
Oesper Museum Booklets on 
the History of Chemical Apparatus

No. 8

CLASSIC
VOLTAIC CELLS

William B. Jensen
University of Cincinnati

Photography by Jay Yocis

i

Oesper Collections
University of Cincinnati

2015



                                                                                                                                      



Oesper Museum Booklets on 
the History of Chemical Apparatus

No. 8

CLASSIC
VOLTAIC CELLS

William B. Jensen
University of Cincinnati

Photography by Jay Yocis

i

Oesper Collections
University of Cincinnati

2015



                                                                                                                                      



SERIES INTRODUCTION

Like most museums, only about 25% of the holdings of the Oesper Collections 
in the History of Chemistry are on public display at a given time. In order to make 
the remaining 75% available in some form, it was decided to initiate a series of 
short museum booklets, each dedicated to a particular instrument or laboratory 
technique of historical importance to the science of chemistry. Each booklet would 
include not only photographs of both displayed and stored museum artifacts re-
lated to the subject at hand, but also a short discussion of the history of the instru-
ment or technique and of its impact on the development of chemistry as a whole. 
Several of these booklets are expansions of short articles which have previously 
appeared in either the bimonthly series Museum Notes, which is posted on the 
Oesper website, or the series Ask the Historian, which appeared in the Journal of 
Chemical Education between 2003 and 2012.

William B. Jensen
Cincinnati, OH

April 2014





Some Preliminary Definitions

A voltaic or galvanic cell is a device for the conversion of chemical energy into 
electrical energy.1 It generally consists of two solid electrodes (called the cathode 
and anode) in contact with a suitable ionically conducting liquid or electrolyte. In 
single-fluid cells the two electrodes share a common electrolyte, whereas in two-
fluid cells each electrode has its own chemically distinct electrolyte and these are 
separated from one another by means of a suitable membrane or porous spacer in 
order to minimize their rate of mutual mixing.  
! Two or more cells wired in series are technically known as a battery. This 
use of the word battery to describe a collection or array of objects actually has 
broader application in everyday life. Thus, for example, a collection of cannons is 
also called a battery. Unhappily, in everyday usage the terms cell and battery have 
become hopelessly confused. Thus the size D, AA, and AAA cells used in such 
everyday devices as flashlights, portable radios, and TV remotes are often incor-
rectly called batteries, when in fact they are single cells. On the other hand, the 
larger rectangular 9 V snap cells actually contain six smaller 1.5 V disk cells wired 
in series and are therefore technically true batteries.
! A second pertinent distinction is the difference between a primary voltaic 
cell and a secondary voltaic cell. A primary cell is irreversible. Once it has con-
sumed its chemical “fuel”  and “burned out,”  it cannot be recharged and must be 
disposed of. In contrast, a secondary cell is reversible. Once it depletes its chemi-
cal fuel, it can be reversed or recharged again by pumping electricity into the cell 
so as to once more regenerate the initial starting chemicals. Thus, in a sense, it acts 
as a storage tank for electrical energy that can be repeatedly refilled when empty. 
For this reason such cells, when connected in series, are also called “storage bat-
teries.” However, the recharging is never perfect and becomes less so with re-
peated rechargings until eventually these cells also burn out. 

Before the Voltaic Cell

As we will shortly see, the voltaic cell is a child of the 19th century. As a result, 
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the 18th-century chemist lacked a source 
of constant DC electrical energy and had 
to make do instead with various devices 
for the generation and storage static elec-
trical charges. These included a variety of 
hand-cranked electrostatic machines or  
generators2 (figure 1) and the so-called 
Leyden jar (figure 2) – a sort of macro-
capacitor that allowed for the storage 
and transfer of static electrical charge. In 
the chemical laboratory, this latter de-
vice was used primarily in gas eudio-
metry to spark gas mixtures and espe-
cially those of hydrogen and oxygen.

   Though 
studied by a 
number of 18th- 
century chem-
ists, the chemical effects of static electricity proved to 
be rather limited and often difficult to interpret. Thus in 
the 1770s both Priestley and Cavendish had noted the 
production of nitrogen oxides when sparks were dis-
charged in air, and there were some preliminary inves-
tigations of the effects of electrical sparking on various 
chemicals by the Dutch scientist, Martin van Marum, in 
the 1780s. The most important result, however, was the 
successful electrostatic decomposition of water in 1789 
by Adrien Paets van Troostwijk and J. R. Deimann.
! Unfortunately, while it is possible to generate 
high-voltage static charges, the actual quantity of 
charge involved is quite small and since, as Faraday’s 
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Figure 1. A typical early 19th-century 
electrostatic generator. A is a glass cylin-
der, B is a piece of silk attached to frame 
B, C is the handle to spin the glass cylin-
der, thus rubbing it continuously against 
the silk. D is a metallic cylinder to collect 
the resulting static charge by induction.

Figure 2. A typical 19th-
century Leyden jar.



laws tells us, the amount of electrochemical 
change depends on this quantity rather than 
the voltage, the observed chemical effects 
are also quite small. In addition, the current 
during a spark discharge alternates, so that 
in the decomposition of water, for example, 
one obtains a mixture of oxygen and hydro-
gen rather than the spatially isolated gases 
obtained using direct current. Thus George 
Pearson, on repeating the electrostatic de-
composition of water in 1799, found that he 
required 14,600 charging cycles of his Ley-
den jar in order to generate only 0.33 cubic 
inches of gas. 
! All of this would radically change with 
the accidental observation in 1791 by the Ital-
ian physician Luigi Galvani (figure 3) that, 

when two dissimilar metal strips were 
touched to the nerves of a severed 
frog’s leg and to each other, the 
muscles of the leg would violently 
contract (figure 4).3 The contractions 
of muscles when exposed to the 
static discharge of an electrostatic 
machine or a Leyden jar were well 
known before Galvani. Rather it was 
his discovery that the same phe-
nomenon would occur in the ab-
sence of such devices, provided that 
the two dissimilar metal strips were 
used instead, that would prove deci-
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Figure 4.  A 19th-century demonstration of Gal-
vani’s discovery using a strip of copper (c) and 
zinc (z) metal. 

Figure 3.  Luigi Galvani
(1737-1798)



sive  for  the  future  of  electrochemistry.

Enter the Voltaic Pile

There were two possible rationales for 
Galvani’s discovery. Either the touching 
of the two metal strips in contact with 
the bodily fluids of the dead frog gener-
ated an electrical stimulus which caused 
the muscles of the frog legs to contract 

or else they 
functioned 
as conduc-
tors for a 
previously 
unknown form of “animal electricity”  present in the 
nerves of both living and recently deceased animals. 
! Galvani chose the latter of these interpretations, 
whereas the Italian physicist, Alessandro Volta (figure 
5), after reading of Galvani’s discovery, chose the 
former. To prove his point that the resulting electrical 
phenomena were due to physical contact between dis-
similar metals and had nothing to do with so-called 
animal electricity, Volta constructed a pile (figure 6) 
consisting of alternating zinc and copper disks, each 
copper/zinc pair being separated from the next by a 
piece of pasteboard soaked in salt solution. If a suffi-
cient number of these bimetallic cells (20 or more) 
were used and the topmost zinc disk and the bottom-
most copper disk were connected to wires, the wires 
would give a spark on being brought near another, as 
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Figure 5.  Alessandro Volta
(1745-1827)

Figure 6. A typical early 
19th-century voltaic pile.



well as a perceptible electric shock to any one bold enough to grab both wires si-
multaneously. 
! This device, now known as a voltaic pile in honor of its inventor, was first 
revealed to the scientific community in a famous letter to Sir Joseph Banks pub-
lished in the Philosophical Transactions of Royal Society for 1800.4, 5 Since the 
voltaic pile had nothing to do with living or dead organisms, Volta felt that he had 
conclusively proved his theory that contact between dissimilar metals was the 
source of the electric current and that the bodily fluids of the dead frog had merely 
acted as a conductor and the muscles as a detector of the resulting electrical cur-
rent. However, Galvani remained unconvinced and for several years a debate over 
the nature of current electricity raged between the supporters of animal electricity, 
on the one hand, and the supporters of Volta’s metallic contact theory, on the 
other.6 
! Ironically, with the passage of time, Volta’s contact theory would in turn be 
attacked by chemists and physicists who claimed that the electrical current in a 
voltaic cell was the result of chemical reactions rather than simple metallic 
contact.7 As events turned out, contact potentials or volta potentials really do exist 
and they were in fact eventually quantified as the century progressed.8, 9 However, 
as we now know, they cannot possibly be the source of the continuous direct cur-
rent provided by a voltaic cell without violating the law of conservation of energy. 
Though the proponents of the chemical theory of the voltaic cell were ultimately 
proven correct, I have never seen, in all of the historical and textbook accounts of 
the voltaic pile I have read, any indication of what specific chemical reactions are 
actually responsible for the pile’s EMF and electrical current.  !
! The source of the problem can most easily be seen by examining an alterna-
tive, but equivalent, arrangement of the pile’s components also proposed by Volta 
and known as the crown of cups. As may be seen from figure 7, this consisted of a 
series of cups or glasses (up to 60) each filled with salt water and containing a strip 
of zinc and a strip of copper, that were connected together in series to form a 
multi-cell battery. Thus each cell of both the voltaic pile and the crown of cups is 
seen to consist of the arrangement Cu(s)/NaCl(aq)/Zn(s). Yet, based on this de-
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scription, it is impossible to imagine an electron-transfer or redox reaction that 
could account for the source of the pile’s electrical activity, even though it can eas-
ily be shown that such a cell gives a net EMF reading of 0.756 V.10 Indeed, the 
only plausible rationale I have come across is that such a cell is actually a crude 
zinc-air cell based on the net cell reaction:

2Zn(s) + 2H2O(l) + O2(g) ! 2Zn(OH)2(s)                                                            

in which O(0) is reduced to O(-II) at the Cu cathode:

O2(g) + 2H2O(l) + 4e- !  4OH(aq)-                                                                                                          

and Zn(0) is oxidized to Zn(II) at the anode:

Zn(s) ! Zn(aq)2+ + 2e-                                                                                           

! Since Volta was unaware of this chemistry, his cell was not optimally de-
signed to exploit it and indeed often had a workable lifetime of only two days or 
less. In modern zinc-air batteries the electrolyte is an aqueous solution or paste of 
sodium hydroxide, rather than salt, since this results in the formation of water 
soluble Na2[Zn(OH)4] rather than insoluble Zn(OH)2 and also gives a higher EMF 
for the cell. This would also explain Volta’s passing observation that using soap 
“ley and other alkaline liquors” in place of salt improved the performance of the pile.   
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Figure 7.  A later 19th-century depiction of Volta’s “crown of cups”
 alternative to the voltaic pile, where z indicated zinc and c indicates copper.



The Daniel Cell

The original voltaic pile was 
both awkward to work with 
and electrochemically ineffi-
cient as evidenced by the 
large number of cells re-
quired to give a workable 
current. Hence it is not sur-
prising that chemists soon 
came up with more effective 
battery configurations and electrolytes, among the earliest of which were the various 
trough batteries used by such  investigators as Cruickshank, Davy, and Wollaston (fig-
ure 8). Indeed, by the end of the century, as may be seen from such speciality mono-

graphs as Park Benjamin’s 1893 tome, The 
Voltaic Cell: Its Construction and Capacity, 
an almost bewildering number of voltaic cells 
had been proposed, many of which were 
based less on modifications of the cell’s 
chemistry than on changes in its physical 
configuration, usually with the intent of in-
creasing the effective areas of the working 
electrodes.11

! One of the first successful cells based 
on a change in chemistry was the Daniell 
cell, named after its inventor – the British 
electrochemist, John Frederic Daniell (fig-
ure 9)12 – who first described it in 1836.13 
This was a two-fluid, primary cell based on 
the cell configuration Zn(s)/Zn(SO4)(aq)//
Cu(SO4)(aq)/Cu(s) and the net cell reaction:

CLASSIC VOLTAIC CELLS
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Figure 8. A typical early 19th-century trough battery 
with alternating plates of zinc and copper in a common 
electrolyte. The inside of the wood box or trough was 
painted with resin or tar to waterproof it.

Figure 9.  John Frederic Daniell
(1790-1845)



Zn(s) + Cu(SO4)(aq)  !  Zn(SO4)(aq) + Cu(s)                                                     [4]

in which Zn(0) is oxidized to Zn(II) at the anode, Cu(II) is reduced to Cu(0) at the 
cathode, and the net cell potential is about 1.1 V when the cell is fully charged. 
Unlike the voltaic pile and the trough battery, the Daniel cell is the first example of 
a commercially successful two-fluid cell.14 In other words, rather than sharing a 
common electrolyte, each electrode has its own separate electrolyte: a saturated 
aqueous solution of Cu(SO4)(aq) in the case of the Cu cathode and a solution of 
Zn(SO4)(aq) and H2(SO4)(aq) in the case of the Zn anode.    

! In the original form of the cell the 
cathode and anode compartments were 
separated by means of a porous ceramic 
cup or spacer (figure 10) with the anode and 
its accompanying electrolyte located inside 
the cup and the cathode and its accompany-
ing electrolyte outside the cup. Both the 
fluting on the Zn anode and the large sheet 
of Cu used for the cathode were designed to 
maximize the surface areas of the elec-
trodes and thus both the amount of reaction 
and the current generation.
! Examination of the net cell reaction 
shows that not only is the Zn anode gradu-
ally consumed, so is the Cu(SO4)(aq) elec-
trolyte, thus requiring that it be continuously 
replenished. In the form of the cell shown in 
figure 10, this was accomplished by means 
of the small Cu cylinder attached to the Cu 
cathode. This was filled with Cu(SO4)(s) 
crystals and these, in turn, were in direct 
contact with the cathode electrolyte via a 
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Figure 10. A late 19th-century example 
of the original Daniell cell with a ce-
ramic spacer. The fluted Zn rod in the 
center compartment is the anode and 
the cylindrical wrap of sheet Cu on the 
outside of the spacer is the cathode. 
The bottom of the smaller Cu cylinder 
to the right is perforated and is in-
tended to hold the solid Cu(SO4) crys-
tals necessary to maintain saturation.



series of holes punched in the bottom of the cylinder. Consequently, as the concen-
tration of the Cu(SO4)(aq) in the cathode electrolyte diminished, the crystals would 
gradually dissolve and so maintain saturation.
! The presence of the ceramic spacer in this cell meant that the cell had a rela-
tively high internal resistance and therefore that a portion of its energy was con-
sumed internally rather than being available for external work. Starting in the 
1850s numerous attempts were made to eliminate the ceramic spacer by exploiting 
the large density difference between the saturated Cu(SO4)(aq) solution and 
the dilute Zn(SO4)(aq) solution. Indeed, Benjamin in his 1893 treatise on the vol-
taic cell described no less than 37 variations of the Daniell cell proposed between 
1849 and 1890.15 
! Of these, one of the most important was the globe or so-called Meidinger cell 
(figure 11).16 This consisted of an inverted round-bottom flask or globe whose 
neck terminated in a narrow tube. This tube ex-
tended almost to the bottom of a short glass cup 
containing the Cu cathode. This cup was placed 
inside a larger glass cylinder with the inverted 
globe or flask resting on top. The upper half of the 
larger cylinder had a diameter slightly bigger than 
the bottom half, thus creating a ledge which sup-
ported the Zn anode in the upper half. The in-
verted globe was filled with several pounds of 
Cu(SO4)(s) crystals and the cell with slightly 
acidified water to the top of the Zn anode. This 
level corresponded to about half of the globe also 
being filled with water, which soon dissolved 
some of the Cu(SO4)(s) crystals to create a dense 
saturated Cu(SO4)(aq) solution which then dis-
placed the clear water from the small cup and sur-
rounded the Cu cathode, while the slightly acidi-
fied water in the upper part of the large cylinder 
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Figure 11. The globe or Meid-
inger form of the Daniell cell.



remained free of Cu(SO4)(aq) and now 
contained a very dilute Zn(SO4)(aq) solution 
instead.
! But perhaps the most successful varia-
tion of the Daniel cell was the form shown 
in figure 12. Secondary sources are vague as 
to who deserves credit for this innovation,17 
but by the 1880s it seems to have largely 
displaced the more powerful Grove cell (see 
below) in most telegraph offices, in large 
part because it did not release obnoxious 
NO2(g) fumes when operating. An array of 
intersecting copper strips on the bottom of 
the cylindrical cell jar functioned as the 
cathode and a heavy cast Zn anode with ra-
diating fingers hung on the the jar’s upper 
lip. It was the supposed similarity between 
the shape of this anode and that of a crow’s 
foot which gave the cell one of its character-
istic names.
! To activate the cell, about three pounds 
of Cu(SO4)(s) crystals were placed on the 
bottom of the jar between the branches of 
the Cu cathode and slightly acidified water 

carefully added until it covered the Zn anode at the top. Once again, as the 
Cu(SO4)(s) dissolved it would form a dense, saturated Cu(SO4)(aq) solution at the 
bottom of the jar which only gradually merged into the less dense dilute 
Zn(SO4)(aq) solution at the top and thus eliminated the need for a ceramic spacer. 
As the Cu(SO4)(aq) solution became depleted, more of the excess crystals in the 
bottom of the jar would dissolve and thus maintain saturation. Since the cell’s con-
struction depended on the difference in the densities or specific gravities of the 
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Figure 12. The crowfoot form of the 
Daniell gravity cell. The multiple 
branching of both the upper Zn anode 
and lower Cu cathode is intended to 
increase the area of active contact 
with the electrolyte. Not clearly 
shown is the concentration gradient 
between the lower layer of the satu-
rated Cu(SO4)(aq) solution and the 
upper layer of the dilute Zn(SO4)(aq) 
solution.



Cu(SO4)(aq) versus the Zn(SO4)(aq) solutions, such cells were also called gravity 
cells.
! If these cells were used for long periods of time, it was customary to float a 
thin layer of oil on top of the electrolyte to inhibit evaporation. However, starting 
around 1916, a sharp rise in the cost of Cu(SO4)(s) caused the cell to fall out of 
commercial favor and resulted in its displacement by the alkaline Edison-Lalande 
cell described below, which was not only less expensive but required far less 
maintenance.18 At present the Daniel cell is essentially an artifact of the freshman 
chemistry course, where its continued popularity is largely a function of the sim-
plicity of its underlying redox reaction.

The Grove and Bunsen Cells!

First described by the British scientist and 
jurist, William Robert Grove (figure 13), in 
1839, the Grove cell was based on the cell 
configuration Zn(s)/H2(SO4)(aq)//H(NO3)(aq)  
/Pt(s) and the net cell reaction (4):19, 20 
!  
Zn(s) + H2(SO4)(aq) + 2H(NO3)(aq)  !
             Zn(SO4)(aq) + 2NO2(g) + 2H2O(l)

in which Zn(0) is oxidized to Zn(II) at the 
anode, N(V) is reduced to N(IV) at the 
cathode, and the resulting net cell potential 
is roughly 1.9 V.
! Like the Daniel cell described in the previous section, the Grove nitric acid 
cell was a two-fluid system that employed separate electrolytes for the cathode and 
anode and a ceramic spacer. In his prototype Grove had employed the bowls from 
broken clay pipes as his spacers, with an inert platinum (Pt) cathode and the nitric 
acid [H(NO3)] electrolyte inside the pipe bowl, and a Zn anode and dilute sulfuric 
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Figure 13.  William Robert Grove 
(1811-1896).



acid [H2(SO4)] electrolyte outside the pipe 
bowl.21 In the final commercial version of the cell 
(figure 14), the pipe bowl was replaced by a nar-
row ceramic separator with a flared lip and the 
original rod-like electrodes with sheets of Zn and 
Pt in order to maximize electrode surface areas. 
Presumably, because of the expense of the Pt 
cathode, the first commercial cells were relatively 
small and usually corresponded to a 2”x 3”x 5” 
rectangular glazed ceramic or glass box.
! Because of their high net cell potential, these 
cells soon became a favorite of telegraph opera-
tors, electroplaters, and experimental electro-
chemists. However, both the expensive Pt cathode 
and the obnoxious NO2(g) fumes produced dur-

ing cell operation continued to be se-
rious drawbacks. 
! The first of these problems was 
finally eliminated in 1841 when the 
German chemist, Robert Bunsen (fig-
ure 13) – of both burner and spectro-
scope fame – proposed replacing the 
inert Pt cathode with an equally inert, 
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Figure 15.  Robert Wilhelm Bunsen
(1811-1899).

Figure 14.  A period etching of a 
cutaway of a Grove nitric acid 
cell. Each rectangular 2”x 3”x 
5”  cell consisted of a sheet of 
zinc (Z) wrapped around a nar-
row porous ceramic separator 
with a flared lip, which con-
tained, in turn, a sheet of plati-
num (P) as the cathode.



but substantially cheaper, version made of baked 
coke or carbon.22, 23 Precisely the same suggestion 
was made by the American chemist, Benjamin 
Silliman Jr, a year later.24 Though Silliman’s pro-
posal was apparently made independently of Bun-
sen, as is usually the case in science, the winner 
takes all, and any claim to fame Silliman may 
have had for this innovation soon disappeared 
from the historical record.
! In Bunsen’s original modification of the 
Grove cell – usually referred to as a Bunsen car-
bon cell – he employed a cylindrical carbon cath-
ode. This was 
placed in a 
cylindrical , 
rather than a 
rectangular, 
glazed ceram- 
ic cell con-
tainer. Inside 
the cathode 

was a cylindrical ceramic spacer and the Zn 
anode. However, because of the expense of 
nitric acid, most later modifications of the cell 
reversed this design (figure 16). The inert car-
bon cathode (usually in the form of a rectan-
gular block) and the nitric acid electrolyte 
were placed inside the ceramic spacer and the 
Zn anode and H2(SO4) electrolyte on the out-
side. In early versions of this cell the anode 
was merely a large sheet of Zn, but in some 
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Figure 16.  The original Bunsen 
cell with a rectangular carbon  
block for the cathode inside the 
ceramic spacer and a sheet of 
zinc for the anode wrapped 
around the outside.

Figure 17.  A modified Bunsen car-
bon cell but with a thick, heavy, cast 
Zn anode rather than a sheet of Zn on 
the outside of the ceramic spacer and 
a clear glass rather than a glazed ce-
ramic container.



later  modifications  it  corresponded  to  a  thick,  heavy  Zn  casting  (figure  17). 
! With the introduction of the less expensive Bunsen cell, the original form of 
the Grove cell soon disappeared from both commerce and the chemical laboratory. 
Unfortunately, the Bunsen cell failed to eliminate the second of the above prob-
lems – the obnoxious NO2(g) fumes, and it was this problem which eventually led 
to the cell’s commercial demise and its replacement, first by the crowfoot form of 
the Daniell gravity cell in the 1880s, and then by the Edison-Lalande alkaline cell 
in the 1920s.25  

The Dichromate Cell

The dichromate cell (often called, in viola-
tion of current rules of chemical nomencla-
ture, the bichromate cell). was first de-
scribed in 1842 by both the English chem-
ist, Robert Warington (figure 18),26 and the 
German physicist, Johann Poggendorff 
(figure 19).27 This primary cell is based on 
the cell configuration Zn(s)/H2(SO)4(aq)//
H2(CrO4)(aq)/Pt(C) (s) and the net cell reaction: 
!  
3Zn(s) + 6H2(SO4)(aq) + 2H2(CrO4)(aq) !                                                         
3Zn(SO4)(aq) + Cr2(SO4)3(aq) + 8H2O(l)

in which Zn(0) is oxidized to Zn(II) at the 
anode, Cr(VI) is reduced to Cr(III) at the cathode, and the resulting net cell po-
tential is roughly 2 V. 
! Though chromic acid [H2(CrO4)] is the actual oxidizing agent, rather than be-
ing added directly, it is instead made in situ within the cell using a mixture of sul-
furic acid [H2(SO4)] and potassium dichromate [K2(Cr2O7)]:28
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Figure 18.  Robert Warington
(1807-1867)



H2(SO4)(aq) + K2(Cr2O7)(aq) + H2O(l)  
           !  K2(SO4)(aq) + 2H2(CrO4)(aq)

whence the name dichromate cell in-
stead of chromic acid cell. Warington 
simply substituted this mixture for the 
nitric acid in a standard Grove cell 
(see above), thus retaining both the ex-
pensive platinum cathode and the porous 
ceramic spacer,29 whereas Poggendorff 
made use of Bunsen’s recent discovery 
that baked carbon electrodes could be 
used in place of platinum in Grove’s 
cell.30 

! However, by the last quarter of the 
19th-century the most popular form of 
the dichromate cell was the so-called 
“Grenet” or bottle form, first patented 
by the French inventor Eugene Grenet in 
1859,31 in which the ceramic spacer was 
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Figure 20. A 19th-century woodcut of the Gre-
net form of the dichromate cell. KK are the 
carbon cathode plates, Z is the zinc anode 
plate. The left electrical connection on the cap 
is for the cathode and the right is for the an-
ode. What looks like a third electrical connec-
tion in the center is actually the device for 
raising and lowering the Zn anode plate.

Figure 19.  Johann Christian Poggendorff 
(1796-1877)



eliminated and both electrodes directly immersed in the H2(SO4)/K2(Cr2O7) 
mixture, thereby lowering the internal resistance of the cell. As may be seen from 
figure 20, this cell consisted of a thick amalgamated Zn anode plate arranged be-
tween two carbon cathode plates and mounted in a special round flask or bottle. 
They were sold in sizes ranging from a fourth liter up to two liters.31 The anode 
was connected by means of a rod to the top of the cell and could be raised out of 
the electrolyte when the cell wasn’t in use (figure 21).32  
! Despite its large cell potential and its elimination of the objectionable 
NO2(g) fumes associated with the original Grove and Bunsen cells, the dichromate 
cell had the disadvantage that it gradually consumed its electrolyte as part of the 
net cell reaction and thus exhibited a progressively decreasing potential with con-
tinual use. It was most practical in situations requiring a short burst of high volt-
age, such as in detonating mines and other military applications, where detonation 
was achieved by rapidly plunging the Zn anode into the dichromate electrolyte. !

! In addition, secondary 
reactions led to accumulation 
of dihydrogen bubbles on the 
cathode surface and to a 
subsequent drop in cell effi-
ciency – a phenomenon 
known as polarization. In 
later models there was an at-
tempt to eliminate this prob-
lem by blowing air over the 
cathode to disrupt bubble ac-
cumulation. In the end, 
however, it was the relatively 
high cost of dichromate salts 
that limited the cell’s com-
mercial applications and by 
the 1940s it had largely dis-
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Figure 21.  A famous photo of Thomas Edison posing 
in 1888 with his improved phonograph. Note the two-
liter Grenet cell on the far left. Also note that its an-
ode is in the raised position, thus indicating that it is 
not in operation.



appeared from most laboratory supply cata-
logs.
!
The Planté Lead Storage Cell

All of the voltaic cells discussed so far have 
been irreversible primary cells. What would 
eventually prove to be the first practical re-
versible or secondary cell was first described 
by Gaston Planté (figure 22) in 1859 based 
on the cell configuration Pb(s)/H2(SO4)(aq)/ 
PbO2(s) and the net cell reaction:33 

Pb(s) + PbO2(s) + 2H2(SO4)(aq) "   
!                       2Pb(SO4)(s) + 2H2O(l)(s)

in which Pb(0) is oxidized to Pb(II) at 
the anode, Pb(IV) is reduced to Pb(II) at 
the cathode, and the net cell potential is 
2.2 V at full charge. 
! To construct his original cell, 
Planté placed a spacer of either felt or 
canvas between two sheets of lead and 
rolled the resulting sandwich into a cir-
cular spiral which was then put into a 
cylinder containing an aqueous solution 
of sulfuric acid and lead sulfate. This 
was then connected to several Bunsen 
cells (figure 23) in order to plate, in 
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Figure 22. Gaston Planté
(1834-1889)

Figure 23. Charging an early Planté cylin-
drical cell (right) using two Bunsen cells 
(left).



keeping with the reverse of the 
above equation, a layer of PbO2 
on the lead sheet that would 
ultimately serve as the cell’s 
cathode and a layer of porous 
or spongy lead on the lead 
sheet that would serve as its 
anode. The cell was then al-
lowed to discharge and the 
electrolysis step repeated once 
more. It required many cycles 
of charging and discharging, 
extending over a period of sev-
eral months, before sufficient 
layers of PbO2 and porous lead 

had accumulated on the electrodes to 
form a properly working storage cell.
! All of this changed in 1881 when 
Camille Faure discovered that he could 
achieve the same result in a much 
shorter time by coating the lead sheets 
with a paste of sulfuric acid, lead diox-
ide, and lead sulfate.34 This coincided 
with an increasing interest in the 1880s 
in the use of arrays of such cells – also 
called accumulators35 – for electrical 
power storage in connection the elec-
trical lighting systems that were being 
installed in many cities and towns.36 In 
response to this growing interest, doz-
ens of proposals appeared for increas-
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Figure 24. A circa 1889 five cell lead storage bat-
tery (left), also called a Reynier accumulator, em-
ploying grooved lead electrodes (right).

Figure 25. A circa 1893 mult-cell lead stor-
age battery (right) with grid electrodes that is 
a recognizable precursor of the modern car 
battery.



ing the efficiency of the lead storage battery by increasing the working area of its 
electrodes, either by grooving the lead sheets (figure 24) or by using various open 
grid systems (figure 25). As a result of these changes, by the 1890s the lead storage 
battery had begun to assume a form that is a 
recognizable precursor of our modern day 
automobile battery.   

The Leclanché Cell

First described by the French scientist, 
Georges Leclanché, (figure 26) in 1866,37, 38 
this cell is based on the cell configuration 
Zn(s)/(NH4)Cl(aq)/MnO2(s) and the net cell 
reaction: 

Zn(s) + 2MnO2(s) + 2(NH4)Cl(aq) + 2H2O(l)                                                                                                                                   
!  Zn(NH3)2Cl2(aq) + 2Mn(OH)3

in which Zn(0) is oxidized to Zn(II) at the an-
ode, Mn(IV) is reduced to Mn(III) at the cath-
ode, and the resulting net cell potential is 
roughly 1.5 V. 
! Unlike the previous cells, the Leclan-
ché cell was a single-fluid system that em-
ployed a saturated aqueous solution of ammo-
nium chloride [(NH4)Cl] as the electrolyte. As 
originally conceived, the MnO2(s) and an inert 
rectangular carbon cathode came sealed in a 
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Figure 26.  A portrait medallion 
commemorating Georges Leclanché 

(1838-1882).

Figure 27. The “wet”  Leclanché cell 
as depicted in Benjamin’s 1893 trea-
tise on the voltaic cell.



large porous ceramic spacer (figure 27) and the 
Zn anode as a separate rod. Both of these were 
placed in a large rectangular glass battery jar 
and the jar half-filled with the (NH4)Cl(aq) 
electrolyte. To increase the conductivity of 
the MnO2(s), it was intermixed with an equal 
quantity of powdered carbon.
 ! Later several alternative forms of the 
wet cell were developed in which the ceramic 
spacer was eliminated. Rather than using 
loosely powdered MnO2(s) in a ceramic cup, 
the MnO2(s) and C(s) were instead mixed with 
a resin binder and pressed into various elec-
trode configurations. In the form shown in fig-

ure 28, they were shaped into a hol-
low cylinder that surrounded the Zn 
rod used as the anode.   
! Starting around the last decade 
of the 19th century, the so-called 
“wet form”  of the Leclanché cell 
was gradually transformed into the 
modern “dry cell” (figure 29), which 
is the version most commonly used 
today. Generally attributed to the 
German, Carl Gassner, around 1888, 
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Figure 28. A circa 1909 jar form of 
the Leclanché cell in which the 
MnO2/C cathode has been shaped 
into a hollow cylinder with a Zn 
rod anode in the center.

Figure 29. A circa 1890 etching of two of 
Gassner’s early dry cells. The gap between the 
outer Zn case and the central MnO2/C cathode 
containing the electrolyte paste is clearly visi-
ble in each case.



this transformation involved two major 
structural changes (figure 29). Firstly, 
the Zn rod anode was replaced with a 
Zn can which also acted as the cell con-
tainer. Secondly, the MnO2/C mixture 
was formed into a cylinder surrounding 
a central carbon rod cathode, and the 
space between it and the Zn can filled 
with a starch and flour-based electrolyte 
paste containing (NH4)Cl(s) and a small 
amount of ZnCl2(s). In later versions, 
the MnO2/C mixture and electrode paste 
were mixed together and the Zn anode 
can furthered encased in an outer steel 
can and sealed at the top (figure 30) in 
order to help contain any leaks due to 
chemical corrosion of the Zn liner. Ac-
cording to Vinal, these changes also al-
tered the net cell reaction to:39

Zn(s) + 2MnO2(s) ! ZnMn2O4(s) 

in which Zn(0) is once again oxidized to Zn(II) at the anode, Mn(IV) to Mn(III) at 
the cathode, but the net cell potential remains at 1.5 V 
! Dry cells began to appear in laboratory supply catalogs around 190040 and 
came in various sizes, ranging from the size D-cells still used in flashlights to the 
larger pint-size A cells once widely used in laboratory apparatus and by electrical 
hobbyists.
! A second fundamental change in the Leclanché cell occurred in the late 
1950s when the Canadian engineer, Lewis Urry, replaced the slightly acidic 
(NH4)Cl-ZnCl2 mixture in the electrolyte paste with K(OH). Now known as the 
alkaline battery, this modification was finally patented by Union carbide in 1960 
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Figure 30. Cross section of a typical mod-
ern day dry cell.



and is supposedly based on the net cell reaction:

Zn(s) + 2MnO2(s)  "  ZnO(s) + Mn2O3(s)

in which Zn(0) is still oxidized to Zn(II) at the anode, Mn(IV) is still reduced to 
Mn(III) at the cathode, and the net cell potential remains at 1.5 V. However, it is 
not apparent whether this reaction is really all that different from the one given 
earlier by Vinal for the original (NH4)Cl(aq) dry cell, since:

ZnO(s) + Mn2O3(s)  !  ZnMn2O4(s)

or why, in the presence of K(OH), the ZnO does not end up as K2ZnO2 instead:!

ZnO(s) + 2K(OH)(aq)  !   K2ZnO2(s) + H2O(l)

! To further minimize leakage due to corrosion of the Zn liner, the mechanical 
arrangement of the cell’s contents 
was also reversed in the alkaline cell 
(figure 31). A hollow cylindrical 
MnO2/C cathode was now placed 
next to the outer steel casing and 
powdered Zn and a Zn rod anode 
placed in the center, all of these 
components being intermixed with 
the K(OH)(aq) paste electrolyte. Your 
everyday AA and AAA sized cells are 
now all of this alkaline variety.

The Lelande Cell

The modern day alkaline battery is 
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Figure 31.  A cutaway diagram of a typical 
alkaline dry cell.



hardly the first known example of an alkaline- 
based voltaic cell. An early commercially suc-
cessful example (figure 32) was the alkaline cell 
first described by Felix de Lalande and Georges 
Chaperon in 1883 and in improved form in 
1891.41 This was based on the cell configuration 
Zn(s)/Na(OH)(aq)/CuO(s) and the net cell reac-
tion:  

Zn(s) + CuO(s) + 2Na(OH)(aq) ! 
                                Na2ZnO2(s) + Cu(s) + H2O(l)
! !
in which Zn(0) is oxidized to Zn(II) at the anode, 
Cu(II) is reduced to Cu(0) at the cathode, and the 
net cell potential is roughly 0.8 V when fully 
charged.
! Beginning in the early 1890s, the Edison 
company arranged to manufacture the improved 
version of this cell in the United States and, as 
noted earlier, by the early 20th century it had 
largely displaced both the Daniell gravity cell and 

the Bunsen cell in most everyday applications. Though Lalande and Chaperon 
originally claimed that this cell was reversible and so could function, like the 
Planté cell, as a storage battery, Reynier, in his 1889 monograph on voltaic accu-
mulators, claimed that this was not the case in actual practice.35 Nevertheless, as 
we will see in the next section, this cell would serve as an important stepping stone  
to the invention of a true alkaline storage battery.

The Edison Nickel-Iron Alkaline Storage Cell

Published biographies of Thomas Edison (figure 33) are literally legion and dif-
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Figure 32. Lalande’s improved 
cell of 1891. C is the CuO cath-
ode and ZZ are the plates of the 
Zn anode.



fer widely in their emphasis and sophis-
tication. However, a little-known 1971 
study by Byron Vanderbilt, which fo-
cuses exclusively on the chemical as-
pects of Edison’s work, is of particular 
value when it comes to understanding 
the basics of Edison’s alkaline storage 
cell.42 According to this author, the first 
commercial electric car, known as the 
“Electobat”  was produced in 1894 by 
Henry Morris and Pedro Salom of Phila-
delphia, and by 1899 ninety percent of 
the motorized cabs operating in New 
York City were electrical. The power 
source for these early vehicles was the 
Planté lead storage battery described 
above and they are still used in modern automobiles, but for purposes of powering 
the electric starter and running the lights and radio when the motor is turned off, 
rather than as the vehicle’s primary source of motive power. 
! By 1900 the trend in electric vehicles had caught Edison’s attention and he 
was determined to cash in on this growing market by developing a superior stor-
age battery for electric vehicles. Lead storage batteries had several disadvantages. 
The dense lead electrodes meant that the battery was quite heavy and thus had a 
low energy to mass ratio. This is a critical parameter for an electric car. Since part 
of a battery’s output must be consumed in transporting the battery itself rather 
than the vehicle and its passengers, the lighter the battery the better. This disadvan-
tage alone restricted the average driving range to about 25 miles before recharging 
was required.43 Likewise the sulfuric acid [H2(SO4)] electrolyte was not only 
highly corrosive and dangerous to work with, it had to be continually monitored, 
since it was consumed in the course of the battery’s cell reaction and thus caused 
the cell voltage to gradually decrease with use.
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Figure 33. Publicity photo of a middle-
age Thomas Edison (1847-1931) posing 
at the chemical bench.



! In response to these limitations, Edison decided to develop a cell employing 
electrodes made from materials much less dense than lead and an alkaline rather 
than an acidic electrolyte. These choices were almost certainly prompted by the 
fact that for more than a decade Edison had been successfully manufacturing the 
Lalande primary alkaline cell described in the previous section. As usual, Edison 
proceeded empirically. Inspired by the low-density CuO cathode in the Lalande 
cell, he first prepared a series of test-tube sized cathode half-cells using K(OH)(aq) 
as the electrolyte and various oxides deposited on porous carbon strips as the elec-
trodes. These were coupled to a standard anode half-cell to determine which cath-
ode best optimized the net cell potential. The winner proved to be nickel oxide hy-
droxide, NiO(OH). Using this cathode half-cell, he then varied the anode half-cell 
in the same manner and discovered that the optimal electrode choice was cadmium 
metal, thus giving the net cell reaction:

Cd(s) + 2NiO(OH)(s) + 2H2O(l) " Cd(OH)2(s) + 2Ni(OH)2(s)

in which Cd(0) is oxidized to Cd(II) at the anode, Ni(III) is reduced to Ni(II) at the 
cathode, and the net cell potential is 1.5 V. However, at the time, Cd metal was too 
expensive for the market Edison had in mind. In addition – apparently unknown to 
Edison – this cell had already been patented in 1899 by the Swedish chemist, Wal-
demar Jungner, who began commercial production in Sweden in 1904, though 
the cell would not impact on the American market until the 1940s. 
! Searching for a more practical and less expensive replacement for Cd, Edison 
eventually settled upon iron as the best alternative, giving the net cell reaction:

3Fe(s) + 8NiO(OH)(s) + 4H2O(l) " Fe3O4(s) + 8Ni(OH)2(s)

in which Fe(0) is oxidized to a 1:1 mixture of Fe(II) and Fe(III) at the anode, Ni 
(III) is reduced to Ni(II) at the cathode, and the net cell potential is 1.6 V.
! On the chemical side, commercial production of the cell required the devel-
opment of entirely new industrial processes for the preparation and purification of 
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the necessary chemicals, and for this purpose Edi-
son built a chemical plant at Silver Lake, New 
Jersey. On the mechanical side, the production 
problems proved to be even more challenging. 
The end product (figure 34) was encased in a 
nickel-plated steel container and was composed of 
an elaborate array of between 9 and 17 inter-
leaved nickel-plated steel electrode plates in or-
der to optimize the active surface area of each 
electrode. Each plate, in turn, contained an array 
of either punched pockets or perforated metal 
tubes containing the appropriate chemically active 
oxide. 
! Unfortunately, pure NiO(OH) proved to be a 
poor electrical conductor and to correct this 
problem Edison initially tried intermixing it 
with graphite. The resulting cell was put on the 
market in 1904 but proved to be unreliable and 

had to be recalled. Edison eventually 
tried intermixing the NiO(OH) with 
feather-light flakes of Ni metal (for 
which he also had to develop an 
elaborate manufacturing process) and 
enhancing the K(OH)(aq) electrolyte 
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Figure 35.  Edison posing with an electric car. 
The hood has been raised in order to display the 
array of nickel-iron storage batteries inside.

Figure 34. The interior of a cell 
for the final commercial version 
of Edison’s nickel-iron alkaline 
storage battery showing the in-
terleaved electrodes and the 
hundreds of pockets containing 
the active oxides.



by adding some Li(OH). This revised cell, unlike the original, proved reliable and 
was put on the market in 1909. The cells were wired in groups of three or five in 
steel cases with carrying handles and up to a dozen or more of these batteries, de-
pending on vehicle size, were then installed under the hoods (figure 35) of such 
popular electric cars of the period as the Studebaker, Anderson, and Baker Run-
about (figure 36).
! Though its net cell potential was less than that of the lead storage battery and 
it was far more expensive, the Edison nickel-iron cell also had numerous advan-
tages. It had a higher energy to mass ratio, could be recharged almost indefi-
nitely without deterioration, and allowed vehicles to travel 50-75 miles between 
rechargings rather than the 25 miles obtainable from early models of the lead stor-
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Figure 36.  Period advertisement for one of several electric cars made by the Baker 
Motor Vehicle Co. of Cleveland.



age battery. In addition, the lead storage battery was sensitive to mechanical 
shocks – a serious problem in this era of cobblestone city streets and unpaved 
country roads. Edison cells, on the other hand, with their steel-clad cases, were 
quite resilient, as Edison flamboyantly demonstrated by having his assistants throw 
them from the second- and third-floor windows of his West Orange laboratory.
! But even before Edison began marketing his revised battery, several events 
occurred that would spell the eventual demise of the original electric car.44 These 
include the introduction of Henry Ford’s popular and inexpensive gasoline-
powered Model T in 1908 and the introduction of the electric starter by Charles 
Kettering in 1911, which eliminated the most objectionable and dangerous aspect 
of gasoline engines – hand cranking – and which would also ensure the future of 
the lead storage battery in automobile design.
! Edison tried to carve out an alternative market for  his creation through advo-
cacy of battery-powered electric street cars, but without notable success. Eventu-
ally it found use as a power source for the small trucks used to handle baggage and 
freight at airports, shipyards, railway stations, and bus depots, as well as to move 
materials in factories. It was also used to power forklift trucks, mine and switch 
locomotives, and for railway signaling and communications equipment. One fur-
ther advantage of the cell, not mentioned earlier, is its long shelf life (30-50 years) 
which has also made it a favorite for emergency electrical backup systems. 
!
Standard Cells

All of the above voltaic cells were “working” cells that were valued as much for 
their ability to provide a significant electrical current for use in the laboratory and 
industry as for their EMF values. However, in the last quarter of the 19th century a 
second class of voltaic cells – called standard cells – came into existence that were 
valued more for their ability to maintain a constant EMF value than for their cur-
rent output and which would play an important role in the emerging fields of 
physical and electroanalytical chemistry and in establishing electrical standards.45  
! The earliest of these was a standard cell first proposed by Latimer Clark in 
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1872 based on the cell configuration 
Zn(Hg)/Zn(SO4)*7H2O(s)/Zn(SO4)(sataq)/
Hg2(SO4)(s)/Hg(l) and the net cell reaction:46

Zn(s) + Hg2(SO4)(s) + 7H2O(l) !         
                             Zn(SO4)*7H2O(s) + Hg(l)

in which Zn(0) is oxidized to Zn(II) at the 
anode, Hg(I) is reduced to Hg(0) at the 
cathode, and the net cell potential is 
1.43302 V at 15°C.
! In 1892 Edward Weston patented a 
closely related standard cell based on the cell 
configuration Cd(Hg)/Cd(SO4)*2.67H2O(s)/ 
Cd(SO4)(sataq)/Hg2(SO4)(s)/Hg(l) and the 
net cell reaction:47

Cd(s) + Hg2(SO4)(s) + 2.67H2O(l)  ! 
                       Cd(SO4)*2.67H2O(s) + Hg(l)

in which Cd(0) is oxidized to Cd(II) at the anode, Hg(I) is reduced to Hg(0) at the 
cathode, and the net cell potential is 1.01864 V at 20°C. The Weston cell proved to 
be superior to the Clark cell in several respects, most of which were traceable to 
the differences in the thermal behavior of hydrated zinc sulfate versus hydrated 
cadmium sulfate, and by the 1920s had largely displaced it.48 
! The Weston cell is usually constructed using a hermetically sealed H-shaped 
glass container and, to prevent breakage, this is often enclosed, in turn, in a protec-
tive box, initially made of wood, but later of Bakelite (figures 37-38). By 1920 
such cells had become a standard feature of most laboratory supply catalogs, and 
in the United States most were being manufactured by Eppley Laboratory Inc. of 
Newport RI.49
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Figure 37.  A cross section of the origi-
nal Weston cell enclosed in a protective 
wooden box.



Museum Holdings

The vast majority of the voltaic cells in the museum’s collections were donated by 
the Chemistry Department of Oberlin College, where they had been used for many 
years for display and demonstration purposes in the teaching of freshman chemis-
try but were no longer needed once the curriculum, like that at all American col-
leges and universities, shifted away from descriptive chemistry and became in-
creasingly theoretical in its emphasis.
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Figure 38.  Typical Weston cells, both exposed (far right) and encased, as shown in the 
1921 catalog for the Arthur Thomas Company of Philadelphia.
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Figure 39.  A 19th-century (5”  x 14”), half-gallon Leyden jar and a handheld (7.5”  x 10”) 
discharger (foreground). Compare with figure 2.

Jensen-Thomas Apparatus Collection
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Jensen-Thomas Apparatus Collection

Figure 40.  A  19th-century (13.5”  x 20”  x 20”) “battery”  of four interconnected half-gallon 
Leyden jars. Chains, rather than wires, were traditionally used to establish electrical con-
tact.
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Figure 41. A modern (4.75”  x 15”) reproduction of a small voltaic pile. Compare with 
figure 6. 

Jensen-Thomas Apparatus Collection
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Figure 42.  A typical (5.25” x 6.5”  x 9”) late-19th century Daniell’s cell. Note the fluted 
Zn anode inside the porous ceramic spacer and the compartment for the Cu(SO4)(s) sup-
ply connected, on the right, to the sheet of Cu serving as the cathode. Compare with fig-
ure 10.

Jensen-Thomas Apparatus Collection
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Figure 43.  A  late 19th-century (4”  x 9”) 
example of the globe or Meidinger form 
of the Daniell gravity cell. Compare with 
figure 11.

Figure 44.  A disassembled 
Meidinger cell. From left 
to right: the outer cylinder 
and Zn anode, the globe or 
Cu(SO4)(s) reservoir, and the 
inner cup and Cu cathode. 

Jensen-Thomas Apparatus Collection Jensen-Thomas Apparatus Collection
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Figure 45.  An  early 20th-century (6”  x 9.75”) example of the crowfoot form of the Dan-
iell gravity cell. The cast Zn crowfoot anode hangs from the edge of the jar and the star 
shaped Cu cathode rests on the bottom. Compare with figure 12.

Jensen-Thomas Apparatus Collection
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Figure 46.  A 19th-century (2.5”  x 3.5”  x 7”) example of a Grove nitric acid cell. The Zn 
anode is wrapped around the outside of the porous ceramic spacer and the Pt cathode is 
inside. A spare (0.5”  x 3.25”  x 4.5”) ceramic spacer is shown on the right. Compare with 
figure 14.

Jensen-Thomas Apparatus Collection
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Figure 47.  A 19th-century (3.5”  x 7.5”) example of a Bunsen carbon cell. The Zn anode 
is wrapped around the outside of the porous ceramic spacer and the carbon block cathode 
is inside. Compare with figure 16.

Jensen-Thomas Apparatus Collection
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Figure 48.  A  late 19th-century (4”  x 5”  x 7”) example of a Bunsen carbon cell. The Zn 
anode is arranged around the outside of the porous ceramic spacer and the carbon block 
cathode is inside. However, instead of a Zn sheet, the anode – despite its blackened ap-
pearance – is actually a thick casting of Zn metal. Compare with figure 17.

Jensen-Thomas Apparatus Collection
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Figure 49.  Two (4”  x 8.25”) 19th-century, half-liter Grenet dichromate cells. The Zn an-
ode for the cell on the right is in the raised position. Compare with figure 20.

Jensen-Thomas Apparatus Collection
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Figure 50.  A circa 1920 handcrafted (5.75”  x 6.75”  x 7.5”) Planté lead-acid cell with 
grooved electrodes made for use as a demonstration in the freshman chemistry course at 
Oberlin College.

Jensen-Thomas Apparatus Collection
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Figure 51.  A circa 1960 (4.5”  x 8”  x 12.5”) four cell lead storage battery that is an obvi-
ous descendent of the 1889 cell shown in figure 24. The name “Hyray” is molded into 
the side of the glass container.

Jensen-Thomas Apparatus Collection
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Figure 52.  An early (4”  x 4”  x 7”) wet Leclanché cell. The porous ceramic cylinder con-
taining the graphite-MnO2 mixture and the carbon block cathode is in the center and the 
Zn rod anode is on the far left. Compare with figure 27.

Jensen-Thomas Apparatus Collection
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Figure 53.  A circa 1909 (4”  x 4”  x 7”) 
jar form of the wet Leclanché cell 
made by Western Electric of Chicago. 
Compare with figure 28. The choice of 
the name “Economy Carbon Battery” 
invites confusion with the better 
known Bunsen carbon cell.

Figure 54. The cell in figure 53 shown 
from the back so as to reveal the hollow 
molded cylindrical MnO2/C cathode with 
the Zn rod anode in the center.

Jensen-Thomas Apparatus Collection

Jensen-Thomas Apparatus Collection
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Jensen-Thomas Apparatus Collection

Figure 55.  A  circa 1960 (2.5”  x 2.5”  x 
3.75”) EVEREADY 1.5 V Radio “A” 
Battery, though it is technically not a 
battery at all since it is composed of a 
single Leclanché dry cell.

Figure 56.  Two circa 1960 
(1.25”  x 2.75”  x 3.5”) 67.5 V 
EVERREADY battery packs 
each composed of forty-five 
small 1.5 V “flat”  Leclanché 
dry cells.

Jensen-Thomas Apparatus Collection
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Figure 57.  A circa 1960 (1.75”  x 3”  x 4.75”) RCA 45 V battery pack composed of thirty 
small 1.5 V Leclanché “flat” dry cells.

Jensen-Thomas Apparatus Collection
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Figure 58. A cylindrical (6”  x 12.5”), half gallon, ceramic Edison-Lalande cell. The em-
bossed printing on the ceramic lid reads “Edison Lalande Battery, Patented June 17, 
1890. Other Patents Applied For.”  The central plate is the Cu/CuO cathode and those on 
either side are the Zn anodes. Compare with figure 32.

Jensen-Thomas Apparatus Collection
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Figure 59. The final commercial version of a single (2.5”  x 5”  x 8.5”) cell for Edison’s 
nickel-iron alkaline storage battery with the case partially cut away to reveal the interior. 
The nine interleaved plates are not separate cells but are rather a way of increasing elec-
trode surface area. Compare with figure 34.

Jensen-Thomas Apparatus Collection
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Figure 60. (Above): An almost pristine 
(6.5”  x 10”  x 17”) five-cell battery pack 
of Edison nickel-iron storage cells ready 
for installation in an electric car. (Right): 
A closeup of the plate on the battery 
pack. This indicates a total EMF of only 
6 V, suggesting that each cell provides 
only 1.2 V under load instead of the op-
timal value of 1.6 V reported earlier.

Jensen-Thomas Apparatus Collection
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Figure 61. Circa 1920 (3” x 3.5” x 5”) exposed Weston cells. The Hg cathode is on the 
right and the Cd amalgam anode on the left. Compare with figure 38.

Jensen-Thomas Apparatus Collection
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Figure 62.  A circa 1920 (2.75”  x 4.25”  x 7.25”) Weston cell in a Bakelite case made by 
the Eppley Laboratory of Newport RI. Compare with figure 38.

Jensen-Thomas Apparatus Collection
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Figure 63.  Circa 1940 “student”  grade (1.25”  x 3”  x 5.25”) Weston cells in Bakelite 
cases made by the Eppley Laboratory of Newport RI.

Jensen-Thomas Apparatus Collection
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Figure 64.  Circa 1940 precision grade (4”  x 4”  x 5”) Weston cells in Bakelite cases 
made by the Eppley Laboratory of Newport RI.

Jensen-Thomas Apparatus Collection



The Voltaic Cell’s Significance in the History of Chemistry

The practical everyday impact of the voltaic cell is apparent to anyone familiar with to-
day’s plethora of battery-driven devices, be they laptop computers and tablets, CD play-
ers and cell phones, or cordless drills and weed whackers. Our intent here, however, is 
not to describe this ever-escalating technological aspect, but rather to briefly outline the 
impact of the voltaic cell on the internal conceptual development of chemistry itself.50

    ! As we have seen, Volta, whose invention of the pile had shown that living tis-
sue was not required for the generation of electricity, believed instead that it was 
due to the contact of the dissimilar metals used in its construction. Indeed, he had 
studied the phenomenon of contact potentials for sometime before constructing his 
pile and had succeeded in qualitatively arranging the common metals on a linear 
scale, such that the further apart two metals were on the scale, the greater the con-
tact potential when they were made to touch to one another. Volta’s contact theory 
precluded a chemical rationale of the pile’s EMF. However, as early as 1798, the 
German chemist, Johann Wilhelm Ritter, (figure 65), had observed that there was a 

correlation between the positions of various 
metals on Volta’s contact potential scale 
and their relative chemical affinities for 
oxygen:51 

The [galvanic] actions produced by two 
different metals are proportional to their 
affinity for oxygen.
!
and he even hinted, albeit rather obliquely, 
that chemical change and galvanism might 
well be one and the same:51

Yes – and here I dare to say something 
about which I eventually hope to convince 
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Figure 65. Johann Wilhelm Ritter
(1776-1810).



my readers completely during the course 
of my observations – the phenomena of 
galvanism might very well belong to the 
same class as those of chemistry.

! In 1800, shortly after Volta’s an-
nouncement of his discovery of the vol-
taic pile, William Nicholson and An-
thony Carlisle reported on its ability to 
decompose water,52 and William Cruck-
shank on its ability to decompose aque-
ous solutions of various salts, acids, and 
alkalis.53 In addition to the question of 
the origin of the pile’s electromotive 
force, these results now raised the fur-
ther question of the underlying mecha-
nism by which the pile’s electric current was able to chemically decompose or 
electrolyze various liquids and solutions. 
! Not unexpectedly, these results initiated a flurry of electrochemical experi-
mentation and speculation among British and European chemists during the first 
two decades of the century, and at least a half dozen different chemists proposed 
their own speculative theories of electrolysis and the relationship between electric-
ity and chemical affinity – the most influential of which were those of Sir Hum-
phry Davy in England (figure 66) and of Jöns Jacob Berzelius in Sweden (figure 
67). Though both men accepted Ritter’s hint that the driving force of the pile was 
the result of a chemical reaction between its various components, and also as-
sumed that there was a correlation between the chemical affinities of the various 
solution components and their ease of electrolysis, there were significant differ-
ences in how they viewed the underlying molecular mechanisms. 
! Davy, who threw out alternative hypotheses in rapid succession and whose 
true position is often difficult to determine, can be interpreted in some cases (1807, 
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Figure 66.  Sir Humphry Davy
(1778-1829).



1812) as having suggested that chemical 
affinity was the result of electrical at-
tractions between opposite charges in-
duced on the atoms when they came into 
physical contact, and that electrolytic 
decomposition was the result of the 
charged atoms or particles being more 
strongly attracted to the charged poles of the 
electrolysis cell than to each other:54, 55

In the present state of our knowledge, it 
would be useless to speculate on the re-
mote cause of the electrical energy, or 
the reason why different bodies after be-
ing brought into contact should be found 
differently electrified; its relation to 
chemical affinity is, however, sufficiently 

evident. May it not be identical with it, and an essential property of matter? The 
coated glass plates of Beccaria strongly adhere to each other when oppositely 
charged, and retain their charges on being separated. This fact affords a distinct 
analogy to the subject; different particles on combining must still be supposed to 
preserve their particular states of energy [i.e. their electrical charges].

! Berzelius, on the other hand, assumed that the atoms and molecules of matter 
already contained unequal amounts of positive and negative electrical fluid prior to 
combining and that these were concentrated at opposite poles on their particles. 
Particles attracted to the negative wire during electrolysis had an excess of positive 
over negative fluid whereas those attracted to the positive wire had an excess of 
negative over positive fluid. When atoms combined to form molecules, their op-
positely charged electrical fluids reacted with one another to form free caloric (i.e. 
heat) and the residual unneutralized electrical fluids then redistributed themselves 
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Figure 67.  Jöns Jacob Berzelius
(1779-1848).



at opposite poles of the product molecules:56 

... in all chemical combinations there is a neutralization of opposing electricities, 
and this neutralization produces fire in the same manner that it produces it in the 
discharge of the electric jar, the electric pile, and thunder, without being accom-
panied in these latter phenomena, by chemical combination.

In other words, the electrical charges, which were destroyed on combination, 
accounted not for the bonding between the particles, as in Davy’s theory, but 
rather for the heat that was evolved when they reacted. Electrolysis reversed 
compound formation by restoring the electrical fluids to the levels found in the 
atoms prior to combination.57 Thus, in contrast to the summary accounts ap-
pearing in many histories of chemistry, Berzelius’ dualistic theory was neither 
an electrical theory of chemical bonding nor an imperfect anticipation of the 
later ionic theory, but rather an electrical theory of heats of reaction. 
! Berzelius took the excess of negative over positive fluid to be a measure of a 
given atom’s “unipolarity”  or “electronegativity” (1811) and, following the earlier 
work of Avogadro (1809), attempted to arrange all of the then known chemical 
elements in a continuous “electrochemical” series, with the most electronegative 
(oxygen) at the top and the most electropositive (potassium) at the bottom. This 
was in many ways a relic of the affinity tables popular in the 18th century, since the 
resulting electronegativity scale was, in effect, measuring the relative affinities of the 
various atoms for the two electrical fluids.  According to Berzelius, the greater the 
difference in the electronegativities of the reacting atoms, the greater their 
chemical affinity and the greater the heat evolution produced when their oppo-
sitely charged fluids combined. Though these assumptions implied a direct correla-
tion between affinity and heats of reaction, Berzelius never quantitatively followed 
up their thermochemical implications. Instead, he applied his theory to the classifi-
cation and naming of chemical compounds and to establishing restrictions on what 
atoms and groups could displace one another in chemical reactions.
!
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! Our modern electrochemical vo-
cabulary (ion, cation, anion, elec-
trode, cathode, anode, electrolyte, etc.) 
is largely due to Michael Faraday (fig-
ure 68), whose extensive electro-
chemical studies in the period 1833-
1840 uncovered the first quantita-
tive laws of electrochemical action 
and did much to disentangle which 
chemical effects were dependent on 
the current and which were depend-
ent on the voltage – issues that were 
thoroughly confused by Berzelius. 
!  First stated nonmathematically 
by Faraday in 1834, and independ-
ently by the Italian chemist, Carlo 
Matteucci, in 1835, his “law of defi-
nite electrochemical action”  has tradi-
tionally been broken into two separate 
verbal laws:58 

a.! The chemical power of a current of electricity is in direct proportion to the 
absolute quantity of electricity which passes.

b.! The masses of different substances liberated by the same quantity of electricity are 
proportional to their chemical equivalent weights.
!
but is (assuming the current to be constant), usually written today in the form of a 
single equation:

it  =  zFN                                                                                     
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Figure 68.  Michael Faraday (1791-1867). 
Note the trough battery to his 

immediate right.



in which i is the electrical current, t is the time, N is the moles of product formed 
or reactant consumed, z is the moles of electrons required per mole or 
product or reactant, and F is the number of coulombs per mole of electrons. Often 
referred to incorrectly as Faraday’s law(s) of electrolysis, it is important to realize 
that the above equation applies to voltaic cells as well as electrolysis cells, in 
which case i is the current produced rather than consumed during operation.
! The increasing inability of Berzelius’ theory to account for the facts of or-
ganic chemistry led to a decline in electrochemical speculations among chemists in 
the period 1840-1880, and much of the work in the field during this period was 
done  instead by physicists – most notably by the Germans, Wilhelm Hittorf and 
Friedrich Kohlrausch, who developed and refined the measurement of ionic 
conductivities. Despite these advances, however, two major questions continued to 
haunt 19th-century electrochemistry:

a. !What did the ions responsible for electrolyte conductivity correspond to at 
the molecular level and were they created by the applied voltage in the electrolysis 
cell or did they preexist in the electrolyte before the voltage was applied?

b.! What was the mechanism by which the electrodes were provided with a 
continuous supply of ions during the operation of a voltaic cell or during 
course of the electrolysis?

! The answer to the first of these questions changed with time. During the first 
half of the century it was generally assumed that the cation and anion corre-
sponded to the electropositive and electronegative oxides of the dualistic system, in 
which copper sulfate, for example, was represented as CuO+, SO3

_. However, in the 
period 1839-1844 the English chemist, John Daniell,59 presented electrochemical evi-
dence suggesting that Cu2+ and SO42- were the true ionic components and, after the 
rise of type theory and structure theory in the period 1855-1865, this became the 
common mode of representation. Though assumed to preexist within the electro-
lyte molecules prior to electrolysis, in neither case were the ions assumed to be 
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free or dissociated prior to the application of the cell voltage.
! During the first half of the century, the answer to the second of these ques-
tions was based on the so-called “chain theory” of electrolysis, first proposed 
by the German chemist, Theodore von Grotthuss, in 1805 – a theory which il-
lustrates how difficult it was to imagine a viable molecular reaction mechanism 
within the context of the static Newtonian model of solids, liquids, and gases 
popular at the time in which heat was an imponderable fluid rather than an intrin-
sic molecular motion and matter moved only when the static equilibrium of content-
ing forces was disrupted and then only far enough to reestablish that equilibrium.60

 ! According to Grotthuss, the molecules of the solute (AB) were polarized into 
positive and negative parts (A+B-) by the applied voltage of the electrolysis cell. 
This applied voltage also caused the polarized molecules to aligned themselves 
in a continuous chain between the positive and negative electrodes, with the positive 
ends of the molecules pointing toward the negative electrode and the negative ends 
of the molecules pointing towards the positive electrode: 

(-) electrode:  A+B-   A+B-   A+B-   A+B-    A+B-   A+B-    A+B-  :(+) electrode

The (+) end of the molecule closest to the negative electrode and the (-) end of the 
molecule closest to the positive electrode then gave up their electrical fluids to the 
electrodes in question thereby forming neutral reaction products which escaped 
from the solution:

(-) electrode: A     B-   A+B-   A+B-   A+B-    A+B-   A+B-    A+    B :(+) electrode

The remaining halves of these molecules than reacted with the adjacent mole-
cules in the chain causing an exchange of the (+) and (-) parts which propagated 
down the chain, thus creating a new chain in which the (+) and (-) parts were re-
versed with regard to the wires:

(-) electrode:   B-A+   B-A+   B-A+    B-A+    B-A+    B-A+    :(+) electrode
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These new molecules then rotated in 
order to realign their (+) and (-) ends 
with the oppositely charged electrodes 
and the entire process repeated itself. 
Presumably the continuous insertion 
into the chain of fresh molecules from 
the surrounding solution allowed it to 
maintain the proper length as the elec-
trolysis proceeded.
! It was not until 1857 that Clausius 
finally replaced this intrinsically im-
plausible mechanism by applying the 
new kinetic theory of matter to the 
phenomenon of electrolysis.61 He 
pointed out that the fluctuations in the 
kinetic energies of the randomly collid-
ing electrolyte molecules would occa-
sionally result in their dissociation 

into free ions, and that collision of these free ions with other neutral electrolyte 
molecules would lead to ion displacement and thus to a net random movement of 
the ions through the solution. Eventually, however, oppositely charged ions 
would collide with one another and recombine to once again form a neutral 
electrolyte molecule. In other words, in an electrolyte solution at a given tempera-
ture there was a dynamic equilibrium which maintained a small but characteristic 
population of free ions. Application of a voltage to an electrolysis cell did not cre-
ate the free ions, rather it caused a net drift of the randomly colliding ions in the 
direction of the oppositely charged electrodes. 
! The work of Svante Arrhenius (figure 69) in 1887 revealed that the molar 
conductivities of most electrolyte solutions increased with dilution, suggesting 
that the degree of ionic dissociation (defined as the molar conductivity at the 
concentration in question, divided by the molar conductivity at infinite dilution) 
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Figure 69. Svante Arrhenius
(1859-1927).



also increased – a result in keeping with Clausius’ dynamic model of free ion for-
mation, but one that led to the shocking conclusion that, in very dilute solutions, 
not just a few, but virtually all of the electrolyte molecules were dissociated into 
free ions. Arrhenius showed that the degrees of ionic dissociation calculated 
from his conductivity studies correlated with both those calculated from van’t 
Hoff’s recently proposed theory of osmotic pressure and those calculated from 
Raoult’s law for freezing point depression.62, 63 Yet additional evidence for free 
ions was provided by the additive nature of the heats of neutralization, specific 
volumes, conductivities, and molar refractivities of salt solutions. The full implica-
tions of the resulting “theory of ionic dissociation,” as it came to be called, for the 
law of mass action and for the traditional methods of wet chemical analysis were 
worked out by Ostwald in his 1894 textbook, Die wissenschaftlichen Grundla-
gen der analytischen Chemie, where he explicitly pointed out the necessity, in the 
writing of rate laws and equilibrium constants for electrolyte systems, of treating 
each ion as an independent species.
! With the discovery of the law of conservation of energy in the 1840s it became 
apparent that voltaic cells and electrolysis cells were devices for the mutual inter-
conversion of chemical energy and electrical energy:

chemical energy  "  electrical energy                                        

and by the 1850s the flawed molecular models of Davy and Berzelius had been  
replaced by the proposition that the chemical affinity of the reaction in an electro-
chemical cell correlated in some manner with the cell’s electrical potential. Ther-
modynamic treatments of cell potentials by Helmholtz (1847)64 and Lord Kelvin 
(1851),65 based on the first law of thermodynamics, further suggested that this 
potential difference (E) should also correlate with the heat or enthalpy ("H) of 
the cell reaction:

E  =  f("H)                                                                                 
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! However, experimental work by, 
among others, Raoult in 1865 and 
Favre in the period 1866-1871 showed 
that this was incorrect and, in the last 
quarter of the century, fresh thermody-
namic treatments (Gibbs 1878,66 Helm-
holtz 1882,67 van’t Hoff 188468) based 
on the second law, rather than the first 
law, revealed that cell potentials should 
instead correlate with the free-energy 
change ("G) or Arbeit of the chemical 
reaction, a result now written as: 

-zFE  = "G                                                                                    

Since "G would soon become the ac-
cepted thermodynamic measure of 
chemical affinity, we see in this equation 
the quantitative fulfillment of the correla-
tion between cell potentials, on the one hand, and chemical affinities, on the other, 
that had been assumed by most electrochemists since the work of Ritter at the end 
of the 18th century. In keeping with this, the above equation, as well as the corre-
sponding equation for the temperature dependence of the cell potential which al-
lows calculation of the corresponding entropy change ("S) for the cell reaction:

zF(dE/dT) = "S 

were extensively used by G. N. Lewis and his associates in the early decades of 
the 20th century to calculate the first tables of free energy and entropy values.69, 70!  

! A final refinement was provided by Walther Nernst (figure 70) in the period 
1888-1889 when he related the cell potential to the osmotic pressures of the cell 
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Figure 70. Walther Nernst
(1864-1941).



reactants and ultimately to the equilibrium constant of the cell reaction itself, a 
result now written as:71, 72

E  =  -"G/zF  =  E° - (RT/zF)lnQ                

! The quantification of redox potentials based on half-cell reactions at inert 
electrodes was first undertaken by the American physical chemist, Wilder D. Ban-
croft, in 1892,73 though he failed to find the concentration dependency predicted 
by Nernst. In 1897 Nernst further suggested the use of the hydrogen electrode as 
the zero-point standard for reporting cell potentials.74 This proposal was ex-
perimentally implemented by Wilsmore in 1900,75 who determined the hydrogen-
scale half-cell potentials for 31 elements, and was also adopted by the first reference 
work dealing with the tabulation of cell potentials, the 1911 publication, Messungen 
elektromotorischer Kräfte galvanischer Ketter mit wässerigen Elektrolyten, edited 
by Abegg, Auerbach and Luther. 
! Thus we see that, by the end of the 19th century, chemists had discovered both 
the fundamental law governing the relation between current consumption and/or 
production and the amount of chemical reaction in an electrochemical cell, as well 
as the law governing the correlation between cell potential and thermodynamic 
chemical affinity. Though beyond the period covered in this booklet, the 20th cen-
tury would also see the development of a kinetic theory of electrode processes, as 
well as many advances in the design of new voltaic cells, including mercury cells, 
cadmium cells, and lithium cells.76
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