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Abstract: The paper presented delivers the proof for one of the possible solutions to the so-called
medium-temperature gap—the lack of electrolytic systems able to efficiently work in a temperature
range spanning from 200 to 450 °C. Regardless of the progress made in this field, the commercially
available systems are still operating either at close to ambient temperatures, where hydrogen purity
requirements are a significant limit, or above ca. 600 °C, where they suffer from increased corrosion
and excessive thermal stresses occurring during startup and shutdown. Alkali metal orthoborates
(M3BO3 M =Li, Na, K, or the mixture of these), in contrast to commercially used tetra-(M;B4Oy) and
meta-(MBO,) borates of these metals, are compounds with relatively poorly understood structure
and physicochemical properties. The possibility of their application as an electrolyte in a fuel cell
is a relatively new idea and has been preliminary reported. Therefore, an extended phase-focused
analysis of the materials applied was needed to re-optimize both the synthetic strategy and the
application route. Results of PXRD and FI-IR investigations showed, on the one hand, a complicated
multi-phase structure, including the main orthoborate phase, as well as the presence of additional
borate-based phases, including boric oxoacid. On the other hand, DTA tests proved not only that
their melting temperatures are lower than these characteristics for the tetra- and meta-counterparts,
but also that cation mixing leads to a subsequent decrease in this important functional parameter of
the materials studied.

Keywords: alkali metal orthoborates; molten salt-based electrolytes; structural investigations

1. Introduction

The extensive introduction of the hydrogen economy [1] is, nowadays, one of the most
promising answers to the issue of climate change [2] and related environmental pollution.
Due to the fact that the majority of currently produced hydrogen is still bearing a significant
carbon footprint [3], the rapid development of green hydrogen-related technologies, such as
solar and wind energy-fed water electrolysis [4], water photolysis [5], and biotechnological
processes [6], is crucial for overcoming this drawback.

Therefore, various types of these systems are considered for applications differing
in both the size and the purity of the hydrogen consumed. Polymeric proton-exchange
membrane-based ones (PEMFCs and PEMELSs [7]) are widely recognized as an industrial
standard; however, their extended requirements for hydrogen [8] or water purity [9] make
their application difficult in remote locations and mobile systems. In these cases, due to the
significantly weaker fragility of the respective systems to carbonyl compounds originating
from catalyst poisoning [10,11], the operation of fuel cells at temperatures exceeding 100 °C
would be a prospective technological solution [12]. Moreover, a relationship similar in na-
ture is also observed in the case of catalyst poisoning originating from H;S and organosulfur
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compounds [13]. Additional benefits related to such operational conditions [14] originate
from faster kinetics of electrode reactions [15] and simplified heat management. The latter
trait is especially important when co- or tri-generation systems based on a fuel cell are
considered or if a hydrogen stream is directly delivered to the chemical processes running
at elevated temperatures, such as toluene [16] or N-ethylcarbazole [17] hydrogenation,
where heat transfer and management [18] problems are considered as one of the crucial
hindrances of the wider technology deployment.

The first modification pathway applied to the systems is related to the alteration of
either the material of the polymeric membrane or by creating organic-inorganic composites.
These can include sulphonated poly(ether ketone)s (sPEEKs) [19], polysulphones [20],
poly(phenylene)s (sPPs) [21], or poly(phenyleneoxides)s (sPPOs) available in their both
cationic [22] and anionic [23] structural variants, hyperbranched polymeric structures
grafted with phosphoric acid proton-bearing groups [24], and, finally, polybenzimidazoles
(PBIs) [25,26], which seem to be the best candidate for the commercialization of polymeric
membrane-based cells working above 100 °C. For the latter, group operations, such as
crosslinking, led to the system being able to work at up to 170 °C and exhibiting conduc-
tivity equal to 0.14 S/cm. Moreover, various PBI-based polymeric mixtures, including
copolymers [27] and blends [28,29], were proposed. Unfortunately, despite the numerous
systems proposed, the design of a field-deployable polymer-based cell operating between
150 °C and 200 °C remains challenging, especially for limited humidity conditions [30]. On
the other hand, the latter are reported to develop a significant hindrance in the dehydration
processes occurring typically in pristine polymeric materials at this temperature range,
i.e., Nafion™ zirconium phosphate composites are, according to the report of Yang and
coworkers [31], able to operate at up to 150 °C. According to the literature reports, fuel
cell-applicable polymer-inorganic filler composites may be based not only on a Nafion™
fluoropolymeric matrix [32] but also on PBI [33], sPEEK [34-36], sPS [37], sPPO [38], or
silanes [39]. These can, as well, include the addition of intrinsically proton-conductive
compounds, such as heteropolyacids [40-42], for some of which operational temperatures
achieving 200 °C were claimed [43], or plasticization of the polymeric backbone with,
e.g., ionic liquids [44-46]. A more detailed review of this topic can be found in the paper
delivered by Kim et al. [47].

Another solution is based on the application of the relatively old technology [48] of
a phosphoric acid fuel cell (PAFC) [49]. This system design utilizes liquid phosphoric
acid (H3POy) [50,51]. A set of review papers available, including [52], a more recent one
authored by Joseph and coworkers [53], were, therefore, devoted to the application of
phosphate-based solid-state protonic conductors in intermediate-temperature fuel cells.
Authors divide systems of interest into four main groups, including ammonium polyphos-
phates, pyrophosphates, cesium phosphates, and ‘others’ being a variety of compositions
incorporating metals like lanthanum or zirconium. The presented review includes both
crystalline (a more detailed study of these structures was presented by Hatada and cowork-
ers [54]) and amorphous structures, as well as the composite materials based on them.

The other side of the so-called mid-temperature gap, on the other hand, is defined by
the lower operating temperature range of materials such as ceramic oxygen ion or proton
conductors [55,56] or molten carbonate-based systems [57,58], where the operating tem-
perature is defined by the eutectics of the materials used (lithium, sodium, and potassium
carbonates). Both solid and molten electrolytes have their advantages and disadvantages,
e.g., evaporation of the electrolyte vs. cracking due to different thermal expansions.

Regardless of the progress made in this field, these systems, while still operating at
temperatures of at least 600 °C, have drawbacks related to both increased corrosion of struc-
tural materials and excessive thermal stresses occurring during startup and shutdown [56].
Therefore, both the scientific community [59] and regulatory bodies, such as the European
Commission [60], are forcing the search for new and interesting electrochemical systems.

While initiating a survey for a medium-temperature cell design suitable for the needs
defined above, one should consider that, whereas the high-temperature operational range
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of a fuel cell is widely explored [61], the successful application of protonic conductors
operating between 150 and 400 °C is still problematic [52]. Therefore, a bunch of research
efforts were, and still are, focused on the development of novel types of protonic conductors
that are able to work in the desired temperature range. Despite the polymeric materials
mentioned above, various inorganic systems, including ceramic [56], mesoporous [62], and,
first, glassy protonic conductors, are considered potential electrolytes. It is worth stressing
that among the various methods of manufacturing these materials, a family of processes
based on the sol-gel approach [63] is widely used due to its versatility and ease of the
synthetic process.

Alkali metal orthoborates (M3BO3), in contrast to commercially used tetra-(M;B4Oy)
and meta-(MBO,) borates of these metals and respective glasses [64], are compounds with
relatively poorly understood structure [65] and physicochemical properties [66]. They
are known for their glass-forming [67], optical [68], and high-temperature lubricating
properties [69], as well as, unfortunately, for the challenges encountered when attempting
to obtain compounds with a strictly defined and consistent with formal stoichiometry
(M:B = 3:1) chemical composition [70]. The electrochemical properties of these materials
have been the subject of either very-early-stage basic research [71] or have been directed
toward their redox properties related to attempts at the electrochemical regeneration of
sodium borohydride [72], treated both as a hydrogen carrier and as fuel in borate fuel cells,
or with their potential applications in carbon capture technologies [73]. On the other hand,
the possibility of their application as an electrolyte in a fuel cell with a construction like
the molten carbonate fuel cell (MCFC) is a relatively new idea and has been preliminary
reported in [74,75]. Therefore, the report presented is devoted to the functional properties
and structural investigations of these materials in the context of previously addressed and
cited electrochemical investigations.

2. Materials and Methods

Various methods are used for the investigation of orthoborates, including molecular
spectroscopy [76], X-ray diffraction [77], and thermal analyses [78]. The literature review
also indicates that the compounds planned for synthesis (i.e., lithium, sodium, and potas-
sium salts) exhibit structural differences due to the smaller ionic radii of the present cations
compared to their rubidium [79] and cesium [80] analogs. The synthesis of materials in this
group is predominantly based on high-temperature melting processes [81,82]. However,
there are known problems with obtaining materials with a precisely defined and stoichio-
metric composition using this method [66]. The wet methods proposed in the following
studies constitute a convenient and easy-to-implement approach from a preparative point
of view. Despite the absence of appropriate preparative procedures in the literature and
basic guides to inorganic synthesis [83,84], and the resulting risk of incomplete reactions of
the used substrates, the methods may succeed in this particular case due to the intended
use of the obtained materials, whose final application is associated with operation at tem-
peratures above their melting point, as described in the literature for their high-temperature
synthesis [85].

The investigated materials were synthesized by means of the in-house wet method
developed from an aqueous solution. The stoichiometric amounts of the respective alkaline
solutions (3 M) (LiOH, NaOH, and KOH were delivered by P.O.Ch., all in analytically pure
grade) and a saturated solution of orthoboric acid (~0.8 M) (P.O.Ch. in analytically pure
grade) were slowly mixed in a closed and argon-purged PTFE beaker at a temperature
close to 85 °C and then stirred until the evaporation of water was finished, which was
determined by achieving a constant mass of the reaction mixture. Salts in the form of a
viscous slurry were later thermally annealed at 105 °C for 24 h in a nitrogen-purged thermal
chamber, maintaining the manner and minimizing the possibility of their reaction with
atmospheric carbon dioxide.

A thermogravimetric analysis (TG/DTA) coupled with mass spectrometry was used
to determine the thermal properties of the studied samples. The measurements were



Energies 2024, 17, 2097

4 0f 22

conducted using a thermobalance (STA 449C, NETZSCH, Selb, Germany) equipped with a
quadrupole mass spectrometer (QMS Aeolos 403C, NETZSCH). The samples (ca. 60 mg)
were heated in the temperature range of 30-800 °C (5 °C min~!) in airflow (100 cm?® min™1).
The mass change, temperature, and selected m/z = 18 signal (H,O) were monitored through-
out the entire experiment.

Powder diffraction measurements were performed using a powder X-ray diffrac-
tometer (Bruker D8 Advance) with a copper radiation source (Cu-Ka«l, A = 1.5405A). The
experiments were carried out at room temperature using a polished silicon crystal plate cut
with a specific <711> orientation as a sample holder, allowing to reduce the background
and improve the intensities of the Bragg peaks.

Terahertz spectroscopy measurements were performed using a TeralMAGE® time-
domain THz spectrometer (Rainbow Photonics, Ziirich, Switzerland). The broadband
THz spectrum, reaching 15 THz, was obtained by an optical rectification process of ul-
trafast pulses of FemtoFiber (Toptica, Graefelfing, Germany) fs laser radiation on DAST
non-linear organic crystals. For data processing, the OriginPro8 (OriginLab Corporation,
Northampton, MA, United States) software was used.

FT-IR measurements were performed on pulverized samples with the use of a Nicolet
Avatar 370DTGS FT-IR spectrometer (Thermo Nicolet, Madison, WI, USA) combined with
a diamond ATR thermal cell TempPRO?7 (Thermo Electron Corporation, Waltham, MA,
United States). Data processing was performed with the OMNIC™ Series (8.2.0.387)
software, delivered by Thermo Fisher Scientific (Waltham, MA, USA).

3. Results
3.1. DTA Analysis

The samples of borate salts, as well as the boric acid substrate, were initially subjected
to a DTA analysis to determine their water content and thermal stability. Upon reviewing
the results of such analysis for all samples, two areas of interest could be defined—one
in the 100-170 °C range, which would be related to the evaporation of water physically
bound in the material studied. The other one was present around 300-400 °C, which
is a temperature in the range of the dehydration of borate hydrates. This confirms the
presence of hydrates in the samples; however, it is impossible to determine whether these
were stoichiometric crystalline orthoborate hydrates or nonstoichiometric hydrated borate
salts forming a viscous liquid-like slurry. Thus, other analytic methods had been used
instead to determine the composition of the samples and the borates present in them. The
melting points registered for the basic orthoborates obtained by the presented method
are gathered in Table 1 and compared with the literature data for their commercially
available counterparts. Figure 1 demonstrates the DTA curve for the synthesized mixed
orthoborates, proving that the respective melting temperatures are significantly lower. The
values obtained are meaningfully lower for the mixed orthoborates when compared with
the single cation-based ones.

Table 1. Melting points of the orthoborate salts synthesized compared with the literature data for
their meta- and tetra-type counterparts.

X= X3BO; X;B40 XBO,
Li 660 917 [36] 849 [87]
Na 570 743 [88] 966 [89]

K 790 815 [90] 950 [91]
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Figure 1. TG/DTA profiles and corresponding mass signal of water (m/z = 18) for the studied
samples (Na1_5Lill5803, Na1_5K1.5BO3, K1‘5Li].5B03, NaKLiB03).

3.2. X-ray Diffraction

The diffraction patterns of the compounds investigated are gathered in Figure 2. The
sample of H3BOj3 consists of two crystalline phases: a HzBOj triclinic majority phase
(74.57 wt.%) (space group P-1 (No. 2), the lattice parameters: a = 7.018(3) A, b=7.035(1) A,
c=6.547(2) A, 0 =92.49°,  =101.46°, v =119.76°, strain of 0.012, and average crystallite size
of 256 A) and 25.43 wt.% of monoclinic secondary phase HyB12(OH)12 (space group P12 /n
1 (No. 14), lattice parameters: a = 8.570(2) A, b = 8.203(3) A, c = 8.465(2) A, B = 90.14°, strain
of 0.014, and average crystallite size of 202 A). The sample, denoted as Na3BOs, consists of
three crystalline phases: 59.1 wt.% of NaBO,-2H,O (sodium metaborate dihydrate, mono-
clinic, space group P 12;/a 1 (No. 14), lattice parameters: a = 5.894(4) A, b = 10.529(3) A,
c=6.139(5) A, B = 111.60°, strain of 0.025, and average crystallite size of 543 A), 259 wt.%
of NapCOs3 (monoclinic, space group C 121 /m 1 (No. 12), lattice parameters: a = 8.885(3) A,
b =5.2402) A, c = 6.040(2) A, p = 101.20°, strain of 0.018, and average crystallite size of
525 A), and 14.9 wt.% of Na3BO; (monoclinic, space group P 12;/c 1 (No. 14), lattice
parameters: a = 5.663(4) A, b =7.409(1) A, c = 9.964(3) A, p = 127.07°, strain of 0.032, and
average crystallite size of 429 A). In Naj.5Li;.5BO3, carbonates of corresponding alkali
metals are the majority crystalline phases, with a total amount of around 75 wt.%, and the
average crystallite size calculated for the majority phase (monoclinic NayCO3) is 537 A,
strain of 0.043. This sample also contains two borate-based crystalline phases: 8.7 wt.%
of LiBO,-2H,0O orthorhombic phase (space group P b ¢ a (No. 61), lattice parameters:
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a=9.155(3) A, b =7.679(3) A, c = 8.377(4) A, strain of 0.029, and average crystallite size of
585 A) and around 16.3 wt.% of monoclinic NaBO,-2H,O (strain of 0.057, average crystallite
size of 512 A). The Naj.5K; 5BO; sample consists mainly (92.8 wt.%) of potassium and
sodium carbonates (the average crystallite size of carbonates was found to be around 354 A)
with a small amount (c.a. 7.8 wt.%) of NaBO,-2H,O. The NaKLiBO3; material comprises a
considerable number of carbonates (43.3 wt.% with an average crystallite size of around
632 A), as well as around 28.7 wt.% of NaBO,-2H,0 and c.a. 23 wt.% of LiBO,-2H,O phases
with crystallite sizes of 538 A and 622 A for the sodium and lithium phases, respectively.
There are also traces of Li3BO3 (COD 2106065) and LiBO, (COD 2310701) phases. It must
be stressed, however, that most of the samples investigated exhibited both significantly
attenuated overall signals as well as strong low-angle amorphous haloes, proving the high
content of the amorphous phase.
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Figure 2. Powder X-ray diffraction patterns for borate samples. CuKe, background corrected.
The Miller indices for the crystalline phases identified for the studied samples are marked with
different colors: triclinic H3BO3—pink indices; monoclinic H;B12(OH)j,—light blue; monoclinic
NaBO,-2H,O—dark blue; monoclinic Na;CO3—green; monoclinic NazBOs;—red; orthorhombic
LiBO;-2H;O—orange; monoclinic LiyCO3—brown; monoclinic K,CO3—gray.

3.3. THz Spectroscopy

The additional spectroscopic verification [92] of the material synthesis was obtained
using terahertz-range spectroscopy. Spectral images (see Figure 3) of substrate orthoboric
acid (H3BO3), respective meta-(LiKB,O4) and tetra-(LiKB4Oy) borates, as well as the best-
performing electrolyte (Lij 5K; 5BOs3), characterized both as just-obtained material and the
specimen extracted from the dismantled cell after its use, prove not only the difference
observed between the obtained orthoborate-based materials and both the substrate and the
meta- and tetra-borate counterparts of the material investigated, but also that the carbonate-
related contamination observed in the pristine orthoborate depicted with the absorption
bands located at ~3.3 and 4.7 THz (band positions attributed according to [93]) vanishes in
the operational conditions of the cell.
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Figure 3. THz TDS absorption spectra of H3BOj3 (green), LiKB4O7 (cyan), LiKB,O4 (blue), just-
synthesized Lij 5K; 5BO3 (black), and the specimen extracted from the dismantled cell (red).

3.4. FT-IR Spectroscopy

The broad band at 3400-2900 cm ! with a visible peak at 3190 cm ™! is related to the
—-O-H stretching bonds of the -OH groups connected to boron (Figure 4, Table 2). Bands
at 2507 cm 1, 2354 em 1, 2263 cm ™!, and 1736 cm ! are to be interpreted as combination
and overtone bands, according to Parson [94], specific to metaboric acid. The broad band
found at 1403 cm ! is related to the stretching of the B-O- bond [95], but the broadness
of the band might also mask the ones related to the anti-symmetric stretching of the B-O-
bonds. The bands at 699 cm ! and 627 cm ! are related to the stretching of the B-O- bond.
It should be noted that the bands observed at 699 cm~! and 627 cm~! differ from those
observed in the literature for orthoboric acid, suggesting that either the sample might
contain metaboric acid rather than the ortho-counterpart or did not polymerize into more
complex trimeric and tetrameric crystalline structures while being dried. The band visible
at 879 cm~! has been reported by Goubeau and Hummel [96] to be related to out-of-plane
B-O- bond deformations. Some sources report that 710 cm ™! are related to BO3/BOy
bending vibrations, but the lack of other bands suggesting the presence of the polymerized
BOy structures puts that in doubt.

Table 2. Bonds identified for the H3BO3 sample along with their respective wavenumbers.

Bond Wavenumber
Overtone (sb) 3190 cm ™!
Overtone (w) 2507 cm ™!
Overtone (w) 2354 cm !
Overtone (w) 2263 cm ™!
Overtone (s) 1736 cm ™!

B-O stretch (sb) 1403 cm ™!
B-O-H deform. (in plane) (s) 1185 cm ™!
B-O- deform. (out of plane) (w) 879 cm ™!
Undetermined (s) 701 cm™!
B-O-deform. (w) 669 cm ™!
B-O-deform. (w) 627 cm ™!
B-O-H deform. (in plane) (s) 540 cm ™!

Identification performed based on information presented by Parson [94], Amaravel [95], and Goubeau and
Hummel [96].
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Figure 4. FT-IR spectra gathered for the H3BO3 sample in the 4000-400 cm ! range.

The dried samples of three salts were also analyzed—Li3BO3, NazBOj3, and K3BOs.
Firstly, bands matching the B-O-bonds that were identified at 1403 ecm~—!, 879 ecm™1,
669 cm ™! for H3BOj3 (Table 3) were identified for the three salts. The lack of the over-
tone band at 1736 cm ™! for the lithium salt spectra is also worth noting. However, it
should be noted that the bands present around 1400 and 870 cm~! were stronger than
those observed for boric acid, especially around 870 cm !, hinting that perhaps there is a
significant amount of the respective carbonates present in the sample.

Table 3. Identified positions and intensities of absorption bands (and their respective wavenumbers)
for LizBO3, NazBOs, and K3BO3 samples. Bands related to the same bond are grayed out.

Li3BO3 Na3BO3 K3BO3

(m) 3493 cm 1
(s) 3409 cm™!
(s) 3239 cm™!

(s) 3631 cm™!
(m) 3431 cm ™!
(m) 3367 cm ™1
(m) 3241 cm 1
(m) 3318 cm !
(m) 3157 cm 1
(m) 3010 cm !
(w) 1736 cm ™1 (w) 1741 cm™1
(w) 1417 cm ! (s) 1427 cm~! (m) 1432 cm 1
(s) 1366 cm !
(m) 1331 cm !
(s) 1317 cm ™!
(s) 1203 cm ! (w) 1247 cm 1 (w) 1198 cm !
(m) 1176 cm 1
(m) 1081 cm ™!
(s) 927 cm ™1
(w) 1026 cm !
(m) 1007 cm ™!
(s) 889 cm 1 (s) 874 cmfl1 (s) 879 cm 1
(w) 744 cm™
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Table 3. Cont.

Li3BO3 Na3BO3 K3BO3
(m) 782 cmﬁ
(m) 669 cm™
(s) 671 cm™1 (s) 667 cm 1 (s) 664 cm 1
(s) 588 cm ™1
(w) 585 cm 1
(s) 548 cm ! (s) 526 cm ™1 (w) 538 cm !
(s) 488 cm ™!
(s) 446 cm™1
(m) 422 cm ™!

Unfortunately, there is a lack of literature in which the spectra of lithium, sodium, and
potassium orthoborate salts are described. It could, perhaps, be assumed that the bands
observed around 1200 cm~! and 530 cm ! could be related to cation interactions between
them and the B-O- group, but it is hard to assay for this test.

It was determined that each of the salts exhibits specific absorption bands in the
3000-3500 cm ! range (Figures 5-7), the presence of which could later help identify the
presence of specific cations in the mixed salt samples. Furthermore, the broadband present
in that range suggests the presence of water, possibly in the form of hydrates. It should
be noted that samples with the K* cation had a broad band in the 3000-3500 cm ! range
(Figure 7), with only a few specific weak bands that could be identified within them.

Absorbance

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Figure 5. FT-IR spectra gathered for the Li3BO; sample in the 4000400 cm ™! range.

Due to the course of spectra analysis, it was determined that possibly all three salt
samples were contaminated with their respective carbonates, although the source of the
contamination is undetermined. This was due to detecting bands specific for the carbon-
ates [97], some of which overlap bands of the B-O- groups (especially around 1400 cm 1,
880 cm~1). Due to this, it was decided that it would be better to identify the cations in the
mixed cation salts by observing bands in the 3000-3500 cm ! range rather than relying on
bands in the 1500700 cm~! range. Spectra of 98% pure lithium, sodium, and potassium
metaborates were collected to further identify the possibility of the carbonate presence in
the sample (Figures 8-10). It should be noted that both the sodium and potassium salts were
available in hydrate forms, and, indeed, water was observable in a wide 3000-3600 cm !
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band. Once again, the bands at 1400 cm ™! and 870 cm ™! were present. However, for the
sodium and potassium salts, the band found at 1400 cm~! was weak in comparison to the
strong one present in the boric acid sample. For lithium metaborate, a medium band could
be observed instead. In the spectra registered for the metaborate salts, it was found that the
870 cm~! band for both sodium and potassium was very strong, and for lithium, a medium
one could be observed. While this, in part, confirms that these particular bands could relate
to the B-O- bonds in the salts analyzed further, the bands can overlap with those of the
respective carbonates, making the identification taxing. It can then be assumed, following
the results from the XRD analysis, that carbonate presence negatively impacts the ability to
properly analyze the samples using FTIR spectroscopy. It should also be noted that during
the course of the experiments conducted on the lithium metaborates, it was observed that
the exposure of a salt to air can cause carbonate pollution in its sample.
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0.40 - 8

N~
N
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0.35

744
526

0.30 4

1427
1176

1081

0.25

1247

3367
3241
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3631
3431

0.15

Absorbance

0.10

1736
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0.00 +

T T T T T T T T
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Figure 6. FT-IR spectra gathered for the NazBO3; sample in the 4000400 cm™! range.
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Figure 7. FT-IR spectra gathered for the K3BO3; sample in the 4000-400 cm~! range.
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Figure 8. FT-IR spectra gathered for the LiBO, sample in the 4000-400 cm~! range.
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Figure 9. FT-IR spectra gathered for the NaBO, sample in the 4000400 cm ™! range.

For the Lij 5Naj 5BO; (see Figure 11) salt, the bands for B-O- bond stretching and
deformation are still observable at 1430 cm™!, 862 cm™!, and 670 cm™1, respectively
(Table 4). Some of the bands in the 3200-3650 cm ™! range related to Na* ions were found to
overlap those of Li*, resulting in problems determining the presence of lithium cations in
the salt. However, the broad band present in the 490-400 cm ™! range most likely contains
bands related to the Li* cation interactions.
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Figure 10. FT-IR spectra gathered for the KBO, sample in the 4000-400 cm ™! range.
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Figure 11. FT-IR spectra gathered for the Li; sNa; 5BO3 sample in the 4000-400 cm ™! range.

For the K; 5Li; 5BO;3 salt (see Figure 12), the disappearance of many bands specific
to both cations is noteworthy; instead, there is a broad weak band present between 2490
and 3367 cm™~! (Table 5). The lack of the overtone observable at 1730 cm™?, hinting at
the presence of Li" cations, as observed in a previously analyzed salt, in addition to
the broad, strong band in the 480—400 cm—! range, should be noted. The bands for B-
O- bond stretching and deformation are still observable at 1432 cm 1, 876 em™!, and
664 cm !, respectively.
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Table 4. Identified positions and intensities of absorption bands (and their respective wavenumbers)
for Li3zBO3, Na3BOj3, and L 5Na; 5BOj3 salt samples. Bands related to the same bond are grayed out.

Li3BO3 Na3BO3 Li1.5Na1,5BO3
(m) 3493 cm !

(s) 3637 cm~! (w) 3630 cm ™1
(s) 3409 cm !
(w) 3426 cm~1
(m) 3431 cm !
(m) 3367 cm 1 (w) 3357 cm ™1
(s) 3234 cm ™!
(w) 3241 cm ™!
(m) 3241 cm ™!
(w) 1736 cm~! (w) 1736 cm™!
(w) 1417 cm ! (s) 1427 cm ! (sb) 1430 cm !
(sb) 1385 cm ™!
(s) 1331 cm™!
(w) 1319 cm !

(s) 1203 cm ™! (w) 1247 cm 1 (w) 1279 cm !
(m) 1176 cm’i (m) 1200 cm 1
(m) 1081 cm™
(s) 927 cm ™1
s cm ™ S cm”™ S cm™
(s) 889 L (s) 874 L (s) 862 L
(w) 785 cm ™!
(w) 744 cm 1 (w) 738 cm !
(s) 671 cm ™1 (s) 667 cm ™1 (m) 660 cm 1
(s) 588 cm™1
(s) 548 cm’i (s) 526 cm ™1 (W) 526 cm !
(s) 488 cm™
(s) 446 cm™1 (bs) 490-400 cm ™!
(m) 422 cm ™!
0.30 4

0.25+

0.20

0.15

Absorbance

0.10 4

0.05+

0.00

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Figure 12. FT-IR spectra gathered for the Li; 5K; 5BO3 sample in the 4000-400 cm ™! range.

The K; 5Naj 5BO3 (see Figure 13) salt exhibits a broad band in the 2490-3367 cm ™!

range, possibly masking the bands related to K* or Na* cations. The bands for B-O- bond

stretching and deformation are still observable at 1427 cm !, 878 em™1, and 667 cm 1,
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respectively, as well as the halftone present at 1736 cm~!; however, the band expected at
540 cm~! is not visible in these spectra (Table 6).

Table 5. Identified positions and intensities of absorption bands (and their respective wavenumbers)
for Li3BO3, K3BO3, and Li; 5K 5BOj3 salt samples. Bands related to the same bond are grayed out.

LizBO3 K;BO; Li15K1.5B03
(m) 3493 cm !
(s) 3409 cm ™!
(s) 3239 cm ™!

(m) 3473 cm !
(m) 3318 cm !
(m) 3157 cm !
(m) 3010 cm 1
(w) 1741 cm~1!
(w) 1417 cm 1 (m) 1432 cm ! (s) 1432 cm ™!
(s) 1366 cm ! (s) 1410 cm ™!
(m) 1331 cm !
(s) 1317 em™!

(s) 1203 cm ™! (w) 1198 cm~1 (w) 1196 cm~1
(w) 1026 cm 1 (w) 1020 cm ™!
(m) 1007 cm ™!
(s) 889 cm~! (s) 879 cm ™1 (s) 876 cm 1
(w) 782 cm ™1 (w) 745 cm 1
(w) 669 cm 1
(s) 671 cm~! (s) 664 cm 1 (m) 664 cm 1
(s) 588 cm ™!
(w) 585 cm 1
(s) 548 cm ™1 (w) 538 cm 1 (m) 511 ecm 1
(s) 488 cm™1
(s) 446 cm ™! 480-400 cm !
(m) 422 cm ™!
[<d
] &

Absorbance

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

Figure 13. FI-IR spectra gathered for the Naj 5K; 5BO3 sample in the 4000-400 cm~! range.
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Table 6. Identified positions and intensities of absorption bands (and their respective wavenumbers)
for NagBO3, K3BOj3, and K 5Naj 5BO3 salt samples. Bands related to the same bond are grayed out.

Na3BO3

K3BO3

Naj 5K15BO3

(s) 3631 cm ™!
(m) 3431 cm 2
(m) 3367 cm 1
(m) 3241 cm ™!

(w) 1736 cm !
(s) 1427 cm !

(w) 1247 cm 1
(m) 1176 cm !
(m) 1081 cm ™!

(s) 927 cm~!
(s) 874 cm™1
(W) 744 cm !

(s) 667 cm™1

(s) 526 cm ™1

(m) 3473 cm ™!
(m) 3318 cm !
(m) 3157 cm 1
(m) 3010 cm 1
(w) 1741 cm 1
(m) 1432 cm !
(s) 1366 cm™!
(s) 1317 cm™!
(w) 1198 cm~1

(w) 1026 cm™1!
(m) 1007 cm 1

(s) 879 cm 1

(w) 782 cm ™1
(w) 669 cm 1
(s) 664 cm ™1
(w) 585 cm ™1
(w) 538 cm ™!

(w) 1736 cm ™1
(s) 1427 cm ™!

(w) 1327 cm ™1
(w) 1198 cm ™1
(w) 1124 cm™!

(w) 1015 cm ™!

(w) 913 cm ™!
(s) 878 cm 1

(w) 787 cm 1

(w) 667 cm ™1

In summary, the bands responsible for Na* interactions with borate can be easily
identified in the mixed cation salts. On the other hand, the bands related to Li* interactions
are harder to identify as they are muted in the mixed cation salt spectra. It is also worth
noting that both salts containing K* cations mixed with another cation exhibit a wide band
between 2450 and 3600 cm ™!, and the presence of said ion cannot be easily confirmed.

The LiNaKBOj (Figure 14) exhibits absorption bands mostly associated with Na*
cation interactions in a borate salt—especially those in the 3000-3650 cm ™! range (Table 7).
There was a lack of bands that could be associated with other cation interactions in that
range. There was a broad, strong band in the 480400 cm ™! range that could be associated
with the presence of Li* cations.

Some bands present in the mixed cation salts were matched in the 500-1500 cm ™
range with those present in the pure salts. But it should be stated that, as previously
mentioned, due to the possible carbonate presence, these absorption bands might come
from them, and it was impossible to identify them properly. Thus, based on the spectra,
this specific sample stoichiometry might not be 1:1:1, as there is a lack of bands that could
be associated with the potassium cations, while the presence of lithium and sodium cations
could be confirmed.

It should be noted that for all the mixed cation salt samples, the spectra contained a
wide band in the 3000-3650 cm ! range, hinting at the possible formation of borate hydrates.
Furthermore, the lack of bands associated with the trimers and tetramers in the mixed
salt cation samples confirms the lack of borate polymerization in these samples, hinting
at either the presence of ortho- or metaborate anions. The lack of the bands associated
with BO3;/BO4 bonds bending in the mixed cation salts, which are often a sign of borate

1
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crystalline structures, might also hint at an amorphous structure of the samples, confirming
observations from the PXRD analysis.

921
664

0.5

619

736
528

0.4+

0.3 4

3637

3431

0.2+

Absorbance

3520

01 H

-

0.0+

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm'1)

Figure 14. FT-IR spectra gathered for the LiNaKBO3 sample in the 4000-400 cm ! range.

Table 7. Identified positions and intensities of absorption bands (and their respective wavenumbers)
for Li3BO3, NagBOs, K3BO3, and LiNaKBOj3 salt samples. Bands related to the same bond are
grayed out.

LigBO3 Na3BO3 K3BOg LiNaKBO3
(m) 3493 cm ™!
(s) 3409 cm !
(s)3239 cm !

(s) 3631 cm ! (s) 3637 cm !
(m) 3431 cm ! (m) 3431 cm !

(w) 3520 cm !
(m) 3367 cm ™! (m) 3360 cm !
(m) 3241 cm ™! (m) 3234 cm ™!

(m) 3473 cm ™!
(m) 3318 cm ™!
(m) 3157 cm ™!
(m) 3010 cm ™!
(w) 1736 cm ™! (W) 1741 cm™!
(w) 1568 cm 1
(w) 1417 cm ! (s) 1427 cm ™! (m) 1432 cm ! (w) 1425 cm 1
(s) 1366 cm ™!
(m) 1331 cm ™!
(s) 1317 cm ™!

(s) 1203 cm ™! (w) 1247 cm 1! (w) 1198 cm 1! (m) 1251 cm ™!
(m) 1176 cm ™! (m) 1176 cm ™!
(m) 1081 cm ™! (m) 1074 cm ™!

(s) 927 cm™1 (s) 921 cm™!

(w) 1026 cm ™!
(m) 1007 cm ™!

(s) 889 cm ™1 (s) 874 cm 1 (s) 879 cm ™1 (s) 874 cm ™1
(w) 744 cm ™1 (m) 736 cm !

(w) 782 cm ™1

(w) 669 cm ™1
(s) 671 cm1 (s) 667 cm 1 (s) 664 cm ™1 (s) 664 cm ™1
(s) 588 cm ™1 (m) 619 cm™—!
(w) 585 cm ™! (w) 560 cm ™!

(s) 548 cm ™! (s)526 cm™! (w) 538 cm ™! (s)528 cm~!
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Table 7. Cont.
Li3BO3 Na3BO3 K3BO3 LiNaKBO3
(s) 488 cm ™1
(s) 446 cm™1 (sb) 480-400 cm ™!
(m) 422 cm ™!

4. Discussion

The IR spectra analysis of the precursor H3BO3 used for the borate salt synthesis
hinted at the lack of typical polymerized borates, such as HyB4Oy (and higher), which are
common products of boric acid dehydration, due to the lack of bands specific to them. This
was further confirmed with an X-ray analysis, where, instead, the phase containing oxoacid
H,B1,(OH)1; was found. It is possible that the band for the sample found at 701 cm~ L,
which could not be matched to any of the bonds described in the literature, is a specific one
related to this structure.

The synthesis of the borate salts performed using alkali hydroxides leads to the creation
of highly hydrated amorphous structures. The presence of the hydrates was hinted by the
DTA analysis, although it was difficult to determine the form of these hydrates. It should
be stressed that the contamination of the samples with the respective carbonates (the source
of which was undetermined) made the IR analysis extremely difficult, but certain bands
that could be related to the Na* and Li* cations interacting with borate anions could be
identified. This contamination was also confirmed by the X-ray analysis. Furthermore, the
IR analysis confirmed the presence of water in the samples, either free or in the form of
hydrates. The X-ray analysis did help to confirm that the water molecules were associated
with the metaborate salts in the form of NaBO,-2H,O and LiBO,-2H,0.

It should be stressed that both analyses performed (IR and X-ray) could not detect
potassium orthoborate or metaborate salts in the samples of more complex salts. The reason
for this could not be determined at this time.

In conclusion, the alkali borate salt synthesis yielded a material with a high degree
of amorphous phase—possibly a hydrated borate gel. This could be related to the usage
of non-polymerized boric acid as a precursor, further evidenced by the lack of bands
associated with tri- and tetramers, typical of polymerized boric acid. Instead, the presence
of the identified oxoacid phase could have contributed to the qualities of the resulting
synthesis product. In consequence, the micromorphology of the just-prepared sample of the
best-performing K; 5Li; 5BO3 system (Figure 15a,b), its meta- (c) and tetra- (d) counterparts,
as well as the sample of the same electrolyte (dispersed in the YSZ-based matrix) obtained
by means of dismantling the previously working fuel cell (Figure 15f), significantly differs.

Figure 15. Optical microscopy images of two specimens of the just-prepared sample of the
Kj 5Lij 5BOj3 electrolyte (a,b), respective meta- (c) and tetra- (d) borates, the YSZ matrix used for fuel
cell operation (e), as well as the orthoborate electrolyte dispersed in the YSZ matrix regained from the
dismantled operational fuel cell (f). Artificially colored to increase the optical contrast of the images.
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5. Conclusions

The possibility of their application as an electrolyte in a fuel cell with a construction like
the molten carbonate fuel cell (MCFC) is a relatively new idea and has been preliminarily
reported. Therefore, the extended phase-focused analysis of the materials applied was
needed to re-optimize both the synthetic strategy (to further limit the contamination
with carbonates) and the application route. Moreover, the optimization of the material
composition can include the addition of di- and tri-valent cations, allowing for not only
improvement of the operational properties of the melts but also to obtain the borane
composite materials in which one of the present phases melts, forming the active electrolyte,
while the other, characterized by a significantly higher melting temperature, forms the
structural separator.

Moreover, it is worth noting that the electrolytes investigated bear the additional
feature of increasing the sustainability and circularity of flue gas desulfation installations
located in numerous hard coal-fired power plants, where boron can be extracted from
industrial sewage. Results showed a complicated multi-phase structure, including the main
orthoborate phase, as well as the presence of additional borate-based phases, including
borate oxoacid. It should be noted, however, that the observed bands differ from those
found in the literature for orthoboric acid, suggesting that either the sample might contain
metaboric acid rather than the ortho-counterpart or did not polymerize into typical trimeric
and tetrameric boric structures while being dried and, instead, polymerized into an oxoacid
structure. A slightly contradictory image stems from the PXRD investigations showing the
low content of the crystalline orthoborate phases. On the other hand, the DTA data hinted
at the presence of the hydrated orthoborate phases, while the PXRD analysis revealed that
these hydrates were of the metaborate kind instead.

Thus, it must be concluded that the expected orthoborate constituent is present in the
materials in its amorphous and hydrated form. So, it was concluded that the synthesis
resulted in the creation of a novel material in the form of an amorphous borate-based
slurry. This material could, therefore, be easily applicable in fuel cells of designs like the
MCEFC ones.
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