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Abstract

The present study focuses on the preparation and electrochemical characterization of the calcium ferrite (Ca,Fe,O5,5), a
semiconductor crystallizing in the brownmillerite structure. The oxygen over-stoichiometry ¢ is extended to 0.16. It was
synthesized by sol—gel auto combustion using nitrates as precursors and citric acid as chelating agent. The X-ray diffrac-
tion and specific surface area analysis showed a single phase with a specific surface area of ~6 m? g~!. The optical gap
of Ca,Fe,05 (E,=2.31 eV), determined by the diffuse reflectance spectroscopy, is assigned to d-d transition of Fe’*: 3d
orbital in octahedral coordination. It enables the photocatalytic exploitation of a large part of the solar spectrum. The p-type
behavior of the oxide was demonstrated by photo-electrochemistry with an electro affinity of 3.69 eV (+0.20 eV). A flat
band potential (Eg, =0.93 Vo) was evaluated from the capacitance-potential (C~2—E) characteristic while the holes den-
sity (N, =2.63 x 10'® cm™) was determined from the thermo-power S300x (= 1.1 mV K1), The electrochemical oxygen
intercalation is evidenced from the intensity-potential (J—E) profile. The semicircle in the Nyquist diagram is assigned to
the bulk contribution whose diameter (233 kQ cm?) decreases down to 203 k@ cm? under illumination, thus confirming
the semi conductivity of the brownmillerite. The cathodic potential of the conduction band (CB) showed the feasibility of
the water reduction. Indeed, Ca,Fe,O5 with a good chemical stability over a large pH range (5-14) was positively tested as
photocatalyst for the H, production upon visible light. The best activity was observed in alkaline medium (NaOH, 107> M)
with an average evolution rate of 0.07 cm® h™! (mg catalyst)~! under a light flux of 29 mW cm~2.
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Introduction

Ternary oxides are widely employed in the solar energy con-
version and continue to attract a growing interest because
of their low cost, chemical stability, and facile preparation.
Therefore, the search of new photocatalysts has been par-
ticularly focused on inorganic semiconductors (SC) for the
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photo-electrochemical (PEC) conversion of light to useful
energies [1] and the perovskite-derived compounds remain
privileged as electro-catalysts [2, 3] and photocatalysts [4,
5]. Among the oxides, the brownmillerites with the general
formula A,B,05 (A=Ca, Sr, and B=Fe, Al, Co) display
a high ionic conductivity owing to its two-dimensional
character and found applications in Li-ion batteries [6]
and photocatalysis [7]. They are related to the perovskite
(ABO;) structure by introduction of an ordered array of
oxygen vacancies with alternate layers of octahedrally and
tetrahedrally coordinated metal [8]. This structure allows
the accommodation of 3d cations of different valences with
the capacity to support various types of defects [9], and
the origin of the photocurrent comes from the electronic
excitation from the valence band to acceptor levels. Most
ferrite oxides exhibit a semiconductor behavior, absorb in
the visible region with a band gap of ~2 eV, and possess a

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-022-05183-1&domain=pdf

1542

Journal of Solid State Electrochemistry (2022) 26:1541-1547

cathodic conduction band; such characteristics are required
in photocatalysis [10, 11].

Indeed, the main hindrance limiting the photo-
electrochemical performance of the semiconducting
materials is the large optical gap. Ca,Fe,Os is an anion-
deficient perovskite with a narrow gap (E,) formed from
abundant elements where both iron and calcium are available
and nontoxic. It exhibits p-type behavior and possesses a
cathodic conduction band and a high reducing ability [12,
13]. However, there are fewer reports in the literature on its
electrochemical and photocatalytic properties [14]. Ca,Fe,O5
is characterized photo-electrochemically to evaluate its
activity as bias-free H, photocathode since the conduction
band (CB) is more cathodic than the H,O/H, level. However,
it does not correspond to the redox level required for water
separation due to the high oxygen overvoltage, which
exceeds 1 V and therefore a hole scavenger is necessary to
close the electrical circuit and prevent photocorrosion [15].

Experimental

The sol-gel auto combustion method was used to prepare
the brownmillerite; Ca(NO;),.4H,0 (Panreac, 98.5%) and
Fe(NO;);.9H,0 (Scharlau, 99%) were used as precursors
with a molar ratio (1/1). They were dissolved in distilled
water to which citric acid was added dropwise; then, the
solution was evaporated in a Rota vapor under vacuum. The
resulting gel was denitrified at 300 °C in a ventilated place
until total disappearance of NO, fumes; the powder was
ground in an agate mortar and fired at 800 °C (5 °C min™!),
naturally cooled to room temperature, and stored in a
desiccator.

The phase was identified with a XPERT-PRO diffractom-
eter using a monochromatic Cu K, line (4=0.15406 nm).
The crystallite dimension was calculated from the full
width at half maximum of the strongest XRD peak. The
specific surface area was determined by the BET method on
ASAP2010 micromeritics equipment using N, gas as adsor-
bent at 77 K. The diffuse reflectance data were collected
with a Jasco 650 UV-VIS spectrophotometer fitted to an
integration sphere; PTFE was used as reference. The mor-
phology of the oxide was visualized by scanning electron
microscopy (SEM) using a JSM Jeol 6360L microscope.

Pellets (thickness ~2 mm) were obtained by compact-
ing the powder under a pressure of 5 kbar and annealed
at 800 °C, yielding a relative density of 90% with good
mechanical properties. The pellets were introduced in glass
tubes and isolated with the hardening araldite. For the ohmic
contact, a copper wire was fixed on one face of the elec-
trode using silver cement. The front active surface was pol-
ished with fine emery papers and thoroughly washed with
water before use. The electrochemical characterization was
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realized at ambient temperature in NaOH solution (Bio-
chem, 98%, 1073 M). A conventional three-electrode set-up
was used with the reference SCE, Pt counter-electrode (0.5
cm?), and the working electrode (0.38 cm?). The interfacial
capacitance was measured as a function of potential with
a PGZ301 potentiostat/galvanostat, AC voltage signal of
10 kHz in frequency, and 10 mV peak to peak in magnitude
were used. An inert atmosphere was ensured by bubbling
pure N, gas through the solution. The complex impedance
data were recorded with small amplitude wave signals in the
range (10_2—105 s7h.

The incorporation of O~ species in the crystal lattice
implies the formation of Fe** as required by the electro-
neutrality condition: Ca,**Fe’*, Fe**tOs_ . The concen-
tration of Fe*" ion was analyzed using the Mohr salt accord-
ing the redox process: Fe** + Fe** — 2Fe’*. The remaining
Fe?* is back titrated by KMnO,, and 7 is given by:

M N AV

T8N AV M

where M is the molar weight of Ca,Fe,Os, m the mass of
dissolved sample, N the normality of KMnO, (1072 N), and
AV the difference between the volume consumed and the
blank test. A formulation Ca®*,Fe’", (;Fe* ;,0°75 4 is
determined (z=0.32).

The photoactivity was assessed by measuring the evolved
H, volume under visible light, provided by three tungsten-
halogen lamps in a device described elsewhere [16]. Hydro-
gen was identified by gas chromatography (Agilent Technol-
ogy 7890A). Because its H, has weak solubility in water, its
volume was collected by liquid displacement in a graduated
burette with a small internal diameter for a higher sensitiv-
ity. All solutions were prepared from reagents of analytical
quality and distilled water (~0.8 MQ cm).

Results and discussion
Structural properties

The XRD pattern of Ca,Fe,O5 calcined at 800 °C (Fig. 1) is
characteristic of a single-phase crystallizing in the brown-
millerite structure. All peaks are indexed in an orthorhom-
bic symmetry (Space Group: Pnma) in agreement with the
JCPDS Card No. 47-1744; the lattice constants: a=5.431(5)
A, b=14.763(9) A, and c=5.601(4) A were refined by the
least square method; a slight discrepancy is noticeable with
the literature due to the oxygen over-stoichiometry. The
brownmillerite contains oxygen vacancy row which func-
tions as channels for oxygen diffusion between tetrahedral
layers. Indeed, the additional oxygen ions, determined by
chemical titration through the analysis of Fe**, are disorderly



Journal of Solid State Electrochemistry (2022) 26:1541-1547

1543

(141)

Intensity (a.u)

268 (Degrees)

Fig.1 Powder X-ray diffraction pattern of the brownmillerite
Ca,Fe,O; prepared by sol-gel and calcined at 800 °C

distributed; this is deduced from the fact that the diffracto-
gram is satisfactory indexed in a non-stoichiometric perovs-
kite since any long-range ordering should produce peaks
associated with the super-lattice.

The crystallite size (D ~55 nm) was calculated from the
broadening of the strongest XRD peak (f, rad.): D=0.9 4 (
cosO)~!. An active surface area of 6 m*> g~! was determined
experimentally by the BET method; the surface area and the
total pore volume (0.0113 cm?®/g) of Ca,Fe,Os are relatively
small, due to the calcination temperature (800 °C).

The SEM micrograph (Fig. 2) shows a homogeneous
microstructure with an agglomeration of irregular and
shaped particles. The porous surface of the solid was acti-
vated by the gases evolution (CO, and NO,) escaping from
the gel during the combustion and resulting in grain spraying
and pore formation [17].

Fig.2 The SEM image of Ca,Fe,O; prepared by sol-gel route

Optical and electrical properties

Most ferrites oxides are colored and absorb over the visible
light due to their narrow band gap (< 2.5 eV) [18]. The
optical gap (E,) and the band edges position of Ca,Fe,Os
are crucial in photocatalysis. The diffuse reflectance spec-
trum (Fig. 3) shows a broad absorption at 536 nm, a value
consistent with the brown color of the powder. The optical
transition of the semiconductor is accurately obtained from
the relation [19]:

(ahv)" = Const X (hv — E,) 2)

The exponent # is equal to 2 or 0.5 respectively for direct
or indirect allowed transitions. The intersection of the linear
part (ahv)? plot with the hv-axis gives a direct transition at
2.31eV.

The oxygen crystal field splits the Fe** 34 orbital in six-
fold coordination and the gap E, of Ca,Fe,Os is correlated
to the internal transition f,, — €,,.

Generally, the layered perovskite accommodates oxygen-
ated species with a charge compensation mechanism [20].
Indeed, the positive thermo-power (S = 1.1 mV K™),
measured at room temperature, confirms the p-type conduc-
tion of Ca,Fe,O5 with holes as majority carriers:

=4

Such character is due to oxygen insertion between the
layers of FeO, octahedra sharing corners. The concentra-
tion of available sites N, (=9.1 X 10! cm™) is calculated
from the experimental density. The S value gives a den-
sity of effective free holes N, of 2.63 x 10" cm~3, and a
mobility py, (=2.78 X 1077 em? V~! 571, calculated from
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Fig. 3 Diffuse reflectance spectrum of Ca,Fe,Os
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the formula (6=¢e N, ;). The hole conduction is associ-
ated with Fe3*cations, forming small polaron lattice with a
fraction of Fe** cations resulting from Ca,Fe,Os, ; by the
electro-neutrality condition [21, 22]. The mixed Fe**/3*
valences facilitate the charge transport [23, 24] and the
hole-type conduction is explained by the O~ insertion
according to the following reaction [20]:

Ca,Fe,0; + %OZ(g) - 2(Fe** + ) + 0] +2Ca}, + 50"
“

Photo-electrochemistry

Ca,Fe, 05 is an interesting material for the PEC characteri-
zation and the appropriate position of the electronic bands
makes it important to explore. The voltammogram J(E)
recorded in the dark in NaOH solution (pH~ 11) shows a
small current density (< 0.2 mA cm™2) over a wide poten-
tial range (Fig. 4) attributed to the thermal excitation from
the valence band to acceptor levels, which overcomes the
activation energy of electron hopping. The decrease in cur-
rent below ~—0.7 V is attributed to the evolution of H,
as evidenced by the release of gas bubbles. The diffusion
plateaus, before the water oxidation corresponds to oxygen
insertion in the layered crystal according to the reaction:

Ca,Fe,05 + 2 60H™ — Ca,Fe, 05,5 +2 6¢” + 6H,0  (5)

The J(E) characteristic plotted upon irradiation shows
that the photocurrent J,;, augments in the cathodic direc-
tion (Fig. 4 inset), supporting the p-type semi-conductivity
according to the Gartner model:

400
400 7 = Under visible light|
- Inthe dark
Potential (V.
& 200 A o
g e
L2 s
< 3
2 0+ =
~
-200-
-400 -

-1.0 -0.5 0.0 0.5 1.0 1.5
Potential (V)

Fig.4 Cyclic J(E) characteristic of Ca,Fe,0O5 in NaOH (1073 M)
solution inset: The J(E) plots in the dark and upon illumination
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jﬁh = consta’6*(E — E,,) (6)

The photocurrent onset potential (E,,=—0.08 V) for
which J,, appears is deduced from the cross point of the line
Jph2 (E) with the potential axis (Fig. 5 inset). The chrono-
amperometric profile of the electrode polarized at—0.5 V,
i.e., the variation of the current density (J) against the
time under light (SM 1) supports the p-type conduction of
Ca,Fe,0; with the oxidation of Fe** to Fe**; the quantity of
Fe*" (r = 0.32) can be quantified by coulometry.

The charge involved in the cyclic voltammetry aver-
ages ~ 10 carriers cm™ assuming a homogeneous oxygen
distribution. The electro-kinetic parameters are derived from
the semi-logarithmic plot (SM 2): the low exchange current
density (24 uA cm~2) and the high polarization resistance
(4.09 kQ cm?) confirm the electrochemical stability of the
oxide in the working solution (pH~ 11).

In the absence of sub-band gap states, the potential £,
can be reasonably assimilated to the flat band potential (Ef).
However, the latter is reliably obtained from the capacitance
dependence (Fig. 5) on the applied potential (C~>~E) accord-
ing to the well-known relation [25]:

1 2
[ eeg N (E a Efb) (N

where e and ¢, are the electronic charge and dielectric con-
stant of vacuum respectively. The data were collected at
10 kHz to evaluate the potential Eq; such frequency is high
enough to eliminate the parasite capacitances. The dielectric
constant of Ca,Fe,O5 (¢ ~45) was determined experimen-
tally from the capacitance measurement on sintered pellet.
The line (C~>—E) is negatively sloped and corroborates the
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Fig.5 (C~2-E) characteristic of Ca,Fe,Os plotted in NaOH (10~* M)
solution. Inset the photocurrent onset potential determined according
to the Gartner model
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Fig.6 The EIS diagram of Ca,Fe,05 in NaOH (10~ M) electrolyte

p-type character of Ca,Fe,0Os, s. The intersection with the
potential axis gives a potential Eg, (=0.93 V), more positive
than the potential £, (~—0.08 V) and the large difference
indicates the existence of surface states within the gap
region.

The PEC characterization enables us to establish an
energy diagram (Fig. 7) which predicts from a thermody-
namic point of view whether the evolution of H, is feasible
or not. The potential of the couple H,/H,O depends on the
pH and is determined by the intersection of the tangent of
the cathodic branch with the potential axis in the J-E curve,
a value of ~—0.7 V is determined in NaOH medium. The
potential Ey relates the physical and electrochemical scales
according to the basic equation in photo-electrochemis-
try (Q = le|[4.75 = Ey]). Ca,Fe,05-CB (Ecg=—1.06 V)
is more cathodic than the H,O/H, level and should lead to

Energy (eV)
0 W -4.75
(CB) -3.69 —~~ -1.06 e
+ -0.7 H20/H:2
E;=231¢V
-------------------------- 093 En
$ Eazo032ev
(VB) -6 — 125
p-CaFe;Os

Potential (Vscg)

Fig.7 The energy diagram of the junction Ca,Fe,0O5 / NaOH
(107 M)

H, evolution under visible light. The position of the valence
band (Eyg=1.25 V) is deduced from the relation:

P=E, +|e| X Ep 8)

As mentioned above, the brownmillerite is interesting to
study electrochemically because of the suitable position of
the electronic bands. When the light is on, the holes are no
longer ionized and the stability is likely to be improved by
the p-type nature of Ca,Fe,Os. The low dark current yields
an extended space charge region (W~310 nm) resulting from
the density N,; the width W is computed for an optimal band
bending (AU =0.5 V) using the formula:

2ee AU 03
= [ ] (€))

eN,

The EIS analysis is a reliable technique for quantifying
the electron transfer at the solid/electrolyte junction and
allows elucidating the interfacial reactions. The complex
diagrams of Ca,Fe,O; plotted in the obscurity and under
visible light at the free potential are illustrated in Fig. 6.
As expected, the diameter of the depressive semicircle at
high frequency (233 kQ cm?), assigned to the charge transfer
(R.), decreases down to 203 kQ cm? under illumination, cor-
roborating the semi conductivity of the brownmillerite. The
absence of inclined line at low frequencies (Warburg diffu-
sion) indicates that the electron transfer within the depletion
zone is rate determining. The shift from the origin corre-
sponds to the electrolytic solution (R, =430 Q cm?), due
to the ionic electrolyte (Na*,OH™). An electrical equivalent
circuit (Fig. 6) models suitably the EIS data. The porous
nature, the roughness, and heterogeneity of the electrode
surface as well as the sub band states in the gap region of
Ca,Fe,05 require the introduction of a constant phase ele-
ment (CPE) to explain the deviation of pure capacity [14].
A roughness factor (n=0.8) is calculated by the relation (10):

2xP
T

n=1 (10)

Photocatalysis

As mentioned above, one of the best characteristics of
colored perovskites is the high energetic position of the
conduction band, deriving from 3d metal and a narrow
gap sensitive to visible light, two attractive properties
in the solar energy conversion. In this respect, hydrogen
is an ideal fuel because of its cleanliness, renewability
and heat combustion per unit mass and its production
from the solar energy remains a challenging alternative
[26, 27]. As application, the brownmillerite was suc-
cessfully experimented for the H, photo-production; the
evolved volume on Ca,Fe,O5 was studied in aqueous
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Fig.8 Volume of evolved H, vs. illumination time over Ca,Fe,O5 for
pH~11 and pH~7

solution at two pHs (Fig. 8). The best performance was
obtained in basic medium and this can be explained as
follows: as pH increases from 7 to 11, the H,0O/H, level
which varies by ~—0.6 V/pH approaches the conduction
band and reaches an band bending of ~0.25 V, equal to
(Evppom—Ew), close to the optimal value. This enhances
considerably the electron transfer, thus producing a higher
H, volume. It is worthwhile to outline that the oxide is
chemically instable at high pH as shown by XRD analy-
sis (SM 3). The water oxidation cannot occur by holes
through a valence band (VB) process owing to the inad-
equate position of the couple O,/H,O (~1 V). This fact
can be explained by the lowest band bending value
(Eoomo—Ep=~0V).

Ca,Fe,05 + hv — Ca,Fe,O5(hy; + egp) (1)

Ca,Fe, 05 — CB(2¢7) +2 H,O0 — H, + 20H" (12)

The reproducibility of the Ca,Fe,O; , was also investi-
gated by conducting the cyclability tests up to two consecu-
tive runs (Fig. 9).

The initial performance was restored with a deactivation
of 20% after passing N, gas through the electrolytic solution,
which reactivates the photocatalytic sites.

Generally, the specific surface area of the perovskites is
low and the photoactivity can be limited by this parameter
[28]. To increase the conversion yield, the brownmillerite
was immobilized on different supports, namely the active
carbon, zeolite [29], or combined with a wide band gap sem-
iconductor (hetero-junction). Attempts to test our oxide in
hetero-junction with ZnO are presently underway; the results
are satisfactory and will be reported very soon. In addition,
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Time (min)

Fig.9 Volume of evolved H, vs. illumination time over Ca,Fe,O;
during two successive runs

to prevent the photocorrosion of Ca,Fe,O5 and to enhance
its photoactivity, the holes scavengers I~ and Fe (CN)¢*~ will
be also tested.

Conclusion

Ca,Fe,05 was successfully synthesized by citrate sol-gel
auto combustion. The single phase, confirmed by XRD
analysis, has been characterized by photo-electrochemistry
for evaluation in the hydrogen production under visible
light. The brownmillerite is classified as a narrow band gap
semiconductor with a good stability over a wide pH range
and suitable positions of the conduction band. The thermo-
power measurement indicated p-type conduction, a charac-
teristic confirmed by the (capacitance-potential) plot. The
exchange current density and the polarization potential in
NaOH electrolyte are characteristic of a long-lived mate-
rial. The electrochemical impedance spectroscopy showed
the predominance of the bulk contribution and confirmed
the semi conductivity. Ca,Fe,O5 was successfully tested for
the H, evolution upon visible light. Satisfactory results with
ZnO will be reported in the future.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10008-022-05183-1.
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