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ABSTRACT

Sb,03 and CuO doped SnO, ceramic electrodes could be an alternative to the ones currently used ones
in the electrooxidation process of water pollutants. The rise of electrode surface by introducing a
porogen agent on the composition was analysed in order to increase the electrochemical active surface.
For this reason, several substances were tested. Although the densification and total pore volume had
similar values, the microstructures and the pore size distributions generated were strongly dependent on
porogen nature. A total of five porogens were tested, but petroleum coke turned out to be the best option
for these electrodes. It was found that the electrical resistivity depends on the nature of pore generator.
Furthermore, its relation to the porosity can be modelled with Archie’s or Pabst’s equations.
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INTRODUCTION

One of the most important alternatives to eliminate water contaminants is the electrooxidation process.
A chemical reaction takes place on the anode surface, generating hydroxyl radicals that allow the
complete mineralization of organic pollutants [1]. However, the highly oxidizing environment requires
anodes which withstand a chemical attack. Therefore, currently used electrodes are based on titanium
oxides as well as tin-doped indium oxide [2], tin oxide doped with fluorine [3] or boron-doped diamond
[4]. One of the main disadvantages of those electrodes is their high cost, either by the scarce elements
that they include or by the expensive techniques needed for their manufacturing. Nevertheless, recent
studies show that antimony and copper doped tin oxide electrodes processed by the traditional ceramic
method can be a good option to replace the current anodes used in the electrooxidation process. In this
way, recalcitrant and emergent contaminants from wastewaters can be removed [5].

The main component of the alternative electrode, tin oxide, is a n-type semiconductor used in a wide
range of chemical and electronic applications [6—12]. Despite this, it is also recognized for its poor sinter
ability [13]. It is the main drawback of its processing, although it is possible to improve their
densification through some additives as ZnO, CeO; or In,O; [14-16]. In a previous work, the authors
tested copper oxide as sintering aid since many researchers had successfully tested it on SnO-based
anodes used in the manufacture of aluminium [17-19]. The electrochemical characterization of this new
ceramic electrode demonstrated that it fulfilled the needs of an anode for electrooxidation [20]. This
electrode reached a high densification, and consequently a reduced open porosity. This fact constrained
the electrochemical active surface, which is a critical parameter to improve its efficiency in
electrooxidation processes. A network of interconnected pores can increase the contact area between the
electrode and the effluent to be treated, and the simplest way to create it is to introduce a material that
leaves voids after sintering.



Pore generators (also known as porogens) are frequently used in the synthesis of porous ceramics. They
are substances which decomposes or oxidizes during the sintering thermal treatment creating these voids
in the structure. Depending on the application and the process conditions, it can be an organic or
inorganic compound. In addition, the porosity and the pore size distribution in the sintered specimen
could be modified by varying the porogen type, its proportion or its properties (mainly particle size
distribution). In the field of ceramic membranes [21,22], some renowned porogens are starch [23],
polyethylene glycol [24], calcium carbonate [25] or kaolin [26]. A number of research studies have also
shown that urea [27-29] can be used as a porogen agent, because it can increase the specific surface and
also regulate the pore size distribution. In this way, generating some meso-pores which achieve a better
electrochemical performance of the specimen. As a secondary effect, an increase in porosity
theoretically will lead to an increase in the resistivity of the electrodes, nonetheless this phenomenon is
difficult to model. Some equations have been proposed to relate porosity and electrical resistivity (or its
inverse, the conductivity), but broad acceptance has not been attained yet.

This work has focused on the creation of porous Sb,0O3 and CuO doped SnO; ceramic electrodes as the
first requirement to increase their electrochemically active surface. At the same time, ceramic
densification degree at the local level must be maintained in order to minimize the increase of electrical
resistivity. Finally, a study of the effect of five pore generators (starch, ammonium nitrate, urea,
ammonium carbonate and petroleum coke) on the microstructure and electrical properties of the
electrodes was carried out. Starch is a quite common pore generator in ceramic experimentation. The
other four were chosen owing to their low ash content after calcining and their different mechanical
behaviour with respect to starch, with different degrees of similarity to a ceramic oxide. The effect of
porosity over resistivity was measured. Furthermore, the viability of modelling the relationship between
the two parameters with each of the proposed equations was evaluated.

EXPERIMENTAL PROCEDURE

Ceramic raw materials used in the synthesis of the electrodes were SnO; (purity 99.85 %, Quimialmel
S.A., Spain), Sb,Os as a dopant (purity 99.0 %, Alfa-Aesar, Germany) and CuO as a sintering aid (purity
97.0 %, Panreac S.A., Spain) in molar percentages of 97.8 mol.% of SnO,, 1.0 mol.% of Sb,O; and 1.2
mol.% of CuO respectively (reference composition R). Each one of the pore generators, starch (Roquette
Freres S.A., France), NH4NO; (purity > 98.0 %, Sigma Aldrich, Spain), urea (99.0-100.5 %, Panreac
S.A., Spain), (NH4),CO; (Panreac S.A., Spain) and petroleum coke (British petroleum), was mixed with
the ceramic fraction in 20/80 wt.% proportion. Every composition included as a ligand 0.8 wt.% of
polivinylalcohol in addition (Mowiol 8-88, Clariant Iberica S.A. Spain). Table 1 shows the six
compositions with the estimation of the volumetric fraction of porogen, calculated from the respective
densities.

The ceramic raw materials were mixed using water as a fluid in a planetary mill working at 230 rpm for
an hour (Pulverisette 5, Fritsch GmbH, Germany). The obtained suspension was dried in an oven at 110
°C for 24 h. The dry powder was sieved through a 600 pm mesh and mixed with the pore generator.
Those mixtures were dry-way prepared due to the high solubility of some porogen agents. A treatment
of 30 s was used in an electric grinder with a constant speed. Every composition was moistened to 5.0%
(kg water/kg dry solid) and prismatic specimens of 40x5x5 mm were shaped with a uniaxial manual
press (Robima S.A., Spain), working at 250 kg-cm™. Finally, the samples were sintered in a laboratory
furnace (RHF1600, Carbolite Furnaces, UK) following specific thermal treatments designed to allow
the complete decomposition or oxidation of the pore generator included in the specimen and to obtain
samples which could be manipulated without fracture (Table 2).

Bulk density of green and sintered specimens was measured by mercury immersion (Archimedes’
method). However, the data of green bulk density of the electrodes was calculated as the result of
discounting the porogen content to the experimental value of green bulk density. The densification was
calculated as the change in bulk density due to sintering divided by the change needed to attain a pore-
free solid (according to German [30]). In other words, densification was referred only to the ceramic
fraction, excluding porogens. The pore size distribution as well as the total pore volume and



characteristics pore diameters of the electrodes were measured through the mercury intrusion technique
(AutoPore IV 9500, Micromeritics, USA) and the microstructure was visualized by FEG-SEM
(QUANTA 200F, FEI Co, USA) in polished sections of selected samples. The electrical resistivity of
sintered samples was measured with a resistance meter (RM 3545, Hioki E.E. Corp. Japan) by the four-
points method, taking the average of ten measures for each specimen.

EXPERIMENTAL RESULTS AND DISCUSSION
1. Effects of porogens on processing

As expected, not all porogens were compatible with tin oxide processing. Starch and ammonium nitrate
produced important defects during specimen’s shaping, as cracks and laminations, which invalidated
them after sintering for further studies. Firstly, starch is well known as an organic porogen agent that is
broadly used in porous ceramic manufacture. However, their mechanical behaviour under pressing is
very different from the SnO,-based mixture. To be precise, the behaviour of starch along pressing causes
many fissures that make the green samples very fragile. In addition, the sintering treatment generates
specimens with plenty of cracks even though thermal cycle was adapted to facilitate a slow oxidation of
starch. Secondly, the composition with ammonium nitrate could be shaped without too much difficulty.
However, numerous efflorescences were observed on the surface of the specimens after drying, possibly
due to the migration of the salt. In addition, sintered specimens lost uniformity and presented a very low
densification and mechanical resistance, regardless of having adjusted the thermal cycle to allow a slow
decomposition of ammonium nitrate before densification started. As it can be observed in figure 1,
sintered samples obtained with these two porogens were easily broken. Consequently, starch and
ammonium nitrate were considered inadequate porogens for the SnO»-based electrodes, at least with the
employed processing conditions.

Urea, ammonium carbonate and coke, showed a better behaviour throughout the process. The green
samples could be manipulated without breaking. Only urea-containing specimens needed more care
during shaping due to being more fragile. The compositions with ammonium carbonate and coke showed
a similar behaviour to the porogen-free composition. In the case of the A composition, the high moisture
value obtained after drying in the oven (27.8 % in comparation with 5.0 % and 4,1 % for compositions
U and C respectively) indicates an almost complete decomposition of the ammonium carbonate together
with the elimination of the water added to facilitate the pressing. Nevertheless, the sintering thermal
treatment can cause the specimens to break under the pressure of the gases generated, considering that
part of the porogen may be present in the specimens. If the complete decomposition of ammonium
carbonate in the oven is confirmed, this porogen can be used in the future without modifying the
sintering thermal cycle corresponding to the reference composition, shortening the process of obtaining
porous electrodes.

2. Effect of porogens on bulk density, microstructure and pore size distribution

Bulk density of the shaped samples showed a decrease with respect to composition R as consequence of
porogen addition to every composition (Figure 2). Nevertheless, the estimation of the bulk density
discounting the porogen combined with the estimation of ceramic mixture’s true density from the true
densities of the three oxides (6.842 g-cm™) allowed the calculation of the porosity of ceramic specimens
excluding the porogen. This porogen-excluded green porosity of compositions U, A and C specimens
were similar and around a 38% higher than the reference composition, that is coherent with the similar
values of the estimated volume proportion of each porogen (Table 1). As a result, it was observed that
the effect of the three porogens depended only slightly on their nature. After sintering, specimen’s bulk
density decreased from 6.696 g-cm™ of reference composition to values between 4.395 g-cm™
(composition U) and 3.998 g-cm™ (composition A). Simultaneously, densification decreased from 95%
to values in the 40-50% interval for the three porogen-containing specimens and porosity increased from
2% to around 40% (Figure 4). Therefore, ammonium carbonate is the most favourable compound to
increase porosity, while urea is the one that increases it to a lesser extent and coke has an intermediate
effect.



The appearance of the sintered electrodes was different for each of the compositions (Figure 3). Pores
were nearly absent in the surface of reference specimens (composition R). In contrast, the other
compositions generated specimens with a surface full of porosity, either with rounded pores, as in the
case of compositions U and C, or in the form of cracks as it was the case with composition A. All the
specimens had enough mechanical strength to freely manipulate them and carry out their
characterization. The differences in appearance were reflected in the microstructures, as SEM images
show (Figure 3). Composition R specimens possessed a microstructure of a few, small and rounded
pores, characteristic of the last stage of sintering. By contrast, ammonium carbonate and urea generate
big pores with irregular shapes, probably related to the geometry of the porogen’s particles, dispersed
in a matrix which showed a high degree of densification at local level. Obviously, the big pores created
by the porogen are not eliminated along the sintering thermal cycle. On the other hand, coke generated
a completely different microstructure. Instead of a dense microstructure where large pores are randomly
distributed, a microporous microstructure was obtained, with a small proportion of denser zones
(possible agglomerates present in the mix of raw materials given their rounded shape). This result means
that particle size distribution of coke was displaced to lower diameters with respect to ammonium
carbonate and urea, and it also seems that coke is easier to mix with the ceramic raw materials under the
employed mixing parameters.

The characteristics of sample’s microstructure was confirmed by the pore size distribution
measurements (Figure 5). Compositions A and U specimens had a very similar pore size distribution
but displaced to a little bigger diameter for the specimens processed with urea. Those distributions are
not sigmoidal and pores with diameters bigger than 10 microns are the majority. By contrast, the pore
size distribution created by the coke is approximately sigmoidal and centred around a diameter of 3
microns. On the other hand, the two sets of total pore volume data (measured by mercury intrusion and
calculated from the difference between the estimated true density and the measured bulk density), allow
the estimation of the proportion of closed porosity (Table 3). As expected, nearly all the porosity is
closed in composition R specimens. In fact, every porogen generates different proportions of closed
porosity. Ammonium carbonate is the porogen which generates a higher proportion of closed porosity
and coke is the one which generates a nearly completely open porosity, while urea generates an
intermediate proportion of closed porosity.

3. Effect of porogens on resistivity

The direct consequence of porosity is a decrease in electrode’s electrical conductivity, as expected
(Table 4). In particular, an increase of approximately three orders of magnitude was experienced when
a 20 wt.% of porogen was included in the reference composition, whose consequence was a volume
fraction of pores around 40%.

Some equations proposed in the bibliography has been tested to model the relation between the
conductivity of pore-free material (o), the porosity (g) and the conductivity of the porous material (o),
or its inverse the resistivity (p).

1) Archie’s empirical equation (Eq.1) proposes a potential relationship where m is theArchie’s
exponent, which is related to the connectivity between the nonconducting phase (pores) and the
conducting one (ceramic) [31].

o =0,(1—¢)™ Eq.l
2) Wagner equation (Eq. 2), [32].
o X gy(1—¢) Eq.2

3) The Maxwell-Garnett model (Eq.3) and the Bruggeman approximation (Eq.4) were derived
from Effective Medium Theory (EMT), which considers spherical inclusions in the matrix. [33].

o Eq.3
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4) The Sun et al.’s equation considers that the effect of porosity varies depending on whether it is
closed or open [34]. In this model the resistivity (p) of a solid with a volume fraction w; of
closed porosity and a volume fraction w, of open porosity is given by Eq. 5, considering po the
resistivity of pore-free solid and x and y the fractions of open and closed porosity (x+y = 1).
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5) Pabst’s exponential relation, which introduces the parameter k, is a simplified version of their
more complex model which entails spheroidal pores with different aspect ratios and orientations
[35].
0 = ggexp (— ﬁ) Eq.6

The proposed models do not predict the strong variation in resistivity in function of porosity obtained
in our specimens (Figure 6). Only Archie’s equation and Pabst’s exponential equation gives an
approximation but for high values of their respective parameter. To be precise, Archie’s equation
estimates the order of magnitude of the change in conductivity if the value of m is higher than ten, which
is superior to values obtained for correlations of ionic conductivity-porosity in La;Mo;sWo509, YSZ,
Ce0.9Gdo.101.05 and Lag Ges sAlo 502615 which were 2.69, 2.74, 1.9 and 1.8 respectively [33]. In the case
of k parameter of exponential equation, Pabst et al. deduced that this parameter could tend to infinity if
the pores were in the form of randomly oriented disks, and the thickness could tend to zero [35], giving
a possible interpretation of the obtained data. In addition, the experimental data for the three groups of
samples cannot be modelled with a single pair of values for each model, meaning that porogen nature
could also play a role over conductivity. The calculated values of the parameters of Archie and Pabst’s
equations for the three groups of samples pointed to a similar value of py for the porous-free sample
(around 5.4 Q-cm for Archie’s equation and 5.1 Q-cm for the Pabst’s equation, Table 4), which was
coherent with the identical nature of the ceramic matrix. However, the values of the second parameter
showed notable differences, spanning from 10.8 to 15.9 in the case of m and from 8.0 to 12.5 in the case

of k.

Assuming that parameter m is related to connectivity of the conductive phase, differences found in the
calculated values would mean that in the Sb,O; and CuO doped SnO, ceramic electrodes the
connectivity of the paths for the transfer of the electrons is much lower than that which would be deduced
from the microstructure, especially in the samples of compositions A and U. By contrast, samples of
composition C would have a microstructure more in accordance with the value of m, even though its
value is intermediate between the other two compositions. According to the Pabst et al. model, the shape
of the pores should resemble finely oriented random discs, but only samples of composition C could
approximate this estimate. These results seem to indicate that in samples A and U not all the ceramic
phase actually is a path for charge carriers, but only a fraction of it. As a hypothesis, it could be suggested
that gases generated by decomposition of urea and ammonium carbonate particles along sintering
thermal treatment reduced the proportion of charge carriers in their surroundings, leaving a much more
reduced network of paths for charge carriers. However, to the best of our knowledge, no data has been
published showing the same behaviour in other electrically conductive ceramics.

CONCLUSIONS

It has been demonstrated the viability of obtaining porous ceramic electrodes through the traditional
ceramic method starting from a CuO-Sb,03-SnO, composition with addition of a porogen. Nevertheless,
the porogen must be selected considering its behaviour along the process. Firstly, the dry pressing
shaping requires porogens with mechanical behaviour close to the ceramic matrix, which excludes
materials as starches. Secondly, the drying stage prevents the use of salts that easily generate
efflorescences, such as ammonium nitrate. Finally, the heat treatments designed to sinter the electrodes



must include stages to slowly decompose/oxidize the selected porogen. Urea, ammonium carbonate or
petroleum coke satisfy the above requirements.

The values for bulk density, densification and total pore volume were in the same order of magnitude
for the sintered samples obtained with urea, ammonium nitrate or petroleum coke as porogen, when
added in a 20 wt.% proportion. However, microstructure and pore size distribution were strongly
dependent of porogen nature. Urea and ammonium nitrate generate a microstructure of big pores
partially connected, whereas petroleum coke generates a more homogeneous microstructure of smaller
pores and fully connected. Therefore, it is possible to have a certain degree of control over the
microstructure through an adequate selection of porogen.

Electrical resistivity increases with porosity, but the magnitude of the change can only be modelled with
Archie's or Pabst’s equations. Both equations estimate similar values of the resistivity for the pore-free
electrode, although the parameters related to the microstructure take abnormally high values in the case
of urea and ammonium carbonate. These values could be interpreted considering that not all the ceramic
matrix intervenes in the transfer of charge carriers. The cause would be that some processes related to
urea or ammonium carbonate behaviour along the thermal cycle reduce the conductivity of the ceramic
matrix fraction closest to them. As a direct result, petroleum coke seems to be a good material to create
porosity in Sb,0O3 and CuO doped SnO- ceramic electrodes processed by the traditional ceramic method.
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APPENDIX
Tables:

Table 1: Tested compositions (in wt.%).

ceramic porogen Estimated

composition 5,0, Sp,0; CuO  type  wt% PYA  porogen
volume (%)

R 9748 193 0.59 - - 0.80 -
S 7795 1.55 0.50 Starch 20 0.80 26.0
AN 7795 1.55 0.50 NH4NOs 20 0.80 11.6
U 7795 1.55 0.50 Urea 20 0.80 15.2
A 7795 1.55 0.50 (NH4):COs 20  0.80 133
C 77.95 1.55 0.50 coke 20 0.80 14.8

Table 2: Sintering thermal treatments used with every composition (T = initial temperature, r; = heating
rate of stage 1, T; = final temperature of stage i, t; = soaking time at the final temperature of stage 1).

Parameter Pore generator included on the composition
None Starch NH4NO3 (NH4):CO3 Urea Coke
To (°C) 25 25 25 25 25 25
1 (°C-min") 15 10 10 1 1 10
T1 (°C) 1200 200 200 200 300 200
t1 (min) 360 60 60 60 0 60
r2 (°C-min") Natural 1 0.5 15 2 1
T2 (°C) cooling 300 300 1200 400 300
t2 (min) 60 60 360 0 60
r3 (°C-min’") 1 15 Natural 15 1
T5 (°C) 500 1300 cooling 1200 500
t3 (min) 60 360 360 60
r4 (°C-min’") 15 Natural Natural 15
T4 (°C) 1200 cooling cooling 1200
t4 (min) 360 360
Natural Natural
cooling cooling

Table 3: Results of the mercury intrusion assay and estimations of total pore volume, from the bulk
density, and the fraction of closed porosity.

Mercury intrusion assay Estimation

Reference Total pore Dio Ds, Doy Total pore Closed
volume volume pores

(Cm3' g-l) ("’m) ("’m) (Mm) (Cm3' g-l) (%)

R 0.0003 147.7 25.7 7.4 0.003 92.2

8] 0.0698 115.8 28.0 1.5 0.081 14.2

A 0.0757 99.1 12.2 0.9 0.104 27.1

C 0.0957 5.6 3.5 1.7 0.099 3.5




Table 4: Calculated parameters of Archie’s and Pabst’s equations.

Resistivity Archie’s equation Pabst’s equation
Composition p Po m Po k
(Q-cm) (Q-cm) (-) (Q-cm) (-)

0] 197.6 5.7 15.9 53 12.5

A 60.9 5.1 10.7 4.8 8.0

C 142.4 5.4 12.8 5.0 9.7

Figure 1. Sintered electrodes which included starch (upper) and NH4sNO3 (down) as porogens.
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Figure 2. Experimental bulk density of green dry-pressed specimens and estimated values of their bulk
density and porosity after discounting the mass and volume of the porogen.

Figure 3. Visual appearance and micrographs of the sintered electrodes. R: base composition without
porogen; U: composition with 20 wt.% of urea; A: composition with 20 wt.% of ammonium carbonate;
C: composition with 20 wt.% of petroleum coke.
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Figure 4. Bulk density, densification and estimated porosity of the sintered specimens.
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Figure 5. Pore size distribution of the sintered specimens.
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Figure 6. Calculated evolution of resistivity as a function of porosity according to six equations proposed
in the bibliography. Whenever possible, real parameters of the samples have been used.



