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The iodine/iron photoredox system is much more complex than has been assumed up to
now. In 0.1 molar sulfuric acid the following reactions have to be considered:

@, or 1y) @, or tyy

(I, or I;)*+2Fe?* = (21" resp. 317)+2Fe**
2Fe3* +31° 2 2Fe?*t +15

IL+1I° 217

I, (solid) 2 I, (solved)

Fe3* +1- = Fel**

Fel* +802" 2 FeSO;

Fe?* +803~ = FeSO,

The thermal back reaction 2Fe®* +31~ »2Fe?* +1; takes several hours. It is therefore
possible to separate the electrode compartment and the light absorption measurement cell
from the photoreactor. We have built a flow system isolated from air. The following parameters
have been measured: light intensity at given spectral distribution, potential of the two selective
electrodes versus a reference electrode; light absorption of the solution at constant wavelength,
temperature at the electrode surface and electrical current between the two selective electrodes.
at different external resistances. Using the reduction degree as important degree of freedom it
is possible to derive a phenomenological description of the photostationary states of the
iodine/iron photoredox system. This phenomenological description provides a good starting
point for a more detailed investigation so that it might become possible to understand the
primary photoprocesses. The observed quantum yield for the production of Fe** species lies
between 0.05 and 0.58 depending on the composition of the solution.

Das Jod/Eisen-Photoredoxsystem ist wesentlich komplexer als bisher angenommen
wurde. Weil die thermische Riickreaktion 2Fe®* +31~ - 2Fe?* 415 sehr langsam abliuft,
ist es moglich, den Elektrodenraum und den Ort fiir die Verfolgung der Lichtabsorption von
dem Photoreaktor zu trennen. Wir haben deshalb ein gegen Luft isoliertes Durchflu-System
aufgebaut. Die folgenden Parameter wurden gemessen: Lichtintensitit bei gegebener spektra-
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ler Verteilung, Potential der beiden selektiven Elektroden gegen eine Referenzelektrode,
Lichtabsorption der Losung bei konstanter Wellenldnge, Temperatur auf der Elektroden-
oberfliche und StromfluB zwischen den beiden selektiven Elektroden bei verschiedenen AuBen-
widerstdnden. Durch Verwendung des Reduktionsgrades als wichtigen Freiheitsgrad gelingt
es recht gut, photostationire Zustinde des Jod/Eisen-Photoredox-Systems zu beschreiben.
Diese phinomenologische Beschreibung bildet eine gute Ausgangslage fiir detailliertere Unter-
suchungen, so daB es méglich sein sollte, die Primérprozesse zu verstehen. Die beobachteten
Quantenausbeuten liegen zwischen 0,05 und 0,58, je nach Zusammensetzung der Losung.

1. Introduction

Since more than 50 years it is known [1] that the equilibrium
2Fe*t +317 2 2Fe** +15 (A)

can be shifted to the left by irradiation with visible light. Electrons are
transferred from iron (II) species to energetically excited iodine species:

@, or I7) visible light 1, or I7)*

B
(I, or I;)*+2Fe?’t ——————— (21" resp. 317)+2Fe**. ®)
Some photochemists have been considering this reaction for solar energy
utilization [2, 3]. We have found that the theoretical description and the
known experimental data are not sufficient to decide if this system is
qualified for the purpose [4]. As soon as selective electrode material for
Fe**/Fe’* and 1,/I~ was found [5, 6], we started a new investigation. We
built up an experiment which allowed simultaneous observation of the
following quantities: light flux at given spectral distribution, light absorp-
tion of the solution as a function of time, temperature in the electrode
compartment, potential of the two selective electrodes towards a reference
electrode and electrical current between the two electrodes. In order to
interpret the experiments, the solubility of the iodine

I, (solid) = I, (solved) ©
and the following complex equilibria had to be considered:

I el +],
Fel** 2 Fe** +1
Fel; 2 Fe** +21~
FeSO, = Fe?* +802~ (D)
FeSO; = Fe** +802-
Fe(OH)** = Fe** +OH"
Fe,(OH)!* = 2Fe** +20H"
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2. Equilibrium and quasistationary states

To describe photoredox systems it is often very useful to know the
equilibrium concentration of all species as a function of the reduction
degree [5, 7—10]. This provides a good starting point for discussing situa-
tions far from equilibrium [5, 10]. We have succeeded in finding a general
definition for the reduction degree [10]. Its application leads to:

_ {71+ [15 1 +[Fel** ]+ 2[Fel; ]} + {[Fe** ] + [FeSO, ]}
Itot + M, 0

I, is equal to the total iodine concentration:
Lo =[1"]+2[1, (solved)] + 3[15 ]+ [Fel?* ]+ 2[FeI2 ]

2 - I, (solid) —
+ 2(SOld)V

M

The symbol V is used for the total volume The total concentration on
solved iodine species is called I, : :

Ly(r)=[1"J+2[I,(solved)] + 3[I; ]+ [Fel?*]+2[Fel;].

At equilibrium I, depends on the reduction degree only if I, <I,,. M, is
equal to the total concentration of iron ions:

M, =[Fe**]+[Fel**]+[Fel; |+[Fe?* ]+ [FeSO,]
+[Fe(OH)**]+2[Fe,(OH)*] .

The reduction degree r is a measure for the number of reduction equivalents
which are added to the system in relation to its completely oxidized state.
In such a state M, equals the concentration of iron(III) species and I,
equals the amount of iodine atoms. The possible values for r lie between
0 and 1. They can be chosen deliberately by weighing or by electrochemical
means. The values r=0 and r=1 can only be reached asymptotically [10].
r=0 means that all species are in their oxidized form. r=1 means that all
species are in their reduced form.

Our experiments have been carried out in 0.1 molar sulfuric acid. In
this solution the concentrations of Fe(OH)** and of Fe,(OH)4* are small
so that for most considerations we can neglect them. This does not mean
that these complexes are not important for describing kinetics, especially
the kinetic at the electrodes [11]. In the used solutions the concentration
of Fel; ions is always small. The equilibria to be considered explicitly are
therefore at 25 °C:!

2FST 317 2 2Fe? 415 Ky= 9.94-107 (Mol [12] (2.1)

! in 0.1 molar sulfuric acid the formation of HOI and 105 can be neglected [16]

% calculated from standard redox potentials
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Fig. 1. Normalized equilibrium concentrations and equilibrium redox potential versus the
reduction degree. The dotted line corresponds to the total concentration I, (r) of solved iodine

species
L+1- 213 K,=714.3 1/Mol [13] (2-2)
I, (solid) 2 L(solved) K;= 1.34-1073 Mol/l [14] (23)
Fe3* + 1~ = Fel?* K, =708 1/Mol [13] (2.4)
Fe®* +S0%™ = FeSO;  K,=204 1/Mol [13] (2.5)
Fe?* +S02~ 2 FeSO, K= 30 UMolP  [13] (2.6)

Concentrations of the ten independent species have been calculated with
the help of a method described in an earlier paper [15]. Regarding the
equilibrium situation, the following four independent conditions are ful-

filled:

M, =[Fe**]+[Fe?*]+[FeSO,]+[FeSO} ]+ (Fel**) 3.1)
I, =[1"]+2[I, (solved)] + 3[I; ]+ [Fel2* ]+ 21, (solid) %/ (3.2)
r(Mo+1,)={[1"]+[15 1+ [Fel** 1} + {[Fe** ]+ [FeSO, ]} (3.3)
So —[SO2~]+[FeSO; | +[FeSO,] (3.4)

3 estimated value
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These four conditions may be called degrees of freedom, because their
values can be chosen deliberately [8, 15]. M,, I, and S, are used as param-
eters and r as variable.

If a sample is irradiated at a fixed reduction degree the photoredox
reaction takes place — as given by equation (B) — and the individual
concentrations are shifted from their equilibrium values. Since no reduction
equivalents are supplied to the system, the value of r remains unchanged.
Figure 1 gives the normalized equilibrium concentrations of the reaction
partners (2.1) to (2.6) for the parameters M,=0.02 mol/l, I,=0.02 mol/l
and S,=0.1 mol/l. The total height of the figure corresponds to the total
concentrations I,,,, M, respectively. For the redox potential it is equal to
1/V.

It would be very interesting to calculate the change of concentration
for the different species under illumination. This is generally not possible
since we do not know the kinetic constants for all reactions to be taken
into account. The back reaction

2Fe3* +317 > 2Fe?* +13

is very slow [20]. This enables to calculate — or at least to estimate — all
concentrations in the photostationary state. It is assumed that in this state
the reactions (2.2) to (2.6) are at equilibrium. Reaction (2.2) is diffusion
controlled [17]. Our approximation should hold for the reactions (2.4) to
(2.6) as well [18]. The solubility of the iodine (2.3) is more critical.

To carry out the calculations we take the equilibrium concentrations
at the chosen reduction degree r as starting point. The redox equilibrium
(2.1) is disturbed as a consequence of the photoinduced reaction. Therefore
it has to be replaced in the calculation. The new condition can be derived
from the photoinduced change in the electron distribution among iron
and iodine species. The decrease of iron(II) species can be expressed by the
following equation:

A[Fe**]1+ 4[FeSO,] | 100 @

oo AF 2+ .
7e[4Fe™] [Fe**],, + [FeSO,].,

[Fe?*]., and [FeSO,]., are the equilibrium concentrations of these two
species. If 2{[I,]oq+[I5 oo} is smaller than {[Fe?*],, +[FeSO,].,}, it is not
possible to oxidize all iron(I) to iron(III). After having derived the non-
equilibrium concentrations for a chosen reduction degree, it is possible to
calculate the half cell potentials as follows:

o RT, [Fe**]
E(Fe3+/Fe2+) =EFe3+/Fe2+ +°I:,— In [—F—e2—+]
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RT . [I3]
—1 3
ToF P
Eustpear =077V ESy-=0.534V [12].

E(I3/17) =E{- -

The same mathematical framework for solving implicit equations can be
used for the calculation of equilibrium as well as nonequilibrium concen-
trations [15, 19]. Calculated photostationary concentrations and half cell
potentials are shown in Figure 2. They have been obtained starting from
the reduction degree r=0.5 in Figure 1.

The iron exists mainly as sulfato complex while the concentration of
Fel?* is very small at equilibrium. The nonequilibrium situation, however,
is dominated by the concentrations of I~, Fel*>*, and FeSO; . The relatively
small potential difference is due to the complexation of iron(III). For
%[4Fe**]=60% the potential difference is only about 100 mV.

The question arises which conditions would permit to obtain much
higher potential differences. This means that the quotients [Fe3*]/[Fe?*]
and [I17%/[1; ] should increase as much as possible. Such a situation could
be obtained by using a ligand X which has a different affinity to iron(II)
than to iron(III). This idea can be checked by adding the following two
reactions to the equilibria (2.1) to (2.6):

Fe’t +X 2 Fe(llDX K, Q2.7)
Fe?* +X 2 Fe(IDX K, (2.8)

It is useful to introduce the abbreviations:

Xo = [X] + [Fe(IIDX] + [Fe(IDX]
kiI=KiX0; l=5, ey 8.

We restrict the discussion to the situation already met in Figure 2: Mo = I,
=0.02 mol/l, S;=0.1 mol/l and r=0.5. The higher k, and kg, the more
stable the corresponding complexes. By systematic variation of k, and kg
it can be shown that the following condition is favourable for higher
potential differences:

ke>k, and  ky>ks, k.

A plot demonstrating the influence of k, on the equilibrium concentrations
is shown in Figure 3 for the reduction degree r=0.5.

It is interesting to note that only the two iron species Fe(I)X and
Fe(IID)X can exist in the whole region. The nonequilibrium concentrations
and the half cell potentials for the situations kg = 10°, k, =10 are shown in
Figure 4. We conclude that it would be very interesting to find an appropriate
ligand X to realize this situation.
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Fig. 2. Normalized concentrations and half cell potentials in photostationary states forr = 0.5;
solution 6, Table 1. At the starting point %[4 Fe**]=0 the concentrations and the potentials

correspond to the equilibrium situation r=0.5 in Figure 1

3. Experimental set-up

The thermal back reaction 2Fe®* +31~ 222Fe** +1; takes several
hours [20]; see also Figures 9 and 11. It is therefore possible to separate
the electrode compartment and the absorption measurement cell from the
photoreactor. We have built a flow system isolated from air. The photo-
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Fig. 3. Normalized equilibrium concentrations and equilibrium potential at fixed reduction
degree r=0.5 versus the logarithm of k,, defined in eq. (2.7), (2.9)

reactor has been thermostated to 25 °C. We have measured the following
parameters (see Fig. 5): light intensity at given spectral distribution, poten-
tial of the two selective electrodes SE I and SE II versus a KCl-saturated
calomel electrode, light absorption of the solution at constant wavelength,
temperature on the electrode surface and electrical current between SE I
and SE II at different external resistances R, (see Fig. 9). The broad band
interference filters K 40, K 45, K 50, K 55, and K 60 from Balzers have been
used.

The characteristics of the different optical elements have to be taken
into account to make quantitative measurements available. The relative
spectral distribution Fxx(4) of the photon flux for a filter KX in our arrange-

ment is:
_ L(A) - Tex(A) !
Vix(A)=Sgx ? E_@__)_T_:Z@ di [wavelength] ®
L 0@)

Sgx  =splitting ratio of the beam splitter BS

L(4) =relative spectral power distribution of the light source [watt/
wavelength]

Txx(A)=transmission characteristic of the filter KX
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Fig. 4. Normalized concentrations and half cell potentials in photostationary states, starting
from the situation log(k,) =1 in Figure 3

O(4) =spectral sensitivity of the power meter

N,  =Avogadro’s number.

Knowing the spectral distribution V;5x(4) of the photon flux, it is easy to
calculate the photocurrent Ji (1) impending the photoreactor. The light
power measured by the power meter (optometer) is called Eg,, [watt].
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Fig. 5. Experimental set-up for the observation of photogalvanic behaviour of the iodine/iron

system. LS=light source, 200 watt HBO W/2 Osram, BS=beam splitter. OM =calibrated

optometer; 80X United Detector Technology Inc. VM =voltmeter. R, external resistor.

SE I and SE II=selective electrodes (SE I=glassy carbon, SE II=sintered and doped tin
dioxide). F =filter

Eop:

JKX(A)=m- Vkx(4) [Einstein/(sec - wavelength)] ©)
or
Egp 2
JKX=76P— | Vix(DA-da . (6a)
Ay

Since we have used broad band interference filters A1 ~ 50 nm, it is necessary
to define the mean wavelength A, of each filter:
Az
§ Vex(W)Ada
Tgx=:1 30— . )
§ Vex(2)dd
A1

The surface of the pyrex window 1 of the photoreactor shown in Figure 6
measures 1.5 cm?. The reactor is covered with a cooling coat 2. Its length
is 5.5 cm. The solution flows from 3 to 4. 5 is used for filling the system and
for bubbling nitrogen gas through it. The calomel electrode is put into
position 6. The PVC screw 7 is used to join the reactor and the electrode
chamber.

The scheme of the electrode chamber is shown in the next figure. As
building material we have used teflon. O-rings have been applied to separate
the electrode chamber from the Araldit part of the electrode. The iron(II)/
iron(III) selective electrode consists of n-conductive tin oxide ceramics
[5, 6]. In order to produce this ceramic, 100 parts tin(IV) oxide and 2.5
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Fig. 6. Photoreactor and fixation to the electrode chamber. See text for explanation

parts antimony(III) oxide are ground, pressed into tablets and sintered
during 4 hours at 1300 °C. Thus obtained ceramic is porous and therefore
permeable for electrolyte. To avoid corrosion the tablet must have direct
contact with an inert material and be packed into plastic. Good results are
obtained with a simple technique: the tablet is pressed very strongly to the
bottom of a graphite cylinder to which some Araldit has been applied. The
electrode is now put into a teflon form which is carefully filled with Araldit
(100 parts of Araldit D+9 parts of “Hérter” HY931). The electrode is
polished with a suspension of Al,O, in water.

4. Quantum yield

Although the individual concentrations of I and I, can be determined
by spectrophotometric measurements, the experimental information is to
be handled carefully. The spectra of I and I, shown in Figure 8 have been
obtained by a method described by Awtrey and Connick [21]. The ions
Fe**, 17, and Fe?* do not absorb any light below 410 nm.
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Fig. 8. Absorption spectra of I, and I at 25 °C. Path length 1 cm
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Knowing the relative spectral distribution of the photon flux Jix(4)
(6) as well as the extinction coefficients (1), &5 (4) and the concentration
{[1,]+[15 1}, the number of photons/s J,(¢) absorbed are:

A2
Ju(t)= ;I Jex(A)Q(4, )dA. ®
QO (4, t) is the fraction of light absorbed by the solution:
e )
0

AG, =d- ¥ 5(A)C,(1)

d =cell length (5.5 cm)
C,(t)=individual concentrations [Mol/1]
&;(1) =individual extinction coefficients [cm?/Mol].

Out of the equations (6), (8), and (9) we get:

’ A
J,l(t)=E—,:’m { Vex(DA(1 — 100, @mI+as OIS NYGT (10)
[

We do not know if excited I, or I is the active species in the electron-
transfer-reaction with iron(II), although there exist some investigations on
the subject in aqueous solution [16a, 22]. As can be derived from the results
in section 2 this problem is not easy to solve. The best thing is therefore to
assume that both I, and I3 are photoactive. This leads to an overall quantum
yield @ which is defined as quotient between photons absorbed J, by the
solution and iron(II) species J, oxidized at the same time:

J
=74. an

e

C is the abbreviation for the total concentration of I, and I; species:
C=[L]+[I7]. (12)

. dC, . .
Its change C=—d$ in relation to time is:

_¢’JA
2V

C= +C,. (13)

V is the total volume of the solution and C, describes the thermal back
reaction. Two electrons are consumed for each I, or I; which is reduced.
The factor 2 introduced in equation (13) resp. (14) is a result of this.

o=2Y(¢c,—¢). (14)
J4
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To derive the necessary information from the absorbance measurements,
C and C, have to be substituted by 4 (4, ?).
Using the abbreviations

I=[1"], Ip=[FelP*], I'=1, + I, L= [L], = [I5]

and inserting them into the equation (14), we get:
2V . . s
¢=_ (Izb+I3b_12—I3)' (15)
T4

The following equations may be used to calculate I, and I if all iodine is
solved:

AQ, =g,W)1,+e,MI; (d=1cm)

I,  =31,420,+1,+1;=0 (16)

K, =1-KJLI,-K,Li,=0 (17)

i, =A( £) — 4 I, —2 -[‘1] (17a)
a,(Mg+1] T1+3K1, Lg+1

&, (4)/e,(4) —1
K
14—=2 (I,-21
+1+3K212(1 2

I and I, are determined by simultaneous measurement of absorption
at two different wavelengths. A (4, ¢) is obtained by graphic derivation of
the recorded function A(4,t) at the start of the photoreaction. Near the
equilibrium C, is much smaller than C so that & can be approximated by

2V . .
¢nenr eq. ~ _—J_; (12 + I3) (18)

5. Experimental results

Typical experimental curves are shown in Figure 9A and B. Irradiation
starts at the points “start” and stops at the points “stop”. The upper curves
demonstrate the change of light absorption at 490 nm. The lower curves
visualize the change of potential of each selective electrode compared to
normal hydrogen electrode. E(Fe3* /Fe? ") is observed on doped and sintered
tin oxide and E(I; /I7) on glassy carbon. At the point “current” different
external resistances R; have been introduced; compare Figure 5. Solution 6
(B; see Table 1) is oversaturated. The extinction at the beginning of the
experiment has therefore not been constant. Systems in which not all I, is
solved at equilibrium seem to be the most interesting for solar energy
conversion, but they are difficult to understand.
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Fig. 9. Observed light absorption and half cell potentials versus time for the solutions 4 (A)
and 6 (B), Table 1

The observed short circuit potential is not equal to the equilibrium
potential. This is due to polarization phenomena [23], [24] which have not
yet been studied in relation to this system. The light absorption is not
influenced by the current. This means that even at short circuit conditions
the concentrations of the photochemically produced species in our system
are not influenced by the electrical current flow. This is because the electrode
surface of 1.5 cm? is very small compared to the volume. Current-voltage
and power-voltage curves for three solutions with equal total concentrations
My, I, and S, but with different reduction degree are shown in Figure 10.
Table 1 reports the main experimental results from 13 different solutions
irradiated at 1=447 nm. All quantum yields have been determined at the
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Table 1. Experimental values observed at 1 =447 nm. J , is the light flux which has been applied,

see eq. (8). U, is the opten circuit potential difference in the photostationary state (cf. Fig. 9);

Prax the electrical power’(cf. Fig. 10) and n is equal to P,,, divided by the incident light power.
For the quantum yield ® see eq. (11) and (18)

Sample M,

Lot r @ J 108 U, 7103
[Mol/ll  [Mol/1]

Pmax
[Einstein]| mV]  [pW/em?] [%]
Is

1 0.005 0.005 0.7 84 74 0.4 042
2 0.01 0.01 0.7 8.5 92 11 1.1
3 0.01 0.02 0.6 0.24 9.8 80 5.8 53
4 0.01 0.02 0.9 0.18 10.2 79 43 41
5 0.02 0.01 0.8 0.05 10.0 74 4.6 4.0
6 0.02 0.02 0.5 0.58 9.5 74 7.5 6.7
7 0.02 0.02 0.6 0.48 9.7 76 6.1 5.3
8 0.02 0.02 0.7 0.54 11.2 95 41 3.1
9 0.02 0.02 0.8 0.27 9.7 80 2.9 2.5

10 0.02 0.02 0.9 0.16 10.3 70 3.8 3.1

11 0.02 0.04 0.9 0.32 9.8 75 3.1 2.9

12 0.03 0.03 0.7 0.5 9.3 65 4.1 4.4

13 0.05 0.05 0.7 0.15 10.5 35 33 2.9

Table 2. Experimental data for solution 12. Compare Table 1

A [nm) @ J .- 10 [Einstein/1 - 5] U, [mV]

404 0.29 14.5 59

447 0.5 9.3 65

486 0.48 4.5 42

561 0.26 9.1 49

beginning of each experiment. They are not the same in the different solu-
tions. For solution 12 quantum yields have been determined at 4 different
wavelengths; Table 2. There seems to be a maximum in the region of 447
nm to 486 nm. No general conclusion should be made, however, since this
could vary from one solution to another.

It may be interesting to note that an extremely small back reaction has
been observed in solution 1. Overshooting of the Iy /I~ potential took
place even with the low light intensity used. This overshooting might be
due to the relatively slow reaction (2.4): Fe** +1~ 2 Fel?*. The result of
this experiment is shown in Figure 11.

The method described in section 2 enables a comparison between the
calculated half cell potentials and the observed ones. Quantitative agreement
cannot be expected since the activity coefficients have not been considered
and since the selectivity of the electrodes is perhaps not 1009;. Nevertheless
at least qualitative agreement between calculated and measured curves
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Fig. 12. Comparison between the calculated (————- ) and the measured ( ) half cell

potentials for the solutions 4 and 6, Table 1

should be observed. The two typical results shown in Figure 12 demonstrate
that this is the case.

6. Conclusions

The iodine/iron photoredox system is much more complex than- has
been assumed up to now. Using the reduction degree as important degree
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of freedom, it is possible to derive a phenomenological description of the
iodine/iron photoredox system. This phenomenological description pro-
vides a good starting point for a more detailed investigation so that it might
become possible to understand the primary photoprocess. We have esti-
mated that with an appropriate reaction chamber it will be possible to
transform up to 0.3%; solar energy into electrical energy at full illumination
[19a].

Although this is much more than any other known photogalvanic cell
can achieve, it is still too low for practical application. If higher photo-
potentials can be obtained after an appropriate change of the system
(compare Fig. 4) it will become interesting to reinvestigate its possibilities
for solar energy conversion. We do not yet understand the mechanism of
the selectivity of the doped tin dioxide electrode. The ideas described by
Gerischer [25], however, provide the necessary theoretical background.
But it seems that specific interactions between the iron ions and the tin(IV)
oxide surface have to be taken into account [11].
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