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ABSTRACT

A special case of calorimetry of open electrochemical cells, that employing adiabatic end®sures,
examined. Conditions for an experimental realization of such enclosures is discussed in detail. Practi-
cal arrangement and method for data collection are presented.

1.0 INTRODUCTION

Following the announcement by Fleischmann and Pons(1) that anomalous effects, among them
excess heat generation, can be observed when deuterium is electrochemically compressed in the Pd-
lattice, the discussion of the calorimetry of open electrochemical cells became of considerable inter-
est.A calorimeter is an apparatus designed to measure quantities of heat associated with the occur-
rence of specific processes (eg, heatof reaction, heat of absorption, etc.) or the property of matter (eg,
specific heat). The basis for such measurements is the conservation of energy and requires knowledge
of the process(es) under consideration, the sequence of events, the construction of the apparatus and
the experimental procedure employed. In other words, the development of the calorimetric equation
for an operating electrochemical cell employs conservation of energy and adjusts the applicable walls
and constraints in a manner consistent with cell design and relevant experimental procedure(s).

2.0 PROCESSES IN OPEN ELECTROCHEMICAL CELLS

In the simplest arrangement, an electrochemical cell is a three phase, multi-component assembly
wherein the charge transfer reaction(s) and associated transport processes occur. Initially, this system
is in thermal, mechanical and chemical equilibrium. Upon initiation of current flow, significant
changes in temperature and concentration take place, viz., the development of gradients which, in
turn, initiate transport processes in the electrolyte phase and across the electrolyte/gas interface. The
increase in the temperature arises from the irreversible processes: the joule heating, the electrodic pro-
cesses and the exothermic absorption of deuterium by the palladium electrode as well as due to the
exchange with the environment. In the absence of the electrolyte stirring, temperature and concentra-
tion gradients promote the development of convective flow. If the convective flow is sufficiently
intense, it results in a uniform composition and temperature distributions throughout the electrolyte
phase.

With the initiation of current flow, not only the equilibrium is disturbed but both the composition
and temperature change with time. In particular, the removal of water from the electrolyte is by elec-
trolysis and vaporization. These processes reduce the electrolyte volumébytl the volume
of the gas phase is increased by@\Mheir sum being calculated from the quantity of charge trans-
ferred, faradaic efficiency and the gas laws. A constant pressure can be maintained by adjusting
(reversibly) the position of a piston or allowing the outflow of gas from the cell head space. (Note:
thermal effects associated with the change in the electrolyte composition due to water removal, are
neglected).

3.0 CONSERVATION OF ENERGY

Equilibrium state in any system is completely characterized by the internal energy, U, the volume,
V, and the mole number, nj, of chemical components, ie, U = U(T),\6frwhich the first differen-
tial is
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where: %Y av |tn =

pendent variables are the extensive properties with the intensive properties as derived quantities.. If a
constant pressure processes are examined, the use of the enthalpy function is more convenient. In the
enthalpy representation, the pressure is substituted for volume, ie, H = H{TBoth quantities, U

and H, are unambiguously defined in closed and open systems because the changes in state variables
are independent of whether the change in composition, dnj, is due to an exchange or chemical reac-
tion. Consequently, in open systems, the only valid statements are:

U= > U3 H= >H¥HI = U~ ZLf‘If‘, =12, =1,2,..

p;% lv = u; are the intensive parameters. In the energy representation, the inde-
]

while terms “work” and “heat” are ambiguous. The amblguity is removed. however, if we define
work and heat by

Egs. (2) and (3) respectively
dW = > Lidl, + dWyes + dWa )
j
and
dQ = dU — dw — %% lvn, 0T + Vdp + ng_gj Ity dn 3)
and, if it is understood that dW measures the work that would have been done if the system under
consideration were closed(2,3).

While the infinitesimal change in the internal energy is given by Eq. (1), the change in the enthalpy
(H=U + pV), is given by Eq. (4)

_ oU U
dH = 8% |, dT + Vdp + Za_nj Ity dn (4)
j
which, at p = const., because of the equ%Myhv = a? l.r = u; becomes Eq. (5)
_ oH oH
dH(T,n) = ¢ | dT + Za—nj |7 dny (5)
j

4.0 FORMULATION OF CALORIMETRIC EQUATION

In deriving the calorimetric equation, we balance the change in the enthalpy of the electrolyte phase
with the enthalpy gain or loss attributed to the participating processes. In particular, applying the
enthalpy balance to an open electrochemical system (not including cell walls and electrodes), illus-
trated in Fig. 1, we obtain, with dr0

H(l) |n dT — ZBH(Jl) lrdn = dH* — dw + de(l—w) + de(lee) (©6)
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where dH* is the energy produced (excess enthalpy), dw is the work done on the surroundings,

Z dH®v is the enthalpy transferred between the electrolyte and gaseous pha%sllﬂfhﬁ’ is the
enthalpytransferred to or from the environment. The direction of transfer determines the sign, viz., the
guantity removed from the system is negative. As written, the left side of Eq. (6) denotes change in
the enthalpy that is measured. The right hand side contains contributions attributed to known as well
as unknown processes, including the term representing an excess of enthalpy. The corresponding
change in the gas phase is

aH(v) I AT + aH(V) I dny = ZdH(l—W) n ZdH(lee) (6a)

In formulating the calorimetric equation, only the rate of the enthalpy change in the electrolyte
phase is considered. By dividing each term of Eq. (6) by dt, and identifying participating processes,
we obtain the governing differential equation, Eq. (7)

gH®  dT _ <" oH® . 9N (1-2) -9 (7
oT a2 an G = T E—Ep + > 3P4 > (7)
J

The information sought to confirm the initiation of the F.-P. effect, is the numerical value of the
first term on the right hand side, J*. (For completeness, the J* term includes also thermal effects aris-
ing from the interaction between the adsorbed-absorbed deuterium and palladium lattice.)

5.0 REMARKS CONCERNING THE OPEN CELL CALORIMETRY

The solution of Eq. (7) requires specification of the initial conditions and evaluation of all other
terms consistent with the mode of operation and cell design. The initial conditions are the equilibrium
conditions, ie, the temperature of the whole system is that of the environment and the composition of
gas phase is DO, = 2:1 with the RO vapor in equilibrium with the electrolyte. The rate of heat
transfer out of the cell depends on the cell geometry, construction of the enclosure and mode of trans-
port. The simplest case is that of an adiabatic wall. If, however, the enclosure is a diathermal wall,
then the heat transfer may occur either via radiation with some convective contributions or via con-
vection with minor radiative contributions.

The criticism of the open cell calorimetry is centered around the assumption of a steady state heat
transport to the environment and the selected calibration procedure. To assure correct interpretation of
thermal behavior of the electrolyte phase it is necessary to know the rate controlling process, its tem-
perature dependence and relaxation time. The concept of the relaxation time is well defined in ther-
modynamics, viz., the relaxation timeexpressed in terms of varidbleis the decrease of its value
to the equilibrium (or the steady state) valig, The approach to the equilibrium follows an expo-

nential lawg(t) = {eq+ Cet where C is the integration constant arid the relaxation time. The tem-
perature dependence of the terms in Eq. (6/7) is discussed below.

5.1 Heat Content of the Electrolyte Phase

As written, the first term on the left hand side represents the rate of change in the heat content of
the electrolyte as a function of time, evaluated at temperature T(t). Assuming a 100% faradaic effi-
ciency, the consumption of solvent equivalent, $©[0n a cell operating for time t seconds at the
current density, | amperes, is: E/Zo0 that the rate of change in the electrolyte heat content is

mocs(l - 2Fltm ) where m is the initial amount of solvent.
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5.2 Electrical Work, dw

An unique feature of an electrochemical cell is the occurrence of charge transfer reaction(s)
whereby electrons generated at the negative are transferred in an external circuit and consumed at the
positive electrode in another charge transfer reaction. In a steady state, the number of electrons leav-
ing and entering the cell is the same which means that the electrochemical cell can be considered a
closed system with regard to the electrical charge (potential difference build up occurs at the phase
boundary only). Irrespective of the direction of current flow, the produgtnist be a positive
quantity. By convention, the positive current is flowing out of the cell, so that the electrical work term
in Eq. (7) is positive. The enthalpy input to the cell, expressed as an electrical work and corrected for
the recoverable enthalpy is HE Ep)dt, where kg, = —AH/zF is the thermoneutral potential.

5.3 Rate of enthalpy transfer, J@=%, J@-9

In the system under consideration, tite” — term represents the sum of the enthalpy carried out by
the rising gas bubbles, saturated wigODvapor at the cell temperature and that due to the phase

. H 1 V) 1 V) 3 p
change: DO(s) — D,O(v). The respective rates ald_e[écgz + chg +7 ¥ = pcs,g] and
3L _ P law
4 F p*—-p L '

Parenthetically, we note that excluding chemical reaction(s) in either system and the energy transfer
from the enviroment, we have for the mass balance and mass flux, Eq. (8)

dn) + dn® = 0;Jy, = dn®/dt = — dn@/dt (8)

and for the enthalpy transfer, Eq. (9)

@) 2
1) oH ) @) (aH ) _ 9
ldq + Ek (—an dn ] + [dq + Ek 9H g 0 9
from which the heat fluxd~?, is given by equation

1-2) — _ oH . @2
32 = %% Ji=2) (10)

Equation (10) states that the equalityt®ig dd? can occur only in the absence of mass transport.

The J-9— term is, as a rule, of the form of the generalized Ohm’s lawie = k(T(1) — T(¢)), where

k is usually taken to be a constant within the temperature rafige-(T€)). Its numerical value

depends upon the composition of the wall with the applicable computation methodology described in
textbooks on heat transfer.

5.5 Temperature Dependent Parameters

Excluding the J*— term, all terms on the right hand side of Eq. (7) are temperature dependent in a
simple way except for the I{E- En)— term. The temperature dependence of the specific heat is usu-
ally taken as a linear function of temperature. The term, accounting for the enthalpy transport to the
vapor phase, consists of two pattgt, T)*~* and J,(p *, T)** of which !~ identifies the small
amount of heavy water evaporating into theaddd G gas bubbles. This term is a function of the cell
current and temperature and is negligible, except at higher solution temperatures and current densi-
ties. The second contributiodf;~® denotes the loss of water due to evaporation. The rate of
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evaporation is proportional to the solution temperature and as the solution temperature approaches the
boiling point, theJ{~*— term dominates. The p(T) dependence is calculated using the ClausiusCla-
peyron formula, dp/dT = L/T[$) — VS]] . The contributions¢~ can be evaluated quite easily, but not

the J*~* because of a number of factors must be considered, among them the size of gas bubbles, the
degree of their saturation, etc.

Less clear is the temperature dependence of the tegw Hf). Employing the procedure adapted
by Pons and Fleischmann(6), the correction factor is

_JIE 3 df_P @-v)
w_{dT+4F dT[p*—p(CSATH‘ ) | |AT.

This procedure involves expanding the temperature dependen&{f term into the Taylor series,

retaining the first term only on account of smallnes&Dfand expressingigby the change in the

enthalpy function of the electrolyte due to the increas&hyit is noted that, if a chemical (electro-
chemical) reaction occurs at a constant pressure and temperature, the heat of reaction is the change in
enthalpy while the change in mole number is the change in the Gibbs function.

5.6 Complete Calorimetric Equation
The expression for a complete energy/mass balance is obtained upon integration of

[Z mici%ﬂ + mocs(l - '—t)dd—I - 025::T = 3% + I(E. — Eq + ps) + > 302 4 5 gu-o (11)
where the first term accounts for the contribution of all cell components except the electrolyte. This
term must be carefully evaluated during the course of long term experiments and, in particular, during
the calibration procedure because the relaxation time is strongly affected by the physico-chemical
properties of walls and enclosures. Note: henceforth superscript (2) is employed to identify the bath
asseparate from the environment.)

6.0. CALORIMETER DESIGN AND MODELING

Consider a system consisting of an electrochemical cell containing a known amount of electrolyte and
totally immersed in a water bath. Initially, this system is in equilibrium and, for the duration of an
experiment, the bath is in contact with an infinite heat sink. (f=Tconst). Applying the conserva-

tion of energy, in the form of condensed Eq. (6/7), the rate of the temperature change with time in the
cell, after its activation, is

dT R = 12
Cl_dtl = Q — I~ — 3(4=9) (12)
and in the water bath
dT. N s 1

where G =Xmy ic1 j is the heat capacity of the electrolyte and includes all cell components (cell
constant), Gis the heat capacity of the bath fluid,€)JJ* + |(Ec — Bp)] denotes the rate of heat pro-
duction in the electrolyte phase; @ the heat supplied to the bath in order to maint8ir=T2), and

the J's are the heat fluxes exchanged between system elements, viz., the electrolyte, bath and environ-
ment.
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6.1 Construction of an Adiabatic Wall

Equation (12) is the energy balance expressed in terms of the rate of heat generation due to the irr-
versibilities of the charge transfer process(es), the rate of heat exchange between the cell and the
water bath, and the rate of heat loss to the environment. Since the t@mal@ays positive, it fol-
lows that 1) > T(2) resulting in an outflow of heat generated within the cell. The construction of an
adiabatic wall requires thag~® = J2-% = 0 at all times. This requirement is fulfilled as long\ds=
T —T@ =0, ie, as long agz® = Q — Cy(Q1 — J*9)/Cy which, for Q >>3¢-9, is further sim-
plified to =2 = Q, — G;Q4/Cy and provides a rough guide for design and operation of an adiabatic
wall separating the cell from bath. In practiad, = 0; consequently, the maintanence of an adiabatic

wall requires thag Ja=2)gt = J Je-gt ie, thatAT oscillates about its zero value.

t

Employing, for thermal flux, an expression of the form AT land introducing a new set of vari-
ables, viz. AT = TO - T@ and = ) — T® with T(®) — const , Eq. (12) becomes Eq. (14)

B — g, - kAT — ket (14)
Using the same variables, by subtracting Eq. (13) from (12), we obtain an expression for the change
in T, Eq. (15)

d‘#tT = (11 — Gp) — (Kgp + Kiz + kAT + (KpOK; )6 (15)

where = Q/C;j; ki = k/C; and k* = ko/Co = k1 2C1/Cy. Conditions forcingAT to oscillate about
zero can be determined by solving the set of coupled differential equations, Egs. (14) and (15).

To maintain an adiabatic wall, the positk& due to g > 0 must be countered by tp reverse the
direction of heat flow, Eqg. (15). One way to construct and maintain an adiabatic wall is as follows: At
t < fp, the system is in equilibrium. Ag¢ the flow of cell current is initiated causing the system'’s tem-
peratures to rise (cf. Eq. (14)), as schematically shown in Fig. 2 by s@lidarid dashed,®), lines.

At t; the differenceAT reaches an a priori specified value, and the heat source in thehathgati-

vated. If @ > qq, then the temperaturé?}-rises faster than(¥, in time—at $#—reducingAT to zero.

Within this time period there is net heat flow from the cell to the bath. To maintain an adiabatic wall it
is necessary to transfer the same amount of heat from bath ta€gll{ H?=Y) by activating the g

and operating it for a required time period. These periods are determined by numerically solving Eqs.
(14) and (15).

Some useful information concerning the form of A¥t) function can be derived if the cell tem-
peraturef, is considered a constant. Rewriting Eq. (15) in an equivalent form, Eq. (16)

_aAT (16)
a— T dt

where a = (g— ) + (koe— k1e) and b = (2 + k*12 + ko€), we obtain, upon integration Eqgs. (17) and
(18) for @ = 0 and for g> 1 + (koe — kg6, respectively.

AT(M) = 9+ [%‘ - AT(O)]e:b(t“(O)) (17)
AT() = = 2+ |2~ 4T(0) o) (18)

A-131



Evidently, the system relaxes with the characteristic time constant;z /K12 + koe); That is, the
relaxation time is governed by the/C; ratio, the cell temperature, materials of construction and the
system’s contact with the environment. For any seleA®d there is a correspondingl(® which
assures that{®~? = H®=Y) is real- ized. For all practical purposes, this condition is satisfied by the
requirement thaAT(t) oscillates about zero.

6.2 Temperature Tracking

In any implementation of a calorimeter based on equations (14) and (15), a means of controlling
the heat input to the bath surrounding the reaction cell must be provided so as to maintain the temper-
ature differenceAT = 0, or, at least, so that it averages to zero over an experimental run. Because of
the large amount of temperature data required for an experiment, digital acquisition of the data is nec-
essary; consequently, digitai controltbé experiment is a natural choice. In a digital system, the rele-
vant temperature measurements are madein sequence in a repetitive cycle, with some dead time for
writing data to a disk and the analog values are to the precision of the analog-to-digital converter
being used. These two procedures should not be considered independently because often the trunca-
tion error exceeds the allowable temperature error and appropriate averaging is required In order for
averaging to improve a measurement, the analog signal must be dithered, either deliberately or by
noise over a range corresponding to the least significant bit of the digitized signal. For example, with
a twelve-bit analog-to-digital converter having an input of —20 to +20 mV, the least significant bit
corresponds to a 10V input signal change or a change 0.25 C for a T-type thermocouple where the
sensitivity is about 25 m@. Typically, there might be present @¥ rms noise referred to the input,
so that averaging 100 samples would be expected to reduce the error to about 0.03 C without having
to dither the input. Averaging 100 samples has other implications, however, since the averaging takes
place over a range of temperature differer¢e, that depends on both, the cooling rate of the cell
and the heating rate of the bath as given by Egs. (14,15). On average, a temperature offset occurs that
depends on whether T takes longer to recover from a positive value than from a negative value, which
would increase the likelihood that the bath heater will be incorrectly turned on rather than incorrectly
turned off. These effects exhibit temperature dependence that can be demonstrated in modeling the
calorimeter by introducing truncation and noise into the test as to whether the heater should be on or
off.

6.3 Calorimetry of Co-Deposition Process

The codeposition process is the process where the electroreductictt afrddoccurs simulta-
neously with the evolution of deuterium. The principal advantage of this technique is elimination of
the prolonged charging time required for, and a better reproducibility of, the initiation of the
Fleischmann—Pons effect. The codeposition process modifies somewhat the calorimetric equation,
Eq. (7), making its interpretation less clear. The modification involves the-IEg) term. The cell
current is split into two currents, vizy, Fepresenting the rate of £don reduction andlparticipat-
ing in the reduction of heavy water. The division of currents is potential and time dependent(6). How-
ever, as the concentration of¥dbecomes less, the ¢urrent increases and, upon compilation of the
codeposition, being equal to the cell current.

An example of thermal behavior during the codeposition process is illustrated in Fig. 3, where
excess enthalpy is plotted against the energy supplied to the cell from an external source. During data
collection the cell was isolated from the environment by adiabatic wall constructed in manner
described above. Clearly, during the initial period, considerable portion of the total current was used
up to reduce the Bdions, resulting in the negative excess enthalpy. However, with the passage of
time, as { became less, an excess enthalpy. was measured. The. rate of production was not uniform,
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ie showing occasional small bursts, and, in general, became higher with an increase in cell tempera-
ture.

This example is included to demonstrate that useful information concerning thermal behavior of
open cells can be obtained without elaborate instrumentation. Further discussion is outside of the
scope of this communication and will be given elsewhere.

7.0 SUMMARY

A discussion of thermal behavior of open electrochemical cells employed to confirm and examine
the Fleischmann—Pons effect for a special case of electrodes prepared by codeposition in is presented.
The calorimetric equation, written in the enthalpy representation, contains statements of energy/mass
conservation, accounts for participating processes and examines the relaxation times. Conditions for
construction and data collection in the case of adiabatic enclosure are given. An example of the ther-
mal behavior of the Pd/D system prepared by the codeposition technique showing substantial produc-
tion of excess enthalpy is included.

Symbols

C - specific heat

C - cell constant, intergration constant
e - environment

F - Faraday constant

E - cell potential, V

H - enthalpy, Jmot

| - cell current, A

j - running index

J - flux,

J* - rate of excess enthalpy production
k - coefficient

L - work coefficient, latent heat of vaporization
| - work coordinate

n - mole number

m - mass

p - pressure

Q - heat

g - heat source
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S - superscript/subscript refers to solvent

T - temperature, K

U - internal energy

V - volume

W - work

o - phase (superscript)

k = ki/C; - coefficient

6 = T — T(®) temperature

u - chemical potential

T - relaxation time

C - variable
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Figure captions
Fig. 1 -Thermodynamic boundary for open electrochemical cell system.

The J’s represent the rate of enthalpy transfer across boundary (system walls) indicated by the super-
script

Fig. 2 -Temperature tracking to maintain an adiabatic wai @).
AT andAT® are the temperature differences that trigger (on/off) the heat source in the bath

Fig. 3 - Excess enthalpy generated in the course of Pd/D codeposition from LiCl containing electro-
lyte.
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