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SUPERSATURATION AT GAS-EVOLVING ELEC'J~ODES 

Charles K. Bon 

Inorganic Materials Research Divisj )n 
Lawrence Radiation Laboratory, ar_ 1 
Department of Chemical Engiheerir ~ 
Uni versi ty of California, BerkelE f 

September 1970 

ABSTRACT 

Equilibrium hydrogen electrodes.were used to n ~asure gas super-

saturation near a horizontal cathode evolving hydrc ,sen. The observed 

concentration gradients at the surface support the hypothesis that 

dissolved gas diffuses into the solution and thencE to gas bubbles 

formed on the surface. The surface supersaturatioJ, at steady state is 

found to be proportional to the square root of the current density, 

, 2 
increasi~g from 4 to 60 atmospheres in the range fJ'om 0.2 to 40 ma/cm . 

This result is in harmony with a surface-renewal m·,del of the- gas 

evolution process. 

Ii 
I 
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INTRODUCTION 

In industrial processes as ,,,ell as in laboratory investigations 

electrodes are frequently elD:ployed where one of tt.? products is a gas. 

A complete study of any electrode reaction must in-rolve :onsideration 

not; only of the charge transfer steps, but also tht, tran.port of 

reactants and products to and from the electrodes. In tle case of gas-

generating electrodes mass transfer is complex, involvin _~ both convection 

and diffusion~ Relatively few observations are aVc:ilable on the trans-

port of gaseous products from an electrode. This J'eport presents 

measurements of hydrogen supersaturation near a horizontal electrode 

with steady-state evolution of hydrogen from onealld two molar sulfuric 

acid solutions . 

. When current is first applied to a gas genera-~ing electrode, before 

bubbles start to form, the gas diffuses into the bulk of the electrolyte 

and builds up a uniform concentration profile as shown in Fig. 1. 

Tbe gas concentration before bubble formation is obtained by 
. 1 

integrating the diffusion equation with boundary (!onditions of constant 

initial' electrolyte concentration, and constant ga:3 production rate (cor-

responding to constant current density). Equation '(I) gives the gas 

concentration as a function of time and distance f~'om the electrode . 

• Co 

C 
2IJr 

CB + nFln ierfc 
x (1) 

. In the absence of convection or bubble formation, Eq. (1) shows 

that the concentration at the electrode surface is proportiona.l to the 

square root of time and continues to increase indefinitely (since ierfc 
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Fig. 1. Concentration profile of dissolved hydrogen gas at cathode before 
bubble formation. 
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(0) is constant with a value of 0.564). Figure 2 SllOWS the concentration 

of dissolved hydrogen at a cathode surface as a function of time as 

calculated by using Eq. (1). The concentration versus distance from. the 

cathode surface is shown in Fig. 3. Even at extremely low current 

densities some mechanism in addition to diffusion must contribute to 

remove gas at the rate it is being produced. 

Removal of all the gas from an electrode without bubble formation 

is possible by supplying agitation to form an extremely thin boundary 

layer. If the boundary layer is thin enough, all the dissolved gas 

can diffuse to the bulk electrolyte where it can either fonn bubbles 

or escape from the electrolyte surface by convection. One of the most 

effective means of stirring is the rotating disc electrode. Using the 

solution of the convective diffusion equation for the rotating disc 

2 
obtained by Levich, we find for example, that at the surface of a 

. / 2 disc rotating at 10,000 RPM, a current density of 20 rnA cm should 

cause a steady state concentration of dissolved hydrogen gas corresponding 

* ** to 2 atm partial pressure. 

In the absence of vigorous external agitation, or at high current 

densities soon after the start of passage qf current the concentration 

at the electrode becomes high enough to nucleate butbles. At this point 

concentration profile changes. to the type shown qualitatively in Fig. 4~ 

* Definition of symbols given in separate list. 

** Solubility ofH2 at 1 atm 7.2 X 107 mOles/cm3 3 

Diffusivity of H2 3.8 JC 105 cm
2
/sec 

4 
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Fig. 2. Calculated concentration of dissolved hydrogen at cathode surface 
before.bubble formation (stagnant electrolyte, D

H
. = 3.8 ~ l05cm2/sec). 
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Gas now diffuses to bubbles at, nearby locations on the cathode as well 

as to the bulk electrolyte. After the bubbles haVE' grown to a critical 

size, determined by the surface te nsi on, contact angle, and pre s sure 

forces, 5:they disengage. from the surface. Eventually a steady process 

is established by diffusion near the cathode and by rising bubbles far 

from the cathode in which the vertical flux of hydrogen is uniform. The 

bubble motion causes effective stirring of the electroly be and provides , . . 

for convection as an additional mechanism of mass transfer: Convection 

is most significant at intermediate distances from the c'3-thode; far 

enough so turbulence is important, but not so far that aJl excess hydrogen 

has been transferred to the gas phase. 

The process of bubble evolution occurs in discrete steps causing the 

dissolved gas concentration at any point near the cathode to increase 

and decrease _in a cyclic manner depending on the stage of growth of the 

bubbles in the immediate vicinity. For this reason there is no single 

exact value for the gas concentration at a given distance from the 

cathode even though the total hydrogen flux is a constant. Measured 

values of the supersaturation represent average concentrations. 

Only within the last fifteen years have gas concentrations at 

electrode surfaces been reported. An AC phase_ shifting i~echnique waf. 

used by Brei te;6 iT, 8 and hi~· co-workers to measure the hydrogen 'conCf'n­
. \. I. 

tration at cathodes with low activation overvoltages. Lewis and Green9 

measured the hydrogen dissolved in the metal of a palladium cathode and 

calculated the hydrogen concentration in solution by assuming that the 

metal and the electrolyte were in equilibrium at the electrode surface. 

Glas andWestwater
10 

have adopted an approach directed toward studying 

-" 
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Fig. 4. Dissolved hydrog~n concentration profile at cathode after 
formation of bubbles. 
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the mechanism of gas transport at an electrode by measuring the growth 

11 . 
rate ofa single bubble. Cheh· has reviewed the entire mass transfer 

process including nucleation, bubbl~ growth, and disengagement. There 

is, however, still no satisfactory method of predicting gas concentration 

at an electrode. In this work the concentration of dissolved hydrogen 

in the vicinity of a cathode is measured using platinized platinum 

electrodes, and a simplified model is tested to correlate gas concentra­
./ 

tion at the electrode surface with current density. 
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EXPERIMENTAL 

Cell Des~gn 

The principal tool for measuring hydrogen conc(~ntrations in the 

vicinity of the cathode was a cell equipped withhyrlrogen reference 

electrodes located within the cathode boundary laye~. Fj gure 5 shows 

the schematic design of the cell. A laminated cons ,ruction is used 

to locate the measuring electrodes at known distances from the cathode 

(inset Fig. 5). The measuring electrodes are sheet:, of 0.00062 cm 

platinum foil with sheets of plastic of various thi(~knesses separating 

them and determining the distance of each electrode above the cathode. 

Lo(~atibns of the electrodes are given in Table 1. 

Electrode Number 

1 

2 

3 

4 

5 

6 

7 

,8 

Table I 

Distance from cathode cm 

0.0016 

0.0035 

0.0086 

0.0137 

0.0390 

0.;065 

0.225 

0·545 

The layers of platinum and plastic are bolted to the bottom 

of a 7. 5-cm diameter by 5-cm long cylinder of piastlc which serves as 

the cell body, and a 1. 25 cm hole is bored through the assembly and the 

I( 
I, 
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Fig. 5 .. Diagram of cell used for measuring dissolved hydrogen concentra­
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plastic block. . Polishing and platinizing the expo~ed edges of the 

platinum foil made the edge of each sheet a revers-ible hydrogen electrode 

flush with the cell wall. The electrolyte compartment h; formed by 

bolting the cathode onto the bottom of the assembly. Th,· straight 

walls of the cathode compartment parallel to the djrecti, 'n of current 

flow provide a geometry that gives a uniform cathode cu Tent density. 

The current distribution is not affected by the measurin!~ electrodes. 

The procedure for platinizing the measurin@ elec :;rode was adapted 

12 
from rves and Janz. The electrodes were cleaned by making them alter-

nately anodes and, cathodes in 1 ~ ~S04 at a current density of 250 ma 

2 
per cm. The platinum was deposited from a 3% platinic chloride solution 

containiilg .02% lead acetate. A current density oj' 15 ma/cm
2 

was main-

tained for 10 minutes. 

The geometry of the cell, where each measUJ~ing ,'lectrode has a 

length equal to the circumference of the cathode compartment provides 

the maximum active electrode .area. Even though this active area 

(2.4 X lO-\m
2

) is below that recommended by rves and Janz, the poten-

tialswere reproduceable to within ±2 millivolts of the standard 

hydrogen electrode potential. Earlier attempts to use smaller elec-

trode areas such as the platlnized tip of a wire were unsuccessful 

because a bubble would cover an entire electrode area and cause 

erroneous readings. The platinum wires also caused abnormal current 

distribution in the vicinity of the measuring electrode- when they 

were close enough to the cathode to be within the boundary layer . 

. The anode compartment was connected to the cathode compartment 

through an electrolyte bridge. This precaution insured'that none of 
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the oxygen produced at the anode could reach the ring reference electrodes. 

Similarly, to prevent any ·.influence of the oxygen from the anode the 

hydrogen electrode (1 atm), relative to which the potentials of the ring 

reference electrodes were· measured, was also located. in a separate chamber. 

The assembled cell ready for operation is shown in Fig. 6. 

Cell Operation 

Measurements were made with two different types of cathodes - one 

smooth platinum, and the other platinized. Both platinum cathodes were 

polished to a mirror finish mechanically, the final polish was obtained· 

using one micron diamond dust. The platinized electrode was then cleaned 

in nitric acid. The coating was deposited fr~ a 3~ platinic chloride 

2 
solution containing .(J2~ lead acetate at a current density of 150 me/cm 

for 2 minutes. 

* Voltages were measu~ed with .an integrating digit~.l voltmeter. The 

meter records thirty voltages per second and could be programmed to record 

in sequence voltages from several· different locations. Voltages measured 

** in this manner also were checked with an electrometer. Maximum discrep-

ancy between. the two instruments was less than one millivolt, which was 

within the reproduceability of the hydrogen measuring electrodes. 

From the potential of the ring reference electrodes measured against 

the hydrogen electrode at 1 atm in the bulk electrolyte, the hydrogen 

gas concentrations were calculated using the Nernst equation. The gas 

* Vidar system. "Vidar digital data acquisition system," consisting of 
vidar 520 integrating digital voltmeter, vidar 625 digital clock, vidar • 
12361-1 scanner (30 channels), vidar 650-8 coupler, Franklin High Speed 
Printer 1030D. 

** Keithley system. 149 millimicrovoltmeter, or 601 electrometer, or 610R 
electrometer. 
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conce.ntration in the bulk electrolyte was maintained at one atmosphere 

by bubbling hydrogen into the top compartment of the cell and the 

reference electrode chamber. Hydrogen~ion concentration differences 

near the cathode were assumed to be negligible.' Using Venezel' s13 

measurements of mass-transport rates at gas-evolving electrodes as a 

basis for estimating ~hemaximum shift of pH at the electrode, we find 

that at 40 mA/cm
2

, the maximum curre~t density employed in the present 

study,5'::;' 0.003 cm. Thus the shift of potential caused by change of pH 
. .*. 

would beat the most 0.6 millivolts -less than 1% of the observed 

voltage difference caused by supersaturation of hydrogen •. 

After the current was turned on, the cell was ~perated until steady-

state voltages were established. The slowest approach to steady state, 

approximately ten minutes, was observed at the lowest current density 

employed. A period of three minutes during which the voltage readings 

on all the electrodes remained constant was the criterion used to 

indicate the establishment of steady state. The current was then shut 

off to eliminate IR drop, and voltage measurements were made between the 

1 atm reference electrode and each of the ring electrodes at intervals 

of 30 milliseconds. 

Bubble Size 

In order to test a surface-renewal model for correlating hydrogen 

supersaturation with current denSity, data on the size of bubbles being 

discharged from the cathode are required. A special cell, shown in 

... 

• 
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Fig. 7, was constructed to measure bubble sizes. '.' wo of the walls are 

1 cm X 5 cm X 10 cm optical glass flats. These arE sepa rated by two 

strips of 1/8 inch rubber gasket material which form the remaining two 

walls. The same cathodes used on the cell for meaLuring hydrogen con-

centrations were bolted to the bottom of this cell to form the electrolyte 

compartment. One and two molar sulphuric acid ele(trolytes were used, 

and a strip of platinum sheet inserted into the tOl of the cell was 

used as an anode. 

Photomicrographs of the bubbles were taken through the glass walls 

of the cell and are shown in Fig. 8. Pictures taken at the electrode 

surface, and at heights of five and ten centimeters above the surface 

showed no difference in bubble size indicating that essentially all the 

growth occurs while the bubble is still attached to the cathode. There 

was no difference in bubble size between the two cathodes. At current 

densities of 2.5 and 25 ma/cm
2
,where correlations with the surface 

renewal model were tested, the average bubble diameters were identical 

at 4 X 10'"'3 

2 
ma/cm • 

cm. The bubble diameter increased to e X 10'-3 cm at 250 

The average bubble diameter was obtained by measuring the sizes 

of all bubbles in a specified area of the photograph and plotting the 

sizes on probability paper. The results are shown in Fig. 9. The size 

distribution of bubbles .is normal, as indicated by: the straight line in 

the probability plot, with a standard deviation in bubble diameter of 
I 

I ,..3 
1.1 X 10 cm. 
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RESULTS 

Concentration Profiles 

The hydrogen concentration in the electrolyte as a function of 

distance from the cathode extrapolated to the time of current interrrup-

tion is shown in Fig. 10. Concentration is expressed as pressure of 
.' 

hydrogen in equilibrium with the solution. Points at X =0 were obtained 

from the potential decaycurv-es at the cathode and are in line with the 

pOints obtained from the ring electrodes. 

In the vicinity of the cathode, the hydrogen concentration curves 

are approximately logarithmic. By measuring the slopes in Fig. 10, con­

centration gradients can be calculated using Eq. (2). 

(2) 

The experimental concentration gradient obtained from Fig. 10 and 

Eq. (2) can be used in the diffusion equation to calculate the hydrogen 

diffusion flux at any distance from the cathode 

W = D dC 
dx 

The diffusion flux is highest at the cathode surfac'e, and de~reases 

further from the cathode as more of the gas is transported by convection 

and by bubbles. The hydrogen diffusion flux calculated at the electrode 

surface is compared in Table II with the total amount of gas being 

generated. 

III 
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Fig. 10. Dissolved hydrogen concentration as a function of distance from 
polished platinum cathodes. 
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Table II 

Hydrogen Generation 
Rate 

'/ 2 moles cm sec 

2.04 X 10-9 

2.04 X 10-8 

2.04 X 10-7 

* Hydrogen Flux 
(corrected for 
surface covered 
by bubbles) 

mOles/cm
2

sec 

2.40 X 10- 9 

2.20 X 10-8 

2.46 X 10-7 

The discrepancy between the flux calculated from the current densi,ty 

and that obtained from the measured concentration gradient is a result 

of: (1) uncertainty in the shape of the concentrat ion- distance curve 

(Theory does not predict the shape of the curve; tte logrithmic func~;ion 

was chosen because it fits the data fairly well), 5nd(2) lack of an 

exact value of the concentration at a given distance from the cathode 

(since concentration at any point varies in a cycLi c manner depending 

on the stage of bubble growth in the immediate vicjnity). 

Supersaturation at the Cathode 

The hydrogen supersaturation at platinized plfltinum and at smooth 

platinum cat,hodes was evaluated as a function of current density, and 

the results are plotted in Fig. 11. A surface-renf~wal model is tested 

to predict the concentration of dissolved hydrogen at the cathode 

surface, as a function of the current density. PhY:3icallythe model 

assumes that all hydrogen leaves the electrode by llDsteady state 

diffusfon. 

* Calculated from concentration gradients at x 0 
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The diffusion process starts when a bubble leaves the cathode 

surface, and the space occupied by the bubble is replaced by fresh 

electrolyte from the bulk of the solution. Transient dj ffusion now 

takes place into the fresh electrolyte until the concentration of gas 

at the ,cathode surface becomes great enough to cause a new bubble to 

nucleate. , After this new bubble has grown large enough to be discharged, 

it too is replaced by fresh electrolyte and the process begins again. 

The surface-renewal model is a great simplification of the events 

occurring around a cathode. It was first formulated by Higbie
16 

to 

account for gas bubbles dissolving in liquids and has also been success-

fully included in heat transfer models involving bubble 

heated surface by nucleate boiling (Han and Griffith,17 

gene rat ion at a 

Engelberg-

. 18) Forster and Grief . More recently,and more directly connected to 

electrochemistry, it was applied by Venezel13 to interpret the observed 

rate of transfer of ferric ions to a cathode while hydrogen gas is being 

evolved. 

To ca}-culate hydrogen concentration with a surface -renewal model 

requires no empirical constants· - only the physical properties of the 

system and the average time between discharge of bubbles from a location 

on the cathode. Optical measurements of the bubble size were made to 

calculate the time between bubbles. All bubbles were close to the same 

size with an average diamter of 4 X 10-3 cm, independent of the current 

densit:yover the range used in this study. The rate of bubble genera-

tioncan be calculated by dividing the hydrogen production, rate by the 
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* average bubble volume and is given by 

(4) 

Assuming that the bubbles being generated have an equal chance of 

forming anywhere on the cathode, the average time b(~tween bubbles form-

ing at a location is 

1 
t = NA 

By assuming that the bubbles are spheres when discharged and that 

the effective area for surface-renewal is the area shielded by the 

buLbles, the time between bubbles is obtained by conbining Eqa. (4) and (5). 

t 
4 p~r 

31 

The average hydrogen concentration at the electrqde can now be 

obtained by integrating equation 1 for concentration over the time 

(6 ) 

interval hetween bubbles given in Eq. (6), dividing by the average time, 

and evaluating the concentration at X := 0, the electrode surface. 

Expressed in dimensionless form, the excess hydrogen pressure at the 

cathode surface is given by Eq. (7). 

* This assumes that esse'ntially all the growth occurs in the imme ... 
diatevicinity of the cathode, which is substantiated by our observation 
that no difference could be measured between the size o.f bubbles being 
evolved from the electrode and bubbles several centimeters above the 
surface. 

, ,- . 
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. 665 
PyrI· . 

An increase in the effective current density on the cathode due to 

surface coverage by bubbles is accounted for by the (1-8) term of Eq. (71 

where e represents the fraction of the electrode area shielded by bul)bles. 

Using the measured hydrogen concentration from Fig. 10, the time for a 

bubble to grow from nucleation to the size of discharge can be calcu::_ated 

11 
by the method of Cheh. The_average surface covered by bubbles is 

obtained by taking the ratio of the time an' area is covered during the 

growth of a bubble to the time between bubbles. Calculated values for 

surface coverage are 1%, 2%, and 4% at current densities of 0.4, 4, and 

40 ma/cm
2

. Thus the correction for the electrode area covered by bubbles 

in thef3e experiments is small, and of the same order of magnitude as the 

. 13 
values reported by Venezel, based on optical observation. 

According to the model, at low surface coverage the hydrogen surface 

exc:ess is proportional to the square root of the current denSity. The 

* 1/2 slopes of the lines in Fig. 11 placed by visual inspection, appear 

to yield a good fit of experimental data for platinized platinum; less 

so for smooth platinum cathodes. Both lines, however, are substantially 

above the one representing surface renewal modeL 

* A multiple regression correlation of the data in Fig. 11 gives for the 
platinized platinum case 

p ::: 3.11 I-51 
s 

The limits on the exponent of I (at the 95% confidence level) are .45 to ·53-

For the smooth platinum electrode the equation is 

p ::: 5.75 r 59 
s 

wHh limits on the exponent of.41 to .76 at the 95% confidence leveL 
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One of the basic assumptions of the surface;..;renewal !ilodel is that 

bubbles have an equal likelihood of forming at any }Joint 'In the cathode. 

If this is not the case end certain areas are less Gctive for nucleating 

bubbles, more gas must diffuse from these areas, anc. the average length 

of the diffusion path is longer. The average-gas concentration at the 

cathode would increase, and the curves plotted in Fj.g. 11 would be dis-

placed upward as is observed particularly with the unplatinized -electrode. 

Thus the increased concentration at the unplatinized cathode is likely 

to be the result of difficulty in nucleating bubble:3. 

Since higher nucleation energy increases the s'lpersa turation, H 

might appear that eliminating the nucleation energy woule eliminate 

supersaturation. This, however, is not the case. Although bubbles 

could form_ at low values of supersaturation, very small concentratiOll 

gradients would exist to further their growth. Witn thelogrithmic c-on-

centratioh profile plotted in Fig. 10, if the nucleation energy were low 

enough so that a bubble could form whenever the supersaturation reached 

three atmospheres, a calculation by the method presented by Chehll shows 

that the bubble would require two secondS to grow l.arge enough to leave 

the cathode. At 40 ma/cm
2 

a bubble must b~ discha):ged from each loca-

tion on the cathode every 3 seconds, and the e term in Eq. (7) represent-

.;; 
-0 , 

ing fraction of the electrode covered with bubbles would approach 1. In .) 

tl1e extreme case the electrode would become completely covered with gas, 

a phenomenon ( "anode effect ") - indeed observed in the electrolysis of 

molten salts. 

When the results of Breiter, Kammermaier and Knorr, 7 who measured 

surface concentration with an AC phase-shifting technique on an activated 
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platinum cathode, are plotted as surface concentration vs current density, 

the curve shown in Fig. 12 is obtained. Our data on the platinized 

platinum electrode are shown for comparison. In the experiments of 

Breiter, et a1., mechanical agitation was supplied in addition to the 

free convection caused by gas evolution. 

In Fig. 13 the mass-transfer coefficient for the transport of 

hydrogen gas from the electrode 

(E' ) 

is plotted vs.current density. 

Below 20 ma/cm
2 

the coefficient of mass transfer from the data of 
, . . 

Breiter,et a1., is constant, indicating that the mass transfer rate is 

controlled by mechanical agitation, and is not affected by the rate of 

gas evolution. At higher current densities the gas evolved at the 

cathode provides more effective agitation than the mechanical stirring, 

and the mass-transfer coefficient increases. In the results reported 

here no mechanical agitation is provided, and the mass-transfer coef-

ftcientis approximately proportional to the square rool, of the current 

density over the entire range studied. It is worth noting that above 

100 mA/cm
2 

the two mass transfer coefficients calculated from experiinental 

data .of Breiter, et a1., fall close to the best line of slope = 1/2 

representing the mass -transfer coefficients obtained in the present work. 
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Fig. 12. 'Hydrogen supersaturation at cathode surface as a function of 
current density. 
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Fig. 13. Mass transfer coefficient for dissolved hydrogen gas leaving 
cathode as a function of current density. 
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CONCLUSIONS· 
~ ,.., . 

It has been demonstrated that substantial levels of gas supersaturation 

exist at a horizontal cathode at which hydrogen is discharged. without ~~ 

mechanical agitation. The major portion of the hydrogen leaves the 

cathode surface by diffusing through the solution to a nearby bubble on 

the cathode surface. Supersaturation provides the driving force for 

diffusion. 'The generation of bubbles Very effectively agitates the 

electrolyte adjacent to the cathode surface, bringing in electrolyte 

from the bulk of the solution. The mass transfer coefficient for 

dissolved gas is approximately proportional to the squaJ'e root of the 

current density; the same relationship ha's been proposed for the mass 

transfer coefficient of ionic transport at gas evolving electrodes (Ibl19). 

The proposed surface renewal model predicts the sq'Lare root dependence 

of supersaturation on current density, but the leVEls of supersaturation 

calculated by this Simple method are lower than those obtained from 

potential measurements. 

This discrepancy is much greater in the case c,f smooth platinum 

surfaces where large energies are required for bubble nucleation, than 

in the case of rough, or porous surfaces, such as on platinized platinum. 

.) 
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NOMENCLATURE 

Symbols 

A Surface area covered bya bubble 

C Concentration 

D Diffusion coefficient 

F Faraday constant 

I Current density 

K Mass transfer coefficient 

N . Bubble generation rate 

n Electrons transferred 

p Pressure 

p ·Excess pressUre over bulk electrOlyte 

r Bubble radius 

t Time 

w Mass flux 

x Distance 

e Fraction of electrode area covered by bublles 

p Density 

Subscripts 

B Bulk electrolyte 

E Equilibrium at atmospheric pressure 

o Atmospheric pressure 

S Surface of electrode 

V Vapor 

2 cm 

mOles/cm3 

cm
2

/sec 

coulomb/mole 

a mperes/cm
2 

cm/sec 

./ 2 bubbles cm sec 

atmospheres 

atmospheres 

cm 

seconds 

mOles/cm
2

sec 

cm 

mOles/cm3 

.J 
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