Institute.

A number of fuel cells have been constructed opefating over
a wide range of temperatures. fhe drawbacks of low-temperature cells
(working below 200°C) are mainly commected with the low reaction
rates (i.e. inefficient electrocatalysis). Thig is avoided when
operating at higher temperatures but other problems like corfosion

and électrolyte conductivity emerge.
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The type of fuel cénsumed is aiso an important factor to be
considered. Gaseous fuels demand porous electrodes designed to
enable the electrochemical reaction to occur at a gas-liquid-solid
interface, Liquid fuels are preferable in that a simpler electrode

construction is required and also storage and handling is easier.

Studies of the anodic activity of water-soluble organic
compounds at platinum electrodes have shown that the primary
alcohols are generally the moét reactive43, though considerably
less reactive than hydrogen, and that their reactivities are gen-

erally lower in acid than in alkaline e1ectrolytes44.

Methanol is a particularly promising compound for use in a
low-temperature, aqueous-electrolyte fuel cell, yielding six elec-

trons per molecule in acid solution:

+
CH30H + H20 > C02 + 6H + 6e7 (3.1)

Acid electrolytes are preferable when carbonaceous fuels are to be
employed in order to avoid.the precipitation of carbonate in the
electrolyte and the consequent harmful effects to electrodes.
Alkaline electrolytes which may be gradually converted to carbonate
by reaction with CO2 will suffer from increasing conceﬁtfation polar-
isation at the electrode surfacé and decreasing conductivity of the

electrolyte.

The major probiem in thé development of direct methanol-air,
acid-electrolyte fuel_ceils is electrocatalytic in nature. The
fuel reaction requires the use of noble metal catalysts (and in
particular platinum) in substantial amounts_(severallmilligrﬁmmes
per square centimetre of electrode area). Whilst some enhancements

in performance can be made via engineering developments, such improve-
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ments are small in relation fo that required in order to attain
commercial viability. It is therefofe the purpose of this chapter
to review recent investigations of the adsorption and oxidation
processes of methanol at platinum electrodes. in acid electrolyte
solutions. |

initially, in acid solution, smooth Pt produces a very high
45,46

catalytic actiyity , but this rapidly decreases due to the
poigoning resultant from partiél dehydrogenation of the méthanol
‘molecule. Biegler and Koéh45 have shown that the initial current .
density is about 10* - 10° times higher than the guasi-steady-state
current density (i.e. the value attained affer a few minutes on. |
1oad). This has been confirmed by Andrew and McNic0146, and figure
3-1 shows a typical current-tiﬁe transient in the potential range
0-0.5V vs N.H.E. A dramatic fall in current is observed over the
first half-second. The problem is clearly that the dehydrégenated
_méthanolic Ttesidue builds up on the catalyst surface blocking Pt
sites and thus inhibiting further réactiqn-of methanol, Coﬁsiderablé
‘effort has been.expended in éttempting to identify'the.nature of the

residue itself and also in identifying the agent or agents responsible

for its ultimate removal.
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Figure 3-1.

Typical current-time transient for a Pt electrode

in a methanol/sulphuric acid electrolyte in the

potential range 0 - 0.5V.
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3.2,  Adsorption Kinetics

Much of the éariier work on methanol oxidétion has been
reviewed”"55 but only general conclusions can be drawn from the
volumes of conflicting ‘data published., An attempt to reconcile
the differences in reported methanol adsorption_data has been
made by Kazarinov et 3156. Here:the authors compared infofmation.
obtained by electrochemical and radiotracer techniques on the
adsorption kinetics of methanol. The radiochemical work of éther

group557’58 was reproduced qualitatiﬁely and the electrochemical

5963 onfirmed quantitatively. It was concluded

work of others
that differences between the electrochemical and radiochemical
data could be explained by assuming that the impurities present
in labelled methanol solutions were the products of autorédiolysis,
 so fhat their nature did not depend onlthe technology and specific
features of preparation of labelled methénol samples., The quanti-
tative differences in the data obtained by different authors with
labelled methanol was explained by different impurity contents which
would depend in particular on time and storage conditions of the radio-
active preparations.

Following a critical assessment of previous‘fihding560’64,

Biegler45’65

was able to show the potential independence of methanol
adsorption between 0.2 and 0.5V. Kazarinov et a166-and the Polish

school67 confirmed this effect.

A region of potential independence between 0.4 and 0.55V had
been observed previously but no simple correlation between radio-
chemical and electrochemical methods could be found. It was concluded

that Elovich kinetic568
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0 =a+ g% logt | (3.2)

is obeyed for high surface coverages but that the region of appli-

cability of Langmuir kinetics
9 =1 - exp (-kt) . (3.3)

is wide. The radiochemical results could be compared to those of

_ Breiter48 yleldlng an electrons-per-molecule figure of approx1mately
2. The species H20203, which is equivalent to the simultaneous
adsorption of HCO and COOH in equal amounts, has been proposed as

a chemisorption product48."The discrepancies between these and
electrochemical data still leaves the nature of the adsorption
product open to questlon. That Langmuir kinetics should be obeyed.
in the double layer‘region is in marked contrast with the data of

Bagotsky and Vasilievsg, Biegler and Koch45 66,69

, and Kazarinov et al
which supports Elovich68 conditions, However, for the case of formic
acid it gives sﬁpport to the data reported by Brummer and Makrides70,

and Capon and Parsons71 which also provide evidence for the Langmuir

model of adsorption.

The adsorption of methanol exhibits many similarities to the
processes occurring in formic acid solutions and frequent comparisons
have been made. Capon and Parsons72 summarized the most important

features recognised up to 1972 as follows:

- a) " The strongly adsorbed species formed on a Pt electrode from

HCOOH and from CHSOH are the same.

~b) The strongly adsorbed intermediate acts as an inhibitor to

the overall reaction.
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d)

"‘The chemical formula of the intermediate is most likely to

be %COH or xCOOH, or a mixture of the two, with the majority

of opinion favouring a higher proportion of %COH.

The intermediate is of constant composition from zero to

0.6V.

33



3.3; Oxidation Mechanisms

A "parallel-paths" reaction scheme for methanol oxidation
has been suggésted by Breiter48:

H
CS qu > C()2

’/,,/”’;7 poison

H0H > CH0H_ 4 (3.4)

CHZOad-+ HCOQHad - CO2
¥ +

(H,0  HCOOH

Traces of formaldehyde and formic acid have indeed been identified
in solution, but the simultaneous build up of poison (which can
only be removed by reaction with H20 or OH at high potentials)

leads to a rapid diminution of the current.

The Russian group hés tended to favour thelgtxﬁiintermediate
as being the most significant inhibiting product. It was shown by
Frumkin and Podlovchenko73 thét'methanol chemisérption on platinum
is associated with a dehydrogenation of fhe methénol molecule,

That this process invol&es the splitting of C—H.honds and the forma-

tion of Pt-C and Pt-H bonds was then proposed59>61.

Bagotsky's group have suggested a stepwise processm’75

aon ¥ xaon ¥ Xaon 3 Foon (3.5)

with the removal of the first hydrogen being'rate determining.

Hence %(Iﬁlis pradtically the only chemisorbed species formed.
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Recently Bagotsky, Vasiliev and Khazova76 proposed a
generalised scheme for the chemisorption, électro—oxidation and
electro-reduction of simple organic compounds on platinum. The
compounds form a series from methane (via.methanol, formaldehyde
and formic acid) to carbon dioxide and may be oxidised or reduced

via the intermediate pathways given below:

. ——— R .
Be= Oy == U= 0 &= ¢
X T XX XXX XXXX
¥ v ¥ 1
CH ,0H &= Ci,0H <= CHOH = COH
- X XX XXX
VN
0 == Q0 = C=0
X X)sll/
¥
HCOOH == COOH
i/

CQ2 (3.6)

By assuming various reaction rates, it is possible to fit the
observed data for methanol‘solutions into such a scheme and‘explain
why only :ECOH is seen in significant amounis [49, 59, 66, 77-79].
It has been suggested that the chemisorbed particles of xCOOH
observéd during formic acid adsorption80 may be transformed to %CDH

" at cathodic potentials via an interaction with adsorbed hydrogen 71’81.

Indeed Adzic et als2 have suggested that the role of‘umder—
potentially deposited adlayers of second metals in promoting Pt for
formic acid oxidation, ig to suppress hydrogen chemisorption and thus
retard the rate of reaction betweenxCOOH with adsorbed H to form the

more tenaciously held %COH.
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It has been noted that the adsorption of oxygen on noble
metals is generally stronger than that of othér species and
inhibits organic oxidation reactionsss. Figure 3-2 shows typical
results from a linear potential sweeping éxperiment for a platinum
electrﬁde in a methanol-sulphuric acid electrolyte. A rising
current due td methanol oxidation is observed between Q.7 and

0.9V84.

The oxidation reaction does not proceed on the electrode
surface until both methaﬁol and an oxygen containing entity are
adsorbed simultaneously. _Béyond 0.9V the oxidation reéctioﬁ is
inhibited as oxygen species are adsorbed in prefereﬁce to methanol.
At potentials more anodic than 1.2V methanol may bé oxidised upon
the oxide surface85 and finally at 1.6V oxygen evolution occurs.
On the'negétive-gOing sweep methanol does not begin to adsorb in
significanf amounts until‘some of the oxide has been reduced (i.e.

below 0.8V) and then another anodic oxidation wave is observed.

Once all of the oxide has been reduced the oxidation ceases again.

The surface coverage of organic adsorbate tends to drop to
zefo towards the beginning of the usual range of surface oxidation
(i.e. more anodic than 0.7V)86?89. Howéver, it is ﬁnclear from such

-measurements whether the oxide film forms-tﬁrough.displacement or

oxidation of the adsorbed organic molecules.

The imﬁortaﬁce of the oxygen-containing 5peciés with regard
to ofganic compound oxidation frocesses led Bieglersg to make a close
study of the oxygen adsorption reaction.r His results shoﬁed that the
charge.transfer process in the region of methanol adsorﬁtion and oxi-

~dation involved the formation of adsorbed hydroxide radicals90

+ -
'HZO'*OHads +H +e . (3.7)
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Figure 3-2. Cyclic voltammogram for a Pt electrode in a

methanol/sulphuric acid electrolyte

(sweep rate = 10 nV s-l).
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From the detailed structure of potential sweeps and ellipsometric

measurements, Conway 1 also concluded that coverage by OHads

occurred in this potential range. But, Biegler spggests that
since OHads is present in such small perégntaggs at the peak metha-
nol 6xidation current, then some precursor (such as an adsorbed
water molecule) could be responsible for the removal of the residue.
This view is supported by the kinetic isotope effects observed by
Wiéckowskigz. ‘

However, most oxidation schemes quoted in the literature
assume the second reactant to be an adsorbed hydrokyl group93’94,

e.g.

3Pt + 3H,0 > 3Pt OH+ 1+ 3e (3.8)
Pt COH + Pt bH + Pt CO + Pt «+ Hzo ' ‘(3.9)
Pt CO + Pt OH > Pt COOH + Pt | (3.10)

Pt COCH + Pt OH > CO, + 2Pt + H.0 | (3.11)

The above scheme implies that for high steady state activity the
catalyst must be bifunctional, i.e. must adsorb both methanol and

OH (derived from the electrosorption of water) at low poteﬁtials.

Wieckowski andVSobkowskigs on the other hand, have reported
data which indicates that all platinum sites not occupied by the
organic species take part in the oxidation, and that the surface.‘
oxidant should be H2Oads rather than bulk H20 as reported by others71.
In 5upport of this evidence, it has been shown that the oxidation of

adsorbed species starts at a potential before OHads is formed. A

layer of OHads formms from about 0.75V and a complete monolayer is
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96,97

produced by 1.1V The possible influence of adsorbed water

has also been discussed by Janssen and Moolhuysen98 and Andrew

et algg,

Breiterloo has indicated that -the ageing of platinized
platinum electrodes exerts a strong influence on the formation of
the residue. Thus, a comparison of the results oﬁtained by diff-
erent investigators is only meaningful for electrodes withAa simi-
lar surface reactivity. A éomparative study of the oxidation of
chemisdrbed carb0naceous species obtained from methanol, formalde-
hyde and formib acid ied Brieter to conclude that at room tempera-

- ture a similar species is fﬁrmed in every caseIOI. However, a
common rate determining step in the electrochemical supply of oxy-
gen for the oxidation of the intermediate could explain the observed
behaviour without havihg to assume the same net. composition for the

species produced from different initial molecules102

An analysis of the steady state oxidation of methanol led

Khazova et al.l03

to the conclusion fhat the adsorption and kinetic
behaviour._(and consequently the oxidation mechanism), does not.
differ qualitatively on platinized and smooth‘electrodes; .Discré-
pancies in quantitative daté have been attributed to varying states
of electrolyte purity104. Activity measurements on smooth platinum
{and hence of veiy low surface area), are of course extremely depen-
dant on the impurity level'in the electrolyte used. In sufficiently
pure electrélyte solutions, current yields were found to be the same
on smooth and ?latiniZed electrodes. It was also observed that the
firmly adsorbed species on the surface of the electrode after washiﬁg

oxidises much more slowly than steady-state methanol oxidation with

CH30H préSent in solution. This has previously been attributed to
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electro-oxidation via a weakly bound species which could be
removed by washinglos. The possible transformation of chehi-

sorbed species69’106

led to the suggestion that the intermediate
may undergo an ageing process (perhaps by increased binding fofcas]
and thereby Become less‘active. This.is_borne out by evidence
showing that the chemical composition of the residue is the same

before and after washing65’107’108_

Clearly there is-still'no widely accepted theory for tﬁe
eiectro-oxidative_procesées occurring at platinuﬁ‘electrodes in -
ﬁethanol solutions. In summary,. the most popular model at present
consists of an adsorption process which obeys Langmuir 'kinétics
initially but follows Eldvigh kinetics at higher surface coverages.
This dissociative adsbrption yields a strongly bound interme&iate
(probably of composition COH) which is susceptible to an ageing
process fendering it less active. The oxidation most likely proc-
eeds via a xeaction involying either an adéorbed (possibly strained
and therefore reaﬁtive) water molecule, or adsorbed OH species

derived from the electrosorption of water.
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3.4. Related Technological Developments

In the search for improved electrocatalysts it has been
shown that enhanced activity for organic oxidations over pure

. platinum can be obtained by the incorporation of other metals

such as rhenium 092110 4;,109,111,112 113-116

05mium117, rhodiumlls, lead82 or bismuthsz. The performance

ti , ruthenium
improvements in the'presence of these metals has been attributed

to oxidation of the intermediate by oxygen-containing species

which are associatedrwith the added metal and are more reactive

than those associated with plafinumllg. It is evident from cyclic
voltammetry (figﬁre 3-3) that the metal addi tions éncourage adsorp-~
tion of OH species at much lower potentials than pure platinUmlzo.
This supports the proposai that adsorbed OH is the agent responsible
for residue removal; Another possible reason for the enhancement is
that in the presence 6f the second metal, the methanol residue cbuld
be more weakly bound. It has been suggested that the strongly held
ad-atoms are zero-valent and modify the adsorptive properties of

platinum via a ligand effectgs’llz.

However, éonsiderable improveménts are still required before |
commercial viability (in particular for automotive applicatiohs) can
bé achieved. To date, only low power demonstration units have been
constructed by Esso.Research and Engineering121 and Shell Research.

Limited'2, both in the early 1960's.

Recently Pt/Ru catalysts supported on pyrographite-coated
carbon fibre paper have been reported with activities of 87 Ag~! at

4 2t 6O°C)116. It seems that more commer-

0.4V (in 1M CH30H/3M H280
cially attractive electrodes will be constructed from highly dispersed
platinum-alloy catalysts and will probably be deposited on carbon

supports along the lines described in references 123-125.
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Figure 3-3_'.' Cyclic voltammOgrams' for a Pt (,/ ) and a Pt/Sn

( 7 ) catalyst in sulphuric acid (sweep rate = 50 mv shl).
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CHAPTER 4

EXPERIMENTAL TECHNIQUES

4.1. Electrolytic Systems

4.1.1. Electrolytic cells

" All cells were made from borosilicate glass and cell

fittings were attached via lubrication-free ground glass joints,

The cell used fér differential capacitance measurements with
the Schering polarisable bridge cifcuit is illustrated in figure
4-1. A purification limb containing activated charcoal was an
integral part of the désign. White spot nitrogén, deoxygenatéd
by passing over coppér at 400°C and pre-humidified, Qas used to

effect circulation of thé electrolyte throﬁgh the charcoal column.

Figure 4-2 shows the cell used for both rotating disc
experiments and linear sweep voltammetry. For later experiments
a new cell design incorporating a facility for in-situ pre-eléctro-
lysis of the working solution was used (figure 4-3). The working
electrodé cohpartment contained two ?t éauze electrodes which could

be removed from the solution after electrolysis.

A smaller two-compartment cell was employed for experiments
with non-aqueous solvents when the electrolyte costs were high.
The absence of detachable side fittings enabled this wnit (figure

4-4) to be used whilst immersed in a water bath.

All glassware was cleaned by steeping for a week in a 50:50
mixture of nitric and sulphuric acids. The acid was removed by

thoroughly washing with tri-distilled water.
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Figure 4-2. Electrolytic cell used for_rbtating disc and linear

sweep voltammetric studies.
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Figure 4-3. Electrdlytic cell design enabling pre-electrolysis

of the working solution.
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Figure 4-4. Electrolytic cell used for studies with a non-éqgeous

- solvent.
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- 4,1.2. Electrodes

The smooth platinum test electrodes were constructed from
99.999% pure platinum rod (¢ = 2 ﬁm or ¢ = 4 mm), supplied by
Johnson Mafthey and Company Limited, séaied into soda glass.
Figure 4-5a shows a typical working elecfrode design. At the
commencement of each experimental run the test eiectrodé was
mechanically polished on silicon carbide paper down to 600 gréde.
It was then etched in boiling équé regia for 20 seconds and washed
fhoroughly in tri~distiliedrwater and test sdlution before being

fitted in the cell.

iThe rotating disc electrode is illustrated in figure 4-5b.
The shape and dimensiﬁns‘of.the electrode were in accord with
hydrodynamic requirement5126. Eiectrical contact between the.
platinum metal and the shaft of the drivelsystem'was effected
using a stout spring. A mercury pool provided the electrical con-
tact between the rotating electrodé and the external circuiﬁ. This
electrode was pretféated as above using the simple polish and etch

procedure.

Porous platinum grey electrodeposits were prepared by plating
onto the test electrode from a solution of chloroplatinic acid

(21 g2-!)} in 1M HCR at +50 mV (vs N.H.E) for up to 3 minutes.
g .

‘The counterfelectrodes used were large area platinum gaﬁzes
(v 20 cm?) and the reference electrode was a wick-type mercury/ -
mercurous sulphate electrode (tﬁough when using non aqueous solvents
a bubbiing hydrogen reference electrode was used). Both types of.‘

reference electrode are shown in figures 4-6a and 4-6b,
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Figure 4-5a. Typical working electrode design (for nonérofating

studies).

_‘Figure 4-5b. Rotating disc electrode.
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Figure 4-6a. Wick-type mercury/mercurous sulphate reference electrode.

Figure 4-6b. ‘Bubbling hydrogen reference electrode,
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4.1,3. Electrolyte solutions

All electrolytes were prepared from AnalaR grade chemicals
and tri-distilled Qater.‘ The eiectrolytes used for differential
capacitance measurements were pﬁrified by constantly pumping over
activated charcoal. The charcoal was prepared b} soxhleting with
constant boiling HCRZ (6 months) to remove metallic ions and then
Soxhleting with water (4'months) to remove CR~. Generally electro-
lytes were circulated for three days befgre measurements were made.
This appeared to be sufficient in order to obtain stable, repro-
ducible results. Figufe 4-7 shows capacitance data illustrating

this point.

Despite the short term effectiveness of the procedure out-
lined above it was later shown using cyclic voltammetry that a
prolonged exposure to charcoal led to a degradation in electrolyte
purity. Appendix 1 describes an investigation of the contaminants
present in sulphuric acid solutions. It was concluded that én
exhaustive pre-electrolysis provided the most effective readily

available method of purification.

The platinum/sulphuric acid system is extremely sensitive to
traces of unwanted organic and inorganic épecies in the electrolyte.
Mercury ffom the reference cell had beén-deteﬁted in the working
electrode compartment during éarly experiments. This was charaé—
teris.ed119 by a suppression of adsorption-desorption peaks in the
hydrogen region and the appearance of an intense anodic peak at
+1200 mV vs N.H.E; during sweeping voltammetry (figure 4-8). The
problem was eliminated by inserting a tap between the reference
compartment and the Luggin capilléry'in th¢ working compartment of

the cell.
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Figure 4-8. Cyclic voltammogram for a smooth Pt clectrode in a

mercury-cbhtaminated.3M.Hé$04 electrolyte (sweep rate

= 50mV s
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Cyclic voltammetry provided a simple and convenient method

of confirming electrode and electrolyfe cleanliness.
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4.2, Electrical Circuits

4.2,1. Cyclic Sweep Voltammetry and Rotating Disc Studies

A block diagram of the circuit used is given in figure 4-9.
Potentials were fixed across the cell by a scanning potentiostat
(Kemitron 0.3A, which could be operated in sweeping or steady- |
‘ state potentiostat mbdes). This unit was also supplied with én
inbuilt liquid crystal voltmefer. The currents were monitored
using a digital multimeter tAdvance DMM7) in the case of rotating
disc experiments. Potentiodynamic profiles (for linear sweep‘.

vol tammetry) were recorded on an X-Y recorder (Bryans 26000, A3).

The rotating disc electrode speed was strictly controlled
using a servo drive unit (Chemical Electronics RD1) and the system

calibrated with a stroboscope (Dawe Stroboflash 1200E).

4.2.2.. Double-Layer and Faradaic Impedance Measurements

A Schering bridge circuit127 {figure 4-10) was used to measure
the interphase as a series combination of'reéistance and capacitance

(RS and Cs).

A wave analyser (Hewlett.Packard 302A) was employed as an
a.c. generator and twned voltmeter for null detection (B.F.0. mode).
The generator had a frequency range of 10 Hz to 50kHz in divisions
of 10 Hz,lan& alsingle control tuned both the oscillator and the
voltmeter. The volfmeter had a narrow pass band with ranges froﬁ
30 uV to 300V F.S.D.” The output from the generator was applied
to the bridge through'an_isolated 65:1 step-down transformer and
the amplitude of the perturbing signal was adjusted to 6.5 mV peak

to peak. The bridge components used were all Muirhead 0.1% grade.
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Figure 4-9.  Electrical circuit used for linear potential sweep

and rotating ‘disc experiments.
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_Figure 4-10. The Schering bridge circuit for the determination .

of electrode impedance;
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The bridge.was poiarised symmétrically, and during all of the
expériments fhe'test electrode was connected to éarth in ordef

to avoid screening problems.' The poteﬁtiai was measuréd using
either an electrbmeter (Keigﬁley 610B) or a digital multimeter
(Hewlett Packard 3490A). Both instrumehts had high input impe-
 dénces (>101° ) énd as a conseﬁuence potentials could be monitored
continuously. The'iﬁpedance.of a cell analogue (consisting of a
high stability resistance in éeries with a standard capacitance)
‘was measured over a range of frequenciés and it was foﬁnd‘théfl

the bridge could Be.satisfactorily ope¥atéd in the freduency iange

50 Hz - 10 kHz.

4.2.3. A Method for Automatic Impedance Measurement

A microprocessor—baséd experimental system was developed which
could measure polarisation data and cell impedanCes in a programmed
sequence. The apparatus was based around a programmable potential

‘controller used in conjunction with a spectrum analyser. .

A sdhematic diagram of the potential controlling system is
shown in figure 4-11. In its simplest mode of operatidn the poten-
tial controller (Kemition PC-03) automatically measures and records
a polarisation curve in the.form of a printed tablé of results, and
' graphically_on an X-Y plottér (Bryans 26000, A4). ' ‘The number of
readings, potential increment and the time interval between measure-
ments are all set at fhé beginning of the éxperiment. Thus, the
potential is stepped and held until fhe electrochemical system
reaches equilibrium..'The current response is then measured, printed
and plotted. Figgre-4-12'sh0ws an operational flowchart for this

sequence of events.
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Figure 4-11. Schematic representation of the potential controllex

(iko

= input and output information unit; dac

= digital

to analogue converter; pot = 0.3A potentiostat).

micro -computer

voltmeter |

.1\ A

printer
dac
A
pot.
‘the




Figure 4-12. OQOperational flowchart for polarisation control

- (s = increment size; n = number of increments;

t = time interval; v = potential; i = current)..

Cnitialise:}

lnpu
s n,t

;)

prmt : ‘ll_-'-'
s,n,t |

i

delay
by t
measure| - S A
& print '
v, |

\

decrement | | increment
- 1 v bys

Y

(repeat > N




The frequency response analyser (Solartron 1172) is ﬁow
an established instrument for the determination of electrochemical
impedance datalzs. It essentially consists of a programmable genera-
tor that provides the perturbing sinuséidal signal, a correlator to
analyse the response of the system, and a display to present the
" results.  The fuﬁdamental response of a system to a sinusoidal
perturbation of the form, AE sin wt, will be of the fbrm A sin (wt + 8).
The FRA. has the advantage of rejecting all harmonics present
in the output of the system and minimises the effect of random
noise. A single measurement at a particular frequency caﬁ be
made by programming the generator with the required frequency_
and signal amplitude. More usually, however, the generator is
programﬁed to sweep through a large frequency range by choosing
suifable‘valﬁes of the maximum frequency. (up to‘lo kHz); the mini-
mum frequency (doWn to 0.1 mHz), and thé number qf points per‘fre-
quency decade at which measuremenfs are to be taken. The instrument
will then take measurements sequenfially in either diréction at
equally spaced intervals (either on a logarithmic or a linear scale)
over the designated range.- The response is given once a measureQ
ment has been compieted and can be displayed in one of three possible
notations: amplitude (A) and phase angle (8) relative to the output
signal, log (A) and 8, or the real and imaginary parts of the impe-
dance. The results togéthef with the measurement frequéncy are then
transferred to a tele-type printef and tape-punch. (The tape-punch
facility is particularly useful as it allows the results to be fed
directly into a computer for subsequent analysis). Simultaneously
the results éan be plotted on an X-Y recorder to give the impedance

spectrum directly.

47



The time required for the FRA to make a single measurement
is equal to the period of the signal (i.e. 1 second at 1 Hz) and
this becomes a major contribution to the total expefimentel time
at low frequencies. In mosf practical applications a certain
amount of random noise is invariably superimﬁosed on the signal to
be analyse& and this ﬁay significantly affect the measurement accu-
racy.' Since this is essentially an averaging instrument, when
noise is troublesome greater accuraEy can be achieved by increasing

the integration (averaging) time.

Even with these considerations, this technique represents
a considerable improvement over the bridge and P.S.D. methods

.previously employed.

When the FRA is inferfaced with the potential controller,
the electrode impedance can be monitored and recorded automatically.
over a pre-programmed potential range. The full experimental cir-
cuit is given in figure 4-13. This enables polarisation curﬁes
: end electrode impedance versus potential curves to be measured

- simul taneously.

The computer programs used in the analyses of measured

‘impedance data are given in Appendix 2.
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Figure 4-13. Electrical circuit for the automatic recording of

polarisation and impedance data (dtu = data transfer unit;-

tp = tapé punch; tt = teletype; xy = x/y recorder).
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CHAPTER 5

IMPEDANCE STUDIES OF PLATINUM ELECTRODES IN SULPHURIC ACID SOLUTIONS

5.1. Introduction

In the development of the methanol-air-fuel cell, the
pérformance of e1ectr6~0kidation catalysts has been reported to
fall off with increasing sulphuric acid electrolyte concentration.
The results were consistent with the assumption that the catalyst
surface is poisoned by adsorbed sulpﬁuric acid specieslz?; In
aﬁ attempt to verify this conclusion, it was decided to investigate
the electrode impedance of platinum over a large rahge of-sulphuric
acid concentrations and provide complementary data to the réporfed
L.S.V. measurementslZ>

It has often been aésumedlthat platinum behaves as an inert
electrode simply providing a means of transferring eléctroﬁs to and
from the reactants. However, it ﬁas been shown 1in fecent years
that the platinum electrode is reédily oxidised. The electrode
potential, apart from determining the relative adsorption of
hydrogen and oxygen species, is important in detefmining the adsorption
;oflorganic reactants and products. (The adsorption of course depehds
more on the potential relative to the p.z.c. rather than the exact
_potential). Consequently an exact knowledge of the platinum/aqueous
solution interphase is required in.order to make deductions about
the various forces involved and the mode of approach of molecules
to the electrode. v

The structure of the electrical double 1ayér at the platinum/
130—181’

-aqueous solution interphase has been studied extensively

but poor agreement has been observed between the experimental results

~
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of different workers. This has led to diffiéulties in.the interpre-
tation of such measurements in terms of double layer structure.

The majority of.interphase studies have involved acid electrolyte
solutions and attempts to explain the differential capacitance
measurements at platinum electrodés, by comparison with complementary
results for mercury, have not been conclusive.

The surface of a platinum electrode is strongly influenéed
by.a number of factors which include electrode.pretreatment and |
preparation. When in aqueous solution further complicatibns arise
due to the adsorption of hydrogen, oxygen and solution épecies.'
‘Consequently reported capacitanée measurements and the p.i.c.
dérived from these, must be looked upon with respect to the
experimentai conditions. .

The magnitude of the differential capacitahce for the
platinum/aqueous solution interphase in the absence of adsorption

-2 ]_82,183’ but Gﬂlman184 suggested

has been reported as 18uF cm
that in aqueous solution the platinum electrode is partly covered
with organic impurity present in the solution which results in a

170 has shown that the measured

reduced capacitance value. Trasatti
capacitance decreases with time for platiﬁum electrodes.in HC£04
~solutions, the decrease depending also upon solution stirring. It
was suggested that this may be due to a surface rearrangement of .
platinum atoms although the possibility of édsorption was'not
discounted. |

Bockrisl77’185

has shown that in perchloric acid solutions
of low concentration, the p.z.c. (as identified by the diffuse

layer capacitance minimum) varies according to

Epe = 0-56 - 2.35'15_. pH (5.1)°
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and that the pH dependence of szc is not associated with absorbed

hydrogen. Labrovskaya et a1.186

, using normal sulphuric acid
electrolytes showed that HSO4' adsorption pasées through a
maximum at ~ 0.7V vs N.H.E. and concluded that the univalent
ion occupies two oxygen édsorption sites.

In this chapter, impedance data for platinum in sulphuric

acid solutions up to 6M HZSO4 is'presented.
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5.2, Experimental

The electrolytic cell incérporating a charcoal cleaningllimb,
and Séhering bridge cifcuit used in this investigation have been
described in Chapter 4. Capacitance-potential data was recorded
at a frequency of 1 kHz unless indicated otherwise. |

The test electrode was pretreated by the polish, etch
and wash procedure described earlier. All measurements.were made

at room temperature.
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5.3. Results and Discussion

| .Figure 5-1 shows a typical faradaic_currenc versus bias
potential cﬁrve for platinum in 1M sulphuric acid. 1In diiute ‘
acid solutions a potential region of approximately 1.3V was observed
in which the electrode was experimentally polarisable. This was‘
bounded by current flows due to the hydrogen evolution reaction
(at cathodic potentials) and the oxygen evolution reaction (at high'
anodic potentials). In'coﬁcectrated solutions’(>3M'HZSO4) ’there
cxisted no region of ideal polarisability (figure 5-2). However,
measurements could be made in the range 0.2 to 1.4V vs N.H.E.* '
without an undue'flow of direct current (<20 pA cm-z,'which is
below the level required to affect the results through diffusion
processes). | |

The form of the capacitance curves in the most dilute
185

solutions were identical with those found by Bockris and co-workers

and showed well defined minima at potentials somewhat more positive
than the generally accepted value for the p.z.c. (figure 5-3).
This would be expected in view of the well established adsorption

of HSO4“ on platinumls6

In the absence of specific adsofption,
‘the diffuse layer minimum should be progressivcly removed‘by
increasing the electrolyte concentratioﬁ,'in conformity with the
Stern theory4. In this series of experiments a‘capccitance trough
was observed at all concentrations providing strong evidence for
adsorption at the electrode. Figure 5-4 shows a typical eleccrode
impedance curve for Pt in 6M HyS0,. A well &efined‘capacitance

- trough extending over a range of about 300 mV is observed. The

- *All potential measurements were made with reference to the Hg/HgSO4

electrode, corrections to the N.H.E. being made by calculation.
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Figure 5-1. - Polarisation curve for a smooth platinum

electrode in 1M H2804.

current / mAcm™

o)
a

A5

| Al l I I {

0O 4 -8 12 1.6
potential /7 V




Figure 5-2. Polarisation curve for a smooth platinum’

electrode in 6M HZSO4.

30

N
o

/ pAcm‘.2
o

current |

10

20

| | [ i
O - 5 10 15
. potential / V




Figure 5-3.

Electrode capacitance versus bias potential

curve for a smooth platinum electrode in 0.1M H,S0, .
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Figure-5-4. Capacitance-potential curve for a smooth Pt electrode
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breadth of this hollow decrease; with a lowering acid concentration
from about 300mV in 6M acid (figure 5-4) to about 140mV in 0.1M
H2504 (figure 5-3). This behaviour would suggest a decreasing
édsorption of neutral sulphuric acid molecules at the electrode

- (since the relative concentration of such species in the electrolyte

187
).

A graph of potential of the capacitance minimum versus

decreases markedly as the concentration falls

log10 [HZSO4] is shown in figure 5-5. The single point available

173

from the work of Rosen et al. is included. This curve shows

that the minimum is shifted tb more anodic potentials as the acid
‘ concentyatioﬁ is increased. In the case of a non¥specifica11f
adsorbed electrolyte the locus of the potential of minimum
capacitance should describe a straight line with a slope of

60mV per concentration decade (in accordance with equation 5.1).
At low acid concentrations the gradient of the cuive in figure 5-5
exceeds this value owing to the presence of HSO4' ions at the

electrode. (At these potentials SO 2'-is'unlikely to be adsorbed).

4
At high sulphuric acid concentrations (where the percentage of
187

- undissociated HZSO4 species is increased ') the slope decreases
to about 20mV per decade. 'This behaviour can be interpreted in
terms of the adsorption of H,50, molecules which displace adsorbed

HSO4' ions from the electrode surface.

129'and

These observations confirm the'workfof'Andfew.et al.
show that the adsorption of neﬁtral molecules is significant at
typical fuel cell electrolyte concentrations. | |

Complex pléne diagrams were constructed from impedance data
measured at different frequencies and the graphs produced

were found to be of a similar form over the entire

potential range. The data was calculated -
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Figure 5-5.  Graph of potential of capacitance minimum versus

log acid concentration fora smooth Pt electrode in

‘sulphuric acid solutions.
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using the computer program given in Appendix 2. The graph in
figure 5-6 shows data corresponding to an electrode potential of
1.1V (vs N.H.E.) and an almost vertical line is observed. This
can be considered as a part of an extremely large radius semi-circle
- indicating that at‘this potential, any eiectrochemical reaction
6ccurriﬁg is slow (i.e. has a very high charge transfer resistance).
In order to make measurements on porous platinum electrodeposits
the electrical circuit had to be revised. The simple battery/
potentiometer gombindtion which had previously been used as a polari-
sing circuit was not capable of maintaining a steady potential.
Instead, a potentiostat (Chemicél Electronics I.C. 20/0.5A) was
employed. The form of the polarisation curves (figure 5-7) and |
capacitance curves (figure 5-8) were similar to those obtained
at smooth platinum electrodes. It can be seen from figure 5-8
that more stable readings could be obtained at Iqwer frequenciés
although the sensitivity of the bridge circuit at these impedance
levels was too low to allow determinatibns to be mﬁde with very
great accuracy.
Complex plane diagréms fdr porous platinum electrodes* in
sulphuric acid_weré of the form shown in figure 5-9. Theﬁe
differed from the plots bbtained at .smooth electrodes in that the
initial part of the curve has a slope of about 500._ This is
approaching the gfadients quoted by De _Levie188 in his review of
porous electrodes. De Levie gives a value of 38° for a Pt black

- electrode in 1M aqueous KC1.

*The values of R and 1/, were calculated using the true electro-
chemical surface area of the catalyst found by integrating the area

under the hydrogen desorption peaks in the cyclic voltammogram.
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Figure 5-7. Polarisation curve for a porous Pt grey eléctrode'
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Figure 5-8., Capacitance-potential curves for a Pt grey eleétfode'

in 1M H2804 at frequencies of 310 Hz and 1000 Hz.
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Figure 5-9. - Complex plane impedance diagram for a Pt grey electrode

in 1M 1,50, at a potential of 1200mV.
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5.4. Summary and Conclusions

It has been shown that in aqueous sﬁlphﬁric acid electrolyte
solutions, platinum electrodes exhibit a broad region of experimental
polarisability (>1V for éoncentrations in the range 10_3M - 6M).
Capacitanpe-potential curves measured throughputrthis concentration
range all take the form of a trough whose breadth diminishes as the
concentration falls (but the diffuse layer minimum remains). The
potential of the capacitance minimum is shifted to more anodic
potentials as the acid cohcentration ié increased‘and_this behaviour

was interpreted in terms of a strong adsorption of undissociated

4

that in strongly acidic sulphuric acid solutions (i.e. typical

HZSO4 molecules d;splacing surface HSO, species. It was concluded
fuel cell electrolytes), the adsorption of neutral sulphuric acid-
molecules is significant in the potential range of methanol
oxidation.

For studies on porous eiectrodés, a modified Schering
bridge circuit had to be adopted. The porous electrodes behaved
similarly to smooth plafinum discs except that more stable |

capacitance values could be obtained at lower a.c. frequencies.

56



CHAPTER 6

LINEAR SWEEP VOLTAMMETRIC STUDIES AT PLATINUM ELECTRODES IN
ACID ELECTROLYTES

6.1. Introduction

The general pattern of the anodic-oxidation of methanol at
platinum electrodes has been inﬁestigated widely. Despite these
considerabie efforts, particularly by Bagotsky's group in the
U.S.S.R. and Breiter's group in the U.S.A., only the overall

reaction is certain.

+

CHH + H,0 =+ CO, + 6H + 6e . (6.1)

2

Steady state measurements have yielded Tafel slopes of ~ 60 mV in
the potential range around 0.5V, which increases to A100 mV at

about 0.65v1%7,

This can be explained if the electrode surface

. coverage with adsorbed electroactive species is potential dependent.
A further process hindering the abstraction of Rinetic data

from the electrode behaviour is the'varying adsorption of oxygen

throughout the potential.range; It now seems certain that the rate

rdetermining processlinvolves an adsorbed water molecule oxr OH.species.

Equations relating current and potentiél have been proposed which

are based on these considerations and experimental verification has

been moderately successfu17g.

. Much work has been concentrated.on the adsorption of methanol
on platinum, particularly using the potentiostatic pulse of lineaf
sweep mgthods. Though some workers favour Langmuir édsorptionss,
at high surface coverages the kinetics of adsorption are widely

"thought to follow the Elovich equation
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a{l-9)
0
where a = activity of adsorbate
6 = coverage
- a
AG = free energy.of adsorption
B:

This chapter records the results of L.S.V. experiments on

platinum electrodes in sulphuric acid solutions, with and without

methanol.

symmetry factor

e
AG |
=exp(ﬁ)e><p(§%)
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6.2, Experimental

Potentiodynamic data was collected using the cyclic sweep
voltammetry circuit and electrode pretreatments described in chapter
4.

The electrolyté was deoxygenated by bubbling whife spot
nitrogen through the solution for approximately 15 minutes each
morning. The cell was cycled to equilibrium before a sweep was

recorded. .
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6.3. Results and Discussion

Figure 6-1 shows a cyclic voltammogran for a smooth platinum
electrode in IM H2504 On the positive going sweep the first
features encountered are peaks corresponding.to desorption of
hydrogen from the surface. The existence of two peaks are indication
of the two major mbdes in whicﬁ hydrogen is édsorbedlgo’lgl.
The distance between the peaks (&O.IZV) is a measure of the
difference in energy of adsorption, which is about 11;6 kJ mol’l.
Betﬁeeﬁ 0.4 and 0.7V, thé only observed currents are due to double
layer charging. Thg currents at more anodic potentials than this
are due initially to the adsorption §f OH and subsequent oxide
formation, before eventually oxygen evolution occurs (beyond about
1.5V). | |

On the reverse sweep a single oxide reduction peak is
observed at ~Q.75V and then below 0.4V hydrogen adsorption peaks
are apparent. The simiiarity in shape and potentials of the
hydrogen adsorption and desorption peaks,représentsa system which
is behaving reversibly under the chosen experimental condiéions.
On the otﬁer hand, the oxide formation and reduction peaks are
typlcal of an irreversible process

Conflrmatlon of the process identity (DtO2 -+ Pt) for the
cathodic peak at v 0.75V is provided in figure 6-2. This shows
the peak potentialrplotted against log (sweep-rate). The graph
- has a slope of 15mV per‘deéade which corresponds to a four electron'
process aécording to |

azDFv

E = E_ - ( ) [O. 78 + 0.5 In =2 — T

+ In constant] (6.3)
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Figure 6-1.

Cyclic voltammogram for a smooth Pt electrode

in 1M H2804 (sweep rate = 50 mV 3"1).
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Figure 6-2. Graph of oxide reduction peak potential versus log

so,. -

'logv
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That this is not a simple solution controlled process is suggested

3

by the non-linear plot‘of peak current versus (sweep-réte) shown

in figure 6-3, It is interesting‘to note that a log Imaxﬁ vs log v
curve (figure 6-4) indicates a parabolic relationship governing the
transformation of the,PtO2 lgttice'to plétinum.

Figures é-S and 6-6 show L.S.V. curves corresponding to
platinum in methanol containing solutions. It can be seen that when
the methanol concentration is only M/IOO the voltammogram' is
only slightly modified from that obtained in pure sulphuric acid.
When a 1M solution of methanol is used, two anodic peaks corresponding
to methanol oxidation pfocesses (on the forward and reverse sweeps)
are clearly seen (figure 6-6). A description of the features seen
here has been given in chapter 5.' The oxidation wave occurs at
a lower potential on the negative going sweép as a consequence of
the irreversible oxidation and feduction.pf the platinum surface.

These peaks are thought to represent complex processes since
linear peak potential versus log v plots are not ﬁbtained (figure
6-7). Mofeover the rates of change, dE/d log v, are different in
the two cases.and suggest that different processes control the
rate of reaction in the two sweep directions.

Peak current versus {sweep-rate)é_plots further emphasise
these points (figﬁre 6-8). The lines for bqth.posifive an& negative
going sweeps cannot represent any process which is rate-controlled
by solution diffusion. The oxidation would appear to be dominated
by a heterOgénéous surface pfocess. (It is interesting to record
however, that the peak potential separation fof the oxidafion waves

3

is a linear function of v° as shown in figure 6-9).
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Figure 6-3. Graph of oxide reduction peak current versus

(sweep Hmnmuw for a smooth Pt electrode in 1M H
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Figure 6-4. - Graph of log‘peak current (for oxide reduction) '

versus log sweep rate for a smooth Pt electrode in

"IM H

2504.
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Figure 6-5. Cyclic voltammogram for a smooth Pt electrode in

-1

0.01M methanol /1M sulphuric acid {sweep rate = 10 mV s~ ).
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Figure 6-6. . Cyclic voltammogram for a smooth Pt electrode in

) 1

1M CH,OH/IM H,S0, (sweep rate = 10 mV s™1).
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Figure 6-7. Graph of methanol oxidﬁtion peak potential versus log

50

sweep rate for a smooth Pt electrode in 1M CH30H/1M H 4
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Figure 6-8. Graph of methanol oxidation peak current versus (s#eep rate)g

for a smooth Pt electrode in IM CH30H/1M stoég
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Figure 6-9. Graph of peak potential sepafation (between positive

and negative going methanol oxidation peaks) versus

(sweep rate)% for a smooth Pt electrode in 1M CHSOH/IM H2804
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Current-potentiélAdata from around the foot of the positiﬁe-
going methanol oxidation wave is shown in figure 6-10. The Tafel
slopes depend on reactant concentration and the minimum slope
observed was 55mV per decade suggesting that the rate controlling
process, if charge transfer, is a single electron process.

Figures 6-11 aﬁd 6-12 show the relationship between peak

3

current and (sweep-rate)” for a range of methanol concentrations.
The slopes of the lines at low sweep rates are in proportion

with the concentration of methanol, but the magnitudes of

measured currents are less than those calculated on the basis

of ﬁure diffusion by a factor amounting to more than a decade.

At higher sweep rates the curves form a set of lines which are
alﬁost parallel. This behaviour can be interpreted qualitatively
in terms of a reaétion intermediate whose desorption process exerts
a differing influence as the sﬁeep'rate increases. At the slow
sweep speeds the intermediate may have time to desorb and make
available 'clean; Pt surface sites for adsorption and dehydrogenation
of more fuel. At higher sweep speeds, if the desorption of.thié

inactive intermediate is not realised then the current will not

rise so sharply. This effect is observed in figures 6-11 and 6-12.
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Figure 6-10. Graphs of log current versus potential "(at the foot

of the positive-going methanol oxidation ‘wave) for a

smooth Pt electrode in IM HZSO4 éiectrolytes containing

M CHSOH (*) and 0.33M CHSOH'(O).'
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Figure 6-11.. Graph of peak methanol oxidation current (during the

positive-going sweep) versus (sweep rate)% for a smooth

Pt ‘electrode in 1M H,S0, solutions containing methanol

- (at the concentrations indicated).
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Figure 6-12,

~ Graph of peak methanol oxidation current (during the °

. : 2
negative-going sweep) versus (sweep rate)® for a

smooth Pt electrode in 1M HZSO4 solutions éontaining

methanol (at the concentrations indicated).
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6.4. Summary and Conclusions

The principal features associated with platinum/sulphuric acid
cyclic voltémmograms'are due to the reversible hydrogen adsorption-.
desorpfion reaction, and.irrevorsible oxide formation and destruction.
The single oxide reductionppeak was ohown to correspond to a four
electron transfer but was not controlled by a simple solution diffusion
process., |

.In methanol containing solutions anodic fuel oxidation peaks
are seen, with the peak on the negative-going sweep occurring at

llower potentials than fhe positive-going one. This is a

conseQuence of the irreversibility of oxygen adsorption-desorption
processes. Tafel slopes from data at the foot of mephanol oxidation
waves were shown to be concentration dependent, but tho minimum
value-recorded was 55mV per decade.

Voltammetric data measured at slow sweep speeds indicated
an approximate first order dependence of the reaction on methanol
concentration. However, atrhigher sweep velocities there was
no direct proportionality, probably due to the increasing influence

of a slow desorption stage fora reaction intermediate.
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CHAPTER 7

MASS TRANSPORT EFFECTS ON THE OXIDATION OF METHANOL AT

PLATINUM ELECTRODES

7.1.° Introduction. .

The necessity forAa better understanding of the basic
properties that determine the operation of fuel cells has been
highlighted over recent years ﬁith aftempts to develop practical
units. Research into the complex mechanisms of the anodic oxidation
of different fuels and the reduction of molecular oxygen on solid
electrodes was stimulated, and the strong influence of adsorbed
species on the electrode was investigated.-

| In addition, the development of electrodes with large..
internal surfaces has led to attempts to analyse models of porous

electrodes mathematically.

Many processes have been suggested as the current controlling
mechanism during the-oxidation of methanol. Momot and Bronoe’a‘l192
concluded that under conditions of weak polarisation the oxidation
Step was the limiting factor, whefeés at high overvoltage the
dissociative adsorption of methanol became limiting. Radovici and
1btir193 have emphasised the importance of the electrode state,
which affects the initial adsorption process, in determining the
kineticsrof oxidation, Japanese authpr5194 have suggesteéd that in
alkaline electrolyte, an adsorption process'of.methanol was rate
determining and in acid electrolyte, a desorption process of an
intermediate controlled the rate of anodic oxidation. This lends
support to the work of Khazova et al.195 who claimed that the

retarded step in the oxidation process included the desorption of
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chemisorbed residues containing carbon and formed during the
adsorption and dehydrogeﬂation of methanol. .

It has been known for some years thét stifring the eleétrolyte-
during cyclic voltammetry in methanol solutions reduces the intensity
of the peak oxidation current. However, experiments performed under
strict hydrodynamic control have not been reported in ihe liferature.
This chapter describes some effects observed at rofating disc eleétrqdes

both under potentiodynamic and steady state conditions.
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7.2. Experimental

The rotating disc electrode, the electrical circuit and cells
were described in chapter 4.
The electrblyte used was M/10 methanol : 1M sulphuric acid

which was purged with oxygen-free nitrogen prior to taking measurements.
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7.3. Results and Discussion

The experiments pefformed in this investigation can be

classified iﬁto two groups. In the first series, sweeping volfa-

~mmetric measurements were made at stationary and rotating electrodes.
For the second ;et, "pseudo-s;eady-state" polarisation curves were
recorded at various electrode rotation speeds.

During the‘course of the investigation it was found difficult
to obtain the voltammetric profile associated with platinum in pure
sulphuric acid solutions. These problems were.not encountered when
using 'Pt-in-glass' electrodes and so were probably caused by
solution contaminants leached erm the teflon shroud of the diéc
eiectrode. A number of chemical pre-treatments appiied to.the |
teflon did not alleviate this problem. In order-to.avoid the presence
of impurities on the electrode surface tévidenced by spurious peaks
in the hydrogen adsorption desorption region) cyclic voitammograms
were measured between potentials of 0.40V and 1.6V vs N.H.E. There
appeared to ﬁe no interferences over fhis experimental range.

The lessening of peék methanol oxidation currents with
solution stirring is an effect demoﬁstrated in‘figure 7-1. Cyclic
voltammograms are shown at . stationary and rotating electrodes. It
is interesting to note that the height of the platinum oxide reduction
peak at 0.75V is unaffected by the rotation suggesting that the rate
determining reaction occurs largely in the solid_state._ In the
following discussion peak currents in the positive-going sweep are
measured with respect to the zero current line. The oxidation peéks
in the ﬁegative-going.sweep do not always give rise to a positive

current (see figure 7-1) and so are measured with respect to an
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arbitrary datum poiht. The point chosen was the tip of fhe oxide
reduction peak, since this represented a value which remained
constant at all rotation speeds in the éxperimental-range.

Figure 7-2 shows a graph of peak methanol oxidation current

3

during the cathodic-going sweep versus w (where w-is in radians

per second). A marked rotation speed dependence is observed,
particularly when the potential sweep rate is high. The corresponding 
set of curves for fhe positive-going wave is given in figure 7-3

and similar behaviour is observed. At slower sweep velocities the

‘ gradient of the curve is lessened until thére is no rotation speed
dependence of current at ImV s'l (in the case of the anodic sweep}.

A confirmation that pﬁre diffusion control is not exhibited is

provided by figure 7-4 which shows that plots of 1/; vs-m-% are
non-linear.

When porous platinum electrodeposits are employed as above,
very little rotation speed dependence is observed (figure 7-5).

This would be expeéted if the majérity of the reaction occurred on
surfaces in the inner regions of the porous matrix. Solution
flow-rate will only be important to the oﬁter surface regions which
constitute.a tiny fraction of the whole structure, unlike the
smooth electrode case, ‘Thus any effects due to a rotation of the
electrode would be of a leséer magnitude.

When polarisation curves‘are measured a completely different
situation is apparent. The curves exhibit a methanol oxidation peak
at about 900mV vs N.H.E. which compares to that observed during the
positive going sweep of cyclic voltammograms (figure 7-6). However,

in this family of curves the peak oxidation current is seen to increase
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Figure 7-6.  Polarisation curves for a smooth Pt disc electrode in

0.1M CH OH/IM H SO at various rotation speeds. Current

measurements were made after 2 minutes at 100 mV increments.
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with rotation speed; the reverse of fhe effect noted under potentio-
dynamic conditions. This data would suggest.that rotating the
electrode increases the availability of a ‘solution species reactﬁnt
or assists the removal of a poisonous product. The rotation S§eed
dependence-is shown in figure 7-7 where I)i is plotted against m"k
ét three potentialé along the oxidation peak. The resultant curves
are not linear and there is also little potential dependeﬁce of
siope indicating that the process is not a simple charge transfer.
controlled reaction. .

A reduction in the measured poténtiodynamic oxidation currents
with stirring the solution could result from_indreasing the rate of
removal of an actife intermediéte species from the electrode, or
more likely a faster production of poisoning species. Infereﬁces
~ as to the nature of the species involved are not possible frﬁm the
data available. It does now appear though, that different stages
of the reaction mechanism are rate controlling in sweeping aﬁd
steady-state experimeﬁts. That a clear distinction should be made
between stationéry and non-stationary electro-oxidatibn currents
has been mentioﬁed by certain authors70’195. However a further
discussion of this topic is conspicuous by its absence in the

literature,
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Figure 7-7.

- _2 : .
Graphs of current 1 versus ™ corresponding to three

potentials on the methanol oxidation peak (from figure 7-6) .
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7.4. - Summary and Conclusions

~ The central point emerging from the above data is the difference

betweeﬁ steady-state and potentiodynamic exferiments. Solution
stirring is seen to increase the measured methanol oxidation currents
in steady-state polarisation curves;‘but reduce the corresponding
peaks in cyclic voltammetry. It has been suggested that different
factois influence the rate determining step of the overall reaction
in the two types of experiment, though the nature of the'participating
species is sfill unclear. - | |

Pure diffusion control is not exerted in either case for the
fuel reaction; and as would be éxpected for poréus electrodes,
rotatiné the electrode.had very little effect on thé recbrded currents.

The oxide réduction peak in cyclic voltammograms was unaffected
by solufion stirring confirming fhat diffusioﬁ in solution is not an

important factor in that reaction.
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CHAPTER 8

A STUDY OF THE METHANOL OXIDATION REACTION

USING THE POTENTIAL STEP TECHNIQUE

8.1. Introduction

Despite the considerable literature published over reéent
 years concerning thé methanol oxidation reaction at noble metal
electrodes, many of the problems associated with the electrocatalysis
still remain unanswered. The nature of the participating surface
7 species and precise mechanism of the overall process are still
debated.
| —It seems weli established that for the feaction to occur, -
both adsorbed methanol and oxygén must be present on the electrode
surface. Also the reaction is inhibited by at least one of the inter-
mediate products, and at high positive potentials by the presence-
of a strongly bound oxide film.

In order to gain a further insight to these mechaﬁisms

it was decided to embark upon a series of potentiostatic pulse

experiments. This chapter outlines the results from such experiments.
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8.2. Experimental

Potentiostatic polarisation curves were recorded using the
programmable potential controller system described in chapter 4.
This device was also used to apply the potential step perturbation
in the pulsing experiments. ‘

The working'eiecfrode was constructed from a platinum rod
sealed in soda glass and was pfe—treated as.in previous experiments.

After immersion in the electrolyte the test electrode was
cycled to equilibrium (between OV and 1.6V vs N.H.E. at a sweep rafe
‘of 50 mV sul) and the true electrochemical surface area calculated

(by integrating the region of hydrogen desorption).
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8.3. Results and Discussion

8.3.1. Anodic pulses at smooth Pt electrodes

After cycling the electrode to equilibrium in IM HZSO4/O;1M CH,OH
a positive-going polarisation curve was recorded. Potential increments
were 100mV and the current was measured after 60 seconds. The fesultant
graph is shown in figure S-l and exﬁibits several distinct regions.
Below 0.1V there is a cathodic cﬁrrent due to hydrogen evolution on
the surfécé of the platinum. In the potential fange 0.10-0.45V
there is an experimentally polarisable region of zero current flow.
(Transient currents due to disscciative methanol adsérption have

6 but no steady state current is apparent after sixty

been observeﬁlg
secoﬁds). At potentials more positive than 0.45V both oxygen and
methanol are adsorbed on the electrode surface and an oxidation wave
is observed. A peak current value is attgined at about 0.75V and
beyond this the current falls as methanol is'displaced from the -
electrode surface by thelmore strongly bound oxygen. Going more
anodic than 1.15V the observed curreﬁt can be attributed to increasing
oxide formation and also some methanol oxidation upon. the oxide surfaceSS.
Beyond 1.6V oxygen evolution occurs on the électrode.

" Before the application of anodic potential steps the working
electrode was further pre-treated by first evolving hydrogen from
the surface for about one minute and then potentiostatting at the
initial potential for 5 minutes..:A starting potential of 0.45V
was chosen for thelpulse experiments. There is no steady current
flowing at this potential and the elctrode shOuid,be free of adsorbed
hydrogen or oxygen197. However if is likely that there will be

adsorbed methanol present at this potentia164’196.
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Figure 8-1. Polarisation curve for a smooth Pt electrode in
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Potentiostatic pulses were applied in incfements of 50mV from-
450mV + 50mV up to 450mV + 700mV, and the current transient recorded
for the first 240 seconds after imposition of the step. The final
current after this time is shown pldtted against potential in figure
8-2, and is of thé same form as the polérisation curvé in figure 8-1,
The current response to an applied potential step of 50mV was a
simpié falling.transient whiqh decayed away to zero current within the
first few seconds. This behaviour could be caused by some oxygéh
adsorptioﬁ,.but the methanol,oxidation rate is likely to be slow
at this potential. Pulsing 100 or 150mV yields transients which
fall immediately after.the dbuble layer charging sPiké. A minimum_
is reached after a few seconds and then the current begins to rise

‘'slowly. No peak was obserfed within the time scalé of.the experiments,

The responses obtained by applying potential steps in the |
range 200-350mV are characterised by'falling parts at short times,
and then a sharp rise to a peak before a slow current decay. |
Typical examples are shown in figure 8-3 and the time of peak current
is seen to decrease as the potential tand hence reaction rate) is
increased.

A further study of the rising part of the transients.was
carried out in the potential range +200 to +300 mV. The current
was found to increase linearly with the squére root of time
{figure 8-4): The residual currents (af t = 0) could be due to
oxide formation and are important when fitting the current profile
to a mathematical model on a reduced plot. |

The model most.applicabie to our data was first proposed by

198

Barradas and Fletcher who, for a nucleation and growth process,

suggested a general equation of the form
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Figure 8-2.  Graph of current (measured 240 seconds after applying

the potential step) versus potential step amplitude.
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Figure 8-3. Current-time transients recorded after applying

- potential steps (from 150 mV - 350 mV wide) to

the smooth Pt electrode at 0.45 V.
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"Figure 8-4. Graphs of current versus time” for the rising

parts of transients recorded after application

of potential steps in the range 200 - 260 mV. = -
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/.= 1y + Ly 6.y

ig'rowth idiffusion

This bears a formal resemblance to the equation déscribing mixed
activation and diffusion control following the application of a
potential step to a simple, diffusion controlled electron transfer
reaction. Such a model will oniy be a first order approximation
however, because it neglects both the overlap of diffusion zones-
and oveflap of the nucleii themselves. Nevertheless equation (8.1)
-shouid not be greatly iﬁ error because overlab constitutes only a
small part of the transient.

)

By inserting the equation of Franklg for the growth of

hemispherical centres into a hemispherical diffusion layer so that .

: 3/ '
. - 2] 3 2 3
1growth = N0 AnF( v JRU Sf D t (8.2)
and also putting
: | D.3 -3
laigfusion = AMFCo ()7 ¢ (8.3)
the reduced variable plot of the resulting equation then gives
VA Z ' (8.4)
m t, % t -
B 7D L &
m m

where i is the curfent observed at time t seconds, and tm is the
time required to attain the peak current im.l

The solid line in figure 8-5 is a graphic representation of :
equation (8.4j and the points marked correspond to the transients

recorded using potential steps of 200-260mV. In order to make a
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Figure 8-5.

Correlation between the mathematical model

(solid line) and data obtained after imposing

_ potential steps of: 200 mV (8); 220 mV (»);

240 mV_(0); 260 mV (+).
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valid comparison between the results, the residual currents
(from figure 8-4) were deducted from the measured currents so that

(i / . ) = i- ires . ] (8.5)

n experimental im -1

An excellent correlation is obtained for the front part of the
wave, but some deviation is apparént at timés greater than tm.
This can be accounted forlby-the fact that the mathematical
model assumes the growing layer to be passive. In our system,'
methanol may still oxidise to soﬁe extent on the oxide covered
surfacess. - Hence, higher current densities than would otherwise
be expected are observed.

The above results can be rationalised in térms of the
now generally.accepted reaction scheme outlined below76. (This

scheme considers the methanolic residue to have the chemical

composition COH).

CH,OH + Pt + Pt - CoH + 3H" + 3e 6.8
H,0 + Pt > Pt-OH+H +e (8.7)*
Pt - COH + Pt-0H - Pt - CO + H,0 + Pt - (8.8)
H,0 + Pt > Pt-OH+H +e (8.9)*
Pt - CO + Pt - O ~» Pt - COOH + Pt (8.10)
H0 + Pt > Pt-OH+H +e (8113
Pt - COOH + Pt-OH >  CO, + H,0 + 2Pt (8.12)
CH,OH + H,0 =+ (€O, + 6H + 6e (8.13)

It is clear that current only flows as a result of reactions (8.6),
(8.7), (8.9) and (8.11). The oxidation of the intermediates is

purely chemical in nature.

*The exact nature of this process is still in doubt and may be represented b)
OH™ + Pt -+ Pt -0H + ¢
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Initially methanol is dehydrogenated on platinum metal to

a residue which does not react further unless adsorbed oxygen is
present on adjacent surface sites. This dissociative adsorption
is known to occur at poteﬁtials in the rangeVO.SO - 0.45 V196

and falling current transients are associated with the poisoning
process. Thus it is likely that our anodic pulses were applied

to a métal surface which was alfeady lérgely covered with a methanolic
intermediate.

 Positive potential steps beyond 0.45V induce oxide formation

via the adsofption of water or OH on fhe platinum. This. surface
oxidétion process generateé falling_transients (as observed over

the experimental range‘iﬁ the absence of methanol) which can be

seen during‘the initial stages of those shown in figure 8-3.

The subsequent chemical reaction between the residue and adsorbed
OH.species inﬁolves no electrons directly, yet rising currents are
observed. These currents are a conseqﬁence of reactions t8.8),
(8.10).and (8.12) which liﬁerate Pt sites. The sites then become
available ‘for the disgociafive adsorption-of methanol and water,

poth of which give rise to currents. The.more strongly bound

oxide gradually increases in coverage until it becomes the more
dominant surface species inhibiting further CH,OH adsorption.

Thus when the oxide film becomes extensive the methanol oxidation
rate is slowed down. The fate of oxide formatidn is'determined
by the pulse amplitudes and so as the potential stép is increased, |
the time tb reach the peak current is shifted towérds shorter

times until it is not discernable on the measured transient. Thus

to achieve maximum currents there must be a delicate balance between
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OH adsorption and methanol édsorption i.e. the cataifst must be
bifunctional.

The transients reéulting from pulses with an.amﬁlitude
of 400-700mV yield only a spike followed by a falling current tail.
Figurg 8-6 éhows a typical current-time reéponse obtained in this
region. When the cufrents are plotted against t'&, for times
greater than about 20 seconds a liﬁear relationship is followed -
{figure 8—7). For potenfial steps of more than 450 mV these lines
all pass through the origin‘and the gradients are seen to decfease
with poténtial. For ﬁulses of less than 450mV, the methanol
reaction §till exerts a strong influence on the currents measured
at these times and the slopes becoﬁe apprbximately constant.
It is interesting to note that between 450nV and 600mV there is a
logarithmic relationship between dikdt-i and potential (figure.
8-8). A line with a slope of 220mV per decade is found. This would
'suggést a quarter-electron transfer if the.diffusion.equationsffor-
simple redox processes are applied. (The_slope dE/dlog (i/t_i).
is proportional to ‘%% "3y, It is clear that the many processes
which may simultaneously occur on the electrode when ﬁsing‘such large

potential steps, lead to transient responses which cannot be easily

interpreted..

8.3.2. Cathodic pulses at oxide covered electrodes

Figure 8-9 shows a negative-going polarisation curve for the

smooth platinum working electrode in 1M H,50,/0.1M CH,OH. When

3
compared with the positive-going curve (figure 8-1) it becomes apparent

that at poféntials more positive than the oxidation peak potential, the .

78



Figure 8-6.

Current-time transient for a potential step_of""

.450 mV applied to a smooth Pt electrode in 0.1M

. CHSOH/IM H2804 at 0.45V.
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portion of transients obtained after imposing potential

steps of 300 mV - ‘600 mV.




Figure 8-8. Graph of log slope (from figure 8-7) versus overpotential. |
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Figure 8-9. Negative-going polarisation curve (current rea&ings

after two minutes) for a smooth Pt electrode in

0.1M CﬁsOH/IM H2804.
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‘measured currents are of a lesser magnitudé. This tyée‘of hysteresi;

is observed in sweeping ?oltammograms and can be attributed to the
irreversibility of the oxide formation-reduction process. Unlike
sweeping voltammograms, however, the mcthanol oxidation peak oceurs

at similaf potentials in both 'steady-state' polarisation curves as would
be expected. Tafel slopes constructed at the foot of the oxygen
evolution wave (figure 8-10) and the methanol oxidation peak (figure
§-11) yield slopes of 250mV per décade and 11§mvrpér decade respectively.
The former value secems Aifficult to rationalise but is of the same

order as the value obtained from dE/ slopes in the

dlog (*/,-3)
last section (figure 8-8). The value for the methanol oxidation |
reaction confirms earlief data and- has been discussed in Chapter 6.

The starting potential chésen for the step experiments was
1.1V vs N.H.E. At this potential there is zero net current flow and
the surface should be covered by an oxide layer. A modified pre-
treatment was required before pulsing was begun. After cycling to
.equiliﬁrium the electrode was held at 1.6V for 1 minute evolving
oxygen, before-being.potentiostatted at 1.1V for five minutes in‘
preparation for the potential step perturbétion. Currenﬁs were monitored
for'240 seconds following application of fhe pulses to potentiais
thfoughqut the methanol oxidation range. |

A graph of the current (after 240 seéonds) versus final
potenfial is given in figure 8-12 and is seen to be in close agreement
with the polarisation curve;

Potential steps were applied in multiples of -50mV from 1.1V
and falling transients that decayed to zero current were observed for

pulses of 200 mV amplitude or less (e,g.figure 8-13). The decay is
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Figure 8-10. Log current-potential relationship at the foot of the .

oxygen evolution wave (from figure 8-9),
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Figure 8-11. Log current-potential relationship at the foot of the

methanol oxidation peak (from figure 8-9).
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current

Figure 8-12. Graph of current (measured 240 seconds after imposing

a potential step to the workihg electrode at 1.1V)

. yersus final electrode potential.
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'Figure 8-13. Current-time transient after stepping the working

electrode potential from 1.1V to 0.9V,
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too slow. to be caused by doﬁble layer charging alone and is almost
certainly associated with a reduction of some of the oxide film.

This type of transient is obtained over the whole potential range

for the corresponding experiments in the absence of methanol.

When a pulse of -250mV is applied a small anbdic current is generated
within the time scale of the experimént but the rate of the rise is
very siow indeed.

Figure 8-i4 illusfrates'the form of the trénsients obtained
by pulsing.in the range -300 to -400mV. The magnitﬁde of the |
peak current is seen to increﬁse and‘the time to.attain thaf value
decrease as the fulse width is enlarged. (A step of -350mV renders
the electrode at the peak methanol oxidation potential according to
the polarisation curve). All of the curves begin with a cathodic
‘peak but as the overpotential is increased the anodic current rise
is so rapid that this hardly becomes-discérniﬁle;

Pulsing beyond‘the peak potential a séries of curveé are
produced which all take the form showﬁ in figure 8-15; An initial
cathodic peak (due td double layer charging and'oxide'reductioﬁ)
is followed by an immediate rise (caused by methanol oxidation
processes described in detail duriﬁg the previous section) and then
a current decay. The current decay in this series of experiments‘. |
is cahsed.by the low_affinity for ‘oxygen that the electrode possesses
at such potentials. Thus methanol is adsorbed preferentially and
without both reactants the current is stifled. Pulsing fuftﬁer
through‘thé oxidation peak the maximum anodic current recorded is
diminished from -450mV onwards until at a pulse amplitude of‘—?SOmV

no anodic currents are observed (figure 8-16). The latter represents
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Figure 8-14. Current-time transients after imposing potential steps

of -300, -350 and -400 mV upon the smooth Pt test

electrode at 1.1V.
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Figure 8-15. Current-time transient obtained after applying a cathodic .

: pulse of -450 mV to the test electrode.
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Figure 8-16. Currcnt-time transient after stepping the working'electrode '

“from 1.10V to 0.35V.
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stepping the electrode directly from the oxygen region into the
hydrogen adsorption region. -

An interesting feature of the curve shown in figure 8-15
(i.e. for a potential step of -450mV) is that when the anodic

3

current decay is plothd on a t™? scale two distinct regions
are in evidence. At ghort times a straight liﬁe which can be
projected to yield a negative current intercept at t = « is
obtained (figure 8-17). In contrast, at-long times a straight line
with a positive current intercept is obtained (figure 8-18).
It may wéll be that these two regiong‘can be closely related to 
. the postulated processes occurring_af the électrode surface, The
first process to.occur after imposing.the pulée_will be reduction
of oxide. Adsorption of methanol will then follow on vacated
Pt sites and as a consequence the chemical'oxidgtion may occuf.

A further investigation in the range where rising transiénts
cdul& be recorded using the existing apparatus was embarked upon.
A new starting potential of O;QV is N.H.E. was chosen in order to
minimise the effect of the double layer spike on the transients.
There was still no net current fiowing at this potential.

The rising portion of the transient recorded by stepping

i plot (figure 8-19) which

from 0.9V to 0.8V yielded allinear t
indicated a negative current at t =l0.- This is readily accounfed
fbr.in terms of the initial oxide reduction reaction. Unfortunately
the detailed data from this series of'experiments did not clarify the
overall mechanism greatly. The simultaneous processes occurring
at the electrode produced current transients which did not conform

3 -}

well to t° or t relatioﬁships in general. Consequently the results
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: : ' _1
Figure 8-17. Graph of current versus (time) ° for data at short

times after applying a potential step of -450 mV to the

working electrode at 1.1V.
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Figure 8-18. Graph of current versus (time) ° for data at long

times after applying a potential step of -450 mV to the

working electrode at 1.1V.
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Figure §-19,

 Graph of current versus {time)% for the rising portion

of the transient obtained by stepping the working

electrode from 0.9V to 0.8V.:
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could not‘be satisfactorily.fitted to the mathemétical model described
éarlier. |
Table 8-1 illustrates the observed trends in the maximum

anodic current and time to reach the cur;ent‘maximum with variatiéns
in potential step size. Figures 8-20 and 8-21 show transients
from.the same experiment recorded on differenﬁ time scales and
emphasise‘how this paraheter distorts ﬁhe appearance of measured
. curves. From figure 8-21 it is clear that after a fairly rapid
-decay in the-anodic'current'thé fall bgcomes essentially linear
with time. |

o It may be concluded from &ata présented in this section
that meéningful quantitative interpretation is difficult when several
processes are contributing to-the ovérall measured currents. However

the bifunctional nature of the platinum electrocatalyst has again

been highlighted.

8.3.3. Potential steps applied to a poisoned electrode

When a smooth Pt electrode is potentiostatted near the
peak methanol oxidation potential the current is seen to fall off
Arapidly, This is consistent witﬁ the assumption that the reaction
produces a residue capable of poisoning thé-electrode. 1f the
rate of formafion of this product is faster than its subsequent:
oxidation (or desorption and diffusion away from the electrode)
_then less and less active surface will be available for reaction
as time progresses. A current decay curve for the smooth Pt working
electrode potentiostatted at 0.8V in 1M HéSO420;1M CHBOH is given

in figure 8-22. A straight line graph is produced by plotting current
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TABLE 8-1

STEP POTENTIAL (mV) t (s) i (wA)
-100° >330 -
~120 230 121
-140 69 144
-160 22 158
-180 10 171
200 4.4 184
220 2.6 203




Figure 8-20. Current-time transient.recorded after applying a

potentiallstep of -200 mV to the test electrode at

0.8 V (expanded time-scale).
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Figure 8-21. As for figure 8-20, but over an extended period

of time.
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Figure 8-22. Graph of current versus time for a smooth Pt electrode

potentiostatted at 0.8 V in 0.1M CH,OH/IM H,S0,.
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against tf% (figure 8-23). The graph can be extrapolated to the
origin (i.e. zero current at time infinity) and the slope, when
substituted in the rearranged diffusion equation

di

/dt

-4 = nFcOD%n”% o | (8.14)

yields a value for CO ofi.2.x 10'7 " mol E'l (assuming that
1, | '
).

The working electrode was potentiostatted at 0.8V until the

n=1andD = 10° em? s

current reached a steady value of about 25 pA cmh2 when it was

considered to be well poisoned. The potential ﬁas then stepped

to a value of 0.3V {i.e. hydrogen region). The transients recorded

on short and ex@ended time Scales.ére shown in figures §-24 and

825 respectively. An initial cafhodic spike is observed followed

by a steady rise to yield an anodic peak after a few seconds, but

this decays to zero within two minutes. - The spike can be attributed

to double-layer charging and oxide.reduction before the currenﬁ rises

as methanol is adsorbed on vacant sites and oxidised. At such low
potentials methanol will be adsorbéd in preference to water or

-hydroxyl species and so the current decays at long times. It can

be clearly seen that even the comparatively low activity of the

electrode in the poisoned state is not reached again during fhe transient.
This would be ekpected if the ox}gen species lost during the reductiqn_
Spike-are not replenished by further water or OH adsorption. The
rising poftion of the transient does not conform to a linear i - t%'
relationship (figure 8-26) but is more complex as a resuit of ;he
-electrode processes occurring.

When pulsing from the poisoned electrode state into the

oxide region (i.e. from 0.8V to 1.3V) a single falling transient
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Figure 8-23. Graph of current vexsus (time) ° for the decay curve

shown in figurc §-22.
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Figure 8-24. Current-time’ transient recorded after the poisoned

smooth electrode at 0.8V was stepped to 0.3V.
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Figure 8-26. Current - {time)% relationsﬁip for the rising part

- of the transient shown in figure 8-24.
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is observed (figure 8-27). When these measured currents are plotted

3

on a t ° scale (figure 8—28j there is a considerable deviation from
linearity at long times. Such effects could be caused by convection
exerting a stronger influence as time progresses. However, a line
drawn from the origin through the points taken at shorter times has
a slope which correspohds to a reactant concentration of 5.3 x 10'9)'."m01..ﬂ_1
(frbm equation 8.145. This value is of a similar order to that

obtained from figure'8;23 and it is difficult to suggest which

species might be involved from such data. It seems unlikely however,

that solution OH species are intimately involved in the reaction

(since the hydroxyl concentration w0uid be expected to be nearer

10714 molar, the exact value depending upon the nature and degree

of dissociation of sulphuric acid).

8.3.4. Anodic pulses at porous electrodes

A porous platinum grey electrodeposit Qas 1aid down upon
the smooth fest electrode and from cyclic voltammetry the area
was found to be 19.4 cmz.

A series of potential steps was appiied to the working
electrode from an initial potential of 0.35V. For a +100 mV
perturbation a falling current transient was recorded which did
not return to the zero current axis within the two minute
experiméntal time scale (figure 8-29). When the potential step
was +200 mV a rising transient was obtained (figure 8-30) buf no 7
maximum in current was apparent within-the measurement time. - The

form of this curve compares well with those for smooth electrodes

and a similar line of argument can be used in its interpretation.
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Figure 8-27. Current-time response after stepping the poisoned

electrode from 0.8V.tc 1.3V,
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Figure 8-28. Graph of current versus (time)"% corresponding to

the falling transient in figure 27.
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Figure 8-29. Current-time transient obtained when the Pt gréy

' electrodeposit in 0.1M CH,OH/1M H,S0, was stepped

from 350 mV to 450 mV.
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Figure 8-30. Current response when a potential step of 200 mV

was applied to the porous test electrode at 0.35 V.
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The curﬁe produced for a pulSe of Sodi amplitude exﬁibits
a maximum after about 40 seconds but this is broad and the subsgquent
current decay is very slow (figuré 8-31). On the same graph is
shown the transient obtained from a 400mV pulse and this exhibits
a maximum before decaying to an almost constant current value.
The absence of a marked fall off in current readings is in contrast

3

to the smooth electrode data fiom which t~ relatiohships could be
derived. Pulsing by 500mV and 600mV increments yiélded only.simple
lfalling transients (g.g. see figure 8-32) with no methanol oxidation
peak discernible. |

_ _ .

A more detailed investigation was carried out in the
potential step range up to.+400mV. Thé initial potential was raised
to 4ooﬁv is N.H.E. where there was still no met currénﬁ flow.
The maximum currents and times to attain these values are summarized
in Table 8-2 for a numbef of potential step amplitudes. As iﬁ
the smooth electrode systeﬁ :'Lm increases and tm decreases as the
‘pulses extend further into the oxidation region.

VWhen the rising part of the current transient for a ISOhV

step is plotted on a t%

scale, a straigﬁt line graph is obtained
with a positive current intercept (figure 8-33). Using the method
described in section 8.3.1. an attempt was made to fit the data
to the mathematical model used previoﬁsly. The correlation however,
was poor (figure 8-34) and could well be caused by the error in
estimating t from a curve with such a broad maximum.

A much closer fit was observed for the transients obtained

with 200mV and 250mV pulses. Both of these approximated to the model

over the rising part of the transient but the slow diminution in
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Figure 8-31. Current-time transients after imposing pdtential steps -

of 300 mV and 400 mV to the Pt grey electrode at 0.35 V. '
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Figure 8-32. Falling current-time transient obtained after applying

a pulse of 600 mV to the porous electrode at 0.35 V.
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TABLE 8-2

STEP POTENTIAL (mV) t () i, WAy
150 160 78
200 78 411
250 49 1325
300 36 3100
350 20 3100
400 8 3450




Figure 8-33. Current versus (time)é ﬁlot for the risiﬁg part of a

transient obtained after stepping the porous electrode

 from 0.4V to 0.55Vv.




Figure‘8—34; Reduced plot comparing the data obtazined from a_poréus

electrode pulsed from 0.4V - 0.55Y with the mathematical

model.
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current after tm led to deviations from the theoretical curve

beyond this point (figu;e 8-35). The corresponding té

plbts.
are given in figure 8-36 and both pass through the origin.‘
The 300mV and 350mV pulse data yielded positive cufrent
intercepts when plotted in this way and neither provided good
agreement with the mathématical model. - It should be noted
thoﬁgh, that in the lafter two cases the current rise was

small compared with the initial spike and as a result the accuracy

with which data could be measured was smaller.
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Figure 8-35, - Reduced ﬁlbt comparing transients-after:app1ying

200 mV_ (o) and 250 mV (s) steps to the porous electrode

at 0.4 V.
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. _ |
8.4. Summary and Conclusions |

The different typés df_pulses apélied to the electrodes
described in this chapter héve each brought to light fa;ets of
the oxidative processes occurring at platinum electrodes in acidic
methanol -containing solutions. |

The complexity of the processes occurring.when pulsing
from oxide covered surfaces led to a difficulty in quantitative‘
interpretation of expe:imental data. But, the results inf;r
strongly that some reduction of oxide was a pre-requisite for
methanol oxidation.

The results obtained at poisoned electrode surfaces

indicated that solution OH species are not directly involved

in the rate determining step of the oxidation process.

rThe growth processes identified at smooth and porous
electrodes on application of positive potential steps were
essentially the same. Howeve;,-ﬁigher currents were maintained
at porous electrodes after the maximum cufrent had been surpassed.
Potential steps iﬁto the region of methanol oxidation were
characterised by transients which fell initially (due to oxide
formation), then rose to a peak valué (due to methanol oxidation),
and finally tailed off as the electrode activity decreased (due
to an increasing coverage of oxide). The results fitted a
mathematical model proposed for a‘system under mixed diffusion

and growth control.

R7



CHAPTER 9

INTERFACIAL IMPEDANCE MEASUREMENTS AT PLATINUM AND

PLATINUM/TIN ELECTRODES IN ACID ELECTROLYTES

9.1. Introduction

Many instances have been described in the literature where
newly born interfaces between solid electrodes and electrolyte

200-204 Vari
. Various

‘solutions change with the pﬁssagé of time
interpretations of these phenomena have been given, often in terms
of adatoms and other adsorbed species. Also on transferring
electrodes to test electrolytes after pretreatment,a finite.time
for re-equilibratioﬁ is required. In the simplest cases this
may iny involvé the loss or gain of sufficient ions to charge
the double layer to a new fotential. In other'systems, e.g.
methanol oxidation on platinum, the surface may be slowly poisénéd
by reaction products. In ﬁddition stepping to a new potential
almost always causes some re-equilibration at the interphase,
e.g. solution specieé may well bé édsbrb#d to different extents.

If the aforementioned processes are slow, a marked time
dependence of electrode characteristics will be observed. The
~ establishment of reproducible conditions for the collection of
electrometric data is therefore of great importance. . The most
convenient method of‘standardising time-dependent conditions is
to employ a repetitive roﬁtine. Experiments of this‘type can
readily be performed and controlled using microproéessors pre-
programmed to vary'the relevant parameters..

20

Armstrong et al. 5 have described a method for automatic

impedance measurement applied to an electrochemical system. A
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frequency response analyser formed the kernel.of the experimental
arré.ngement and the measurement time of the system was of the order
réquired by the integral transform techniques employed. A short-
coming of this approach lay in the need to manually adjust |
botential conditionsrin order to gather fhe complete kinetic

data. .In Chapter 4 a system was described which enabled this
problem to be overcome. .

This chapter describes_experiments in which the automatic
data acquisition system was employed to study the interphase at
methanol oxidation electrocatalysts.

A major stumbling block in the search for a éommercial
methanol-air fuel cell has been thé slow reaction rates at electrodes.
Only platinuﬁ, and to some extent the platinum group metals have
shown_significant catalytic activity. 1In recent years the effect
of 'promoters', seéond metal compeonents, has afoused conéiderable
_interest. Pt/Ru, Pt/Re and Pt/Sn combinations have been shown
to possess a considerably énhanced activity when compared to
platinumllo’lll. ‘The mode of action of these promoting metals:
is not well uhderétood, though it is thought that a modification
bf the adsorptive properties may be- responsible for the'enhanced
activity.

. Any commercial system is aiso likely to use porous électrodes
“which enable far higher currents to be passed through a given weight
of catalyst. For these reasbns the a.c. impedance of smooth and |
porous platinum, and smooth platinum/tin electrocatalysts has been

studied.
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9.2. Experimeﬁtal

The smocth plafinﬁm electrode was cdnstructed from a
platinum rod sealed in soda glass as described previously. Electrode.
pre4treatmeht procedurés were as described in Chapter 4 and the
electrode was cycled to equilibrium before ﬁeasurements were made.
The form of the voltammogram in de-oxygenated 1M sulphuric acid
provided a convenient test of electrode and soluﬁion purity.

The smooth Pt/Sn catalysts were prepared by an immersipn
_technique in which the smoofh Pt electrode was potentiostatted
at 0.0V (vs N.HfE.)‘in 1M H2504 for ten minutes_in ofder to
produce a hydrogen coﬁeréd surfadé._ This was then transferréd'
rapidly to a 1‘0g.J£’._1 SnSO4 in lM.éulphgric acid solution and ﬁeld_
at —150mv for five minutes. :An exchange reaciion Between sélution
‘tin speciés and adéorbed hydrogen resulted_in the production of é
suf-monolayer of tin atoms &nrneoﬁf by the fact that there is still
some hydrogen-chémisorption'and oxygén chemisorption of a Pt-like nature
- in the cyciic ﬁoltammogram). | |

The porous Pt electrodeposits were prepared on pre- etched
gold foil by plating from a solutlonofchloroplatlnlc acid (21 g ' )
at +50mV for 3 minutes. | |

The circuitry used for the automatic.coilection-of:

polarisation and impedance data has been described in Chapter 4.
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9.3. Results and Discussion

9.3.1.- Smooth Platinum Electrodes

A typical polarisation curve for platiﬁum in a 1M sulphuric
acid solution is shown in figure 9-1. A broad region of experimental
polarisability is bounded by currents due to the hydrogen evolution
reaction (at the cathodic end of the curve) and the oxygen evolution
reaction (at high anodic potentials). The corresponding plot of
interfacial impedance versus potential {figure 9-2) exhibits two
impedance maxima (capacitam‘;e minima) at about 0.4V and. 0.9V. The
peak at ~ 0.9V is representative of the diffuse.layer minimum and
hénce of the p.z.c. for this system (c.f.chapter 5);‘whereas the
peak at 0.4V is probably éssociated-with hydrogén desorption from
'the electrode surface. The most intense peak value (at 0.9V} is
equivalent to an electrode capacitance of 33 uF cm".2 (calculated
from Z = llwc ) which is in agreement with earlier work. Complex
plane diagrams for this system form a series of almost‘vertical
lines (figure 9-3) confirming the inert nature of platinum in
sulphuric acid solutions. |

A graph of differential capacity versus log frequency is
shown in figure 9-4. The capacitance values are seen to increase
" as the frequency falls. This is generally accounted for by thg_
reaction penetréting fufther into micropores on the imperfect metal
surface at low frequencies. The capacitance passes through a
minimum at about 2kHz and then Begins to rise-sharply. This type
of behaviour has been observed for porous electrodes when iﬁductive'
regions are observed at high frequencies. (At the point of zero

net impedance, the capacitive and inductive components have values
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Figure 9-1. ~ Polarisation curve for a smooth Pt electrode in

IM H,S0, (currents measured after 2 minutes). .
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Figure 9-2, Graph of interfacial impedance versus potential

for a smooth Pt electrode in’ 1M B,50, (frequency = lkHé)._ o
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Figure 9-3. Complex plane impedance diagrams for a smooth Pt eléctrode .

in 1M H,50, at potentials of 0.3V (a), 0.9V (b} and

1.5V (c¢). (Frequency decades are shown in Hz).
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Figure 9-4, Graph of differential capacity versus log frequency

for a smooth Pt electrode at 0.6V in 1M HZSO4.
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of plus infinity and minus infinity respectively).

.The‘potentiostatic polarisation curve for smooth Pt in
1M HZSO4/0.1M CH,O0H has been given in Chapter 8 (figure 8-1).
A full interpretation of the features apparent on the cﬁrve was
also given. The'corrésponding impedance-~-potential curve (figure
9-5) is similar in form to that obtained in pure sulphuric acid -
electrolytes. However, the value of the impedance maximum
(at mO.QVj repreSents a capacitance of 64 chmHz, almost twice
the value obtained in pufe H2504, énd can be attributed to_tﬁe _
presénce of an adsorbed electroactive'species‘on the electrode.
The frequency scans again yielded nearly vertical linés,(as.in
the case with no methanol) over the entire potential range.

in a 1M ﬁethanol solution the two peaks in the impe&ance-
potential spectrum become much more clearly defined {figure 9-6),
but the magnitude of the capacitance minimum.remains largely unaltered.
This suggests that a similar electrode condition is attained in both
1M and 0.1M methanol solutions at that potential. The peak at 0.4V is

more intense in the 1M methanol solutions than in pure sulphuric

acid or 0.1M methanol. If this peak is associated wifh hydrogen
desorption from the elecffode surface, an increase in the mefhanol
concentrétion would be expected to affect it markedly. The
- dissociative adsorption of methanol onto fhe electrode surface produces

adsorbed hydrogen via the processes outlined below:

CH..OH - (9.1)

CHSOH + Pt + Pt -H + Pt - 2

Pt - CH,OH + Pt > Pt - H + Pt = CHOH ‘ | (9.2) -

Pt - CHOH + Pt -+ Pt - H + Pt = COH o ‘ (9.3)
then |

3t -H > 39t + 3H o+ 3e (9.4)
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Figure 9-5. Impedance-potential curve for a smooth Pt electrode in

0.1M nmwom\HZ H
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Figure 9-6. Impedance-potential curve for a smooth Pt electrode in

M CHSOHflM H2504 (f = 'lkHz)_;
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The complex plane diagrams. for this concentration of methanol were

of the same form as the previous two cases.

9.3.2. Smooth Platinuh/Tin Electrodes

The cyclic voltammograms in figure 9-7 show the electrode
responses in sulphuric acid before (figure 9-7a) and after (figure
9-7b) the production of a tin layer by the immersion technique
described. It is clear that the pla£inum/tin catalyst adsbrbs,
brand desorbs oxygen at much lower poteptialé than does platinum
alone. 'This might be expected in view of the differing bond
strengths of the metal oxides invoived (440 kJ mol"1 for Pt - 0 -
and 560 kJ mol™} for Sn - 0 in the gaseous state). There is
aiso a marked suppression of current in the hydrogen adsorption/
desorption region (0.0 f‘0.4V1 resulting from the blocking of
~adsorption sites by tin atoms. After 20 complete cycles almost all |
of the tin had been stripped frbm the electrode surféce and the
voltammetric curve again resembled that for pure platinum in
M HZSO4.

A potentiostatic polarisation curve for the Pt/Sn'syétem is
given in figure 9-8 and is seen to bé similar in.fbrm to that
obtained for platinum ekcept that the curreﬁt in the hydrogen region
is much lower.

The impedance-potential plot for this system (figure 9-9)
differs markedly from the pure platinum case. The impedance maﬁimum
. observed at 0.4V for the latter is now only seen as a 'shoulder’.

If this part of the curve can be associated with hydrogen desorption,

then the observed effect can be explained in terms of the reduced
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Figure 9-7. Cyclic'voltammograms for a smooth Pt electrode in

1M H,50, before (a,/) and immediately after (b,/)

the production of a surface tin layer (sweep rate =

- S0 mV shl).
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Figure 9-8.

Polarisation curve for the Pt/Sn electrocatalyst in

1M HZSO4.
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Figure 9-9.

Graph of interfacial impedance versus potential for

the Pt/Sn eleétrocatalyst in 1M HZSO4(f = 1kHz).
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number of hydrogen sites available., The peak at 0.9V is equivalént
to a capacitance of 74 pF cm‘z'which is more than twice as high as
for the smooth.platinum electrode and may be interpretedlin termé
of a surface area increase if the deposit is porous to any degree.
At potentials more positive than 1.2V thé curve attains similar
impedance values to the pure platinum curve. This potential -
region correspoﬁds to an oxide covered surface and the graph
suggests'that very littlé tin is left oh the electrode. Cyclic
voltammetry was able to confirm this.suggéstion.'

Complex plane impedanﬁe diagrams were recorded at potentials
of 0.1V, 0.6V and 1.0V. These are shown in figuré 9-10 and all
take the form of almost vertical lines just like the platinum
electrodes under the same conditions. Unlike the smooth platinum
electrodes however, a small inductive region is apparent at 0.6V .
and 1.0V. At 0.1V, well‘into the hydrogen adsorption fegioh, tﬁe
inductive part is far more extensive. This type.of beﬂaviour has
been observed for PbO2 electrodes in sulphuric acidzo6 and was
attributed to the porous struéture of such.electrodes. Thus,
the presence of an inductive shape at high frequencies would
indicate that the_tin deposit produced by the immersion technique
is porous to some extent.(perhaps due to some porous Sn0, sfecies

07 has considered mathematically the

on the electrode}. Darby2
response of a system in which a gas reacts at a 3-phase interface
and where one of the phases is porous; His treatment has shown
that at sufficiently high frequencies a.negative phase angle of

faradaic impedance arises from mass transport and electrochemical

reaction in the pore.
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Figure 9-10. Complex plane diagrams for the Pt/Sn electrode in

1M H,S0, ‘at potentials of 0.1V (a), 0.6V (b) and 1.0V (c)
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9.3.3, Porous Platinum Electrodeposits

The form of thé cyclig voitammogram for Pt grey in 1M HZSO4
(figure 9-11) is the same as for smooth Pt electrodes. Similarly =
the polarisation curve is largély unélféréd but for the magnitude
" of the measured currents (figure 9-12). VImpedanceupotential _
 diagrams were plotted at frequencies of 10 kHz, 1 kHz,100 Hz and
iO Hz; The scan at 10 kHz is shown in figure 9-13 and exhibits
~ negative impedance (i.e. inductance) values over the entire
.éotential fange except for the measurement taken at 0;4V._ The
curves'at lower ffquencies were all of the form shown in figure L
9-14 but‘the capacitance minimum'at'0.7V rose in:magnitude froﬁ-‘:
23 to 33 to 47 pF cm—?* at frequencies of 1lkHz, 1d0 Hz and 10 Hz
.reSPectively. This trend wdu}d be éxpected bearing in mind'the_"
pore penetration conéept already discussed. Complex plaﬁe diagfams
- at botentials of G.1V, 0.7V.and 1.5V (figuré 9-15) yielded arcs
: of very large.diameter circlgs,again'confirming the surface inactivity.
Inductive impedancés were observed at frequencies above 4 kHz when
the electrode was held at 0.7V (figure 9-16j and 1.5V. The most
'markéd effecf howéver was at O.iV when fﬁe impedance was.inductive
at all frequencies above 400 Hz. The graph of_differenfial capacitance
- versus log frequency given by figure 9-17 illustrates thisrpoiﬁt,
(The discbntinuity'in the negative impedance lihe could be due to

hydrogen bubbles forming in the pore structure).

* The electrode area ( 24 cm2) was estimated by integrating the’
hydrogen desorption region of the cyclic voltammogram and.
assuming that a charge of 210 uC corresponded to l-cmz.of

real surface (ie. assuming monolayer hydrogen coverage).
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Figure_g-ll,

Cyclic voltammogram for a Pt grey

electrode in

M HZSO4 (sweep rate = 50 mV s._1
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Figure 9.—12.' .Polarisation curve for a Pt grey electrode in 1M HZSO4.
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Figure 9-13. Impedance-potential curve for a Pt grey electrode in

1M H,80, (£ = 9.9 kHz).
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Figure 9-14.  Impedance-potential curve for Pt grey in 1M H
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Figure 9-15. Complex plane diagrams for a Pt grey electrode in IM H,SO

Zﬂ

2>°4
at potentials of 0.1V (a), 0.7V (b) and 1,5V (c).
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Figure 9-16.  Graph of differential capacitance versus log frequency

for the Pt grey electrode in 1M HZSO4 at 0.7V.
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Figure 9.17. Graph of differcntial capacitance versus log f}equency

for the Pt grey electrode in 1M H,S0, at 0.1V.
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Figure 9-18 shows a cyélic Qoltaﬁmogram for a plétinﬁm
grey electrode immersed in a 1M CH3OH/1M HZSQ4 solution, Methanol
oxidation peéks are observed at potentials of 0.98V (positive
going sweep) and 0.73V (negative going sweep). In the potentiostatic
'polarisétion curve shown in figu;e 9-19.(positive going and
rea&ings taken at two minute intervals) the methanol oxidation peak
is observed at 0.9V,and above 1.1V the oxide formation reactions .
are again dominant. | | |

At frequencies of 1kHz, 1.00Hz and 10Hz a plot of interfacial
impedancé versus potential is found torhaﬁe two peaks (figure 9-20).
The form of the curves is the same in each casé and it is intereéting
to note that the relative peak intensities are réversed in comparison
with the planar‘electrode case. The measured capacitance minima
(now at 0.4V) is seen to increase:from 66 uF c:m-2 (at 1 kHz) to
79 pF cm"2 (at 10 Hz) whereas the peak impedances at 0.8V correspond
to capacitances of 87 pF em2 (at 1 kHz), 131 pF em™2 (at 100Hz)
and 229 pF cm™2 (at 10Hz).

The form of the impedance-potential curve at 10 kHz (figure
9-21) differs from the H2564"case* in thét only small regions of
inductive impedance exist; below 0.2V and above 1.3V. There is
a capacitive minimum (positivelimpedance peak) at 0.4V,similar fo
those observed at lower frequencies, which has a value of 44 pF cm“z.

Complex plane diagrams were constructed at a number of
potentials along the éxperimental range. At 0.1V (figure 9-22&)
an aimost verti¢al line is obtained indicating a very slow rate of
reaction at thé electrode. In this region of hydrogen adsorption

inductive impedances were apparent down to frequencies'of 1500 Hz,
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Figure 9-18. Cyclic voltammogram for Pt grey in 1M CHSOHflh!H

(sweep rate = S0 mV sfl).

2

S0

4

l

15

| | ‘
o9 o

VW / me.un:i |

10

potential

05

/  volts



Figure 9-19. Polarisation curve for Pt gréy in 1M CHSOH/IM H
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Figure 9-20. Impedance-potential curve for Pt grey in iM CHSOH/

1M H,50, (£ = 100 Hz)
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Figure 9-21.  Impedance-potential curve for Pt grey in IM CHSOH/

1M H,50, ( £ = 9.9 kHz).
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. Figure 9-22 (a and b) Complex plane diagrams for Pt grey in 1M CHSOH/

1M H,50, at potentials of 0.1V (a) and 0.4V (b)..

1‘
aL
(o]
.\
2.....
107-
old
O @ _
O |
@ ()



whereas at 0.4V no negative impedancés were recorded over
the experimental frequency rénge (i.e. 1Hz - 9.9 kHz). Figure 9-22b
~shows that at 0.4V the diagram takes the form Of_a large diameter
semi-circle. At 0.9V (near the peak methanol oxidation current)_
a complete semi-circle which returns to the abscissa at low
frequencies is obtained (figure 9-220). This.is typical of a

2

pure charge transfer controlled reaction and a value of R.., = 130 Q cm

. cT
is indicated. The porous structure of the electrode which often
leads to the presence of inductive regions at high frequencies
causes a distortion fromlthe projected semi-circular line in

this case. The impedance maximum occurs at a frequency of 3.931 Hz

and yields a value of 300 LF cm™? for the double layer capacity

1
(calculated from w =/
‘ o max Rep CoL

is that the majority of the semi-circle is found in the negative

). Another interesting feature

resistance quadrant of the graph. Thié efféct can be readily accounted
for by referring to the polarisation curve in figure 9-19. A
frequency scan taken at a potential slightly positife of the peak
oxidation current will be in a region where the gradient of the
curve is negative (and hencé represents a negative.resistance).
At a potential of 1.5V (in the oxide region) a semi-circle
éorresponding to a charge transfer resistance of 320 @ cm2 is
obtained (figure 9-22d).

A graph of capacitance versus log frequency at 0.9V
(figure 9-23) is a broad trough with an essentlally flat bottom

between 10 Hz and 1000 Hz. At frequencies above 1 kHz the;_

capacitaﬁce rises sharply and eventually the impédance assumes

negative values above 3.5 kHz,
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Figure 9—22;. Complex plane diagram for Pt grey in 1M CHSOHIIM ﬂz 4

at 0.9V.




Figure 9-22d. Complex plane diagram for Pt grey in 1M CHSOHllM H
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at 1.5V.
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Figure 9-23. Graph of differential capacitance versus Iog.frequen-cy

for Pt grey in 1M CHSOH - IM H‘.ZSO4 at 0.9v. |
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When the electrode was potentiostatted at 0.9V, the
current decay curve shown in figure 9-24 was -obtained. This curve

3 3

did not follow a t* or t ° relationship and after thirty minutes

the current fell linearly witﬁ increasing timé. This behaviour

is in marked contrast to the planar electrode case when poisoning
causes a rapid diminution of the current to aﬁ essentially constant
value. The interfaciél impedance was also monitoféd during‘the above
experiment and figure 9-25 shows the variation of ih—phase and out-
of-phase components with time. The capacitive value hardly changed
over a 50 minute time period whilst the resistance fell slightly.
Both of these results are surprising in view of the dfamatic fall

in current. |

A similar series of experiments was carried out in O.IM
.CHSOH - 1M HZSO4 and a typical voltammogram for this system is given
by figure 9-26. The polarisation curve too is of the expected
form (figure 9-27) with an oxidation peak at 0.8V.

The electrode impedénce at 10 kHz is inductive at all
potentials apart from 0.4V (figure 9}28) whiéh can be related more
closely to the results in pure 1M H2804 than in 1M methanol solutions
when the impedancé was largely capacitive. rAt lower frequencies the
graph consists of two impedance peaks, the-mosf intenée occurring.
at 0.45V and a smaller one at 0.75V. At 1 kHz the impedance has
negatiﬁe values for potentials lower than 0.3V bui otherwise is of
the same form as the scans at 10 Hz and 100 ﬂz (figure 9-29).

Sluytérs plots were again recorded at 0.1, 0.4, 0.9 and 1.5V.

All except the run at 0.4V exhibited some inductive region, and all

but the run at 0.9V took the form of very large radius semi-circles.
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Figure 9-24. Graph of current versus time for a Pt grey electrode

potentiostatted at 0.9V in 1M CH,OH/1M R,S0,
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Figure 5-26. Cyclic voltammogram for a Pt grey electrode in

0.1M CH,OH/1M H2804‘(sweep'rate = 50 mV Shlj..-‘
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‘Figure 9-27. Polarisation curve for Pt grey in O0.1M CH OH/
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Figure 9-28. Graph of electrode impedance versus potential for

‘a Pt grey electrode in 0.1M CHSOHIIM H2804 (f = 9.9 kHz). .
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Figure 9-29, Impedance-potential curve for Pt grey in 0.1M CH30H/

IM H,80, (£ = 100 Hz)..
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At a potential of 0.9V, a semi-circle largely in the negative

resistance quadrant was observed. In contrast to the results

taken in 1M methanol solutions the curve did not return tb

the abscissa within the expefimental frequency range bﬁt broke

down at low frequencies (below 1 Hz). This couid arise from

the relatively high noise levels inhefent in such measurements.
- In oxder to éxamine the methanol oxidation reaction

more closely impedance spectra were recorded at 100 mV intervals

from 0.5V (the foot of the oxidation wave) up to l.éV (the region

éf oxide formétion). At 0.5V the complex plane diagfam (figure

9-30a) forms thé arc of a semi-circle whose radius istbolarge

to estimate wi;h any degree of accuracy. This suggests a very

slow reaction rate and confirmation is provided by.the lack of

significant faradaic éurrent flow in the polarisation curve.

It can be seen from figures 9-30b and 9-30c that as the potential

increases the charge transfer resistance falls to measurable

C

values aﬁd at 0.8V the R T is approximatély 240 @ cm2 {figure
9-30d). iThe position of the iattgr semi-circle on thé x-axis
suggests that the run was performed at a potential slightly
positive of the methanol oxidation peak. The 2-minute-interval
‘polarisation curve does not lend support to this liﬁe of thought
but the ffequency scans each took fifteen minutes to complete.
Therefore in order to obtain a truer picture of the electrode

state at these times a new polarisation curve (with current readings
aftér 15 minutes) was constructed. As would be expected using

a slower scanning rate, the peak oxidation current was shifted

to lower potentials (figure 9-31).
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Figure 9—30 (b and c). As for 9-30a, but at potentials of 0.6V (b)

and 0.7V (c).
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Figure 9-30 (d and e). As for 9-30, but at potentials of 0.8 (d)

cand 0.9 (e).




]:1 - orT S'.— “:] | 2 f ‘r
g ] p [4)

iy 9]

0 5
(
g .
a
nd
| - A
|
f.
T
|
3
> b
1t
en
t
1
“
1
- . ..0
(f)

1
-1V
(g
)
, 1.2V
(h
)

ot




SO.“

Figure.9?31; Polarisation curve for Pt grey in 0.1M CHSOHIIM H 4
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The frequency resﬁonse at 0.9V (9-30e) is similar to that

at 0.8V but the measured RC has fallen to 140 2 cmz. This would

T
indicate a faster reaction rate;in contrast to the polarisation
cufve which shows a émaller current flow. (A similarly unexpected
‘trend 'is exhibited By the curves in figures 9;30b and 9-30c on
the rising portion of the wave). These effects can be rationalised
when it is considered that the semi-circle diameters are not
directly proportional t6 the current flowing at any‘point on the
i-V profile but rafher to the slope of the curve at‘that point
(i.e. dv/dﬂ' |
At 1.0V (figure 9-30f) a large diameter semi-éircle is
indicated with a tendency to appfoach negatiﬁe resistance vélues
at low frequencies still evident. At 1.1V and 1.2V the oxide
formation reaction exerts an increasing influence and its faster
rate with potentiai is illustrated by the frequency spectra shown in
figures 9-30g and 9-30h. Thg last points {low frequencies) in

figure 9-30h are tending towards a line at an angle of 22%o which

is the'predicted Warburg slope for a microporous electrode.

100



9.4, Summary and Conclusions _ )

: Impedance measurements made at very high frequéncies are
often foun& to yield negative values even on supposedly smooth
solid electrodes. This is particularly tfue for platinum in
the hydrogen adsorption region of the potential range where
3-phase interfaces may be encountered.

At lower ffequencies the.impedance spectra of platinum
electrodes between the potential limits 0.0V and 1.6V vs N.H.E.
are characterised by two peaks. The first, at about 0.4V~is
probably assbciated with hydrogen desorption from.the electrode
surface whereas the other, at about 0.8 - 0.9V is most likely
associated with the poteﬁtiai of zero charge on platinum'in
sulphuric acid electrolytes. | |

Tin adlayers are séen to suppress hydrogeh chemisorption
and promote an adsorption.of oxygen at lower potentials in
sulphuiic acid solutions. The lafter is thought to be a major
factor in ehhancing the rate.of méthanoi oxidation at theée
electrocatalysts.

The most crucial difference between porous and smooth
platinum electrodeé with respect to methanol oxidation, is that
a chérge transfer controlled process can be identified at porous

catalysts but not at smooth ones.
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CHAPTER 10

METHANOL OXIDATION IN A NON AQUEOUS SOLVENT

10.1. Introduction

- A number of specifications caﬁ be proposed fof the ideal
fuel cell electrolyte. These include temperature stabili;y;‘high
ionic conductivity; low corrosivity; and an ability to dissolve
the reactants., There are drawbacks associated with almost all
"of the acids currently under investigation. Sulphuric.acid
exhibitg strong poisoning effects and‘is unstabie at high
_temperatures. Phosphoric acid also exhibits poisoning and is
a weak acid. Perchloric acid is much less poisonous to catalysts
but is unstable at high temperatures.

A promising series of compounds for fuel cell use is the
perfluoroalkane sulphonic acids. The simﬁlest acid of the group,
trifluoromethanesulphonic acid (CF3503H) was first synthesised

08

in 19542 . It is one of the strongest protonic acids known

(at least as fully ionized in water as pefchloric acid)zo9 and

yields a non-éomplexing anion. The acid forms a stable monohydrate

which melts at 349C and has been the subject of recent investigations.
Adams and BargerZIO have réported vastly jmproved catalyst

performances (up to 1000% better.than in phosphoric acid) for propane

and.hydrogen oxidation in trif luoromethanesulphonic acid monohydrate

11

(TFMSAMH). However, Hughes et al.2 have shown that contrary to

212 it is not an attractive electrolyte

previously published data
for methanol electro-oxidation.. Carbon-13 NMR studies of the

CF3803H/H20/CH30H system indicated that there was no significant
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ester formation211

. This study concluded that whilst up to a
tempefature of 60°C, catalyst performancés.were comparable to
those obtained in sulphufic acid, the long term stability of
aqueous TFMSA solutions might be poor. |

An investigation into the corrosive properties of
TFMSAMH disclosed a number of common construction materials which
would be resistant to attack’*®. It was also shown that from
vapour pressure measurements‘élone it was feasible to 6perate

af temperatures as high as 150°C. It should be noted that this

“study did not consider the possibility of poisoning sﬁlphur
3pecies.production in thé electrolyte atlthat temperatﬁre.

in spite of the drawbacks associated with fﬁis,system
when considering practical applications, TFMSA should provide
alconvenient medium for investigating the role of water in
methanol oxidation. This chapter records data measured in

trifluoromethanesulphonic. acid monohydrate eledtrolYtes containing

small amounts of water.
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10.2. .Experimental

The small-volume two-compartment cell used in this series
of experiments has beén described in chapter 4. The working
‘electrode was a platinum'rod'(¢ = 4mm) sgaled in‘goda glass. This
was inserted in the same compartment as fhe Pt gauze counter eleétrode.
A bubbling hydrogen reference in the same sdlution was employed.

The cell was placed in a water bath at 40°C and allowed to equilibrate.
_before measurements were made.

The trifluoromefhaneﬁulphonic acid (Fluorochem Ltd.) had to
be purified by distillation under nitrogen before use. The fraction
boiling at 164°C was collected and was a fuming coiourless.liquid.

The monohydrate was prepdred by mixing equimolar amountglof the
anhydrous acid and tri-distilled water in an ice bath. The white
solid produced was further distilled twice undei nitrogen and

the fraction boiling at 214-215°C collected. The crystalline white
solid obtained exhibited a sharp melting point at 34°¢C in agreement
- with the results of other ﬁorker5210“212.

Test solutions were prepared by mixing the appropriate
quantities of methanol (AnalaR grade} and tri-distilled water
with the acid monohydrate in the cell at 40°c.

The electrical circuitry‘for measuriﬁg sweeping voltammo-
grams and potentiostatic polarisation curves has been described in
'chapter 4. .Conductivity/resistivity measurements were made
using an autobalance universal bridge (Wayne Kerr B641) and speciai

cell.
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10.3.  Results and Discussion

It was decided to investigate the water depeﬁdénce of fhe
methanol oxidation reaction in the range of low water éonééntrations
(0 - 10.5% by weight). Tﬁe conductivity of TFMSA monchydrate-water
mixtures is knoﬁn to reach a maximum at aﬁout 40% by weightlof
monohydrate213. However, detailed meaﬁurements at low water levels
have not been puﬁlished. Figure 10-1 shows a curve‘of solution
resiétivity versus water concentration over.the experimental range
chosen for this series of experiments. Pure acid monohydrate
has a resistivity value of nearly 27.9 em and this fails to undér.

S Qcm when the solution conféins‘lz% by weight.wéter. Even in
the solufions containiﬁg 0% water the iR drop in the solution
will be insignificant at the low current Iéﬁels encountered

in our experiments.

.Cyclié voltammetry was performed in TFMSA-MH/water mixtures
over the potential range 0.1V —.lfSV. (The limited potential |
range was chosen to avoid proﬁlems reported by other worker5211
when decomposition of the electrolyte has been défected at .
hydrogen evolving electrodes at elevated temperatures). The
potentiodynamic curve in figuré 10-2 is for a smooth platinum
electrode in pure trifluoromethanesulphonic acid-monohydrate,
Current densities were calculated with fespect to the nominal
surface area of the electrodé. A loss of peak structure in the
_ hydrogen desorption region is apparent. This is accompanied.
by a completibn of the desorption process at approximately 0.3V
(cdmpared to 0.4V for platinum in_lM‘sulphurig acid solutions).
Beyond 0.3V there exists a broad region of zero faradaic current

flow before the oxygen adsorption processes begin to give rise
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Figure 10-1, Graph of solution resistivity versus water concentration

for TEMSAMH - water mixtures. . _ ‘ o
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’ Figuré 10-2. Cyclic voltammogram for a smooth Pt electrode in pure

trifluoromethane sulphonic acid monohydrate (sweep rate = 50m
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to anodic currents. The oxide foimation reaction does not'yield
significaﬁt currents until a potential of 1.0V has been reached,
which is about 200mV more anodic than the corresponding point
in the sulphuric acid voltammogram. Similarly 6n the reverse
sweep, the potential of the cathodic oiide'reduétion peak is
shifted by about 100mV to a Qalue of 0.85V. Since it has been
postulated that.the methanol oxidation reacfion'requireé the
simultaneous adSorption'df oxygen and thg methanolic residue
the aforementioned observations assume a great releﬁance. .

The amount of chafge passed in forming an oxide
layer during thg positive-going sweep seems mﬁch larger than
that passed for oxide reduction during the negative-going sweep.
Thus the peak at 1.3V may be associated with other processes in
additiqn to oxide formation. It has been suggested211 that the
reaction could be due to the oxidation of surface sul phur

species (formed from a decomposition of the electrolyte):-

- ' -+ .
CFz SO, + 200+ HW > 3HF + H,50, + CO, (10.1)
3H, SO, > 2HSO,” + S + H,0 + 28" (10.2)
then
Pt - S + 4H.0 . > PtO, + SO, + 8H' + 8e (10.3)

2 2 2

On the negative-going sweep there is a cathodic peak at ~0.5V
which is not seen on voltammograms measured in sﬁlphuric acid
electrolytes. This too is ﬁost likely associated wifh a feduction
of one of the decomposition pfoduct; mentioned in the above scheme,
As water is added to the monohydrate electrolyte the shape

of the voltammogram is seen to approach that obtained in sulphuric
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acid solutiong_(figure 10-3). Oxygen adsorption occurs at about
0.8V (in solutions containing 10,5% water, e.g. figure 10-3).and
the subsequent reduction peak is observed at about 0.7V. ‘The
hydrogen adsorptioh-desorption'region however seems largely
unaffected by the change in solution composition.

| When methanol is added to the pure acid monohydrate
electrolyte a dramatic change is observed in the shape of the
voltammogram (figure 10-4}. At potentials more anodiec than

1.0V much higher anodic currents are recorded‘than in methanol-
free solutions. No oxidation peak is‘oﬁserved and the current
increases rapidly beyond 1.4V due to the oxygen evolution reaction.
It is difficult to see from such a curve whether the currents
observed at these high anodic potentials are due to meihanolic résidge
on Pt + adsorbed oxygen specie reactions or result from methanol
oxidation upon an oxide covered surface. The positive-going potentio-
static polarisation curve for this system is given in figure 10-5
and also displays no peak comparable to that observed in aqueoﬁs
sulphuric acid electfolytes. (The polarisation curve for the
methanol-free system is shown on the same graph aﬁd the rising
current in the methanolic solution is seen to coincide with the
oxygen adsorption peaks observed in the TFMSA-MH).

- On the negative-going sweep in figufe 10-4 an oxidation
peak is observed at 0.7V. This gives rise to a small net anodié
current and a direct parailel to this process can be dréwn from
the sulphuric acid voltammbgrams. |

When water is added to the monohydrate-methanol mixture

further changes in the voltammogram are noted (figure 10-6}. The
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Figure 10-3. Cyclic voltammogiam for a smooth Pt electrode in a 10.5%

water/89.5% TFMSAMH splﬁtion (sweep rate = 50 mV S"I) .
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Figure 10-4. Cyclic voltammogram for a smooth Pt electrode in a

0.6M methanol in TFMSAMH solution (sweep rate = 50 mV 3“1]. '
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Figure 10-5.

Positive-going polarisation curve for a smooth Pt electrode

in the same solution as for figure 10-4, {/), and for a

methandl-frée'solution (.
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- Figure 10-6. Cyclic voltammogram for a smooth Pt electrode in 2

solution containing 0.6M methanol and 1.5% water in

1.

TFMSAMH {sweep rate = 50 v s~ ).
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peak during the negative going sweép intensifies and a definite
'shoulder' is apparent on the positive-going part of curve
beyond 1.0V. The 'shoulder' is also seen in the corresponding
polarisation curve for a solution containing 1.5% water (figure
10-7).

As the water conéentration is increaséd further an anodic -
oxidation peak at ébout 1.0V develops on the positive sweep and
becomes greater with the water concéntration. The peak‘oﬁ the
negative sweef also increases in height emphasising the role.
of water in the reactions giving rise to these currénts.l The
éyclic voltaﬁmogram and polarisation curve fof a 10.5% water.
concentration . are shown in figures 10-8 and 10-9 respectivelyQ
Several intereétiné features arise from voltammograms measured
in the water concentration-range 0 - IOﬁS%.

The potential at which the double-layer region on
the anodic sweep ends and the surface oxidation current begins
is shifted cathodically as the watef concentration increases.
Oxygen adsorption begins at 0.92V in pure TFMSA-MH but this
potential reduces to a vﬁlue of 0.77V in a 10.5% water solution.

In order to determine the exact dependence of reaction
rate on bulk water concentration the log of the peak cufrent
was plotted against log of water concentration for the current
peaks in both sweeping directions (figures 10-10 and 10-11}.
The slopes were 1.6 (for the.ahodic going sweep) and 1.5'(for
" the cathodic going sweep) indicating thatlthe oxidation cufrent
is'proportional_to [H20]3/2 . This is a surprising.result in

that onc might expect the reaction to be first order with respect
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Figure 10-7.

Polarisation curve corresponding to the conditions

described for figure 10-6.
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Figure 10-8. (Cyclic voltammogram for a smooth Pt electrode in a

solution containing 0.6M methanol and 10.5% water in

TFMSAMH (sweep rate = 50 mV 5-1).
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Figure 10-9. Polarisation curve corresponding to the'conditio@g

described foxr fipure 10-8.
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Figure 10-10. Graph of log peak current ffor metﬁanol oxidation}

versus log water concentration (%) for the positive-

. going sweep during voltammetry.
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Figure 10-11. Graph of log peak current (for methanol oxidation)

versus log water concentration (%) for the negative-

going sweep during voltammetry.
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to water if the limiting step in the oxidation scheme is

‘ etc
Pt - COH + Pt -OH =-» Pt -CO fast
from dissociative

water adsorption

(10.4)

It may ﬁell be that the water activity over the. experimental
concentration range is not linear with concentration and could
affect the result in question. Accurate data concerning water
activities (or vapour pressure measurements) in trifluoromethane-
sulphonic acid are not available. Another possible explanation
is that the rate of adsorptién.of water may not vary linéarIY'..
with-bulk H,0 concentration. |

The fact that a genuine peak is formed in the high
potential range provides evidence that the currents are dué
to reaction between adsorbed methanol and oxygen-containing
species on platinum sites.

Figure 10—12.sh9ﬁs a graph of peak current.(pésitive
going wave) versus water concentration, Using the slope of
.this curve the diffusion coefficient for the éctive water

species was calculated from

[
i

3.01 x 10° n (_omu)% DOJj cg L (10.5)

:

3 3

3.01 x 10° n (on)? p o | (10.6)

oC

o

The value of diffusion coefficient obtained was 1.8 x 10_12 cm2 s-1
which would appear to be far too low to represent a diffusion in

0

solution process. But, the preceding argument has assumed bulk H2
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Figure 10-12. Graph of peak methanol oxidation current (for the

positive-going poterntial sweep) vexrsus water concentration (%




to be the reacting species. If the reactant at the electrode
surface was an entity whose concentration was directly proportional

to {HZO], then similar concentration dependences would be observed.

b
0

considerably lower and as a consequence the diffusion coefficient

The C. value (in equations 10.5 and 10.6) however, could be
would be greater.

Tafel plots, constructed from data at the foot of the
positive-going oxidation peak, were iinear over the whole range
of water cbncentrations. All but the curve for the solution
c0ntéining no added waterr(which had a slope of 170mV per

current decade) yielded gradients of 120—1 10mV per decade of
curfent, indicating an irreversible one-électron tranéférr

process (e.g. figure 10-13).
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Figure 10-13.
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Graph of log current versus potential from data around
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10.4. Summary and Conclusions

It is clear from cyclic voltammetry that oxide formation
and redﬁction processes on platinum electfodes'occur at higher
anodic potentials in a trifluoromethanesulphonic acid monohydrate
eleétrolyte, fhan in aqueous‘sulphuric acid solutions. There is
also some evidence suggesting that the electrolyte may decompose.
Adding water to the base electrolyte yields voltammograms which
are more like those obtaiﬁed in sulphﬁric acid solutions.

When methanol is added to TFMSAMH-water solutions,
methanol oxidation peaks are aéparent on both the positive-going
.sweep-(at about 1.0V) and the negative-going sweep.(at about
0.75V}.  The peak current is dependent upon water concentration
to the power 1.5 for sweeps in both directions., A graph of i

versus water concentration predicted a value of 10_12 cm2 s"1

p

for the diffusion coefficient. It therefore seems likely that

bulk H,0 is not the active species involved in the current

2
producing reaction.

. Tafel slopes at the foot of the oxidation wave were
found to be 120 mV per current decade for a wide range of

water concentrations. Such a value would be expected for an

irreversible one-electron transfer process.
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CHAPTER 11

FINAL DISCUSSION

The successful development of a commercial methanol-air fuel
cell would have dramatic effects upon the energy scene. As a
consequence, research'in'fuel—celi eiectrpcatalysis is curréntly
proceeding vigorously. 1In spite of this the overall state of
knowledge has not made great advances over recent years.' Bef@re
commercial utilisation becomes practical a large increase in
reaction rates at electrodes is necessary.

The academic press is still inuhdatedwithconflicting data
and little common groun& has been found Between the theorists in
opposing camps. Many of the differences encountered when reading
published data may be attributed to the extreme sensitivity of
the systems in question to contamination. The effects of impurities
must be a forembst'éohsideration‘when embarking upon a project in this
field.

A further complication to extracting kinetic data from
measurements is the varying covefagé on the electrode surface by
hydrogen, oxygen and methanol throughout the potential range.

A number.of aspects of the methanol oxidation reaction héve
been considered during this project and thése wili be outlined
" below and discussed further under the appropriate headings.l

The éleétrolytic medium in whiéh to.effect the fuel reaction
is of prime importance. 'Unfortunately the practical handling |
considérations of the engineer may necessitate the employment of

a system which is not the optimum from a chemical viewpoint.
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Thé electrode materiéls, their structure and composition
could affect not only the reaction rate but also the réaction
mechanism. .The distinction between true catalysis (by affecting
heats of reaction) and inhibition of poisoning is one not |
easily made. This provides a particuiar point of contention when
considering the role of bimetallic catalysts.

Wﬁen considering reaction mechaﬁisms a céntral‘issue has
been the rationalisation of steady-sfate'and potentiodynémic
data. Considering one.type of measurement aloné ieads‘to vastly
differing éonclusioné from consideration of the other. .The
role of water assumes a’ great significance toé, being closely

involved in the rate determining step of the reaction.
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11.1;7 Eiectrolyte consideratioﬁs
| Of the many acid electrolyte systems reviewed with regard
to methanol oxidation,lsulphuric acid seems the most promising
for use in a low-temperature aqueous-electroiyte fuel cell,.
Thus, the present investigation has beeﬁ confined largely to
this medium with a brief investigation of trifluorome;ﬁénesulphonic
acid monochydrate solutions. |

Platinum is known to dissolve‘very slowly in sulphuric
~acid under anodic conditions, and a dissclution mechanism has
been proposed to explaiﬁ the electrochemical activation effects
following anodic-cathodic treatments of platinum electrodesgo.
Even so, platinum has been repo:ted to be the only metal showing
significant activity towards methanol oxidation.

Catalyst activities.fall off with increasing acid
concentration, by é greater amount than would be expected from
the drop in water activity alonelzg. From double layer measurements
(Chapter 5) the presence of adsorbed species at the electrode
surface from sulphuric acid electrolytes was in evidence. These
data were able to confirm the suggesfion that neutral H2804
molécules are likely to poison the electrocataiyst in concentrated -
- acid solutions. Thus in order to increase efficiency (from an elec-
trochemical viewpoint) low concentrations of écid should‘be used.
It is unlikely though, owing to‘the'pfactical problems associated
with handling sulphuric acid, that eléctrolytes_of much‘lowér |
molarity than is currently used in car batteres would be employed
in any commercial unit. |

* Trifluoromethanesulphonic acid monohydrate has been reported

to be attractive as a fuel-cell electrolyte212} When used without
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the addition of water it is seen to cause platinum to adgorb and
desorb oxygen at‘higher potentials than in aqueous sulphuric acid
solutions (Chapter 10). From cycli; voltammetry some doubt as to
its stability (even at 40°C) has also been expressed.

Many common engineering materials have been shown to be

resistant to attack by TFMSAMH213

and catalyst activities towards
methanol oxidation are high in its aqueous solutions. Owing to
its high cost however, and the ready decomposition of the anion,

211

we must agree with others that it is an unattractive electrolyte

for use in a practical cell.
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11.2. Electrocatalysts

To date, no non-platinum catalyst has been pfoduced that
shows any significant activity towards methanol oxidation.
Unfortunately though, platinum is very sensitive to.trace
impurities in solufion, and is susceptible to poisoning by acid
species and by intermediate products of the methanol oxidation
reaction.

Despite the-apparent inert nature of the platinum electrode
.from ﬁqlarisability measurements (Chapter 5), sweeping e#periments
reveal a very active surface with fespect to.hydrogen,and oxygen
chemisorption (Chapter 6); Impedance measurements have also
shown the presence of methanol adsorption at low potentials
(Chapter 9). The reduction of Pt0, has been shown to occur
largely in the solid stafe and pulse data has strongly indicated
that the simultaneous presence of adsorbed mefhanol and water
on the electrode surface is a pre-requisite for the oxidation
reaction (Chépter 8). The development of an oxide film across
the methanol covered surface.occurs Qnder-the mixed control of
growth and diffusion processes.

'Any practical system would incorporate high surface area
porous electrodes. It has been reported that the reaction mechanism
does not differ qualitatively on smooth and platinized electrdde5103.
Indeed using the poténtiostatic pulse mefhod, the riéing portion
of currentetimé transients on smooth and porous Pt electrodes was
shown to conform to the Qame model (Chapter.S). Complex plane

impedance diagrams however, indicated some charge transfer

controlled behaviour at methancl oxidation potentials‘on porous
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electrodes but not on smooth ones (Chapter 9).

One of the most exciting recent developments in the field
of methanbl fuel cell catalysis has been the introduction of
bimetallic electrocatalysts. The addition of second metal promoters
has led to great enhancements in activity. Platinum/tin is a
particularly promising system, and from cyclic voltammetry and
impedance measurements it is clear that Sn additions lead to
a suppression of hydrogeﬁ chemisorption and an adsorption of

‘oxygen at lower potentials than on pure Pt. Whether either or
~ both of fhése effects are responsible for the increased activities
will be discussed further in the next section, since the state

and action of tin atoms on the electrode surface is of central

importance to the reaction mechanism on these catalysts.
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11.3. Some aspects of the reaction mechanism

It now seems well established that methanol undergdes a
rapid adsorptive dehydrogenation process onto platinum eleétrodes
yielding a relétivély inéctive intermediate. This specie is ﬁot
removed until another agent (possibly'wéter or OH} is adsorbed
simultaneously. On platinum this does not occur below a potenfial
of aBout 0.7V in 1M H,S0, and not until 1.0V in pure CFSSO3ﬁ.H20
(during sweeping experiments). In both cases the gfowing oxide
film eventuélly inhibits the reaction by completgly displacing or
oxidising fhe fesidue. |

Tafel slopes are known to be.dependent upon methanol
concent;ation but fheir ihterpretatiﬁn ié difficult since.the
surface coverage by methanql is not constant with potential.
Potentiodynamic experiments indicate a first order depen&ence
of the current on methanol concentration at slow sweep speeds but
this relationship falls down as v increases. The results are
consistent with the idea of a slow desorption process for an
intermediatelgs (Chapter 6).

The central importance of water to the oxidation slow step
is unquestionable, but the exact nature of the agent responsible
for residue removal is still unresolved. In trifluoromethanesulphonic
acid mbnohydrate the'potentiodynamic oxidation currents are
proportional to [1-120]3/2 (Chapter 10). It is very unlikely that
bulk water is directly involved, but rather some related entity
such as Hzoads or an adso:bea CH ra&ical. Pulse data suggested
that the reactive agent was present in 1M H2504 at a concentration

level of about 102 molar, thus excluding the possibility of OH™
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ion pafticipation._

The diffusion of solution species to the electrode effects
complex current-rotation speed dependences in R.D.E, experimenté
(Chapter 7). The difference between stationary and dynamic
measurements was'also emphasised; opposing effects on the current
being noted when w was increased. Other than the possibility of
different stages controlling the reaction rate in both typeé of
experiment, or different mechanisms opérating, it is difficult
td rationalise this effect. _‘ |

The role of Sn atoms in promoting methanol oxidation is
a topic of great debate. Modifications to the properties‘éf
platinum electrodes are clearly in evidence (Chapter 9) But one
can only speculate on the mode of operation. Suppressidn'of g
hydrogen chemisorption éould go hand in hand with a lower |
me thanol dehydrogenation rate, and hence a slower build up of
poison on the surfacesz. Another suggestion is that the tin
operates as a redox couple which oxidises the residﬁe before itself

being oxidised back again to its initial,statelll

. A furfher
possibility is tﬁat the methanol adsorbed on Pt sites is removed
by reaction with oxygen species adsorbed on adjacent tin atoms;

" but others-® have proposed that the active oxygen is on Pt sites,
being more readily adsoxbed in the préseﬁce of Sn oﬁing to an

adsorption stabilisation effect. It is impossible to distinguish

 between these using data recorded during this project.
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11.4. Further work

Whilst the search fof alternative énergy sources remains a
high priority to gOVernmeﬁts arouhd the ﬁorld, fuel cells and
electrocatalysis in general will continue ;o undergo intensive
study. The relative uncertainty surrounding the oferall reacfion
scheme leaves much scope for workers continuing in this field.
‘Below are listed several topics which might afford profitable areas
. of reséarch following on from the work described in this thesis.
1. | ‘The non-complexing hature of the anion and the strict

control of water aétivity possible in trifluoromethane;_

sulphonic acid monohydraté electrolytes makes a more
exhaustive study of methanol oxidation in this medium

look very attractive. The dependénce of currents on

methanol concentration and the'a350fption characteristics

(possibly from impedance data) would be of considerable

interest. An eﬁtensive L.S.V. and R.D.E. study could

also provide useful data concerning diffusion processes

in this system.

2. The other major area of interest is related to the
behaviour of.platinum/tin and otherpromoted‘catalysts;
Pofous Pt electrodes were shown to exhibit charge transfer
controlled properties when studied using tﬁe a.c. impedance
technique and the corresponding porous‘Pt/Sn'catalysts
should be studied in the same way. |
The performance of Pt/second metal catalysts should also be

" investigated over a range of eleétrode c0mpositions. This might

. indicate just how important geometric effects might be. Catalysts

could be manufactured using thé adsorption technique  (or electro-

deposition) to control the amount of tin added or by simple alioying.
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APPENDIX 1

THE PURIFICATION OF SULPHURIC ACID ELECTROLYTES

A.l.1. Introduction

It has become iﬁcreasingly evidént over recent years that.
the preparation of pure water, free from organic surface-active
contaminants, is not simple,‘ The pfeviously used technique of
distillation from alkaline‘KMﬁO4 is now considered inadequate214.
The organicrcohtaminants ﬁow commonly present in many domestic
and industrial water supplies are steam‘yolatile and hence are not
removed by distillation. -

“The use of charcoal for cleaning electrolytic solutions
has been wéll established fbr a nﬂmbef of years following its
introduction'by Barker215. The criterion for solution cleanliress
has conventionally been taken as the a.c. impedance of a static

215,216

mercury drop Such éharcpal-cleaned solutions have been

successfully used in the investigation of many solid metal/metal ion

217 218

exchange reactions and in double-layer studies at both amalgam

219,220

and solid electrodes. An exception to the successful use

of chaxcoal has been noted for the case of lead in sulphuric acid

221. Their results were ascribed to the

by Jenkins and Weedon
incorporation of carBOn into the lead lattice to a significant
depth; however, Auger spectroscopy has frequently shown that.
carbon signals can be obtained as a consequence of past solution
contamination,.

A system exhibiting a very pronounced sensitivity to

trace impurities is platinum in sulphuric acid. This system is
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also of considerable commercial interest as a possible fuel

cell electrolytic medium for the oxidation of carbon-containing
fuels such as methanol. That residual impurities from the

stock water used in the preparation of electrolyte solutions might
affect the electrochemical properties of platinum has been

170. This appendix describes

suggested by Formaro and Trasatti
a comparison of the methods of charcoal pre-treatment and pre-

electrolysis for sulphuric acid purification.
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A.1.2, Experimental

Potentiodynamic experiments were-performed using a
high sensitivity linear sweep generator/potentiostat (Kemitron
LSV-P4). All glassware was cleaned by sbaking in 50:50 HNOS:HZSO4
followed by rigoTous washing. All water ﬁés triply distilled from
deionised stock, the first distillation being from alkaline
permanganate. Aristar sulphuric acid was used from the bottle.
. Charcoal was prepared by soxhletting with conétant

boiling HCl (for 6 months) to remove metallic ions and then

soxhletting with water (for 4 months) to remove c1”.

A.1.3. Criteria for solution purity

The criteria_used were those of Conway et a1.214:

(i) maintenance‘for at least 1 h of surface éoverage (or
equivalent charge) of hydrogen and resolution of thé
hydrogen peaks when potentiodynamic sweeping is
conducted over a restricted potential range, e.g.
+0,05V to + 0,75V (i.e. not including the region where

_ surface oxidation arises);

(ii) cathedic an& anodic charge balance to within 2%,
indicating the absencelof oxidation reactions in fhe
oxide formation potential region;

(iii) absence of any diffusion controlled and hence sweep-rate-
dependent peaks in the double layer region (0.40-0.75V)
or over the surface oxide formation region (>0.75V):

(iv) absence of any slant of the whole i-V profile about the
iero current base line due to faradaic oxidation processes
in the anodic sweep and faradaic reductioﬁ processes

during the cathodic sweep;
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(v}

(vi)

. maintenance of the shape of the i-V profile down to

5mV s-1 without the appearance of spurious peaks or
blocking effects in the hydrogen or surface oxidation
potential regions;

resolution of three distinguishabie peaks in the
anodic surface oxidation i—V profile for platinum

between 0.75 and 1.1V.
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A.l.4. Results and Discussion

Figure Al-1 shows a cyciic volfammogram obtained in
a2 solution which had been purified by prolonged in‘situ electrolysis.
This system was found to conform well to the Conway criteria.

The pre-electrolysis was carried out in the specially designed
working cell in which the main compartment contained the
luggin capillary and ports for the working electrode and pre-
electrolysis electrodés. ‘The latter were withdrawn from the
solution before the working, reference ahd counter electrodes
were fitted.

Figure Al-2 Shows é potentiodynamic profile corresponding
to' a solution treated ﬁith charcoal for an extensive period of
time. It is clear that this system is contaminated when the
voltammogram is compared with figure Al-1. Evidence is‘provided
by sloping voltammograms and the presence of spurious peaks
in the double-layer‘region as the organic is adsorbed and
oxidised at high anbdic potentials. The source of contamination
may arise from the oxidising action of sulphuric acid on. the
carbon or by a percolation and leaching process. These results
may well explain the data of Jenkins and Weedon_221 in a more
satisfactory manner than hitherto.

Figure Al-3 shows potentiodynamic data for acid sélutions~
prepared using water purified by'repeated distillation only. Here
electrolytes which yielded "clean" voltammogfams at a potential’
sweep rate of 50mV s_1 did'not maintain this shape at lower sweep
rates. The curves‘showh in figure Al-3 afe for sweeps between

0.050V and 0.700V using a platinum electrode in IM H,SO,. The
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Figure Al-l. Cyclic voltammogram for a smooth Pt electrode in a
1

}.

‘pure_sulphuric acid solution (sweep rate = 50 mV s~
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Figure Al-2. Typical cyclic voltammogram for a smooth Pt electrode

in a contaminated sulphuric acid solution (sweep rate =

1

SOmV s ).
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Figure Al-3 (a,b and ¢). Cyclic voltammograms for smooth Pt in 1M H2504

between 0.05V and 0.70V.

Sweep‘rates are 50 mV s~1 (a), 40 mV.s;I {b)
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presence of species which oxidise on the electrode below 0.3V is
apparent. This leads to a suppression of hydrogen adsorption peaks
and an enhancement of the desorptién peaks. It is interesting
to note that these features are not mentioned by Conway et al.214

- and suggests that the impurities in our stock water may well be

differenf from those encountered by Conway in-Canada. From the effective-

ness of pre-electrolysis it follows that whatever organic impurities

are present they are removed by oxidation at gas evolution potentials.

A.1.5. " Conclusions

(1) - The method of char;oal cleaning for sulphuric acid
| leutions is unsatisfactory owing to an interaction
between the two phases.

(2) _ The exhaqstive pre;electrolytic method of Bockriszzz'
provides the'mOSt effective readily available method
of sulphuric acid electrolyte purification. |

(3) The adsorption of trace impurities from nominally
clean solutions onto platinum may well exhibit

geographical variations owing to local methods of

treating stock water.
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APPENDIX 2

COMPUTER ANALYSIS OF IMPEDANCE DATA

A.2.1. Calculation of impedance values from Schering bridge
measurements

The following.simple computer program was written in
 BASIC for use with an interactive computing facility such aé
the PRIME system ét Lougﬁborough University. Capaéitance,'.
resistance and frequency ﬁalues measuréd using the Schering
bridge circuit are typed in along with fhe surface area of
the electrode. A table is then printed listing frequency,
and out-of-phasé and in-phase components of.the-electrode

impedance:
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20
30
40
41

42
56
69
70,
71

8@
9g
91

92
93
96
97

" 189

119

120 .

136
143
148
149
15¢
169
170

180

190
260
218
222
225
2349
231
232

246

PRINT
PRINT

PRINT

PRINT

PRINT

PRINT
PRINT
PRINT
PRINT
INPUT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

"PDOGTAA TO CALCLLATL REAL AND IHAGINARY COMPONENT
"FROM ELECTRODE IMPEDANCE DATAY

“ENTER sunFnCE AREA OF EL*CTROD“ C(IN SQ.Cife), THEN"
“PRESS. RETURN"™ !

[ . -
“ENTER FREQUENCY (IN HERTZ),CAPACITANCE CIN MICRO-
"FARADS),RESISTANCE (IN 0HM4S).THEN PRESS RETURN"
“TYPE IN THE NEXT THREE VALUES F,C,R AND RETURL ET
"TEnMINATE DaTAa hITH “1s151" -

bl r(l@ﬂ):C(lﬂ@)oA(IGG):R(!EG)
FOR I= 1 TO 1020

HPUT FCID)LC(IDXLRCI)

IF FC(I) < U THEN 148

MEXT

i - A . I B
PRINT - '
PRINT , : .

PRINT " FREQ 1/%cC R "

PRINT : ‘

PRINT :

FOR J = 1 TO 1c@

IF F(J> < 0 THEN 23¢

LET R(JY = RCJY % S '

LET ACJY = (1E6 * S) / (2 * 3. 142 ¥ FCJ) % c<J) )
PRINT F(JI>ACIISR(I)

NEXT J.

PRINT

PRINT ) -

PRINT "DONT FORGET TO TURN EVERYTHING OFFee«seesiJAH"
END ' '



A2.2. Computer analysis of impedance data

Analyses of the spectra obtained using the automatic
impedance bridge can sfill be laborious and it is often advantageous
to use a digital computer to carry outltheseloperations. Outputting
the experimental re;ults on punched paper—fape usually provides

the most convenient medium for this type of treatment.

A.2.2.a. Charge transfer controlled reactions

-If the impedance of an electrochemical cell can be
represented by the equivalent circuit shown in figure A2-1, the
impedance is given by

] "

2 =2z + jz

= R + R + ijRz ' o (A2.1)

sol —
1+w2C2R2 1+m2C2R2

and the resulting spectrum in the complex plane is a semi-circile
(figure A2-1). The diameter of the semi-circle is equal to R,
and ‘the frequency at the maximum of the semi-circle is related

to C by

*

w o= e o | - (a2.2)

Determination of the correct semi-circle through experimental
data points is difficult by numerical methods. An approach which
overcomes this was first proposed for the evaluation of dielectric

223 and involves a plot of z' vs wz'. A straight

constants by Cole
line is obtained, the slope of which is -RC according to the

relationship:

1 " : BN .
z = -wz RC + Rsol 7+ R ‘ - (A2.3)

The reciprocal of the-élope is equal to ~w . Since this frequency

corresponds to a point equidistant from w = o0 and w = =, the point'
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Figure A2-1.

Electrical analogue of the interphase and the

corresponding impedance display in the complex plane.
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at infinite frequency can be found. Projection of this point onto

t.
the z axis affords an estimate of Rso

1*

Job Resistance was designed to manipulate data from such

impedance spectra and follows the scheme outlined below:

(1)
(11)
(iii)

(iv)
(V)
(vi)
(vii)

(viii)

(ix)
(x)

Dimension arrays

Pfint title and headings

Set number of data points for analysis

Start loop to read and print input data values
from punched tape

Evaluate 1/C

5 .
Call plotting subroutine and plot Ry vs I/C .
. ‘ s

Call leastsquares subroutine and fit straight line

through‘data points
Calculate and print slope, w , Reps Cppe correlation

coefficient and standard deviation.

Calculate and print error for each data point

End

The complete program is given overleaf.
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oy

Y OYY DY

pHOGRAN (HEQ1)

tNPUT 1 = CRoO

INPUT 3 =TRo

oUTpuT 2 = Lpd

COMPRESS INTESER AND LOGICAL
TYRACE 2

END

MASTER RESISTANCE

PIMENSION RSCT1O1Y.CSC¢T101y.F101), ((111).U(111)
DIMENSION ITITLE(2D)

rEAD AND PRINT TITLE CARp
READCT,1) CITITLECI),1=9, 203

1 FORMATczona)

WRITE(Z2,2) (ITlTLE(I) I= 1,20) - R

2 FQRHAT('IH"rZOAL/f'l'IHOI\lPUT DATAIZVHQQS(OH Is) -1,!4(;3(0“\15)- F el
READ(T,8INTERNS ,

8 FORMATC(IO) - '
START LOOP 70 READ IN DaTh VALUEs Fagw PAPER TAPE
N0 | . u
nG 5 I=1,NTERNS
READ(3aa,END 6)IDUHHYaIR1oInszC1 Ir2,1F1 1;2 .

3 FORMATCI342X, 15,1%, 102X, I5,1X,11+2X,15.4%,11.,7)
RSCE)= FLVAT(IR1I*D.0 **(IR?“J)
rS{I)=-gs(l)

CSCEY™ FLOATCIN1)*40.0%%¢1C2~5)
FCI) = FLOATCLR1I#1y OxwglF2-7)
WRITECZ,4) RGN, CSCIYoFCD)

b FORMAT(IH 4F7.%.3X, 175,37, F0.4) .

. NN+t

5 CUNTINUE
EVALUATE 1/¢S

6 TH0pI=3.1415924%2.,0
1F (N.LE.2)G0 Tn 26
n0 7 I=1,H4
ull)=Tunpl*g ¢l
x{)=Cscry*»weh

7 CONTINUE
CALL PLOTTING SHRRNUTENE
CALL LEASTSQUAFRES SJRRIUTINE
URITEC2,10)

10 FORMATC'1PLOT Ui RS US 47054
CALL PLUTC(X,RS.w~,2) -

WRITEC2,11)

11 fORMAT( Y ISTRAVGHT LINE THRIUGH RS Vg 1765y
CALL LEASTS(X %S, No3LOPE,YINTICORR,SDEV)

GV T0 24

FRTER TP THERE a3p 0T gnngu DATA POINYS

0 WRITE (2,21)

€1 FURNAT(/33H RUS 95 THIS nDATA A3ANDINED 2ECAUSE/
i 3A4H THASE AxfE NOT Zx0USH pArva POTNTS )

TERHINATFE Jun
b4 WRITF(2,29)
€5 FURMAT(Z1IH ENe NE 00B)
sTOo
END .
SURQOUTINE PIOT (X, Y, NelntaLE)
THL3 StlxgulUrph: PLOIS A QUALEDR ogprASY IUN THE LIN&PR!.TER
;\RR"\YS ¥ AND Y --']n STHO TR GRAPH PIIYTS
v T3 THE sUngbe oF WRADH #3IMTS To ne PILOTYED ,
THE X AXIS 1S 2adays STALED TU FIT ACROSS ToE LINEPKINTER PAGE
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Iz Nal

sl el

79

6

i O
R
2

-t

THE VALYE Of ISCALE (1-10) FIXES THE LEMGTH OF vy AXIS TN INCHES
THE ARRAYS XoV.iXe& UY HUST BE DIMENSIONED THE SAME SIZE AS

THE ARRAYS X & v IN THE QTHgR PARTS aoF THE PROGRAM, EXCEPT IF X
v ARE DIMENSTIOdED LdSS THAN 61:1x & IY MUSY BE DIMENSIONED 61

PIMENSTON X¢101),YC101),1X¢101),1YC191) , LINECIO01) s XAXISCT1)

nATA 18LANKI1H /.ISTAR/1u*l;nlﬂuslin-/,:111atl

RESET ISCALE IF VALUE BIVEY IS QuT DF RANGE
TFCISCALE.LT. Y. OR.ISCALE 6T 10) 1SCALE=10

CALCULATE XHAX.v™aX .

xMAxX=X(1) R

¥RIN=D (¢

vHMAx=Y (1)

vHIN=0 9

nd 1 I=2,4 :

TFCXCEY LGT,XMAX) XHMAX=X(1)
TFCYCL) LGT YHAKY YHAX=Y(D)

CONTINUE - o - ' '
SCALE X VALUES, SCALE Y VALUES IF REOSUIRED, AND STORE IH IX AND
TFOXMEN (NE.XHAX_ AND YHIH NETYHAX) Gn TO 2 . | :
uRITE(2,99) ’ : -
FORMAT (61 HOINO GLRAPH PLOTTED BECAUSE alL THE X OR Y vALUZS ARE TH
SAHE.) : 7

RETuRN .

YSCALE=100,0/7(xX4a%~-4A1IN)Y

YSCALE=FLYUATC(ISCALE*G) / (YMAX-Y 1IN)

p0 3 l=v,n

TRCII=TETIXCASCALE* (X(I) =X AT Y+, 5)

IV ORI =T R IXCYSCA =% (LY =yIINYI*ID.G)

CONTINUE

PRINT GRAPH ON L tTnE,RINTER
WRITEC2,4)

FOR4AT (1H )

MIY=ISCALE*p

1RANGE=MIY*+ : :
1ZERO=YFIXCYSCALE* (~YHI;Y+).5)

n0 14 ¥=1,IRABGE :
1CHAR=TRLANK ) ,
TFCL.EQUIRAMGE.NR . MIY.EQ.JZERD) ICHaR=MINUS
LINECTI) =11 ’ .
nd 5 K=2,101

VINE (K)=1CHAR

CONTINU:

a7 J=q,4

1FC1YCda-t1YY. 7, 4.7

1 J9=1X 092+

LINECIXUM)=I8Tpn

CONTINUE , _
TFOCCT=1)/6%46+% ) £0,1) 40 Ty 190
ITFITY. FO.IZERUY WwC YO U

URITEC2,R) ¢Lla¢d), a=1,14u1)
FURTIIAT(UIH #10X. 10124

Y T0 13 : '

vYAXiS=0,0

&0 10 11
YAXIS=VIAL~(FLuav (1 ~-1) /Yl LE)
WHITECZ,12) YA IS CLTHECH) ,y=1.1D1)
FORIMATLiR APE7 2, %0-, 01401
MiY=mive-q



s EaBnKy)

oy O

(o]

Y4 cONTINYE

15
16

3

O

7

LABEL VALUES ALDONG THE X AX1S

b0 45 i=1.,11 ) ) -

XAXISCI)=XMIMFFLOAT (1~1) *10,0/XSCALE

URITE(2,10) CXAXIS(I).I-«a11>

FORMATCiH*e113%,50 17657 14 ,10x7 1H:,10(9x 1H1Y/
TH 9% 10¢IPEZ.2,1%),1PE9,2)

RETURN

END '

SUBROUTINE LEASTS (X, Y:J.SLOPE YIHT.CcORR, SDrV)

ARRAYS x AND Y COMTAIMN o DATA ?DIﬁTs

"SLOPE=SILOPE OF STRAIGHT LINg,

YINT=INTERCEPT ON Y, ANp Spgv= STAwDARo DEV(ATIUN
DIMENSTION X(10% ).Y(101) o
sUMx=0,0

sUMyY=0_0

sﬂMDxZ:G,U

SUHMDY2=0 0

" gUMpXY=0.0

CALCULAYTE SUnS

p® 4 I=%,n
sUBX=SUx+X (1)
SURY=SUNY+Y (1)

CONTINUE

FN=g L UAT (N)

AVX=SUMK/ZEN

AVY=SUNHYZER

p0 2 1=1,N

pxX=XC1Y-AVX

RY=SY(I)-aVY

sUMpYe=5 uHDx?+-A*p>
SUMHYZ2=SUNDY2+.iy» DY
SUMAXY=SUHDXY+ a*pY
TF{SuMpX2.NE.C.0)Y GU TD 4
ERPORS DETECTE: ~ SRt
WRITE (2,3) )

FORNMATC//45H Rui TERRINATED RY SYBROUTINE LipASTS, RURAJSE/

35H Tur X COURDTIIATES ARE ALL THE SAME)
sTGp T

CALCULATE SLUP', IHTERCLPY aAND csnREL47104 rOFFFICILpT
SLCPESSUMDXY /S nX2 ‘

NIKNT=(SHuY 50N, 2= Sunxiﬁudahv31(ph+suﬂp<z)

1F<suwnv? NE.O.Y Gy T §
COrR=1,

6V Y0 6,
CORE=SHpXY /S SU TSP R2»5UMnY2)

CALCULATE SU% .y eRADRS 2ad STANRARD DEVIATIONM
sUMgprR=y_ U : '

80 2 I=,n

FRR=Y (D) -YInT~ ., 0ppaxdld

QUMPERKSSUIMERD Y cyxwy
qDFg:SQh:(SU151-I(Fh~1.h‘3

TF Q. 0F 3u) 8D =80 TR MLRR/F )

WATTE ReSULTS v LTWrPRINTER O TERJTHAGL -
i.l:"],Sl_\'PF. .
cOLzStLispt/yriv,



WRITEC2,14)5. 0P, 0, YINT, cOL CORR,SDEY
T4 FORMAT (BHOS1O0g =,qpElg.3/
HOu» =.0PFB8.3.350 S-~1/
BHORCT. - =,0pF3.3,5H OHYS/
8HOCDL  =,6pFB8.3,13H MICROFARADS/
26HOCHRAELAT(ON COEFFICIENT =,0pF6.3/
21H0 TANDARD nEvlrrlou =,1PE1),3)

[ A P A

C CAL'ULATE AND PRINT ERROR FOR Earﬂ DATA POINT
URITE (2.17)
17 FORMAT(/26H0ERROR FOR EACH DATA POLNT/ .
1 330 % oy ~ .ERROR)
n0 19 1=1,N 2 . L .
E=Y(I)~YINT~ SLJPF*K(I)
WRITE €2.18) X(1).Y(1)-L -
18 FORMAY (1H ,1PET0D.3,2X.1PE10Q, S,gx 1pE1Q 3)
19 CONTINUE
RETURN
. END
- . FINISH

TS



A.2.2.b. Diffusion controlled reactions

When diffusion is the only céntributing factor to the
impedance, the spectrum consists of a straight line‘of unit
slope-fbllowéd by a relaxation to z' = o which takes into
account the interaction of the a.c. and d.c. diffusion layers.’

At high frequencies the equation for this Warburg
impedéhce (W) reduces to | | |

W= ow? - jou? o —_— (A2.4)

If Rp and Cp_are'the components of resistance and capacitance
in a parallel equivalent circuit, the following relationships

are valid when charge transfer effects are small

R, = 200”8 ‘ , | | o (A2.5)
Cp = CDL + iomfi ' ' ' : (A2.6)

3

Computer analyses of Cp and RP versus w - plots by a linear least

squares method yields values for o and CDL'

In certain instances the series components Rs and I/mCs

3

of the impedance also depend on w °. - The slopes of these plots give
further values for ¢, and the intercept of the R, - w-i plot is

"equal to R, - ZGCDL. These graphs are useful when charge transfer

CT
becomes important. When this is the.case, expressions describing
the total impedance become-complex and Rp Vs mf% and Cp vs wt
plots are non-linear.

‘ng Electrode was.designed to handle data from Warburg
impedance plots and follows the scheme outlined below:

(i) Dimension arrays

(ii) Print title and headings
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(iii)

(iv)

(v}

i) -

(vii)

Set number of data points for analysis

Start loop to read and print input data values from
punched tape

Evaluate R_ and C
P P

Call subroutines plot and leastsquares for

(a) l/wcs' vs m-i

]

() R vs 0 2

c R wvs
(c) D w

-3
-3

d) ¢
(d) b VS o

. In each case plot graph; print slope, intercept on y-axis,

correlation coefficient and standard deviation; then print
error for each data point,

End,

The control portion of the program (i.e. less subroutines, which

were given in the previous section) is shown overleaf.
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ke

PROGRAI (HEQ1)
INPYT 1= CRrO
NPT 3 =TRO

QUTPUT 2 = o0

1/

&

~!

]ﬂ

’1A

i1

COMORESS IMTEGER AYD LOGTCAL

TRACE 2

END

MASTER LLECTROSY

DIMENSTuN RSCTTII,C3¢1d1Y,Fi01), w(101) rP(.ﬂi) RP(S 01)
nIMENSION ITITILECZ2D)

READ ANG PRINT TITLEL Capn

REARCT, 1) (ITITL‘(I,.I 1.23)

FORIAT (2 0A%) '

WRITEC2,2) CITITLECLY 121,20 S B .
FURBATIHT p20A4 77140 INpUT aATA/2?40a8<1H4S; 1/4CsS(0HYS)
READCIL3INTERDS : '
FORMATCIO) ' ‘ ' e

sTART LapP TO cEad DnTﬂ VALUES FroM PAPER rApc

‘N=0

n0 5 I=4,HTEpMS S T
READ¢3,3,.END= 6YipUMiY.IR1,1R2/1CT, IP?:IF1rIr?
FoRtATi13 Zx I- r1KJA1I2h,IS 11X, 11 ZX.IJ 1K,!1 ,)
RSCII= FLUATCIRTI)I*TP .0 . e IR2-4)

RS{1)=-ks(1}

eSC)= FLOATCL 4) %9y Onn(ICDm4)

FCOI) = FLOATCIFS)*Tu Own (s 2=7)

NRITEC2.4) graCiy,Cscp).rel)

FORVATOMH #1703 ,.34,02.3,34,F9-4)

N=H4+1

rONT NG

FYALUATC CP AN np

rH0P1=3,14150242.0

1F (B 2X6 T )

no ¥ I=:i K

wlI)=Tuopi+gcl:

RERS(L)/6S(N ‘
CP{'I):'((;;*B)"(I AE ety )y 2 {4 .0-"(%’-([) *(3(lyyy
RPCiII=C0 O+ * enso1)

Wll)=uw=1/72 KNU

WCI)=v, azs8QuedaCry

CUNTINU

CALL PLOTTING LURROUTLNE

CALL LEASTSqUA S SUriDJITINE

URITEC(2,10) ‘

FORMAT O aPLQT o 073,05 4o W=-1727).

CALL PLuor{U,0S8...,5)

URTTF (2, %) .
FORUAT O ISTRAIQHT L .8E o HLJUGH §/73d, 08 vs W= /21
CAL:y LE5TS €€ L, 0, 5090 YINT.CA%T, SOE 1)
URITF (2.4%) ‘ '

FURLGAT (- 1PLOT & BS VS .. /f2')

CAL. PLAT(L, 05 0,3

UKIT?(::5|}

PORGATO 18Taal -7 L 8D inh 06 RS Ve g g2v,
FAL, L7oQTS (K., U, SLY i s YIHT»{ORR,L,EDE 7Y
uRlTe (2,1}

FORGAT -2 1P 0T 5 w0 VT = y2)

ChLL PP T, qf e

gRYtr (2,54 '
EURBATE STl - v 8 vl YUGH R Vg wWes f2'
CAL- LUASRTS (R, 0,0, 80 )08 2 ¥ UNT CNR L, SDEY)
VRT R (D .13)

F(H
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$3 FORMAT(HIPLOT 98 CP vS ua1/20)
CALL PrLoT(u,CcP.4,2Y):

33 FORMATC ISTRALIGAT L:iNE TuRIUGH Cp Vs Hai720,
CALL LEASTS (CP,u, M, SLIPE,YINT/CORR,SDEV)
¢l 10 24 : ) : -

~ ENTER 1F THERE Ang 0T CMOUGH ﬂnrn polnws
20 uWRITE (2.2%1) )
21 FORKAT(/35H pUx 0k THI% DATA ASAVDJueo aFcAUSt;
1 ‘ 34H THr qE ARE WOT ENOUGH DATA POINT\.)

TERHINATF JuB

L URITEC(R,.25)

25 FORMATC/11H EN: OF y0B) .
sTOp -
FND
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