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STUDIES OF THE ANODIC OXIDATION OF WHITE PHOSPHORUS
by ‘
‘Michael L. Barry and Charles W. Toblas
Inorganic Materials Research Divislon,
Lawrence Radlation Laboratory, and
Department of Chemlical Engineering
University of Californla, Berkeley
Abstract
Coulometric studles were made of the electrochemical

oxidation of liquid and solid white phosphorus impregnated

in porous conducting matrices in alkaline, neutral, and

-acldlc electrolytes. Comparlson wlth the rates of formation

from the spontaneous disproportionation-decomposition

reactlons of phosphorﬁs at zero current dénsity showed

that phosphorus in a silver-amalgam matrix in-nqutral‘and,

acldic medla was quantitatlvely oxidized toﬁphosphorus

-and'phosphoric aclds with overall coulombic efficlencles

approaching 100% at current densities up to 10 ma/cmz.
Tﬁe open-clircult potentials measured for the phosphorus
electrodes were conslderably. lower than the potentilals
predicted for the oxldation of phosphorus to the phosphqrus 
oxyacids, Indlcating that the potential-detefmining reéc—
tion was either partial oxldatlion of phosphorus to an
intermedlate compound or oxldation of the phosphine pro-

duced by the disproportlonation reactions of phosphorus.



INTRODUCTION

This work involved an exploratory experimental inves-
tigation of the electrochemical oxidation of white phos-
phorus(l). The systematic chemistry and thermodynamic
properties of phosphorus and and phosphorus compounds have
been studled fairly extensively(1:2+3:4) put very 1ittle
work has been done to characterize the electrochemical
behavior of phosphorus. In addition to providing thermo-
dynamic data by diréct electfochemicallmeasurements, the
electrochemical oxidation of phosphorus 15 of Interest
for practlcal reasons. Oxldatlon of elemental phosphorus
to phosphoric acid is éurrently a major chemical operation
in the chémicallindustry; recovery of part of the free
energy of the oxidatioﬁ reaétion as electrical energy
from an electrochemicél cell would be very attractive.
Also, use of phosphorus as an anodic reactant in a battery
or~fue1 cell may be'of interest. In addltion, if phos-~
phorus can be méde to undergo electrochemical oxidation,
1t may well be possible to syntheslize electrochemically
other phosphorus compounds, such as phosphorus-oxy—halogen
compounds, which may not now be readily_obtaihed.

The expected products of the electrochemical oxldatlon
. of phosphorus in aqueous.electrolytes ére the phosphopus
loxyacids or thelr anlons. These compounds consist 6f
phosphorus, hydrogen, and oxygen, generally in configura-~ .
tions of four atoms surroﬁnding the central phosphorus

atom. The more common of these oxyacids are based on a



single phosphorus atom, but oxyaclds based on two, three,

- and more phosphorus atoms are well known.. The_okyacids
based on one phosphorus atom are hypophesphorus acid,
HSPOZ; orthophosphorous acid, H3P035 and orthophosphoric,‘
acld, H3P04, the epparent oxidation numbers of phosphorus
in these aclds are 1, 3, and 5, respectively.

The oxidation potentials estimated for simple oxida-
tion states of phsophorus are quite high; for eiample,
the standard potentlal for oxidation of phosphorus to
hypophosphite in alkaline media calculated from thermo-
chemical data(s) is 2.05 v. These high oxidation poten-

tlals 1ndicate that phosphorus should undergo a serles

- of disproportionation—decompositidn reactions 1n aqueeus‘

'_ medla. Thus, white phosphorus in contact. with alkaline

media disproportionates to the +1 and -3 states, hypo-
phosphite and phosphine v
P, + 30H™ + 3H,0 —> 3H,PO; + PH,} . RN ¢V
Also, white phosphorus decomposes alkaline solutlons to
form hydrogen and hypophosphite: _
P, + 40H™ + 4H,0 —= 4H,P0; + H,4 . (2)
The hypophosphite formed from these reactions also decom-
poses alkaline solutions to form phosphlte and hydrogen
H,PO, + OH —» HPOZ +H2¢ | R (3)

Other disproportionation-decomposition reactions of phos—
phorus.in alkaline medla produce phosphite,.phosphine, and

hydrogen:



¢

P, + 40H  + 2H,0 — 2HPO; + 2PH; % , (4)

4

P, + B0H™ + 4H,0 —» 4HPO; + 6H, { . (5)

4

The équivalent reactions -in acidic medla, as well asvthe

further oxidation of phosphite to phosphate, are theo-

retlcally possible, but, as wlll be shown later, they

do not occur to any noticeable_extent. |
The occurrence of spontaneous disproportionation-

decomposition reactlons Qf phosphorus in aqueous medla

implies that the phosphorus electrode should corrode;

-that 1s, there should be an effective internal cell

Qurfent (and fesulting displacement from the equllibrium
potential) when the external cell current ls zero.. A
method of analyzing corroding electrode systems has bééh
developed fdr‘relatively'simple cases(s),-but 1t 1s not

applicable to systems as complex as the phosphorus elec~

° trode. Also, the products of'the~spontaneéus reactions

occurring at the phosphorus electrode are themselves
electrochemically actlve and may contribute to‘tﬁe elec-
trode potential. Furthermore, phosphorus is not an '
electrical conductor and is not soluble in water, so
formulation of a sultable electrode 1s difficult. For
all thesé reasons, open circult potentials meaSufed for
phbsphorus electrodes may have 1ittle thermodynamic.gig-
nificénce, and 1t has been necessary to develop new
technidues to determine the electrochemical characteristicg

of whi#e phosphorus. -



The general procedure used to determine the extent
of participation of phosphorus in the electrode reaction
was: |

1. Developmsnt of sultable phosphorus electrodes.

2.  Measurement of the open circult half-cell
potentlals of the phosphorus electrode over broad ranges
of electrolyté PH.

3. -Determination of the gross overall electrochemlcal
reactions of the phosphorus électrode by comparing the rates
of formatlion of'phosphoric, phosphorous, and hypophosphorous
acids, hydrogen, and phosphine at known current denslties
to the rates of formation of these compounds at zero currenﬁ
denslty. | - | |
In addition, half—celi potehtials were measured for the
vafious products of the dispropoftionation-decomposition

reactlions of phosphorus.

EXPERIMENTAL APPARATUS AND TECHNIQUES
Since white phosphorus'has a very high electrical

reslstivity and is virtually insoluble in water, normal

'electrode configurations were not satlsfactory. The

phosphorus electrodes eventually dovelobed conslsted of
solid or liquid white phosphorus impregnated in a porous,
electrically conducting matrix. In order to provide
adeguate three-phase contact betwéen phosphorus, conduc-
tor and electrolyte, 1t was necessary to ensure that

phosphorus preferentially wetted the conductor surface;



. materials(

that 1s, the contact angle at the phosphopus—electrode,

electrolyte interface had to be less than 90°. With the

exception of mercury, phosphorus does not preferentlally

wet most pure metal surfaces under normal condlitions, and
merbury-phosphorus electrodes did not provide lérge'
enough regions of three-phase contact. Other'conductoré
tried in these studles were silver, platinum, copper, |
nickel, tiny 1ead, iron, amalgams'qf all these metals, and
graphlite. Of these systems, only siiver-amalgamvpowder
and graphlte powder were found to be sultable matrix

1). _ :
A simplifiéd diagfam of the experimental apparatus

1s presented in Flgure 1. The phosphorus electrode was -

contalned in the maln compartment 6f the electrochemical

cell, and the reference electrode (Hg/HgO for alkaline
electrolytes and calomel for neutral and acidic electro-
lyfes) and counter_electrode_were in side compartments.
Provision was made to collect_and measuré'the gas produced
in botﬁ the main compartmeﬂt and the qounter;electrode
compartment, and samples of the electrolyte solution could
bé\withdrawn from the main comparfment. " The electrolyte
solutlon was agltated by a vibrating dasher*, which‘passed
out of-the‘cell through a gas~tlght diaphragm. Separate
studles of the effectiveness of mixing in this cell indi-

cated that mass-transfer in the electrolyte was. not .

Vibro-Mischer manufactured by AG. fhr Chemie—Apparatebau,
Zurich, Switzerland.
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as the phosphomolybdate complex.

8

the limlting factor in any of the reactions studled.
The potentlal between the phosphorus electrode and the
reference electrode was measured by a vacuum-tube volt-

14

H*
meter with an input impedance of 10 ohms ; the output

from the VIVM was reduced by a voltage divider and then

" put into a recording potentiometer. The polarilizing

clrcult consiéted of a D.C. power~supp;y'and a current

recording devlice 1n serles between the phoSphorus elec-

trode and the counter electrode.

The rates of the reactions occurring at the phosphorus

electrode were determined by measurihg the rates of forma-

- tion of the products: HSPOZ’ H3P03, H3P04, Hé, and PHS'

Thege compounds were determined by the followlng analyses:

phosphine was measured by scrubbing the product gas with

- saturated mercurlc chlorlide solution and titrating the

hydrochloric acld which was formed according to the
reaction: '

~—> P(HgCl), | + 3HCL ; (6)

PH, + 3HgCl

3 2
hydrogén was determlned és the difference between the
total dry gas produced and the amognt of phosphine pro-
duced; hypophosphoroua,aéid was detérminéd by oxidation
with sulfatoceric acid at 60°C; phosphorous acid was

determined by oxidaﬁion with lodine in neutral solution;

and orthophosphoric acld wasrdeﬁermined colorimetrically

There 1s no a priorl reason to expect that the only

Kiethly Model 200B Vacuum Tube Volt Meter.



products of the electrochemlcal oxidatlon of white

phosphorus are the mono-phosphorus oxyacldsj; indeed,

oxidation of the tetratomic P4‘molecu1e to the final
product should result 1n many di- and tri- phosphorus
fragments, some of which are known to be relatively
stable. However, the separation and analyses of these
higher oxyaéids are extremely complex, and in thesé ex-
periments, these compouhds were oxidized, hydrolyzed,

and determined as orthophosphorlic acid.

’EXPERIMENTAL RESULTS

Theihalf-cell potentials'measured for tﬁe phpsbhorus
electrodes and phosphlne electrodes afe presenfed in :
Table I. The phosphorus~eiectrode potentlals varied qeéfly
linearly with the pH of the electrolyte (as shown in
Figuré 2) but did not vary wlth hypophosphite or phosphlte
concentration. The potentlals oprhosphorus in both silver-
amalgam matrices and graphilte matrices were the same in
alkaliné'solutions, but differed noticeably in neutral -
and acldic solutlons. Alkaline gﬁd acldlc solutions of .
phosbhine resulted in potentials very siightly higher
than the potentlals predlcted for the oxldation of phos-
phihe to phosphorué and also only slightly higher thén
the potentlals bf the‘phosphorué.eiectrode,in the same
'electrolytes. "Thé potentials of hypophosphite and phos- -
phite in alkaline solutlons are shown in Table II; in
effect, these potentlals were established'oniy in highlj



concentrated alkaline'eiectrolytes (5 N NaOH) where the
rate of the decomposition reaction (Eqn.s)'to form phos-
phite and hydrogen was appreciable prever, the elec~-
trode potential for these hypophosphite-phosphite solu—
tions, once established, remained constant evenAthough-
the concentrations of hypophosphite and'phosphite each
changed by over an ordery'of magnitdde_during the course
of the experliment. | | | |

Polarizatlon experiments showed that the potentials
of the graphlte-matrix phosphorus electrodes were much -
more sensitive to small changes of the applied current

density than were the sllver-amalgam-matrix electrodes.

This result is shown 1n Figure 3. In effect, the graphite -

electrodes could not be used in coulometric studies since

~current densities large enough to produce measurable

quantlities of the phosphorus oxyaclds polarized the elee~
trode to the point where other electrode reactions (such‘
as evolution of oxygen) took place. |

Typlcal results of the coulenetrie gtudies of the

phosphorﬁs electrodes are shown 1n Table III, where the

~rates of formation of the products.of‘the electrode reac-—

tions at a given current density are compared to ‘the

- rates of formation at zero current density; In alkallne

media the effect of the applied current on the electrode

reactibns appeared very complex; inlgeneral, the rate

1

of formation of phosphine decreased, the rates of forma-

tion of phosphite increased and, at relatively high

4,

@
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current densities, the rate of formatlion of phosbhate

becamo significént. It should be emphasized that phos-

phate was not a product. of the disproportionation—decom;
position reactlons, so the formatlion of phosphate was a
direct indication of the effect of the applied'ourrent

on the phosphorus electrodé. Unfortunately,,thé coﬁlo—/
metry in alkallne media was not quantlative, that is,

the net increase 1n the rates of oxidation did not correspond
to the applied current denslty. In addlition, although

the electrode potentials were 0.2 to 0.3 v from the

oxidation potential of mercury, some attack of thé amalgam
matrlx occurred resulting'in the formatlon of small amounts of mercu
compounds (equivalent to less than 5% of the total curreﬁt ‘
passed).

In neutral and acldic media, the rates of the dis-
propoftionation-decomposition reactlions were negliglble,
and the evldence of the anodilc oxidation»of the phosphorus
electrode was much clearer. As shown in Table IV, the 4
overall coulombilc efficiencies.in~these.cases approached .
100%. These coulombic efflclencies were.caiculated on a
basls of a 5-electron transfer for oxldation of. phosphorus
to phosphoric acld, a 3 electron transfer for oxidation

to phosphorous,acid, and a l-electron transfer for oxida—

_tion to hypophosphorous acid. ‘No mercury or 811Verlions

or. precipitates were found in solution in any of:thesé expefiments.

INTERPRETATION
Three hypotheses may be advanced to explain the low .

potentials measured for ﬁhe phosphorus elecﬁrode: (1) the
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corrosion current caused the displacement of the electrode poten—.;
tial from the tneoretical equilibrium value; (2) the
potential—determining reaction was the partial oxidation
of P4 to some intermedlate compound ratner than to'the
' mono—phosphorus oxyaclds; (3) the electrode potential
was established by a product of the spontaneous disproportiona—e
- tlon- decomposition reactions |
The_first hypothesis can be refuted py examlnatlon
of the polarizetion curves of the phosphorus electrode.
In Figure 4 the electrode potential is shown as a func-
tion of the total current density, that is, the sum of
the external applied current density and tne Internal |
corroslon current density. The dotted line in this figure'
represents arbitrarily the polarization caused by tne
corrosion current alone. At the point where small exter-
nal currents were applled, the electrode potential |
anpears to be almost discontlinuous; thils behavior.indi- '
cates that the potential—determining reactlion was not the
same as the corrosion reactions." '
The second.hypothesis does not appear to be unreason~'
“able. If, for example, the potential~determining_reactidn
was of the type:
| P, + H,0 —=P,0 + 2H' + 2¢” , (7)
the free energy of‘the reactlon can be estimated from - ;
bond energles as anprokimately 10 Kcal,(assdming entropy |
‘differences are relatively small). 'Then the'potential

- for the two electron transition would be of the order'of’~
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0.2 v, relative to the hydrogen electrode‘in the same
solution. Actually, the uncertainties in the bond
energles and entroples are large, so this potential
-would be in the range -0.5 v to +0.5 v. If the succeeding
oxidation and reorganization steps leading to the mono-
phosphorus oxyacids were.fast{ then the electrode poten-
tlals would'not depend upon the concentrations of these
oxyaclds. Therefore, 1n these respects, the behavior of an-
electrode based on a reaction of the type shown in Egn.(7) would
: electrode.
_qualitatively resemble the observed behavior of the phosphorus/
The third hypothesis to explain the low electrode
potentials measured for phosphorus also appears reason-
able, at least in alkaline media. The potentials estabe
lished by phosphine were qulte close to the measured .
phosphorus—electrode potentials 1f the latter were cor-
rected for the partial pressure of phosphine in the gas
produced by the disproportionation decompositlon reac-
tlons. However, this hypothesis appears inapplicable for
"neutral and acidic solutions, where the amounts of phos- '
phlne produced were negligible..,~ | |
The quantitative anodic oxidation of phosphorus to
phosphorous and phosphoric acid in netural and azcldlc
media appears very promlsing. Unfortunately, the ekperi-
mental data presently avallable are not sufficient to'predictf
‘detalled . mechanisms'for the electrode reactions.. The
| differences in sensitivity to polarization between the

silver-amalgam-matrix and the'graphite-matrix phosphorus .
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electrodes and the production of traées of mercuric
oxide at high éurrent densitles in alkaline media indi-
cate that the sllver-amalgam matrii_may have been in-
volved ih the electrode reactlon. Attémpts to determihe
the degree of tﬁis involvement have been unsuccessful

to date.

CONCLUSIONS
When'an'electrodé consiéting of phosphorus impreg-
nated in é conducting matrix 1s lmmersed in xueous solu-
tliong of various electrolytes, ﬁhe potentials established
at the electrode are conslderably lower than the corresé.
ponding potehtials calculated for the oxidation of phosf'
phorus to the varilous p@osphorus oxyaqids. These low

potentials may be caused by partial'oxidation of phosphorus

to some Intermediate compound or, in alkaline solution,

by oxidation of the phosphine produced by the dispropor-.
r .
tlonatlon~-decomposition reactlions of phosphorus.
Coulometric studles of the anodlc .oxidation of phos~-

phorus 1n a silver-amalgam matrix in netural and acldic

‘media show that phosphorus is quéntitatively oxidized to

phosphorous and phosphofic aclds with a coulombic effi;
ciency approaching-100% at current densities of up to
10 ma/cmz. Results of coulometric studies of the phos-

phorus silver—amélgam-matrix electrode in alkaline media are

obscured by the simultaneous disproportionation-decomposi-:
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the first step -1s the qxidation of phosphilne,
'and'then, as,tﬁe current density 1s increased, other
electrode reactions élso‘occur; leading eventually .to the
formation of.thSphate. There are some indicatiéns |
that the Silvef;émal'gazn matrix takes part in these reac-
tlons in éome_manner; Fﬁrther studies should be made
to explore thé effects'of using dther_metals'as electrode
matrices, to determine ﬁreéisely the effects'of'current
denéifyﬁaﬁd pH bn product distribution, and to determine
~ the amounts and types of di- and tri—phosphprus oxyaclds
formed at the electrode. | |

The resuits of anodic oxldation of phogphorus in a |
silver-amalgam matrix in'neutral and acidlc medla appeaf
-quite promising; it is pbssible that proéesses based on
tﬁis methodlof oxldizing phosphorus may have direct pracfical
applications. | | -
“ This work wag performed under the auspices of the

U.S.'Atomic Energy Commission.
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Measured Potentials of

Phosphorus and Phosphine Electrodes

.‘Electrolyte

Concentration Half-Cell Potential

Electrode Temp.
Configuration °C moles/liter  (Rel. to std. Hp),V
Phosphorus = .
Ag-Hg Matrix 60 NaOH | .10.0 1.08
' " - n n 1.00 0.90
" 40 " 10.0 '1.07
. iy " 1.02 0.89
Coo " " 0.100 0.83
" " " 0.010 0.5
" n Na,, SO 0.5 0.3
2°V4 (
pH=5.5)
" " Na, S0 0.5
2°V4
, 0.18
H,S0, 0.0050
o " "H2504_ ' 0.050 0.13
" " - HyS0, 0.49 0.08
" " ' H,S0, 4.95 0.00
Phosphorus '
Graphlte " NaOH 1.02 0.89
Matrix '
‘ " " H,S0, 0.49 . 0.04
Phosphilne SO NaOH _9.99 1 12
Ag-Hg Matrix - PH, (saturated) ‘
" 40 NaOH 1,00
PH, 0.0024 0.94
" A H,50, 0.49 _ 0.11
PH. 0.0016 -- '
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Table II. Hypophosphite and Phosphlte Electrode Potentlals
(Silver-amalgam electrode, 60°C)

Electrolyte Composition, molar

NaOH

10.0

10.0°
5.84
1.00
1.00

BP0,

Initial Final

HPO.

3

Initial Final

Half-Cell Potential, volts

0.050
0
0.043
0.041
0.096

0.004
0

O‘

0.014

0.041

0.096 "

0.

0
036

0

o
11

- 0.05

0.036

0.03
0

0.11

(Rel. to_standard Ho eléctrode)

0.78

*

0

The éilvér-amalgam electr

equilibrium potential.

ode potential remained equal to the Hg /HgO

T,

i an n e



Table III. Phosphorus Electrode Coulometry (Standard Silver-Amalgam-Matrix Phosphorus Electrodes, 40°C)

Electrolyte Conc. Applied Current Rates of Formation, meq cmzmin x 104
Molar ~Density x 104 ~With Applied Current Density With Zero-Current Density
meq/emfmin HzPOp HzPOz "HzPOy Hp PHy HzPO, HzPOz HLPO, H, PHy
NaOH 10.3 - 28.4 2.4 2.4 10.8 5.6 1.2 - 2.8 3 0 4 2.3
L 1.02 19.3 25 21 .0 18 8.5 20 16 0 18 -12.
o 1.02 62.7 20 22 50 11 6.6 20 16 0 18 12.
' NaOH 0.010 3 - . .
Na. SO o5 12.5 0.2 2.1 12 00 0 0 0 0 .0
2°V4 ‘ . _ - .
I H,S0, 0..055 31.8 0.9 11.1 19 o o 0 .0 .0 0O 0
" 0.57 11.8 0.3 3.8 7.8 0 0 0 0o 0. 0 0
" 0.50 60.6 1.6 23 33 o 0 0 0 0 0 O

Table IV. .Coulombic Efficiency of the Anodic Oxidation of Silver-Amalgam-Matrix Phosphorus Electrodes

AN

ElectrolYte Concentration Applied Current = Rates of Formation Coulombic Efficiency
Molar Denslty ma /cm? o %
ma /cm H.PO, HLPO; HLPO, H,PO, H PO, HLPO,

NaOH . 0.010 - - e L .
Na. SO 0.5 o 2.0 , 1.9v 0.3 0.03 ‘95 1 15 1.5
2774 , :
H,S0, 0.055 5.1 3.1 1.8 0.15 61 35 3

" 0.57 1.9 1.2 0.6 0.05 64 52 3

" | 0.50 9.7 5.3 3.7 0.3 55 38 3




Figure 1.

Figure 3.

Figure L.
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FIGURE CAPTIONS

Experimental apparatus for phosphorus electrode studies.

The effect of hydroxyl-ion activity on the phosphorus-

electrode potential (white phosphorus in silver-amalgam
matrix, 40°C). o

Polarization of phosphorus electrodes (1.ON NaOH, 40°C).

Polarization of corroding phosphorus electrode. (Current
density equals sum of external applied current density
and corrosion current density, silver—amalgam matrix,
ko°c, 1. ON NaOH.)

S m e e mw A
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.-








