
7. Bulk electrolysis (ch. 11)

Electrochemical Energy Engineering, 2019 

A.J. Bard, L. R. Faulkner, Electrochemical Methods, Wiley, 2001.

Learning subject 

1. Classifications of bulk electrolysis

2. General considerations in bulk electrolysis

3. Controlled-potential methods

4. Controlled-current methods

5. Electrometric end-point detection

6. Flow electrolysis

7. Thin-layer electrochemistry

8. Stripping analysis



(Bulk) electrolysis

A small ratio of electrode area(A) to solution volume(V) (previous Chapters or 

typical electrochemistry) → long time period for the product in solution (e.g. O + 

e → R)

e.g. 5 x 10-4 M O species in solution with V = 100 cm3 and A = 0.1 cm2 → 100 

μA(current density 1 mA/cm2) for 1 h → 0.36 C electricity, so 1% change in 

solution

Circumstances where one desire to alter the composition of the bulk solution → 

“electrolysis” 

(Bulk) electrolysis: analytical measurements, removal or separation of solution 

components, electroysnthesis

Bulk electrolysis: large A/V conditions, effective mass-transfer conditions

e.g. e.g. 5 x 10-4 M O species in solution with V = 100 cm3 and A = 100 cm2 → 

0.1 A(current density 1 mA/cm2) for 1 h → 10 min change completely in solution



C. M. A. Brett, A. M. O. Brett, Electrochemistry, Oxford, 1994. 
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1. Classification

(1) Controlled parameter (E or i)

(i) Controlled-potential techniques

(ii) Controlled-current techniques

(2) Purpose

Electrogravimetry

Coulometry

Electroseparation



(3) Related bulk electrolysis techniques

Thin-layer electrochemical methods: large A/V ratios, but small volume of a 

solution in a thin layer (20~100 μm)

Flow electrolysis

Stripping analysis



2. General considerations in bulk electrolysis

(1) Extent or completeness of an electrode process

The extent or degree of completion of a bulk electrolytic process can be predicted 

for nernstian reactions  

(a) Both forms soluble in solution

where both O and R are soluble and R is initially absent. 

Let Ci: initial concentration of O, Vs: volume of the solution, x: fraction of O 

reduced to R at the potential E



or 

e.g. 99% completeness of reduction of O to R (i.e. x = 0.99), the potential of the 

working electrode should be 

or 118/n mV more negative than E0’ at 25℃

(b) Deposition as an amalgam 

R dissolved in a (mercury(Hg)) electrode of volume VHg



(c) Deposition of a solid 

when more than a monolayer of R is deposited on an inert electrode (e.g. Cu 

electrodeposition on Pt, Cu deposition on Cu). The activity of R, aR, is constant 

and equal to unity

where γ0: the activity coefficient of O. When less than a monolayer of R is 

deposited, aR ≠ 1, and aR is a function of coverage (θ) 

A: the electrode area, AR: area occupied by R, Aa: the cross-sectional area of  a 

molecule of R, NR: the number of molecules of R deposited on the electrode. 

At equilibrium

So the Nernst equation

(11.2.15)



The deposition begins at potentials more positive than values where deposition of 

R occurs on bulk R.

e.g. Ag on 1 cm2 Pt electrode from 0.01 L solution containing 10-7 M Ag+. Let Aa

= 1.6 x 10-16 cm2 and γO = γR → the potential for deposition of one-half of the 

silver (~0.05 monolayer) is E = 0.35 V, compared to E = 0.43 V required for the 

same amount of deposition on a Ag electrode. Deposition at potentials before that 

predicted by the Nernst equation with aR = 1 is called underpotential deposition. 

Slow e-transfer (irreversible) process: more negative potential, catalyst needed

The shape of the deposition curve



A current efficiency of unity (or 100%) = only one process is occurring at an 

electrode

An electrolysis over some period of time

High current efficiency desirable: electrode potential chosen at no side reactions 

(e.g. reduction or oxidation of solvent, supporting electrolyte, electrode materials, 

or impurities) 

(2) Current efficiency

The fraction of the total current



(3) Electrolysis cells

Bulk electrolysis: longer duration & larger current → cell design is important



(a) Electrodes and geometry

Working electrodes for large area → wire gauzes, foil cylinders, packed beds of 

powders, slurries, fluidized beds, pools (of mercury)

Auxiliary(counter) electrodes are critical importance in bulk electrolysis cells : 

large area & symmetric with working electrode for uniform current density to 

prevent undesired side reactions

Reference electrode of a proper placement 



(b) Separators

Soluble products may be reactive at the working electrode → separators

between two electrodes: fritted glass disks, ion-exchange membrane, filter

paper, asbestos mats, porous ceramics

Separators: no intermixing of anolyte and catholyte, low contribution to the

cell resistance

(c) Cell resistance

Minimization of cell resistance in cell design is important → iR2 waste

power, high voltage output needed, undesirable heat evolution, more serious

in nonaqueous solvents (due to lower dielectric constants, acetonitrile, N,N-

dimethylformamide, tetrahydrofuran, ammonia etc)



3. Controlled-potential methods

(1) Current-time behavior

Current-potential characteristics for stirred solutions: continuous decreasing il as 

CO
* decreases during the electrolysis

Initially CO
*(0), electrode area A, potential in the limiting current region Ec, total 

number of moles of O NO, total solution volume V

(11.3.5)



Initial condition CO
*(t) = CO

*(0) at t = 0. Equation(11.3.5) is characteristic of a 

first-order, p = m0A/V is analogous to the first-order rate constant. The solution,

A controlled-potential bulk electrolysis is like a first-order reaction

(11.3.7)



For 99% completion of electrolysis, CO
*(t) / CO

*(0) = 10-2, and t = 4.6/p; for 

99.9% completion, t = 6.9/p. With effective stirring, m0 ~ 10-2 cm/s, so that for 

A(cm2) ~ V(cm3), p ~ 10-2 s-1, and a 99.9% electrolysis require ~690 s (~12 min). 

Typically 30~60 min

Total quantity of electricity Q(t) consumed in the electrolysis (Fig. 11.3.2c)

Duration of the electrolysis (from (11.3.5))

Controlled-potential is the most efficient method of carrying out a bulk 

electrolysis because the current is always maintained at the maximum value

(11.3.9)



(2) Electrogravimetric methods

Determination of a metal by selective deposition on an electrode, followed by 

weighing



(3) Electroseparations



(4) Coulometric measurements

In controlled-potential coulometry the total number of coulombs consumed in 

electrolysis is used to determine the amount of substance electrolyzed

→ Figure 11.3.2, Q-t. Equation (11.3.7) and (11.3.9)

Potential → i-t curve 



where Q0 at the completion of the electrolysis (t = ∞)

Numerous applications of controlled-potential coulometry (Table 11.3.2)

Controlled-potential coulometry is also a useful method for studying the 

mechanism of electrode reactions and for determining the n-value for an 

electrode reaction

(11.3.11, Faraday’s law)





4. Controlled-current methods

(1) Characteristics of controlled-current electrolysis

iappl > il(t), as the electrolysis proceeds, CO
*(t) decreases and il(t) decreases 

(linearly with time). When

iappl = il(t). At longer time, iappl > il(t), and the potential shifts to a new, more 

negative value, where an additional electrode reaction can occur; the current 

efficiency drops below 100% (potential is sufficiently negative)



(-)the selectivity of a controlled-current separation is intrinsically poorer than the

corresponding controlled-potential method, since at some time during the

electrolysis the potential must shift into a more negative region where a new

electrode reaction occurs and, for example, a second metal could be deposited

(+)The simpler apparatus involved

Large-scale electrosynthesis or separations involving very high currents

Flow systems where the reactants are continuously added to the cell and products 

removed 



(2) Coulometric methods

A constant-current coulometric method is attractive because a stable constant-

current source is easy to construct and the total number of coulombs consumed in 

an electrolysis from the duration of electrolysis, τ

e.g. coulometric determination of Fe2+ by oxidation to Fe3+ at Pt electrode in 

H2SO4 solution → <100% current efficiency → Ce3+ addition, “coulometic 

titration”



galvanostat





5. Electrometric end-point detection



6. Flow electrolysis

(1) Introduction

An alternative method of bulk electrolysis: flowing the solution to be electrolyzed 

continuously through a porous working electrode of large surface area → high 

efficiencies, rapid conversions, convenient where large amounts of solution are to 

be treated

Industrial applications: removal of metals from (waste) streams, electrosynthesis, 

separation, analysis

Flow electrolysis cell: a working electrode (screen of fine mesh metal or beds of 

conductive material (e.g. graphite, glassy carbon grains, metal shot, or powder), 

counter electrode, separators (porous glass, ceramics, ion-exchange membranes) 

→ careful placement of electrodes to minimize iR drops

(2) Mathematical treatment







(3) Dual-electrode flow cells

Flow cells that incorporate two working electrodes in the flow channel → 

convective flow carries material from the first working electrode to the second

cf. rotating ring-disk electrode (RRDE)

e.g. 

1st electrode: the generator (O + ne → R), 2nd electrode: the collector (R→ O + ne)

1st electrode: plutonium oxidation to Pu(IV), 2nd electrode: Pu(IV) + e → Pu(III))





(4) Electrochemical detectors for liquid chromatography (EDLC)

Applications of flow cells:  detectors for liquid chromatography,  capillary zone 

electrophoresis(CZE) → convective flow carries material from the first working 

electrode to the second









The simplest electrochemical technique for LC is amperometry: working electrode 

potential is fixed → detect oxidized or reduced current flow as they pass from the 

column





7. Thin-layer electrochemistry

(1) Introduction

An alternative method of 

bulk electrolysis 

conditions and a large 

A/V ratio: decreasing V 

(a very small solution 

volume is confined to a 

thin layer) → cell 

thickness, l, is smaller 

than the diffusion layer 

thickness, l << (2Dt)1/2. 

Mass transfer within the 

cell can be neglected





(2) Potential step (coulometric) methods

Potential step E1 (no current flows) to E2 (O + ne → R complete and no O at the 

electrode surface) → i-t behavior & the concentration profile

with the boundary conditions

Solution

Concentration profile (Fig. 11.7.2a)



with

(11.7.8) (same as (11.3.7)



The total charge passed by the electrolytic reaction

(11.7.11) (same as (11.3.11)



(3) Potential sweep methods

Potential sweep from Ei (no reaction occurs) toward negative values. The 

concentration of O and R can be considered uniform (CO(x,t) = CO(t) and 

CR(x, t) = CR(t) for 0 ≤ x ≤ l)

For a nernstian reaction

Combination of these two equation

Differentiation of (11.7.5) and substitution into (11.7.12) with the sweep rate,v 

(= -(dE/dt))

(11.7.12)

(11.7.15)



The peak current occurs at E = E0’

A typical scan voltammogram in a thin-layer cell: the peak current is directly 

proportional to v, but the total charge under the i-E curve, given by (11.7.11), is 

independent of v

(11.7.15)



For a totally irreversible one-step, one-electron reaction

In a potential sweep experiment, E(t) = Ei – vt, f = F/RT 

(11.7.19)

where kf = k0exp(-αF/RT)(E -E0’)

By combination (11.7.19) with (11.7.12)

(11.7.20)

(11.7.21)

By substitution of (11.7.21) into (11.7.20 and integration between t = 0 (CO = 

CO
*) and t (CO = CO(t)) under the conditions that k0exp(-αf)(E -E0’) → 0 (i.e. an 

initial potential well positive of E0’)



Typical i-E curves for totally irreversible reduction of O to R in a thin-layer cell

Substituting kf

(11.7.24)



Peak current is still proportional to v and CO
*

Peak potential (by differentiating (11.7.24)) 

(11.7.25)

(11.7.26)



8. Stripping analysis

(1) Introduction

Stripping analysis is an analytical method that utilizes a bulk electrolysis step 

(preelectrolysis) to preconcentrate a substance from solution into the small 

volume of a mercury electrode or onto the surface of an electrode 






