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Sodium-ion batteries (SIBs) have emerged as a sustainable alternative to lithium-ion systems, offering cost-
effective and environmentally friendly energy storage solutions. Solid-state electrolytes (SSEs), particularly
NaSICON-type materials such as Naz 4Zr1 9Zng 1Si> 2P0 8012 (NZZSP) studied here, are critical for enhancing
the safety and stability of SIBs. However, conventional high-temperature sintering methods for fabricating
these electrolytes are energy-intensive and environmentally impactful. In this work, we employed the Cold
Sintering Process (CSP) to densify NZZSP at a low temperature of 150 °C under 720 MPa with the aid of
a transient liquid phase (TLP), achieving a sustainable electrolyte production with competitive
performance. The effects of milling time and two different TLP media were evaluated, with 3 M acetic
acid solution (HAc) being more effective than 25 mM sodium hydroxide solution (NaOH) in preserving
particle integrity and yielding higher ionic conductivity (0.50 mS cm™). Doping with NaPFg and NaTFSI
further enhanced performance, with 20% NaPFs-doped samples achieving the highest densification
(94.3%) and conductivity (0.80 mS cm™Y. Optimized 2 hour-milled, 20% NaPFs electrolytes
demonstrated suitable cycling stability in symmetric cells (over 500 hours) and specific capacity in half
cells, with Na metal and NazV»(PO4)s (NVP) as electrodes, of about 85 mA h gyt at C/2 and over 100
mA h gN\,FF1 at C/10 after cycling at multiple rates. These results underscore the potential of the CSP as
a sustainable, low-temperature alternative for fabricating high-performance solid-state electrolytes for
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Introduction

The increasing global demand for efficient and sustainable
energy storage technologies has intensified research into
advanced and more sustainable battery materials. Lithium-ion
batteries (LIB), while being widely employed in modern
devices, start to face challenges such as resource scarcity, safety
concerns related to the use of liquid organic electrolytes, and
the environmental impact associated with them."* To address
the availability issues of lithium-based components, sodium-
ion batteries (SIBs) emerged as a promising alternative,
leveraging the abundance and low cost of sodium compared to
lithium.** This abundance translated into reduced material
costs and mitigated supply chain vulnerabilities associated with
lithium. Furthermore, SIBs offered a more sustainable option
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application in all solid-state sodium batteries.

for large-scale energy storage due to their compatibility with
environmentally friendly materials.®

In addition to reducing the cost of sodium-based energy
storage, devices, a notable advantage of SIBs is their higher
compatibility with solid-state electrolytes (SSEs), which allow
the replacement of conventional liquid organic electrolytes.®”
Hence, solid-state electrolytes enhance battery safety by elimi-
nating flammable components, thereby reducing the risk of
thermal runaway. They also offered environmental benefits by
avoiding toxic organic solvents, aligning with the need for
greener energy storage solutions.® Several materials have been
studied as promising solid electrolytes, from the traditional B-
alumina-type electrolytes to modern hydride- and halide-based
sodium electrolytes.>'® Among these materials, NaSICON
(Sodium Super Ionic Conductor) electrolytes have been partic-
ularly noteworthy due to their high ionic conductivity, struc-
tural stability, and versatility."*> Indeed, recent studies have
demonstrated that compositional tailoring, such as doping,
effectively improved the ionic conductivity and electrochemical
stability of NaSICON-type materials, emphasizing their suit-
ability for SIB applications, as for example in the case of the Hf-
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modified NASICON electrolyte with the formula Naj,Hf; o-
Cay.1Si,PO,, that achieved an ionic conductivity of 1 mS em™"
when sintered at high temperature.**

However, conventional sintering methods for fabricating
such solid electrolytes require elevated temperatures commonly
over 1000 °C, which imply significant energy consumption and
associated carbon emissions. To address these issues, the Cold
Sintering Process (CSP) technique has emerged as an innovative
alternative. The CSP has been proved to enable the densification
of inorganic materials at significantly lower temperatures
(below 300 °C) through the application of pressure (hundreds of
MPa) and a transient liquid phase (TLP)."” This technique
achieves densification of the ceramics thanks to the TLP, which
dissolves the grain boundaries of particles, favours the mass
transfer from grain boundaries to the pores due to the gradient
in concentration generated by high pressures and when evap-
orated because of the temperature applied, enables the
precipitation and densification of the ceramic samples.®
Previous studies demonstrated that the CSP is an effective tool
for producing dense, highly conductive structures in NaSICON-
type and other ceramic materials without compromising their
electrochemical properties in the field of solid electrolytes.'*"**

In this work, we employed the CSP to fabricate NaSICON
solid electrolytes for their potential application in greener all
solid-state sodium batteries (ASSNBs). The composition of the
ceramics employed was based on the well-known Na,,Zr,Si,-
P; ,0q, (0 = x = 3) structure, with slight modifications to
substitute Zr** by aliovalent Zn>" and P*>* by Si*", in order to
obtain a more stable and highly conductive SSE, with the
molecular formula Naz 4Zr; oZng 1Sip Py 501, (NZZSP).>*?* We
investigated how milling time influenced the particle size and
particle distribution of the ceramics, which governs the
microstructure generated by cold sintering. Moreover, the effect
of acidic and alkaline media on the CSP was studied by
employing two different TLPs, namely acetic acid (HAc) and
sodium hydroxide (NaOH), and how it affected the structural
and electrochemical properties of the solid electrolytes
produced. Additionally, the solid electrolytes were then doped
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with ionic conductive salts through the CSP, specifically NaPF,
and NaTFSI, to evaluate if their incorporation influenced the
sodium ion conductivity once deposited on the grain bound-
aries of the ceramics, similar to the case in which sodium-based
additives (i.e. NaF) are used to improve the grain boundary
conductivity of the electrolytes.>*>’ Finally, the doped electro-
Iytes that showed an improvement in the electrochemical
properties were subjected to electrochemical cycling under
operational conditions (symmetric and half-cells) to evaluate
their suitability as solid-state sodium electrolytes. This
comprehensive approach contributed to the development of
safer, more sustainable, and efficient solid-state sodium-ion
batteries.

Experimental
NaSICON powder synthesis

The NaSICON powder was synthesized by a solid-state reaction
with a modified route adapted from Yang, J. et al.*® Na,CO;
(Sigma-Aldrich, 99.5%), ZrO, (Alfa-Aesar, 99%), ZnO (Sigma-
Aldrich, 99.9%), SiO, (Sigma-Aldrich, 99.8%) and (NH,H,)PO,
(Sigma-Aldrich, 99.9%) were employed as the precursors in
a weight ratio of 1.96:2.54:0.09:1.44 : 1 to obtain the stoichi-
ometry of the NaSICON structure. The precursor powders were
ball milled in absolute ethanol in a planetary ball mill for 4 h at
300 rpm. For the milling, agate jars and zirconia balls are used,
with a ball weight to precursor powder ratio of 3.67:10: 1, for
balls 10 mm and 5 mm in diameter, respectively. After milling,
the precursor suspension is dried under vacuum for 12 h at 80 °
C to remove ethanol. The dried powder was loaded in alumina
crucibles and the solid-state reaction was performed in a muffle
furnace in an air atmosphere. The powder was brought to 1000 ©
C for 4 h with a 5 °C min~" rate, and immediately after this the
temperature was increased to 1200 °C for 10 h to synthesize the
NaSICON powder. Fig. S1 shows the XRD pattern of the as-
synthesized powder, which coincides with the NZSP standard
pattern. Afterwards, the NaSICON powder was ball-milled for
10’ (0 h), 2 h, 4 h and 6 h, under the same milling conditions as
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Fig. 1

(a—d) Particle size distribution of the NZZSP powder after milling for 10 minutes, and 2, 4 and 6 hours (0 h, 2 h, 4 h and 6 h, respectively).

(e—h) SEM images of the O h, 2 h, 4 h and 6 h powders. (i) 10, 50 and 90 percentiles (d;o, dso and dgg, respectively) of the particle size as a function

of the milling time.
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those for the precursors, in order to obtain different particle
sizes for the microstructural study. The 0 h milling-time series
had a 10’ milling for simply breaking agglomerates. Fig. 1(a)-(d)
show the particle size distribution of each milling time and the
d10, dso and do, (10, 50 and 90 percentiles of particle size) with
a log-normal fitting. Also, Fig. 1(i) summarizes the effect of the
milling time on the particle size of the powders. For the
measurement of the particle size, at least 500 measurements
were made in SEM pictures of each powder with the Image]
(NIH) software.

Cold sintering process

For the densification of the powders, the cold sintering process
was used. The CSP conditions selected for this work were based
on the suitability of the mild conditions previously employed by
the authors for the sintering of other NaSICON-like ceramics,
such as Li;3Aly3Ti;, (PO,); (LATP).>® Here, the sintering
temperature was 150 °C, with a dwell time of 90 min for the
sintering process and a maximum pressure of 720 MPa. For the
TLP study, two complementary solutions in the pH scale were
tested: a 3 M acetic acid (HAc) solution (pH = 2) and a 25 mM
NaOH solution (pH = 12) to evaluate the effect of comple-
mentary acidic and basic media on the sintering and the final
properties. To perform the CSP, the NaSICON powder was
manually ground in an agate mortar in the presence of 15 wt%
of TLP to wet the powder. Once the powder was homogenized, it
was loaded into a custom-made hardened steel mould to
conduct the CSP with an XRPress MT25 hand press from XRF
Scientific. Two aluminium collectors and Kapton tape were
employed to conduct the electrochemical impedance spectros-
copy (EIS) on each electrolyte under operando conditions.
Further experimental details about the set up can be checked in
Fig. S2 and S3.1 After the CSP, the obtained samples are fine
polished employing SiC sandpaper of 600, 800, 1000, 1500 and
2500 grit until a smooth surface is obtained. All the series of
CSEs in this work have three replicas and present a thickness of
1.30 £ 0.05 mm and a diameter of 7.8 mm. For the evaluation of
the doping effect with sodium ionic salts, the CSP conditions
and the preparation were kept the same. The only difference
was that the ionic salts were incorporated into the composition
through the TLP, to obtain wetted powders with 10 and 20 wt%
of the total mass corresponding to the doping agents. To do so,
3 M HAc solutions with different salts were prepared by adding
an appropriate amount of NaTFSI (99%, Sigma-Aldrich) and
NaPF¢ (98%, Sigma-Aldrich) so that 15 wt% of TLP employed in
the CSP preparation could easily incorporate the dopants.

Microstructural characterization

For the evaluation of the microstructure of the solid electrolytes,
different techniques were used. Scanning Electron Microscopy
(SEM) (FEG-SEM Quanta 200F) and Transmission Electron
Microscopy (TEM) (Jem-2100 LaB6, JEOL) were mainly employed
to characterize the particles and the changes occurring in the
microstructure after the CSP. Also, an Olympus SZX16 optical
microscope equipped with an Olympus SC50 digital camera was
used to obtain images of the surface of cycled solid electrolytes. X-
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ray diffraction (XRD) (Advance diffractometer, Bruker Theta-Theta,
Germany) with Ni-filtered Cu Ko radiation (Ko, = 1.540598 A)
between 5° and 90° was used to obtain the crystalline pattern of
the structures, and DIFFRAC.EVA (Bruker) software and the ICSD
and ICDD databases were used to analyse the patterns. To calcu-
late the real density of the powders, a helium pycnometer was
employed. For the case of the as-synthesized NZZSP powder, the
density was 3.17 & 0.04 g cm >, and for the doped NZZSP powders
the density was calculated with the rule of mixtures considering
the density of each component and its mass fraction. In order to
obtain the relative density of the solid electrolytes, the Archimedes’
immersion method was used in a mercury medium, and the
relative density (¢) was calculated with eqn (1), where mgg, My,
pug and psg are the mass of the dried solid electrolyte, the mass of
the solid electrolyte immersed in mercury, the density of the solid
electrolyte material and the density of mercury, respectively.

’nSEpHg

0 (%)= x 100 (1)

MygPsg

Electrochemical characterization

As part of the electrochemical characterization, the CSP setup is
equipped with a Multi Autolab M204 potentiostat (Metrohm)
with an impedance module to conduct the operando EIS in the
frequency range of 1 MHz to 10 Hz. All the impedance data are
analysed with ZView4 software from Scribner (with a tolerance
of 5%). A generic Nyquist and Bode plot of the EIS spectra and
the equivalent circuit employed are shown in Fig. S4,T to model
the EIS response and characterise the effect of the TLPs and
ionic salts on the total resistance of the samples, with R}, being
the bulk NZZSP resistance and Ry, the grain boundary resis-
tance. This last one accounts for the bare grain boundaries and
for the grain boundaries with the ionic salts deposited when
they are employed to enhance ionic transport. During the
natural cooling process of the CSP, for each solid electrolyte
produced, EIS spectra are registered and analyzed until room
temperature to obtain valuable information about the activa-
tion energy and the ionic conductivity.> The ionic conductivity
(o) can be calculated with eqn (2), where ¢ and S represent the
thickness and the surface area of the sample, respectively, and R
is the total resistance obtained from the fitting of the Nyquist
plot. In order to calculate the activation energy, the modified
Arrhenius fitting shown in eqn (3) can be used, where A4, kg, E,
and T are the preexponential factor, the Boltzmann constant,
the activation energy and the temperature, respectively.

t
7= %5 (2)

Ey
oT = Ae kT (3)

Symmetric cells (Na|NZZSP|Na) were assembled using
sodium metal (PI-KEM, 99.9%, 0.45 mm thick) as the electrode
and 5 puL of 1 M NaPFg in EC: PC (1:1 vol%) to improve the
interfacial contact between the components of the cell. For the
characterization of the electrochemical response of the
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electrolytes under operating conditions, half-cells with
NazV,(PO4); (NVP, PI-KEM, 99.9%) as the cathode were
employed. The cathode composition presented a mass ratio of
8:1:1 of NVP, polyvinylidene fluoride (PVDF) and carbon
Super-P, previously dispersed in N-methyl-2-pyrrolidone (NMP)
and deposited on a 25 pm aluminium foil. After vacuum drying
the deposited electrodes for 12 h at 110 °C, the cathodes pre-
sented a mass loading of 4 mg cm 2. All samples tested were
assembled in 3/8” Swagelok-type PFA cells inside a glovebox
filled with Ar (O, and H,O levels below 0.1 ppm) and the cycling
rates were set considering the theoretical specific capacity of
NVP (117.6 mA gnvp ).

Results and discussion
Particle size and transient liquid phase dependence

Different particle sizes and distributions were produced with
milling times of 0, 2, 4 and 6 hours, as shown in Fig. 1. Previous
studies by the group demonstrated that both the particle size
distribution and transient liquid phase significantly influenced
the sintering and thus the final properties of a NaSICON-type
material, LATP, when processed by cold sintering.>*** Hence,
the effect of the NZZSP particle size distribution was evaluated
in parallel with the presence of two types of TLP during the CSP.
For this, 3 M acetic acid solution (HAc, pH = 2) was employed as
it was reported to be an excellent transient liquid phase for the
CSP, and 25 mM sodium hydroxide (NaOH, pH = 12) was tested
since it was a sodium-based base solution which, due to its
sodium nature, could provide optimum conditions for sinter-
ing. After the cold sintering of at least three solid electrolytes
per series of milling time (particle size distribution) and TLP,
the mean value of densification for each series is presented in
Fig. 2, as a measure of the sintering degree. Overall, it was
observed that both TLPs ensure the densification of the solid

100

B 3Mm Acetic acid
| 25mm NaOH
95 -

Oh 2h 4h 6h
Milling time / h

Fig. 2 Dependence of the relative density of the NZZSP solid-state
electrolytes on the powder milling time and the TLP media.
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electrolytes, reaching values of relative density above 80%. Also,
no notable effect was observed from the particle size distribu-
tion, as the ratio of great (do,) and fine (d,,) particles remained
similar at every milling time. Nonetheless, it is worth noting
that for every particle size distribution the relative density of the
series produced with NaOH as the TLP presents a slightly higher
value.

In order to obtain further information about the relationship
between the microstructure generated and the electrochemical
properties of the SSEs, the ionic conductivity and activation
energy were calculated through electrochemical impedance
spectroscopy during the cooling process of each sample pro-
cessed by the CSP. Fig. 3(a) and (b) show the Nyquist plot at
room temperature and the fitting of the data for one series of
samples cold sintered with HAc and NaOH, respectively. It is
immediately observed that samples prepared with acetic acid
presented lower resistance values than those prepared with
sodium hydroxide. Also, in Fig. 3(c) the mean ionic conductivity
values of the three replicas at RT and the activation energies are
plotted as a function of the milling time (and therefore the
particle size distribution). The ionic conductivity of the NZZSP
electrolytes exhibited the same behaviour as those prepared
with LATP in previous studies of the group: a decay of the ionic
conductivity as the particle size decreased, demonstrating the
strong dependence of ionic conductivity on the microstructure
generated with the CSP. This can be understood if the grain
boundary effect is considered. In the CSP, larger particles tend
to generate a microstructure with a lower amount of grain
boundaries, arising from the mass transport aided by the TLP in
the particle-particle contact area. Conversely, smaller particles
tend to generate more compact microstructures (with the
proper particle size distribution, as in the present case, Fig. 1)
but with the generation of more surface area in between parti-
cles, that is the grain boundary. In this particular case, longer
milling times generate particle sizes and distributions twice as
small as the bigger ones. Since the grain boundaries on the
particles are the limiting step for ionic transport, particularly in
the CSP, the similarity in the trend between ionic conductivity
and the particle size is understood. Furthermore, it was
observed that in all of the SSEs prepared, the ionic conductivity
of the HAc series was higher than that of the NaOH electrolytes,
suggesting that although both TLPs lead to similar densifica-
tion values, any variation in the microstructure produced as
a result of the TLP was leading to differences in the conduction
of the Na" ions. Regarding the activation energy values, they did
not have the same tendency as the particle size distribution.
Although the NaOH series might present some values higher
than that of the same milling times series but prepared with
HAc, all values were in the range of 0.27-0.31 eV with a pattern
suggesting that the E, could be constant for these SSEs prepared
by the CSP (Arrhenius plots for the calculation are shown in
Fig. S5t). Table 1 summarizes the electrochemical results with
the microstructure parameters measured.

To deepen into the phenomenon behind the difference in
ionic conductivity when NZZSP electrolytes were processed with
an acid or a basic medium in the CSP, further characterization
was performed. X-ray diffraction was performed for all series of

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a and b) Nyquist spectra and fitting for each NZZSP milling time from the series of solid electrolytes cold sintered with acetic acid (HAc)

and sodium hydroxide (NaOH). (c) Mean ionic conductivity and activation energy for the samples as a function of the NZZSP milling time. The
shadow area represents the dispersion of the replicas. The equivalent circuit employed for the fitting is shown in Fig. S4.F

Table 1 Summary of the mean relative density, ionic conductivity,
activation energy and particle size distribution as a function of the
milling time and TLP employed in the CSP

HAc_series NaOH_series

tmin (h) 0 2 4 6 0 2 4 6

dyo (um) 0.71 0.20 0.18 0.18 0.71 0.20 0.18 0.18
dso (um) 1.42 0.65 0.50 0.49 1.42 0.65 0.50 0.49
doo (um) 2.81 159 1.43 1.38 2.81 1.59 1.43 1.38
17 (%) 82.8 819 823 83.7 83.1 82.6 829 84.2
o (mS Cmfl) 0.50 0.32 0.31 0.30 0.25 0.17 0.14 0.13
E, (eV) 0.28 0.28 0.28 0.27 0.27 0.31 0.30 0.28

electrolytes produced, and the results are shown in Fig. 4. In
general, all XRD patterns were similar to the standard pattern of
Na;Zr,Si,PO,, (ICSD #473), despite presenting small amounts

of monoclinic ZrO,, a common and highly reported secondary
phase produced during the solid-state synthesis, which can
even be beneficial for the stability of the crystal structure of the
NZSP at RT.**?* Also, the intensity of the peaks tended to
decrease and turned wider as the milling time increased,
identical to the behaviour of the LATP particle case already re-
ported by the group.*® However, an unexpected peak became
distinguishable at 30° in all the XRD patterns of the SSEs
prepared with NaOH as the TLP. Although the new peak was
observable, its intensity was not enough to precisely determine
which phase it could belong to, but the imprints suggested that
it could be sodium phosphate phases (NaPOs;, Nas;P;0,, and
NazPO,-12H,0). Since the liquid phase employed during the
sintering was NaOH, it is suggested that the aggressive condi-
tions of the basic media not only triggered the sintering
mechanism of the CSP, but also caused the surface of the

a) ¢ Zr0, b) c)
a Sodium phosphate phases
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Fig. 4

(a) X-ray diffractograms of the NZZSP powders for both transient liquid phases and ICSD #473 XRD pattern of NazZr,Si;PO4,. (b and c)

Detailed view of the 30-degree XRD peak for the solid electrolytes showing a new peak for the NaOH series.
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particles to be attacked leading to new phases which could
influence the electrochemical behaviour of the SSEs.

In order to validate this hypothesis, the microstructure of the
solid electrolytes and their particles were carefully analyzed by
means of electron microscopy in SSEs cold sintered with both
TLPs, in this case for the 2 h series. TEM images of the NZZSP
particles after the CSP revealed a key difference between the
series, as shown in Fig. 5(a) and (b). Both images showed the
grain boundary of two sintered NZZSP particles, with a defined
bottleneck that appears between them demonstrating the
densification mechanism of the CSP in the frame of the pres-
sure solution creep theory."® Although grain boundaries of the
particles sintered with HAc showed a higher degree of crystal-
linity, those of the particles densified with the aid of NaOH
suggested that structural modifications occurred during the
solution-precipitation mechanism of the CSP. Although the
grain boundary between particles processed with NaOH seemed
to be homogeneous, the difference in crystallinity confirmed
that microstructural changes occurred during the sintering and
lead to the formation of secondary phases in the grain

Crystalline particle
and grain boundary

Fig. 5
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boundaries. Ideally, the TLP employed in the CSP should be
able to dissolve the grain boundaries of the particles, and when
evaporated enable the material to precipitate without any crys-
talline phase modification leading to densification, as was
previously demonstrated to occur with acetic acid. However, it
has also been reported that under high pressures, strong basic
media could lead some chemical species to compete for the
formation of new phases, as proved in the case of BaTiO; in the
presence of the Sr(OH),-8H,O strong alkali.*® Alternatively,
higher concentrations of NaOH as the TLP during the cold
sintering of similar NZSP ceramics have been tested (1 M
NaOH), with poor results regarding the electrochemical prop-
erties (10°> S em™ '), despite presenting high densification
values (83%).>” Therefore, the formation of sodium phosphate
phases under the harsh conditions in the present work was
responsible for the worsening of the ionic conductivities in
NaOH-processed samples. Although a minor phosphorus phase
may be present when a basic TLP is employed, it is in such a low
amount that it neither significantly alters the bulk crystal
structure of NZZSP nor changes the overall sodium content, just

(@ and b) TEM images of NZZSP particles after cold sintering with acetic acid and sodium hydroxide, respectively. (c and d) Cross-section

SEM images of NZZSP solid electrolytes after cold sintering with acetic acid and sodium hydroxide, respectively.
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influences the ionic conduction as this potentially new phase is
formed at the grain boundaries of the ceramic particles, which
limits the ionic conductivity. This phenomenon was also
appreciable at a lower magnification through SEM images. As
shown in Fig. 5(c) and (d), when HAc was employed, NZZSP
particles remained angular and sharp, despite being modified
due to the milling time. Yet, when NaOH was used as the TLP,
particles appeared to be rounded and form smoother surfaces,
as the one shown in the centre of the picture, due to the effect of
the alkali. Images of SSEs cold sintered with the rest of milling
times are shown in Fig. S6.f As a result, acetic acid was
demonstrated to preserve intact the composition of the NZZSP
electrolytes during the CSP as well as to produce SSEs with
higher ionic conductivities (0.5-0.3 mS cm™ '), whereas the
basic TLP (NaOH) appears to induce selective dissolution,
particularly affecting phosphate species, which may lead to
composition alterations and the formation of secondary phases
in the grain boundaries, as suggested by the new small XRD
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peak and the morphological differences of the grain boundaries
shown in the TEM micrographs. Consequently, for the study of
doping with sodium ionic salts all the solid electrolytes were
processed with HAc. Besides, only the NZZSP powders with 0 h
and 2 h milling times were employed, since 4 h and 6 h were
observed to produce similar values of ionic conductivity due to
the resemblance in the particle size distribution.

Sodium ionic-salt doping

To study the effect of the ionic salts on NZZSP, NaTFSI and
NaPF; salts were employed as Na“ doping agents due to their
relevance as ionic conductors in liquid electrolytes. Apart from
the salts, different contents of them (0%, 10% and 20%) were
also studied in order to evaluate the loading effect. Three
replicas of every composition studied were produced, and the
results shown here are the mean values of each series. Theo-
retically, the sodium salts incorporated through the HAc solu-
tion should precipitate in the grain boundaries of the particles

1072 0.4

-0.3

10

E,/eV

Oh
Milling time / h

Z' kQ cm

Fig.6 Mean (a) relative density and (b) ionic conductivity and activation energies of NZZSP powders cold sintered with 0 h and 2 h powders and
with different contents of NaTFSI and NaPFs. (c and d) Nyquist plot and fitting of one series of solid-state electrolytes cold sintered with 0 h and 2

h powders and with different contents of NaTFSI and NaPFe.
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Table 2 Summary of the mean relative density, ionic conductivity,
activation energy and particle size distribution as a function of the
milling time and TLP employed in the CSP

tmin (h) 0 2

Salts NaTFSI NaPFg NaTFSI NaPF,

Content (%) 10 20 10 20 10 20 10 20

¢ (%) 90.9 87.7 880 943 90.1 87.7 869 91.1
o (mS cmfl) 0.43 031 0.50 0.81 036 0.26 0.30 0.51
E, (eV) 0.32 031 0.29 0.28 0.29 0.29 0.28 0.27

when the TLP is evaporated, with the morphology of the
remaining salts being important to contribute as ionic diffusion
channels of the sodium ions. As shown in Fig. 6(a), the addition
of the ionic salts enhanced the microstructure of the resulting
solid electrolytes in terms of densification, since they acted as
pore-fillers when precipitated during the CSP. As a result, all the
compositions produced presented a relative density value
higher than that of the same solid electrolyte without the
additive. Hence, it is confirmed that the ionic salts are depos-
ited by filling the pores that were left in the microstructure of
bare NZZSP. It was also noted that whilst a higher content of
NaPF; in the electrolyte increased the relative density, in the

a) v ICSD - #25577 - NaPF,

——2h_20%_NaPF,

—— 2h_10%_NaPF,

—— 0h_20%_NaPF,

—— 0h_10%_NaPF,

Normalized intensity / a.u.

‘ ICSD - #473 - NZSP

50

|
30 40
20/ deg

1

o
N
o

60

Fig.7
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NaTFSI series the opposite occurred, as the 20% NaTFSI tested
always produced lower values of relative density, indicating that
an excess of NaTFSI could be worsening the densification. Thus,
the solid electrolytes of 0 h and 2 h milling times with 20%
NaPF, produced the highest densification values in their series,
of 94.3% and 91.1% respectively.

Regarding the electrochemical properties, Fig. 6(b) describes
the effect of the sodium ionic salt nature and content on the 0 h
and 2 h series of NZZSP solid electrolytes. In general, the ionic
conductivity of samples with ionic salt doping followed the
same trend as densification, with an excess of NaTFSI harmful
for ionic conductivity while a higher content of NaPF, appeared
to be beneficial. Nonetheless, it was noted that in the case of the
electrochemical properties, the addition of salts did not
enhance the response as much as what was observed in densi-
fication. Here, there were only 3 cases that showed better results
than the undoped solid electrolytes, which were 0 h_20%
NaPFg, 2 h_10% NaTFSI and 2 h_20% NaPF,, with ionic
conductivities of 0.81, 0.36 and 0.51 mS cm ™', respectively. This
enhancement of the ionic conductivity when these percentages
of salts were added arises from the deposition of the salts on the
surface of the NZZSP particles, providing a smoother grain
boundary condition due to the higher conductivity of the salts
with respect to the grain boundaries of the ceramics. As a result,
a reduction of the overall grain boundary resistance is observed
in the Nyquist plot of the doped composite electrolytes (Fig. 6(c)

b)

——2h_20%_NaTFSI

—— 2h_10%_NaTFSI

—— 0h_20%_NaTFSI

M

——0h_10%_NaTFSlI

WIVINY

ICSD - #473 - NZSP

Normalized intensity / a.u.

l| |I. Y
30 40 50
20/ deg

10 20 60

(a) XRD patterns of NZZSP solid electrolytes cold sintered with 0 h and 2 h powders and with different contents of NaPFg. (b) XRD patterns

of NZZSP solid electrolytes cold sintered with O h and 2 h powders and with different contents of NaTFSI.
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and (d)), supported by the increase in the frequency at which
ionic transport is occurring (from 20 kHz to 31 kHz in the case
of NaPF, and from 15 to 25 kHz in the case of NaTFSI). As for the
activation energies, the general behaviour was that the samples
with NaTFSI showed activation energies equal to or even higher
than that of the undoped electrolytes, for both milling times
series, whereas electrolytes with NaPF, showed activation
energies close to that of the undoped electrolyte, or even lower
in the case of 2 h_20% NaPF,. Although activation energies did
not show a great variation within the compositions tested, this
indicated that the doping with ionic salts could not be benefi-
cial in every case, as the ionic conductivity also suggested. All
the electrochemical data are summarized in Table 2 and
Arrhenius fittings for each series are shown in Fig. S7.}

In order to obtain a broader context of the effect of ionic salt
doping on NZZSP, the microstructure was studied through XRD
and SEM to check how the salts were affecting the electro-
chemical properties. Fig. 7 shows the obtained XRD patterns for
the 0 h and 2 h series with NaPF, and NaTFSI, respectively. In

1

Fig. 8

View Article Online
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the NaTFSI electrolytes, no variation was observed with the
addition of the salt, probably due to the amorphous nature of
the organic ionic salt, while in the NaPF, case two new peaks
appeared at 20.2° and 23.4°, which coincided with the main
peaks of NaPFe (ICSD #25577).* It was notably observed that
a higher amount of added salt produced an increase in the
relative intensity of its corresponding peaks, suggesting that
there was more NaPF, being precipitated in the microstructure.
This result was in line with the behavior of the relative density
and ionic conductivity for the case of the NaPFs SSEs: an
increase in the content of the salt resulted in an increase in the
relative density and the ionic conductivities, reinforcing the
idea that NaPF, deposited in the grain boundaries of the NZZSP
particles was acting as a conductive channel as well as a pore
filler. It was also remarkable that XRD patterns confirmed that
the addition of the salts did not affect the crystalline structure of
the NZZSP ceramics.

In this context, SEM images were obtained on the cross-
section of the SSEs to investigate the morphology after doping

aT_fSI
e

(a and b) Cross section SEM images of the morphology of SSEs cold sintered with 2 h powder and with 10% and 20% of NaTFSI. (c and d)

Cross section SEM images of the morphology of SSEs cold sintered with 2 h powder and with 10% and 20% of NaPFs. SEM images of pure ionic

salts are shown in Fig. S8 of the ESI.t

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. A, 2025, 13, 12439-12451 | 12447


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta00698h

Open Access Article. Published on 18 March 2025. Downloaded on 2/15/2026 9:55:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

with the ionic salts. Fig. 8 depicts the microstructure of the 2 h
solid electrolytes after the CSP with the doping agents. Although
changes in the morphology of samples with only 10% of added
salts were not appreciable, probably due to the low content of
added salt, samples with 20% of the additive showed consid-
erable differences. In the case of 20% NaTFSI (Fig. 8(b)), the salt
appeared deposited in fibrous structures. Although NaTFSI is
an organic molecule and could be malleable, the needle-like
shape left in the structure could be responsible for the wors-
ening of the ionic conductivity of these SSEs, as the shape did
not contribute to the ionic pathways for Na' transport,
producing less mobility or even an insulating network in the
microstructure. In contrast, 20% NaPF (Fig. 8(d)) in the SSEs
appeared as a uniform matrix covering the surface of the
internal microstructure once precipitated over the NZZSP
particles. Fig. S81 shows SEM images of the pure salts deposited
on a glass fibre membrane from the acetic acid solutions
employed for the CSP of the doped solid electrolytes. Note that
the cracks that appeared were not relevant, as they occurred due
to high vacuum of the SEM. The morphology of this salt depo-
sition resembled that of a PEO-LiTFSI matrix (poly(ethylene
oxide)-lithium bis(trifluoromethanesulfonyl)imide) employed
in previous reports.”®* In those cases, the polymeric matrix
deposited on the microstructure functioned as a pore-filler
while providing a smooth surface through which the Li* ions
could be diffused in the case of lithium-based solid-state elec-
trolytes, which resulted in an enhancement of the ionic
conductivity.*>** Therefore, the similarity in the morphology of
NaPF, deposited on the surface of those NZZSP solid electro-
lytes suggested that the ionic pathway produced by the salt, in
parallel with the Na* transport of ceramics, was responsible for
the enhancement of the ionic conductivity. As a result, NZZSP
solid electrolytes produced with 0 and 2 hour milling times,
with 20% of NaPF4 (0 h_20% NaPF, and 2 h_20% NaPF) were
eventually chosen to study the cycling behaviour, as that
amount of salt was the only value that significantly improved
the relative density and the ionic conductivity of the solid-state
electrolytes.

Cycling performance

The first characterization study conducted on the NaSICON
solid electrolytes doped with the ionic salt was a galvanostatic
stability test performed in a symmetric cell configuration, using
sodium metal as the electrode (Na|NZZSP-NaPF¢|Na) and 5 pL
of liquid electrolyte to improve the interfacial contact between
components of the cell, as neither interfacial modifications nor
artificial solid electrolyte interfaces were used in order to study
the present SSEs. Fig. 9(a) displays the cycling performance of
0 h_20% NaPFs and 2 h_20% NaPF, electrolytes in the
symmetric cells, at a current density of 0.1 mA cm™>. This
current density is selected based on the results of the CCD
characterization (shown in Fig. S9t), from which it is obtained
that 0 h_20% NaPFj electrolytes can perform well without much
overpotential until approximately 0.2 mA cm 2, and the 2
h_20% NaPF, electrolytes until a current density of 0.3 mA
cm 2. In general, small fluctuations can be observed during the
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cycling at constant current density, as the tests were performed
under room conditions at a temperature of 20 £ 2 °C, with the
variability associated with the environment. Even though the
overpotential measured in the initial cycles was lower in the 0 h
than in the 2 h series (0.05 V against 0.1 V vs. Na/Na"), it rapidly
increased during the initial 100 hours, reaching values of 0.15 V
in contrast to the almost constant 0.1 V of the 2 h series. Finally,
the 0 h_20% NaPF; electrolyte reached an overpotential higher
than 1 V at approximately 200 hours of the test, which led to the
shutoff of the cell due to safety concerns, whereas 2 h_20%
NaPF¢ kept cycling for more than 500 hours, with a final
measured overpotential of 0.15 V. The main reason behind this
phenomenon could be attributed to dendrite growth through
the pores and grain boundaries of the ceramics. Although the
deposited salts play a key role as pore-fillers, ceramics processed
by the CSP tend to leave microstructures with considerable
amounts of bare grain boundaries. When the distribution of
particle sizes is likely to produce great pore sizes, generally due
to larger and coarser particles, the penetration and accumula-
tion of electrode materials such as Li® and Na° during the
plating and stripping process is favoured.***>** As a result, the
gradual penetration of sodium metal led to the short circuit of
the 0 h_20% NaPF, SSEs, similar to the case reported by Ben-
ben, W. et al. with a bare NZSP ceramic electrolyte with large
grain sizes produced by solid-state sintering.** Indeed, detailed
optical images of the surface of samples from 0 h_20% NaPF¢
after cycling (Fig. S10t1) showed imprints near small cracks,
comparable to those reported by the mentioned authors in their
electrolytes, whereas 2 h_20% NaPFs did not show any
remarkable degradation on the surface.

Additionally, SSEs of the same series were tested in half-cells
containing NazV,(PO,); as the cathodic active material
(Na|NZZSP-NaPF4|NVP) at multiple scan rates (with a theoret-
ical discharge capacity C of 117.6 mA gyyp ' in 1 hour).
Fig. 9(b)-(d) display the cycling performance of the 0 h- and 2 h-
series of electrolytes evaluated at C/10, C/5, C/2 and 1C, during 5
cycles at each cycling rate. In line with previous results of the
symmetric tests, the half-cells with 2 h_20% NaPF, achieved
better results in all cases than those of 0 h_20% NaPF,.
Specifically, the 2 h-series reached specific discharge capacities
of about 85 mA h gNfol at C/2, and remarkable values of over
100 mA h gyvp ' at C/10 after cycling at multiple higher rates,
recovering almost all the initial capacity. Considering the
differences in specific capacity of both types of half-cells, the
effect of the dendrite growth fit as the main reason. In line with
the symmetric cell results, as the cycling rate increased and time
elapsed, the difference in specific capacity between the 0 h- and
2 h-series became larger, reinforcing the idea of a good micro-
structure preserving the electrochemical properties in the 2
h_20% NaPF4-NZZSP solid state electrolytes. Overall, both types
of NaSICON solid state electrolytes doped with ionic salts and
produced by a low energy-demanding route, the cold sintering
process, demonstrated superior electrochemical performance
and a promising pathway to develop all solid-state sodium
batteries coupled with proper development of stable interfaces
and cathode materials.
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Conclusions

In this study, we reported the densification of Naz 4Zr; 9Zng 1Siy »-
P, .50, solid state electrolytes through the novel technique of the
cold sintering process, which enabled the production of sustain-
able ceramic electrolytes at a low temperature of 150 °C with the
aid of high pressure (720 MPa) and a transient liquid phase.
Precisely, we studied the effect of the NZZSP milling time of the
powder prior to the CSP, and how the particle size and distribution
obtained affected the densification of the samples and their later
microstructure. Furthermore, two different transient liquid phases
(3 M HAc and 25 mM NaOH) were tested to evaluate the impact of
the media on the densification mechanism and the resulting
electrochemical properties. It was found that the alkaline media
induced by NaOH produced morphological changes identified
through a lower crystallinity of the NZZSP particles during the CSP,
which resulted in worsening of the Na' transport properties (¢ =
0.25 mS cm™ ), despite enabling a good densification degree (¢ >
82%). In contrast, the acetic acid medium retained a similar
densification degree while also achieving an ionic conductivity two
times higher (¢ = 0.50 mS em™ %, in the 0 h milling time powders).
When composites were prepared by incorporating NaTFSI and
NaPF; as sodium dopants in the CSP, with 10 wt% and 20 wt% of
each salt added to the composition through the TLP, the
morphological and electrochemical properties were evaluated.
Regarding the densification degree, 20% of NaPF, enabled the
highest relative density in each series of powders (¢ = 94.3% and ¢
= 91.1% in the 0 h- and 2 h-series, respectively), and was the only
percentage of salt that induced a significant improvement of the
ionic conductivity (¢ = 0.80 mS cm™ ' and ¢ = 0.51 mS cm ™' in the
0 h_20% and 2 h_20% NaPFy series, respectively). Although
0 h_20% NaPF¢ SSEs produced the best results in terms of
densification and ionic conductivity, when evaluated under oper-
ative conditions, the 2 h_20% NaPF electrolytes demonstrated
a better cycling behaviour. In symmetric cells (Na|NZZSP|Na) the 2
h-electrolytes remained stable with an overpotential of only 0.15 V
for more than 500 hours, whereas the 0 h-samples had a short
circuit at around 200 hours due to dendritic growth through a less
stable microstructure. In line with these results, when tested in
half cells (Na|NZZSP|NVP) at multiple scan rates, the 2 h_20%
NaPFs SSEs always exhibited a higher and constant specific
capacity value, achieving specific discharge capacities of about 85
mA h gy " at C/2, and recovering almost all the initial discharge
capacity, over 100 mA h gwyp © at C/10 after cycling at multiple
higher rates. Hence, this work demonstrates the potential of the
cold sintering process for sustainable fabrication of high-
performance sodium solid-state electrolytes, with the optimized
composition being the 2 hour-milling time NZZSP with 20 wt% of
NaPF, in a 3 M acetic acid solution achieving remarkable ionic
conductivity and cycling stability, paving the way for potential
solid-state sodium-ion batteries.
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