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Designing Highly Conductive Sodium-Based Metal Hydride
Nanocomposites: Interplay between Hydride and Oxide

Properties
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Sodium-based complex hydrides have recently gained interest as electrolytes
for all-solid-state batteries due to their light weight and high electrochemical
stability. Although their room temperature conductivities are not sufficiently
high for battery application, nanocomposite formation with metal oxides

has emerged as a promising approach to enhance the ionic conductivity of
complex hydrides. This enhancement is generally attributed to the formation
of a space charge layer at the hydride-oxide interface. However, in this study
it is found that the conductivity enhancement results from interface reac-
tions between the metal hydride and the oxide. Highly conductive NaBH, and
NaNH,/oxide nanocomposites are obtained by optimizing the interface reac-
tion, which strongly depends on the interplay between the surface chemistry
of the oxides and the reactivity of the metal hydrides. Notably, for NaBH,,
the best performance is obtained with Al,O;, while NaNH,/SiO, is the most
conductive NaNH,/oxide nanocomposite with conductivities of, respectively,
4.7 x107° and 2.1 X 10~ S cm™" at 80 °C. Detailed structural characterization
reveals that this disparity originates from the formation of different tertiary

utilization has led to an ongoing search
for excellent energy storage technologies.
Currently, rechargeable lithium-ion bat-
teries are one of the most widely used
energy storage systems, with applications
ranging from mobile devices to electric
vehicles."Z However, due to increasing
performance demands, lithium-ion bat-
teries are challenged by safety concerns
inherent to their flammable organic liquid
electrolytes as well as the rising cost of raw
materials.l’] Consequently, many research
efforts are directed toward the develop-
ment of batteries beyond current lithium-
ion technology.

Sodium-ion batteries are a particularly
promising alternative to the conventional
Li-ion battery. They have mainly attracted
interest for large scale applications due
to the high abundance, accessibility, and

interfacial compounds, and is not only a space charge effect. These results
provide useful insights for the preparation of highly conductive nanocom-

posite electrolytes by optimizing interface interactions.

1. Introduction

The advancement in portable electronics coupled with the
desire to reduce our carbon footprint through renewable energy
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hence low cost of sodium.*® Analogous
to Li-ion batteries, Na-ion batteries can
be operated with solutions of an ion con-
ducting salt in an organic solvent as the
electrolyte. However, these liquid elec-
trolytes are volatile and unstable in contact with high energy
density electrodes. Solid-state electrolytes (SSEs) are often
safer and in many cases compatible with high energy den-
sity electrodes. For example, the solid-state Na-ion conductor
B-Al,0; can be combined with a metallic Na anode (specific
capacity = 1165 mAh g!) as well as a sulfur cathode (specific
capacity = 1672 mAh g1 Therefore, forming an all-solid-
state battery (ASSB), in which the liquid electrolyte is replaced
by a solid electrolyte, could improve device safety as well as
storage capacity.'"?l Consequently, the development of all-
solid-state sodium-ion batteries could lead to safer and afford-
able energy storage devices.

Solid-state Na-ion conductors with high ionic conductivity
at ambient temperature as well as good electrochemical sta-
bility and electrode compatibility are crucial for the imple-
mentation of Na-ion ASSBs operating at room temperature.
Interestingly, solids that can conduct sodium ions have been
investigated even before the creation of the lithium-ion battery.
As early as 1967, fast 2D Na-ion transport has been observed
in $-Al,05,8 which was followed by the introduction of 3D
ion conducting NASICON (Na Super Ionic Conductor) in
1976.141% In recent years, more classes of Na-ion conductors
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have been studied, including oxides, sulfides, thiophosphates,
and complex hydrides, each with their own advantages and
disadvantages.'”® To illustrate, sulfide- and thiophosphate
electrolytes display excellent ionic conductivities at ambient
temperature, but their chemical stability is poor.’"1 Oxide-
based ion conductors, on the other hand, have a higher (electro)
chemical stability, but their manufacturing process is often
expensive and their interfacial contact with the electrode is
poor.'*18 While research has largely focused on the develop-
ment of suitable oxide- and sulfide-type SSEs, complex hydrides
have recently emerged as interesting alternative. This class
of materials displays several unique properties that could be
beneficial for ASSBs compared to oxide- and sulfide-type ion
conductors.

Complex metal hydrides are solids with an ionic lat-
tice composed of metal cations, e.g., Li*, Na*, or Mg?*, and
metal hydride anions, such as [BH,]~, [NH,]", [BjoH;0)*", and
[CBHyy)™. Research in their potential as solid ion conduc-
tors was initiated by the discovery of fast lithium-ion mobility
(107 S cm™) in LiBHy after a reversible phase change from
orthorhombic to hexagonal phase at 108 °C.% Thereafter,
similar structural transitions to highly conductive phases
have been discovered for other complex hydrides as well,
including Na,B;gHyo (1072 S cm™ at 110 °C),2l NaCBy;H;,
(101 S ecm™ at 110 °C),?2 and even Mg(BH,), xNH;
(1072 S cm™! at 55 °C).2% In addition to high ionic conduc-
tivity, other benefits of complex hydrides are their low den-
sity and relatively high electrochemical stability (e.g., =4 V
for NaCBy;Hy,),[?4 as well as the ability to form stable elec-
trolyte-electrode interfaces.[>>~?° These properties make com-
plex hydrides uniquely interesting for novel all-solid-state
sodium-ion batteries. However, for successful incorporation
of metal hydride SSEs in ASSBs, sufficient ionic conductivity
(1073 S cm™) at room temperature is a prerequisite. There-
fore, the development of strategies that enhances conduc-
tivity in complex hydrides at ambient temperature is of major
importance.

Several promising strategies to enhance ion mobility in
metal hydrides at ambient temperature are being explored,
namely partial ionic substitution, nano structuring, and nano-
composite formation. For both lithium- as well as sodium-
based complex hydrides, it has been established that partial
substitution of the complex hydride anion by different anions
(e.g., CI7, Br, I, [NH,J, [ByH;0]*) results in the formation of
phases that are highly conductive at RT.2>3%31 Additionally, the
conductivity of complex metal hydrides can be greatly enhanced
via nano structuring with a mechanochemical treatment? or
via nanocomposite formation, by intimately mixing the metal
hydride with a high surface area non-conducting oxide scaffold,
such as SiO, or Al,05.33* For the latter, the enhancement in
ionic conductivity is attributed to the formation of a highly con-
ductive layer at the interface between the ion-conducting salt
and the insulating scaffold.** As a consequence, the chem-
ical nature of the metal oxide has a large effect on the ionic con-
ductivity. For example, Choi et al. showed that the conductivity
of LiBH,/AlL,0; is twice as high as that of LiBH,/SiO, nano-
composites prepared in the same way.* Interestingly, while
the space charge model, i.e., a local ion redistribution, is often
used to explain the formation of this conductive layer,*>#! the
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exact nature of the interface layer and the interface interactions
remain unclear. Notably several LiBH,/oxide nanocomposites
have been successfully implemented in ASSBs operating at
intermediate temperatures.**3%*¥ For instance, Gulino et al.
recently reported on an ASSB working at room temperature
using LiBH,/MgO composite as the SSE.*®! Overall, it has
clearly been demonstrated that nanocomposite formation is a
useful strategy to increase Li-ion conductivity in metal hydride
SSEs.

Despite the clear evidence for conductivity enhancement
in LiBH,/oxide nanocomposites, studies on Na-based metal
hydrides, such as NaBH,, NaCBy;H;, and NaNH,, are scarce.
To the best of our knowledge, the effect of nanocomposite for-
mation on the Na*™ mobility in NaBH, has only been explored
in two recent studies by Luo et al. and Dou et al.*>% In the
former study, it was shown that confinement of NaBH, in a
mesoporous SiO, scaffold leads to a limited improvement in
ionic conductivity of one order of magnitude.”! On the other
hand, Dou et al. reported that a slightly larger conductivity
increase to 5.8 x 1078 S cm™ at room temperature using MgAl-
layered double hydroxides as the scaffold.”® The latter study
demonstrates that the ionic conductivity of NaBH,-based nano-
composites differs greatly depending on the surface chemistry
of the scaffold material; however, the conductivity enhance-
ment has remained rather small.*#2 The same is true for
NaCBy;H;,/Si0, nanocomposites, where a 30-fold conductivity
improvement from 1 x 10° S ecm™ up to 3 x 107* S ecm™ is
observed.P!

Understanding the conductivity enhancement mecha-
nism, e.g., a space charge layer or interface reaction, is cru-
cial to obtain nanocomposites with high Na-ion conductivity.
However, so far little is known about the exact interactions at
metal hydride-oxide interface. In this work, we investigate the
impact of nanocomposite formation on the Na-ion conductivity
in complex hydrides in detail. In particular, we study how the
ionic conductivity is affected by the chemical nature of the
oxide scaffold by incorporating SiO, and Al,O;, two widely
used high surface area oxides with large differences in surface
chemistry, wettability, and chemical reactivity. Using nanocom-
posites based on NaBH, or NaNH, and these metal oxides as
model systems, we found that the conductivity enhancement
results from interfacial reactions leading to different interfa-
cial compounds. The interface reactions depend strongly on
the interplay between the properties of the metal hydride and
the oxide scaffold material. Based on this understanding, we
achieved about three orders of magnitude increase in the ionic
conductivities of the nanocomposites by using the appropriate
metal oxide scaffold. Specifically, conductivities of 4.7 x 10~
and 2.1 X 10 S cm™ at 80 °C are obtained for NaBH, and
NaNH),, respectively, which are higher than previously reported
in literature. Interestingly, while %Al,O; results in the highest
conductivity in case of NaBH,, the highest conductivity for the
NaNH,/oxide nanocomposites was obtained with SiO,. Results
from electrochemical impedance spectroscopy (EIS), DRIFTS,
and solid-state NMR measurements indicate that the differ-
ence in conductivity is due to the strength of the interaction
between the hydrides and the oxide, which is influenced by the
stability of the metal hydride and the ability to wet the oxide
surface.
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2. Results and Discussion

2.1. Structural Differences between NaBH,- and NaNH,/Oxide
Nanocomposites

The structural properties of the synthesized NaBH,/oxide
and NaNH,/oxide nanocomposites with a pore filling frac-
tion of 130% have been investigated. To start, the effect of the
melt infiltration synthesis and the incorporation of the metal
hydrides in the pores of the mesoporous scaffolds is discussed
based on the chemical and structural changes revealed by
DRIFTS, DSC, XRD, and N, physisorption measurements.

In Figure 1a, the DRIFTS absorbance spectra of the NaBH,/
Al,0; and NaBH,/SiO, nanocomposites, as well as pure
NaBH,, Al,0; and SiO, are shown. In the spectra, the charac-
teristic vibrations of macrocrystalline NaBH, can be observed
by bands between 2500 and 2000 cm™, corresponding to
[BH,T] stretching vibrations,’”*®! and bands between 3200
and 3600 cm ™% These characteristic bands are present in
the DRIFTS spectra of both NaBH,/Al,0; and NaBH,/SiO,
nanocomposites as well. In previous studies on nanoconfined
LiBH,, a broadening of these peaks was seen, which was attrib-
uted to an increase in the rotational freedom of [BH, ] induced
by nanocomposite formation.*¥ For the NaBH, nanocompos-
ites, this effect is less evident, though slightly broader peaks are
observed for the NaBH,/Al,0; nanocomposite.

The second region of interest corresponds to the hydroxyl
stretching vibrations in Al;O; and SiO, appearing between
3850 and 3000 cm 1% For Al,Q;, several broad bands related to
vibrations of linear and bridged hydroxyl groups are seen in the
region between 3800 and 3000 cm™. In the SiO, spectrum, a
sharp absorption peak is present at 3747 cm™., which is ascribed
to isolated and geminal silanol groups, or “free” silanols. Addi-
tionally, a broad band that represents hydrogen bound (vicinal)
silanol groups and physiosorbed water is observed between
3700 and 3000 cm™'. Notably, after melt infiltration the vibra-
tions assigned to surface hydroxyl groups are no longer visible
in the spectra of both NaBH,/Al,O; and NaBH,/SiO,. Gener-
ally, this is associated with a reaction or interactions between
the —[OH] group and the confined electrolyte, thereby sup-
pressing the hydroxyl vibration.*>*3 This indicates that NaBH,
covers the surface of the mesoporous oxides, and that an inter-
action or reaction occurs at the NaBH, — metal oxide interface.

In the same way as for NaBH,/oxide nanocomposites,
DRIFTS analysis was used to study the structural properties of
NaNH,/Al, O3 and NaNH,/SiO, nanocomposites. The DRIFTS
spectra of the nanocomposites and pristine compounds are
displayed in Figure 1b. In the spectra of both nanocompos-
ites vibrations, that are characteristic for NaNH, are observed
between 3800 and 2800 cmL.I°%62l Especially the sharp vibra-
tions at 3260 and 3210 cm™ attributed to [NH,] stretching
vibrations display clear changes compared to pristine NaNH,.
Similar to LiBH,- and NaBH,/oxide nanocomposites, the peaks
have become less intense and slightly broader after melt infiltra-
tion, especially for the NaNH,/SiO, nanocomposite. Moreover,
in both nanocomposite spectra two bands are seen at 2060 and
1970 cm™! that are less pronounced in pure NaNH,. To investi-
gate the origin of these features, the DRIFTS spectrum of pure
NaNH, subjected to the same heat treatment as the nanocom-
posites, i.e., 30 min at 225 °C, was collected (Figure S2, Sup-
porting Information). It is observed that this spectrum displays
the same features, confirming that these peaks are not the
result of nanocomposite formation, but rather an irreversible
structural change in NaNH, after heating to 225 °C. Finally, in
the spectra of the NaNH,/oxide nanocomposites the vibrations
related to the metal oxide hydroxyl groups between 3700 and
3000 cm™ are no longer present. Again this can be assigned
to interfacial interactions or reactions between the sodium salt
and the —[OH] groups on the Al,0; and SiO, surface.**l This
indicates that the used synthesis conditions result in interac-
tion of NaNH, with the oxide surface, comparable to the results
on NaBH,.

The incorporation of NaBH, in the pores of the mesoporous
scaffolds was studied further with differential scanning calorim-
etry (DSC), X-ray diffraction (XRD), and N, physisorption. The
DSC curves of NaBH,/SiO, and NaBH,/Al,0; nanocomposites
as well as pure NaBH, are presented in Figure 2a. In the DSC
curve of pure NaBH,, the phase transition from tetragonal P4,/
nmc (LT phase) to cubic F,-3m (HT phase) NaBH, is observed
by an endothermic peak starting at -83 °C.[*% Using integra-
tion of the peak area, it was possible to verify that the enthalpy
of this phase transition is 23.5 ] g% (or 0.89 k] mol™) in accord-
ance with literature.l®*®] Similarly, in the DSC curves of both
NaBH,/oxide nanocomposites, a broad endothermic peak with
an onset of —85 °C is seen, which is related to macrocrystal-
line NaBH,. Note that a peak corresponding to the presence

(a) A (b) -L\M\,Ak\/\%/\/\,
T.Davu. 1.0 a.u.
] NaBH, g
—~ —_ NaNH,
3 3
> >
@ 2
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Figure 1. DRIFTS spectra of a) NaBH,/oxide and b) NaBH,/oxide nanocomposites with 130% pore filling fraction displaying the regions related to
hydroxyl stretching vibrations, as well as characteristic [BH,4|~ and [NH,]™ vibrations.
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Figure 2. a) DSC graphs of macrocrystalline NaBH, and NaBH,/oxide nanocomposites with 130% pore filling fraction. b) XRD diffraction patterns of
NaNH,/oxide physical mixtures (PM) and corresponding nanocomposites. The diffraction pattern of NaNH, is shown for comparison.

of nanoconfined NaBH, was not observed. As the phase tran-
sition in nanoconfined materials is known to occur at lower
temperatures than for macrocrystalline materials, this suggests
that the nanoconfined NaBH, undergoes the phase transition
at temperatures below —90 °Cl! which is the limit of the DSC
apparatus.

Using the peak area of the macrocrystalline NaBH, peak
and the enthalpy of the phase transition, it is possible to cal-
culate the fractions of nanoconfined (intraporous) and mac-
rocrystalline (extraporous) NaBH, in the nanocomposites.[*’]
The results are summarized in Table 1. This approach shows
that in the NaBH,/Al,0; nanocomposite the pores are com-
pletely filled with NaBH,. As a result, 79% of the total amount
of NaBH, is confined inside the scaffold pores and 21% is pre-
sent as extraporous NaBH,, as required to ensure sufficient
Na* conduction over the non-conducting oxide particles. On
the other hand, for the NaBH,/SiO, nanocomposite it was
found that only 35% of NaBH, has been incorporated in the
SiO, pores, while 65% remained outside of the scaffold. This
corresponds to a pore filling of only 46%, significantly lower
than intended. This clearly demonstrates that melt infiltration
has resulted in the complete infiltration of NaBH, in the pores
of Al,0;, whereas only partial incorporation occurs in the SiO,
scaffold.

These results are further corroborated by XRD analysis
(Figure S3a, Supporting Information), which shows a large
decrease in the long-range crystallinity of NaBH, when it is
melt infiltrated in Al,O3;, whereas long-range crystallinity is
mostly preserved for NaBH,/SiO,. Nanoconfined materials
typically lack long-range crystallinity, due to the nanosized

Table 1. Differential Scanning Calorimetry results of the NaBH,/oxide
nanocomposites.

Nanocomposite NaBH,/Al,O3 NaBH,/SiO,
Enthalpy (/ g nanocomposte) 192 9.82
Extraporous NaBH, (g g™ nanocomposite) 0.08 0.42
Fraction extra/intraporous NaBH, 0.21:0.79 0.65:0.35
Percentage of scaffold pore volume filled 103% 46%
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crystallites that form in the small scaffold pores, which means
that long-rang crystallinity in metal hydride nanocomposites is
often associated with extraporous (non-confined) material.[%’]
Similar differences were observed in the physisorption curves
of NaBH,/Al,0; and NaBH,/SiO, nanocomposites with dif-
ferent pore filling fractions, as shown in Figure S3 (Supporting
Information). Upon introduction of a small volume of NaBH,
(15% of the scaffold pore volume) in the nanocomposite, the
large BET surface area and pore volume that is characteristic
for this SiO, scaffold is almost completely lost. This demon-
strates that the small amount of NaBH, cover the outer surface
of the scaffold and blocks the pores rather than infiltrate them.
In contrast, the gradual reduction of the BET surface area and
pore volume of the Al,O; upon introduction of increasing
amounts of NaBH, (15%, 30%, and 130% of the scaffold pore
volume), demonstrates that the metal hydride readily infiltrates
the %Al,05 scaffold.

The distinct difference in NaBH, infiltration in the different
scaffolds can be explained by the physical principles governing
melt infiltration. In general, pores of a certain scaffold can be
filled spontaneously by a liquid (or molten solid) when capillary
forces draw the liquid or molten phase inside the scaffold pores.
This phenomenon occurs when the liquid readily spreads over,
or ‘wets’, the surface of the solid. Whether a liquid wets a sur-
face depends on the surface energy of the solid ¥, the surface
tension of the liquid ¥, and the solid-liquid interface energy .
Based on Young's equation (Equation 1), it can be determined if
a system “wetting” or “non-wetting”.

cosfO = u (]_)
ylv

A contact angle 6 < 90° corresponds to wetting, while a
system is non-wetting if @ > 90°.11 By comparing the surface
energies of SiO, and Al,O;, it becomes clear that the surface
energy for SiO, (0.26 ] m™) is significantly lower than that
of AL,O3 (1.52 ] m™2).[688 Therefore, it is more difficult for
NaBH, to infiltrate the pores of SiO, and consequently only
partial NaBH, incorporation is observed for NaBH,/SiO,,
while complete infiltration is achieved for the NaBH,/Al,0,
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nanocomposite. This issue has not been encountered for LiBH,/
oxide nanocomposites, because LiBH, has a lower surface ten-
sion %, (0.12 N m™) compared to NaBH, (0.24-1.09 N m™)
and therefore easily infiltrates the pores of both SiO, and
AlL,0,.1%7]

Due to the decomposition of NaNH, upon melting (in the
absence of ammonia back pressure) and the absence of low
temperature structural phase transitions, it was not possible to
study the incorporation of NaNH, in mesoporous metal oxides
with DSC measurements, as this would require an ammonia
overpressure during the measurements. Therefore, further
evidence for the infiltration of NaNH, into the oxide pores is
provided by XRD analysis and N, physisorption. The XRD dif-
fraction patterns of the NaNH,/SiO, and NaNH,/Al,03 nano-
composites are shown in Figure 2b. For comparison, the XRD
patterns of pure NaNH, and a physical mixture of NaNH, and
the metal oxide are included. Interestingly, the sharp crystal-
line peaks that are observed in the diffraction patterns of the
pure compound and the physical mixtures (PM), are not pre-
sent for the nanocomposites. The XRD diffraction peaks for
NaNH, are less intense in both NaNH,/SiO, and NaNH,/
Al)O;. This absence of long-range crystallinity is attributed to
successful incorporation of NaNH, in the oxide pores, since
confined NaNH, forms nanosized crystallites in the oxide
pores which cannot be probed by XRD.[®7%] Moreover, the suc-
cessful incorporation of NaNH, into the mesoporous oxides
is further confirmed by results from N, physisorption. The
physisorption curves and corresponding pore size distributions
of NaNH,/Al,0; and NaNH,/SiO, nanocomposites with dif-
ferent pore filling fractions are shown in Figure 3 and Figure S3
(Supporting Information), respectively. Here, a loss in pore
volume is observed with increasing amount of NaNH,, con-
sistent with gradual infiltration of the metal hydride in the
scaffold pores.?¥70 At low pore filling fractions (15%), a par-
tial loss of the pore volume is observed, which indicates
that the loss in pore volume is not caused by pore blockage.
Hence, it is clear that NaNH, is readily incorporated in both
mesoporous oxide scaffolds, in line with the DRIFTS and
XRD results.
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2.2. Na-lon Conductivity in NaBH,- and NaNH,/Oxide
Nanocomposites

To investigate the effect of the nanocomposite formation on the
Na-ion conductivity, the impedance of the NaBH,- and NaNH,/
oxide nanocomposites was determined by EIS. The nanocom-
posites discussed here contain a NaBH, or NaNH, volume that
is equal to 130% of the total pore volume of the oxide scaffolds.
In this way, the metal hydride can in theory completely fill the
pores of the scaffold, while also covering the outer surface of
the scaffold, ensuring a percolating network of fast Na* diffu-
sion pathways over the non-conducting oxide particles. The
temperature-dependent Na-conductivities as derived from
the complex impedance analysis are displayed in Figure 4a
for NaNH,/oxide nanocomposites and Figure 4b for NaBH,/
oxide nanocomposites, as well as the corresponding electronic
and Na-ion transport measurements (Figure 4c—f). The corre-
sponding single arc Nyquist plots and fitted values are reported
in Figure S4 (Supporting Information). The reversible behavior
during heating and cooling is shown in Figure S5a (Supporting
Information) and indicates that the changes to the material
during cycling are negligibly small. In Figure S5b (Supporting
Information), the conductivity data of physically mixed NaNH,-
Al,0; and NaBH,SiO, samples with same concentration as
the 130% pore filled nanocomposites, are shown. The very low
conductivity of these physically mixed samples demonstrates
that the formation of a nanocomposite is required to achieve
improved conductivity. Details on the electrochemical stability
and galvanostatic cycling of the nanocomposites can be found
in Figures S6 and S7 (Supporting Information).

The data depicted in Figure 4 demonstrate that over the
entire temperature range from room temperature to 80 °C all
nanocomposites display an enhancement of the conductivity
compared to pristine sodium compounds. The electronic and
Na-ion transport measurements (Figure 4c—f) confirm that
for both the NaNH,- and NaBH,/oxide nanocomposites, the
conductivity determined from EIS corresponds directly to
Na-ion transport, as the electronic transport is negligible and
the Na-ion transport number is almost unity. Notably, for the

(b) 14

] —e— Mesoporous Al,O,
1.24 NaNH,/Al,O, 15% PF
1 —e— NaNH,/AL,O, 100% PF

Pore volume (cm’g™)
dV/ dlog(D)

oo

T T T T T T T T T T T
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Pore diameter (nm)

Figure 3. a) N, physisorption isotherms and b) corresponding pore size distribution of NaNH,/Al,03; nanocomposites with pore filling fractions of
15% and 100%. The isotherm of pristine Al,O; is provided for comparison. The solid lines correspond to adsorption curves and the dashed lines cor-
respond to desorption curves. The pore size distribution is determined from the BIH adsorption curve using the standard Harkins and Jura analysis.
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Figure 4. Arrhenius plots of Na-ion conductivity versus reciprocal temperature of a) NaBH,/oxide and b) NaNH,/oxide nanocomposites based on
SiO, (blue) and y-Al,O5 (red) with 130% pore filling fraction, as well as pure NaBH, or NaNH,.The first temperature-dependent heating cycle is shown.
c—f) Electronic and Na-ion transport measurements on NaNH,/SiO, c,d) and NaBH/AIl,O; symmetric cells. The electronic measurements (c,e) were
performed on symmetric cells with blocking electrodes (SS) and Na-ion measurements (d,f) have been performed on symmetric cells with non-blocking

electrodes.

NaNH,/oxide nanocomposites (Figure 4a), the NaNH,/SiO,
sample possesses the highest conductivity (2.12 x 10> S cm™
at 80 °C), about three orders of magnitude higher than pris-
tine NaNH,, (4.35 x 10® S cm™ at 80 °C). The Na-ion conduc-
tivity of the NaNH,/Al,03 nanocomposite is 1.22 X 10°° S cm™
at 80 °C, higher than that of pristine NaNH,, but below that
of NaNH,/SiO,. Contrarily, the NaBH,/oxide nanocomposite
based on Al,O; exhibits the highest Na-ion conductivity
(466 x 10 S cm™ at 80 °C) for the NaBH, nanocompos-
ites (Figure 4b), while the Na-ion conductivity of the NaBH,/
Si0, is significantly lower, i.e., 785 x 107 S cm™. Both nano-
composites show an improvement compared to pure NaBH,
(9.23x 1078 S cm™ at 80 °C) of, respectively, almost three orders
of magnitude and a 70-fold increase. To compare, for LiBH,

Adv. Funct. Mater. 2023, 33, 2209122 2209122 (6 Of15)

an increase over three orders of magnitude upon confinement
in a similar SiO, scaffold (MCM-41) is typically observed."
Hence, while it is evident that nanocomposite formation
leads to conductivity improvement for sodium-based complex
hydrides analogous to lithium borohydride, the exact extent
of the enhancement clearly differs from the lithium-based
counterparts.

The temperature-dependence of the ion conductivity (o) indi-
cates Arrhenius type behavior in the applied temperature range.

This Arrhenius behavior is described by g(T):%e‘EA/kBT,

where kg is the Boltzmann constant, ¢, is a pre-exponential
factor, and E, is the activation energy.’?l Accordingly, the activa-
tion energy for long-range ion transport in the nanocomposites
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Table 2. Activation energy (E,) and In (0T) obtained from a linear plot
of In (6T) and 107 T of the second temperature dependent EIS cycle
reported in Figure 3. The standard deviation is based on the 95% confi-
dence interval of the linear fit.

Metal hydride/(oxide) In oy Ea[eV]

Pristine NaNH, 3477 14+0.5

NaNH,/SiO, 19.1£0.6 0.73 £0.02
NaNH,/Al,0, 2041 0.85+0.04
Pristine NaBH, 12+3 0.67 £0.07
NaBH,/SiO, 8.6+0.5 0.51£0.01
NaBH,/Al,O4 1.7+£01 0.483 +0.01

could be derived by linearly fitting the data shown in Figure 4.
A summary of the calculated activation energies is reported in
Table 2. The activation energy of the NaNH,/oxide nanocom-
posites (0.73 and 0.85 eV for NaNH,/SiO, and NaNH,/Al,0;,
respectively) is considerably lower than the value obtained
for pristine NaNH, (1.4 eV). The lowest activation energy is
obtained for the most conductive NaNH,/oxide nanocomposite,
NaNH,/SiO,. Likewise, the activation energies of the NaBH,/
oxide nanocomposites display the same trend, i.e., a decreasing
of the E, after nanocomposite formation. The calculated activa-
tion energies for NaBH,/SiO, and NaBH,/Al,O; are 0.51 and
0.48 eV, smaller than the activation energy of 0.67 eV calculated
for pristine NaBH,. Hence, in agreement with the enhance-
ment in conductivity, the activation energy for ion transport has
decreased upon nanocomposite formation, in agreement with
the behavior that has previously been established for LiBH,
nanocomposites.?**#71 When comparing the conductivities
and activation energies of the NaNH,/oxide nanocomposites
and the NaBH4/oxide nanocomposites, it is observed that the
largest conductivity improvement is achieved with a different
scaffold, SiO, in the case of NaNH, and Al,O; in the case of
NaBH,. The origin of this behavior will be discussed in detail
later.

Before discussing the differences between the NaNH,- and
NaBH nanocomposites, the effect of the metal hydride-to-
metal oxide weight ratio (or pore filling) in the nanocomposite

T(°C)
(a) . 80 70 60 50 40 30
10- 3 1 1 1 ] 1 1
10° 4
“g —e—NaBH,
 10° ] NaBH,/ALO,
<z —v—50% PF
S —=—90% PF
g —<4—120% PF
210 130% PF
c 150% PF
3 170% PF
10° 4
10° T T T T T
28 2.9 3.0 3.1 32 33
T'(10° K"

on the Na-ion conductivity will be considered. Here, we spe-
cifically analyzed the composition dependence for the NaBH,/
Al,0; nanocomposite, as this system demonstrated the
highest Na-ion conductivity. The explored composition ranges
from a NaBH,Al, O3 weight ratio of 0.26:1 to a ratio of 0.88:1,
which corresponds to a pore filling fraction of 50-170% (see
Table S2, Supporting Information). The Arrhenius plots for the
conductivities of these NaBH,/Al,0; samples are displayed in
Figure 5a. The dependence of the activation energy and Na-ion
conductivity (at 50 °C) on the pore filling is shown in Figure 5b.
The highest o value at 50 °C is reached for a pore filling frac-
tion of 120-130% confirming the trend that has been previously
reported. The Na-ion conductivity increases with the increasing
amount of NaBH, up to a pore filling fraction of 130%, while
the conductivity decreases after exceeding this value. This can
be explained by the presence of non-conducting phases in the
NaBH,/Al,O; composites. A pore filling fraction that is lower
than 120% would result in an excess of insulating Al,O; that
interrupts the Na-ion diffusion pathways, thereby decreasing
Na-ion conductivity. On the other hand, if the volume pore
filling (volume of NaBH, in the Al,O; pores) exceeds 130%,
long-range Li-ion transport is hindered by the presence of the
poorly conducting macrocrystalline NaBH,. It is worth noting
that the calculated E, values confirm this behavior as well. In
fact, the E, decreases up to 0.46 eV for a pore filling fraction
of 130%, verifying that this is the optimal composition for the
metal hydride nanocomposites. When the amount of NaBH, is
increased or decreased, the activation energy increased, indi-
cating less favorable Na-ion conduction pathways.

These results are in line with the ones reported by Gulino
et al., which revealed a maximum of the Li-ion conductivity
for the system LiBH,-SiO, system for a complete pore volume
filling (i.e., 100%).4 The slight difference in the composition
for the maximum o value can be explained considering the two
different routes used to synthetize the nanocomposites, i.e., ball
milling for Gulino et al. and melt infiltration in this work that
typically requires a larger pore filling.*>”% For the first time, we
have described how the structural parameter pore filling affects
the Na-ion conductivity in sodium composite electrolytes syn-
thetized via melt infiltration. It is important to consider that

(b) 10° 1 I 1 L I I
— ®- Conductivity at 40 °C
— 49— Activation energy [ Ja - 0.64
Ea L s g =~ ~
‘E ’ @
S 10° & L7 S L 0.60
» S . N
- R P . .
9 AN s \\ S
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7 s c
5 10" 3 e N B - §
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Figure 5. a) Arrhenius plots of Na-ion conductivity versus reciprocal temperature of NaBH,/Al,O; nanocomposites with varying pore filling. b) Na-ion
conductivity at 50 °C (grey circles) and activation energy (red squares) as a function of pore filling (%) dashed lines are added as guide to the eve.
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this optimum in pore filling will not apply to nanocomposites
in which the metal hydride does not completely infiltrate the
scaffold pores, such as the NaBH,4/SiO, nanocomposite, as in
this case more extraporous (macrocrystalline) metal hydride
that can hinder long-range ionic transport is present in the
nanocomposite.

2.3. Probing the Conductive Metal Hydride-Oxide Interface

The improved Na-ion conductivity observed for the NaNH,/
oxide and NaBH,/oxide nanocomposites could originate from
the creation of a highly conductive interface layer at the metal
hydride-metal oxide interface during the synthesis of the nano-
composites, as reported for LiBH,/oxide nanocomposites. For
LiBH,, it has been demonstrated that the enhancement in con-
ductivity upon nanocomposite formation with a mesoporous
oxide originates from interactions between surface groups of
the oxide and the metal hydride.’®3#74 This interface layer
is characterized by high ion dynamics for both BH,  and Li*
but has not yet been defined with a clear crystal structure.073]
Similarly, de Kort et al. recently identified comparable interface-
induced ionic conductivity in LiBH,LiNH,/oxide nanocom-
posites.*?] The physical and chemical properties of the oxide
materials were shown to be critical for the interface reaction,
and thereby the ionic conductivity of the nanocomposite mate-
rials, although the exact roles of the scaffold and the nature of
the interface are not yet fully understood. Note that the inter-
face layer is often referred to as a highly defected space charge
layer, but considering the presence of strong interface interac-
tions, and in some cases reactions, the formation of a tertiary
phase at the interface should also be considered.

In the previous section, it was demonstrated that for both
NaBH,- and NaNH,/oxide nanocomposites, the surface groups
of the oxide scaffolds disappeared after melt infiltration due
to interaction with the sodium metal hydrides (Figure 1).
This suggests that also in the present case, interface reactions
could have resulted in the formation of a conductive tertiary
phase at the interface. Moreover, a remarkable difference in
the ionic conductivity of NaNH,/SiO, compared to NaNH,/
Al, O3, and NaBH,/SiO, compared to NaBH,/Al,O3, has been

observed (Figure 4). The highest conductivity for NaNH,/oxide
nanocomposites is obtained with the SiO, scaffold, while the
NaBH,/Al,0; nanocomposite is more conductive than NaBH,/
SiO,. Evidently, the interaction of the two sodium compounds
with SiO, and Al,O; is distinctly different. This strongly sug-
gests that the interface interaction does not only depend on the
properties of the oxide scaffold, but also on the nature of the
metal hydride.

In order to understand how the nanocomposite conductivity
depends on the interactions between the metal hydride and the
oxide scaffold, we have investigated the nature of the interface
layer in the NaBH,/Al,0;, NaNH,/Al,0;, and NaNH,/SiO,
nanocomposites. The interface interactions in the NaBH,/SiO,
nanocomposite are not studied, since the metal hydride does
not completely infiltrate the mesoporous oxide due to poor
wetting of NaBH, on the SiO, surface as illustrated by DSC
(Table 1). While it is likely that the NaBH, interacts with the
SiO, surface in this case as well (though rather weakly), the
overall conductivity is governed by the larger amount of macro-
crystalline NaBH, outside of the scaffold pores. Consequently,
it is not possible to fairly compare the results of this sample to
the other nanocomposites.

To start, the metal hydride/oxide interface of the most con-
ductive nanocomposite, NaBH,/Al,0;, has been studied with
DRIFTS and solid-state NMR (ssNMR). To this end, nano-
composites with low pore filling fractions were prepared to
specifically probe the contribution of the NaBH,-Al,O; inter-
face species, as the contribution of bulk-like NaBH, far away
from the interface is minimized at these low metal hydride
compositions. In Figure 6a, the DRIFTS spectra of NaBH,/
Al,0; with different pore filling fractions are shown. It can
be observed that with decreasing pore filling, the vibrations
at 3438 and 3275 cm™ and between 2500 and 2000 cm™ cor-
responding to NaBH, become increasingly less intense. At the
same time, new peaks that are not associated with the $Al,0;
scaffold appear at 2547, 2473, 1760, and =1350 cm™, indicated
by the dotted lines in Figure 6a. The peaks =2500 cm™! are
ascribed to B-H stretching vibrations in Na,By,H;,.”>7") This
indicates that near the scaffold surface NaBH, partially decom-
poses to form Na,B;,H;,, as has already been demonstrated by
Ngene et al. for NaBH,/C nanocomposites.’® Additionally, the

a T T b
( ) — A0, scaffold | 2473 : ( ) g
_{| NaBH JAI,0, nanocomposites | 2546 @ 60 kHz MAS
Pore filling: 70% 1760
] 30% :‘
El — 15%
& “
> Io.s au.
=
[}
E b 15% \
c
= N S A
150%
E 5% NaBH,
x0.3 Rotorm

: ; ; : |
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Figure 6. a) DRIFTS spectra of NaBH,/Al,O3 nanocomposites with pore filling ranging from 15% to 70%. b) "B ssNMR spectra of pure NaBH,, NaBH,/
Al,03 nanocomposites with 15%, 30%, and 150% pore filling and an empty NMR rotor. The nanocomposites spectra are normalized to the peak at
—42 ppm. The spectrum of the empty rotor is normalized to the same value as the 15% pore filling composite for comparison of the background signal
to the rotor.
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vibrations at 1760 and 1350 cm™ can be related to asymmetric
stretching vibrations of B—O bonds in trigonal BO;-units./*8%
Hence, these results strongly suggest that the surface hydroxyl
groups on Al,O; react with NaBH, to form B—O bonds as well
as Na,By,Hy,, thereby forming a tertiary interfacial layer with
enhanced Na-ion mobility.

High-resolution ssNMR measurements were performed
on the NaBH,/Al,0; composites to further study the interfa-
cial species present in the nanocomposites. In Figure 6b, the
B spectra for pristine NaBH,, NaBH,/Al,0; nanocompos-
ites with different pore filling and an empty sample holder
(rotor) are shown. In Figure S8 (Supporting Information), an
enlargement of the graph is provided in which the smaller
peaks can be distinguished more easily. In the spectrum for
pristine NaBH,, a single peak is observed at a chemical shift of
—42.0 ppm, ascribed to bulk-like [BH, ] species.l®) Compared to
the pure NaBH, spectrum, the nanocomposite spectra contain
several additional peaks. First of all, at a slightly more nega-
tive chemical shift of —44.8 ppm a broad peak is seen, which
becomes more pronounced with lower pore filling fractions.
This peak can be assigned to the presence of more shielded
NaBH, nanoclusters, as has been previously reported for nano-
confined LiBH,.B! Secondly, in all nanocomposites, a peak is
present at a chemical shift of —15.6 ppm, which corresponds
to the presence of Na,Bj,Hy, in the samples.B83] Finally, in
most of the NaBH,/Al,O; nanocomposite spectra, two peaks
are seen at positive chemical shifts of 1.3 and 174 ppm, while
the spectrum of the nanocomposite with a pore filling fraction
of 15% contains a third peak at 24.4 ppm. Each of these peaks
corresponds to a specific B—O species, respectively, tetragonal
BOy,, trigonal BOj;),, and three-coordinated BO,,,0™ sites.®
This interaction of the [BH4] anions with the oxide surface
was investigated further with Al ssNMR measurements. The
YAl spectra of NaBH,/Al,O; with a low pore filling fraction
(15%) and pristine $#Al,O; are displayed in Figure S9 (Sup-
porting Information). The spectra demonstrate that the unsatu-
rated penta-coordinated Al sites on the oxide surface become
saturated upon incorporation of NaBH, in the scaffold pores,
which can be attributed to coordination of the [BH, ] anion
to the [AlOs] on the oxide surface.®># Thus, in line with the
DRIFTS results, the ssNMR analysis confirms that incorpora-
tion of NaBH, in the Al,O; scaffold results in the formation of

NaBH, nanoclusters, Na,B;;H;, and B—O species due to inter-
action with the oxide surface. The presence of B—O species has
previously been associated with the formation of a conductive
metal hydride/oxide interfacial layer in LiBH,, LiBH,-Lil, and
LiF/Al,0; nanocomposites.[334+86.88]

In a similar way, the interface interactions at the metal
hydride-metal oxide interface in NaNH,/Al,03 and NaNH,/SiO,
nanocomposites have been studied with ssNMR and DRIFTS.
Since boron is not present in these samples and “N and ®N
NMR did not give sufficient signal, the interfacial species were
studied using 2’Na NMR and, for NaNH,/Al,0;, Al NMR. In
Figure 7a, the ¥Al NMR spectra of NaNH,/Al,0; nanocompos-
ites with pore filling fractions of 100% and 15% are shown, as
well as pristine %Al,0; for comparison. The pure %Al,0; spec-
trum contains intense signals at 15 and 74 ppm, which reflect
the presence of, respectively, six and fourfold-coordinated Al
species.®>%1 A less intense signal is seen at 39 ppm, which
represents unsaturated penta-coordinated Al ions near the sur-
face of the oxide.®>*! It is known that these penta-coordinated
sites can serve as anchoring points for foreign anions such
as F~ from LiF or BH,” from LiBH,.**®! As a consequence,
the penta-coordinated sites become saturated and the signal
=39 ppm disappears. This phenomenon clearly occurs for the
studied NaNH,/Al,0; nanocomposites as well. In the ssNMR
spectra of both nanocomposites pronounced signals related
to four and sixfold-coordinated Al species are present, while
no signal related to penta-coordinated Al is observed. Hence,
it seems likely that the NH,™ anion interacts with the [AlOs]
surface group, possibly forming a [AlOs(NH,)]-like species. In
other conductor/insulator nanocomposites, such as LiF/AL;O;
the [AlOsX] sites formed in this way significantly influence the
overall ionic transport as Li* vacancies are created that can be
utilized by other Li* ions to perform hopping processes in the
interface region. Similarly, it is expected that the conduction in
the NaNH,/oxide nanocomposites depends on a surface-con-
trolled diffusion mechanism.

The NMR signal related to fourfold-coordinated species
consists of two peaks (at 84 and 75 ppm), which are clearly
distinguishable in the NaNH,/Al,O; nanocomposite with a
pore filling fraction of 15%. This indicates that in addition
to the fourfold-coordinated Al species in pristine ¥Al,0;,
a second fourfold-coordinated species is formed in the
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Figure 7. a) Al ssNMR spectra of pure Al,0; and NaNH,/Al,O; nanocomposites with 15% and 100% pore filling fraction. The nanocomposite spectra

are normalized to the peak at 15 ppm. b) DRIFTS spectra of NaNH,/Al,0;
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nanocomposites with pore filling ranging from 15% to 70%.
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nanocomposites due to interaction or reaction of the metal
hydride with the Al,;O; surface. It is interesting to note that
similar peaks are also present in the Al NMR spectra of the
NaBH,/Al,0; nanocomposites (Figure S9, Supporting Informa-
tion). While the higher &, of this [AlO,] species demonstrates
that this compound has a higher Al-O bond order and shorter
bonds, 17 A1 NMR does not provide further information on the
possible nature of the interfacial compound(s) that might have
formed. Therefore, the chemical nature of the NaNH,/Al,O3
interface was investigated further with 2Na NMR and DRIFTS
analysis shown in Figure 7b and Figure S10 (Supporting Infor-
mation). The 2>Na NMR spectra of heat-treated NaNH, and
NaNH,/Al,0; with a pore filling fraction of 100% both exhibit
a big quadrupolar feature with several peaks between 30 and
—20 ppm. In contrast, the spectrum of the NaNH,/Al,0; nano-
composite with a pore filling fraction of 15% only displays two
signals at 14 and —10 ppm. Evidently, two different Na species
seem to have formed on the surface of the Al,O5 scaffold. From
these measurements, it is not immediately clear to which Na-
species these signals correlate. Possible compounds include
Na,0 (-10 ppm),®) NaN; (-11 ppm),®) NaH (18 ppm),*%
NaNO; (-8.5 ppm),® and Na* ions coordinated to octahedral
A" (=8 and —14 ppm).’2%3] However, further investigation is
required to confirm the assignment of both peaks.

In the DRIFTS spectra of the NaNH,/Al,0; nanocompos-
ites, five peaks are observed, at 3636, 2552, 2182, 1588, and
1424 cm™, that are not observed for pristine NaNH,, heat-
treated NaNH,, or the NaNH,/Al,O; nanocomposites with
a pore filling fraction of 130% (Figure 1b). Interestingly, the
DRIFTS spectrum of pristine Na,O (Figure S11, Supporting
Information) displays a sharp peak at exactly 3636 cm™ as well,
coupled with a broad peak =1450 cm™. In line with the 2*Na
NMR results, this indicates that Na,O might have formed at
the NaNH,/Al,O; interface. While the assignment of the peaks
at 2552, 2182, and 1588 cm™! to specific compounds is less evi-
dent, in most cases they point toward the formation of N—O
species. For example, the peak at 2180 cm™ is often assigned to
N—O vibrations in NO™. Likewise, the peak at 1588 cm™ could
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be ascribed to N—O vibrations related to NO,~ and NO;~.[*+%
Thus, both ssNMR and DRIFTS analysis demonstrate that
NaNH, interacts with the surface groups of Al,0;, akin to
NaBH,/Al,0;, thereby possibly forming Na,0O and N—O-
containing interfacial compounds.

Note that the NaNH,/Al,0; nanocomposite is less conduc-
tive than the nanocomposite based on SiO,. Consequently, it is
interesting to see whether in NaNH,/SiO, different and pos-
sibly more conductive interfacial compounds have formed. In
Figure 8, the DRIFTS spectra and 2’°Na NMR spectra of NaNH,/
SiO, nanocomposites with a pore filling fraction of 100%, 30%,
and 15% are shown. First of all, in the DRIFTS spectra of the
NaNH,/SiO, nanocomposites, five new peaks are observed at
3636, 3506, 3438, 2182, and 1424 cm™. Interestingly, none of
them correspond to pristine NaNH,, heat-treated NaNH,, or the
NaNH,/SiO, nanocomposite with a pore filling fraction of 130%
(Figure 1b). Three of these peaks (3636, 2182, and 1418 cm™)
were also observed in the NaNH,/Al,0; nanocomposites with
low pore filling fraction (Figure 7b) and can correspondingly be
assigned to the presence of Na,O and possibly NO-containing
compounds. In contrast, the two remaining peaks at 3506 and
3438 cm™ are only seen in the NaNH,/SiO, nanocomposites.
Generally, peaks in the region between 3600 and 3300 cm™
can be assigned to O—H*>8l and N—H vibrations. 616969
Here, these peaks might have appeared, because the vibrational
energy of the surface hydroxyl groups or the N—H groups in
[NH,]™ has changed due to interaction between the oxide sur-
face and the metal hydride. Different from the NaNH,/Al,0,
nanocomposite, it seems that the [NH,]|™ anions interact weakly
with the SiO, surface and consequently the anions stay intact
and it is less likely that NO-containing compounds form at the
interface. This is in line with the different activation energies
found for ion conduction in the NaNH,/oxide nanocomposites
(Table 2), which indicates that the ion conduction mechanism
differs between the nanocomposites, suggesting the formation
of different interfacial compounds.

These results are further corroborated by the 2*Na NMR
measurements shown in Figure 8b. Similar to the results on

NaNH,/SiO, 15%

(b)

BNg
50 kHz MAS

NaNH,/Si0, 100%

Heat treated NaNH,

— 71T T T T r 1T r T ' T T T T T T T 7
50 40 30 20 10 0 -10 -20 -30 -40 -50
Chemical shift (ppm)

Figure 8. a) DRIFTS spectra of NaNH,/SiO, nanocomposites with pore filling ranging from 15% to 100%. b) 2Na ssNMR spectra of heat NaNH, and

NaNH,/SiO, nanocomposites with 15% and 100% pore filling.
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NaNH,/AlL,0;, the 2*Na NMR spectra of NaNH,/SiO, with a
pore filling fraction of 100% and 15% are distinctly different.
While the former exhibits a broad quadrupolar feature with
several peaks between 30 and —10 ppm, the latter contains
only two signals at =75 and —11 ppm. The signal at —11 ppm
could be related to the presence of Na,O, akin to the signal
at =10 ppm found for NaNH,/Al,03. The signal at =75 ppm
has not been observed for NaNH,/Al,0; and could therefore
be attributed to the unidentified interface compound revealed
with DRIFTS. The chemical shift of this signal is comparable
to that of published values for Na* ions in silica matrixes, such
as Na,Si,O5 and NaAlSi;04.11%0192 [t is important to realize
that the interface compounds are typically defected and non-
stoichiometric, which means that the local 2*Na environment
will differ, resulting in a different chemical shift. As a result, it
is not possible to determine the exact structure of the hydride/
oxide interface. Nevertheless, this analysis clearly shows that
in the NaNH,/SiO, and NaNH,/Al,0; nanocomposites dif-
ferent interfacial compounds have formed. Additionally, simi-
larities and differences with the NaBH -based counterparts are
identified. In the next section, the similarities and differences
between both metal hydrides will be compared and the implica-
tions they have on the ionic conductivities of the corresponding
nanocomposites will be discussed.

3. Conclusion

With the DRIFTS and ssNMR results discussed in the previous
section, it was possible to verify that a tertiary phase is formed
at the metal hydride-metal oxide interface in the studied nano-
composites, i.e., NaBH,/Al,0;, NaNH,/Al,0;, and NaNH,/
SiO,. In both Al,O;-containing nanocomposites, penta-coordi-
nated Al-surface species become saturated upon incorporation
of the metal hydride via melt infiltration. When NaBH, is incor-
porated, Na,B;,H;, and B—O bonds are formed at the metal
hydride-oxide interface. Likewise, upon infiltration of NaNH, in
the Al,O; pores, an interfacial layer containing Na,O and N—O
species seems to form. The saturation of Al-surface species
combined with the formation of B—O and N—O bonds dem-
onstrates that there is a strong interaction between both metal
hydrides and the Al,O; surface. In contrast, it seems that in the
NaNH,/SiO, nanocomposites the interaction between the silica
surface and the metal hydride is weak, since in this case the
[NH,]™ anions at the interface remain (partially) intact.

The differences in the interface composition can be ascribed
to the different surface chemistry of the oxide scaffolds. Both
the amount and nature of surface hydroxyl groups differ greatly
between SiO, and Al,O;. A high density of surface hydroxyl
groups is observed for Al,O;, which contains =10 hydroxyl
groups per nm?, while SiO, only contains 4-5.5 groups per
nm?.19% Moreover, in contrast to the weakly (Brensted) acidic
hydroxyl groups present on the SiO, surface, Al,O; contains
strong surface groups with both (Lewis) acidic and basic char-
acter (Figure S12, Supporting Information). With this in mind,
it is evident that the Al,O; scaffold interacts more strongly with
the metal hydrides than SiO,. However, this does not explain
why a stronger interface interaction leads to higher conductivity
for NaBH,/AlL, O3, but a lower conductivity for NaNH,/Al, 0.
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Previous studies on LiBH,- and LiBH,-LiNH,/oxide nano-
composites have shown that a higher number of surface groups
or stronger surface groups lead to a higher conductivity.?”4>4l
This also seems to be applicable for NaBH,/oxide nanocom-
posites. For NaBH,, a strong interaction with the oxide, and
therefore improved wettability, is both beneficial for the com-
plete incorporation in the pores of the scaffold as well as for
the formation of a conductive interface consisting of NaBH,,
Na,B;,Hi,, and B—O bonds between the metal hydride and the
oxide surface. This is in line with results on LiBH,/oxide nano-
composites reported by Choi et al., where a more conductive
interface layer is formed in LiBH,/y#Al,0; compared to LiBH,/
Si0,.11 On the other hand for NaNH,, a strong interaction
seems to be disadvantageous for NaNH,/oxide nanocompos-
ites. In this case, a strong interaction is not needed to incor-
porate NaNH, in the scaffold pores, since it easily wets both
the SiO, and Al,O; surface, and is thereby readily incorporated
in both scaffolds. Furthermore, the formation of N—O species
Na,O resulting from a strong interaction between NaNH, and
the Al,O; surface does not seem to result in a conductive inter-
face layer. Instead, the weaker interaction with the silica sur-
face in which the amide anion remains intact yields a higher
nanocomposite conductivity, likely resulting in a more conduc-
tive metal hydride-oxide interface layer with a lower activation
energy for long-range ionic transport.

Although the exact composition of the interface layers is
still not yet clear, the low conductivity of the physically mixed
NaBH,-Al,0; and NaNH,-SiO, (Figure S5b, Supporting Infor-
mation) for which interface reactions are not expected, is clear
evidence that the increased conductivity in the nanocomposites
is indeed related to this interface reactions. The DRIFTS and
NMR results suggest highly defected/disordered structures,
as would be expected from such interface reactions. We there-
fore attribute the increased conductivity to the high number of
defects/vacancies in the nanocomposites, which are known to
lead to orders of magnitude increase in ionic conductivity, and
in some cases lower activation energy of ion migration in com-
posite materials. 36374374

The differences in conductivity of these complex hydride-
based nanocomposites can be explained by their stability or
reactivity. Based on their melting points and decomposition
temperature, it is clear that NaNH, is a less stable and more
reactive compound compared to NaBH, and LiBH,[10+106] [t
therefore interacts more strongly with the mesoporous oxide
scaffolds. Consequently, NaNH,/oxide nanocomposites do
not benefit much from a strong interface reaction, while it is
a requirement for NaBH,/oxide nanocomposites. On the other
hand, LiBH, has an intermediate stability compared to NaNH,
and NaBH,, so upon nanocomposite formation with Al,0; and
SiO, a conducting interface layer forms in both cases resulting
in comparable conductivities."*”# These results highlight that,
since the conductivity enhancement in metal hydride/oxide
nanocomposites originates from the formation of a tertiary
phase at the hydride-oxide interface, both the surface chemistry
of the mesoporous oxide and the reactivity of the metal hydride
should be considered. While the pore structure of the scaffold
can affect the conductivity of nanocomposites, in the present
case it is clear that the chemical nature of the oxides plays a
more important role in determining the ionic conductivity.
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To conclude, in this work the effect of nanocomposite for-
mation with oxide scaffolds on the ionic conductivity of
sodium-based complex hydrides (NaNH, and NaBH,) has been
investigated. The study reveals that the Na-ion conductivity can
be increased by three orders of magnitude to ionic conductivi-
ties of 4.66 x 107 and 2.12 x 107 S cm™ at 80 °C, respectively,
for NaBH,/Al,O; and NaNH,/SiO,. DRIFTS and NMR meas-
urements show that this is related to the formation of highly
distorted interface structures. Therefore, without ruling out the
possible effects of space charge layer, we have shown for the
first time that the enhancement in the nanocomposites con-
ductivity results from the formation of a tertiary phase at the
metal hydride-oxide interface, which strongly depends on the
properties of the metal hydride and the mesoporous oxide that
are used. A detailed investigation of the interactions between
the metal hydrides and oxide scaffolds has shown that both
the surface chemistry of the oxide scaffolds and reactivity of
the complex hydrides are critical for the ionic conductivity of
sodium-based nanocomposite electrolytes. The findings in
this work demonstrate that moderate interface interaction
between the oxides and metal hydrides is required to form a
highly conductive metal hydride/oxide nanocomposite. This
insight is imperative for the rational design of novel nanocom-
posite-based solid ion conductors. Using this guideline, the
design principle as proposed by Gulino et al. can be extended
from LiBH,-based nanocomposites to other metal hydride/
oxide ion conductors. All in all, this study demonstrates that
nanocomposite formation is an easy and versatile approach to
enhance the ionic conductivity of both Li- and Na-based com-
plex hydrides.

4. Experimental Section

Scaffold Preparation: Mesoporous silica MCM-41 was synthesized
following the procedure of Cheng et al.’2 Hexadecyltrimethylammonium
bromide (CTAB, Sigma-Aldrich, 296.0%) and tetramethylammonium
hydroxide solution (TMAOH, Sigma-Aldrich, 25 wt.% in H,0) were
mixed with 300 mL deionized water. As a silica source, Aerosil 380
(Evonik) was added to the mixture and the suspension was stirred for
2 h at 30 °C. The mixture was aged at 30 °C for 24 h without stirring
in a closed polypropylene bottle. The composition of the mixture had a
molar ratio of 1.00 Si0,:0.19 TMAOH:0.27 CTAB:40 H,0. The obtained
gel mixture was transferred to a Teflon-line stainless steel autoclave and
was left to react for 40 h in a 140 °C pre-heated oven. The product was
filtered and washed with deionized water to remove surfactants. The
wet product was dried in static air at 120 °C for 8 h. The dried product
was calcined under static air for 12 h at 550 °C (1.5 °C min™). Alumina
(7#Al,03, Puralox SCCa-5/200, Sasol) was purchased and used without
any further modifications. Alumina and as-synthesized MCM-41 were
dried under nitrogen flow at 300 °C for 6 h and subsequently stored in
an Ar-filled glovebox (H,0, O, <1 ppm).

To probe the porosity of the mesoporous oxides and nanocomposites,
nitrogen physisorption measurements were performed on a
Micromeritics Tristar 3000. Using the Brunauer—Emmett-Teller (BET)
and Barrett—Joyner—Halenda (BJH) adsorption model theories, surface
area and pore size distribution were obtained.l>>> The specific surface
area (Aggr), total pore volume, and average pore size as determined
from the adsorbed quantity close to nitrogen saturation pressure
(p = po) are summarized in Table S1 (Supporting Information). Scanning
electron microscopy (SEM) images were obtained on a Thermo Fisher
FEI XL30 SFEG instrument operating at an acceleration voltage of
5 kV measuring secondary electrons on a Through-Lens-Detector.
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Samples were sputter-coated with =8 nm of Pt before loading into the
SEM instrument. The obtained SEM images are shown in Figure S1
(Supporting Information).

Nanocomposite Synthesis: Preparation of NaBH, and NaNH,/oxide
nanocomposites had been performed via melt infiltration. NaBH,
(Sigma—Aldrich, 99.99 %, trace metals basis) and NaNH, (Sigma-—
Aldrich, 98 %) were stored and handled in an Ar-filled glovebox to avoid
exposure to air (H,0, O, <1 ppm). The melt infiltration synthesis was
started by hand mixing the Na-salt with the appropriate amount of oxide
in an agate mortar for =15 min. The amount of NaBH, or NaNHj in
the mixture is based on the pore volume of the oxide scaffold and the
chosen pore filling fraction in the nanocomposite, i.e., the percentage
of the scaffold pores that is filled with NaNH, or NaBH,. An overview
of the composition of the investigated nanocomposites is provided
in Table S2 (Supporting Information). In some cases, the pore filling
percentage was >100%, i.e., larger than the total pore volume of the
scaffold. This ensures a percolating network of fast Na* diffusion
pathways on the outer surface of non-conducting oxide particles. After
extensive mixing, the physical mixtures (PMs) were placed in a quartz
(NaNH,) or alumina (NaBH,) reactor within a stainless-steel autoclave.
Prior to the synthesis, the autoclave is pressurized with either 8 bar of
NH; or 5 bar of H, to prevent decomposition of NaNH, and NaBH,,
respectively. Finally, melt infiltration was carried out for 30 min at either
225 °C (heating rate = 2.5 °C min~") for NaNH, and at 525 °C (heating
rate = 3.5 °C min™") for NaBH,. Upon cooling, the molten sodium salts
solidify in the pores of the scaffold material to form nanoconfined NaNH,
and NaBH,. After cooling to room temperature, the air-tight autoclaves
were removed from the furnace and brought inside the glovebox. For the
NaNH,/oxide nanocomposites, the NH; pressure was released before
removing from the synthesis set-up, while the H, pressure used during
the NaBH, melt infiltration was released in the glovebox. Subsequently,
the nanocomposites were stored in an Ar-filled glovebox and all further
sample handling, characterization and measurements were performed
under inert atmosphere either in the glovebox or using airtight sample
holders.

Electrochemical Characterization: The conductivity of the pristine
metal hydrides and nanocomposites was measured with EIS using a
Princeton Applied Research Parstat 2273 potentiostat placed in a custom
made Biichi B-585 glass oven. Using a standard 13 mm pellet press,
~150-250 mg was pressed between stainless-steel electrodes covered
with sodium foil with a pressure of 150 MPa. Using this method, pellets
with a thickness of 1.0-1.5 mm were obtained.

The EIS measurements have been performed by incrementally heating
the samples from RT to 80 °C (AT = 10 °C) and then incrementally
cooling to RT (AT = 20 °C). Since the melting temperature of Na metal is
98 °C, 80 °C was the maximum temperature that could be used. At each
increment, the temperature was allowed to equilibrate for 45 min, after
which an EIS measurement was acquired with a 20 mV rms modulated
alternating current potential in a frequency range from 1T MHz to 1 Hz.
The complex impedance spectra were fitted to a least squares minimum
with a circuit consisting of a resistor (R) in parallel with a constant phase
element (CPE). Based on the obtained resistance value, the electrode
area (A = 1.33 cm?) and thickness (t) of the pellet, the conductivity, o,
was calculated via o= t/AR.

The electronic and Na-ion transport numbers have been determined
using DC voltage polarization measurements.33%5 The NaBH,/Al,O3
and NaNH,/SiO, nanocomposites were pressed into a pellet between
two stainless steel cylinders (@ =10 mm) with a pressure of 190 MPa. In
case of the Na-ion transport measurements sodium foil was placed on
either side of the pellet after pelletization, after which the cell is closed
hand-tight. The cell is allowed to equilibrate at 60 °C for at least 1 h.
Subsequently, a voltage of 0.5 V (electronic transport) or 0.01 V (Na-
ion transport) was applied across the pellet and the resulting current
was measured for 1 h using a Parstat PMC-1000 potentiostat. The total
conductivity was obtained by performing an EIS measurement using a
20 mV RMS modulated AC potential with frequencies from 1 MHz to
1 Hz before and after the polarization measurement. The ionic transport
number (t,,) is determined using the equation, ti,n = (lotar—le)/liotal
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where |, is the steady-state electronic current. The Na-ion transport
number (ty,) could be estimated based on the steady-state current Iy,
and the initial current lo, combined with the resistance before (Ry) and
after (Ruge;) the transport measurement using the following formula:
o e AV=IRy |
Na IO AV—INuRaﬁer

Galvanostatic cycling experiments were performed on symmetric
Na|nanocomposite|Na cells based on NaBH,/Al,0; and NaNH,/
SiO, prepared in the same way. After equilibration at 60 °C for at least
1 h, galvanostatic pulses were applied with a constant current density
of 1.3 pA cm2 for 30 min followed by a constant current density of
-1.3 uA cm2 for 30 min. The resulting overpotential was measured over
time with either a Parstat PMC200 or Parstat PMC1000.

Solid-State NMR: To probe the interaction between the sodium
salts and the oxide scaffolds, the NaBH,/Al,0; NaNH,/Al,03;, and
NaNH,/SiO, nanocomposites were investigated with high-resolution
solid-state nuclear magnetic resonance (ssNMR) measurements,
performed on a 950 MHz Bruker NMR spectrometer equipped with a
1.3 mm triple channel (H/X/Y) CP-MAS probe at magic angle spinning
(MAS) frequencies of 50 and 60 kHz. Due to frictional heating, the
sample temperature was =50 °C. "'B spectra were obtained with a 30°
single pulse using 'H decoupling at a 16 kHz radio frequency field
strength. The Na and Al NMR spectra were obtained under direct
polarization conditions. For reference, the "B peak in pure NaBH, was
set to —42.0 ppm, in line with the literature, using CH3;CH,OBF; as a
reference (8 =0 ppm). The Al data were referenced to a 1 M solution
of AI(NO3); as an external standard. The 2>Na spectra were referenced
to a 1 m solution of NaCl using NaBH, as an external standard. Prior
to any measurement, sample preparation was performed in an Ar-filled
glovebox, and transportation was done in air-tight holders. The NMR
measurements were performed under a dry nitrogen atmosphere.

Structural Characterization: The crystalline structure of the composites
was measured with X-ray diffraction (XRD) on a Bruker-AXS D8 Advance
powder X-ray diffractometer using Co (Kog,) radiation (A = 1.79026 A)
at 30 kV and 40 mA. Diffractograms were recorded at room temperature
from 20° to 85° 260 with a 0.1° (26) step size and a step time of 1-3 s.
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
measurements were performed in a Perkin—Elmer 2000 spectrometer
equipped with a liquid nitrogen cooled MCT detector. Spectra were
recorded between 4500 and 500 cm™ with 4 cm™ resolution, averaging
over 16 scans, and using anhydrous KBr as a background. Differential
scanning calorimetry (DSC) measurements were conducted on NaBH,
nanocomposites using a TA Instruments Discovery DSC. About 6.0—
8.0 mg of sample was placed in a 40 mL Al sample pan, which was
closed airtight with an Al lid. The samples were cooled to —90 °C and
allowed to equilibrate for 5 min. Subsequently, the samples were heated
to =50 °C (1 °C min"). The measurements were performed under N,
flow (50 mL min™). The phase transition temperatures were obtained
from the onset of the peaks of the total heat flow, and the corresponding
enthalpies were calculated from the total heat flow.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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