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ELECTROLYSIS IN CALORIMETRY

F. Gronlund

LABORATORY OF PHYSICAL CHEMISTRY, H. C. @RSTED INSTITUTE, UNIVERSITY OF
COPENHAGEN, 5 UNIVERSITETSPARKEN, DK-2100 COPENHAGEN, DENMARK

The procedure used by many electrochemists in calculating enthalpy in calorimetric
measurements of electrolysis reactions is compared to a purely thermodynamic approach,
using the data published by Fleischmann et al. [J. Electroanal. Chem., 287 (1990) 293.] as a
case study.

The set of excess values dAHex/dt = dAHoby/dt —dAH aiddt obtained with the former pro-
cedure was neither correlated to any of the experimental parameters nor to the set of values
found using thermodynamics. The latter, smaller by factors of up to two orders of magnitude,
are shown to follow an expression of the form dAHex/dt = kI exp (—Ea/RT) with an activation
enthalpy of about 85 KkJ-mol ™, It is suggested that recombination of electrolysis gases may ac-
count for this.
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Introduction

Recently the results. of an extensive calorimetric study of the electrolysis
of heavy water with palladium cathodes over long (>10%) periods of time
were published by Fleischmann and coworkers [1]. With a heat-flow
calorimeter they measured steady state values of voltage, current and
temperature in more than fifty cases. Their calculations involve a complex of
more than 60 equations but apparently make no use of known standard en-
thalpies such as that of formation of heavy water. Estimates of error as-
sociated with the method are not given.

The present paper takes the experimental data of Ref. [1], calculates the
rate of change of enthalpy using simple thermodynamics, and compares it
with accepted enthalpy values. The resulting excess values do not correlate
with those of Ref. [1], being smaller by factors of 2 to 100. In contrast to the
latter they were shown to depend linearly on the electrolysis current and on
an Arrhenius factor over the full range of measurement.
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230 GRONLUND: ELECTROLYSIS IN CALORIMETRY

Comments on the calculations by Fleischmann et al.

Appendix 3 of Ref. [1], to which most remarks in this section apply, con-
tains a list of the contributions to the enthalpy balance set up by Fleischmann
et al., with an overview given in Fig. A3.1. They are not all correct, and the
treatment of data is open to criticism.

The expressions (A3.4) and (A3.2), which contain heat capacities of reac-
tant and products, respectively, imply that the reactant is heated from the
temperature of the ‘make-up’ (deuterium oxide refill) stream to that of the
cell, and that the products are cooled from the cell temperature to that of the
bath. Neither describes the actual practice: deuterium oxide is at cell
temperature when measurements are taken (as noted p. 332), and the
products leave the cell at cell temperature.

Equation (A3.5) gives the number of moles of deuterium oxide in the cell
whereas the ‘water equivalent’ needed here is the total heat capacity of the
liquid, of the solids immersed in it, and of the inner wall of the Dewar in con-
tact with it. '

More important, and less transparent, is the way in which the excess en-
thalpy is calculated. It appears for the first time in Eq. (A3.1) and is later
Eq. (A3.9) replaced by Ewmermoneutratbarn Which is a constituent of 5, (A5.5), one
of five parameters ultimately determined by fitting Eq. (A5.10) to experimen-
tal data.

This indirect way of calculating the excess enthalpy without using inde-
pendent data for comparison, e.g. obtained by combustion calorimetry, intui-
tively appears dangerous. Below, an alternative method is described which is
wholly consistent with thermodynamics, and which uses tabulated data for
comparison.

Alternative enthalpy-balance equation

The method adopted here was described in a recent publication [2]. Let
the system be defined as the calorimeter vessel (inner Dewar wall) plus its
contents, and let the pressure be constant. With a change of independent
variables from the set {S, p, ns} to {7, p, ns}, the system enthalpy differential
becomes

dH = CdT + V(1—aT)dp +; Hs dng = W’ + 8Q ®

where « is the volume coefficient of thermal expansion of the system, and
W + 8Q stands for the useful work (including electric work supplied in
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electrolysis) and heat transferred to the system. Because of the assumption
of steady state and constant pressure the first two terms of the central ex-
pression vanish. Dividing by d¢ we get

dns _ @)
;HB a =P+ O

where P is the electric power delivered and ® the heat flow transferred to
the calorimeter. The LHS of Eq. (2) may be calculated for processes known
to take place in the calorimeter while its RHS, accessible experimentally, is
a measure of the factual enthalpy rate of change. Comparison may reveal the
presence of possible reactions not taken into account,

Terms in the enthalpy - balance equation

al) The electric power P is given as the product of the terminal voltage U
with the total current through the cell 7,

P=U"I 3)

a2) The heat flow to the vessel is the sum of two terms due to conduction
and radiation, Eq. (A2.1) in Ref. [1],

@ = kAT — k(T' - Teaw) @

where T and Thath are the temperatures of the cell and bath respectively,
AT =T-Tbath, kc is the thermal conductance, and the last term gives the
radiant power. If a Taylor expansion of 7# around Toath is made, and terms
of the third degree and higher are neglected, the expression may be written

D = [k + 4:Toa1 + 1.5AT/Toas)|]AT (5)
b1) The main enthalpy change comes from the reaction

® D,0(,T) Z Du(g,T, pop) + 1 02(8,T, poy) 6)

If the molar enthalpy is AHn, the extent & and the current yield y= 1 (p.

301 in Ref. [1]), then the contribution of the reaction (r) to the LHS of Eq. (2)
may be calculated as

L ™)
AHoudE/df = 5 A
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b2) The gases produced by electrolysis, in an amount of 1.5 &, will be
saturated with DO at a pressure p*. This calls for evaporation

(vap) DzO(l, T) - DzO(g, T, P*) (8)

The amount evaporated, &, may be found from Dalton’s law since
Evap/(Evap + 1.5 &r) = p*/p so that §vap = 1.5 Ep*/(p-p*) where p is the total
pressure. Hence the calculated contribution of evaporation to the LHS of
Eq.(2) is

74 * *
AvapHpyo * dbvey/ df = %AvapHDzoP /p—p) ©)

b3) During electrolysis some deuterium atoms or ions will become ab-
sorbed into the palladium, giving rise to a negative enthalpy contribution.
There is evidence that the molar enthalpy of forming (a + §) phase is about
—40 kJ -(mol D2)7; for a survey see Ref. [3]. The total amount absorbed is
slight, however, and in the steady state its increase with time will be neglected
here.

The combined rate of change of enthalpy due to electrolysis and evapora-
tion, dAH.,/dT, is obtained by adding (7) and (9):

dAH,/dtf = —2% [AHn + 1.5 Ao p*/ (p—p™)] (10)

while the observed rate of change of enthalpy is given by

dAH,p/dt =P + ® (11)

Their difference gives the rate of change of enthalpy not accounted for, the
excess enthalpy per unit of time dAHey/dt:

Heo = dAH./dt = dAHous/df ~ dAH. 1/ dt. (12)

These quantities are calculated in the next section using Tables 2 and 3 of
Ref. [1], hereafter referred to as FT2 and FT3, for (11), and with inde-
pendent data for (10).
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Numerical values

The current I is obtained from current densities and electrode dimensions
given in Table FT3. Each current found was close to one from the set {1.600
A, 0.800 A, 0.400 A, ..., 0.025 A}, and these were adopted.

For the reaction (r), JANAF thermochemical Tables 4, 5 give the following
standard values at 298.15 K: AHS = 294600 J-mol ™", Ang,m = (29.20+1/2
%29.36 — 84.35) J-K" -mol™ =-40.5J - K™*-mol™. Hence

AHS = [294600- 40.5(T/K - 298)] J - mol’* (13)

which will be applied to calculate A:Hm(T) with negligible error.

For the evaporation (vap) the following values of the vapour pressure of
deuterium oxide p*, based on measurements by Kirschenbaum [6], were
taken from Landolt-Bornstein [7]: 6/°C, p*/Torr = {30, 28.0; 40, 49.3; 50,
83.6; 60, 136.6}. They may be approximated with sufficient accuracy by

In(p*/Pa) = - 5337K/T + 25.83 (14)

It follows that AvapHD,0 = 44370 J -mol~!. The pressure of the experiment
is conveniently taken to be 1 bar = 10° Pa.

It is now possible to calculate the combined molar enthalpy (10) for a
given temperature; it ranges from 296.98 kJ-mol™' at 30°C to 308.01
kJ-mol ™" at 60°C. Unfortunately, the temperature of the individual experi-
ment is not given in FT3, but knowing ® (= — Qinpu in the heading) it may be
estimated as follows. In FT2 observed values of @ (=~Qappiieca + constant con-
tribution from electrolysis) and @ are given. Fitting a second-degree polyno-
mium in AT (cf. Eq. (5)) to these values one obtains, for the given
calorimeter, the expression ®/W=-2.652+60.4-10" 6/°C+934-10"° (6/°C)*
which may be solved for 8 when @ is known. This was done for all experiments
listed in FT3. Dissimilarities between calorimeters may produce an error of
one or several K; an error of 1 K in T will give rise to errors of 0.1 kJ-mol ™ at
30°C and 0.9 kJ-mol™" at 60°C in AH,,,

Finally P is found as U -I while @ is identified with ~Qinpu: in FT3 as calcu-
lated by Fleischmann et al.
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Results

Values of cell voltage, total current, current density, cell temperature es-
timated from Qinpue in FT3, electric power, heat flow into the cell, observed
and calculated enthalpy rates of change and their difference dHey/df =Hexas
well as the corresponding quantity Qexcess given by Fleischmann et al. are all
listed in Table 1 of the present paper. For ease of reference the figures in
Table 1 are given in the same vertical order as in FT3. ‘

The agreement between Hop,s and H.,. is seen to be quite satisfactory, as
testified by their difference H; which is negative and small in all cases.

Attempts were made to correlate Hex with the other columns of Table 1.
They failed in all cases but one: when H, (or its negative) is plotted against
the electric power P a smooth, monotonous functional relationship emerges,
as shown in Fig. 1. For comparison those Qexcess values which fall within its
frame are added to the figure (six had to be omitted, all being >1 W); they
are not only larger by an order of magnitude or more but also present a much
larger relative scatter than those obtained here. By contrast the present data
defines with fair precision a function — H.(P) which is zero for P =0 W and
increases so rapidly with P that an exponential is called for.

To account for the shape of this function, recall that the cell temperature
0 increases nearly linearly with P. If the excess reaction rate depends on
temperature in the usual fashion, its logarithm will vary linearly with 7, This

A
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Fig, 1 Plot of the negative excess-enthalpy rate of change ~Hex in J -5 calculated by the
present method (), and by Fleischmann et al. [1] (A) vs. the electric power of
electrolysis P in W, Of all the quantities in Table 1 the power is the only independent
variable which gives a monotonous function. The graph may be approximated by an
exponential function of P, but not by a mere power of P.

o
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is not all, however: the rate is zero when no electrolysis takes place, i.e. at
I=0A, and increases with increasing I. The simplest assumption, that A, and
I are proportional, is tested in Fig. 2, in which In|H./I |(in volts) is plotted
against 7. The ten points of highest He, /I values lie remarkably close to a
straight line while the remaining nine are rather scattered. This is to be ex-
pected since they all correspond to H. values close to zero.

Figure 2 supports a relationship of the form

Hex= -—kIeXp(—-Ea/RT) (15)
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Fig. 2 Plot of the natural logarithm of the ratio |Hey/!I| in V vs. T in K. The relationship is
close to linearity in the range 10<-Hex /mW <478; for values lower than 10 mW the
relative uncertainty of |[Hex| becomes prohibitively large, as shown by the scatter. The
figures give the values of Hex /mW in this range

Disregarding the four points for which |H.:| <1 mW, linear regression
gives H, /W = -1.13-10" exp (-85 kJ-mol " Y/RT) I/A with a correlation coef-
ficient of -0.97.

To demonstrate the validity of Eq. (15), consider the fifth and the last row
of Table 1 which relate to experiments made at roughly the same tempera-
ture. The ratio between currents is 1.6/0.8, and between H.. values
0.290/0.142. Similar evidence is found from rows 4, 14 and 12.
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Discussion

The bursts found by Fleischmann and co-workers and illustrated in Figs.
8A and 8B of Ref. [1] cannot be explained by the present method. Their
presence, as inferred from the temperature record, is unquestionable, but
convincing evidence as to their origin is still missing,.

Leaving the bursts out of account, the bulk of the data permits the follow-
ing conclusions.

a) At low electrolysis current, the calculations by Fleischmann and co-
workers agree with those presented here in that the excess enthalpy is zero:
the calorimetric data agrees with accepted thermodynamic values.

b) At higher currents, negative excess enthalpies are found in both cases,
but the Fleischmann et al. values are higher than those found here by one or
two orders of magnitude, varying between experiments. The discrepancy
could originate in their indirect statistical treatment, of which no standard
deviation is given. Trials to correlate both sets of results with the experimen-
tal variables were successful in the present case only (columns 5 and 9 of
Table 1; Fig. 1). They show H. to be proportional to the total current and to
an Arrhenius factor with an activation enthalpy of about 85 k¥-mol™".

c) A third outcome of the experiments should not be overlooked: they
show that the (negative) increase of excess enthalpy continues over very long
periods of time, 10° or even 10’ seconds. At a rate of 0.1 to 0.5 J-s™, the total
enthalpy liberated adds up to the megajoule range. No chemical change of
state of the calorimeter can explain this, if only because of its size.

A trivial interpretation suggests itself: some of the deuterium and oxygen
formed by electrolysis might combine instead of leaving the cell, in which
case the excess enthalpy would be the heat of formation of deuterium oxide,
multiplied by its formation rate. This would account for all observed facts. If
the statement, made by Fleischmann et al. (p. 301 in [1]), that current ef-
ficiencies were determined, and were higher than 99% applies to every ex-
periment, the recombination hypothesis must, of course, be rejected; but if
determinations were made in gentle conditions, with P <3 W, say, recombina-
tion would hardly be perceptible. In view of its simplicity, this tentative inter-
pretation should be tested.
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Zusammenfassung — Das von vielen Elektrochemikern verwendete Verfahren zur Berech-
nung der Enthalpie in kalorimetrischen Messungen an Elektrolysereaktionen wurde unter
Anwendung der von Fleischmann et.al. in einer Fallstudie [J. Electroanal. Chem. , 287 (1990)
293.] verdffentlichten Angaben mit einer rein thermodynamischen Niherung verglichen.
Eine Reihe von mit der ersten Methode erhaltenen UberschuBwerten dHex/dt =dHops/d! -
dHcalc/dt korrelierte weder mit den experimentellen Parametern noch mit den entsprechen-
den, thermodynamisch gefundenen Werten. Letztere, um etwa zwei GroBenordnungen
kleinere Werte konnten durch die Gleichung dHex/dt =-kI exp (~Ea/RT) mit einer Ak-
tivierungsenthalpie von etwa 85 kI -mol™! beschrieben werden. Es wird deshalb nahegelegt,
daB dies einer Rekombinierung der Elektrolysegase zugeschrieben werden kann.
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