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Abstract:

 Boranes of low molecular weight are crystalline materials that have been much investigated over the past decade in the field of chemical hydrogen storage. In the present work, six of them have been selected to be studied by in situ synchrotron X-ray thermodiffraction. The selected boranes are ammonia borane NH3BH3 (AB), hydrazine borane N2H4BH3 (HB), hydrazine bisborane N2H4(BH3)2 (HBB), lithium LiN2H3BH3 (LiHB) and sodium NaN2H3BH3 (NaHB) hydrazinidoboranes, and sodium triborane NaB3H8 (STB). They are first investigated separately over a wide range of temperature (80–300 K), and subsequently compared. Differences in crystal structures, the existence of phase transition, evolutions of unit cell parameters and volumes, and variation of coefficients of thermal expansion can be observed. With respect to AB, HB and HBB, the differences are mainly explained in terms of molecule size, conformation and motion (degree of freedom) of the chemical groups (NH3, N2H4, BH3). With respect to LiHB, NaHB and STB, the differences are explained by a stabilization effect favored by the alkali cations via M···H interactions with four to five borane anions. The main results are presented and discussed herein.
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1. Introduction


Chemical hydrides and especially boron- and/or nitrogen-based materials have shown to be potential solid-state hydrogen storage materials owing to high gravimetric hydrogen storage capacities [1]. Borohydrides M(BH4)n (with M as an alkali, alkaline-earth or metal element and n = 1, 2, 3 or 4) and borane complexes L-BH3 (with L as NH3 or N2H4) are typical candidates [2,3,4]. For example, the compounds lithium borohydride LiBH4, ammonia borane NH3BH3 (AB) and hydrazine borane N2H4BH3 (HB) carry 18.4, 19.5 and 15.4 wt. % H respectively. These theoretical hydrogen densities are among the highest. Another example is ammonium borohydride [NH4][BH4] with 24.6 wt. % H, but it is unstable dehydrogenating to AB at sub-zero temperatures [5].



Borane complexes L-BH3 have been known about for 70–80 years. For instance, AB was discovered in 1955 [6], HB in 1961 [7] and hydrazine bisborane BH3N2H4BH3 (HBB) in 1951 [8]. It is generally considered that HBB is a derivative of HB, which is itself a derivative of AB. In that sense, they could be seen as being quite similar. AB has been much investigated since its discovery and is today a well-known material [1]. In contrast, HB and HBB have received much less attention until recently; indeed, we have initiated a major study aiming at re-visiting the fundamentals of these pristine boranes [9,10]. One of the phases of this study was in situ synchrotron X-ray thermodiffraction.



The aforementioned boranes are (white) solids in ambient conditions and are stable when kept under inert atmosphere. This has been an attractive feature for the foreseen application [1]. The solid-state is explained by the existence of intermolecular dihydrogen bonds N-Hδ+···Hδ−-B between the protic and hydridic hydrogen atoms coexisting in the molecules [11]. For example, AB and HBB differ from, respectively, the isoelectronic ethane CH3CH3 and butane CH3C2H4CH3 in physical state, structure and dynamics in ambient conditions. Another consequence of the intermolecular dihydrogen bonds is that the materials are highly crystalline [12], allowing for extensive crystallographic studies like in situ synchrotron X-ray thermodiffraction.



The compounds AB and HB have also been shown to be efficient precursors for synthesis of derivatives, mainly by mechanosynthesis in the presence of an alkaline hydride MH with M as Li, Na or K. Amidoboranes MNH2BH3 and hydrazinidoboranes MN2H3BH3 are synthesized respectively. For example, the polymorphic derivative lithium hydrazinidoborane (LiHB) is obtained by ball-milling HB and LiH in equimolar amounts, and depending on the milling conditions, two different phases can be obtained. The β phase, β-LiHB, is orthorhombic with a space group Pbca [13]. It is in fact the low-temperature phase. Under heating and especially at around 90 °C, it transforms into the high-temperature phase α-LiHB crystallizing in a monoclinic structure with a P21/c unit cell [14]. Otherwise, the latter phase can be directly synthesized by milling in adequate conditions [15]. The potential of these amidoborane and hydrazinidoborane derivatives for solid-state chemical hydrogen storage was successfully assessed. They showed much better dehydrogenation properties than the parent boranes in terms of onset temperature of dehydrogenation and purity of hydrogen [4,16]. Hydrazinidoboranes are also (white) crystalline solids and can be effectively analyzed by X-ray thermodiffraction.



In the present work, six boranes were selected to be studied by in situ synchrotron X-ray thermodiffraction over a broad temperature range from 80 to 300 K (even 350 K for the most stable borane). On the one hand, AB, HB and HBB (all in pristine state) were considered and the variations compared. AB was chosen as reference. On the other hand, two of the derivatives of HB, i.e., LiHB (the α phase) and sodium hydrazinidoborane (NaHB), were analyzed and the variations compared to those of HB. In addition, sodium triborane NaB3H8 (STB; also called sodium octahydrotriborate), another promising boron-based material for energy applications [17], was subjected to a similar study. The main objectives of the work were to scrutinize possible structural changes for the different boranes, to study the evolution of the unit cell dimensions, and to compare the boranes while analyzing the impact of the molecular structure on the crystallographic evolution. Our main results are reported and discussed hereafter.




2. Results


2.1. Ammonia Borane AB


The first borane to be investigated here is the well-known AB. It was considered as reference. Structural evolution over the temperature range 81–301 K was studied. The in situ X-ray diffraction patterns are presented in Figure 1. In our conditions, AB undergoes a structural phase transition at around 205 K (Figure S1). Elsewhere it was suggested that this polymorphic transition is quite close to a second order, as follows from almost gradual evolution of the cell dimensions [19]. The transition temperature of 205 K in our conditions is lower by 15–20 K of that reported in previous works [12,18,19]. This may be related to the nature and synthesis procedure of the borane: ours was lab-prepared and it was of high purity (>99%), whereas those in references [12,18,19] were commercial and with lower purity. The transition occurs between the low-temperature orthorhombic phase (s.g. Pmn21, Figure S2) to the high-temperature tetragonal phase (s.g. I4mm, Figure S3). The transition is characterized by first-order rotational order-disorder associated to substantial increase of the entropy [20].


Figure 1. Sequential plot of the diffraction patterns of AB within the range of temperature 81–301 K.
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The cell dimensions (Figure 2 and Table 1) are also consistent with previous reports [12,18,19]. The orthorhombic phase shows a negative coefficient of thermal expansion for a, and a positive coefficient for both b; the c cell dimension remains virtually unchanged. With respect to the tetragonal phase, the variations of the unit cell parameters are quasi-linear. They all exhibit positive coefficients of thermal expansion.


Figure 2. Temperature dependence of (a) the unit cell parameters and (b) the unit cell volume of AB within the range of temperature 81–301 K.
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Table 1. Crystal phase, space group (s.g.), temperature T (K) at which the structure was determined, formula unit Z and unit cell parameters of the boranes.



	
Borane

	
Phase

	
s.g.

	
T (K)

	
Z

	
a (Å)

	
b (Å)

	
c (Å)

	
β (°)

	
V (Å)






	
AB

	
Orthorhombic

	
Pmn21

	
81

	
2

	
5.5437(2)

	
4.6958(2)

	
5.0190(2)

	

	
130.5(1)




	
Tetragonal

	
I4mm

	
296

	
2

	
5.2545(2)

	

	
5.0444(1)

	

	
139.3(1)




	
HB

	
Orthorhombic

	
Pbcn

	
101

	
8

	
12.9604(2)

	
5.0632(2)

	
9.4917(2)

	

	
622.8(1)




	
HBB

	
Orthorhombic

	
Pbca

	
81

	
4

	
7.2654(4)

	
7.3505(4)

	
8.1109(5)

	

	
433.2(1)




	
Orthorhombic

	
Pbca

	
296

	
4

	
7.6491(8)

	
7.6909(9)

	
7.6728(1)

	

	
451.4(1)




	
LiHB

	
Monoclinic

	
P21/c

	
81

	
4

	
5.8528(3)

	
7.4060(4)

	
8.8450(5)

	
122.65(1)

	
322.8(2)




	
NaHB

	
Monoclinic

	
P21/n

	
81

	
4

	
9.2306(3)

	
7.8976(2)

	
4.9648(2)

	
93.64(2)

	
361.2(1)




	
STB

	
Orthorhombic

	
Pmn21

	
82

	
2

	
7.7934(2)

	
5.8174(2)

	
4.5389(1)

	

	
208.8(1)














The unit cell volume of AB increases with temperature. The evolution is non-linear for the orthorhombic phase (Figure S4). However, unlike in reference [19], the unit cell volume of the tetragonal phase displays a non-linear variation (Figure S5). In our conditions, both phases show thus anisotropic cell expansion. The Pmn21-to-I4mm transition is characterized by a unit cell volume increase by 1.1%, which is higher than the values 0.27% and 0.33% reported elsewhere [12,19].



The thermal equations of state (Table 2) provide V0 parameters (defined at 298 K) of 142.6 and 139.35 Å3 for the orthorhombic and tetragonal phases. Furthermore, the coefficient of thermal expansion α0 of the orthorhombic phase is twice as large as that of the other phase, with 63.93 × 10−5 K−1vs. 29.65 × 10−5 K−1. The cell expansion of the orthorhombic phase is thus much more sensitive to the temperature variation.



Table 2. Parameters (V0, α0 and α1) of the thermal equations of state obtained for the boranes, with T (K) as the temperature of transition.



	
Borane

	
Phase

	
T (K)

	
V0 (Å) at 298 K

	
α0 (×10−5 K−1)

	
α1 (×10−8 K−2)






	
AB

	
Orthorhombic

	
<205

	
142.60(1)

	
63.93(1)

	
231.89(1)




	
Tetragonal

	
>205

	
139.35(1)

	
29.65(1)

	
92.28(1)




	
HB

	
Orthorhombic

	
<240

	
641.84(1)

	
3.96(1)

	
−111.52(1)




	
Orthorhombic

	
>240

	
640.25(1)

	
20.71(1)

	
178.58(1)




	
HBB

	
Orthorhombic

	
<288

	
447.45(1)

	
18.71(1)

	
33.96(1)




	
Orthorhombic

	
>288

	
451.12(1)

	
8.53(1)

	
270.95(1)




	
LiHB

	
Monoclinic

	

	
327.86(1)

	
10.57(1)

	
32.08(1)




	
NaHB

	
Monoclinic

	

	
368.43(1)

	
10.31(1)

	
20.03(1)




	
STB

	
Orthorhombic

	

	
218.55(1)

	
43.95(1)

	
160.61(1)













2.2. Hydrazine Borane HB


Structural evolution of HB was then studied over the temperature range 101–295 K. The in situ X-ray diffraction patterns are presented in Figure 3. The thermal behavior of HB is different from that of AB. With HB, there is no phase transition. The patterns were indexed in the orthorhombic phase with a Pbcn unit cell (Figure S6).


Figure 3. Sequential plot of the diffraction patterns of HB within the range of temperature 101–295 K.
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The cell dimensions (a, b, c) were determined from the Le Bail refinement (Figure 4). The unit cell parameters refined at 101 K reported in Table 1 are consistent with previous reports [7,9,15]. Over the whole range of temperature 101–314 K, the parameters a, b and c exhibit a positive coefficient of thermal expansion.


Figure 4. Temperature dependence of (a) the unit cell parameters and (b) the unit cell volume for HB in the temperature range 101–314 K.
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The unit cell volume presents two domains, but HB still has an orthorhombic structure (s.g. Pbcn) over the whole temperature range. At 240 K, the unit cell volume decreases by 0.85%. Furthermore, the coefficient of thermal expansion undergoes a substantial increase, by a factor of 5, with α0 values of 3.96 × 10−5 K−1vs. 20.71 × 10−5 K−1 (Table 2). The high-temperature form is thus more temperature-sensitive, which can be explained by a loss of order (higher disorder) and an enhanced molecular agitation. Over the ranges 101–240 and 240–314 K, the evolutions of the unit cell volume are non-linear (Figures S7 and S8), indicating anisotropic cell expansion.






2.3. Hydrazine Bisborane HBB


Structural evolution of HBB was actually studied in a previous work [10]. The X-ray diffraction patterns obtained over the temperature range 81–292 K (Figure 5, Figures S9 and S10 in supplementary) are adapted herein and further exploited for comparison. The thermal behavior of HBB is different from those of AB and HB. At 288 K, there is a structural transformation, which is reversible. It occurs between two orthorhombic structures, both having a Pbca unit cell. The transition takes place in a domain of temperature of about 10 K (Figure S11). Within this domain, both phases coexist.


Figure 5. Sequential plot of the diffraction patterns of HBB within the range of temperature 81–292 K.
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With respect to the low-temperature phase, the parameters a and b show a positive coefficient of thermal expansion whereas the parameter c decreases with the temperature increase (Figure 6). The behavior of the high-temperature phase strongly differs with a positive evolution for the three parameters. At the transition, c abruptly decreases and concomitantly both a and b increase, all of the three parameters reaching similar values (7.6–7.7 Å). The unit cell parameters refined at 81 and 296 K are reported in Table 1.


Figure 6. Temperature dependence of (a) the unit cell parameters and (b) the unit cell volume for HBB in the temperature range 81–332 K.
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The unit cell volume of both phases increase with temperature (Figures S12 and S13). The evolutions are not linear. This indicates anisotropic cell expansion. The coefficient of thermal expansions α0 were found to be in a ratio of about 2-to-1 with 18.71 × 10−5 K−1 and 8.53 × 10−5 K−1 for the low-temperature and high-temperature forms respectively (Table 2). At 298 K, the parameter V0 of the latter phase is higher by 0.8% (Table 2). Disorder is accentuated at high temperature because of a higher degree of freedom of the molecules in the unit cell.




2.4. Lithium Hydrazinidoborane LiHB


Structural evolution of the lithium derivative of HB, LiHB, was also investigated (Figure 7). The patterns obtained for the temperature range 81–301 K were indexed in the monoclinic phase with the space group P21/c (Figure S14). The unit cell parameters (Table 1) are in good agreement with those reported elsewhere [13,15].


Figure 7. Sequential plot of the diffraction patterns of LiHB within the range of temperature 81–301 K.
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The unit cell parameter c presents a negative coefficient of thermal expansion (Figure 8). With respect to a and b, the coefficient is positive. The unit cell volume presents a non-linear evolution with a positive coefficient of thermal expansion (Figure S15), suggesting anisotropic expansion. The coefficient of thermal expansion was found to be 10.57 × 10−5 K−1 (Table 2).


Figure 8. Temperature dependence of (a) the unit cell parameters and (b) the unit cell volume for LiHB in the temperature range 81–330 K.
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2.5. Sodium Hydrazinidoborane NaHB


The second derivative of HB is NaHB. It forms by reaction of NaH and HB at 235 K, and it is structurally stable up to 293 K [14]. Herein, it was also found to be stable in the range of temperature from 81 to 287 K (Figure 9). No temperature-induced phase transition was noticed. The diffraction patterns were successfully indexed in the monoclinic phase with the space group P21/n (Figure S16). The unit cell parameters extracted at 81 K are reported in Table 1, and are in agreement with the literature [21].


Figure 9. Sequential plot of the diffraction patterns of NaHB within the range of temperature 81–287 K.
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Like for LiHB, the unit cell parameters of NaHB exhibit a positive evolution (Figure 10) and the unit cell volume presents a normal evolution with positive coefficient of thermal expansion (Figure S17). The unit cell volume variation is not linear, which is consistent with an anisotropic expansion.


Figure 10. Temperature dependence of (a) the unit cell parameters and (b) the unit cell volume for NaHB in the temperature range 81–328 K.
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The coefficient of thermal expansion was found to be 10.31 × 10−5 K−1 (Table 2), which is similar to the coefficient found for LiHB.






2.6. Sodium Triborane STB


The last compound studied herein was STB. Structural evolution was investigated over the range 81–301 K (Figure 11). No phase transition was detected. The diffraction patterns were indexed in the orthorhombic phase with the non-centrosymmetric space group Pmn21 (Figure S18). The unit cell parameters extracted at 82 K are reported in Table 1. The results on STB are in fact in agreement with the literature [22].


Figure 11. Sequential plot of the diffraction patterns of STB within the range of temperature 81–301 K.
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The evolutions of the unit cell parameters and of the unit cell volume are shown in Figure 12. The parameter b decreases with the temperature increase whereas the parameters a and c increase. The unit cell volume increases as a function of the temperature (Figure S19), with a coefficient of thermal expansion of 43.95 × 10−5 K−1 (Table 2). This is the second highest coefficient when compared to the other boranes. The unit cell volume increase is not linear and the cell expansion is thus anisotropic.


Figure 12. Temperature dependence of (a) the unit cell parameters and (b) the unit cell volume for STB in the temperature range 81–349 K.
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3. Discussion


The replacement of the NH3 moiety of AB by N2H4 leads to HB, and the addition of a BH3 group to HB leads to HBB. This is accompanied by an increase of the molecular weight (30.8, 45.8, 59.6 g·mol−1 respectively) and thus of the molecules size. Accordingly, one molecule of AB, one of HB and one of HBB occupy a volume of about 65, 78 and 108 Å3 in the low-temperature cell (Table 1 and Table 2).



At low temperature, AB, HB and HBB all crystallizes in the orthorhombic structure but with different space groups; it is the non-centrosymmetric Pmn21 for AB, and the centrosymmetric Pbcn and Pbca for HB and HBB respectively. In the unit cell, the c axis and the B-N bonds are secant with a tilt angle. For AB, the angle is 11.8° for the unit cell at 81 K. Slightly higher angles such as 17.4° and 19.3° were found for HB and HBB respectively.



The increase of the temperature implies disorder (as suggested by the anisotropic cell expansions). AB is more sensitive to temperature change than the other boranes, as evidenced by the coefficient of thermal expansion of 63.93 × 10−5 K−1 (Table 2). In fact, with AB, disordering is accompanied by a transition (at 205 K) into a tetragonal phase (s.g. I4mm) with twelvefold or higher-order reorientation of the BH3 and NH3 groups [12]. In this high-temperature phase, the B-N bonds are aligned along the c axis of the unit cell [20]. At 204 K, just before the transition, the aforementioned tilt angle decreases to 5.3°, confirming the cell expansion and the temperature-induced motion of the AB molecules.



With HB, there is no change in the crystal structure. It is less temperature-sensitive than AB. However, the unit cell abruptly changes at 240 K such that the volume decreases by 0.85%. For the unit cell at 294 K, a tilt angle of 18.5° is found. It is 1.1° higher than that found at 101 K. Such an evolution may induce a cell contraction, rationalizing the abrupt decrease of the unit cell volume occurring at 240 K.



With HBB, there is no change in the crystal structure but the cell unit parameters significantly change and the unit cell volume increases by 0.8% at 288 K. This is also accompanied by a significant change in the tilt angle between the c axis and the B-N bond since it is equal to 31° at 294 K. Temperature-induced disorder leads to a new reorganization of the four HBB molecules in the unit cell, without impacting the crystal structure.



The above-discussed differences may be explained by the molecular size as well as the molecular conformation of the boranes. The molecules of AB are eclipsed and the motions of BH3 and NH3 groups are independent [23]. The molecules of HB are bent with a BNN angle of 118.8° at 101 K, which limits the motion of the N2H4 group by the presence of adjacent molecules. HBB has chair conformation, with a BNN angle of 114.1° at 81 K, which increases to 136° at 294 K.



The substitution of the protic hydrogen Hδ+ of the central NH2 group of the molecule of HB by Li+ leads to LiHB where the alkali cation is tetracoordinated with four [NH2NHBH3]− entities [4,15]. With NaHB, the sodium cation is surrounded by five symmetry-equivalent anions [4,21]. The bigger size of Na+ (116 pm vs. 90 pm for Li+) explains its higher coordination degree and the bigger unit cell volume of NaHB. Consequently, the volume occupied by one of these molecules in the unit cell increases from HB to NaHB, via LiHB (Table 1 and Table 2).



The presence of the alkali cation has also a stabilizing effect on the unit cell. Unlike with HB, no abrupt change due phase transition or cell contraction/expansion was noticed. Anisotropic cell expansion was observed only. Furthermore, the coefficients of thermal expansion were found similar for both LiHB and NaHB, suggesting similar disorder-related behavior under heating. This may be explained by a stabilizing effect of the tetra- and penta-coordination abilities of Li+ and Na+ with four and five [NH2NHBH3]− anions respectively.



The crystal structure of STB is similar to that of AB (orthorhombic, s.g. Pmn21). STB is a bigger molecule (molecular weight of 63.4 g·mol−1) and occupy more volume in the unit cell (104 vs. 65 Å3). Like for LiHB and NaHB, each Na+ of STB is surrounded by several B3H8− anions, typically four, and is coordinated through six Na···H interactions [22]. STB is much sensitive to the temperature increase, as evidenced by a coefficient of thermal expansion of 43.95 × 10−5 K−1. In one respect, STB has a structural evolution between that of AB and that of NaHB.




4. Experimental Section


Synthesis of AB, HB, HBB, LiHB, NaHB, and STB were carried out according to procedures reported in details elsewhere [9,10,15,21,24,25]. After synthesis, the samples were stored in an argon-filled glove box (MBraun M200B, O2 < 0.1 ppm, H2O < 0.1 ppm).



The thermal behavior of the aforementioned boranes was investigated by X-ray thermodiffractometry using synchrotron radiation. All of the experiments were performed on the Swiss Norwegian Beam Line (SNBL, BM01A) at European Synchrotron Facility (Grenoble, France). The diffraction patterns were collected using a monochromatic beam and PILATUS 2M detector. The sample-detector distance (343.71 mm), the parameters of the detector and the wavelength of 0.70814 Å were calibrated using NIST standard LaB6. The temperature was controlled with an Oxford Cryostream 700+ allowing working over a wide range of temperature 80–350 K.



For the in situ X-ray diffraction experiments, the samples in powder form were loaded into glass capillaries of 0.5 mm diameter into an argon-filled glove box (MBraun Unilab fitted with a recirculation system and gas/humidity sensors; O2 < 0.1 ppm, H2O < 0.1 ppm). The capillaries were sealed before experiments to keep the loaded samples out of air and water. Prior to the experiments, the boranes were cooled down from room temperature to 80 K and then heated up at 60 K per hour (1 K·min−1) rate up to 300 K (even 350 K for the most stable borane, STB). Such a rate allowed fine temperature sampling [19]. The diffraction patterns were recorded simultaneously using a collection time of 60 images per hour (1 image·min−1) and a rotation of the capillary of 60°. To get the patterns, the two-dimensional diffraction images were integrated using Fit2D software [26].



The fine temperature sampling allowed the determination of the cell dimensions (a, b, c) from the Le Bail refinement. The unit cell parameters were refined using the Jana2006 software package [27] after having been indexed using DICVOL06 [28]. For each borane, a Rietveld refinement of the structure was also carried out using the Jana2006 software package to determine the tilt angle between the B–N bond and the c axis as well as the BNN angle. The thermal equations of state were established using EosFit7 [29] and the Berman model [30]. The temperature of reference was taken to be equal to 298 K for the boranes without temperature-induced phase transition. It was the temperature of transition for the other ones. The unit cell volume and the fitted equation of state were systematically plotted as a function of the temperature. The parameter of the thermal equation of state and the coefficients of thermal expansion were thus obtained.




5. Conclusions


Six boranes of low molecular weight (AB, HB, HBB, LiHB, NaHB and STB) have been investigated by in situ synchrotron X-ray thermodiffraction from 80 to 300 K. First, AB, HB and HBB have been compared. They behave differently under heating depending on the molecular size, the conformation and motion (degree of freedom) of the chemical groups (NH3, N2H4, BH3).

	
AB is highly temperature-sensitive in comparison to HB and HBB, and a Pmn21-to-I4mm phase transition takes place at 205 K.



	
HB has an orthorhombic structure (s.g. Pbcn) over the whole temperature range but the unit cell volume decreases by 0.85%. This is explained by an increase of the tilt angle between the c axis and the B-N bond and a subsequent cell contraction.



	
HBB has an orthorhombic structure (s.g. Pbca) but the unit cell significantly changes at 288 K. For example, the tilt angle is 114.1° at 81 K whereas it is 136° at 294 K. Temperature-induced disorder leads to a new reorganization of the four HBB molecules in the unit cell, without impacting the crystal structure.








Second, the alkali boranes LiHB, NaHB and STB have been studied, and the data compared to those of the previous boranes.

	
For all of them, the cell expansion is anisotropic and there is no transition over the whole temperature range.



	
LiHB and NaHB behave differently from the parent borane HB. Furthermore, the coefficients of thermal expansions are similar for LiHB and NaHB, suggesting similar disorder-related behavior under heating. This is explained by the presence of the alkali cations that would have stabilizing effect on the unit cell via M···H interactions with four to five borane anions.








STB is highly temperature-sensitive and in one respect has a structural evolution between that of AB and that of NaHB.








Supplementary Materials


Supplementary materials can be accessed at http://www.mdpi.com/2073-4352/6/2/16/s1.
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