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The electrocatalytic effect exerted by hematite, a ubiquitous
component of clay bodies, on the oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER) can be used to
acquire information on archaeological ceramics. The solid-state
voltammetric response of different hematite and ochre speci-
mens, accompanied by SECM analysis in contact with 0.10 M
HCl aqueous solution, is described. In air-saturated solutions,
catalytic effects on the ORR and OER are accompanied by

Fe(III)/Fe(II) and Fe(IV)/Fe(III) redox reactions. Such processes are
conditioned by a variety of factors, the hydroxylation degree of
the mineral surfaces being particularly influential, and exhibit
significant variations upon heating the specimens between 300
and 900 °C. Voltammetric measurements carried out on a set of
archaeological samples of Apulian red-figured pottery dated
back within 5th and 4th centuries BCE permit to obtain site-
characteristic voltammetric profiles.

Introduction

Recently, a great deal of attention has been paid to semi-
conducting materials as catalysts for different electrochemical
processes.[1] Among other compounds, hematite (α-Fe2O3) has
claimed attention as a photoanode for producing the oxygen
evolution reaction (OER) because of its low cost, stability in
contact with alkaline solutions, n-type semiconducting proper-
ties and band gap of around 2.0 eV. Processes catalyzed by
hematite include oxygen reduction reaction (ORR),[2–5] photo-
electrochemical water splitting,[6–11] and hydrogen peroxide
oxidation.[12]

The electrochemistry of hematite has been widely studied.
This compound, as well as other Fe(III) oxides and hydroxides,
displays reductive dissolution processes in contact with acidic
electrolytes.[13,14] On studying OER processes, it has been shown
that the Fe(III) state in hematite can in principle be oxidized to
any of the known higher oxidation states of iron (IV, V, and
VI).[15–18] Then, the OER could involve not only formation of
peroxo and superoxo species but also cycling of the oxidation
state of Fe surface atoms.[15–18]

This rich electrochemistry is also of interest in the context of
studies on ceramic materials and, in particular, archaeological
pottery, in which hematite is a ubiquitous component. In this
field, we have previously reported a series of works aimed to
characterize the production from different archaeological sites
using the voltammetry of immobilized particles (VIMP)
methodology.[19–24] The VIMP is a solid-state electrochemistry
technique developed by Scholz et al.[25,26] that yields analytical
information on sparingly soluble solids.[27] Its capability to
provide compositional and thermochemical information using
sample amounts of only few nanograms makes VIMP an
interesting technique for archaeometry, conservation and
restoration,[28,29] including metal dating.[30] This technique can be
intersected with electrochemical impedance spectroscopy
(EIS),[21,22] a technique widely used to study metallic
heritage,[31,32] and scanning electrochemical microscopy
(SECM).[33]

Hematite is a component of pottery clay body materials
which significantly contributes to their spectral properties.[34]

These are, however, dependent on the crystallinity, particle size,
degree of hydration Al3+ by Fe3+ substitution[34–37] of the
hematite, properties which in turn are particularly sensitive to
the mineral source and manufacturing of pottery. Ultimately,
this deals with a crucial problem in archaeology: the elucidation
of the techniques of fabrication of ceramic materials.[38–40] Here,
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we explore: i) the electrocatalytic effects on OER and ORR
processes exerted by hematite minerals with different crystal-
linity and degree of hydration, ii) the exploitation of such effects
to characterize archaeological pottery. Voltammetric data are
complemented with field emission scanning electron micro-
scopy (FESEM) and SECM.

The electrochemistry of hematite minerals is compared with
that displayed by microsamples from Apulian red-figured
pottery from four archaeological sites (Altamura, Arpi, Monte
Sannace and Taranto, Apulia, Italy). This type of pottery,
produced within 5th and 4th centuries BCE, widely spread and
marketed both within and outside of the Apulian region, has
received considerable attention due to its excellent quality.[41,42]

There is debate, however, about its relation with the preceding
Attic production and the development of local technologies, so
that discrimination between different archaeological sites and
techniques is of great interest.[43–45]

Experimental Section
Electrochemical experiments were performed at microparticulate
deposits of the ceramic samples and reference materials. These
were anhydrous, crystalline Fe2O3 (Carlo Erba) (in the following, H0)
and different hematite-containing red pigments (Natural hematite
Kremer 48600 (H1), Spanish hematite, Kremer 48651 (H2), Erculano
red, Kremer 41600 (H3)) and three orange to yellow ochre pigment
(French ochre Kremer 40030 (O1), 40040 (O2) and 40050 (O3)).
Electrode modification was carried out either by evaporation at air
of a drop (50 μL) of an ethanolic suspension (1 mgmL� 1) of the
solid onto the surface of a glassy carbon electrode (GCE) (BAS MF
2012, geometrical area 0.071 cm2) or abrasively transferred onto
graphite electrodes (Alpino Maxim HB-type, 2 mm diameter) as
usual in VIMP technique.[25,26] Prior to modification, GCEs were
cleaned with piranha solution for 24 h, rinsed with water and
electrochemically cleaned/activated by cycling the potential be-
tween 1.25 and � 1.25 V in air-saturated 0.10 M HCl at 500 mVs� 1

until constant response. Aqueous 0.1 M HCl solutions, optionally
deaerated by bubbling Ar during 10 min, were used as electrolytes.
Voltammetric measurements were performed in a conventional
three-electrode cell using a Ag/AgCl (3 M NaCl) reference electrode
and a Pt-wire auxiliary electrode using a CH I660 (Cambria Scientific,
Llwynhendy, Llanelli UK) potentiostat. SECM experiments were
carried out on a CH 920c equipment preparing microparticulate
deposits of minerals and ceramic pastes onto a bed of carbon paste
(30% graphite powder plus 70% paraffin oil) covering a Pt
electrode. Air-saturated 0.10 M HCl was used as the electrolyte in
order to use the ORR process as the redox probe.[31] The Pt tip
microelectrode (25 μm diameter) was accompanied by Ag/AgCl
(3 M NaCl) reference and a Pt-wire auxiliary electrodes. Experiments
were carried out based on the redox competition methodology[46]

applying different potential inputs to the tip and the substrate
electrode. FESEM images were obtained with a S-4800 Hitachi
equipment (Hitachi Ltd., Tokyo, Japan) on carbon-coated mineral
samples operating at 1–20 kV. The microanalysis of samples was
performed with the associated energy dispersive X-ray micro-
analysis system (SEM/EDX).

Firing experiments were carried out by heating in furnace aliquots
of 0.20 g of H0-H3 and O1-O3 specimens placed in porcelain
containers for 24 h. Temperatures between 300 and 900 °C were
tested. After heating, the samples were stored for 15 min in a
dessicator and then VIMP experiments were carried out.

Ceramic samples from Apulian vases were conducted on slivers
(few square millimeters) taken from already existing fractures or at
the edges of the fragment. These were 13 from Monte Sannace
(MS1, M8, M9, M14, M25, M28, M29, M31, AM2, AM3, AM4, AM6,
AM7), 5 from Altamura (A4, A5, A8, A9, and A11), 10 from Arpi
(I1-01, I2-01, I3-01, C1-01, C7-01, A1-01, F-01, Ar4, Ar5, C5), and 15
from Taranto (212411, 227007, 227093, 227130, 227141, 227161,
227183, 227185, 227186, 227197, 227204, 227229, 227236, 227237,
and 52231B).

Results and Discussion

Voltammetric Pattern

Figure 1a,b shows the cyclic voltammograms (CVs) at H0
hematite-modified GCE in contact with deoxygenated 0.10 M
HCl aqueous solution. In the initial cathodic scan (Figure 1a), an
ill-defined cathodic wave appears at ca. � 0.7 V (CH) preceding
the rising current for hydrogen evolution reaction (HER) which
is clearly enhanced relative to that recorded at the unmodified
GCE. In the subsequent anodic scan, a weak shoulder appears
at ca. � 0.6 V, preceding an oxidation wave at 0.8 V (AHE) ending
with the rising current for the oxygen evolution reaction (OER).
This current is significantly increased respect to the unmodified
GCE. In the subsequent cathodic scan, a weak signal CHE

coupled to the AHE wave appears. In the initial anodic scan
voltammograms (Figure 1b), the signal AHE is absent, being only
recorded in the second and subsequent scans.

In air-saturated solutions (Figure 1c,d) the voltammetric
pattern was dominated by the prominent cathodic wave for the
reduction of dissolved oxygen (CORR) ca. � 0.65 V. This signal is
significantly enhanced relative to that recorded at unmodified
electrodes and masks the CH signal. In turn, the AH wave at 0.8 V
becomes enhanced, also appearing, as before, only after the
previous cathodic run. These features denote that the species

Figure 1. CVs at H0 hematite-modified GCE (black) and unmodified GCE (red)
in contact with a,b) deoxygenated and c,d) air-saturated 0.10 M HCl aqueous
solution. Potential scan initiated at 0.0 V in the a, c) negative and
b,d) positive direction; potential scan rate 50 mVs� 1.
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responsible for the peak AH is electrochemically generated in
previous cathodic processes.

The CH signal can be attributed, according to
literature,[13,14,19] to the reductive dissolution of hematite. This
process, that is only relevant at strongly acidic pHs, is generally
represented by the equation (1):

Fe2O3 þ 6 Hþaq þ 2 e� ! 2 Fe2þaq þ 3 H2O (1)

Under our experimental conditions, the process CH can
involve a more complex pathway as suggested by the peak
splitting observed in negative-going potential scan square
wave voltammograms (SWVs) such as in Figure 2. These
features can be interpreted as resulting from the heterogeneity
in the shape and size distribution of hematite particles,[13,14] but
also from the superposition of different electrochemical path-
ways. Interestingly (vide infra), the signal CHE appears well-
defined, although weak, in SWVs initiated at potentials ca. 1.0 V
(Figure 2).

In air-saturated HCl solutions (Figure 1c,d), the process CH is
superimposed to the gross cathodic wave corresponding to the
ORR process. According to Compton et al.,[4] in neutral media,
hematite acts as a chemical catalyst accelerating the dispropor-
tionation of H2O2 into H2O and O2 during the ORR process at
GCEs. In alkaline media, Wang et al.[5] have reported that partial
reduction of hematite nanoplates activate them as electro-
catalysts for ORR and that magnetite (Fe3O4) plus hematite
composites offer the higher catalytic performance. The “chem-
ical” catalytic cycle for ORR[4] is schematized in Figure 3a. The
process is initiated by the one-electron reduction of O2 to
superoxide radical anion further yielding H2O2. Then, hematite
catalyzes the disproportionation of H2O2 into H2O and O2, the
regeneration of O2 accelerating the overall ORR process.

Under the acidic conditions used here, it seems conceivable
that there is possibility of a second electrocatalytic pathway
which refers to the electron-Fenton and Haber-Weiss reactions
involving a solid catalyst. This pathway, that would operate
superimposed to the above, involves the hematite reduction

generating surface Fe(II) active sites at potentials near to those
where the ORR process occurs. This can be represented as
equation (2):

Fe2O3 þ x Hþaq þ x e� ! FeIII2-xFeIIxO3-xðOHÞx (2)

These active sites can react with O2 generating superoxide
radical anion, thus accelerating the first step of the electro-
chemical ORR process that yields O2

*� [Eq. (3)]:

FeIII2-xFeIIxO3-xðOHÞx þ x H2Oþ O2 !

FeIII2O3-xðOHÞ2x þ x H
þ
aq þ O2

. � (3)

The produced superoxide radical anion can then experience
the subsequent chemical/electrochemical steps yielding H2O2

and H2O. The catalytic Fe(II) centers are electrochemically
regenerated within the same potential range via the process,
equation (4):

Figure 2. SWVs at H0 hematite-modified GCE (black) and unmodified GCE
(red) in contact with deoxygenated 0.10 M HCl aqueous solution. Potential
scan initiated at 1.25 V in the negative direction; potential step increment
4 mV; square wave amplitude 25 mV; frequency 10 Hz.

Figure 3. a) Scheme for the chemical hematite catalysis on the ORR process.
Here, O2 is reduced to O2

*� , further protonated to H2O2 whose disproportio-
nation into O2 and H2O is catalyzed by hematite.[4] b) Tentative scheme for
the electrocatalytic ORR process mediated by hydroxylated hematite forms.
Here, Fe(III) hematite surface sites are electrochemically reduced to Fe(II)
ones. These transfer one electron to O2 yielding O2

*� , thus accelerating the
first step of the ORR process, the Fe(II) catalyst being electrochemically
regenerated. The intermediate steps yielding H2O2 from O2

*� are omitted for
simplicity.
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FeIII2O3-xðOHÞ2x þ x H
þ
aq þ x e

� !

FeIII2-xFe
II
xO3-xðOHÞx þ x H2O

(4)

thus completing an electrochemical catalytic cycle for the ORR
process. This second pathway is schematized in Figure 3b.
Notice that, in agreement with extensive VIMP literature,[25–28]

the electrochemical Fe(III) to Fe(II) reduction will occur near the
hematite/base electrode/electrolyte three-phase boundary. The
proposed catalytic pathway agrees with the classical reaction/
electrochemical regeneration scheme characterizing solution-
phase electrocatalysis replacing the electrolyte catalyst by the
solid-state catalyst attached to the electrode.

Under the acidic conditions used here, the hematite surface
can be protonated (isoelectric pH 8.4–8.5) so that the hydroxy-
lated Fe(III) species will be stable. The reactivity of these
hydroxylated species can differ from that of anhydrous
hematite. In fact, it has been reported that surface hydroxyla-
tion of hematite influences notably its structure and
reactivity.[47] Then, the anodic process AHE can be attributed to
the oxidation of the electrochemically generated hydoxylated
hematite species. This process can be represented by the
equation (5):

FeIII2O3-xðOHÞ2x ! FeIII2-xFe
IV
xO3ðOHÞx þ 2x Hþ þ 2x e� (5)

This is consistent with the infrared spectroscopy study from
Zandi and Hamann[48] who proposed that an iron-oxo (FeIVO)
species generated in the hydroxyl oxidation on the hematite
surface is involved in water splitting. This proposal is consistent
with cyclic voltammetry and potential modulated absorption
spectroscopy reported by Cummings et al.[16,17] Generically, the
Fe(III) to Fe(IV) oxidation can be represented as
equation (6):[16,17,48]

FeIII� OH! FeIV ¼ Oþ Hþ þ e� (6)

Additionally, hematite forms can be oxidized at the
potentials where the OER process occurs. Li et al.[49] have
recently reported that surface hydroxylated hematite promotes
photoinduced hole transfer for water oxidation in alkaline
media whereas Le Formal et al,[15] have suggested that hole
generation and the formation of Fe(V)-oxo species under
strongly alkaline conditions and strong anodic bias are involved
in photochemical OER. Formally, the electrochemical oxidation
of anhydrous hematite can be represented as equation (7):

FeIII2O3 þ 2x H2O! FeIVxFe
III
2-xO3ðOHÞ2x þ 2x Hþ þ 2x e� (7)

Accordingly, the process CHE recorded when the potential is
scanned in the negative direction starting from potentials
around those producing the OER process (Figure 2) can be
assigned to the reduction of these hydroxylated Fe(IV) forms.

Interestingly, the voltammetry of anhydrous, crystalline
hematite differs from that recorded for hydrated forms. This can
be seen in Figure 4, where the CVs for a) anhydrous, crystalline
hematite, and b) hydroxylated hematite pigment H1, in contact

with air-saturated 0.10 M HCl are depicted. Consistently with
the above considerations, hydroxylated hematites (Figure 4b)
display CHE signals larger than that of anhydrous hematite
(Figure 4a). This is particularly relevant for the study of ceramic
clay materials. Although these are constituted by a variety of
materials (silicates, aluminosilicates, oxides, etc.) with different
degree of hydration and crystallinity, only the iron compounds,
hematite forms in particular, are significantly electroactive
under our experimental conditions.

Figure 5 compares the square wave voltammetric (SWV)
response of microparticulate deposits of a) crystalline hematite
(chemical reagent), b) hematite pigment H1, and ceramic
samples c) A5 (Altamura) and d) 212411 (Taranto) onto graphite
electrodes in contact with air-saturated 0.10 M HCl aqueous
solution. The use of graphite electrodes was motivated by the
need of processing a relatively large number of ceramic
samples avoiding the time-consuming repeated cleaning of
GCEs.

The voltammograms, limited by the OER and HER currents,
show peaks at 0.8 V (CHE), 0.4 (Cg) and � 0.15 V (CH) preceding
the ORR peak at ca. � 0.70 V (CORR). The signal Cg can be
assigned to redox processes involving oxygen functionalities in
the graphite surface,[50,51] as denoted by blank experiments in
the absence of modifier.

One can see in Figure 5 that all voltammograms exhibit a
similar pattern although differing in the relative height of the
signals, in particular of the AH and CORR ones (respectively I(CHE),

Figure 4. CVs of GCEs modified with CVs for a) anhydrous, crystalline
hematite (H0), and hematite H1, in contact with air-saturated 0.10 M HCl
aqueous solution. Potential scan initiated at 0.0 V in the positive direction;
potential scan rate 50 mVs� 1.
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I(CORR)). Noticeably, i) the signal CHE decreases or entirely
vanishes for ochre-type pigments, thus denoting that this
process is attributable to hematite forms; ii) the signal CORR is
higher for crystalline hematite than for hematite-containing
pigments. These features suggest that enhancing the degree of
hydration and/or lowering the crystallinity of hematite
decreases the catalytic effect on the ORR process. Other factors
that influence the voltammetric response of iron oxide minerals,
such as Al3+ by Fe3+ substitution,[52] will decrease the catalytic
ability of hematite towards ORR.

Scanning Electrochemical Microscopy

As previously noted, our data suggest that the signal CORR

(including the occluded signal CH) recorded in air-saturated
solution is representative of the content of anhydrous, crystal-
line hematite in the ceramic material whereas the signal AH is
representative of the content in hydrated iron oxide forms. This
scenario was tested by SECM experiments.

Figure 6 compares the SECM color plots (a,b) and the
corresponding topographic SECM images (c,d) obtained for a
microparticulate deposit of crystalline hematite fixed onto a
carbon paste bed in contact with air-saturated 0.10 M HCl. In
these experiments the tip potential (ET) was fixed at � 0.65 V in
order to use the reduction of dissolved oxygen as a redox
probe, while different substrate potentials (ES) were applied to
the hematite particles. According to the redox competition
methodology,[46] the variations in the tip current will reflect the

changes in the conductivity, topography, and electroactive
properties of the substrate.

When no potential inputs were applied to the hematite
microparticles substrate, the mineral grains appear as positive
feedback features in agreement with the catalytic effect exerted
on the ORR process detected by the tip (Figure 6a, c). When a
potential cathodic enough to promote/reinforce the ORR
process (� 0.70 V) is applied to the substrate (Figure 6b,d), the
SECM pattern becomes slightly changed, the unique relevant
features being a small narrowing of the hematite grains and the
disappearance of several small crystals. These features can be
considered as consistent with the previously discussed super-
position of the reductive hydroxylation (Eq. (2)) and the
reductive dissolution (Eq. (1)) of hematite grains.

Comparable SECM patterns were obtained for ceramic
samples. Figure 7 depicts the color plots (a) and topographic
SECM image (b) obtained for a microparticulate deposit of
ceramic sample I1-01 (Arpi) in contact with air-saturated 0.10 M
HCl, again fixing ET= � 0.65 V, when no potential input is
applied to the substrate. Here, the ceramic grains appear as
positive feedback features in principle associated to the electro-
catalytic effect exerted by hematite on the ORR probe.

Reproducing the voltammetric pattern in Figure 1, the
substrate potential was successively fixed to � 0.70 V and 1.0 V.
When a potential of � 0.70 V was applied to the substrate (c), a
significant number of the above positive feedback features
vanish. This can be interpreted as a result of the more easy
reductive dissolution of hydrated, less-crystalline hematite
forms, as observed in minerals and pigments.[52,53] As a result,

Figure 5. SWVs at graphite electrodes modified with a) anhydrous hematite (H0), b) hematite H1, and ceramic samples c) A5 (Altamura) and d) 212411
(Taranto) in contact with air-saturated 0.10 M HCl aqueous solution. Potential scan initiated at 1.25 V in the negative direction; potential step increment 4 mV;
square wave amplitude 25 mV; frequency 5 Hz. Dotted lines represent the base lines used for peak current measurements.
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Figure 6. a,b) SECM color plots and c,d) topographic SECM profiles of a microparticulate deposit of crystalline hematite fixed onto a carbon paste bed in
contact with air-saturated 0.10 M HCl. The tip potential was fixed at � 0.65 V; substrate potential a, c) 0.0 V; b,d) � 0.70 V.

Figure 7. a) SECM color plot and b–d) topographic SECM profile of a microparticulate deposit of ceramic sample I1-01 (Arpi) fixed onto a carbon paste bed in
contact with air-saturated 0.10 M HCl. ET= � 0.65 V; ES was successively fixed from 0.0 V (a,b) to � 0.70 V (c) and 1.0 V (d).

ChemElectroChem
Research Article
doi.org/10.1002/celc.202101197

64ChemElectroChem 2022, 9, 59–68 www.chemelectrochem.org © 2021 Wiley-VCH GmbH

Wiley VCH Mittwoch, 05.01.2022

2202 / 226452 [S. 64/68] 1

www.chemelectrochem.org


the net amount of crystalline hematite decreases and the
density of positive feedback features lowers. When a potential
of 1.0 V is applied to the substrate (d), several of the above
peaked features remain while any other disappear. Since this
potential is sufficiently positive to oxidize the hydroxylated
Fe(III) surface species (Eq. (5)) presumably formed during the
previous cathodic step, the above features suggest that there is
no regeneration of anhydrous hematite producing positive
feedback outputs at the tip.

Modeling Voltammetry of Immobilized Particles

Since in VIMP experiments under our experimental conditions
there is no possibility of determining the net amount of sample
transferred onto the graphite surface, the relative intensity of
the voltammetric peaks rather than their individual values has
to be used for quantitative purposes.

Figure 8 depicts the plots of I(CORR) vs. I(CHE) for crystalline
hematite and hematite pigments H1 and H3 in replicate
experiments such as in Figure 5. In spite of relatively high
dispersion, one can see that: i) the experimental data points
appear to define linear tendency graphs and ii) the I(CORR)/I(CHE)
ratio for crystalline hematite is larger than that for hydrated,
less-crystalline forms. This feature is consistent with the electro-
catalytic pathway proposed by Compton et al.[4] where hematite
accelerates the decomposition rate of hydrogen peroxide, the
intermediate product in the ORR process. As previously noted,
this process will be less favored for hydrated, less-crystalline
forms and/or Al3+ by Fe3+ substitution, etc. On the contrary, the
oxidation of hematite (AHE/CHE process) appears to be scarcely
sensitive to hydration degree and crystallinity as evidenced by
the similarity in the I(CHE) values for different minerals and
pigments.

The apparent linear tendencies in Figure 8 can be inter-
preted on considering that the hematite forms a discontinuous
microparticulate deposit onto the graphite surface. According

to the theoretical description of redox processes under VIMP
conditions due to Lovric, Scholz, Oldham and coworkers,[54–57]

the redox reaction initiates at the particle/base electrode/
electrolyte three-phase junction. In the case of electrocatalysis
on ORR, the measured peak currents will ideally be composed
of the sum of the contributions of the non-catalytic process
occurring at the exposed graphite surface and the catalytic one
localized in the hematite grains/graphite/electrolyte boundary.
The second will be proportional to the perimeter of the three-
phase junction (and hence, to the surface covered by hematite
particles, S) while the former will be proportional to the non-
covered graphite surface. Then the peak current (IJ) for the
electrochemical process J (J=H, OER, ORR, etc.) can be
expressed as equation (8):

(8)

where So represents the total area of the graphite electrode, gJ,
hJ, the electrochemical coefficient of response of the J-process
at the graphite surface and the catalytic process, respectively. p
represents a geometrical coefficient relating the surface of the
hematite particles with their perimeter. In VIMP replicate
experiments for a given hematite-containing material, S will
vary while the other parameters can be roughly approximated
by constants. Then, combining the equations for two electro-
chemical processes A and B, one obtains equations (9) and (10):

(9)

(10)

Equation (10) predicts linear IB vs. IA variations in which the
slope and ordinate at the origin will be characteristics of each
mineral or ceramic material. This treatment, however, has to be
viewed as an extremely simplified approximation. Due to the
abrasive character of the transference of the mineral sample,
the graphite surface suffers scratching resulting not only in the
variation of the area So but also on the number of graphite sites
(edges, planes) having different electroactivity. These factors
will determine the relatively high data dispersion in representa-
tions such as in Figure 8.

Firing Temperature

We also studied the effect of firing temperatures between 300
and 900 °C on the voltammetric behavior of the different
hematite and ochre materials. The results are condensed in
Figure 9, where the average values of the I(CHE)/I(CORR) ratio are
plotted vs. the firing temperature. On first examination, one can
expect that, upon heating, the response of hydroxylated
materials was approaching that of anhydrous hematite H0.
However, our data revealed a smooth increase of the I(CHE)/

Figure 8. Plots of I(CORR) vs. I(CHE) for crystalline hematite (H0) and hematite
pigments H1 and H3 in replicate SWV experiments at sample-modified
graphite electrodes immersed into air-saturated 0.10 M HCl in conditions
such as in Figure 5.
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I(CORR) on increasing temperature between 300 and 700 °C,
followed by an abrupt decrease at ca. 900 °C.

Interestingly, FESEM images denoted a significant morpho-
logical change in hematite specimens above 900 °C. Figure 10
illustrates the corresponding images for natural hematite pig-

ment (sample H1) before and after heating at 900 °C for 24 h.
The original pigment is constituted by aggregates of irregular
microcrystals forming dense rough surfaces with features
around 20–50 nm sized. After heating at 900 °C the image
shows spheroidal crystals 500–800 nm sized.

These results can be correlated with literature reports on
the thermal conversion of goethite (FeO(OH)) into
hematite,[34–37] and density functional theory (DFT) calculations
on dehydroxylation of hematite surfaces.[47–49] At temperatures
between 250 and 600 °C, lath-like hematite crystals are formed
without significant alteration of the shape and size of the
parent goethite crystals. The infrared spectra of these speci-
mens differ from those of hematite crystals formed between
700 and 950 °C where interparticle sintering processes occur.[37]

The FESEM images in Figure 10 can be interpreted assuming
that the surface of the parent hematite crystals contains
hydrated/hydroxylated features that are removed at high
temperatures accompanied by crystal sintering. In fact, the DFT
theoretical study of Guo and Barnard[47] concluded that depend-
ing on the supersaturation of water and oxygen, {100} hematite
surfaces can acquire variable hydroxylation status. In water-rich
environments, these can involve chemisorbed water molecules,
the hydrogenation of undercoordinated subsurface oxygen
atoms, and the formation of singly and doubly coordinated
hydroxyl groups. In water-poor environments, the surface is
terminated exclusively by doubly coordinated hydroxyl groups.

Consistently, our VIMP data suggest that the catalytic effect
exerted by hematites on the ORR (given by I(CORR)) is larger for
dehydroxylated hematite forms whereas the intensity of the CHE

peak (I(CHE)) is larger for hydroxylated ones but lower for
hydrated ochre forms. Accordingly, the intensity of the CHE

process results from a compromise between accessibility of the
metal centers to the oxidation and the degree of surface
hydroxylation.[15–17,47–49] Accordingly, the averaged values of the
I(CHE)/I(CORR) ratio can be taken as representative of the
combination of the above parameters. Accordingly, in heating
experiments between 300 and 700 °C the control of the Fe(IV)/
Fe(III) couple is the prevailing effect so that the I(CHE)/I(CORR)
ratio increases slowly with temperature for all hematites. Above
900 °C, however, the hydroxylation level decreases abruptly and
the voltammetric response is dominated by the large catalytic
effect exerted on the ORR process by anhydrous hematite.

Archaeometric Implications

Figure 11 shows the representation of I(CORR) vs. I(CHE) recorded
in SWVs in conditions such as in Figure 5 for Apulian pottery
samples from a) Arpi and Taranto, and b) Altamura and Monte
Sannace. Clearly, the experimental data points of samples of
each site fall in separate regions of the diagram, all below the
tendency line defined by anhydrous, crystalline hematite using
data depicted in Figure 8.

For archaeometric purposes, it is pertinent to underline
that: i) the averaged I(CHE)/I(CORR) ratios of Apulian pottery
samples are clearly larger than those of anhydrous hematite H0,
but close to that of hydroxylated hematites H1-H3, thus

Figure 9. Plots of I(CORR)/I(CHE) vs. temperature in firing experiments. From
SWVs such as in Figure 5 for H0, H1, H3 and O1 specimens.

Figure 10. FESEM images recorded at 1 kV of carbon-coated samples of
natural hematite pigment (sample H1) a) before and b) after heating at
900 °C for 24 h.
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suggesting that these specimens exhibit an equivalent electro-
chemical behavior; ii) the production from each archaeological
site displays a characteristic voltammetric pattern. Accordingly,
we can use VIMP data to characterize the production from each
archaeological site using samples at the microgram level.

Identifying the A-process in Eq. (8) as the AHE one and the B-
process in the same equation as the hematite-catalyzed ORR,
one can assume that the parameters So, gA, hA are essentially
identical for all ceramic samples, whereas the p, gB, hB
parameters will be sample-characteristic. Then, equation (10)
can be rewritten as equation (11):

(11)

where BJ and CJ represent site-characteristic parameters easily
determined from the linear fit of experimental data such as in
Figure 11. The corresponding values of the coefficients BJ and CJ
are listed in Table 1. One can see here that, in spite of the
relatively large data dispersion, there is possibility of discrim-
inating (but also grouping) the different archaeological sites.
The differences observed between distinct archaeological sites
reflect the differences in raw materials and manufacturing

conditions. In principle, hematite can be viewed as a temper-
ature marker, the lower I(CORR)/I(CHE) ratios will indicate higher
firing temperatures, in particular above 900 °C, but further
research is needed to properly elucidate this matter.

Conclusions

Application of VIMP and SECM techniques to microparticulate
deposits of different hematite and ochre specimens in contact
with air-saturated HCl solutions yields well-defined features
associated to catalytic effects on ORR and OER processes. The
voltammetric features, although sensitive to a variety of factors
(shape and size of crystals, Al3+ for Fe3+substitution, …) appear
to be particularly dependent on the degree of surface
hydroxylation of the mineral. In particular, the electrochemical
response is quite sensitive to the application of firing temper-
atures above 900 °C. Accordingly, the relative intensity of the
voltammetric signatures associated to hematite is potentially
usable as a firing temperature marker in ceramic materials.

The VIMP and SECM responses of specimens from the clay
body of Apulian red-figured pottery providing from the
archaeological sites of Altamura, Arpi, Monte Sannace and
Taranto are comparable to those of hematite specimens.
Although these ceramic materials possess a considerably
complex composition, the electrochemical response is appa-
rently dominated by hematite-based processes. The voltammet-
ric features permit the discrimination between archaeological
samples from the different sites. The acquisition of site-
characteristic voltammetric profiles from samples at the micro-
gram level is of considerable potential interest for archaeomet-
ric studies.
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Figure 11. Plots of I(CORR) vs. I(CHE) recorded in SWVs in conditions such as in
Figure 5 for Apulian red-figured pottery samples from a) Arpi and Taranto,
and b) Altamura and Monte Sannace accompanied by the tendency line for
crystalline hematite from Figure 7.

Table 1. Values of the coefficients BJ and CJ in equation (6), characterizing
the different archaeological sites. From linear fit of data such as in Figure 7
recorded in SWVs of sample-modified graphite electrodes in contact with
air-saturated 0.10 M HCl solution in conditions, such as in Figure 2.
*Anhydrous, crystalline hematite. r: correlation coefficient.

Site BJ CJ r

Hematite* 3.9�1.7 28�8 0.72
Altamura 2.7�0.7 13�2 0.70
Arpi 2.0�0.5 14�3 0.52
Monte Sannace 2.0�0.3 8.2�1.7 0.60
Taranto 1.5�0.2 9.0�1.0 0.71
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