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ABSTRACT

Four transition metal borohydrides (MtBHs, Mr = Ni, Fe, Co, and Cu) were prepared by
sonicating a mixture of the desired Mr salt with excess NaBH4 in a nonaqueous DMF/CH;OH
media. The process afforded bimetallic (Ni-BH4), trimetallic (Fe-BH4, Co-BH4), and mixed-
valence (Cu-H, Cu-BH4) amorphous, ferromagnetic nanoparticles as identified by thermal,
ATR-IR, X-Ray diffraction, and magnetic susceptibility techniques. The electrical conductivity
(o) of cold-pressed discs of these MTBHs shows a nonlinear increase while their thermal
conductivity (k) decreases in the temperature range of 303 <T <373 K. The thermal energy
transport occurs through phonon lattice dynamics rather than electronic. The o/k ratio shows a
nonlinear steep increase from 9.4 to 270 KV~ in Ni-BH4, while a moderate-weak increase is
observed for Fe-BH4, Co-BH4, and Cu-BH4. Accordingly, the corresponding thermoelectric
(TE) parameters S, PF, ZT, and n were evaluated. All TE data shows that the bimetallic Ni-
BH4 (S, 80 pVK'!; PF, 259 pyWm''K2; ZT 0.64; 1, 2.56%) is a better TE semiconductor than
the other three Mrt-BHs investigated in this study. Our findings show that Ni-BH4 is a
promising candidate to exploit low-temperature waste heat from body heat, sunshine, and small

domestic devices for small-scale TE applications.

Keywords: metal borohydrides, thermoelectricity, energy harvesting, waste heat, Seebeck,

figure of merit, power factor.
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1.0 Introduction

Current research and commercialization on renewable energy focus mainly on solar
photovoltaic (PV), geothermal, and wind sources as viable energy sources for large-scale
electricity production [1-2]. However, to a much lesser extent was the interest in utilizing
waste heat through thermoelectric (TE) techniques [3-27]. In this straight-forward technology,
the temperature gradient (AT) is directly related to the induced DC thermal voltage (AV) and

vice-versa as described by Seebeck power function (1) and Peltier refrigeration functions (2),

AV =-S (AT) 1)

Q=An () (2)
where S, Ar, Q, and I are the Seebeck coefficient, difference in Peltier factors, heat, and electric
current, respectively [3,11-13]. However, the ability of a material to produce TE power is
determined by its power factor (PF), and the dimensionless figure of merit (ZT), Equations 3
and 4.

PF = (o) $? 3

ZT = (o/x) S* T 4

Although TE technology is direct, simple, and environmentally friendly, its sluggish
progress over the past few decades is partly due to the lack of efficient TE semiconducting
materials and the low conversion efficiencies (n < 5%) [4-7,11-15,20-23]. Nevertheless, for
TE technology to be practically viable and competitive with PV technology for harvesting
solar energy, the TE semiconductors should exhibit ZT values > 1 or PF > 4 mW/m.K>
[3,4,7,11-15]. Today, TE technology development becomes a top priority to harvest waste heat
associated with fuel engines, small domestic devices, solar thermal radiation, and other heat
sources. Current research in this field is unfolding on utilizing solar thermal energy to build

solar-based TE systems [24,25]. However, the success of this technology relies on obtaining
2



p-type and n-type TE semiconductors that are characterized by narrow bandgap exhibiting
sufficiently high ¢ and S values while displaying low k [3-7,11-19,20-23]. Recent reports
showed that the microstructure of TE materials as displayed by the grain size and morphology
(texture, crystallinity, dimensionality) significantly affect the transport of charge carriers and
phonons scattering. Different authors showed that the k could be reduced through grain
boundary scattering, phonon-glass electron crystals, formation of nanocomposites, and
introduction of sublattice crystalline defects. At the same time, ¢ can be enhanced through low
dimensional structure, structural modification, and increase charge carrier concentration
[4,6,7,20-23]. In this respect, polycrystalline materials with a large-sized grain (> 2 mm) offer
transport pathways for electrons but cannot scatter phonons efficiently at the interfaces,
resulting in increasing ¢ and Kiasice a5 Well. On the contrary, nanoscale grains particles (>500
nm) scatter phonons to maintain a low Kiaice While the ¢ increases, thus enhancing ZT values.
These findings also showed that the carrier mobility can be enhanced through microstructure

where 1-D linear and 2-D layer structural arrays are preferred to 3-D bulk materials.

To date, the quest for new n-type and p-type semiconductors, composites, and C-based
materials for TE applications continue [8-19,22,27]. However, inorganic TE semiconductors
are generally classified as metal chalcogenides (Bi>Tes, Bi>Ses, PbTe, SnSe, MoSe>/MoS:...),
metal oxides (LaMogO14, ZnO, NaxC0204, CazCo0409, CaMnO3, SrTi03, InoO3), borides (ZrB-,
HfB»), lead-based perovskites (CH3NH3Pbls), and others (SiixGex) [3,8-10,26,27]. The
highest PF value of 2.8 mW/m.K?at 773 K was reported for n-type SnSe semiconductor. On
the other hand, interest in C-based materials, including Cgraphite, Cnanotube, Cgraphene Nanoparticles,
and thin films, is constantly rising [12-19]. The highest reported PFs for such nanoparticles
are within 2.71 and 2.46 mW/mK for p-type and n-type, respectively. Recently, Kanahashi e?

al. reported still higher PF values for p-doped (6.93 mW/ mK) and n-doped (3.29 mW/mK)



graphene films [19]. This class is extended to their composites with conducting polymers

(PEDOT, PANL,...) [12-15].

On the other hand, metal borides (M-Bs) [26-34] and metal borohydrides (M-BHs) [35-
45] of p-, d-, and f-block elements have become in the spotlight as solid-state materials.
Nevertheless, these two classes of materials are closely related where M-BHs undergo
dehydrogenation to yield M-Bs when subjected to heat (300-400 °C) under an inert atmosphere
[35-38,40]. These M-Bs are generally classified as boron-rich (MB12 - MB70) and metal-rich
(M2B-to- MsB), exhibiting a variety of structures, including isolated B atoms, chains, layer,
and clusters [26-34]. Currently, the exceptional structural, hardness and thermal properties of
M-Bs receive increasing attention as hard refractory (TiBs), hard magnets (Nd,Fe4B), battery
electrodes, conducting ceramics (ZrB», HfB»), electro-catalysis, and superconducting (MgB»)
materials [26-34]. Meanwhile, solid-state M-BHs continue to attract attention as H-storage
materials in solid fuels, electrolytes in batteries, and luminescence and magnetic applications
[35-42]. Given these characteristics, both M-BHs and M-Bs are anticipated to play a key role
in the future's sustainable energy. Although Mt-Bs and M-BHs tend to form thermally stable
materials, their utilization in TE applications is limited [26,27]. Our current research is directed
towards the synthesis and applications of materials that possess the potential to convert low-
temperature heat (303 <T < 373 K) resulting from body heat, sunshine, and domestic devices
for small-scale TE applications. This work reports the synthesis, characterization, and
utilization of four transition metal borohydrides (Mt-BH4 = Ni-BH4, Fe-BH4, Co-BH4, Cu-
BH4) semiconductors for TE applications. The Mr-BHs were prepared by mixing and
sonicating the transition metal salts with NaBH4 in the DMF/MeOH mixed solvent system. The
individual products were characterized by thermo-oxidative, vibrational spectroscopy (ATR-

IR), X-Ray diffraction (P-XRD), and magnetic (pefr) techniques. The thermal (k), electrical



(o) conductivities and the corresponding TE parameters (S, PF, ZT) were evaluated at ambient

conditions.
2.0 Materials and Methods:

All chemicals and solvents were reagent grade and used as received unless otherwise
stated (NiCl'6H20, Aldrich; CoCl'6H20O, Janssen Chimica; CuCly-2H;0O, Scharlau;
FeSO4-7H>0, Codex; NaBH4, Aldrich). Prior to each preparation, the transition metal salts
were soaked in absolute alcohol for ~10 min., decanted, and dried. This step helps to minimize
the presence of water in the reaction system. Thermo-oxidation was performed in a muffle
furnace (open-air, steps of 100 °C, 25 < T < 1100 °C). The magnetic susceptibility
measurements were carried out using a Sherwood Static magnetic susceptibility balance. The
P-XRD was performed on a RIGAKU (Cu, A= 1.5408 A, 40 kV, 40 mA, K- filter, scintillation
counter, scan speed = 3.00 deg./min. sampling width: 0.0200 deg, Scan range 2 6 =5.00 - 90.00
deg.). The positions of the diffraction peaks were determined by RIGAKU curve-fitting
software. The ATR-IR spectra were recorded using a Bruker ATR-IR (Alpha, OPUS-7.5.1.8)
spectrometer (Range: 4000-400 cm’, Scans: 24, Resolution: 4 cm™). The TE characteristics
of the products were performed on cold-pressed circular discs (10 ton/cm?, 2 minutes, radius =
6.51 mm, area, 7 r> = 1.33 x 10 m?, thickness 1-1.1 mm) of 0.500 g of dry fine samples,
sandwiched between two polished brass electrodes, Figure 1. The lower brass disc was
gradually heated, and the AT between the two brass discs was monitored using a digital K-type
thermocouple. The developed voltage (AV) was monitored as a function of (AT) in the range
of 300-373 K using a digital K-type multimeter and thermocouple. Thermal conductivity ([k =

Q/((AT/L) * A)], WK'm™) was evaluated from the heat flux (Q, W) passing from the hot disc

to the cold disc through Mr-BHs discs. Electrical conductivity (o, Siemen m™') was determined



for nonohmic behavior from Ln I vs. Ln V plot where the intercept gives Ln G (conductance,

[G=A*o/L].

Figure 1: Device for thermoelectric properties.

2.1 Synthesis of Transition Metal Borohydride (Mt-BHs):
2.1.1 Nickel Borohydride (Ni-BHa)

A freshly prepared solution of NaBH4 (1.513 g, 40 mmol) in 50 mL of methanol was
dropwise added within 15 min. to a solution of NiCl>-6H>O (2.377 g, 10 mmol) dissolved in 50
mL of DMF. The reaction mixture was sonicated for 90 min. at about 70 °C. The obtained
Ni-BH4 precipitate was filtered off, washed with distilled water and acetone, dried in an oven
(80 °C, 12 hrs.), and stored under vacuum for further analysis. Yield = 56%; Color/State:
lustrous black solid. Density cold-pressed disc: 2.72 g/lcm®. ATR-IR: 3350 (br, von); 2073

(m, vB-r); 2002 (m, Ve-Hb); 1149 (W, 3BH2); 470 (W, Vaym Ni-HBH) Cm.

2.1.2 Copper Borohydride (Cu-BHa):

The Cu-BH4 was prepared and isolated as described above employing CuCl:2H>0
(1.34 g, 10 mmol) and NaBH4 (1.513 g, 40 mmol). Yield = 55%; Color / State: lustrous black
solid. Density cold-pressed disc: 3.73 g/cm3. ATR-IR: 2319, 2100 (w, Cu-H); 2026 (m, vs-
m); 1975 (m, v B-av); 1036 (M, & Br2); 429 (W, U cu-usH) cm,
2.1.3 Cobalt Borohydride (Co-BHa):

The same reaction steps and workup procedure were employed using CoCl,:6H20

(2.379 g, 10 mmol) and NaBH4 (1.513 g, 40 mmol). Yield = 59%; Color/State: lustrous black



solid. Density cold-pressed disc: 2.24 g/cm®. ATR-IR: 3354 (br, von); 2168, 2071 (m, ve-1);

2000 (m, v -ub); 1056 (W, 8 BH2); 431 (W, Veonpr) cm™,
2.1.4 Iron Borohydride (Fe-BHy):

A solution of FeSO4-7H>0 (2.78 g, 10 mmol) in 100 mL of H,O: DMF (1:1 mixture)
was reacted with NaBH4 (1.513 g, 40 mmol) in 50 mL methanol. The reaction procedure and
workup were as described above. FeSO4:7H20 was used instead of FeCl,:6H>0 to minimize
the amount of iron oxide byproducts that might form in the process. Yield = 52%; Color /
State: lustrous black solid. Density cold-pressed disc: 2.76 g/cm’®. ATR-IR: 3237 (br, von);

2110,2075 (m, ve-x); 2001 (m, Veb); 1064 (W, Spi2); 420 (W, VFenpr) cm’

3.0 Results and Discussion:

3.1 Formation and Characterization of Transition Metal Borohydrides (Mr-BHs)

In general, Mt-BHs are synthesized in various compositions, structures, and properties,
as exemplified by their general chemical formula of Mx(BH.)y [36,38]. In this work, the
desired Mt-BHs were prepared by mixing the desired metal salt with fourfold excess of NaBH4
in a nonaqueous DMF/MeOH solvent system, Equation 5 [38-45]. This complex reaction
process is generally affected by the Mt:BH4™ ratio, solvent, pH, and slow/rapid mixing of
reagents. Due to the presence of traces of moisture, two main side reactions may be
encountered during the reaction, the formation of metallic element (M1°) and metal oxides
/borates (MTO, MTBO3 Equation 6 [39, 43,45]. To overcome these possible side reactions,

our reactions were carried out in DMF/MeOH solvent mixtures using excess NaBHa.



DMF/ CH3;0H

M:Cl, XH,O + NaBH, » My(BHj,), + NaCl + B(OH); + H, 5)
Sonication
(~70°C)
2 . H,0
MT +(aq) + X BH4 (aq) —2> MTO(S) + MTBO3 (aq) +2 H2 (9) (6)

The obtained lustrous black solids are insoluble in a common organic solvent. They
are thermally stable at ambient conditions but degrade readily under thermo-oxidative (200-
300 °C) and low pH conditions. The physicochemical characteristics of these Mt-BHs were
established by thermo-oxidative analysis, magnetic susceptibility, P-XRD, and ATR-IR
techniques. Their thermal (k) and electrical (c) conductivities and TE parameters (S, PF, ZT)

were determined.

3.1.1 Thermo-oxidation of the Prepared Mr-BHs

M-BHs are prone to three main pyrolysis steps in the air through dehydrogenation
forming metal borides (M-Bs), taking up oxygen to give metal borates (M-BO3), which
decompose upon further heating eliminating B2O3 to ultimately afford the corresponding metal
oxides (M-O) [31,35,40,47]. This characteristic property was exploited to establish the
composition of the prepared Mrt-BHs by subjecting them to step-wise pyrolysis in an air draft

in the temperature range of 30 < T < 1100 °C, Equation 7.

Heat

Mr(BHg)xy ——5» M:-B + BoHg + X H,
250-400 °C
Heat, O,
500-800 °C
M-BO; — 3 MO + B,0, )
> 800 °C



A first look at the obtained thermo-oxidation curves in Figure 2 suggests that Cu-BH4
exhibits different behavior from the other three Mt-BHs. Close analysis of Fe-BH4, Co-BH4,
and Ni-BH4 thermograms shows that Fe-BH4 is stable below 400 °C while Co-BH4and Ni-BH4
underwent two-step mass losses (~ 20%). At 400-800 °C range, the three Mt-BHs underwent
similar two-step dehydrogenation processes to yield the corresponding Mt-Bs residues (Fe-B,
~81%; Co-B, 68%; Ni-B, 41%). These borides uptake oxygen in the temperature range of
800-1000 °C to yield the corresponding borates (FeBOs3, 4.7%; CoBOs3, 12.0; NiBOs3, 7.4%)
where the mass gains represent the oxygen uptake. Upon further heating to 1100 °C, the just-
formed Mt-BO3 decomposes, eliminating dense white fumes of B2Os3, leaving behind Fe>Os3,

C0203, and NiO residues. To ensure complete degradation of Mt-BOs3, the resulting residues

Figure 2: Thermo-oxidative curves of the obtained Mt-BHs (Mt = Ni',, Fe!l, Co"!, Cu").

were treated three times with deionized water and calcined to a constant weight (1100 °C, one
hr.), leaving behind the oxide residues (Fe>Os, 78.6%; C0203, 72.0%; NiO, 61.9%). The
obtained thermo-oxidative data in Table 1 allowed us to deduce their molecular formula in

accordance with the general formula, Mx(BH,),, reported in the literature [35,36,38].

On the other hand, a close look at the thermo oxidative data of Cu-BH4 shows that the
early mass gain (5.6 %) observed at ~250 °C is attributed to the oxidation of the Cu-H phase
forming Cu20/CuO [35,39]. This step is followed by the dehydrogenation of Cu-BH4 phase
forming Cu-B (250-500 °C), which consequently oxidized (500-600 °C) to generate the Cu-
BOs intermediate where it degrades upon further heating (600-900 °C) by releasing B2Os fumes

leaving behind a total mass gain of 7.9% CuO residues. Considering the amounts of CuO



formed due to the Cu-H oxidation early in the process (5.6%); thus, the amount corresponding
to oxidation of the Cu-BH4 phase can be deduced from the difference (2.3%). The molar ratio
of these two phases can be calculated from the obtained data and found to be 2.9 Cu'-H: 1.0

Cu''(BHy),, which is consistent with the obtained magnetic data (vide infra).

Table 1: Thermo-oxidative data and the predicted formula of the investigated Mt-BHs*.

Mt BHs Mr-BHs Mr-oxide Mrt: BH4 Formula
(g) Residue (g) mole Ratio
Fe-BH4 0.210 0.175 1: 2.7 Fe(BH4)2.7
Co-BH4 0.225 0.185 1: 2.7 Co(BHa4)27
Ni-BH4 0.240 0.185 1: 2.6 Ni(BHa4)26
Cu-BH4 0.280 0.300 1: 0.71 2.9 CuH:1Cu(BHa)2

*Mass metal = mass of MtO = (At. mass of Mt/ molar mass of MO residue). Ni (0.145 g, 00247
mol); Fe (0.122 g, 00219 mol); Co (0.131 g, 00223 mol); Cu (0.240 g, 00378 mol). Mass of BH4=
mass of Mr-BHs — mass Mt ; moles BHs= mass/molar mass of BHy.

3.1.2 ATR-IR Spectroscopy of the Prepared Mr-BHs

The structural complexity of M-BHs is reflected in their FT-IR spectra [46-49]. The
ATR-IR vibrational frequencies of the obtained Mt-BHs and their tentative assignments based
on common M-BH4 and M-H complexes are given in the experimental section and displayed
in Figure 3. The recorded ATR-IR spectra carry diagnostic evidence that allows the
interpretation of relevant structural information about the presence of B-H and M-H bonds. In
all cases, the formation Mt(BHa4)x is evident from the medium intense stretching bands of the

terminal (vs-n¢) and bridging (ve-ms) of B-H in the range 2075-2026 cm™ and 2026-2002 cm™,

10



respectively, Figure 4. In all cases, the terminal H (vs-n:) stretching bands are associated with

shoulders at the high-frequency region of 2100-2320 cm " reflecting the presence of different

Figure 3: ATR-IR spectra of the prepared Mr-BHs (Mt = Ni', Fe'!, Co',, Cu').

Figure 4: Schematic structure showing terminal and bridging H in M-BHa.

coordination modes [46]. The bands due to bending (8sn2) appear in the 1149-1036 cm™! range.
However, the low energy bands due to the stretching vibration of M-H in the four-membered
M-H-B-H rings (vm-upn), which typically occur in the low-frequency region of 200-600 cm'!
are observed as weak bands in the 420-470 cm’! region [39,47-49]. A close look at the ATR

spectra of Cu-BHa shows the stretching frequencies of Cu-H at 2100 and 2121 cm™ [39].

3.1.3 Powder X-Ray Diffraction of the Prepared Mr-BHs (p-XRD)

The p-XRD profiles in Figure 5 were analyzed by inspecting the diffraction patterns,
peak position, peak shape, and peak width, which are significant in deducing structural
information about the obtained Mt-BHs. The profiles are further analyzed for the
presence/absence of metallic (Mr%) and metal oxide (Mt-O) impurities common in such
preparations. A first look at these profiles shows that their structures vary from highly
amorphous Fe-BH4 and Co-BH4 to predominantly crystalline, as displayed by Cu-BH4. The
featureless nature of p-XRD of these Mt-BHs is indicative of the formation of vitreous

material, which explains their lustrous appearance.

A close inspection of these Mr-BHs diffraction patterns shows Ni-BH4 and Cu-BH4

display sharp diffraction peaks superimposed on broad diffraction features, suggesting vitreous

11



lattice structures, Figure 5. Nevertheless, the co-existence of two different structural phases
for Ni-BH4 and Cu-BH4 implies that they exhibit clear tendencies to form an amorphous glassy
structure upon heat/compression treatment through vitrification/devitrification process bearing
in mind the thermal stability of the materials [35,36,40]. On the contrary, Fe-BH4 and Co-BH4
analogs exhibit amorphous structures with small broad features at 2 6 of 44.3° and 36.8°,
respectively. Close analysis of these diffraction patterns show no detectable amounts of sharp
peaks due to metallic Cu® (50°), Ni® (44 °, 52°), Fe” (45°, 65°), and Co® (41°, 44°, 51°) and their
oxides Cu20O/CuO (11-20°), NiO (37°,43°,63°), FeO (33°-35°,49°), CoO (33°,37°,62°) which
permits us to conclude that no metallic and metal oxides impurities are detected in these Mr-

BHs preparations[35,41,43-45,47].

Figure 5: P-XRD profiles of the prepared M-BHs (Mt = Ni'l, Fe!l, Co"!, Cu™).

The diffraction parameters are summarized in Table 2. The crystalline phase in the
structure was estimated from the area under the broad peaks in the P-XRD profiles. The
corresponding interspatial distances (d-spacing) were calculated from the position of the most
intense peak as given by Bragg's Law (n A =2 d sin 0) where n, A, and 0 are the diffraction
order, wavelength of the X-ray beam, and diffraction angle, respectively. The interspatial
distances were found to range from 2.04 to 2.47 A. Furthermore, the crystallite size (t) was
calculated as described in the Scherer formula (t = K A / B cos 0) where K (Scherer constant,
0.95), A (wavelength of the X-Ray), 0 (Bragg’s angle of the most intense peak) and B (peak
width at half-height in radians). It is clear from the crystallite/grain size in Table 2 that the

prepared Mt-BHs are nano-scaled particles in the range of 6.4-26.2 nm.

12



Table 2: P-XRD data for the investigated Mr-BHs (Mr = Nil, Fe!!, Co"l, Cu'!).

Mr-BHs Diffraction Angle Crystallinity d-Spacing Grain Size
2 0 (degrees) ® % ® (A)°© (nm) ¢
Fe-BHy 14.9-16.3 (55%), 17.8-18.7 (40%), 44.3 ~ 4% 2.04 6.4
(100%)
Co-BH4 36.8 (broad) ~1% 2.44 7.7

Ni-BHs 12.2-13.4 (28%), 19.9-20.4 (21%),

37.5-38.1 (31%), 44.4 (100%), 60.9 ~45% 2.04 24.1
(26%)
Cu-BHs 35.3 (30%), 36.3 (100%), 38.6 (5%), ~73% 2.47 26.2

43.1 (25%), 61.3(20%)
* The relative peak heights (I/I,) are given in brackets. The most intense peak is given in bold.
Here, we report the lines that give a relative intensity of more than 20%.
Estimated from the area under the diffraction peaks.
Calculated from n A = 2d sin 0.
Calculated from Scherer formula (t=K A/ p cos 0).

o o

e

3.1.4 Magnetic Characteristics of the Prepared Mr-BHs

The magnetic characteristics of the prepared Mt-BHs were investigated using a static
magnetic susceptibility method at room temperature. The magnetic data in Table 3 shows that
the determined magnetic moment (Llefr) per molecular formula for Fe-BH4, Co-BH4, Ni-BHa4,
and Cu-BHy4 are, respectively, 15.91, 10.98, 5.50, 0.64 BM. Comparing these st values to their
uspin values (Fe'', 4.89; Co", 3.87; Ni'!, 2.83; Cu', 1.73 BM) suggest that Fe-BH4, Co-BH4, and
Ni-BH4 belong to multi-center systems while but not Cu-BH4 is an exception. The observed
magnetic data for Ni"-BH4 demonstrates that the Ni" is situated in an octahedral environment
(t2¢%g?) rather than the diamagnetic square planar geometry (t2°d?). Applying the
semiempirical scaling laws of pesr of clusters per magnetic site where their magnetic properties
depend on different inherited structural factors, including cluster size, bonding, and geometry,

we conclude that Fe-BHs and Co-BH4 belong to trimetallic ferromagnetic aggregates, while
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the Ni-BH4 belongs to bimetallic ferromagnetic class [50,51]. This conclusion is supported by
the fact that Mt-BHs may adopt tetragonal clusters but not layer structures as supported by the

P-XRD [26,35-38, 41,44].

On the contrary, the low per value of Cu-BH4 clusters (0.64 BM) compared to the pspin
value of Cu' sites (d°, 1.73 BM) suggests that this material comprises diamagnetic Cu' (d')
centers. This conclusion of biphasic Cu'-Cu!! structure is consistent with the thermo-oxidative
that the prepared Cu-BH4 material comprises Cu-H and Cu(BH4)> phases. The molar ratio of
Cu': Cu" calculated from the magnetic data was found to be 2.7: 1, consistent with the molar

ratio calculated in the thermo-oxidative section of 2.9: 1.

Table 3: Gram magnetic susceptibility (), effective and spin magnetic moments (leff, [spin)s
magnetic sites per formula, and clustering of the investigated Mt-BHs (Mr = Ni'l, Fe'!,
Co", Cu.

Mt BHs 1 (10%) Ym ® Meff  Mspin/ A" No. Magnetic Cluster
(cm’gh)? (BM)®  (BM)© Sites ¢
Fe-BH4 1100 0.1054 1591 4.89/d° 3.25 Trimetallic
Co-BH4 507 0.0502 1098 3.87/d’ 2.84 Trimetallic
Ni-BH4 130 0.0126 550 2.83/d® 1.94 Bimetallic
Cu-BH4 1.83 0.00017 0.64 1.73/d° 0.37 2.7Cu': 1Cu"
Biphasic

* ym represents the molar magnetic susceptibility [ym = yo* M.wt], diamagnetic contribution is
neglected. Average molecular mass as calculated from thermo-oxidative data. Ni(BHa)26; (97.2
g/mol); Fe(BH4)2.7; (110.7 g/mol); Co(BH4)2.7(98.9 g/mol); 2.9 Cu-H :1Cu(BH4)2 (94.7 g/mol).

> Lt is the effective magnetic moments [perr = 2.83 (jm * T)"*] at 298 K.

© pspin= g[S (S + 1)]"%, g is the gyromagnetic ratio = 2.0023, S total spin.

¢ The number of magnetic sites per formula is deduced from pese/ pspin.

¢ Deduced from the number of metal sites per formula; The Cu-BH4 comprises two phases
containing 2.7 Cu': 1 Cu".

3.2 Electrical and Thermal Characteristics of the investigated Mt-BHs

3.2.1 Electrical Conductivity (o)
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The electrical current (I) that develops between the hot and cold brass discs across the
prepared Mr-BHs was examined by plotting their I-V curves, Figure 6. The observed
nonlinear trend suggests nonohmic behavior observed in diodes, thermistors, heated filaments,
and photovoltaic cells where the dynamic resistance is reported to decrease with temperature.
This behavior can be attributed to various parameters, the most important of which are the
temperature, current density, the time over which the electric field is applied, not to ignore the
contribution of the induced ionic conduction [52,53]. Recently, Katsufuji etal. addressed the
nonlinear behavior of resistance in various disordered systems and reported that the resistivity
decreases as a function of current density /electric field but does not rely on the temperature or
the materials. They discussed their observation in the light of the percolation conduction theory

in disordered systems [53].

Here, the observed nonlinear curve indicates that the conduction in these M-BHs is
not purely electronic but being influenced by different possible factors such as temperature,
induced ionization, magnetic field effects, and phonon migration. For that, the nonlinearity of
the I-V curves was further analyzed by taking the logarithmic form as described by Equation
9 and 10 where I, V, a, and G are the current, voltage, ohmicity, and conductance (G = ¢ x

area/thickness), respectively [54]. The a can be estimated from the slope of Ln (I) - Ln (V)

I =V**G 9

Ln(I) = a Ln(V) + Ln(G) (10)
linear plots in Figure 6. The obtained a values (1.76 - 1.20) substantially deviate from unity
(o= 1) of pure electronic conduction showing contribution from possible ionic/mass diffusion,
Table 4. The higher a factor in the case of Ni-BH4 (1.76) compared to those of the other
studied Mr-BHs (1.20-1.25) suggests considerable ionic/mass diffusion in Ni-BHy4 thus
permitting comparatively large 6, Table 4. The determined ¢ shows that these Mt-BHs exhibit
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semiconducting behavior where Ni-BH4 shows distinctly higher conductivity than the other

three Mr-BHs.

Figure 6: I - Vand Ln I - Ln V Plots for the examined Mr-BHs

Table 4. Electrical and thermal conductivity data for the investigated Mt-BHs.

MrBHs? al ¢°© Ktot ¢ Kel c/k°®
ohmicity Sm’! WK 'm’! mWK 'm’! KV~
Fe BH4 1.25 7.0-11.5 1.56-0.18 0.05-0.10 4.5-64.0
Co BH4 1.23 5.3-8.6 1.24-0.16 0.04-0.08 4.3-53.8
Ni-BH4 1.76 14.7-40.5 1.57-0.18 0.11-0.37 9.4-270
Cu BH4 1.20 2.0-2.9 1.26-0.20 0.02-0.03 1.6-14.5

M1-BHs disc, 10 ton/cm?, radius = 6.51 mm, area, © r> = 1.33 x 10* m?, thickness 1-1.1 mm.
a = 1 for ohmic behavior.

6 (303 <T <373 K) typical values semiconductors are in the range of 10°-10* S m™".

k(303 <T<373K),x = Q/[(AT/L) +A]

Relative contribution of 6 to k (303 <T <373 K).

ke were calculated from Wiedemann—Franz law (ke =L 6 T), L=2.44 x 10 WQK ™.

I

The o is further investigated as a function of temperature and found that the plot of &
vs. T is linear, Figure 7. This increasing trend indicates that the ionic/mass diffusion becomes
more prominent while phonon contribution becomes less prominent at higher temperatures.
The slope of o vs. T plots displays a steep linear increase in the case of Ni-BHs (6 = 14.7-40.5
Sm™), showing increasing charge carrier concentration/mobility and induced ionic/mass
conduction compared to the gradual increase observed in the case of Fe-BHs (6 =7.0-11.5 Sm’
1, Co-BH4 (6 = 5.3-8.6 Sm™) and Cu-BH4 (6 = 2.0-2.9 Sm™). The observed enhancement in
the electrical data (6 and a) of Ni-BH4 data relative to that of the other three Mt-BHs can be

attributed to ionic/mass mobility.
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Figure 7: Plots of the electrical (6) and thermal (k) conductivities of the prepared

Mrt-BHs as a function of temperature.

3.2.2 Thermal conductivity (k)

Thermal conductivity (k) plays a key role in semiconductors employed in different
microelectronic applications. It relies on lattice dynamics, charge carriers, and phonon
scattering mechanisms. Herein, the k (WK 'm™) in Table 4 was determined by examining the
heat flux (Q) crossing from the hot brass block to the cold brass block through the Mr-BHs
disc in the temperature range of 303 < T <373 K as depicted in Equation 11 (AT = Thot-Teold
K; L, thickness in m; A, area in m?). The & values for the given Mt-BHs slightly varies (1.24-

1.57 WK 'm™) at 310 K but nonlinearly decrease to converge at a common point as they

k = Q/[(AT/L) « A] (11
approach 373 K (~0.18 WK'm™), indicating that « is inversely proportional to T, Figure 7.
These values are close to that reported for layer metal-rich boride of PrRhssB> (x = 1.39 WK"
'm™) but lower than that reported for metal-poor borides like AIB2 (x ~100 WK'm™), wurtzite
ZnO (50 WK'm! at room temperature), bulk ZnO (~ 100WK'm™), and porous ZnO (9.65 WK

'm™)[3,8,9].

However, the thermal heat transfer in TE semiconductors involves multi-transport
pathways comprised of an electronic component due to charge carrier migration (e” & h*) and
phonon scattering due to lattice dynamics [4,55]. Thus, Kot cOmprises two main contributions,
an electronic (k) and lattice (ki) Where Ke is influenced by charge carrier concentration,

mobility, their ratio, bipolar interactions, and scattering mechanisms similar to ¢ while Kia is
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generally influenced by lattice vibration, Equation 12 [4,55,56]. Fortunately, ke can be
approximated from the ¢ values using Wiedemann—Franz law (ke = L 6 T) where L is the
Lorenz number (2.44 x 108 WQK 2). Although this law is best applied to metal, it is widely

employed for semiconductors [4,55]. The calculated ke data in Table 4 demonstrates that the

Kiotal = Kel T Kiat (12)
electronic contributions to Kl are in the mW/Km range, indicating that the thermal conduction
occurs essentially through lattice vibration. In other words, the thermal energy transport in
these materials is basically phononic rather than electronic where Kol = Kiae. In this respect,
amorphous/ glassy semiconductors, as seen in our case, exhibit low k as compared with
crystalline semiconductors [55,56]. Furthermore, the multi-center clustering and nano-sized
Mrt-BHs allow phonons scattering and thus suppress Kia in these semiconductors. Therefore,
we attribute this observation to the limited mobility of the charge carriers, where they are

scattered at the interfacial boundary of the amorphous/vitreous glassy structures.

To gain more insight into the relation between ¢ and k in the examined Mr-BHs, we
plotted their ratio o / k versus T, Figure 8. The o / k quantitative data in the low and high-
temperature ranges examined in this study are listed in Table 4. This ratio plays a vital role in
the estimation of TE efficiencies as described ZT (ZT = (c/x)«S«T); therefore, enhancement
of this factor relies on boosting ¢ while suppressing k. Interestingly, the nonlinear plot
increases exponentially, showing a rapid ¢/k increase from 9.4 to 270 KV~ in the 303 < T <
373 K range in the case of Ni-BH4 while a moderate-weak increase is observed for Fe-BHa,

Co-BH4, and Cu-BHa.

Figure 8: Plots of the (o / ) versus T (K).
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3.3 Thermoelectric Characteristics of the investigated Mt-BHs

The key parameters that are generally used to characterize TE semiconductors include
three parameters, S, PF, and ZT, where their interrelations have been the subject of several
theoretical and experimental studies [3,4,16,21,22]. Here, it should be emphasized that the
temperature limitation, 303 < T <373, in this investigation is governed by the thermo-oxidative
stability and our intention to prepare and examine semiconductors for waste heat-current
conversion produced by body heat, sunshine, and domestic devices for small-scale TE

applications.

The S values were evaluated from the slope of their AV vs. AT plots, where a slight
deviation from linearity is observed, Figure 9. Examination of these data shows that at any
specified temperature, Ni-BH4 exhibits higher S values (60-80 pVK™) than the other three Mr-
BHs (Fe-BH4, 30-52; Co-BH4, 27-42; Cu-BH4, 14-24 uVK‘l), Table 5. These S coefficients

are further analyzed by plotting the individual S values as a function of temperature where the

Figure 9: AV vs. AT plots and S dependence on temperature for the examined Mt-BHs

S vs. T linear shows positive S indicating p-type semiconductors in which the + holes are the
primary charge carriers [26,27,35,36]. The obtained S values are comparable with those
recorded for p- (49 pVK™) and n-doped (- 32.6 uVK™) graphene films [15,19] while lower than
those reported for n-type ZnO (-200 uVK™' ) and nano-porous ZnO (-279 uVK™') at room
temperature [8,9]. The negative values indicate that the products have n-type semiconducting

behavior where the major carriers are electrons.
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The performance of TE semiconductors can be evaluated by examining their PF, which
is highly influenced by o and S parameters (PF = o « S?). Figure 10 depicts the observed
linear plots of PF vs. T for the investigated Mt-BHs where the PF is practically very sensitive
to temperature increase in Ni-BH4 but weakly affected in the case of Fe-BH4, Co-BH4, and Cu-
BH4, Table 5. Given the trend in S vs. T plots where all the four Mt-BHs show an almost
similar increase, the difference in the PF can be attributed mainly to . The PF values of Ni-
BH. (259 pWm'K?) are smaller than that reported for the layer boron-rich YCrB4 (600 pWm™
'K2), but higher than that of graphene nanoparticles (PF = 3.94 uWm™! K?). The other three
Mr-BHs (Fe-BH4, 31.1; Co-BH4, 15.2; Cu-BH4, 1.67 pW m’! K2) exhibit similar PF values as

those of oxide semiconductors [8-10].

Table 5. Thermoelectric parameter data for the investigated Mt-BHs.

MiBHs S (uK)* PF@Wm'K?)® ZT10?%° n % ¢

Fe-BH4 30-52 4.9-31.1 0.12-6.4 0.33
Co-BH4 27 -42 34-15.2 0.08 - 3.5 0.19
Ni-BH4 60 - 80 39.6 - 259 0.76 — 64.4 2.56
Cu-BH4 14 - 24 0.37-1.67 0.01 -0.28 0.01

* Seebeck factor, the range represents the values at 303 & 373 K, respectively.

® PF = o x S? the range represents the values at 303 K & 373 K, respectively.

¢ ZT = (o/x)*S*«T, the range represents the values at 303 K & 373 K, respectively.

4 Thermoelectric efficiency, 1 % = (AT/Tv) [(1 + ZTae)"* -11/ [(1 + ZTwe)"* + T/ Th]%

The performance of TE semiconductors can also be deduced from their ZT values (ZT
= (o/x) S* T), where this parameter relies directly on o, S, and T but inversely on k, Table 5.

The plots in Figure 10 show that the ZT values of Ni-BH4 increase rapidly in a nonlinear
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fashion while Fe-BH4, Co-BHs, and Cu-BH4 exhibit linear trends with relatively small
temperature influence. However, extrapolation of the ZT — T plot of Ni-BH4 shows it
approaches the value ZT = 1 that allows its use for practical application at about 400-450 K.
Furthermore, recent reports show that the TE efficiency (%) can be calculated from average
ZT values in the specified temperature range as in Equation 13. The n efficiency data in Table

5 shows that Ni-BH4 (2.56%) is far better than those of the other three Mt-BHs (0.01-0.33%).

N % = (AT/Th) [(1 + ZTave)? -1)/ [(1 + ZTavg)"* + Tc/Th] % (13)

Figure 10: Power factor (PF) dependence on temperature for obtained Mrt-BHs.

Given the fact that TE measurements are sensitive to moisture, impurities, particle-
particle interactions, and grains orientation within the examined cold-pressed discs, the
reported TE values were found to be reproducible within 5-7%. In general, the S, PF, and ZT
values for Ni-BH4 (S, 80 uVK'l; PF, 259 uW m'! K?2: ZT 0.64; M, 2.56% ) were higher than
those for the other three Mt-BHs investigated in this study. Comparison with the TE values of
n-doped ZnO nanoparticle at 375 K (S, -279 uVK™!; PF, 59 pyW m'K%; ZT ~0.075) shows that

the Ni-BH4 offer a promising p-type candidate for TE applications.

4.0 Conclusions

The data in this study shows that using organic solvents rather than aqueous media is
appropriate to minimize/avoid metal oxide side-products formation in the preparation of metal
borohydrides nanoparticles. Unlike the generally observed trends where the thermal and

electrical conductivities show similar trends on temperature, the reverse dependence is
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observed in the given Mr-BHs; thus, Mt-BHs and future Mt-Bs semiconductors are promising
candidates for TE applications. Our findings show that Ni-BH4 is a promising candidate to
convert low-temperature waste heat to electric current resulting from body heat, sunshine, and
domestic devices for small-scale applications at ambient conditions. Although the ZT values
of the Ni-BH4 are less than those reported for the present late metal chalcogenides, it is
advantageous for its simple preparation, moderate temperature dehydrogenation pathway to
form Ni-Bs and applicability at ambient conditions. Our future endeavor is to investigate the
influence of magnetic polarization and cold press compression on the TE behavior of Ni-BH4

and its fluoride analog (Ni-BFa).
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Figure 2

Thermo-oxidative curves of the obtained MT-BHs (MT = Nill, Fell, Coll, Cull).
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ATR-IR spectra of the prepared MT-BHs (MT = Nill, Fell, Coll, Cull).
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P-XRD profiles of the prepared MT-BHs (MT = Nill, Fell, Coll, Cull).
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[-VandLnl-LnV Plots for the examined MT-BHs
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Figure 10

PF and ZT dependence on temperature for obtained MT-BHs.
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