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Abstract The voltammetry of nanoparticles and scanning
electrochemical microscopy are applied to characterize
praseodymium centers in tetragonal and monoclinic zirco-
nias, doped with praseodymium ions (Pr,Zr;_,0,), prepared
via sol-gel routes. Doped zirconia nanoparticles were
synthesized by a sol-gel liquid-phase route and character-
ized by different techniques, including X-ray diffraction
powder pattern, ultraviolet—visible diffuse reflectance spec-
troscopy, infrared spectroscopy, and transmission electron
microscopy (TEM). Gels annealed at around 400 °C
yielded tetragonal Pr,Zr;_,O, phases. The monoclinic
forms of Pr-doped ZrO, were obtained by annealing at
temperatures higher than 1,100 °C. TEM micrographs
proved that the size of the nanoparticles produced was
dependent on their crystalline form, around 15 and 60 nm
for tetragonal and monoclinic, respectively. The electro-
chemical study confirmed that a relatively high content of
praseodymium cation was in the chemical state (IV), i.e., as
Pr*’, in both zirconia host lattices. The catalytic and
photocatalytic effects of Pr*" centers located in the
monoclinic zirconia lattice on nitrite reduction and oxygen
evolution reaction were studied.
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Introduction

Along the last decades, the preparation of rare earth (RE)
doped oxide materials has received considerable atten-
tion. ZrO, materials doped with praseodymium ions
(Pr,Zr;—,O,) have been extensively investigated as a
consequence of their applications for oxygen storage [1],
sensing [2—4], signal transport [5], catalysis [6], and
thermal barrier coatings [7]. Such materials have been
also tested for biomedical applications [8] and as potential
cathodes for low-temperature solid oxide fuel cells [9].

Recently, some reports on Pr,Zr;_,O, materials deal
with the synthesis and X-ray powder diffraction (XRD)
characterization of doped zirconia crystalline forms [10]
and the spectral characteristics of monoclinic and tetrag-
onal Pr,Zr;_,O, [11-14]. Although it is frequently as-
sumed that praseodymium acts as a typical trivalent rare
earth element, it is possible to expect that this element can
also exhibit a +4 oxidation state when stabilized in zirconia
host. In fact, it is known that at low temperatures praesody-
mia, by itself, can form a wide range of ordered intermediate
phases between PrO, and Pr,O; [15], with a structural
chemistry similar to that of ceria [16]. Thus, Pawlak et al.
[14] have reported that Pr** can be stabilized in Pr plus Mg-
codoped ytrium—aluminum—garnet, a widely used material
for solid-state lasers, after annealing the material in a
relatively oxidizing atmosphere (air) on the basis of the
spectral characteristics of (Y, Pr,Mg,);AlsO;, (x = 0.012,
y =5 x 10°°) materials.

From the above reports, it seems possible that in both
monoclinic and tetragonal zirconias the praseodymium
cation can be present in several oxidation states. However,
it can also be drawn that by using spectroscopic and
magnetic techniques it is quite difficult to establish
unambiguously the presence of these several oxidation
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states of doping species and discern possible distinct
coordinative environments. As far as such aspects are of
interest for elucidating the properties of the resulting
material, it appears to be pertinent the consideration of
experimental techniques able to provide complementary
information regarding these matters.

In previous reports, we have used the voltammetry of
microparticles (VMP), a solid-state electrochemical tech-
nique developed by Scholz et al. [17-19], for obtaining
chemical and structural information [20, 21] and analytical
applications [22, 23] on zirconias doped with vanadium and
cerium ions and zirconium minerals [24]. Here, we present
a VMP study devoted to the characterization of the
oxidation state and structural environment of praseodymi-
um centers in nanoparticulate monoclinic and tetragonal Pr-
doped zirconias. This study is focused on the elucidation of
the oxidation state of praseodymium rather than on
recording specific nanoparticle features. From the results
obtained in the electrochemistry study of Pr.Zr,_,O,, it
seemed interesting to check their possibilities to electro-
catalyze the nitrite reduction in the aqueous medium in
order to remark possible differences between doping
centers, thus extending a previous analysis of chromium-
doped cassiterite and tin-sphene ceramic materials [25].

Electrocatalytic reduction of nitrite is a problem of
special interest from biochemical and environmental view-
points [26]. In addition, the electrocatalytic reduction of
nitrite ions in aqueous solution has received a great deal of
interest in respect of developing sensitive and selective
methods for its determination [27, 28]. Among others, the
catalytic effect of transition metal oxides [29], metal
complexes [30], redox-active films [31], and Keggin-type
and Dawson-type polyoxometalate polymers [32-34] and
model compounds for nitrite reductase immobilized into
polymer films [35] have been studied. Photoelectrochem-
ical reduction of nitrite was searched on the surface of an
electrochemically roughened silver electrode [36] and
semiconductor photocatalysts CdS [37]. The photoelectro-
chemical oxidation of nitrite has been studied at TiO,/Ti
materials [38, 39]. Complementary electrocatalytic experi-
ments on the oxygen evolution reaction (OER) were also
performed.

Here, solid specimens, which were prepared by sol-gel
methods and characterized by different experimental tech-
niques, were attached to paraffin-impregnated graphite
electrodes in contact with sodium acetate/acetic acid
aqueous electrolytes. Cyclic and square wave voltamme-
tries were used as detection modes, being the later
technique of particular interest because of its high sensitiv-
ity and immunity to capacitive effects [40]. Voltammetric
techniques have been complemented with scanning elec-
trochemical microscopy (SECM), a technique developed by
Bard et al. [41] which provides information on electro-
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chemical activity and surface topography at the nanoscopic
level [42].

Experimental
Preparation of specimens Pr,Zr,_,O,

For the preparation of the nanoparticles, a sol—gel liquid-
phase route was used because it is more versatile with
regard to the controlled variation of structural, composi-
tional, and morphological features of the final products,
even though annealing is required to develop the nano-
particles in the desired crystalline form. Gels with compo-
sitions in the range Pr,Zr,_,0,, 0 < x < 0.15 were prepared
from zirconium n-propoxide (ZnP, Zr(OC;H;); from
Merck) and praseodymium acetylacetonate (Pr(acac)s,
PrC,5H,404, Merck) by the following synthetic procedure.
First, the ZnP was dissolved in a solution of 1-propanol (n-
PrOH) to which was previously added acetylacetone (acac,
CsHgO,, Merck & Co.). That step was realized in nitrogen
atmosphere to avoid fast hydrolysis and condensation of
ZnP leading to precipitation. To that solution was added the
required amount of Pr(acac);. The resulting solution was
poured into a closed polyethylene bottle and held at 60 °C
overnight. The formed gels were first dried at 60 °C during
several hours and then at 120 °C. Finally, dried gels were
annealed at different temperatures over the temperature
range between 400 ° and 1,300 °C for different times.

Structural and microstructural characterization
of Pr,Zr,_,O, samples

The chemical, structural, and microstructural features of
prepared specimens were examined using different techni-
ques. XRD analysis of powder samples (Model AXS D-
5005, Bruker) was performed using a graphite monochro-
matic CuK, radiation. The diffractometer had two 1°
divergence slits, the scatter and receiving slits being 1°
and 0.05° respectively. The X-ray powder diffraction
patterns were performed with a step size of 0.02 26° and a
counting time of 10 s. The determination of the lattice
constants of zircon was made using the DICVOL indexing
program. Infrared spectra (IR) of the specimens (Model 320
Avatar, Nicolet) were carried out in the range between 2,000
and 400 cm ! by diluting the powder of specimens in KBr.
Ultraviolet—visible (UV—vis) spectra of the specimens
(Model V-670, Jasco) were obtained using the diffuse
reflectance technique in the range of 200 to 2,500 nm
using a BaSO, plate as the reflectance standard. The size
and shape of the final nanoparticles were observed by
transmission electron microscopy (TEM) at 100 kV (Model
1010, Jeol, Tokyo, Japan). Samples were prepared by
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dispersing as-produced powders in absolute ethanol and
setting dropwise on copper grids that had previously been
coated with a holey thin carbon film.

Modified electrode preparation and electrochemical
techniques

Paraffin-impregnated graphite electrodes (PIGEs) consist of
cylindrical rods of 5-mm-diameter graphite impregnated
under vacuum by paraffin as described by Scholz et al.
[19]. To prepare sample-modified PIGEs, 0.1-1 mg of the
material was powdered in an agate mortar and pestle and
placed on a glazed porcelain tile, forming a spot of finely
distributed material and then abrasively transferred to the
surface of a PIGE by rubbing the electrode over that spot of
the sample. Electrochemical experiments were performed at
298 K in a three-electrode cell under argon atmosphere
using AgCl (3M NaCl)/Ag reference electrode and a
platinum wire auxiliary electrode. Cyclic and square wave
voltammograms (CVs and SWVs, respectively) were
obtained with CH 1420 potentiostat. Semi-derivative con-
volution of data was performed in order to increase peak
resolution. In addition, 0.50 M sodium acetate/acetic acid
and 0.50 M potassium phosphate (Panreac reagents)
aqueous solutions were taken as electrolytes. Electrocata-
lytic experiments were carried out in 0.5-5.0 mM NaNO,
(Panreac) solutions in acetate buffer. Photoelectrochemical
experiments were performed alternating between dark
conditions, obtained by confining the electrochemical cell
within a BAS CE-2 box, and illumination conditions,
obtained upon exposing the cell to direct illumination with
a conventional 60 W lamp perpendicularly aligned with
respect to the surface of the working electrode. Since the
effect of light can be some heating of the graphite substrate
followed by thermal (convective, enhanced diffusion)
effects, the lamp was 1.0 m far from the electrochemical
cell. SECM experiments were performed in a conventional
four-electrode cell with CH 920c equipment. The bipoten-
tiostat mode was used to apply potentials to the tip (E1) and
the electrode substrate (Eg). A microdisk platinum electrode
tip (& 20 um, CH 49) was used. Since graphite electrodes
provide heterogeneous surfaces, for SECM measurements
the substrate electrode was a Pt disk (geometrical area
0.018 cm?), the reference electrode being again AgCl (3M
NaCl)/Ag. The rate of scanning of the tip over the substrate
was 40 um/s for all measurements. Experiments were
performed in previously deaerated 0.10-1.0 M NaOH and
2.0 mM NaNO, + 0. 50 M potassium phosphate buffer
(Panreac) at pH 7.0. Microparticulate deposits of the
undoped and doped zirconias over the substrate Pt electrode
were obtained by evaporation of suspensions (ca. 0.1 mg/mL)
of the corresponding specimens in ethanol previously ultra-
sonicated for 15 min.

Results and discussion
Characterization of Pr,Zr;_,O,

X-ray powder diffraction patterns of gels Pry ¢,Zr 93O, and
Prg.10Z19.9900, after annealing at different temperatures are
shown in Figs. 1 and 2, respectively. As can be seen, at
450 °C a phase with the structure of tetragonal ZrO, (JCPD
17-0385) is formed over the range of the prepared
compositions (Fig. 1). On increasing the annealing temper-
ature, the transformation from the tetragonal to the
monoclinic crystalline form takes place in a range of
temperatures, and at 1,100 °C all samples display mono-
clinic patterns (JCPD 36-0420) as a mainly crystalline
phase as well as a minor secondary phase with pyrochlore
structure (JCPD 19-1021), Pr,Zr,05, for compositions with
higher nominal Pr content than x = 0.03, i.e., Prg 93Z19.9705.
With the lattice parameter of the Pr,Zr,_,O, being x = 0.02
and 0.10, crystalline phases developed after thermal
annealing at 450 and 1,300 °C are shown in Table 1. For
both specimens, the tetragonal and monoclinic undoped
phases have been included as reference for the ones doped
with different amounts of Pr.

The IR spectra of praseodymium-containing zirconia
gels Pr,Zr;_,O, , with x = 0.00, 0.02, 0.05, and 0.10, heated
at 450 and 1,300 °C for 3 h are displayed in Fig. 3. In both
specimens displaying a tetragonal structure, bands that
peaked at 460 and 570 cm ' can be attributed to the
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Fig. 1 X-ray powder diffraction pattern of gels Prg>Zry950>
annealed at different temperatures and/or heating times (filled diamond
is monoclinic zirconia; filled circle is tetragonal zirconia)
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mens heated at 1,300 °C, whose diffraction patterns
confirm the formation of monoclinic Pr-containing ZrO,
solid solutions, the IR bands appear at around 744, 570,
510, 448, and 420 cm ', which have also been attributed
to the Zr—O bonds [44].

Diffuse reflectance spectra of undoped zirconia and
doped compositions with x = 0.00, 0.02, and 0.10 heated
at the chosen temperatures are shown in Fig. 4. In both
solid solutions, crystalline forms appear as a strong, narrow
band at around 270 nm and a high-intensity, wide band also
peaked at around 330 nm, which is decreasing monotoni-
cally in intensity up to 600 nm. Additionally, the absorption
spectra of Pr-doped ZrO, samples display two sets of
narrow, weak bands over the ranges 1,350-1,550 and
1,700-1,900 nm, respectively. However, other bands in
the 440-610-nm range associated with 4f inter-level

Wavenumber (cm-')

Fig. 3 IR spectra of a tetragonal and b monoclinic Zr;_,Pr,O,, with
x =0.02, 0.05, and 0.10

electronic transitions in Pr’” ion are not distinguished in
the spectra trace of our prepared samples [12, 13]. In order
to assign the observed bands to the electronic transitions
yielded by the Pr cation in the available structural sites in
the zirconia lattices, some comment on the results previ-
ously obtained by different authors is worthwhile. Thus,
Ramos-Brito et al. [12, 13] reported the diffuse reflectance
spectra for prasecodymium-doped zirconia powders as a
function of the relative amount of praseodymium with
respect to the zirconium in the starting precursors. The
diffuse reflectance spectra of these Pr.Zr;_,O, solid

Table 1 Lattice parameters of

samples Pr,Zr;_,O, specimens X a=b (A) a(A) b (A) c(d) V(&)

annealed at 450 and 1,300 °C/3

h. In parenthesis is the standard At 450 °C/3 h

deviation in the last significant 0.0 3.599 (1) 5.167 (1) 67.03 (1)

figure 0.02 3.59987 (1) 5.17572 (1) 67.072 (1)
0.1 6.60980 (1) 5.19177 (1) 67.652 (1)

At 1,300 °C/3 h

0.0 5.1508 (1) 5.2016 (1) 5.315 (1) 140.58 (1)
0.02 5.15629 (1) 5.20380 (1) 5.31937 (1) 140.935 (1)
0.1 5.16111 (1) 5.20793 (1) 5.32242 (1) 141.305 (1)
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Fig. 4 Diffuse reflectance spectra of Pr,Zr;_,O,, with x =0, 0.02 and
0.10: a tetragonal, b monoclinic

solutions, obtained by thermally processing the precursors,
displayed for samples with low concentration of praseo-
dymium a wide absorption band centered at 380 nm with a
constant intensity. For a higher amount of dopant, the
intensity of this band starts to lower and a new band
appeared at around 295 nm. The first wide band at 380 nm
was attributed to deep energy levels in zirconia energy gap
caused by the creation of crystal defects with the incorpo-
ration of Pr’" while the second at around 295 nm was
associated with 4f—5d absorption of Pr**. Additional
bands were also reported in the region of 440-610 nm
which were associated with the electronic transitions within
the 4f shell of Pr'’ ions. All of these results on the
absorption spectra of these Pr,Zr;_,O, specimens obtained
by co-precipitation indicate that praseodymium into the
ZrO, host lattice was in the +3 chemical state. In the same
sense, Suchroski et al. [10], on the basis of a XPS study,
concluded recently that Zr** and Pr’* are the main oxidation

states in zirconia nanopowders doped with Pr,O5;. However,
prior studies have suggested the feasibility to stabilize Pr**
in several host lattices. In fact, the widely used industrially
yellow ceramic pigment Pr,Zr;_,Si;.O4 (v + z = x) is a solid
solution of Pr*’ in the zircon host lattice as it has been
proved by different authors [45]. Recently, Pawlak et al. [14]
reported absorption bands in the 430-500-, 570-620-, and
960-1,040-nm regions for (Y;,,Pr,Mg);AlsO, (x =
0.012, y = 5 x 10°°) materials annealed in oxidizing (air)
or reducing atmospheres (hydrogen/nitrogen). The spectra of
both samples exhibited the characteristic absorption lines of
Pr**. However, the absorption spectrum of specimens
annealed under oxidizing atmosphere contained additional
broad features in the 300-570-nm region. This absorption
has been associated with the 4f — 5d transitions of Pr*" [46,
47]. Although an attempt was made to detect luminescence
from Pr*' in these specimens, emission was detected only
from Pr*". The lack of Pr*" luminescence can be explained
by the energy transfer from Pr** to Pr’* [14].

The absorption spectra of our prepared specimens
Pr.Zr,_.0,, 0 < x < 0.15, in which there is a broad and
intense absorption in the range 370—600 nm, give evidence
on the presence of Pr'", even for specimens with the
higher nominal content of Pr in which the excess of Pr as
structural cation in the pyrochlore crystalline phase,
Pr,Zr,05, is present. Therefore, the feasibility of stabili-
zation of the +4 chemical state of Pr as well as the
presence of a relatively small amount of Pr** in the ZrO,
host lattice can be assumed.

TEM micrographs of the prepared specimens
Pr.02Z1.930, and Pry 1¢Zry.900, are shown in Figs. 5 and
6, respectively. As can be seen in Fig. 7, the nanoparticles
of both crystalline forms display sizes smaller than 15 nm if
x = 0.10, while for the tetragonal form and x = 0.02 the
particles are larger, up to 60 nm. The difference in sizes can
be understood because higher annealing temperatures are
required to stabilize nanoparticles in the monoclinic form,
hence favoring grain growth.

Electrochemistry of undoped zirconias

Figure 8 compares CVs for graphite electrodes modified with
m-ZrO, in contact with 0.50 M aqueous potassium phos-
phate buffer at pH 7.0 upon scanning the potential from the
open-circuit potential in the (a) negative and (b) positive
directions. In the first case, three overlapping cathodic waves
at potentials of —0.20 (I), —0.46 (II), and —0.70 V (III) vs.
AgCl/Ag are obtained, followed, in the subsequent anodic
scan, by overlapping anodic waves at ca. —0.20 (III"), +0.10
(II'y and +0.25 (III") V. In the initial anodic scan voltammo-
gram, there are no oxidation peaks during the first scan, the
voltammetric response from the subsequent cathodic scan
being identical to that recorded for the initial cathodic scan
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Fig. 5 TEM micrographs of Pr,Zr;_,O, nanoparticles, with x = 0.02,
annealed at: a 450 °C (tetragonal form), b 1,300 °C (monoclinic form)

voltammograms. These features clearly suggest that zirconi-
um is initially in its +4 oxidation state. The voltammetry of t-
ZrO, was essentially identical. The peak potentials (£,) are
negatively shifted on increasing pH and positively shifted on
increasing square wave frequency. Linear £, vs. pH plots
were obtained for experiments in acetate and phosphate
buffers at pH values between 4.0 and 8.0. The slope of such
representations for all peaks was 55+10 mV/decade, suggest-
ing, in agreement with literature for the electrochemistry of
transition metal oxides [48-50], that equal numbers of
protons and electrons are involved. Although the standard
potential for the process

7tV 0, (s) + 4H" +4de™ — Zr + 2H,0 (1)

(-1.45 V vs. SHE; [51]) would make it possible that a
complete reduction to Zr could occur, it is more reasonable
to assume a stepwise reduction of the zirconia similar to
what has been observed for Ru oxide [52]. The observed
rather reversible behavior denotes that the structure of the
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Fig. 6 TEM micrographs of Pr,Zr,_,O, nanoparticles, with x = 0.10,
annealed at: a 450 °C (tetragonal form), b 1,300 °C (monoclinic form)

parent oxide is not seriously affected so that the reduction of
zirconias can be described either as a stepwise reduction to
different suboxides or the reduction to one suboxide but of
differently sized particles. The appearance of different
signals may also be due to differently sized nanoparticles
and nanoparticle aggregates [53] or even to the relatively
large heterogeneity in the shape and size distribution of
zirconia grains, a frequent effect in the voltammetry of
microparticles, as described for the reduction of iron oxides
and related materials by Grygar [54, 55]. Further, it is
possible that the reduction process occurs only at the three-
phase junction graphite—zirconia—solution and does not
penetrate deeply into the zirconia particles. This situation
would be similar to that described by Falgairette et al. [56]
for the reduction of zirconia at Pt/yttrium-stabilized zirconia
interfaces. The partial reduction of zirconia is also supported
by the observation that it is impossible to observe the
formation of Zr even when very negative potentials are
applied. Consistently, there is considerable difficulty to
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reduce ZrO, under molten salt conditions at high temper-
atures [57].

Electrochemistry of Pr,Zr;_,O, materials

The voltammetric response of t-Pr,Zr,_, O, and m-Pr,Zr,_,O,
specimens was in principle similar to that of t-ZrO, and m-
Zr0,, respectively, but additional features, which can be
associated to Pr centers, appear. This can be seen on
comparing the SWVs in Fig. 9 for m-ZrO, and t-ZrO, with
those in Fig. 10 for m-Prg 3Zry970, and m-Prq 10Zrp.900>
attached to PIGEs in contact with aqueous phosphate buffer.
Undoped zirconias show peaks at —0.10 (I), —0.48 (II),
and —0.67 V (IIT), in agreement with CV records in Fig. 8. For
Pr-containing specimens, additional peaks at +0.21 (IV)
and —0.58 V (V) are recorded. Peaks IV and V remain
frequency independent in the 2-500-Hz frequency range,
thus suggesting an essentially reversible behavior. Similar
features were obtained for the corresponding tetragonal
materials. The height of peaks IV and V increases
significantly on increasing the Pr content and can be
attributed, respectively, to the Pr(IV)/Pr(Ill) and Pr(III)/Pr
(IT) redox couples (vide infra), although the recorded
potentials are far from those calculated for the Pr**/Pr**
(+3.2 V vs. SHE) and Pr’*/Pr** (-2.35 V vs. SHE)
couples in solution phase [51, 58].

To discriminate the oxidation state of a system contain-
ing a reversibly reducible/oxidizable electroactive species
in two oxidation states, one can use the reported voltam-

@ Springer



970

J Solid State Electrochem (2012) 16:963-975

1»30 - Pl IPPIS IS B IESFI W S W |

1.60
1.50

|

il

{ B

a)

1.2(1-;E a) /

i
1104 | |
1.00 1

1

090 |

i(x104 A)

080 |
070 |
18 |

171 :
161
15 b) Il [
134
1,2-11
11
10 |
0.9 a

08060402 0 -02-04-06-08-1.0-12

E (V vs. AgCI/Ag)

e ——

i(x10% A)

TN

Fig. 9 SWVs of PIGEs modified with a m-ZrO,, b t-ZrO,, immersed
into 0.50 M potassium phosphate buffer (pH 7.0). Potential scan
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4 mV; square wave amplitude 25 mV; frequency 5 Hz

metric methods [59-61] requiring, in principle, linear
diffusion control and electrochemical reversibility. The
application of such methods to solid materials is, in
principle, possible because of the close similarity between
the CV responses for species in solution phase and for ion
insertion solids when reversibility exists [62]. The applica-
tion of the peak current method [60, 61] to processes IV and
V is illustrated in Fig. 11. Simulation of CVs for species in
solution indicates that, when the cyclic voltammogram is
initiated at the midpeak potential of the involved reversible
couple, the quotient between the anodic peak current in the
first (ipa(1)) and second (i,4(I1)) scans becomes proportional
to the molar fraction of oxidized (or reduced) species oy:

ipa(l)/ipa(ll) - Xaox + Y (2)

In the above equation, X and Y represent numerical
coefficients depending on the potential scan rate and the
separation between the switching potentials. In practice,
however, CVs for microparticulate deposits exhibit large
resistive and capacitive effects seriously distorting the
voltammograms. The reversible behavior can be seen in
Fig. 11 (inset) for m-Prg9Zry 990> immersed into phos-
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Fig. 10 SWVs for a m-Pr0.03ZT0.9702 and b m-PT()‘l()ZT()lg()Oz attached
to PIGESs in contact with 0.50 M potassium phosphate buffer (pH 7.0).
Potential scan initiated at +0.75 V in the negative direction. Potential
step increment 4 mV; square wave amplitude 25 mV; frequency 50 Hz
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Fig. 11 Values of the ip,(I)/i,o(II) ratio for processes IV (squares) and
V' (rhombs) for samples m-Pry3Zrg 970, (empty figures) and m-
Pro.10Z10.900> (solid figures) and position in the theoretical ipa(I)/ipa(1l)
VS. (,x diagram obtained for CVs initiated at the midpoint potential
for a one-electron reversible couple at potential scan rates of 100 and
1,000 mV/s. Inset, repetitive CV for m-Pr ;9Zrg 990O,-modified PIGEs
immersed into 0.50 M potassium phosphate buffer. The CVs were
initiated at the midpeak potential of the IV/IV’ couple in the positive
direction. Potential scan rate 100 mV/s
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phate buffer. Here, repetitive CV initiated at the midpeak
potential for process IV in the positive direction is shown.
An easy correction of such effects can be obtained in the
studied case, merely by subtracting the CV recorded for the
corresponding non-doped m- or t-ZrO,. Using corrected
peak currents, the ip,(1)/ip,(II) ratio provides values of oy =
0.09+0.04 for m-Pry 03Zrg 970, and «, = 0.12+0.04 for
Prg 10219900, for process IV (see Fig. 11). Consistently,
similar a,yx values were obtained for each material using
potential scan rates of 100, 200, 500, and 1,000 mV/s. For
the process V, both Pr0'03Zr0'g702 and Pro'lozro'gooz
materials displayed an essentially identical response at all
scan rates, corresponding to ., = 1.00+£0.04; i.e., there is
no Pr in its +2 oxidation state in the original samples.

The results obtained for electrochemical signals IV and V
indicate that the praseodymium species responsible for such
processes is in the +3 oxidation state in the studied
materials and can be associated to the pyrochlore crystalline
phase, Pr,Zr,O,, increasingly present in specimens upon
increasing the Pr loading. Subtractive voltammetry, however,
provides a more complicated picture. As shown in Fig. 12,
subtracting SWVs for m- and t-Pr,Zr;_,O, specimens with
low praseodymium loadings from those recorded for m- and
t-ZrO, materials, respectively, reveals additional voltammet-
ric peaks. Here, voltammetric peaks at +0.09 (VI), —0.06
(VID), and —0.15 V (VIII) appear for m-Pr,Zr;_ O, speci-
mens while only peaks at +0.07 (VI) and —0.14 V (VIII) are

16 Vi, VI
12 Vi

i(x10% A)

10 VI
08 \Yi|
061
041
024
03b)
024
04
06
08 06 04 02 0 -02-04 -06-08-10-12
E (V vs. AgCIl/Ag)

i(x10% A)

Fig. 12 Deconvolution of subtracted voltammograms for a m-
Prg 037219970, minus m-ZrO, and b t-Pry ¢3Zrg 970, minus t-ZrO,.
Electrolyte: 0.50 M sodium acetate buffer (pH 4.75). Potential scan
initiated at +0.75 V in the negative direction. Potential step increment
4 mV; square wave amplitude 25 mV; frequency 5 Hz

recorded for t-Pr,Zr;_,O, probes. All these features can be
rationalized on assuming that, at low praseodymium load-
ings, Pr*" centers are incorporated to the zirconia matrix,
thus producing electrochemical processes VI-VIII with
differences between monoclinic and tetragonal materials.
The stepwise reduction of such Pr(IV) centers can tentatively
be represented as:

PrIVXZrl,XOz(s) +xH"(aq) +xe” — PrmXZrl,XOZ,X(OH)X(s)

(3)

P, Zr; 0, (OH), (s) + xH" (aq) + xe~ (4)
— PI‘HXZI‘l,sz,gx(OH)ZX(S)

On increasing praseodymium loadings, the voltammetric
response is dominated by peaks IV and V attributable to a Pr
(II)-pyrochlore phase accompanying zirconias. This is
oxidized to Pr(IV) via process IV (notice that square wave
voltammograms equally present oxidation and reduction
peaks) and reduced to Pr(IIl) via process V. These processes
can formally be represented as:

Pr'",05(s) +20H™ — 2Pr'VO,(s) + H,0 + 2e~ (5)

Prszg (S) 4+ 2H" (aq) +2e” — 2PrHO(S) + H,O (6)

Electrocatalytic effects

In order to obtain additional information on the role of
praseodymium centers in the electrochemistry of t- and m-
Pr,Zr;_,O, materials, catalytic effects on the oxygen
evolution reaction and nitrite reduction were performed.

100 pA 3

Unmodified E
t-ZrO,-modified E

t-Pry 12528 g750,-modified E

0.0 0.8 1.6
E(V vs. AgCl/Ag)

+1.6 +0.8

Fig. 13 CVs at unmodified, t-ZrO,-modified, and t-Prg 155Zro 87505~
modified graphite electrodes immersed into 1.0 M NaOH. Potential
scan rate 20 mV/s
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X
100 pA IX
a)
X
IX
b)
-
X
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c)
VIl
X
d) IX
VIl
0.2 -0.2 -0.6 | -'1 .0

E (V vs. AgCl/Ag)

Fig. 14 SWVs for a 2.0 mM NaNO, solution in 0.50 M aqueous
sodium acetate buffer (pH 4.75) at a bare PIGE, b m-ZrO,-, ¢ m-
PTO'O3ZI’0.97OZ-, and d m-PrO.OSZro'%Oz-modiﬁed PIGEs. Potential
scan initiated at +0.05 V in the negative direction. Potential step
increment 4 mV; square wave amplitude 25 mV; frequency 5 Hz

As can be seen in Fig. 13, the currents for the OER at
potentials above +1.0 V are significantly enhanced at ZrO,-
modified electrodes with respect to the unmodified ones.
This effect is considerably larger for t- and m-Pr,Zr;_ O,
materials relative to the corresponding undoped zirconias
and can in principle be described, following literature [63—

Fig. 15 SECM topographic a)

image recorded for a micro-

particulate deposit of a m-ZrO, i(nA)
and b m-Pr0_052r0_9502 im-

mersed into 2.0 mM NaNO, + 210 1
0.25 M potassium phosphate 1.95 -
buffer (pH 7.0). Ex = —0.65 V;
Es=-0.65V 1.80 7

1.65

150 |
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65], in terms of the association between the substrate and
the catalyst in high oxidation state (typically, RuO,, IrO, ):

MY +OH™ — M"VOH + e~ (7)
MVOH + OH™ — MVO + H,0 + e~ (8)
2MVo — 2MY 4 0, (9)

The appearance of large catalytic effects for t- and m-
Pr,Zr;_,O, materials would support the idea that Pr centers
are mainly in the +4 oxidation state.

Figure 14 compares SWVs for a 2.0-mM NaNO,
solution in 0.50 M aqueous acetate buffer at a bare
PIGE electrode and at m-ZrO,, m-Prg 3Zrg970,-, and
m-Prg 95719 950,-modified PIGEs. At the unmodified
graphite electrode, two overlapping reduction peaks at
—0.68 (IX) and —0.80 V (X) appear. At m-ZrO,, the
relative height of such peaks varies while the rising
current appearing at potentials more negative than —1.0
V increases significantly. At m-P,Zr,_,O,-modified
PIGEs, the voltammetric response becomes essentially
unchanged except for the appearance of an additional peak
at —0.10 V. The potential of this peak is close to that of
peak VIII recorded at Pr.Zr;_,O, probes, and the peak
current is enhanced on increasing the Pr loading as well as
the concentration of nitrite. The enhancement of the Pr-
centered peak can be interpreted in terms of the catalytic
effect of praseodymium centers on nitrite reduction,
similarly to electrocatalytic processes using polyoxometa-
late systems [65]. The intensity of these peaks remains
essentially unchanged for praseodymium loadings larger
than x = 0.05, thus suggesting that the catalytic effect is
exclusively (or, at least, mainly) associated to praseodym-
ium centers in the zirconia phases rather than pyrochlore.
Consistently, the intensity of pyrochlore-centered peaks IV
and V remain independent on nitrite concentration.

SECM data provide confirmation for the observed
electrocatalytic effect, as depicted in Fig. 15 for deposits

b)

i(nA)
210 ¢
1.95
1.80
165 -

1.50 |

1.30

Y (um)
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of m-ZrO, and Prys5Zr950, in contact with a NaNO,
solution in phosphate buffer. To promote clearer differences
between ZrO, and Pr,Zr;_,O, specimens, a strategy where
the tip competes with the substrate for the very sample
analyte, equivalent to that termed redox competition
scanning electrochemical microscopy, recently employed
by several authors [66, 67], was used. Under the conditions
in Fig. 15, the tip current for Pr-doped specimens presents
peaks considerably larger than those obtained for undoped
zirconias, in agreement with the aforementioned catalysis
associated to Pr centers. Here, a potential sufficiently
negative (—0.65 V) to promote the reduction of nitrite at
the substrate electrode is applied so that tip current peaks
appear when the tip is held at a potential similar to that of
the substrate (—0.65 V). This can be interpreted on
assuming that electrocatalysis involves as a first step the
electrochemical reduction of Pr(IV) centers and its regen-
eration by reaction with nitrite similarly to, for instance,
hydrogen evolution reaction catalyzed by heteropolyanions/
carbon nanotubes hybrid material [68]. The reaction
scheme can be represented as:

Pr*t 4 ¢ — Pr* (10)

NO; +2H" + Pr’* — NO + H,0 + Pr*" (11)

Figure 16 illustrates schematically the possible catalytic
cycle which requires the reversibility of the Pr*"/Pr’”
couple. Interestingly, the electrocatalytic pattern of m-
P.Zr,_,O, materials changed upon illumination. As can be
seen in Fig. 17, on exposing the electrode to visible light
illumination, the peak VIII disappears. The disappearance
of this peak is correlated with the loss of catalytic activity
as monitored by SECM experiments under sequentially
interrupted illumination. This can be seen in Fig. 18 where

NO, N,0, etc. NO,

Pré+ Pr3+

Fig. 16 Schematics for the electrocatalytic effect of m- and t-Pr,Zr;_,O,
on nitrite reduction in aqueous media

Vil

b)

7 LT PG L LI LR PR BRI W BLARTE LR
0.1 0.0 -0.41 -0.2
E (V vs. AgCI/Ag)

Fig. 17 SWVs for a 2.0 mM NaNO, solution in 0.50 M aqueous
sodium acetate buffer (pH 4.75) at a m-Pry ;¢Zr( 99O,-modified PIGE
(a) under dark conditions and (b) under illumination. Potential scan
initiated at +0.05 V in the negative direction. Potential step increment
4 mV; square wave amplitude 25 mV; frequency 5 Hz

0.6
0.4 ' Light on
<
< |
S 02!
= S
(&]
£ o8 \ (b
Light on
0.6 :
Light !
ooff
0.4 !
| |
02tk

Distance approach (um)

Fig. 18 Probe approach curves recorded for microparticulate deposits
of (a) m-Prg9Zrp900, and (b) m-ZrO, immersed into 2.0 mM
NaNO, + 0.25 M potassium phosphate buffer (pH 7.0). Er = —0.65 V;
Eg =—0.65 V upon alternating steps of darkness/illumination
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the SECM probe approach curves obtained for the micro-
particulate deposits of m-ZrO, and m-Pry ;9Zrg 900>
immersed into 2.0 mM NaNO, + 0.25 M potassium
phosphate buffer (pH 7.0) are shown. Alternative illumi-
nation/de-illumination of the cell during the record of the
probe approach curve in SECM experiments determines
drastic differences between undoped and Pr-doped materi-
als, as can be seen in Fig. 18. While for the undoped
material there is no apparent influence of the illumination
and the tip current decreases monotonically on decreasing
the distance (i.e., on increasing the distance approach)
with the substrate, as expected for a nonconducting
substrate, doped materials exhibit the opposite effect
under dark conditions, with illumination restoring the
nonconducting behavior. Apparently, illumination produ-
ces a negative electrocatalytic effect which can be
associated to energy transfer from Pr** to Pr** following
the absorption of radiation by Pr*" [14]. As a result, the
reversibility in the electrochemical regeneration of Pr*"
would become decreased and the catalytic cycle depicted
in Fig. 16 blocked, but further research is needed to
elucidate this matter.

Conclusions

An electrochemistry study of Pr-doped nanocrystals was
performed to characterize praseodymium centers in Pr-
doped tetragonal and monoclinic zirconias. Gels with
compositions in the range Pr,Zr;_.0,, 0 < x < 0.15 were
prepared by controlled hydrolytic sol-gel process and
annealed at different temperatures. XRD, IR, and UV-vis
proved the formation of monoclinic and tetragonal Pr-
containing ZrO, materials and gave evidences that a
significant proportion of praseodymium cations were in
(IV) oxidation state. TEM micrographs demonstrated that
nanoparticulated solid solutions are sized at around 15 and 60
nm for tetragonal or monoclinic zirconia, respectively. The
voltammetry and SECM study confirmed that a relatively
high content of praseodymium cation was in the oxidation
state (IV), i.e., as Pr*’, in both zirconia host lattices.
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