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Abstract

This paper presents a mathematical analysis that allows the rate of H,+ O, recombination and related heat generation in
single-compartment electrolysis cells to be calculated as a function of current density and temperature. The analysis employs
electrochemical kinetics and gas evolution-enhanced mass transfer theory. Recent calorimetric results of others during the electrolysis of
K,CO; + H,0 solutions in the low current density range from 0.5 to 4mA cm ™~ are in good agreement with the theoretical predictions.
The fraction of O, recombining with H, decreases significantly with increasing current density. As much as 27% of the O, recombines at
0.5mAcm™?, but only 4% at 100mAcm™2, It is shown that the heat generated by H. + O, recombination comprises a significant
fraction of cell input energy only at low current densities. At 0.5mA cm ™2, heat due to H, + O, recombination is 120%, but it decreases
proportionally to j~'%, with values of 18% at 4mAcm™2, 0.8% at 40mAcm~2 and only 0.03% at 400mA cm™2. The analysis also
predicts quantitatively the observed enhancement of recombination by O, gas sparging and its elimination by N, sparging. On the basis
of their results at low current densities, a group of researchers recently concluded that H, + O, recombination is the source for the
“excess heat’ reported by other groups and attribuied by some to ‘cold fusion’. However, reported excess heat values, ranging from a low
of 23% at 14mAcm™2 to a high of 3700% at 6mA cm~2, are much larger than can be explained by recombination. Whatever the
explanation for the large amounts of excess heat reported by various groups, H, + O, recombination must be rejected as a tenable

explanation. © 1997 Elsevier Science S.A.
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1. Introduction

Observation of ‘excess heat’ in heavy water electrolysis
using Pd cathodes was first claimed by Fleischmann et al.
[1] and attributed to ‘‘electrochemically induced nuclear
fusion of deuterium’’. Later, Mills and Kneizys [2] re-
ported excess heat production when electrolyzing light
water K,CO; solutions using Ni cathodes and ascribed the
excess heat to a nuclear fusion process. Many groups
subsequently have reported similar excess heat findings,
but the requisite nuclear by-products, commensurate with
the excess heat measured, have not been found.

This has prompted a recent study by Jones et al. {3]
based on which the authors conclude that H, + O, gas
“ recombination can account for most (if not all)
currently available reports of excess heat in light water
cells’’. The authors further ‘... hypothesize that recom-
bination may account for excess heat in similar experi-
ments with Pd electrodes and heavy water”’.

The present paper examines (1) whether ihe results of
Jones et al. can be explained on the basis of electrode
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kinetics and mass transfer to gas-evolving electrodes and
(2) whether these results, obtained at low current densities,
are valid at the much higher current densities generally
employed by others in their excess heat findings.

2. Experimental

Only certain features of the electrochemical cell are
commented upon here which are of particular interest to
the understanding of the results.

Jones et al. [3] used one-compartment glass cells of
2.5cm diameter and 6cm length with an electrolyte vol-
ume of ca. 16.5cm® and a head space of ca. 1.5cm’. A
cell modification had provisions for gas sparging through a
glass frit at the bottom of the cell. The gases were vented
through tubes in the cell screw cap. The anode was a
straight Pt wire of 0.6 mm diameter and 3.6 cm submerged
length (electrode area 0.7 cm?). The cathode consisted of
(a) a flat 1cm X 1cm X 1 mm thickness sintered Ni sheet,
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spaced about 0.9 cm from the Pt wire or (b) a 2cm X 1cm
X 1 mm sintered Ni sheet, bent into a semicylinder of ca.
1.3cm diameter and surrounding the Pt wire cylinder
symmetrically at a distance of ca. 0.6cm. The effectlve
electrode areas in both cases were approximately 2 cm?, as
will be described in Section 5.1.

In a few experiments, one glass tube each (open to the
electrolyte on one end) was placed around the anode and
cathode to impede gas recombination. For other experi-
ments, O, sparging at 1.2mlmin~' or N, sparging at
1.7mimin"! were employed, corresponding to fluxes of
0.32 and 0.45mImin~" cm™? of cell cross-section.

Cell currents were applied in the range from 1 to 8 mA,
corresponding to a gas evolution (H, and O,) rate from
0.01 to 0.08mimin~!, or about 1/100 of the sparging
rate.

The electrolyte was generally 0.6 M K,CO, solution in
H,0 and the temperature either 25°C (expt. 1 and 2) or
30.4°C (expt. 3 and 4).

3. Results

The major experimental results of Jones et al. [3] are
shown in Table 1. They are grouped differently from those
in the original paper, namely (a) results on gas-evolving
anode and cathode with no glass tubes surrounding the
electrodes and with no additional gas sparging, (b) results
like those in case (a) but with glass tubes surrounding
anode and cathode, and (c) results like those in case (a)
with no tubes but with O, or N, gas sparging.

In Table 1, 7 and E are the measured cell current and
voltage, Pin = IE represents the total electrical power in-
put; P, is the heat :ate, measured with an isothermal
differential heat conduction calorimeter; P,,, = I(E — E,,)
is the cell input power if all evolved H, and O, is vented'
Ey, =148V is the thermoneutral potential; P,= P, —
P, is the heat rate due to H, + O, mcombmatlon in the

cell (termed excess heat rate by Jones et al); and g, =
100P,/P,,, is the power due to H, + O, recombination,
expressed as a percentage of cell input power.

The accuracy of the entire system for determining P,
is +0.1mW in the case of gas sparging and about
+0.08 mW for no gas sparging, as evident from figs. 3
and 4 in Jones et al. [3].

The most significant results can be summarized as
follows. At the low currents employed by Jones et al., a
significant fraction of excess heat is generated if no mea-
sures are taken to prevent H, + O, recombination (expt.
la to 4b in Table 1). However, the amount of heat
decreases appreciably with increasing current, that is from
121.1% at 0.96 mA to 17.8% at 8.08 mA. Gas recombina-
tion is essentially prevented (expt. 2a and 2c) if the two
electrodes are surrounded by glass tubes; then P, .. be-
comes almost identical to P,,. Sparging with O, (no tubes
present) increases the fraction of recombined H, and O,
(hence the heat generated) from 105% with no sparging
(expt. 2b) to 1049% with O, sparging (expt. 3h). N,
sparging prevents H, + O, recombination (expt. 3a and
4c) or at least greatly impedes it (expt. 4d).

4. Theoretical
4.1. Simultaneous O, reduction and H, evolution

H, + O, recombination could principally occur either
by H,, evolved at the (Ni) cathode, reacting at the (Pt)
anode surface, or O,, evolved at the anode, reacting at the
cathode.

However, it is well established that the rate of H,
oxidation (gas recombination) on electrodes, such as Pt, Pd
and Ni at the potentials of O, evolution is negligible [4]
due to the inhibiting effect of chemisorbed O or oxides
[5,6].

In contrast, O, reduction proceeds readily on metal

Table 1
Experimental results by Jones et al. [3]
Expt. no. I/mA E/V P,/mW Prcas/mMW Py /mW P./mW q/%* Comments
la 0.96 1.83 1.76 0.74 033 041 121.1 -0
2b 1.04 1.86 1.93 0.80 0.39 041 105.1 —°®
1b 1.66 1.91 .17 1.27 0.71 0.56 78.5 — b
4a 4.17 2.04 8.51 3.86 233 1.53 65.4 —¢
4b 8.08 2.61 21.09 10.76 9.13 1.63 17.8 — €
2a 1.02 2,09 213 0.73 0.62 0.11 17.7 tubes 4
2 1.01 2.i8 2.20 0.66 0.71 -0.05 -5.7 tubes >4
3b 1.08 1.61 1.74 1.61 0.14 1.47 1049 0,
3a 1.04 1.84 1.91 0.28 0.37 -0.09 —-25.7 N, ®
4 5.73 2.62 15.01 6.59 6.53 0.06 09 N, ¢
4d 5.68 272 1545 741 7.04 037 5.3 N, ¢
: q.= IOOP,/ it is the heat fraction generated by H, + O, recombination.

1 X 1cm® Ni cathode, planar: ca. 2cm? active area.
: 2x 1cm? Ni cathode, semi-circle: ca. 2cm? active area.

Open-ended glass tubes surround anode and cathode.



F.G. Will / Journal of Electroanalytical Chemistry 426 (1997) 177184 i79

surfaces free from chemisorbed oxygen or oxides (hydrox-
ides). At the reversible H, evolution potential, the noble
metals, including Pd [4], as well as Ag and Ni [7], are
oxide-free. On H,-evolving Pd and Ni cathodes, as used in
most ‘cold fusion cells’, O, reduction

0, +2H,0 +2e~— 40H" (1)
occurs simultaneously to H, evolution [4]
2H,0 + 2™ - H, + 20H" (2)

The rate of O, reduction is controlled by the diffusion
of dissolved O, to the cathode surface and the two ca-
thodic partial current densities are additive:

j=jr +jH2’ (3)

where j, j, and jy are respectively the total (externally
measured), O, reduction and H, evolution currents re-
ferred to the cathode area. The rates per unit cathode
surface area at which O, and H, gas are released to the
gas phase above the electrolyte are therefore

vo, = Vu(J —J:) /4F 4
vu, = Vm(Jj=Jr)/2F = (Vm/2F) jy, (&)

where v, and vy, are the volumes of O, and H, released
per unit time and area respectively; V,, is the molar
volume of ideal gases at standard pressure and temperature
(22.41mol~ ') and F is the Faraday constant. Thus, while
the H, evolution current density (jy, =j —j;) is actually
smaller than the O, evolution current density (jo, = j), the
volumes of H, and O, released to the gas phase are in
stoichiometric proportion (vy, = 2v, ).

In spite of an apparent H, + O, recombination—as
would be deduced from the fact that the measured quanti-
ties of H, and O, are smaller than corresponding to
Faraday’s law—the actual mechanism is not H, + O,
recombination but rather the electrochemical reduction of
O, on the cathode, leading to a correspondingly smaller
amount of H, generation for a given current.

4.2. Effect of H, evolution-enhanced mass transport on the
diffusion layer

It has been known for some time that the rate of mass
and heat transfer to an electrode is increased by gas
evolution on that electrode. Ibl et al. [8] performed detailed
experiments [9] on the effect of H, evolution on the
reduction of Fe** ions on Pt in 1M H,SO, and adapted
penetration theory [10] to model the experimental resuits
successfully. The theory involves penetration of the diffu-
sion layer, i.e. the replacement of the volume of a gas
bubble leaving the surface, by fresh electrolyte.

The latter contains the bulk conceniration of dissolved
reactant (Fe**) which decays rapidly according to a non-
steady state diffusion process. This process is equivalent to
a considerable decrease of the mean diffusion layer thick-

ness compared with that due to natural convection. Ibi et
al. [8] derived the expression

8=[mrD/6(1- O)vy ] (6)

where r is the bubble radius, D is the diffusivity of
dissolved reactant (Fe3*), @ is the surface fraction cov-
ered with bubbles, vy /mlcm™2s™! is the gas (H,) evo-
lution rate. Assumptions in the derivation cf Eq. (6) are
that (a) solution with bulk concentration reaches the sur-
face upon bubble release, (b) the reactant reduction is
diffusion-controlled, and (c) bubble evolution occurs uni-
formly across the entire surface. Expressing the H, evolu-
tion rate in Eq. (6) in terms of jy, according to Eq. (5)
yields

8= [mrFD/3(1 - ©)Vyjy,] (7)

Thus, a straight line with slope — 0.5 should result from
alog 8 vs. log jy, plot.

Ibl et al. [8] showed that Eq. (7) is obeyed within +6%
for H, evolution in acid. However, for H, evolution in
alkali and for O, or Cl, evolution, slopes from —0.36 to
—0.87 have been observed [11]. Other theoretical models,
such as the hydrodynamic model [12] and the micro-con-
vection model [13], predict slopes of —0.33 and —0.48
respectively. Treatment of bubble streams [14] also leads
to a slope of —0.5. While no present model is capable of
explaining the variety of all experimental findings, all
three models predict that & decreases with increasing gas
evolution current o some fractional power, in agreement
with the experimental findings.

4.3. Effect of current density on fraction of O, recombin-
ing

The current density of reactant reduction j, follows
from Fick’s law of diffusion

ji=2,FcD/d (%)

where z, is the number of electrons per mole of reactant (4
for O,), and c is the reactant concentration.

The applied current density j is a direct measure for the
total amount of O, evolved. The fraction of O, recombin-
ing, j./Jj, is determined from Egs. (3), (6) and (7) by
eliminating & and jy :

isi=b/{2i[(1+4j/8)* = 1]} ©)
b=48FV,c’D(1 - 8) /=wr (10)

Eq. (8) predicts that the fraction of O, recombining
decreases with increasing current density j. Validity of Eq.
(9) assumes that O, reduction on the H,-evolving cathode
occurs under diffusion control with ¢ =0 at the cathode
surfav» (limiting diffusion current regime), as has been
shown to be true for active noble metals, oxide-froe Ni and
many other metals [4,7].
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4.4. Heat generation by H, + O, recombination

Excess heat is often reported as a fraction of the cell
input power, P,,,, which, for vented cells with no H, + O,
recombination, is
Py =I(Ecey — Egn) (11)
where 1 is the cell current, E,,, is the cell voltage and E,
is the thermoneutral potential (volt equivalent of the for-
mation enthalpy for H,0 (1.48 V) or D,0 (1.53 V)). Ex-
pressing the recombination heat rate Q,(P.) as a fraction of
the cell input heat Q,,(P.,,) yields

4= Qr/ Qcen = Po/Peen = Po/I( Ecen — Eypn) (12)
Since

P =LEy, (13)
4 =L Epo/1( Ecen = Eipn) (14)
E_,, is a function of current and can often be approximated
by

E =IR,+E, (15)

where R, is the internal cell resistance and E, is the open
circuit voltage. Eliminating E_, from Egs. (14) and (15)
and using current densities yields

9 =jr/[j(j/jthn+Eo/Ethn - l)] (16)
where
jthn = Ithn/Acath = Elhn/Ri Acath (17)

is the (hypothetical) current density that would originate if
the thermoneutral potential were applied across the spe-
cific internal cell resistance (A, is the cathode area).
Combining Egs. (9) and (16), under elimination of j,,
leads to an expression of the relative excess heat rate as a
function of cathodic current density:

g.=[(1+4j/5)"* - 1]

/[(2i/8)(i/ian+ Eo/ Esn~ 1)] (18)
For larger current densities, Eq. (18) can be approximated
by
4 =Jjuab'*/i? (19)

This results in an error of less than 10% for j>
0.015Acm™? in the Jones et al. case of 0.6M K,CO, at
25°C. When plotting log g, versus log j, a straight line
should be obtained at moderate to high current densities
with a slope of — 1.5 and an intercept with the log j =0
axis at log{jy,b'/?). Excess heat rate due to H, + O,
recombination thus decreases steeply with increasing cur-
rent density. Different electrolytes and temperatures result
in a parallel shift of the straight lines in a log~log plot, in
accordance with Eq. (19), as b is affected by the changing
vallm;s of ¢, D, © and r in Eq. (10); but the slope remains

5. Discussion

5.1. Comparison of H, evolution-enhanced reduction of
0, and other reactants

Proper discussion and use of the results of Jones et al.
[3], as shown in Table 1, requires determining the applied
current density j. Two different geometries were used, and
the current distributions are not the same in both cases.
However, the effective surface areas may be estimated: in
the case of a 1 X 1cm? Ni sheet cathode at about 0.9 cm
distance from a 3.6 cm long Pt wire anode, the backside of
the Ni sheet will receive considerable current, and both
sides will be counted, giving approximately 2cm? area. In
the second case of a 2X 1cm? Ni sheet bent into a
semi-circle at a radial distance of ca. 0.6cm from the Pt
wire in its center, the backside is essentially shielded, and
the effective area is also about 2cm?.

Further discussion in terms of the penetration (or other)
model requires determination of the partial current densi-
ties of H, evolution j; and O, reduction j,. The latter is
readily determined from Eq. (13), realizing that the heat
rate from recombination P, is related to the measured heat
rate P,.,. by

P, ro P, meas Pcell (20)
Hence
Jr= ( Pmeas - Pcell)/Elhn Acath (21)

Ju, is readily calculated from Eq. (3). Further, the gas
evolution rate and diffusion layer thickness are computed
from Eqgs. (5) and (7) respectively. The resulis are summa-
rized in Table 2 for H,-evolving Ni cathodes in 0.6 M
K,CO, without N, or O, sparging and without the use of
glass tubes to mitigate H, + O, recombination. Fig. 1.
shows the customary plot of the data of Table 2 in terms of
log 8 vs. log jy, according to Eq. (7). Also shown are the
results of Ibl et al. [8] (on the reduction of Fe3* in 1M
H,S0, on H,-evolving smooth and platinized Pt) and of
Janssen and Hoogland [11] (on the reduction of Ce** in
IM H,S0, and of Fe(CN);~ in 1M KOH on H,-evolv-
ing Pt).

The data points of Jones et al. (with the exception of
one point) lie on a straight line with slope of about —0.6.
This agrees well with the data of Ibl et al. [8] and Janssen
and Hoogiand {11] on smooth Pt in acid which give

Table 2

Diffusion layer thickness and H, +0, recombination

Expt. j/mAcm™? j /mAcm™? jy /mAcm™% 8/mm f,/%*
no.

la 048 0.137 0.343 394 28.5
2 052 0.138 0.382 391 26.5
ib 083 0.189 0.641 286 228
da 209 0.515 1.575 105 247
4 404 0.549 3.491 98 13.6

* £, =100/, /j is the fraction of total gas recombining.
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Fig. 1. Diffusion layer thickness vs. current density of H, evolution. Data
points determined (this study) from calorimetric measurements by Jones
et al. [3] on Ni in 0.6M K ,CO, +0,. Solid lines: experimental data of
(1) Janssen and Hoogland [11] on Pt in 1M KOH+0.03M K ;Fe(CN),;
(2) Ibl et al. [8] on Pt black in 1M H,50, +0.03M Fe**; (3) Dbl et al.
{8 on Ptin 1M H,SO, +0.03M Fe**; (4) Janssen and Hoogland [11] on
Ptin IM H,S0, +0.03M Ce?*. Dotted lines: extrapolated experimental
lines.

straight lines with slopes of —0.62 and —0.52 respec-
tively. The Ibl et al. data on Pt black in acid give a straight
line with slope —0.46. Extrapolation of these lines to the
low current densities employed by Jones et al. shows that
the Jones et al. data points fall essentially on those lines.
Thus, the results of Jones et al. [3] for O, reduction on
H,-evolving Ni in carbonate closely resemble the results
of others for the reduction of Fe** and Ce** on H,-evolv-
ing Pt in acid. All these results follow the principal
behavior (slope close to —0.5) predicted by both penetra-
tion and micro-convection theory.

However, the Janssen and Hoogland data on Pt in 1M
KOH yield a straight line of slope —0.36 and quite
different values of & at low current densities. The hydro-
dynamic model provides a better description of this case,
which may be related to the smaller bubble size and the
smaller tendency for bubble coalescence in strong alkali.

5.2. Effect of current density on H, + O, recombination

The fraction of O, reduced (recombining) at the cath-
ode is predicted by Eq. (9), which has the gas bubble
parameter (1 — @) /r entering through b as expressed by
Eq. (10). This parameter, while principally accessible to
measurement, is not available in the study of Jones et al.
[3] It was therefore determined by fitting the curve pre-
dicted by Eq. (9) to the singie data point at 4.04mA cm 2.
The curve for 25°C in Fig. 2 for the entire current density
range from 0.4 to 1000mA cm ™2 was then calculated with
Eq. (9), using for c and D the values in H,O. The values
in dilute agueous solutions, such as 0.6 M K,CO;, are, to
within a few percent, identical to those in H,0. Any
possible current density dependence of (1-0)/r was
neglected.

With the exception of the data point at 2mA cm ™2, the
theoretical curve predicts the observed behavior quite well.
At 25°C and low current densities of 0.4 to 0.5mA cm ™2,
the predicted and observed H, + O, recombination
amounts to 26.5-28.5%. At yet lower current densities,
Eq. (9) loses its applicability, and the curves in Fig. 2
should not be extrapolated because the diffusion layer
thickness is then determined by natural convection and
increases proportionally only to ji;* rather than j;°* as
predicted by Eq. (7) and used in Eq. (9). :

With increasing current density, the predicted fraction
of O, recombining decreases significantly: 9.7% at
0.01Acm™2, 4.2% at 0.1Acm™? and 1.7% at 1Acm™2.

5.3. Effect of temperature on H, + O, recombination

The effect of temperature on the fraction of O, recom-
bining was evaluated by taking into account the tempera-
ture-dependence of the O, solubility ¢ and diffusivity D
(in H,0) in Egs. (9) and (10). Any possible temperature-
dependence of the gas bubble parameter (1 — ®)/r was
neglected. Curves for temperatures from 0 to 95°C were
thus calculated from Eq. (9) and are shown in Fig. 2. It is
seen that H, + O, recombination becomes less significant
with increasing temperature. This is due to the fact that
ju/iu, is proportional to cD'/? and that the decrease of ¢
with increasing temperature outweighs the increase of D
as the temperature rises. This effect becomes more pro-
nounced at higher temperatures, as c¢ decreases precipi-
tously when the boiling point of the aqueous solution is
approached.

5.4. Effect of gas sparging on H, + O, recombination
Jones et al. [3] conducted experiments on the effect of

0, and N, sparging on the rate of H, + O, recombinatior
in a cell without glass tubes surrounding the electrodes.

F-3
(=]

8

Oxygen Recombination 100 (j, /j//%
] 3
LI T

0- i PR S | . P S | i PR )
0.1 1 10 100 1000

i/mA om?

Fig. 2. Predicted percentage of total O, recombining at cathode vs. cell
current density at different temperatures. Data points deter:nined (this
study) from calorimetric measurements by Jones et al. [3].
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Table 3 -

Effect of O, and N, sparging on H, +O, recombination

Expt. i/ Je / jllz / Usp / Sparg- jnheor /_ 2

no. mAcm~? mAcm~2 mAcm™? mlem™2 ing  mAcm
min~! ® gas

2b 0.52 0.138 0.382 0 — 0144

3b 0.54 0496 0.044 0.6 0, 056

3a 0.52 -0.032 052 0.85 N, 0.0014

2 Sparging rate referred to uiit area of cathode.

Table 3 shows the results of evaluating the Jones et al.
experiments 2b, 3b, and 3a, with no sparging, O, sparging
at 0.6mlcm~2 min~! and N, sparging at
085mlcm™2 min~' respectively. These rates are referred
to unit cathode area.

The relevant H, and O, evolution rates were deter-
mined from j; and jy, which in turn were computed from
the measured heat of recombination (see Table 1) and
current, using Eqgs. (21) and (3). An H, evolution current
density of 0.5mA cm~2 corresponds to H, and O, evolu-
tion rates of vy, =0.0036mlcm™>min~' and vy, =
0.0018 mlcm ™2 min~! respectively.

With no sparging and only H, and O, evolution occur-
ring, the partial pressure of O, in the gas head space is

p02=(]/3)(pbar_p!l20) (22)

where p,,, is the barometric pressure and py,, is the
vapor pressure of H,0.
With O, sparging

P0,(0,5p) = [( Vo,p + ”oz)/U:]( Prar ‘Puzo) (23a)

where

U, = Vo,sp + Vo, + Un, (23b)
With N, sparging

PoyN,spy = (Uoz/v:)( Poar — Pu,0) (24a)

where

v = UNysp T Vo, + Uy, (24b)

With no sparging, ji.., is readily calculated from Eq.
(9), using for b the value obtained by fitting the curve to
the data point at 4.04mAcm™2 (Fig. 2); the calculated
value agrees closely with the experimental value (see
Table 3).

With O, sparging, the recombination current density is
calculated from

jl()zsp =.r'r( p02(03sp)8)./( p(): asp) (25)

where & and &, are the diffusion layer thicknesses with
electrolysis alone and both electrolysis and sparging re-
spectively; & is determined from Egq. (7) (see also Fig. 1
and Table 2) as 377mm. &, has been measured as a
function of sparging rate in 2M NaOH by Ibl et al. [8).
Using their data, an approximate value of 0, =290 pm

was determined for fine-pore glass frits. This leads to a
calculated value for jio ., (OF jiyeor in Table 3) of
0.56mAcm™2, in good agreement with the experimental
value of 0.496 mA cm™2.

With N, sparging, the very small value of jy,q, =
0.0014mAcm™2 is predicted; experimentally, the small
value of —0.032mAcm™~2 was determined.

Thus, both the observed increase of H, + O, recom-
bination by O, sparging and the observed virtual elimina-
tion of recombination by N, sparging are readily inter-
preted. The major factor is the change of the O, partial
pressure, and hence the O, concentration in the electrolyte.
The second factor is the change of the diffusion layer
thickness which depends upon the rate of gas sparging.

5.5. Heat generated from H, + O, recombination

In contrast to the simple dependency of & on the H,
evolution rate (jy,), the excess heat rate depends on the
measured current density j in a more complex form and,
furthermore, is affected by electrode spacing and electrode
kinetics, such as the O, overvoltage. This is expressed in
Egs. (16)-(19) by the presence of the internal resistance R,
and the open circuit voltage E,. For the case of Jones et al.
[3], the experimental current-voltage curve allows deter-
mination of R; = 107 {}, equivalent to j,, =
0.0069 Acm ™2 (see Eq. (17)), and E, = 1.73 V. The curve
in Fig. 3, representing a plci of log g, vs. log j, was
computed from Eq. (18). As seen, the theoretical curve
predicts the actually observed behavior at lower current
densities quite well. No data are available to confirm the
predicted behavior at larger current densities, in particular,
the straight line with slope — 1.5, predicted by Eq. (19) for
current densities larger than 0.015 A cm™2.

However, two facts point to the correctness of the
predicted behavior at larger current densities. (1) The data
obtained by Jones et al. [3] follow closely the simple
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Fig. 3. Predicted heat rate due to H, + O, recombination (as percentage
of cell power) vs. cell current density. Data points measured by Jones et
al. [3].
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straight-line behavior of the log & vs. log jy;, plot in Fig.
1, both predicted by penetration theory and confirmed by
others up to current densities of 1 Acm™2. (2) The pre-
dicted log g, vs. log j curve in Fig. 3 is based on the same
theory.

Fig. 3 predicts that the excess heat generated by H, + O,
recombination decreases rapidly with increasing cell cur-
rent density. At 0.01 Acm™2,0.1Acm~2 and 0.6 Acm™2,
the excess heat due to recombination amounts to only
5.4%, 2% and 0.01% respectively.

Similar values are expected for other dilute aqueous
electrolyte solutions if the electrode arrangement and an-
ode material are similar to the Jones et al. case. Otherwise,
correction has to be made for different internal cell resis-
tance and open circuit voltage. Taking this into account,
Fig. 3 predicts approximate values for the excess heat
generated by D, + O, recombination in 0.1M LiOD +
D, O cells.

Fig. 3 and the underlying Eq. (18) are valid only if
recombination in the gas head space is prevented by
submerging the electrodes fully and protecting the elec-
trode leads with plastic sleeves. It is well established [15]
that significant reaction takes place when catalytic elec-
trodes are onlv partially submerged in the electrolyte.

Gas recombination may also increase significantly when
the electrolyte solution boils, as this may lead to parts of
the electrode surfaces being exposed to H, (D,) and O,
which are present in the head space.

5.6. Comparison between predicted and measured H, + O,
recombination

With the exception of the study by Jones et al. [3], the
author is not aware of other measurements of H, + G,
recombination as a function of the current.

However, a few measurements or estimates have been
performed at selected currents. Jow et al. [16] found that
recombination at 60 or 240mAcm~2 amounted to less
than 1%, as determined by weight loss measurements of
cells during electrolysis. The present study predicts upper
bounds for recombination of 5% and 2.8% at 60 mA cm~?
and 240mA cm~? respectively.

Srinivasan et al. [17] determined gas recombination by
collecting the gases formed in 0.6M K,CO;. They ob-
tained less than 10% gas recombination below
40mAcm™2. The present study predicts less than 5.7%
under these conditions.

Lastly, Divisek et al. [18] determined gas recombination
from the volume of the D, + O, mixture evolved from a
cell with a Pd cathode in 0.1 M LiOD at 547 mA cm™? and
27.6°C. They determined up to 22% recombination in the
first 10 min of loading ihe Fd with D, decreasing to 6% in
180min. The present study predicts a limit of 2.2% gas
recombination under these conditions. The exceptionally
high measured values during the first 60 min could be due
to the facts that (1) the method employed yielded only the

Table 4

Observed excess heat vs. predicted H, + O, recombination heat
Reference j/mAem™? g /%*  q./%°
Mills and Kneizys [2] ~6¢ 156-3766 11
Noninski [20] ~44d 160 18
Notoya and Enyo [21] 10-700 270-340 0°
Srinivasan et al. [17] 14-40 * 23-130 0.8-3.3

: Gexc = loopmeas /Pcell'

q, = 100F, / P oy

Average of pulsed current; cathode area ill-defined (jelly role).
Cathode area ill-defined (jelly role).

H, sparging eliminates H, + O, recombination.

High-power group of experiments.

o

<

-0

sum of the D occluded by the Pd and the D, recombining
with O, and (2) the amount of D occluded was assumed to
be identical to that measured on another Pd electrode in a
different cell and at a different temperature. Furthermore,
no mention was made of any measurements to ascertain
the absence of any leaks in the gas collection system. The
vital importance of proper procedures in similar gas vol-
ume measurements has been emphasized by other authors
[19]. A gas leak as small as 0.008 mis~! would explain the
high steady-state value of 6% recombination determined
by Divisek et al. [18].

5.7. Excess heat claims vs. heat generated by H,+ O,
recombination '

Studies in light water cells aimed at detecting excess
heat, have generally employed lower current densities than
studies in heavy water cells and are, therefore, more likely
to be affected by heat generated from partial H, + O,
recombination.

Table 4 summarizes some of the excess heat findings
reported in specified current ranges and compares these
experimental results with the excess heat for H, + O,
recombination predicted in the present study for the Jones
cell geometry with R, =107} and E,=1.73V.

It is evident that the reported excess heat values are
significantly larger than the heat attributable to H, + O,
recombination. Even complete recombination cannot ex-
plain the observed results, with the exception of those of
Noninski {20]. In another case of reported excess heat, the
possibility of recombination is eliminated by employing
H, sparging [21]. Thus, whatever the explanation for the
reported excess heat, it cannot result from H, + O, recom-
bination.

6. Conclusions

The experimental results of Jones et al. [3] on heat
generated by H, + O, recombination during electrolysis of
0.6M K,CO, + H,O0 solutions in undivided cells can be
predicted by applying gas evolution-enhancec mass trans-
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fer theory. However, the results were obtained at small
current densities, from 0.5 to 4mA cm ~2; extrapolation of
these findings to the much larger current densities, gener-
ally employed in ‘cold fusion’ studies, is not permissible
and has led Jones et al. to incorrect conclusions.

H, + O, recombination actually is the electrochemical
reduction of dissolved O, on the cathode. The fraction of
0, ‘recombining’ decreases steeply with increasing current
density. For j> 15mAcm™2 the decrease is proportional
to j~%4. With the exception of one point, the data points
of Jones et al. in the measured range from 0.5 to 4 mA cm 2
follow the behavior predicted theoretically. At 25°C, H, +
O, recombination amounts to 27% at 0.5mA cm~2, but to
only 10%, 4% and 2% at 10mA cm™~2, 100mAcm ™2 and
1000 mA cm ™2 respectively. The fraction of O, recombin-
ing is proportional to cD'/? and decreases with increasing
temperature since the decrease of ¢ outweighs the increase
of D.

As further evidence for the validity of applying mass
transfer theory, the observed 3.6-fold enhancement of O,
recombination by O, sparging and its virtual elimination
by N, sparging are both predicted quantitatively.

Extension of the theory to determining the heat due to
H, + O, recombination leads to the prediction that the
fraction of cell heat due to recombination decreases strongly
with increasing current density; the decrease is propor-
tional to j~' for j> 15mAcm™2. Again, application of
mass transfer theory is validated by the agreement of
predicted data with the measurements of Jones et al. in the
range from 0.5 to 4mA cm™2. The heat due to recombina-
tion is 120% at 0.5mA cm™2, but predicted to be only 2%
at 100mAcm™* (11% at 6mAcm~ and 0.01% at
700mA cm™2). By contrast, excess heat reported by other
groups at current densities from 6 to 700 mA cm 2 is from
23 to 3700%. It is concluded that heat generated by
H, + O, recombination must be ruled out as an explana-
tion for the excess heat reported by a number of groups in

both light and heavy water electrolysis and sometimes
attributed to cold fusion. The question: ‘‘what effects (or
artifacts) give rise to the excess heat findings?”’ must
therefore still be regarded as unresolved.
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