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We show in this paper that there is a lack of consistency between conventional
electrochemistry, stemming from the theory of point charges, and the macroscopic
demands of energy conversion in electrochemistry. Conventional electrochemistry
gives a static explanation for the EMF of an electrochemical system. A new electro-
chemistry which focusses on the process connected with the dynamics of the system
avoids the inconsistencies which have been pointed out.

The new method, the electric work method, relates the EMF of an electrochemical
cell to experimentally accessible, or operationally defined, quantities. The EMF is
derived by inspecting coherent changes in a system of conductors and insulators. Any
electrochemical system basically has the topological structure of a torus. Material
changes along the torus are necessary to obtain an EMF. The charge is not required in
order to arrive at expressions for EMFs in a system of conductors. Electrical energy is

manifested only if part of the torus consists of an insulator.

1. Introduction

The purpose of the present article and the article to follow!
is to present and apply’ an alternative method of studying
electrochemical systems, the so-called electric work
method.

The method was first developed for isothermal systems
by Hertz.? It was later extended to systems with temper-
ature gradients by Hertz and Ratkje.>* Arguments for the
name “electric work method” were given.* The method has
been applied to thermocells by Ratkje et al.’ These studies
show how a new treatment of electrochemical systems can
be obtained from the first and second laws of thermo-
dynamics, certain laws of delocalized mass and energy con-
servation, and some phenomenological equations for heat
and mass transfer.

In classical electrochemistry ions have an electric charge
as a static attribute. Likewise they have local electric poten-
tials, leading to so-called diffusion potentials. Some inher-
ent difficulties in the conventional approach stemming
from the concept of electric charge as a static attribute have
already been pointed out.? Here the conceptual analysis is
made more rigorous. Experiments to prove the conven-
tional approach are suggested. If these fail, some tentative
theorems are valid.

The electric work method is consistent with these theo-
rems, but cannot itself disprove the conventional theory.
The objective of the present paper is to develop a way of
dealing with electrochemical systems, using a new concept
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for the electric charge and eliminating the need for local
electric potentials.

2. Operational criteria for the existence of electric
charges

In order to demonstrate the fundamental problem of con-
ventional electrochemistry, it is necessary to have an indic-
ative operation to prove the existence of electrically
charged bodies.

To achieve this aim, we use a set of bodies of macro-
scopic dimensions which are distributed in space. The bod-
ies are at rest [Fig. 1(a)]. We assume that gravitational
force can be neglected. The equilibrium situation is then
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Fig. 1. The entities of the rnodel system: (a) set of bodies of
finite size at rest; (b) after supply of energy E,, charged bodies
move in directions given by the resuitant force of the arrows.
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Fig. 2. Conversion of electrical into mechanical energy in a
charged body — spring system: (a) the state of maximum
electrical energy; (b) the state of maximum mechanical energy.

perturbed by giving the bodies electrical charges. The bod-
ies begin to move, as a consequence of the electric charging
(Fig. 1(b)). We will discuss the nature of the electric charg-
ing in section 10.

To create a good analogue with electrochemical systems,
we replace the kinetic energy of the bodies by potential
energy via sets of springs. In order to quantify the electrical
work, W, that can be done by the bodies, as a conse-
quence of their electrical charge, each of the bodies is
considered to be attached to springs, (Fig. 2). The springs
are fixed in space via adaptors in order to produce proper
energy dependence on the distance between bodies. A
second purpose of the adaptors is to make possible a re-
versible conversion of electrical to mechanical energy. The
mechanical energy, E, ..., and work, W, of the system is
then represented by the expansion or compression of
springs instead of by expressions containing the speeds in
Fig. 1(b). The rates of changes of the respective quantities
are given by eqn. (1) with F; as the ith force of the ith spring
on a body and dr;/dt as the rate of body displacement. F;
and dr,/dt are known from observation of the springs. Ne-
glect of kinetic and magnetic effects implies that all dr;/d¢
are small. Eqn. (1) yields the definition of the electric
work, W,,. The electric work is further related to the elec-
tric energy E,, and the mechanical work.

dE pe/dt = AW, /dt = >, F, (dr,/dt)

(1)
= — dW, /dt = — dE, /dt

At a given instantaneous configuration, the system has
electrical and mechanical energy. Immediately after charg-
ing we have the situation given by Fig. 2(a), E ., = 0. Let
the initial state develop into a state of maximum mechani-
cal energy stored by the springs as given in Fig. 2(b). When
the charged bodies are in contact as in Fig. 2(b), the charge
separation will disappear with time. The springs will go
back to the original position, and the mechanical and the
remaining electrical energy take the form of thermal en-
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Fig. 3. Conversions of electrical or mechanical energy into
thermal energy: (a) total conversion to heat through a
conductor; (b) partial conversion to heat through an insulator.

ergy. The final result is that no electrical energy remains,
E,=0.

A direct conversion from electric to thermal energy may
occur. We then place a neutral body, which is a conductor,
between two bodies with charges of opposite sign [Fig.
3(a)]. The result is an increase in the temperature of the
conductor due to Joule heating.

Electrical energy can be maintained and only partly con-
verted to thermal energy by placing a neutral body, which
is an insulator, between or close to the two charged bodies
[Fig. 3(b)]. The material of the insulator prevents a total
conversion of electrical energy in this case. For the in-
sulator we have eqn. (2), where U is the energy of the

AWppeon/dt = — dU/de + dQ/de — AW, /dt @

neutral insulator, and dQ/dr is the heat flow into it. We
consider eqn. (2) as the indicator equation for detection of
electric energy, i.e. the existence of charge. The existence
of charge implies that the system is able to perform me-
chanical work. If for a macroscopic body dW,,/dt # 0,
then at least one of the surrounding bodies carries an
electric charge.

3. Coherence in energy conversions

When the charged bodies change position, the correspond-
ing energy conversion occurs in a way governed by the
geometry and the material. The processes of body motion,
internal energy production and local change of electric
energy, at any position, are coherent.

This coherence of phenomena will be used to obtain the
new general formulation. This phenomenon is central in
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electrochemistry. However, it has not received emphasis in
conventional electrochemistry.

We introduce the coherence parameter as the “rate pa-
rameter of coherent changes”. The coherence parameter
coordinates the conversion of mechanical, electrical and
thermal energy inside a system of charged and neutral
bodies strictly, i.e. rigidly. (See also section 7.) The coher-
ence parameter is a vector in the cases we study. In the case
of a conductor, Fig. 3(a), the coherence parameter is the
electric current density, j.

In the case of an insulator or a dielectric material [Fig.
3(b)], the coherence parameter is the time change of the
displacement D, dD/dt, or the displacement current den-
sity. At the border between conductor and insulator we
have eqn. (3).

~Div (dD/df) = j = —(3/3)Div D 3)

Div D means surface divergence. This is essentially the first
of Maxwell’s equations after differentiating both sides with
respect to time. The situation is illustrated in Fig. 4. The
displacement current is manifested inside the body as well
as outside it. For instantaneous values of D we have div D
= 0. The coherence parameter dD/dt determines the rate of
change of the electric energy through eqn. (4), with the

dE,/dt = | E(dDIde)dvV
14

= (d/dr) ((1/2) [ @) dV) @)
|4

time-dependent electric field strength E = D/e, and the
dielectric constant, €. D, which is also time-dependent, is
connected with the electric charge g by eqn. (5).

q= [ Dugds 5)
S

uy is the unit vector to the surface S of the body. For the
moving conducting body the electric current density is a
source of local momentum production at the heterogene-
ous surface. The mass of a body is m;, and v, its velocity.
Thus for any of the bodies shown in Fig. 4 we write eqn.

(6).

m; (dv;/dr) = f TN (unj)undS
s

(6)

+ [ wli = (unj)unldS + F
N
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~Div(dD/dt) =]

Fig. 4. Electric field lines between charged bodies (schematic).
Time dependence of field lines yield the displacement current
dD/dt.

The velocity refers to a coordinate system at rest relative to
the centre of mass of the system of bodies. According to
eqn. (6) the movement of the body is a result of the mate-
rial discontinuity at the surface when j # 0. This discontinu-
ity leads to a production of linear momentum, my(dv,/dt),
or movement of the body. The parameter ty, defined by
eqn. (6), is the normal component momentum transference
factor, while t; is the tangential component momentum
transference factor. At the surface of the body j satisfies
eqn. (3). The condition dv;/dt = 0 was a prerequisite for
eqn. (1) and must also be valid for eqn. (6). F is the
external force caused by the spring which ensures this con-
dition to be fulfilled.

For small dv,/dt and j, the rate of change of mechanical
energy is opposite and equal to the rate of change of
electrical energy. From eqns. (1) and (4) we have eqn. (7).

AW, /dt =

i

2 v; ( { (U j)undS + _” rli — (unj )“N]) ds )
s

Eqn. (7) describes the role of the current density j as the
coherence parameter for correlating motion and energy
conversion in conducting materials. In general, when the
conducting bodies are moving, there is also a non-vanishing
current density ji,.., inside the bodies (Fig. 4). This current
density causes a production of internal energy even in the
homogeneous parts of the material. The local rate of pro-
duction, rj%..., Where r is the specific resistance, must be
added to eqn. (7). Thus also coupled to the coherence
parameter j there is an internal (irreversible) energy pro-
duction in homogeneous matter.

The indicator equation for detection of electric charges
of a neutral insulator takes the form of eqn. (8).




AW, /dt =

y ( [en[un(dD/dt) )y, + w[dD/ds — [uN(dD/dt)]uN]> das (8)

To summarize: regions of material discontinuity which
are crossed by the coherence parameter are sinks or
sources of linear momentum or mechanical energy. The
production of linear momentum or mechanical energy at
the material discontinuity is reversible through its depend-
ence on j. The displacement current extends to all space
between the conducting bodies.

The production of linear momentum is completely analo-
gous to the production of mass or thermal energy at regions
of material discontinuity.'™

4. Electrostatic system description

The theory of electrostatics describes in many cases the
interaction of charges as the interaction between a large
charged body and a small test charge, g. The situation is
illustrated in Fig. 5. A chemical example of the test charge
would be the proton.

The movement of these two charged bodies relative to
each other does produce a displacement current outside
and an electrical current inside the bodies, as indicated in
Fig. 4. It is an aim of the classical treatment to remove
these effects. The fact that lim(F'/q), for ¢ — 0, remains
finite and non-zero when the positive test charge moves
towards the negatively charged body is used to achieve this
aim. F' is here the force experienced by the test charge and
lim (F'/q) = E, for ¢ — 0, is the electric field strength. The
production of a displacement current outside and an elec-
tric current inside the test charge can be ignored in this

@
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Fig. 5. (a) The interaction between a positive point charge and a
large negatively charged body with mass m. The line
surrounding the two bodies encloses the system with which we
are dealing. (b) The charge is taken to be a property of the
large body alone. The positive point charge above does not
belong to the system.
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limit. However, the internal energy flow in the large body
can also be ignored. In other words, there is no mechanism
inside the bodies transforming electrical energy to mechan-
ical energy in this picture. This means that the electrical
energy of the large body is no longer taken as an energy of
a pair of bodies. Furthermore, we have eqn. (9), which

E = - grad () ©)

gives the electric potential y(r) of the large body as a
time-independent property. It is not changed by the ap-
proach of the test charge. Since the nature of the test
charge is irrelevant for the use of y(r), it seems that the
primary process as such has been forgotten.

Thus in the classical theory in a general situation both
interacting charged bodies have intrinsic time-independent
properties, which are the charges, and intrinsic time-inde-
pendent electrical potentials, y(r). Movement is caused by
the static field strength of one body and the charge of the
other body.

d(mv)/dt = qE (10)

The points of space surrounding the charged body are
non-equivalent. This causes the motion. Or, the cause of
the motion is intrinsic to the space around the body. In
contrast to this eqns. (6)—(8) state that the motion of the
bodies is connected with a rate parameter spread over
space, i.e. delocalized. Advancement per unit time be-
comes effective wherever the material changes. Nothing is
said about the locus of the cause; this may be anywhere.

5. Application of indicator equation to detect electric
charges

Homogeneous, bulk phase systems. Consider a homogene-
ous solution of cations and anions. The ions, which are
microscopic in nature, have an electric potential and an
electrical energy according to the theory of electrostatics.
Conversions to other energies should be possible. It is the
convention of this microscopic picture that other energies
are mechanical. For moving ions mechanical energy means
kinetic energy. The mechanical energy is increased, while
the electrical energy is decreased as a cation and anion
approach each other. A complete conversion does not take
place, however, and the electrical energy is internal.

This leads to the following inherent problem. As ex-
plained above, the criterion for the existence of electric
charge on any object, thus on cations and anions, is the
production of macroscopic mechanical energy. However,
the homogeneous ionic solution has no detectable electrical
energy in the sense of our definition. The left-hand side of
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eqn. (2) is zero, and so is the right-hand side. This we know
from experience.

Assume next that we have two macroscopic bodies, one
filled with neutral molecules and one filled with charged
particles. There may be surface charges on the body con-
taining cations and anions even if the total body is neutral.
The first-mentioned body is now made increasingly
smaller, finally becoming a molecule. Then close to the
surface of the other body a polarization of the molecule
arises. It will obtain mechanical energy and finally be ad-
sorbed. This energy must be restored when moving the
molecule from the surface, which means conversion from
mechanical energy into electrical energy. A macroscopic
body, however, does not move in a similar situation. How
can we draw a border between macroscopic and micro-
scopic bodies in order to obtain a criterion as to whether
there is electric charge on a body or not? A positive answer
implies the existence of a purely mechanical device, as in
Fig. 3(b), connected to the probe body and able to take up
mechanical energy. The probe body may be as small as we
like, provided it can be connected. If such a device exists
and moves close to the system, the existence of electric
charge is proven. No one has so far carried out a positive
experiment using such a device to produce mechanical en-
ergy of a homogeneous solution. Our conclusion at the
present is therefore theorem I:

It is not possible to convert electrical energy which is exclu-
sively internal electric energy to macroscopic mechanical
energy through a homogeneous body of any shape.

Typical of the homogeneous solution is further that there
is no coherence of processes during partial energy con-
versions. This means that the statements about coherence
made in section 3 are not valid in the microscopic world.
From these statements the crucial question is as follows.
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Fig. 6. Proposed charge separation across a metal solution
interface: (a) the solution—metal interface, drawn schematically;
(b) the variation in electric potential.
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Does the movement of the microscopic particles produce
long-range coherent changes during the interaction? The
answer is no for a simple homogeneous solution. Again we
see that these microscopic particles do not model macro-
scopic observations.

Heterogeneous and anisotropic systems. Do the difficulties
described for analysis of a homogeneous body pertain for
heterogeneous systems? In order to examine this question,
consider as an example two condensed phases, an aqueous
salt solution and a metal in contact with each other. Ac-
cording to conventional theory, an electrostatic double
layer is created at the interface because cations are driven
from the metal into the solution. Positive ions are accumu-
lated in the aqueous phase. The corresponding electrons
are left in the metal. The double layer, which is illustrated
in Figs. 6(a) and (b), leads to an electric potential differ-
ence Ay across the boundary.
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Fig. 7. Experimental systems to prove the local electrostatic
field due to charge separation: (a) the salt solution droplet on
the metal surface; (b) liquid junction potential in a solution with
salt concentration gradient; (c) charge separation from thermal
diffusion; (d) thermoelectric potential in a metal. In each case
the question to be answered is: does a small neutral body,
indicated here by an arrow, move in the inhomogeneous electric
field created?




The definition of an electrically charged body is such that
the body must be able to produce mechanical energy ac-
cording to eqn. (2). Thus our question is, can this electrical
energy, supposed to yield an amount of work FzAy when
one mole of ions is transferred, be verified experimentally
by its conversion into macroscopic mechanical energy? In
other words, are the statements of section 2 verifiable?

If there is an electric field between the two phases, one
possibility of observing it might be the following. A droplet
of CuSO, solution is placed on a Cu metal piece. Possible
field lines should continue in space close to the droplet
[Fig. 7(a)]-

Only a neutral probe body can be used to check for
conversion of internal electric energy to macroscopic me-
chanical energy; otherwise an electrical state of the body in
question is produced by the probe body. A small neutral
body being polarized to obtain a dipole moment should
move in the field described in Fig. 7(a). Such movement
might be observable.

The same type of field lines should also be created in the
following three cases:

(1) A concentration gradient of salt exists in a vessel with
insulating thin walls [Fig. 7(b)]. According to conventional
theory different ion mobilities produce a separation of
charges.® This separation should cause an electric field, as
the gradient of the electric potential is also outside the
material system.

(2) A uniform solution of salt is kept in a temperature
gradient. This gives rise to thermal diffusion and charge
separation because ion mobilities differ in size.” An electric
field should be created inside as well as outside the vessel
walls [Fig. 7(c)].

(3) A piece of metal is placed in a temperature gradient.
This causes a thermoelectric potential inside the metal,” but
also along the surface between the metal ends [Fig. 7(d)].

The question to be answered in all three cases is: Does a
small neutral body move along the vessel or the metal in
the electric field created? A positive answer would docu-
ment the field lines and verify operationally the existence
of electrical charge separation within the material system.
No one has, as far as we know, carried out these experi-
ments. The conversion of internal electric energy con-
nected with electrically charged particles such as ions, to
macroscopic mechanical energy is therefore not docu-
mented.

Furthermore, the diffusion profiles for cations and
anions, relative to each other, should change coherently as
the body moves, and the reverse process should also be
feasible. This has also never been observed. As a tentative
conclusion of this section we therefore propose theorem II:

It is impossible to construct any topologically simple ani-
sotropic or inhomogeneous system such that, owing to
atomic interactions and thermal agitation, internal electrical
energy is converted into macroscopic mechanical energy.

ELECTRIC WORK METHOD, BASICS

6. Production of electrical work requires special
topological structures

A topologically simple system is topologically equivalent to
a sphere;®i.e. it can be constructed by the deformation of a
sphere. The sphere may be built of different materials
(phases), still it is topologically simple. A characteristic is
that any Jordan curve on the sphere can be contracted to a
point.® Theorem II is valid for this structure: It cannot
produce electrical work.

A torus is topologically non-equivalent to a sphere. The
torus is characterized by two types of Jordan curves, which
cannot be contracted to a point.® Electrical work can be
produced by a heterogeneous body which is topologically
classified as a torus.

Conversions involving mechanical and thermal energy. Be-
fore we discuss the electrical work connected with a torus,
we give an example which is useful for a deeper under-
standing of electrical phenomena. Consider first a body A,
equivalent to a sphere. Let A undergo an adiabatic process
such that we have®! eqn. (11), where U is the internal

AU/t = AW, /dt (11)

energy of the body and W, is any kind of mechanical
frictional work. The system is illustrated in Fig. 8(a). Uis a
function of T alone. We then have eqn. (12).

dU/dt = (dUKT)(dT/dr) (12)

It follows that dU/dt describes the system expansion, be-
cause d7/dt from eqn. (12) gives eqn. (13).

dV/dr = (dV/dT)(dT/dr)
13
= (VA T)(dW, ., /dt)/(dUIAT) @

We have no direct access to the quantity V through the
device illustrated in Fig. 8(a). V is determined by the
amount of frictional work supplied. We now add an enve-
lope to the system such that we place the system A inside
the envelope B. This gives a pot [Fig. 8(b)]. The energy of
the internal body A is given by eqn. (14), where the pres-

dU/dt = —p(dV/dry + T(dS/dr) (14)

sure p will be called the work parameter of the pot. The
reversible heat flux dQ/dt = T(dS/dt) depends on geometry
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Fig. 8. Conversion between mechanical and thermal energy: (a)
in an adiabatically isolated system; (b) in an adiabatic system
closed by an envelope.

and material of the envelope. The envelope makes it pos-
sible to change V, or record changes in V, independently.

Conversions involving chemical, mechanical, electrical and
thermal energy. We turn to the torus built from the materi-
als shown in Fig. 9(b). The compounds A and B react
chemically with one another, A + B = AB. The energy
equation has the form of eqn. (15), where n,g is the mole

dU/dt = T(dS/dt) — p(dV/df) — E*(dn,y/df) (15)

number of the product AB. E* is the work parameter of
this system. It plays the same role as p in the preceding
example. Direct reversible access, or control, of the mole
numbers can be obtained through the particular torus con-
struction of the system. It is not possible to obtain such an
access either in the homogeneous phase or in any “sphere”
system that is inhomogeneous with respect to the sub-

A AB B a

l——A AB B b

Fig. 9. Conversion between chemical and electrical energy: (a)
without electrical contact between A and B; (b) with A and B
connected by a conductor.
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stances undergoing chemical reaction. The introduction of
an envelope to the sphere does not help the situation as in
the previous case. The pertinent equations for the sphere
system always connect dn,g/dt with dV/dt. For us to have
direct access to the mole numbers, the system must be
heterogeneous, and, furthermore, a special topological
structure like the one illustrated in Fig. 9(b) is needed, the
torus. We shall see how necessary control of variables can
be obtained using a torus structure.

Mechanical energy is in general obtained from chemical
energy when AG = p 5 — pa — ug < 0. The process is then
spontaneous. The condition AG < 0 is fulfilled by sep-
aration of components [Fig. 9(a)]. The reaction is not yet in
control in the system illustrated in this figure. Components
A and B may react spontaneously by diffusion of A and B
through AB, or not at all. Only if A, B and AB are electric
conductors, may we gain control over A and B. This is
when we connect A and B with a thin conductor, inert to A
and B [Fig. 9(b)]. Now dAG/dt is a finite quantity and a
reversible process may be obtained, see below. Experi-
mentally this is realized when dn,g/dt # 0, with dn,p/dr =
—dn,/dt = —dng/ds.

The quantity dAG/dt, occurring as dU/dt — T(dS/dr) +
p(dV/dr) in eqn. (15), is the electric work per unit time. It
should be noted that this quantity and the system have not
been directly related to electricity, apart from the fact that
the term ‘conductor’ is understood by the ability to conduct
electric current. It is related to electric energy conversions
[it is the quantity —dW,,/dz in eqn. (1)], but we shall post-
pone that point to section 7. It is instructive not to in-
corporate specifically electric phenomena yet, in order to
make the comparison with the previous example of energy
conversion more direct.

As we wrote for the volume work, —p(dV/df), where p
was the work parameter belonging to the closed envelope,
so we write eqn. (16), where E* is given by eqn. (17).

AW, /dt = —(dAG/df) = E*(dnag/de) (16)

E* = —(pap —1a —Ws) a7

It is the calculation of the work parameter, E*, which is the
objective of the electric work method. The needed con-
struction for control of mole numbers is thus a torus. In the
torus a chemical reaction can occur by reconnection of the
constituents in the longitudinal direction. This produces or
consumes work per unit time to or from the surroundings,
E*(dn,g/dr). The quantity E* is recognized as the electro-
motive force (in units of J mol™'). In order to obtain revers-
ibility we need a balancing system to the system of Fig.
9(b). We choose it to be of a similar kind (Fig. 10). In the
balancing system, II, the reaction C + D = CD takes place.
By adjusting the reaction in system II properly, we can
make dn,p/dt < 0 and dn,g/dt > 0. Owing to continuity we
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C D D o —= c+D—=(D

Fig. 10. Reversible production or consumption of AB made
possible by a balancing system with the chemical reaction C +
D = CD.

can have dn,g/dr = 0. The composition of CD can be
changed to accomplish this. The unique relationship be-
tween the two parts of the circuit is given by eqn. (18), with
(dn,p/dt) = z(dncp/df). Observations give z as a small
integer, z = 1,2,3,...

dAG/dt = (dn,g/df)(kap —Ba —Ms)
(18)
= (dncp/dt)(pep —He —Up)

Eqn. (17) used in combination with the set-up of Fig.
(10) can be regarded as an operational definition of Ap
because in this case the n; are directly accessible. There is
thus no derivation of the Nernst equation. The experi-
mentally accessible route to obtain the mole numbers is
through a reversible device such as that constructed in Fig.
10. All EMF values derived in part II! are thought to be
measured with a device such as Fig. 10.

The purpose of the above presentation has been to show
how operational definitions of central quantities for the
description of energy conversions can be obtained. The
analogy between sub-sections 6 is that both conversions
treated make use of a work parameter which is defined
through a reversible process. In the arrangement of Fig. 10
primarily we have a transfer of chemical energy from one
system to another. (Thermal energy, TAS, may also be
transferred.) Systems I and II may be separated by a large

da/dt day/dt
{ {
s |

A iw® AB T 7 B
M /

\ o

AB formed AB formed

Fig. 11. Mass fluxes and energy fluxes during chemical reaction
of A and B to AB.
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distance, but they are connected through two wires. The
electrical link to the conversion chain is hidden, yet the
work parameter E* is well defined.

The analogy between the cases studied in sub-sections 6
is not complete, since the work parameters p and E* relate
to different topological system structures. For the mechani-
cal-to-thermal energy conversion, the structure of the sys-
tem is defined by the existence of a closed envelope, while
we need a heterogeneous torus in order to convert chemical
and other energy to yield electrical work. The statement
above is in agreement with theorem II given in section 5.

7. Coherence of phenomena during energy
conversions

We shall inspect conditions for the conversion of chemical
(and thermal) energy into electrical energy in system I of
Fig. 10. We have noted already that observations yield a
certain integer z which relates the processes in two differ-
ent parts of the torus. A closer inspection yields further
results: the formation of AB is localized to the interfaces
A/AB and AB/B. We have product mass fluxes j,g* and j,°
from the anode (superscript a) and cathode (superscript c),
respectively, into the product compartment. This is the
production of linear momentum at the interfaces, as de-
scribed in section 3. The product fluxes are formed from
excess constituent mass fluxes j', and j'g and the reactant
material B and A, respectively. The fluxes are illustrated in
Fig. 11. Attention will be devoted to the computation of
these fluxes in the next article.!

The mass flux j,5 is related to the concentration gradient
of AB. (AB is present as a solute with concentration c,g.)
We have Fick’s law j,; = — D(3c,p/0x), where D is the
diffusion constant. Furthermore, in the compartment AB,
—div j,g = 9c,p/3t # 0. In contrast to this, the excess mass
fluxes j', and j'z are not connected with a concentration
gradient; they also exist in the homogeneous parts of com-
partment AB. However, in the homogeneous region they
have no divergence.

There are also heat fluxes into the system from the
surrounding bath at different locations [eqn. (15) and Fig.
11]. Also, energy is transported inside one part and from
one part to another: the excess energy flux ji.>*

It turns out that all these fluxes are strictly coupled, i.e.
they are proportional to one another, or strictly coherent.
We have, for instance, eqn. (19).

Jalis =G,
Jclio =G,
Jalic =G (19)
Jnlip =C,
Jelja =Cs
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The indexes C and D refer to constituents of system II. The
constants C, and C, depend on composition in the compart-
ments containing AB and CD, respectively, while C;, C,,
Cs,... depend on the composition in both compartments
and in general on their cross-sections. The set of fluxes
given by eqn. (19) is not complete, but it serves to illustrate
that we can extract from the various factors of proportion-
ality, C;, one quantity which determines all the fluxes. This
gives eqn. (20).

Ja =t J*
Jp = tgJ* 20
Je = tc J*lz @
Je=TJ"

J* is a vector, the quantities ¢, and t, depend on composition
only, and eqn. (21) holds.

divj* =0 (21)

Eqn. (21) constitutes the torus character of the arrange-
ments in Figs. 9(b) and 10 as a dynamic property. Note that
eqn. (20) are relations which satisfy the observed behaviour
given by eqn. (19), and lead to the further equations where

C, = ta/tg, C, = tclty, Cy = 2t Ay ltcA,

A, and Ay are cross-sections of systems I and II, respec-
tively. As will be shown later, the mass flux of AB is
proportional to j*; therefore we have ¢, + = 1 and
likewise tc + tp = 1.

The properties of j* described by eqn. (20) explain the
term “coherence parameter”. Eqn. (20) show that all the
fluxes of the system are coherent, and also that j* is a
measure of the strength of the various fluxes. If we replace
J* by —j* this does not change the result; the coherence
parameter has no a priori direction. We may, however, give
a positive direction to j* by convention. However, if we
have given a direction of j* by any convention, then the
reversal of j* causes the reversal of all the mass and energy
fluxes, apart from one frictional term depending on j*2.
The validity of eqn. (20), in particular j. = 1_j*, defines the
conductor.

8. Coherence and work parameters: standard and
dimensions

According to eqn. (20) j* is given by the ratio j* = j'/t,
where i may denote constituents or energy. The quantity j*
can be determined as the ratio between the flux of i and the
factor ¢, A standard substance is chosen to define a mea-
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suring scale to which all other fluxes can be related. The
only condition for choice of standard is that the system is
constituted in such a way that rigid coherence of fluxes
exists [eqn. (21)].

Let the superscript ° indicate a standard substance at
standard composition. An example of a standard substance
may be AgNO;. Then

J%ns = Cagl”

or with £, + °no, = 1 and j* = j°,, + i°No, it follows that

j* = jojkg/ toAg (22)

orj* = j°. The excess flux of any constituent A is then given
by eqn. (23).

A=t ]%mta = 14 J° (23)

The quantities have familiar conventional names. The pro-
portionality factor ¢ is the transport number.® We choose
the term transference number for ¢ in order to emphasize
that the phenomena are dealt with on a macroscopic level.
The word transport is used when the mechanisms for the
process are dealt with.

The symbol j* = n°At is the electric current density,
given in dimensions mol m~2s~!. We are free to multiply j*
by g and divide by g, where q is the electric charge in
Coulomb [eqn. (24)].

J* = (n°lq)(q/Ar) (24)

n° is the mole number of standard substance, g/n° is Fara-
day’s constant, F, and j = q/At is the electric current
density with dimensions A m™2 It may be seen that the
charge only enters in a formal way. Using F, our result is
given by eqn. (25).

Jjt=JjlF (25)

The excess energy flux, j/, may also be chosen to define the
coherence parameter. This is relevant for processes where
the mole as a unit for changing matter does not occur, for
instance in a thermocouple. The coherence parameter may
then be related to the rate of a process in a standard system
which converts, say 4j* moles AgNO; per unit time. We
then use eqn. (22) and relate the rate of advancement of a




process to the rate of advancement of a standard process.
From eqns. (16) and (25) we have eqn. (26).

—A'dAG/dt = E*j* = E*j/F = Ej (26)

The identity gives E, the electric work per unit charge in V
from E*/F. The three parts to the right of eqn. (26) charac-
terize what we call the electric work method. We have a
product of a work parameter and a coherence parameter to
which fluxes (rates of deformation) are coupled. The di-
mension is work per unit time, and the division by the time
element dt indicates that we are dealing with a process
occurring in time. In the next article we shall use the
current density in A m~2; here we wanted to show that the
topological and material properties of the system are deci-
sive, not the electrical charge.

9. Manifestations of electricity

We have seen above that it has been possible to discuss
several phenomena related to electric energy conversion
without referring explicitly to electricity. Only neutral com-
ponents and systems have been dealt with. In this respect
we have taken the consequence of the early conclusion by
Taylor:!! the EMF of a cell (at constant T) is a function of
energies which are only molecular. It is now urgent to
discuss the following questions. In what way does electric-
ity enter our system description? What is the meaning of
the concept of charge?

In order to answer these questions, let us return to Fig.
9(b) and change it. The modified system is shown in Fig.
12. A capacitor is added between the electrode leads. This
gives a different completion of the torus than the one
illustrated in Figs. 9(b) and 10. After we have built the
system together, the intrinsic EMF immediately exists, and
a current will flow. Since the capacitor is added in the
circuit, the system comes to rest. We then have eqn. (27).

EI = —I(usp —ps —bg)/F = RP + (I/C) | Idt 27

where R is the resistance of the system and C is the capac-
itance. In the integral I appears as an instantaneous param-

A AB B

Fig. 12. Conversion between chemical and electrical energy.
The electrodes are connected to a capacitor.

36"
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eter of coherent changes at the conductor-insulator bound-
ary in the capacitor. The coherence parameter, I, has its
continuation into the non-conducting region through the
displacement current AdD/dt, [section 3, eqn. (3)].

The integral [Id¢ may be called the integral transformed
coherence, transformed from I to AdD/dt according to eqn.
(3). The conventional term for [Idt is the charge, g. The
charge is conventionally thought to be a substance or a
fluidisation. Through the integral definition.it becomes a
path measure. If we divide I by F according to eqn. (25) it is
a path in dimensionless space like the degree of advance-
ment of a chemical reaction. It measures how long was the
path for transformation of chemical or other energy into
electrical energy. After the transformation has taken place,
the electrical energy is determined by the space and mate-
rial between the capacitor plates and the size of the integral
[eqn. (4)].

The significance of C can be seen by dividing eqn. (27) by
I and forming the time derivative, eqn. (28).

R(dI/de) + (IC) = 0 (28)

The solution for I of this equation is given by eqn. (29).

I = Iexp(—t/RC) (29)

When ¢ — o and I — 0, this gives eqn. (30) from eqn. (27).

EI = (I/C) {Idt (30)

However I = dn,g/dt, which gives Idt = n,g. In particular,
for I — 0, we have eqn. (31).

E = (UC) [" Idt (31)

Thus if C is very large, the process takes a long time. The
integral [Idr from 0 to ¢ is large and the amount of AB
formed is also large. Much chemical energy has been trans-
formed, and has been transformed to electric energy. The
chemical energy which is transformed is given by eqn. (32),

Anag(ap —Ha —M) = —Ey — [RI* dt (32)

where the electric energy, E,), gained is given by eqn. (4).
(Composition dependencies of the p; have been neglected.)

In this section we have pointed out that a heterogeneous
torus is the type of body which is required for conversion of
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chemical energy into electric energy. This is also true for
conversions of thermal energy and mechanical energy into
electrical energy. In torus systems containing only conduc-
tors, the concept of charge is not necessary for a description
of energy conversions. However, electric energy may occur
owing to the term RI%.

In section 2 we made the assumption that the electric
current is so small that magnetic energy can be neglected.
Moreover, if I is so small that E > IR, even the electrical
energy can be suppressed. For instance, in the arrangement
given by Fig. 10 there is an adjustment for which we have
eqn. (33) or (34) or similar equations. dW',_./dt is the rate

EI = dE,/dt = (AW, /dt + W', /df) =~ 0 (33)

EI = dE,/dt = (AW qen /dt + AWy /dt) = 0 (34)

of change of chemical free energy of system i. dW,,,/dt is
the rate of any kind of reversible thermal energy change.
These equations show that there are non-electric energy
conversions, and the production of electrical energy is zero.
However, the electric work parameter E is well defined and
measurable. This is a basic feature of the electric work
method.

The special features of electricity are only manifested if
part of the torus consists of an insulator. The charge may be
defined as the time integral of the coherence parameter.
Space between conducting bodies is necessary to define
electric energy (section 2). The amount of electric energy is
determined by the insulator construction. The closed-sys-
tem or rigid-ring property of the coherence parameter is
defined through the divergences div(dD/dt) = j at the in-
sulator—conductor boundaries, and divj = 0 in the conduc-
tor and finally div(dD/df) = 0 in the insulator. This com-
bined system of j and dD/dt¢ constitutes the torus. The
coherence parameter is not a movement in itself, but regu-
lates “rigidly” all material and property fluxes and move-
ments.

Finally, let us return to Fig. 9(a), in order to be exact
about the phenomena described: we said that apparently
nothing was happening when the different parts were built
together. The exact statement is that, provided the capac-
itance of the system is negligible, nothing will happen.
There is a conversion of chemical energy into electrical
energy, proportional to the amount of AB formed, but the
amount is extremely small when the capacitance of the
system is small.

10. Production of mechanical work from electrical
energy

So far we have shown that by the aid of a torus which is
materially heterogeneous and partly open, but which is

closed with respect to the coherence parameter, chemical
energy can be converted into electrical energy [eqn. (35)].
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[ (@Wepen/dt)ydt = [ (dW,/d)dt = E, = } [ EDAV  (35)

In section 2 we stated that the detection of electrical energy
is given by the convertability into mechanical energy. It
remains to be shown how electrical energy can be supplied
to material systems such that conversion to mechanical
energy becomes feasible. That is, we give the theory of
charging which was lacking so far. We start with the system
in Fig. 12. Let the distance between the plates be variable
(Fig. 13). Then, let us begin to make the distance x larger
by application of external work, dx/d¢ = v > 0. Thereby we
supply linear momentum. This causes a change of the field
in the capacitor, thus we have dD/dt # 0. From dD/dt, 1
results, which in turn gives dn,y/dt and j inside the system.
The reverse process can also happen, of course. Mechani-
cal energy can thus be produced.

The coherence parameter is directly connected with
dD/dt, [eqn. (3)]. At the discontinuity of the capacitor
plates the production or consumption of linear momentum
or mechanical energy leads to a rate of conversion from
electrical to mechanical energy when the plates move with
respect to one another [eqn. (36)], where F is the force

(d/d5) 4 [ ED dV = vt A, = Fv (36)

given by the springs in Fig. 13, ty is the momentum trans-
ference factor of eqn. (6) and A is the cross-section of the
capacitor. There is also a rate of change of chemical en-
ergy. We have eqn. (37) for an ideal capacitor with a plate
distance x.

3 (dCIdE? = (d/dr)(1/2)([EDAV)

—(112)(AIX?)E(dx/dt)

I

(1/2)(dg/d)E 37

Fig. 13. Mechanical work is converted into electrical work by
moving capacitor plates.



With I = dg/dt = F(dn,g/dt), and v = dx/dt, we find eqn.
(38).

3 EF(dn,g, /df) = F(dx/dr) = — } (A)ENdx/d)  (38)

This equation connects the mechanical force F, to the
electric work parameter, E, the EMF. It is seen from this
example that chemical energy can be transformed to mac-
roscopic mechanical energy via electrical energy. A similar
example is given when a dielectric is put into the capacitor.

In order to perform conversion from electrical to me-
chanieal energy without a chemical process being directly
connected, we have to decouple the capacitor plates from
the generating cell, the heterogeneous open torus. This is
shown in Figs. 14(a) and (b). Now we have two charged
bodies fixed to respective springs, acceptors (donors) of
mechanical energy. Each of the plates has an electrical
charge which is now a constant of the system. The charge is
the integrated coherence parameter; it gives the degree to
which the capacitor plates have been operated on in the
configuration of the heterogeneous open torus.

.

(a) ’_/VV\_ ()
N -

(c) (d)

Fig. 14. Chemical energy is manifested by mechanical energy:
(a) the open-circuit electrochemical cell; (b) capacitor plates
decoupled from electrodes in the cell; (c) capacitor plates
moved to any distance from each other by application of
springs; (d) a charged body is moved within two capacitor
plates.

ELECTRIC WORK METHOD, BASICS

After the separation operation, the capacitor plates, or
the bodies in the general case, may be moved to any posi-
tion. Energy conversion is accomplished by the aid of the
springs as shown in Fig. 14(c). Kinetic energy is avoided
(section 2). The energy conversion is described by eqns. (4)
and (6).

In Fig. 14(d) a charged body has been brought between
the plates of the capacitor. Movement of the body causes
dC/dt and dn,g/dt. In section 1 we took for granted the
charging of bodies, without describing the process. Now we
see that charging means to incorporate a body in a proper
heterogeneous torus and then to decouple it from the torus.

Electric energy and charged bodies are derivatives from
the heterogeneous torus construction in the electric work
method. The torus is prior to the charge. Charge does not
exist if it is not made in a process. The significance of the
number z appearing after eqn. (18) is an apparent charge,
related to the atomic number of an atom with atomic num-
ber Z, by z < Z.
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