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H I G H L I G H T S

• The cold sintering process (CSP) densifies NASICON specimens at 140 °C.

• With identical heat treatments, CSP leads to>2-6X increases in conductivities.

• Post-CSP annealing at 800 °C markedly increases the grain boundary conductivity.

• Mg doping enhances the densification and conductivity of cold-sintered specimens.

• A new opportunity of low-T sintering of solid electrolytes and solid-state batteries.
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A B S T R A C T

The recent invention of cold sintering process (CSP) suggests a new opportunity to densify ceramic solid elec-
trolytes at reduced temperatures. In the study, Na3.256Mg0.128Zr1.872Si2PO12 (Mg-doped NASICON) specimens
were cold-sintered at 140 °C to ∼83% of the theoretical density. In addition, post-CSP annealing, at tempera-
tures lower than that is needed for the conventional sintering of NASICON, can substantially increase the ionic
conductivity (with or without significant further densification). For example, the conductivity of cold-sintered
Mg-doped NASICON reached> 0.5mS/cm after annealing at (as low as) 800 °C; in comparison, a dry-pressed
specimen exhibited virtually no densification at a higher temperature of 1000 °C with< 0.1mS/cm con-
ductivity. Moreover, a high conductivity of ∼1.36 mS/cm has been achieved for a Mg-doped NASICON cold-
sintered and subsequently annealed at 1100 °C (doubling the conductivity of a dry-pressed specimen sintered at
the identical condition). Further mechanistic studies showed that annealing at 800–1100 °C increased the grain
boundary (GB) conductivities of cold-sintered specimens. The CSP opens a new window to sinter the “thermally-
fragile” ceramic solid electrolytes (such as phosphates and sulfates). In addition, it not only provides energy and
cost savings but also enables new fabrication routes to make solid-state batteries.

1. Introduction

Recently, the research of sodium-ion batteries has gained great at-
tentions due to the abundant sodium resources and its lower cost in
comparison to lithium [1–5]. Furthermore, the development of solid-
state batteries has also attracted significant interests in both the aca-
deme and the industry, where solid electrolytes, instead of liquid
electrolytes that are prone to the leakage, dendrite growth, and ex-
plosion risks, are used to improve safety and (potentially) energy
density (e.g., via enabling the use of metal anodes) [6–8]. Specifically,
solid-state sodium batteries can in principle have low costs and possess
high energy density for large-scale energy storage applications, such as
those used in power grids [8]. Here, one key enabling technology is to

cost-effectively fabricate sodium-ion solid electrolytes with high con-
ductivity and stability [8–11].

Specifically, solid-state sodium batteries with natrium (Na) super-
ionic conductors (NASICON) were demonstrated to be promising en-
ergy storage devices [8,12]. Recently, solid-state batteries with NA-
SICON based composite polymer electrolytes have also been designed
and fabricated, which exhibited high specific capacity and stable cycle
performance [13–15]. The NASICON materials with the general for-
mula of Na1+xZr2SixP3-xO12 (0≤ x≤ 3) were firstly developed by
Hong and Goodenough ∼40 years ago [16,17]. The Na+ ionic con-
ductivities of NASIOCN ceramic electrolytes are relative high compared
to other inorganic solid electrolytes at elevated temperatures [18,19].
In addition, NASICON ceramic electrolytes possess a wide
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electrochemical window, high Na ion transference numbers, and high
thermal stability [14,15,19,20]. NASICON oxides are more air and
moisture stable than sulfides [12–15]. However, undoped NASICONs
typically have moderate total, i.e., bulk plus grain boundary (GB), ionic
conductivities at room temperature (∼0.1mS/cm) due to the poorly-
conducting ZrO2 phases precipitated at GBs during the high-tempera-
ture (typically ∼1200 °C) sintering [16–20]. Recently, aliovalent
doping has been reported to increase the ionic conductivities of NA-
SICON by several different groups independently [21–25]. In one study,
Samiee et al. reported that the 0.128 at. % Mg doped NASICON can

exhibit a high ionic conductivity around 2mS/cm at room temperature
(with the optimal sintering process) [21]; furthermore, a careful com-
bined experimental and modeling investigation contributed the en-
hanced conductivity to the formation of a conductive secondary and/or
interfacial Na3PO4 phase at GBs, representing one example with a clear
explanation of underlying mechanisms of the so-called “doping” effects
(that are in fact more of interfacial and microstructural, than the bulk,
effects) [21].

However, the high processing temperatures (typically 1200 °C or
higher) and long durations of NASICON materials in conventional

Fig. 1. (a) Measured particle size distribution of the synthesized Mg-doped NASICON powder (where the solid curve represents a lognormal fitting). (b) Relative
density vs. Mg atomic percentage curve for NASICON specimens cold-sintered at 140 °C for 1 h under a fixed pressure of 470MPa. (c) Relative density vs. applied
pressure curve for Mg-doped NASICON (Na3.256Mg0.128Zr1.872Si2PO12) specimens cold-sintered at a fixed temperature of 140 °C and a fixed holding duration of 1 h.
(d) Relative density vs. sintering temperature curve for Na3.256Mg0.128Zr1.872Si2PO12 specimens cold-sintered at a fixed pressure of 780MPa and a fixed holding
duration of 1 h. (e) Relative density vs. annealing duration curves for Na3.256Mg0.128Zr1.872Si2PO12 specimens cold-sintered at a fixed temperature of 140 °C and a
fixed pressure of 780MPa. The estimated errors of measured densities are±1.5%. 30 wt % water was added in each cold-sintered specimen.
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sintering can cause the Na and P evaporation, which results in the
formation of insulating ZrO2 secondary phase at GBs to lower the ionic
conductivity [26,27]. The poor sinterability of NASICON and required
prolonged sintering at ≥1200 °C also add significant costs and energy
consumption, as well as cause various technical and compatibility is-
sues to make it more difficult to fabricate thin NASICON membranes
and/or integrate them into solid-state battery technologies, particularly
for mass production of grid- (or other large-) scale energy storage de-
vices. Thus, there are great technological advantages to explore novel
sintering technologies to reduce the sintering or heat treatment tem-
peratures of NASICON materials, motivating this study.

Recently, an innovative ceramic processing technology, cold sin-
tering process (CSP), was developed by researchers at Pennsylvania
State University, which densifies ceramics with the assistance of an
aqueous solution at a temperature below 300 °C for a short duration
(typically 15–60min) under an uniaxial pressing pressure
(100–500MPa) [28]. In the CSP, the initial densification is likely
caused by particle rearrangements under the applied pressure with the
assistance of the aqueous solution among particles, where dissolution is
promoted. Subsequently, a supersaturated solution forms among par-
ticles and a dissolution-precipitation process occurs to provide mass
transport (densification) at a moderate temperature under the applied
pressure, while the water gradually evaporates [28]. In many (most)
cases, a post-CSP annealing is still needed to achieve the final property
requirements, but it can be conducted at a temperature lower that is
required for conventional sintering of dry-pressed specimens, thereby
providing a technological advantage. In the last a couple of years, the
CSP has been applied to densify a spectrum of functional ceramics and
ceramic-polymer composites, including ZnO [29], BaTiO3 [30], ZrO2

[31,32], KH2PO4 [33], V2O5 based composites [34], and LiFePO4 [35].
Specially, Berbano et al. demonstrated that the CSP could densify
Li1.5Al0.5Ge1.5(PO4)3 (LAGP) solid electrolytes to around 80% of the
theoretical density at 120 °C for 20min, but post-CSP annealing is
needed to increase their conductivity [36].

In this work, we further apply the CSP to a Mg-doped NASICON
(Na3.256Mg0.128Zr1.872Si2PO12) and successfully achieved ∼83% of the
theoretical density at as low as 140 °C for 1 h. Similar to LAGP [36],
post-CSP annealing (at temperatures lower than the conventional sin-
tering temperature) was found to be necessary and effective to increase
the ionic conductivity of cold-sintered NASICON; moreover, our further

mechanistic study showed that the increased conductivity was achieved
by reducing the high GB resistance in the as-CSP specimens. Specifi-
cally, this study has demonstrated that the CSP can lead to a>2-6X
increase in the conductivity in comparison with the conventional (dry-
pressed) specimen sintered at the identical (reduced) temperature for
an identical duration. Thus, this study suggests a promising new op-
portunity for applying the CSP to fabricate solid-state electrolytes and
batteries.

2. Experimental

2.1. Powder synthesis

The NASICON powders with the compositions of
Na3.256Mg0.128Zr1.872Si2PO12 (Mg-doped NASICON) and Na3Zr2Si2PO12

(undoped NASICON) were synthesized by a solid-state reaction method
using stoichiometric amounts of Na2CO3 (Fisher Chemical, 99.5%),
MgO (Alfa Aesar, 99.95%), ZrO2 (Fisher Chemical, Laboratory Grade),
SiO2 (Alfa Aesar, 99.9%), and NH4H2PO4 (Sigma Aldrich, 99.99%).
Noting that we also made several other NASICON specimens with dif-
ferent Mg contents that are reported in Fig. 1(b), but all other Mg-doped
NASICON specimens reported and discussed elsewhere have the com-
position Na3.256Mg0.128Zr1.872Si2PO12. The mixtures were milled in
isopropyl alcohol using a planetary ball mill for 24 h. The mixed pre-
cursors were dried in an oven at 85 °C for 12 h and subsequently cal-
cinated in air at 1150 °C for 5 h. Finally, the calcined powders were
again ball milled in isopropyl alcohol for 48 h to decrease the particle
sizes.

2.2. Cold sintering process (CSP) and Post-CSP treatments

The CSP powders were prepared by mixing the (Mg-doped or un-
doped) NASICON powder with 30 wt % deionized (DI) water in mortar
and pestle for 2–3min. The prepared powder was transferred into a die
(with a diameter of ¼ inch) and uniaxially pressed at 780MPa at room
temperature (25 °C) for 2min for a pre-pressing step. Then, the die was
heated to a preset CSP temperature (140 °C in most cases) with a
heating tape (wrapped around the die) using a temperature controller.
The specimen was kept at this CSP temperature (e.g., 140 °C) for a fixed
duration (typically 1 h) at a fixed pressure (typically 780MPa). We also

Fig. 2. SEM micrographs of the fractured surfaces of Mg-doped NASICON (Na3.256Mg0.128Zr1.872Si2PO12) specimens (a, c) dry-pressed at 25 °C and (b, d) cold-
sintered at 140 °C, respectively, both at 780MPa for 1 h.
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studied the effects of varying the CSP temperature (120–180 °C),
duration (10–120min), and pressure (300–780MPa). All cold-sintered
specimens were baked at 200 °C for 12 h to remove any residual
moisture.

Most cold-sintered specimens were subsequently annealed at
600–1200 °C for 6–48 h in a box furnace with a heating ramp rate of
5 °C/min. For comparison, conventional dry-pressed NASIOCN speci-
mens were also prepared by using the identical pressure (780MPa) at
room temperature and subsequently sintered (a.k.a. annealed) at
identical temperatures for identical durations.

2.3. Characterization and measurements

The specimen densities were obtained by measuring the mass and
dimensions of each specimen and the theoretical density of NASICON is
∼3.27 g/cm3. The crystalline phases of samples were identified by X-
ray diffraction (XRD) using a Rigaku diffractometer with Cu Kα radia-
tion. The scanning electron microscopy (SEM, FEI Quanta 250) was
used to observe the microstructures of fractured surfaces.

The specimens for conductivity measurements were prepared by
sputtering Pt blocking electrodes on both surfaces of the pellets. The
thicknesses of all the specimens were in the range of 1.0–1.3mm.

Electrochemical impedance spectroscopy (EIS) was carried out by using
a Solartron 1255B EIS analyzer in the frequency range from 106 to 1 Hz
with AC amplitudes of 25, 50, or 75mV to measure the conductivity at
room temperature (25 °C) or controlled low temperatures. The con-
ductivity measurements were also carried out at 0 °C, −20 °C, −40 °C,
−60 °C, respectively, in a cold chamber with a temperature controller
(LR Environmental Equipment Company) in dry air. The GB, bulk, and
total ionic conductivities were obtained by fitting Nyquist plots using
the Z-View software (Scribner, Inc.). A DC polarization test (with an
applied voltage of 1V at room temperature) was conducted to measure
the sodium ion transference number by following the reported standard
procedure [19,20]. The conductivity was continuously measured until
the current was stabilized. The tested Na3.256Mg0.128Zr1.872Si2PO12

specimen (CSP + 1100 °C × 48 h) was prepared by sputtering Pt
electrodes on both surfaces of the pellet (dimension: ∼1.2 mm thick
and 6.0 mm in diameter).

Fig. 3. XRD patterns of the Mg-doped NASICON (Na3.256Mg0.128Zr1.872Si2PO12) specimens after CSP only (i.e., an as-cold-sintered specimen) and CSP plus subsequent
annealing at six different temperatures, along with the reference Na3Zr2Si2PO12 pattern (PDF No. 01-070-0234).
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3. Results and discussion

3.1. Cold sintering: effects of the Mg content and CSP parameters on
densification

The particle size distribution of the synthesized Mg-doped NASICON
powders was obtained by SEM analysis and are shown in Fig. 1(a); the
mean particle size was measured to be 430 nm, with a standard de-
viation of 160 nm. Fig. 1 further shows the effects of the Mg content and
CSP pressure, temperature, and duration (holding time) on the densi-
fication of NASICON materials. As shown in Fig. 1(b), Mg doping can
substantially increase the densification of NASICON. On one hand, the
CSP with 30wt % water at 140 °C for 60min was found ineffective to
densify the undoped NASICON; it resulted in a relative density of
∼68.8%, which is only slightly higher than the ∼66.2% relative den-
sity achieved by dry pressing a specimen at the identical pressure of
470MPa. On the other hand, 0.128 at. % Mg doping increased the re-
lative density to> 75% at 470MPa, and 0.512 at. % Mg doping further
increased it to> 78%. To explain this observation, we should note that
the enhanced densification in cold sintering must be enabled by the
solubility of the solid phase(s) in water [28]. It is known that the NA-
SICON type electrolytes are relative stable in water at 60 °C, suggesting
limited solubilities [37,38]; however, it is yet unknown whether a
higher temperature and a higher pressure can promote more solubility
to enable cold sintering. A prior study showed that Mg doping could
lead to the formation of conductive Na3PO4 secondary and/or

interfacial phase [21] that has high solubilities in water, which may
promote cold sintering. Moreover, Mg doping can also promote a
transformation of primary NASICON from the monoclinic to the
rhombohedral phase [21], which may also be a factor that changes the
solubility and cold sintering kinetics. Further studies are needed to
investigate the exact underlying mechanisms.

Although a higher Mg content can further increase the densification
of NASICON in the CSP, 0.128 at. % Mg doped NASICON was chosen for
our systematic CSP experiments because of its optimal conductivity (as
a higher Mg content can lead to a phase transformation of the primary
NASICON phase from the high-conducting monoclinic to the low-con-
ducting rhombohedral phase, according to a prior study [21]).

Fig. 1(c) shows the increasing densification with increasing pressure
for the CSP of Mg-doped NASICON (Na3.256Mg0.128Zr1.872Si2PO12) at
the sintering temperature 140 °C for 1 h. Specifically, the specimen
cold-sintered at 310MPa has a relative density ∼69.8% and a high
relative density of ∼82.8% was achieved at 780MPa. Thus, the applied
pressure of 780MPa was used in the subsequent CSP experiments.
Furthermore, Fig. 1(d) shows the CSP temperature (in the range of
120–180 °C) have little influence on the final density; the subsequent
CSP experiments were conducted at 140 °C. Finally, Fig. 1(e) shows the
density variation with the CSP duration; the relative density increased
from a duration (hold time) of 30–60min, but it did not increase further
for an even longer duration of 120min, presumably because the water
was dried after ∼60min. We also note that baking of the 60-min cold-
sintered specimen at 200 °C for 12 h resulted in no weight loss, in-
dicating that it was dried. Hence, the subsequent CSP experiments were
conducted for a fixed duration of 60min (or 1 h).

In summary, a high relative density of ∼83% has been achieved for

Fig. 4. The (a) relative density and (b) total ionic conductivity (measured at
room temperature) of the cold-sintered and dry-pressed Mg-doped NASICON
(Na3.256Mg0.128Zr1.872Si2PO12) specimens vs. annealing temperature curves. All
cold-sintered and dry-pressed specimens were annealed for 6 h.

Table 1
Measured room-temperature total conductivity for undoped (Na3Zr2Si2PO12)
and Mg-doped (Na3.256Mg0.128Zr1.872Si2PO12) NASICON specimens that were
either cold-sintered or dry-pressed and subsequently annealed at different
temperatures for different durations. All CSP specimens shown here were cold-
sintered at 140 °C and 780MPa for 1 h.

Specimen Processing Condition σt (mS/
cm)

Relative
Density (%)

Mg-doped CSP only 0.041 82.9
Mg-doped CSP + 600 °C × 6 h 0.028 81.8
Mg-doped CSP + 700 °C × 6 h 0.12 82.3
Mg-doped CSP + 800 °C × 6 h 0.529 81.8
Mg-doped Dry-Pressed

(140 °C × 1 h) + 800 °C × 6 h
0.075 72.4

Mg-doped Dry-Pressed (RT) + 800 °C × 6 h 0.061 70.3
Mg-doped CSP + 900 °C × 6 h 0.606 80.4
Undoped CSP + 900 °C × 6 h 0.267 77.3
Mg-doped CSP + 1000 °C × 6 h 0.655 80.2
Mg-doped Dry-Pressed (RT) + 1000 °C × 6 h 0.082 72.3
Mg-doped CSP + 1100 °C × 6 h 0.737 83.3
Mg-doped Dry-Pressed (RT) + 1100 °C × 6 h 0.218 75.4
Mg-doped CSP + 1100 °C × 12 h 0.878 86.9
Mg-doped Dry-Pressed (RT) + 1100 °C × 12 h 0.28 76.5
Mg-doped CSP + 1100 °C × 24 h 1.013 88.9
Mg-doped Dry-Pressed (RT) + 1100 °C × 24 h 0.388 80.2
Mg-doped CSP + 1100 °C × 48 h 1.362 93.6
Mg-doped Dry-Pressed (RT) + 1100 °C × 48 h 0.601 82.3
Undoped CSP + 1100 °C × 48 h 0.506 91.6
Mg-doped CSP + 1150 °C × 30 min 0.78 86.7
Mg-doped Dry-Pressed (RT) + 1150 °C × 30 min 0.219 74.1
Mg-doped CSP + 1150 °C × 1 h 1.045 89.2
Mg-doped Dry-Pressed (RT) + 1150 °C × 1 h 0.261 79.9
Mg-doped CSP + 1150 °C × 6 h 1.3 92.6
Mg-doped Dry-Pressed (RT) + 1150 °C × 6 h 0.67 82.7
Mg-doped CSP + 1150 °C × 12 h 1.45 94.3
Mg-doped Dry-Pressed (RT) + 1150 °C × 12 h 0.876 87.1
Mg-doped CSP + 1150 °C × 24 h 1.182 93.8
Mg-doped Dry-Pressed (RT) + 1150 °C × 24 h 0.851 87.9
Mg-doped CSP + 1200 °C × 6 h 1.406 98.1
Mg-doped Dry-Pressed (RT) + 1200 °C × 6 h 1.31 98.6
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Fig. 5. Measured (a, c) relative density and (b, d) total room-temperature ionic conductivity of cold-sintered (CSP) and dry-pressed Mg-doped NASICON
(Na3.256Mg0.128Zr1.872Si2PO12) specimens vs. the duration for annealing at (a, b) 1100 °C and (c, d) 1150 °C, respectively. The estimated errors of measured densities
are± 1.5%.

Fig. 6. SEM micrographs of the fractured surfaces of (a) as-cold-sintered (CSP only) specimens and cold-sintered Mg-doped NASICON (Na3.256Mg0.128Zr1.872Si2PO12)
specimens after subsequent annealing at (b) 800 °C for 6 h, (c) 900 °C for 6 h, and (d) 1100 °C for 48 h.
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Mg-doped NASICON (Na3.256Mg0.128Zr1.872Si2PO12) specimens cold-
sintered at 140 °C for 1 h at 780MPa, which was selected as the stan-
dard processing conditions for the subsequent experiments. The mi-
crostructures of a specimen cold-sintered with this set of conditions

(140 °C, 1 h, 780MPa) and a benchmark specimen dry-pressed at
780MPa for 1 h are shown in Fig. 2 for comparison. Sintering
morphologies, including particle packing and the formation on sin-
tering necks, are evident in the cold sintered specimen. Mg doping was
found effective and essential for promoting densification in cold sin-
tering of NASICON, which also increased the conductivity of the spe-
cimen as discussed subsequently in §3.3.

3.2. The effects of Post-CSP annealing

Fig. 3 displays the XRD patterns of cold-sintered Mg-doped NA-
SICON specimens before and after 6 h of annealing at 800, 900, 1000,
1100, 1150, and 1200 °C, respectively. All (both as-CSP and
“CSP + annealing”) specimens possess a primary crystalline NASICON
phase similar to those reported previously [19–21]. Peaks from minor
secondary phases, such as Na3PO4 and ZrO2, are also labeled in Fig. 3.
An unknown secondary phase was also identified in the specimens
annealed at 1000 °C and 1100 °C. The presence of minor secondary
phases is commonly found in sintered NASICON specimens [19–21].

Fig. 7. (a) The total, GB, and bulk ionic conductivities (measured at room temperature) of cold-sintered Mg-doped NASICON (Na3.256Mg0.128Zr1.872Si2PO12) spe-
cimens vs. annealing temperature curves. All specimens were annealed for 6 h. The measured total, GB, and bulk ionic conductivities of an as-cold-sintered specimen
(CSP only) are also shown. (b) EIS plots (measured at 25 °C) of a CSP (only baked at 200 °C for 12 h) specimen and a CSP + 700 °C × 6 h specimen, along with
corresponding fitted results (represented by the solid lines) using the equivalent circuit shown in the inset. (c) Arrhenius plots of the measured total conductivities of
various Mg-doped NASICON specimens.

Table 2
Measured room-temperature GB (σgb), bulk (σb), and total (σt) conductivities
for Mg-doped NASICON (Na3.256Mg0.128Zr1.872Si2PO12) specimens cold-sintered
(at 140 °C and 780MPa for 1 h) and subsequently annealed at different tem-
peratures.

Processing Condition σgb (mS/cm) σb (mS/cm) σt (mS/cm)

As-CSP 0.009 0.125 0.041
CSP + 700 °C × 6 h 0.046 0.829 0.12
CSP + 800 °C × 6 h 0.233 0.924 0.529
CSP + 900 °C × 6 h 0.254 0.861 0.606
CSP + 1000 °C × 6 h 0.281 0.911 0.655
CSP + 1100 °C × 6 h 0.388 1.01 0.737
CSP + 1150 °C × 6 h 0.596 1.533 1.3
CSP + 1200 °C × 6 h 0.672 1.836 1.406

H. Leng et al. Journal of Power Sources 391 (2018) 170–179

176



The effects of post-CSP annealing on improving the density and
ionic conductivity of cold-sintered Mg-doped NASICON specimens were
investigated (Fig. 4; Table 1). Dry-pressed specimens were also an-
nealed (sintered) at the same conditions and the data are plotted to-
gether in Fig. 4 for comparison. Post-CSP annealing at 600–1000 °C had
no appreciable effect on densification. Moderate densification occurred
at 1100 °C (for 6 h), while a relative density of ∼92.6% was achieved
for 6 h annealing at 1150 °C (Fig. 4(a)). After annealing/sintering at the
normal sintering temperature of 1200 °C for 6 h, ∼98% of the theore-
tical density was obtained for both cold-sintered and dry-pressed spe-
cimens; we thereby concluded that the CSP would not provide much
additional benefits when the normal sintering temperature is applied
(but CSP can indeed provide substantial benefits at reduced sintering/
annealing temperatures, in comparison with dry-pressed specimens). It
is also interesting to note that the densities of cold-sintered NASICON
specimens decreased slightly at 900–1000 °C, which may be related to
the decomposition of the minor secondary phase(s) that may release

small amounts of various gaseous species [36].
Fig. 4(b) shows the total ionic conductivities (measured at 25 °C) of

both cold-sintered and dry-pressed Mg-doped NASICON
(Na3.256Mg0.128Zr1.872Si2PO12) specimens after annealing at different
temperatures. Perhaps the most interesting result in Fig. 4 is that an-
nealing at 800–1000 °C can substantially increase the conductivity de-
spite of no significant increase in the specimen density. Specifically, the
conductivity of cold-sintered Mg-doped NASICON reached>0.5mS/
cm after annealing at as low as 800 °C for 6 h. Moreover, the total ionic
conductivity of cold-sintered Mg-doped NASICON reached ∼0.66mS/
cm at 1000 °C, which is eight times (8× ) higher than that of the a dry-
pressed specimen sintered at the identical condition (∼0.08mS/cm).
The conductivity reached ∼1.3mS/cm at 1150 °C, which doubles the
conductivity of the dry-pressed counterpart sintered at the identical
condition (∼0.67mS/cm). However, the benefit of CSP became insig-
nificant at the conventional sintering temperature of 1200 °C.

For a further critical comparison, a specimen was prepared by dry-
pressing Mg-doped NASICON at 140 °C for 1h (without water addition)
and subsequent annealing at 800 °C for 6 h. The measured density of
this specimen was ∼72.4% and the measured ion conductivity was
∼0.075mS/cm, which are only slightly higher than those of the spe-
cimen dry-pressed at room temperature and subsequently sintered at
the identical condition (i.e., ∼70.3% density and ∼0.061mS/cm, re-
spectively); however, these values are still substantially lower than
those of the cold-sintered specimen sintered at the identical condition
(i.e., ∼81.8% density and ∼0.529mS/cm, respectively). This addi-
tional comparison further and directly demonstrates that the water
addition in CSP is essential to promote the densification of Mg-doped
NASICON specimen.

We further investigated the variations of the density and ionic
conductivity of both cold-sintered and dry-pressed Mg-doped NASICON
specimens with the annealing duration at 1100 °C and 1150 °C, re-
spectively. Both density and ionic conductivity increased with the in-
creasing annealing duration (Fig. 5). Specifically, 30-min short an-
nealing at 1150 °C can densify a cold-sintered specimen to ∼86.7% to
achieve a total conductivity of ∼0.78mS/cm, being significantly
higher than the 74.1% relative density and ∼0.22mS/cm total con-
ductivity of a dry-pressed specimen sintered at identical condition
(Fig. 5(c)). Moreover, a high density of ∼93% has been achieved for a
cold-sintered Mg-doped NASICON specimen annealed at 1100 °C for
48 h (Fig. 5(a)) with high total ionic conductivity of ∼1.36mS/cm
(Fig. 5(b)), which are substantially higher than those of a dry-pressed
specimen sintered at the identical condition (i.e., ∼82.3% density and
∼0.60mS/cm, respectively). While the densification and conductivity
continued to increase with increasing annealing duration, at least up to
48 h, at 1100 °C, they both leveled off after ∼12 h annealing at 1150 °C.
Representative SEM images of the fractured surfaces of an as-CSP spe-
cimen as well as three cold-sintered specimens annealed at various
temperatures are shown in Fig. 6.

To summarize the most significant observations, the total ionic
conductivity of as-CSP specimen with ∼82.8% density is only
∼0.04mS/cm, which can be increased by ∼3 times to ∼0.12mS/cm
after annealing at a temperature as low as 700 °C, or by > 10 times to
∼0.53mS/cm after annealing at a low temperature of 800 °C. These
annealing temperatures are substantially lower than the conventional
sintering temperature of NASICON, where no appreciable densification
can occur. The underlying mechanisms were probed and discussed
subsequently. Moreover, higher conductivities and densities can be
achieved at higher annealing temperatures (e.g., ∼0.8 mS/cm and
∼87% density for a 30-min short annealing at 1150 °C or ∼1.36mS/
cm and ∼93% density for long annealing at a lower temperature of
1100 °C for 48 h), which are substantially higher than those can be
achieved by conventional sintering of dry-pressed specimens at the
same conditions (e.g., ∼3.5× and ∼2×higher conductivities in the
above two examples, respectively). These discoveries suggest new op-
portunities for fabricating solid-state batteries, e.g., by co-firing

Fig. 8. (a) EIS plots (measured at 25 °C) of cold-sintered undoped
(Na3Zr2Si2PO12) and Mg-doped (Na3.256Mg0.128Zr1.872Si2PO12) NASICON spe-
cimens, respectively, annealed at 900 °C for 6 h and 1100 °C for 48 h, respec-
tively along with corresponding fitted results (represented by the solid lines)
using the equivalent circuit shown in the inset. (b) The DC polarization plot of a
representative Mg-doped (Na3.256Mg0.128Zr1.872Si2PO12) NASICON pellet
(measured at 25 °C), indicating an ionic transfer number of> 0.997.
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electrolytes and electrodes at reduced temperatures and/or shortened
durations in one step. However, there will be trade-offs among pro-
cessing temperature/duration and achievable conductivity/density.
Yet, for example, fabrication of NASICON materials with a> 0.5mS/
cm conductivity without going beyond 800 °C is a new possibility un-
attainable previously, which can enable new fabrication routes for
solid-state batteries.

3.3. The mechanisms of conductivity increases during low-temperature
annealing

The enhancement of ionic conductivity of cold-sintered Mg-doped
NASICON at 700–1000 °C cannot be explained by the density im-
provement, since there is essentially little or no densification (sintering)
at 1000 °C or lower temperatures (Fig. 4). XRD studies did not reveal
any significant changes in the primary NASICON phase (Fig. 3). Yet, the
enhancement of total ionic conductivity started at 700 °C (by ∼3× )
and became substantial at 800 °C (to> 0.5mS/cm, or a>10× in-
crease from the as-CSP specimen). In contrast, the conductivity of a dry-
pressed specimen sintered at 1000 °C for 6 h is only ∼0.08mS/cm, or
only ∼1/8th of the measured conductivity (∼0.66mS/cm) of a cold-
sintered specimen annealed at the identical condition.

The heat treatment effects on ionic conductivity enhancement of
other solid electrolytes have been investigated and attributed to crys-
tallization of amorphous insulating phases at GBs in several prior stu-
dies [39–41]. The low ionic conductivity of cold-sintered NASICON
specimens (despite achieving ∼83% densities) could be related to the
dissolution and precipitation of secondary phases (presumably with low
crystallinity or being at least partially amorphous), which are known to
form for NASICON in contact with water [42]. Small particles are evi-
dent on the surfaces of the NASICON grains (i.e., at GBs) in a fractured
cold-sintered specimen in Fig. 6(a), which could be the secondary
(amorphous or poorly-crystallized) phase precipitated around NA-
SICON grains in the CSP; the numbers of similar small particles indeed
reduced after annealing at 800 and 900 °C [Fig. 6(b–d)] and such small
particles virtually disappeared after annealing at 1100 °C. Un-
fortunately, the exact composition of these small particles observed in
Fig. 6(a) cannot be measured by energy-dispersive X-ray spectroscopy
and NASICON is too beam sensitive for conducting high-resolution
transmission electron microscopy (HRTEM). However, similar amor-
phous secondary and/or interfacial phases have been found in various
other cold-sintered ceramics [30,32,34].

In addition, a prior study [21] showed that Mg doping enhanced the
ionic conductivity of NASICON by promoting the formation of more
conductive secondary Na3PO4 phase, which were also found in our
specimens (Fig. 3). Moreover, Na3PO4 can transform from a tetragonal
α phase to a cubic γ phase at ∼600 °C with a jump in its ionic con-
ductivity [43]. The enhancement of ionic conductivity of γ-Na3PO4

with a cubic structure is attributed to the increased number of mobile
Na+ vacancies [44]. Thus, this α-to-γ phase transformation in the
secondary Na3PO4 phase, in addition to possible crystallization of the
secondary amorphous (or poorly-crystallized) phase, may contribute to
the observed increased (mostly GB, instead of the bulk) conductivity of
our cold-sintered specimens during annealing at 700–1000 °C. Un-
fortunately, the amount of the secondary phase is too small for ex-
amining its structure or crystallinity directly with XRD, and NASICON is
too beam sensitive for HRTEM (as the intense beam in HRTEM would
amorphize the specimen in seconds).

To test the hypothesized mechanisms, we separate the GB con-
ductivities and bulk conductivities by fitting EIS plots with a brick layer
model [45]; the results are shown in Fig. 7(a) and Table 2. It is noticed
that the bulk conductivity is always higher than the GB conductivity in
all specimens, which indicates the total ionic conductivity is mostly
limited by the high GB resistance. Specifically, annealing at 700 °C
substantially increased both bulk and GB conductivities. Fig. 7(b) dis-
plays the impedance spectra of the cold-sintered Mg-doped NASICON

specimens before and after annealing at 700 °C, where the two semi-
circles of the EIS plots correspond to bulk and GB resistances [46]. An
equivalent circuit model (as shown in the inset in Fig. 7(b)) with two R-
CPE components to represent the bulk and grain boundary contribu-
tions, respectively, was used for data fitting.

Notably, the bulk conductivities of specimens annealed at
700–1000 °C are essentially the same [Fig. 7(a)]. Annealing at 800 °C
further increased (only) the GB conductivity substantially in compar-
ison with that of the specimen annealed at 700 °C (while there is es-
sentially no difference in the bulk conductivities). Furthermore, an-
nealing at higher temperatures 900 and 1000 °C, respectively, increased
the total conductivity slightly by modestly increasing (only) the GB
conductivity. Finally, both bulk and GB conductivities increased after
annealing at high temperatures of 1100–1200 °C. Arrhenius plots of the
measured conductivities of various Mg-doped NASICON specimens are
shown in Fig. 7(c).

These observations are largely consistent with the above-discussed
hypothesis that annealing at 800–1000 °C increased the total con-
ductivity substantially [Fig. 4(b)] mostly through increasing the GB
conductivity [Fig. 7(a)] via (presumably) crystallization of secondary
and interfacial amorphous (or poorly-crystallized) phase(s) and/or the
α-to-γ phase transformation in the secondary Na3PO4 phase.

Finally, we also compared the measured conductivities of cold-sin-
tered undoped vs. Mg-doped NASICON specimens (Table 1; Fig. 8(a),
where the equivalent circuit model is shown in the inset in Fig. 8(a)). It
is noticed that Mg doping substantially increased the total ionic con-
ductivity in all cases. For example, the measured total ionic con-
ductivities of the cold-sintered undoped and Mg-doped NASICON spe-
cimens, respectively, after 900 °C× 6 h annealing are ∼0.27mS/cm
and ∼0.61mS/cm, respectively. Moreover, the measured total ionic
conductivities of the cold-sintered undoped and Mg-doped NASICON
specimens, respectively, after 1100 °C×48 h annealing are ∼0.51mS/
cm and ∼1.36mS/cm, respectively. In both cases, Mg doping increased
the total conductivities by more than 2× . As demonstrated by a prior
coupled experimental and modeling study [21], Mg doping can increase
GB conductivities by forming a conductive secondary and/or interfacial
Na3PO4 phase at the NASICON GBs, which are consistent with the
current observations using cold-sintered specimens (Figs. 3 and 8(a)).
Fig. 8(b) further shows the DC polarization plot of a representative
Na3.256Mg0.128Zr1.872Si2PO12 pellet, where the sodium ion transfer
number was measured to be > 0.997, verifying that the conductivity
of the specimen is mostly ionic.

4. Conclusions

Mg-doped NASICON (Na3.256Mg0.128Zr1.872Si2PO12) specimens were
cold sintered at 140 °C to∼ 83% of the theoretical density. Subsequent
low-temperature annealing at 800 °C can help to substantially increase
the conductivity by mostly increasing the GB conductivity to achieve
is > 0.5mS/cm. In contrast, a dry-pressed specimen exhibited vir-
tually no densification at a higher sintering temperature of 1000 °C and
a much lower conductivity of< 0.1mS/cm. Moreover, 30-min short
annealing at 1150 °C of the cold-sintered specimen can achieve ∼87%
density and ∼0.8mS/cm conductivity, in comparison with ∼74%
density and ∼0.2mS/cm conductivity of a dry-pressed specimen sin-
tered at the identical condition. A high density of ∼93% and higher
total ionic conductivity of∼1.36mS/cm have been achieved for a cold-
sintered Mg-doped NASICON specimen, in comparison with ∼82%
density and ∼0.6mS/cm of a dry-pressed specimen, after annealing/
sintering at the identical condition of 1100 °C× 48 h. These discoveries
suggest new opportunities/routes for fabricating solid-state batteries,
e.g., by co-firing electrolytes and electrodes at reduced temperatures
and/or shortened durations, where trade-offs among processing tem-
perature/duration and achievable conductivity/density should be
made. The successful fabrication of NASICON materials with
a> 0.5mS/cm conductivity without going beyond 800 °C, for example,
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represents a new possibility and enabling capability that have not been
achieved before. In a broader context, the CSP technology provides a
new opportunity to sinter the “thermally-fragile” ceramic solid elec-
trolytes for both Li+ and Na+ (such as phosphates and sulfates with
volatile components and prone to the decomposition and/or pre-
cipitation of harmful secondary phases at high temperatures), and it can
also provide significant energy and cost savings.
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