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The small-signal a.c. response of photoelectrochemical (PEC) cells with Mg-doped o-Fe,O3 photocathodes has been studied in the range

10-2 to 10* Hz. A non-linear least-squares analysis of the complex admittance/impedance data leads to a detailed equivalent circuit for

the cell. The capacitance data have been employed to construct Mott-Schottky plots. For a p-type Fe,05: Mg (1 at.%) electrode the flat-
band potential Vy, in 0.1 M carbonate bulfer (pH = 10) is +2.2 V vs. SCE.

Introduction

Important parameters in the study of semiconductor-elec-
trolyte junctions are the flat-band potential ¥V, and the
acceptor density Na. Vp, defines the electrochemical char-
acteristics of the system in the dark, and under illumination.
In principle, Vg, and N4 can be determined from measure-
ments of the space-charge capacitance Cge at the semicon-
ductor-electrolyte interface at a fixed frequency as a function
of the electrode potential ¥, provided that the equivalent
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circuit of the photoelectrochemical (PEC) cell comprises
simply a series combination of a resistance, and the space
charge capacitance. Recently, small-signal a.c. response
measurements of PEC cells have been carried out in a wide
frequency range [1—-4]. A non-linear least-squares analysis
of the admittance, and impedance data then provides an
excellent means to obtain equivalent circuits for PEC cells,

and to fully characterize the semiconductor-electrolyte in-
terface.
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In the depletion region the relation between the space-
charge capacitance Cgc and the electrode potential ¥ is given
by the Mott-Schottky equation:

2 kT
eg, e Ny A? (lV—_ le__e——) 1)

Cidd =
where ¢ is the relative dielectric constant, & the permittivity
of free space, e the electronic charge, and A the interfacial
area.

All other parameters have their usual meaning. An ideal
Mott-Schottky plot is linear, the V-axis intercept yielding a
value for Vp, and the slope being a measure for the total
acceptor density in the surface layer of the electrode [5,6].

Using the plate parallel capacitance approach and apply-
ing Eq. (1), one finds for the width Ly of the depletion layer:

Ln=< 2g€, >I/2<l VeVl —EGZ)mv 2
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Recently, Hendewerk et al. [7] have reported impedance
measurements over the frequency range 3-10%to 3-10° Hz
on n- and p-type Fe,Os/aqueous electrolyte junctions. Anal-
ysis of the a.c. response data at 1500 Hz resulted in quasi-
linear Mott-Schottky plots. For a 5 at.% Mg-doped iron
oxide electrode the value of 2.3 V vs. RHE was obtained for
Vi, while the slope yielded N, = 5-102 m™> While ca-
pacitance measurements performed over the narrow fre-
quency range 3-10% < 'f < 3-10° Hz revealed no shift in
Vi, in general, frequency dispersion effects often obscure the
determination of Fpy and N, as Mott-Schottky plots can
show large variations with the measuring frequencies.

The present paper presents a study of the small-signal a.c.
response of polycrystalline a-Fe,O5: Mg/aqueous electrolyte
junctions in the frequency range 10~?* to 10* Hz utilizing
the non-linear least-squares analysis of the admittance and
impedance spectra. These electrodes made p-type by doping
with 0.1 and 1 at.% Mg [9], are of special interest, as it has
been demonstrated that they can be used in a short-circuited
polycrystalline iron oxide p/n assembly for the photoelec-
trolysis of water [7,8].

Experimental Aspects

The preparation and characterization of the polycrystalline
p-type Fe,0; electrodes, doped with 0.1 and 1 at.% Mg, was de-
scribed previously [9]. The electrodes were mounted in a standard
three-electrode photoelectrochemical (PEC) cell made of Teflon
[10]. The PEC cell consisted of the Fe,O cathode with an effective
surface of 0.125 cm?, a Pt counter electrode, and a SCE reference
electrode. As electrolyte 0.1 M carbonate buffer (pH = 10) was
utilized.

The frequency dispersion of the small-signal a.c. response of this
PEC cell was studied in the frequency range 1072 to 10* Hz using
a Solartron 1172 Frequency Response Analyzer. The a.c. signal
amplitude was kept at 20 mV (rms). Representative admittance
spectra were analyzed using a computer programme for non-linear
least-squares fitting to complex data [3]. This procedure has been
applied before to analyze admittance spectra of PEC cells with
titanate [1,2] and ferrite (photo)anodes [4].
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a) Admittance spectrum of a PEC cell with p-Fe,05: Mg (1 at.%)
in 0.1 M carbonate buffer (pH = 10) at —1.5 V vs. SCE. Fre-
quency range 10~2 to 10* Hz.

+ Experimental data; O fit to equivalent circuit in Fig, 2.

b) Conjunctional impedance spectrum
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Fig. 2

Equivalent circuit used to model the small-signal a.c. response of
a PEC cell with p-Fe,03: Mg (1 at.%) in 0.1 M carbonate buffer
(pH = 10). See text

Experimental Results

The a.c. response data for the PEC cells can be presented in
complex-plane admittance plots, and conjunctional complex-plane
impedance plots. Fig. 1a shows a representative, experimental ad-
mittance spectrum of a PEC cell with p-Fe,O5: Mg (1 at.%) with
the electrode at —1.5 V vs. SCE. The conjunctional impedance
spectrum is presented in Fig. 1b. The data can be adequately fitted
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Table 1
Equivalent circuit parameter values from the non-linear complex least-squares analysis for p-Fe,O3: Mg (1 at. %)-based PEC cell

Run“) V vs. SCE Csc RD Zw Rc k“ o Rn RA
v) (uF) MQ) {#Ss?) MQ) (nSs%) MQ) (kQ)

1 0.10 0.59 61.7 0.71 1.21 046 0.91 0.76 8.1
—0.,50 0.55 34.0 0.64 110 0.44 091 0.74 8.5

~1.00 0.48 11.3 0.74 1.03 047 091 0.74 8.1

—1.50 0.44 5.7 0.67 0.80 045 0.91 0.72 8.8

2 —0.50 0.59 219 0.63 1.00 046 091 0.74 71
—-1.00 0.53 10.7 0.75 1.07 048 091 0.75 82

—1.50 0.51 5.1 0.75 1.04 0.49 0.90 0.74 71

—2.00 0.48 2.8 0.73 1.00 044 0.92 0.72 10.8

-2.50 0.48 1.5 0.88 1.00 0.47 0.91 0.71 9.2

-~3.00 0.48 0.9 097 1,00 0.47 091 0.69 117

3 0.10 0.72 132.9 0.75 1.58 0.52 0.89 0.79 59
0.50 0.83 423 0.68 1.20 0.51 0.89 0.717 62

1,00 0.92 11.8° 0.77 1.27 0.53 0.89 0.78 6.0

1.50 112 6.0 0.82 113 0.49 0.90 0.76 71

2,00 1.05 2.2 0.82 0.57 0.50 0.90 0.74 13

2.50 0.96 1.3 0.82 0.61 0.51 0.90 0.74 6.9

4a 2,00 © 099 2.3 0.60 0.69 0.57 0.89 0.78 44
1.00 0.96 22.2 . 0.53 0.73 0.52 0.90 0.72 6.0

0.50 0.86 603 0.61 1.26 0.57 0.89 0.69 44

025 0.82 49.8 0.64 1.75 0.60 0.89 0.67 4.1

0.00 0.74 39.7 0.75 5.0 0.62 0.88 0.65 35

0,25 0.72 339 0.74 5.0 0.63 0.88 0.63 34

4b 2.00 0.98 2.2 0.58 0.62 0.54 0.89 0.75 5.1
1.00 0.96 13.2 0.52 0.80 0.52 0.90 0.70 5.7

0.50 1.24 234 0.55 0.80 0.55 0.89 0.66 4.9

0.25 1.21 33 0.60 0.80 0.55 - 089 0.64 5.5

0,00 0.97 0.78 - 0.68 0.80 0.56 0.89 0.62 52

—0.25 0.95 0.43 0.72 1.00 0.54 0.89 0.59 6.4

—0.50 0.90 0.32 0.78 1.00 0.51 0.90 0.59 52

5 —0.50 0.69

—1.00 0.57 8.7 0.39 1.09 0.63 - 0.88 0.69 1.6

% Run 1 to 4a under dark conditions; run 4b under irradiation at 1 = 390 nm; electrolyte 0.1 M carbonate buffer (pH = 10),

Run 5 under dark conditions; electrolyte 1 M carbonate buffer (pH = 10}.

Table 2
Equivalent circuit parameter values from the non-linear complex least-
squares analysis for p-Fe,05: Mg (0.1 at.%)-based PEC cell

V vs. SCE kSC RSC k,\ RA kn
(V) (S B¢ k@) @Ss) M MO (@9 O
+0.60 0.463 0.83 579 16.7 095 0.24 1090 082
+0.40 0.486 0.86 703 19.0 0.94 0.29 1164 081
+0.20 0.454 0.85 124 19.5 0.93 0.28 109.2 0.83
0.00 0.439 0.87 64.6 18.9 0.93 0.15 90.9 0.85
—0.20 0414  0.89 46.5 16.1 0.97 0.17 836 083
—0.40 0.389 0.89 43,2 16.7 0.96 0.16 83.7 083
. —0.60 0.367 0.89 47.7 18.4 0.95 0.15 884 0.83
—1.00 0.373 088 30.6 14.8 0.99 0.15 70.3  0.83

to the equivalent circuit given in Fig, 2. This circuit can be repre-
sented by ZwRpPCscSRcPORPSR, S, following the notation pre-
sented in Refs. [1—3] (P stands for parallel and S for series). The
O element represents a constant-phase-angle (CPA) admittance.
Q; = kj(iw)*. For o; = 1 a CPA admittance represents the admit-
tance of a capacitor, for ¢; = 1/2 the admittance of a Warburg
element, Zy, while for oy = 0 this element reduces to a resistor.
The Q element is usually attributed to current inhomogeneities.
The data for the p-Fe,0,: Mg (0.1 at.%)-based PEC cell can be
adequately fitted to the cquivalent circuit QscRscPQARAPSOsS

Qsc Qp
Qg

Rec Ra

Fig. 3

Equivalent circuit used to model the small-signal a,c. response «
a PEC cell with p-Fe,04: Mg (0.1 at.%) in 0.1 M carbonate buffi
(pH = 10). See text

which is given in Fig. 3. Fig. 4 presents the admittance and impe
ance plots along with the fit results for this PEC cell at 0.0 V v
SCE. Table 1 presents parameter vaiues for the circuit elements
the case of the Fe,O5: Mg (1 at.%)-based PEC cell, while the resul
for the Fe,Oy: Mg (0.1 at.%)-based PEC cell are given in Table
The run numbers refer to capacitance measurements of the samp
on subsequent days,

The symmetrical cell Ag/p-Fe,05: Mg (1 at.%)/Ag exhibits fr
quency dispersion. The admittance spectrum can be adequate
fitted to the equivalent circuit QyR,PR,S, with ky, = 0.71-10
uSs*, o = 0.86, R, = 0.15 kQ, and Ry, = 4.53 MQ. The a.c. respon
data for the symmetrical cell Ag/p-Fe,05:Mg (0.1 at.%)/Ag can |
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reproduced by Q,RyPQO,R,PS. The numerical values of circuit ele-
ments involved are ky = 35.5-107% pSs% o, = 098, Ry = 31 kQ,
k, = 0.375 pSs® o, = 0.88 and R, = 33 kQ.

Discussion

The equivalent circuit elements describing the admittance
spectra of the Fe,O4: Mg (1 at.%)-based PEC cell can be
divided into two main categories. The vaiues of the elements
in the part QRgPR,S of the equivalent circuit are inde-
pendent of the applied potential. The branch QRgPR,S in
which the Q element approaches the behaviour of a pure
capacitance (¢ = 0.91), can be related to processes in the
bulk of the semiconductor and in the electrolyte. Resistance
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a) Admittance spectrum of a PEC cell with p-Fe,O3: Mg (0.1 at.%)
in 0.1 M carbonate buffer (pH = 10)at 0.0 V vs. SCE. Frequency
range 1072 to 10* Hz,

+ Experimental data; O fit to equivalent circuit in Fig. 3.
b) Conjunctional impedance spectrum

R, comprises contributions of the bulk of the Fe,O;-grains,
and of the electrolyte, whereas Ry and Q have been asso-
ciated with the resistance and capacitance at the grain
boundaries, respectively [9].

In comparison with the resistance R, (0.15 kQ) in the
symmetrical cell, the resistance R, (8.5 kQ) in the PEC cell
is dominated by the contributions of the electrical contact
of the dark-site electrode, of the electrolyte, and of the Plat-
inum counter-electrode.

. From the capacitance data Q an apparent dielectric con-
»stant, g of our polycrystalline o-Fe,O5:Mg (1 at.%) was
calculated according to the equation for a parallel plate
capacitor.

£8g* 4
C=—" @)
where d and 4 are the disk thickness and area. A dielectric
constant value of approximately 1140 was obtained. This
value is much higher than the one reported by Quinn [11]
for the dielectric constant of o-Fe,O, for an unspecified sin-
gle crystal face (s = 120), and the value reported by Kennedy
[12] for a polycrystalline TiO,-doped o-Fe,O; (¢ = 80). The
discrepancy is attributed to the fact that the capacitor effect
is located at grain boundaries.

The subcircuit, ZwRcPCseSRpP must then be represent-
ative for processes at the semiconductor-electrolyte inter-
face. The elements Cyc and Rp are the only elements which
depend on the applied d.c. potential, hence they are to be
related to processes at the semiconductor-electrolyte inter-
face.
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Fig. 5

Mott-Schottky plot of the Cge data for a p-Fe,O5: Mg (1 at.%)-
electrode in 0,1 M carbonate buffer,
Open points (run 1—4a) in the dark; closed circles (run 4b) under
390 nm irradiation

Fig. 5 presents Mott-Schottky plots for the p-Fe,0;: Mg
(1 at.%)-based PEC cell. From the V-axis intercept a value
for the flat-band potential was obtained, viz. Vi = +22V
vs. SCE. As for the pH dependence of V4, of an oxidic semi-
conductor a theoretical shift of 59 mV per pH unit is ex-
pected, a Vp, at pH = 0 is calculated to be +3.0 V vs. NHE.
This value is ~0.7 V more positive than the one reported
by Hendewerk [7].

For comparison, the a.c. response data analysis of Dare-
Edwards et al. [14] for n-type o-Fe,O; resulted in a non-
linear Mott-Schottky plot. These authors limited the anal-
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ysis to a five-component equivalent circuit and uvsed only
pure capacitances. Their plots could, however, be extra-
polated to Vp = —0.5 V vs. SSE (1 M KOH) (SSE =
—0.02V vs. SCE), i.e. V= +045V vs. NHE at pH =0,
designating approximately the location of the conduction
bandedge. A measured bandgap of 2.2 eV places the valence
bandedge of the n-type electrode at Eyy = +2.65 V vs.
RHE.

From the slope of the Mott-Schottky plot of the first run
a value for the acceptor density was derived, viz. Ny, =
5.7-10* m~3 The decrease of the slopes of the Mott-
Schottky plots from runs on subsequent days may be as-
cribed to a deterioration of the electrode surface.

For the 1 at.% Mg-doped material the acceptor densities
is in reasonable agreement with the positive carriers deter-
mined from Seebeck measurements, i.e. 5.9-10% m—?* [9].

The data for a p-Fe,05: Mg (0.1 at.%)-based PEC call
can be adequately fitted to the equivalent circuit which is
given in Fig, 3. Since Qgc and Rge both depend on the elec-
trode potential, as well as on the composition of the aqueous
electrolyte they are related to the space-charge region. Be-
cause calculated kyc values are close to actual Cge values,
the ksc data have been employed to construct a Mott-
Schottky plot which is shown in Fig. 6. From the V-axis
intercept the Vy, was calculated to be +2.2 V vs. SCE. This
is in good agreement with the Vy, value for a sample with
1 at.% Mg dopant content. In our previous report [9] we
have shown that the grain size effect decreases and substan-
tial porosity occurs with increasing Mg content. The circuit
element O parameter values for the 0.1 at.% and for the
1 at.% Mg-doped samples are fully in line with this effect,
i.e. 35.5-10~° and 0.71 - 10~? Ss* respectively. However, we
don’t believe that the porosity differences are as great as
indicated by the Q-values. It, therefore, appears that the
apparent ¢ increases with decreasing Mg content.

According the equation for a parallel plate capacitor the
apparent ¢ of our polycrystalline o-Fe,O4: Mg (0.1 at.%) is
approximately 61500. Taking this value, the total acceptor
density of the electrode surface from the slope of the Mott-
Schottky plot of Fig. 6 is calculated to be 5.9-102 m™3,

From Table 1 it is apparent that the resistance Ry, of the
space-charge region is relatively small for small, and large
band bending in p-Fe,0;: Mg. For intermediate voltages Rp

(ke )72 x 1072 (55%)2

0 L L ' 1 L 1 1
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Fig. 6 .
Mott-Schottky plot of the kgc data for a p-Fe,0;: Mg (0.1 at.%)-
electrode in 0.1 M carbonate buffer

becomes large. This has been reported before for titanate
photoanodes [1,2]. At potentials near Vy, the width of the
space-charge layer Ly is relatively small, hence Ry is rela-
tively small. At more negative potentials the space-charge
region broadens and becomes more depleted in holes. There-
fore, Rp increases. However, below a certain electrode po-
tential holes are injected directly from the solution into the
valence band of the semiconductor, giving rise to dark cur-
rents. This results in a decrease of Rp.

The data from Table 1 clearly illustrate that irradiation
of the semiconductor (run 4b) gives rise to increased values
of Csc over the entire potential region employed. The in-
crease is due to the generation of electron-hole pairs in the
depletion layer: the presence of electrons near the electrode
surface gives rise to an excess negative space-charge, thus
increasing the space-charge capacitance [13]. As a result of
the photoinduced generation of charge carriers the resist-
ance Rp drastically decreases upon irradiation. However, at
high positive potentials the photoeffect will be obscured by
darkcurrent effects.

In conclusion we have shown that impedance spectros-
copy of PEC cells in a wide range of frequencies yields re-
liable equivalent circuit parameter values. In the case of
polycrystalline samples usually CPA elements are required
in order to adequately fit the response data. They are often
due to current inhomogeneities. The utilisation of a circuit
with frequency independent circuit elements [14] will be of
limited use in the case of polycrystalline Fe,O, electrodes.

Impedance spectroscopy has been performed in the Solid State
Department of the State University of Utrecht. The kind hospitality
of Prof. G. Blasse is gratefully acknowledged.
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