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Abstract: Structural and morphological properties of hydronium-potassium jarosite microstructures
were investigated in this work, and their electrical properties were evaluated. All the microstructures
were synthesized at a very low temperature of 70 ◦C with a reduced reaction time of 3 h. An increase
in the pH from 0.8 to 2.1 decreased the particle sizes from 3 µm to 200 nm and an increase in the
aging time from zero, three, and seven days resulted in semispherical, spherical, and euhedral
jarosite structures, respectively. The Rietveld analysis also confirmed that the amount of hydronium
substitution by potassium in the cationic site increased with an increase in pH. The percentages of
hydronium jarosite (JH)/potassium jarosite (JK) for pH values of 0.8, 1.1, and 2.1 were 77.72/22.29%,
82.44/17.56%, and 89.98/10.02%, respectively. Microstructures obtained in this work were tested as
alternative anode materials and the voltage measured using these electrodes made with hydronium-
potassium jarosite microstructures and graphite ranged from 0.89 to 1.36 V. The results obtained in
this work show that with reduced particle size and euhedral morphology obtained, modified jarosite
microstructures can be used as anode materials for improving the lifetime of lithium-ion batteries.

Keywords: hydronium jarosite; potassium jarosite; microstructures; pH; aging time; energy storage;
euhedral morphology

1. Introduction

Mineralogically, jarosite belongs to the isostructural family of minerals “Jarosite-
Alunite”, in which the general formula is AB3(SO4)2(OH)6, where A can be, H3O, Na, Rb,
Ag, K, NH4, 1/2Pb, or 1/2Hg, and B can be Al (III), Cu (II), or Fe (III). Thus, potassium
jarosite is a hydrated mineral that contains alkalis and ferric iron with the chemical formula
H3O-KFe3(SO4)2(OH)6 [1–3]. Jarosite [KFe3(SO4)2(OH)6] is a pure mineral that belongs to
the trigonal crystal system with a rhombohedral structure and has been be acquired from
highly acidic surroundings such as in the southeast Spain, where jarosite was found for
the first time in the Jaroso Ravine in the Almagrera Sierra [4]. Jarosite-type compounds
have been of great interest mainly to mineralogists and metallurgists devoted to extractive
metallurgy, because the jarosites contain valuable metals such as silver in their crystalline
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structure, which can be recovered by alkaline decomposition processes [5], involved in the
following chemical reactions: [6] Formula (1), [7] Formula (2), and [8] Formula (3)

(K0.91Ag0.007(H3O)0.083)Fe3(SO4)2(OH)6(s) + 3.083OH−(aq) + 0.014CN−(aq) →
2SO2−

4(aq) + 0.91K+
(aq) + 3Fe(OH)3(s) + 0.007(Ag(CN)2)−(aq) + 0.166H2O

(1)

(NH4)0.71Ag0.04Fe2.85(SO4)2(OH)5.5(s) + 3.51OH−(aq) + 0.21Ca2+
(aq) → 2SO2−

4(aq) +
0.71NH+

4(aq) + (0.04Ag(OH) + 2.85Fe(OH)3 + 0.21Ca(OH)2)(s. amorphous)
(2)

(Pb0.32(H3O)0.35Ag0.011)Fe3(SO4)2(OH−)6(s) + 4.001OH−(aq) → 2SO4
2−

(aq) +
3Fe(OH)3(s) + 0.32Pb(OH)2(s) + 0.011Ag(OH)(s) + 0.7H2O

(3)

During the elimination of iron in the leaching process, where the residues have to be
filtered and discarded, jarosite [9] has been predominantly used where the particle size and
morphology play a crucial role. Large particle sizes are always preferred to improve the
filtering process [10]. Other important applications of nano- or microstructured potassium
jarosite [KFe3(SO4)2(OH)6] are spin chirality on a two-dimensional (2D) geometrically
frustrated lattice, geochemical indicators due to their unique structural and magnetic
properties [11,12].

In addition, jarosite is a mineral that is found all over the planet and has been detected
in Mars [13]. This mineral can be found in acidic sulfate soils, and oxidized zones of
sulfur mineral deposits. In the industry, it can also be found in hydrometallurgical and
bioleaching systems, and in environments contaminated by acid mine drainage [14]. It has
also been proven that jarosite-type compounds are better absorbents of dangerous wastes
as compared with other minerals for the elimination of toxic metals, due to the presence of
these toxic elements in the crystalline structure of the jarosite-type compounds [15], such
as Cr [16], V [17], Pb-As, Pb-Cu and Pb-Zn [18], As [19], and Pb [8].

For decades, the properties of this mineral, as well as the conditions of synthesis
and decomposition, have been studied widely, principally employed in the zinc industry
process to precipitate non-desired iron and other elements and to facilitate the filtering
process. Recently, however, studies on this mineral have been carried out as they have also
provided information on the geochronology and climate of the area in which they are found.
Due principally to the isotopic relationship of O and H in the OH groups, in hydronium
jarosite (Formula (4)) and copiapite (Formula (5)), which together with schwertmannite
(Formula (6)), are minerals that have hydroxyl groups in their structure due to their similar
chemical structures as follows:

(H3O)Fe3(SO4)2(OH)6 (4)

Fe2+(Fe3+)4(SO4)6(OH)2·20H2O (5)

(Fe3+)16O16(OH)9.6(SO4)3.2 (6)

Thus, these isotopic studies have helped to determine, important information about
the geochemical processes that contribute to establish climatic and geochronological
changes [15,20,21].

A wide range of researchers have carried out experiments to synthesize jarosite under
laboratory conditions (synthetic jarosite) where the principal characteristics employed
during the synthesis were high synthesis temperatures (>90 ◦C) and time (>24 h) [5–8].
For example, alkaline decomposition of jarosite-type compounds obtained with synthe-
sis temperatures between 93 and 98 ◦C and time of ~24 h has been executed, where the
particle sizes were from 20 to 80 µm in diameter [8,17,19,22,23]. Additionally, synthesis
of jarosite particles with diameters <50 nm has been reported, however, the presence of
other agents such as potassium fluoride, δ-MnO2 nanosheets, and other variables were
necessary during the synthesis in addition to the traditional wet chemical method [17,24,25].
Until now, different synthesis methods have been developed with different parameters
for obtaining jarosite structures, but the wet chemical synthesis method is the most sim-
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ple, precise, and cost-effective method for obtaining size and morphologically-controlled
jarosite microstructures [16].

Traditionally, jarosites have been synthesized to eliminate Fe from a hydrometal-
lurgical solution from electrolytic zinc recovery, and other applications; however, recent
investigations have paid attention to the use of this type of compounds as anodes and/or
cathodes in lithium-ion batteries. A scalable method to prepare a two-dimensional material
composed of a hybrid material of potassium jarosite/rGO, has been proposed for using
jarosite as a cathode. This is a solution phase oxidation process at elevated temperature,
where the grapheme oxide sheets act as a base for the direct growth of mono crystals of
potassium jarosite [25]. The KFe3(SO4)2(OH)6/rGO hybrid material synthesized has been
demonstrated to have significant potential for applications such as a high-performance
cathode material in new-generation lithium-ion rechargeable batteries. Therefore, potas-
sium jarosite (KFe3(SO4)2(OH)6 and sodium jarosite [NaFe3(SO4)2(OH)6] materials have
attracted the attention of researchers for their application as cathodes in lithium-ion batter-
ies, due to their unique topotactic reversible reaction [9]. In this electrochemical process,
jarosite-type hydrosulfates have indicated their energy storage capability [9]. In the same
way, Ding et al. [26] used a template-assisted redox method to synthesize nanosheets of
potassium jarosite that delivered a large specific capacity of 117 mA h g−1 at 0.2 C and
about 80 mA h g−1, at 10 C, after 50 cycles, and showed excellent rate capability and
capacity retention.

Other researchers have highlighted that the crystalline structure of these compounds,
the alkaline elements involved such as K and Na, and the morphology played an important
role in the intercalate and deintercalate of small ions such as Li+ between the layers.
Theoretically, there are three lithium ions that can be intercalated and deintercalted, as
mentioned in the formula, KFe3(SO4)2(OH)6. In the jarosite crystal structure, the potential
range of 1.5–4 V vs. Li/Li+, via reduction/oxidation between Fe3+ and Fe2+, corresponds
to a theoretical capacity of 166 mA h g−1, which makes it a promising cathode material for
lithium-ion batteries (LIBs) [2,27–29].

All the above studies and others related to jarosite-type compounds have managed to
find interesting advanced innovation for obtaining these materials, which by modifying
parameters and synthesis methods have found appropriate morphologies and particle sizes
to evaluate new properties that place them as a material with possible applications in new
fields such as that of energy storage. Currently, the field of portable electronics continues to
be monopolized by first-generation LiCoO2 layered cathodes in lithium-ion batteries (LIBs)
and recent research has favored removing Co, due to its toxicity and method of obtaining.
For this reason, they are looking for new materials that have a low cost with great capacity
to behave either as an anode or cathode [30–32].

Therefore, this work demonstrates the improvements such as low operation tem-
perature (70 ◦C), low synthesis time (3 h), changes in pH, and aging time applied to the
traditional method of synthesis for jarosite-type compounds to obtain a new modified
method making the synthesis both economical and environmentally friendly. Changes in
pH (0.8, 1.2, and 2.1) and the aging time (zero, three, and seven days) after the synthesis,
have contributed significantly to a reduction in particle size and the morphologies such as
spherical and euhedral. Some authors have indicated that the high crystalline structure
of a jarosite-type compound, its particle size, and morphology have significant impact on
the lifecycle and experimentally achievable capacity for the galvanostatic charge-discharge
in LIBs [33]. Finally, the obtained synthetic jarosite structures could be utilized as a novel
material in lithium-ion batteries according to the results found in the Daniell Cell for the
electrodes made of jarosite and graphite.

2. Materials and Methods
2.1. Synthesis of Hydronium-Potassium Jarosite

In this work, first the synthesis method was modified to find the best experimental
conditions to obtain jarosite-type compound with reduced particle size, and then by fixing
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the parameters the process was directed to modify the morphology to analyze the electrical
properties of these powders. The synthesis of potassium jarosite employed in this work
was similar to the method reported by Dutrizac and Kaiman [34] and Salinas et al. [22]
with considerable modifications. In addition, all chemicals, iron (III) sulfate (Fe2(SO4)3)
and potassium sulfate (K2SO4) as a source of potassium jarosite and sodium hydroxide
(NaOH) and sulfuric acid, (H2SO4) were utilized for adjusting pH in this work and were
purchased from Sigma-Aldrich (St. Louis, MO, USA) with high purity (>99%). In the
present work, 0.15 M of Fe2(SO4)3 and K2SO4 aqueous solutions were separately prepared
in 0.5 L three-neck flasks containing a mixture of Fe2(SO4)3 and K2SO4 in 0.3 L deionized
water equipped with a pH measurement system, with the temperature maintained at 70 ◦C.
Figure 1 shows the experimental setup for obtaining the jarosite powders.
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The above mixed solution had a pH of 1.1 and it was left for 3 h with a stirring rate of
~200 s−1, which resulted in brown precipitates. The procedure was replicated for samples
with a pH of 0.8 and 2.1 by adding H2SO4 and NaOH, respectively, drop wise through
the left neck of the flask and monitoring the pH with a potentiometer placed in the right
neck of the flask. The reaction time of ~3 h, synthesis temperature of ~70 ◦C, and stirring
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rate of 200 s−1 were kept constant for all the samples. Finally, precipitates, in each case,
were collected separately, filtered, and dried at room temperature. Additionally, two more
samples with pH of 2.1 were synthesized with an additional aging time of 3 and 7 days
before the filtration of precipitates. All the samples synthesized are shown in Table 1.

Table 1. List of samples with their synthesis conditions studied in this work.

Sample Name pH Aging Time

Jar-0.8-0 0.8 0
Jar-1.1-0 1.1 0
Jar-2.1-0 2.1 0
Jar-2.1-3 2.1 3
Jar-2.1-7 2.1 7

2.2. Material Characterization

All the synthetic jarosite powders were characterized by low-vacuum scanning elec-
tron microscopy (LV-SEM) in a JEOL JSM5900-LV machine equipped with an Oxford energy
dispersive spectrometry (EDS) and operated at 20 kV to observe surface morphology, chem-
ical composition, and the effect of pH and sintering temperature on particle size. The X-ray
diffraction analysis was carried out using the powder technique in a Bruker D8 Discover
diffractometer, with a CuKα = 1.5406 Å radiation source, operating at 40 kV and 40 mA.
Diffraction patterns were collected in a 2θ range from 10◦ to 70◦ with an increment step size
of 0.03◦ to identify the phase compound and the crystalline structure of jarosite. Finally,
the X-ray diffraction patters were subjected to a Rietveld analysis using a Topas2 software;
R3e factor and χ2 were parameters used to indicate the accuracy of this refinement of X-ray
diffraction (XRD) patterns.

2.3. Preparation of Electrodes and Evaluation of Electrical Conductivity

To evaluate the electrical properties of the powders of hydronium-potassium jarosite,
electrodes of a mixture of jarosite and graphite were prepared. The procedure to elaborate
the electrodes was the following: First, 0.1 g of graphite was weighed for each electrode
and, from each jarosite sample, 0.1 and 0.5 g were weighed, respectively, to obtain two
electrodes from each sample. Then, 15 to 20 drops of silicone oil were added with a syringe
to form the paste, which was subsequently deposited on a piece of transparent plastic
acetate that served as a mere support for the paste, as shown in Figure 2.
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To carry out the electrical tests of the hydronium-potassium jarosite samples, an
arrangement similar to the one shown in Figure 3 was setup, and the tests were carried
out with calcium chloride (CaCl2) as electrolyte in order to evaluate the behavior of the
electrodes.
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Figure 3. Experimental arrangement for electrical tests (Daniell’s Cell).

For the electrical tests, a supersaturated solution (60 mL) of calcium chloride (CaCl2)
in injectable water was prepared to be used as electrolyte, a Cu coin was used as cathode,
and the different electrodes were prepared with paste of carbon + jarosite synthesized at
different pH’s.

3. Results and Discussion
3.1. X-ray Diffraction (XRD) Analysis

The X-ray diffraction patterns of the synthesized potassium jarosite powders for all
samples are shown in Figure 4. The patterns show the formation of synthetic potassium
jarosite (H3O-K)Fe3(SO4)2(OH)6) with (113) as the preferential orientation. It is evident
from Figure 4 that all the powders exhibit the rhombohedral structure of potassium jarosite
and match the International Centre for Diffraction Data Powder Diffraction Files (ICDD
PDF 22-0827). All samples synthesized with different pH values and aging times showed a
well-defined crystallinity, and no other peaks related to different jarosite forms, or products
related to precursor residues could be identified; therefore, a solid solution of hydronium-
potassium jarosite powders was synthesized.

A comparison of all the XRD patterns showed that irrespective of aging time, all the
diffraction peaks were narrow and well separated with an increase in pH, confirming
that samples improved their crystallinity and increased crystallite size (Table 2) due to
the reduction in strain and defect density of the crystal. Whereas an increase in the aging
time made the diffraction patterns broader and connected. As shown in Figure 4, it is
evident that with an increase in the aging time, intensities of all the planes decrease and
planes such as (003), (015), (006), (027), and (009) try to vanish, which is corroborated by an
increase in the chemical reactivity among the species involved, resulting in decomposition
of the jarosite structures in the presence of the ionized residues after the precipitation with
increased aging time. With an increase in the pH of the samples, there was no differences
in the plane intensities or in the number of planes.
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Table 2. Crystallite size and lattice parameters of jarosite powders for different aging times and
pH values.

Sample Name Average Crystallite Size (nm) a (nm) c (nm)

Jar-0.8-0 14.5 7.316 17.15
Jar-1.1-0 12.2 7.2995 17.12
Jar-2.1-0 9.48 7.2748 17.10
Jar-2.1-3 10.67 7.2837 17.12
Jar-2.1-7 7.83 7.2684 17.07

ICDDPDF 22-0827 - 7.29 17.13
Standard deviation 2.286 and medium size of crystallite 10.94.

The presence of precipitates during the aging makes the structures react with the
released ions such as H3O+, K+, Fe3+, and OH−, which restricts the growth in the desired
planes or vanishes some planes. We believe that the presence of adequate OH- ions for the
pH value 2.1 resulted in lower crystallite size and deviated lattice parameters.

In addition, with an increase in both pH and aging time, there is shift in the principle
(113) plane for all jarosite structures, which is replotted and shown in Figure 5. In order to
ascertain the effect of pH and aging time, a line broadening analysis of (113) peak using the
Debye–Scherrer equation was employed to find the crystallite size and lattice parameters
for all samples, as tabulated in Table 2.
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By comparing Table 2 and Figure 5, it is evident that a decrease in pH from 1.1 to
0.8 increased the crystal size and lattice parameters showing a right shift, due to the
substitution of hydronium by the potassium cation occurring in the jarosite structures.
Whereas an increase in pH from 1.1 to 2.1 reduced the crystal size and lattice parameters,
noting that a left shift in the preferential orientation occurred due to the above mentioned.
Additionally, with an increase in the aging time from zero to three and seven days, a peak
broadening, i.e., a shift in the (113) peak and vanishing of (012) plane, is noticed. Powders
synthesized without any modification, utilizing sulfuric acid or ammonium hydroxide
with pH of 1.1, present lattice parameters that are inconsistent with the theoretical synthetic
jarosite lattice parameters. Whereas the lattice parameters are largely deviated for the aged
powders and slightly deviated for the powder with different pH values. Crystallite size
and lattice parameters decrease drastically for powders with seven days aging time. This
is due to the decomposition of the planes of the jarosite structures and the hydronium
substitution produced during the decomposition of the planes in the aged powders. This
clearly evidences that the pH and aging time causes significant hydronium substitution in
the jarosite structure, which results in changes of the crystal size and lattice parameters.

Because NaOH was used to control pH values, a Rietveld analysis was done (as
described in Section 2.2) to determine if sodium jarosite was formed during synthesis.
Table 3 shows the Rietveld results, it can be observed that only the potassium jarosite
was formed with important substitution of hydronium, resulting in a solid solution of
hydronium-potassium jarosite. In conclusion, it can be observed that with increasing pH



Minerals 2021, 11, 80 9 of 15

the amount of hydronium substitution also increases from 77.71% at a pH of 0.8 to 89.98%
at a of pH 2.1.

Table 3. Rietveld analysis for the synthesis of jarosite and effect of pH values (0.8, 1.1, and 2.1).

Sample
Name

Potassium
Jarosite
(JK) (%)

Lattice Parameters Hydronium
Jarosite
(JH) (%)

Lattice Parameters

a (nm) c (nm) a (nm) c (nm)

Original - 7.2900 17.1600 - 7.3238 17.005
Jar-0.8-0 22.29 7.3840 17.0320 77.71 7.3238 17.005
Jar-1.1-0 17.56 7.3105 17.2731 82.44 7.3287 17.005
Jar-2.1-0 10.02 7.2913 17.1744 89.98 7.3052 16.9700

3.2. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectrometry (EDS) Analysis

Scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS) were
employed to obtain the morphological and compositional properties of the jarosite pow-
ders and subsequently interpret their association with the structural properties. Figure 6
shows the SEM images of the potassium jarosite powders synthesized at pH values of
0.8 (Figure 6a,b), 1.1 (Figure 6c,d), and 2.1 (Figure 6e,f); aged for zero (Figure 6e,f), three
(Figure 6g,h), and seven (Figure 6a,b) days. The EDS analysis of all the samples are resumed
and tabulated in Table 3.

Jarosite powders show similar agglomerates of ~2 µm, for samples prepared with pH
values 0.8 and 1.1 (see Figure 6a–d). The prepared powders with a pH of 1.1 show a dense
morphology with a very broad distribution of grain size ranging from 500 nm to 3 µm
(Figure 6c,d). A decrease in pH to 0.8 by adding sulphuric acid resulted in a decrement
in the size of the agglomerates and also in the density of the particles (Figure 6a,b). This
is attributed to the relative reduction in OH- ion concentration. In both samples with pH
values 0.8 and 1.1, no specific morphology was observed, only agglomerates with random
size and density were noticed. As the pH value increased to 2.1, exceptionally, jarosite
particles were observed with an elliptical or semi-spherical morphology with particle
size around 1 µm (Figure 6e,f). For powders with a similar pH of 2.1 and with increased
aging time of three and seven days, the morphology changed drastically to spherical and
euhedral structures, respectively (Figure 6g–j). Particle sizes of around 500 and 200 nm
were found for powders aged for three and seven days, respectively. Particle size decreased
with an increase in aging time from 2 µm to 200 nm. By comparing the particles sizes
analyzed in SEM with XRD crystallite sizes, we believe that the particles observed in SEM
are constituted with smaller crystallites.

The prepared jarosite solution is acidic with pH 1.1 and as the pH of the solution
is increased by the addition of a strong base, i.e., NH4OH, mainly K+ and OH− ions are
liberated which make the solution more soluble and these OH− ions are situated on the
facets of the formed nuclei [28]. Later the growth and agglomeration are restricted by OH-

ions resulting in some elliptical particles (Figure 6e,f). When the precipitates are left in the
supernatant for three days, increased H3O starts incorporating into the structure, allowing
the growth in a direction, which results in the spherical-like morphology (Figure 6g,h).
Furthermore, with an increase in the aging time to seven days, besides incorporation of the
H3O, a majority of the planes starts decomposing and forms particles with different facets
resulting in euhedral potassium jarosite structures (Figure 6i,j). Therefore, pH is a very
important parameter for obtaining the desired surface morphology. The decomposition of
the planes is clear from the XRD analysis (Figures 4 and 5) where the planes (012) and (113)
reduce to only (113), confirming the decomposition of planes and, subsequently, result
in euhedral structures (Figure 6j). To observe the liberation and incorporation of cations
and anions in each sample, EDS analysis was performed, and the results are tabulated
in Table 4.
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Figure 6. Scanning electron microscopy (SEM) image of potassium jarosite particles synthesized
at different conditions. (a,b) pH 0.8; (c,d) pH 1.1; (e,f) pH 2.1 with no aging time; (g,h) pH 2.1
with 3 days aging time; (i,j) pH 2.1 with 7 days aging time. Left and right column images are with
magnifications 10,000× and 20,000×, respectively.
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Table 4. Energy dispersive spectrometry (EDS) point analysis of all the synthesized samples as compared with the theoretical
and synthesized values reported [32].

Jarosite
Component

Theoretical
(%)

Synthetic
(%)

Jar-0.8-0
(%)

Jar-1.1-0
(%)

Jar-2.1-0
(%)

Jar-2.1-3
(%)

Jar-2.1-7
(%)

K 7.81 7.17 5.50 6.20 6.72 7.02 7.15
Fe 33.45 29.50 20.20 20.90 21.20 21.48 21.43

SO4 38.36 40.70 39.84 38.95 40.14 43.44 44.70
H3O + OH * 20.38 22.63 34.56 33.95 31.94 28.06 26.72

* Calculated by difference and considering the incorporation of H3O into jarosite structure.

In Table 4, we compare the elemental composition values with the theoretical and syn-
thetic jarosite composition values reported by the traditional synthesis method employed
first by Dutrizac and Kaiman who synthesized it simply by dissolving the corresponding
alkali sulfate salt with ferric sulfate and heating at temperatures close to the boiling point
of the solution, for reaction times ranging from 3 to 24 h [34]. According to the EDS results,
it can be observed that the values of K and Fe are similar to the values reported from the
traditional synthesis method with an increase in pH from 0.8 to 2.1, which we believe
is due to the utilization of a lower molar concentration (0.15 M) as compared with the
reported work. Whereas the contents of SO4 and (H3O + OH) were relatively higher which
is conventional, because as the quantity of anions liberated increases, the solution pH also
increases, and the pH utilized in the theoretical and synthetic jarosite was 1.2. Therefore,
by comparing XRD, SEM, and EDS analysis it can be concluded that the aging time makes
the jarosite form euhedral structures and increased pH makes the size of the particle more
micrometric. The results of this work are preliminary and, in the future, detailed analysis
of aging time and pH should be studied to obtain the nanometric jarosite structures.

3.3. Electrical Analysis

According to these results during electrical tests, it can be seen in Table 5 that the
electrochemical reaction executed by the electrodes prepared with hydronium-potassium
jarosite and graphite suggests that they are suitable as cathode materials. Table 5 shows
that the best results found were for the jarosite synthesized at a pH of 2.1 with three and
seven days of aging, where morphology is spherical and euhedral, respectively.

Table 5. Results obtained during the electrical test done on electrodes prepared with jarosite and
graphite, using calcium chloride as electrolyte.

Electrode Registry (V) Reverse (V)

Cu coin 0.52 -
Graphite-0.1g (G1) 0.89 −0.90
G1/Jar-0.8-0 (0.1 g) 0.90 −0.95

G1/Jar)-0.8-0 (0.05 g) 0.90 −1.01
G1/Jar-1.1-0 (0.1 g) 0.96 −0.99

G1/Jar-1.1-0 (0.05 g) 0.89 −0.90
G1/Jar-2.1-0 (0.1 g) 0.94 −0.95

G1/Jar-2.1-0 (0.05 g) 0.90 −0.96
G1/Jar)-2.1-3 (0.1 g) 1.00 −1.00
G1/Jar-2.1-3 (0.05 g) 1.35 −1.42
G1/Jar-2.1-7 (0.1 g) 1.36 −0.98

G1/Jar-2.1-7 (0.05 g) 1.00 −1.05

According to these preliminary results, it can be seen that the jarosite synthesized at
pH 2.1 and with a resting time of three and seven days, shows the best results, obtaining an
average potential of 1.35 V, which is close to the potential generated by a standard battery
that is 1.5 V and a little above the voltage generated by the rechargeable battery that is
1.2 V.
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These results also indicate that particle size and morphology play an important role,
since these materials have average particle sizes ranging from 1 to 0.2 microns, and spherical
and euhedral morphologies (Figure 6g–j), which coincide with some researchers who have
reported that particle size and morphology of crystalline jarosite played an important role
in the ability of these compounds to serve as cathode in LIBs [9,34].

Finally, Table 6 shows the results found in this work as compared with other results
from some previous research regarding the morphology, particle size, and electrical proper-
ties of these kind of solid solutions. It can be seen that the sizes and morphologies found
were of importance during the electrical test carried out on these powders. In addition, the
low temperature, pH, and reaction time used, combined with the aging time, resulted in
these sizes and morphologies. Finding that with a pH of 2.1 and three to seven days of
aging, the morphologies vary from spherical to euhedral with particle sizes from 0.2 to
1 µm.

Table 6. Comparative description of some previous works related to the synthesis of jarosite type
compounds and their characteristics.

Jarosite Synthesis Conditions/Results

K 25 ◦C, 1 atm, pH 0.9–2.22, time 6 weeks–6
months/potassium jarosite [35]

NH3-Na 180–190 ◦C, 350 KPa, 0.75 h retention
time/agglomerates >10 µm [36]

Ag-Pb 98 ◦C, 24 h, 500 s−1/rhombohedral crystals,
semispherical particles 80–100 µm [37]

K 99 ◦C, 24 h, 500 s−1, pH 1.6/agglomerates [38]

Ag 98 ◦C, 24 h, jarosite seeds/semispherical
particles >30 µm [6]

K-Na-H3O 96 ◦C, 4 h, dehydrated overnight at 111
◦C/ICDD PDF 220827 [15]

K 100 ◦C, 24 h, 500 s−1, pH 1.5, dried at 283 K for
24 h/cauliflower particles >30 µm [39]

NH4-H3O-Ag
95 ◦C, 24 h, pH 1.8, using seeds to increase

particle size/spherical particles of
37–44 µm [40]

K-F 70 ◦C, 48 h, dried 3 days at room temperature,
pH 1.6/agglomerates of particles ~1 µm [24]

Ag-Rb 95 ◦C, 24 h, pH 1.2/particles 20–30 µm [22]

K-based GO

Graphene oxide layers, 81 ◦C, 12 h, stirred for
10 h at 25 ◦C/bulks of JK >10 µm, with

nanoplates width ~800 nm and thickness ~100
nm, reversible capacity of 70.7 mAh g−1 [25]

K-rGO nanosheets

Dissolution of KNO3-FeSO47H2O-GO, 111 ◦C
(autoclave) during 12 h/particle size over 4
µm, 545 mAh g−1 at the end of 1000 cycles at

500 mAh g−1 [30]

H3O-K

70 ◦C, 3 h, pH (0.8, 1.1 and 2.1), aging time 0, 3,
and 7 days/particle sizes varying from

agglomerates 5 to 10 µm to individual particles
from 0.2 to 1 µm. Morphologies from quasi
spherical, elliptical, spherical, and euhedral.

With electrical properties generating from 0.86
to 1.36 V in the Daniell’s cell (this work)
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4. Conclusions

Wet chemical synthesis of potassium jarosite powders was successfully performed
at a low temperature of ~70 ◦C and with only 3 h of reaction time. The results found in
this work, indicate that the morphological and microstructural properties of hydronium-
potassium jarosite have a strong dependency on synthesis parameters, mainly the pH of
the solution and the aging time. For samples with a pH of 0.8 and 1.1, dense agglomerates
around 3–2 µm were formed; with an increase in pH to 2.1, elliptical or nonspherical
particles of ~1 µm were observed. Increasing the aging time from zero to three days
resulted in pure spherical particles of ~500 nm. Furthermore, an increase in aging time to
seven days obtained euhedral structures of ~200 nm. An increase in pH and aging time
decreased the particle size and changed the morphology from elliptical to spherical and
euhedral structures. The XRD patterns confirmed that all samples synthesized with the
new method, were concordant with the ICDD PDF 20827 of the (H3O-K) Fe3(SO4)2(OH)6
with a preferential orientation (113) plane with good crystalline structure. No other peaks
related to different jarosite forms were identified. An increase in aging time confirms
the decomposition of the planes, which is in good agreement with the SEM results. An
increase in the pH released ions such as K+, Fe3+, and OH−, which restricted the growth in
desired planes or vanished some others, was also evidenced through the EDS analysis. As
compared with theoretical and synthetic jarosite powders, the powders synthesized in this
work are relatively a solid solution of hydronium-potassium jarosite with less particle size.
In addition, the synthesis conditions utilized make the process easier and cost effective.
The Rietveld analysis confirms that hydronium substitution by potassium in the alkaline
site of the jarosite structure increase linearly with an increase in pH. Finally, based on the
electrical measurements, jarosite powders obtained is this work can be utilized as new
cathode material in lithium-ion battery applications, because the nominal voltage measured
(1.3 V) is close to the standard battery (1.5 V) and a little above that of the rechargeable
battery (1.2 V).
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