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A B S T R A C T   

Sodium vanadium triphosphate (Na3V2(PO4)3, NVP) is a promising cathode material for Na-ion batteries. Due to 
its intrinsically low electronic conductivity, it is usually mixed or coated with carbon. However, so far there have 
been no systematic studies on the ionic and electronic conductivity of carbon-coated NVP particles. In this work, 
NVP with varying carbon contents are prepared. The powders are sintered as single pellets or sandwiched be
tween a solid electrolyte for measurements in an ion blocking and non-ion blocking configuration. In these two 
different configurations, two different electrodes are attached and several electrochemical characterization 
techniques are applied such as impedance spectroscopy, chronoamperometry, and four-point measurements. The 
NVP/C composites with carbon content >0.1 wt% show a high degree of densification and an amorphous carbon 
network. The conductivity of NVP in composites with carbon content <0.1 wt% shows dominating ionic con
duction with an average value of ~2 × 10− 6 S cm− 1. NVP/C samples with carbon contents >0.1 wt% show a 
dominance of electronic conduction in the range of 0.01–0.2 mS cm− 1 because of the percolated carbon network 
at the grain boundaries. The ionic conductivity, however, remains almost constant in the same order of 
magnitude (~6 × 10− 6 S cm− 1).   

1. Introduction 

Na-ion batteries (NIB) have emerged as one of the best alternatives 
for Li-ion batteries due to the higher abundance of sodium in the Earth’s 
crust [1] and, hence, the better availability of sodium products. In fact, 
the development of sodium batteries will help to reduce the dependence 
on critical raw materials, i.e. materials with a (geopolitical) significant 
supply risk [2] such as Co, Ni, Cu, and Li. So-called post-lithium tech
nologies based on non-critical elements such as sodium, represent a 
long-term opportunity to avoid material dependence on oligopolistic 
suppliers of raw materials [3]. Therefore, research partially has shifted 
towards the development of cathode materials suitable for NIB and 
all-solid-state Na-batteries (ASSNB). One of the first examples of 
possible cathodes for NIB are the phosphates with an open framework 
structure [4]. Among them, Na3V2(PO4)3 (NVP) was tested in NIB in 
2012 [5]. Since it crystallizes in the kosnarite structure [6], similar to 
the well-known highly ion-conductive solid electrolytes Na3+xZr2

Si2+xP1-xO12 (NZSP) with 0.3 < x < 0.5 [7], and with a stability up to 4.5 

V vs. Na/Na+ in ASSNB [8], it has received increasing attention even 
though vanadium is also a critical element. As the redox reaction of 
vanadium has been exploited in NIB typically in the voltage window of 
0–4 V vs. Na/Na+, V(III) oxidizes to V(IV) at 3.4 V vs. Na/Na+ giving a 
specific capacity of 117.9 mAh g− 1 [1]. To our knowledge, the electronic 
conductivity of pure NVP has not yet been clearly determined. Data were 
only reported for Li3V2(PO4)3, which also crystallizes with the 
Na3V2(PO4)3 structure as 10 − 8–10− 10 S cm− 1 [9–11]. 

To overcome the intrinsically low electronic conductivity of NVP 
[12], several methods have been studied such as carbon coatings 
[13–17], substitution with other metal ions [18–21], and reducing the 
particle size [1]. Even though NVP/C is a well-known cathode material, 
we are aware of only one systematic study on the total conductivity of 
NVP/C composites. This very new publication deals with the cold sin
tering of mixtures composed of NVP with carbon black or carbon fibers 
[22]. The influence of the carbon content on the electrical properties of 
NVP/C and its efficacy in transmitting electrons and Na+ ions are 
dependent on the processing and on the carbon source used. Some of the 
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studies that have reported ionic and electronic conductivities are listed 
in Table 1. 

In this work, the impact of carbon on the transport properties of 
NVP/C composites is comprehensively investigated using samples with 
very high density to avoid the influence of porosity. Field-assisted sin
tering technique/spark plasma sintering (FAST/SPS) is used to sinter 
NVP/C composites with different carbon contents. The electronic con
ductivity and the ionic conductivity are examined using impedance 
spectroscopy on samples with ion-blocking and non-ion blocking 
configuration. 

2. Experimental 

2.1. Materials 

For the synthesis of NVP/C composites, sodium dihydrogen phos
phate (NaH2PO4, Sigma-Aldrich, ≥99 % purity), ammonium vanadate 
(NH4VO3, Merck Supelco, ≥99.0 % purity) and citric acid (C₆H₈O₇, 
Merck Supelco, ≥99.0 % purity) were stoichiometrically mixed in the 
ratio of 3: 2: x, respectively, where x represents varying molar fractions 
of citric acid (0, 0.5, 1, 1.25, 1.50, 1.75, 2, 3), to achieve the desired 
residual carbon amount in the system. The powders were added to a 
beaker containing 150 ml water and 30 ml ethanol, and were then 
stirred for 12 h at 100 ◦C until the mixture formed a gel. The gel was 
dried in a vacuum oven at 100 ◦C overnight. Then, the as-dried green 
powders were heat-treated in two steps. In the first step, the powders 
were heated to 300 ◦C at 60 K/h and held for 4 h in an Ar atmosphere to 
remove residual volatile hydrocarbons. In the second step, the powders 
were heat-treated at 800 ◦C at 60 K/h and held for 10 h in reducing 
atmosphere (Ar with 2 % H2) to convert the organic residues to carbon. 

The synthesis of solid electrolyte NZSP is reported elsewhere [27]. 
Subsequently, heat-treated NVP/C and NZSP powders were milled 
separately at 500 rpm for 4 h using 10 mm zirconia balls (Pulverisette 7, 
Fritsch GmbH, Germany). 

2.2. Powder characterization 

The residual carbon amount was determined for every NVP/C 
powder by combusting a sample in oxidizing atmosphere and detecting 
the CO2 peaks in the infrared spectrum (RC612, LECO Corporation, 
USA). The formed phases of NVP/C and NZSP were investigated using X- 
ray diffraction (XRD) on a D4 Endeavor diffractometer (Bruker GmbH, 
Germany) in the 2θ range from 10◦ to 80◦ in steps of 0.02◦ using Cu-Kα 
radiation and equipped with a Lynxeye detector (Bruker GmbH, Ger
many). The HighScore software (Malvern Panalytical Ltd., UK) with the 
PDF-2 database (ICDD) was used for phase identification. 

2.3. FAST/SPS 

The ball-milled powders were placed inside a pressing tool made of 
TZM alloy (titanium-zirconium-molybdenum) with an inner diameter of 
12 mm (see Fig. 1a). The inner walls of the pressing mold were covered 
with a thin graphite layer and sintering was carried out using a HP-D5 
device (FCT Systeme GmbH, Germany). The first report on SPS- 
sintered NVP samples records a sintering temperature of 900 ◦C at a 

pressure of 50 MPa [28]. However, it has been reported elsewhere that 
NVP and NZSP decompose at temperatures above 800 ◦C, forming 
Na4SiO4 and SiP products [29]. Other groups sintered NVP samples at 
600 ◦C with a pressure of 102 MPa [30]. Due to the low temperature and 
pressure, the density of the samples was as low as 80 % of the theoretical 
density. Building on the previous results, in this work, the NVP/C 
powders were heated to 800 ◦C at 6000 K/h at a pressure of 440 MPa and 
held for 10 min in Ar atmosphere before cooling to room temperature at 
1500 K/h to prevent thermal-shock-assisted cracking. The profile of 
temperature, pressure, and sample density is schematically shown in 
Supplementary Fig. S1a. The parameters were optimized in several ex
periments at 675 ◦C, 750 ◦C, and 800 ◦C at a constant pressure of 440 
MPa to synthesize dense NVP/C pellets without decomposition. 
Furthermore, after FAST/SPS, samples were polished using sandpaper 
(400, 800, 1200 grits) to remove the graphite layer. Two configurations 
of pellets were prepared (Fig. 1b), one with pristine NVP/C or NZSP as a 
single layer and the other with NVP/C sandwiched between NZSP sin
tered at the temperature and pressure mentioned above. 

2.4. Characterization 

The morphology of the ball-milled NVP/C powders and the polished 
surface of the sintered samples were examined using scanning electron 
microscopy (SEM, Merlin, Carl Zeiss Microscopy, Germany) coupled 
with energy-dispersive X-ray spectroscopy (EDX, X-Max Extreme and X- 
Max 80 detectors, Oxford Instruments, UK) for elemental analysis. EDX 
data were analyzed using the associated Aztec software. For high- 
resolution SEM studies, polished cross-sections of selected samples 
were prepared by Ar ion milling (SM09010 Cross Section Polisher, Jeol, 
Japan). Raman spectroscopy was performed on the pellet surfaces using 
a Renishaw inVia confocal Raman microscope equipped with a solid- 
state laser with a wavelength of 532 nm. In order to improve measure
ment statistics, a single area was mapped with at least 400 Raman 
spectra. 

2.5. Conductivity measurements 

Impedance spectroscopy, chronoamperometry and four-point DC 
measurements were performed to quantify the ionic and electronic 
conductivity of the sintered samples. For impedance spectroscopy a 
multichannel potentiostat (VMP300, Biologic, France) was used at a 
constant temperature of 25 ◦C equipped with a controlled climate 
chamber (VT4002, Vötsch, Germany). The single-layered pristine NVP/ 
C pellets were coated with Au blocking electrodes. When coated with Na 
metal (non-blocking) electrodes, the tri-layered pellets with NVP/C 
between NZSP should allow Na+ ions to pass through the tri-layer setup 
while filtering electron transportation at lower frequencies thereby 
helping to better resolve the ionic contribution of NVP/C. Similar con
figurations have been reported elsewhere for different materials [31]. In 
each sample configuration, either sputtered Au films or thin layers of 
sodium metal were used as electrodes. Impedance spectroscopy was 
performed with 10 mV voltage perturbation in the frequency range from 
7 MHz to 100 mHz. The results were then interpreted using EC-lab and 
Z-view software and fitted with appropriate equivalent circuits. Chro
noamperometry measurements were performed on NVP/C samples and 

Table 1 
Conductivity values reported for NVP/C composites.  

Sample Processing method Total conductivity at 25 ◦C (S cm− 1) Reference 

NVP Infiltration and sintering 1 × 10− 6 [12] 
NVP/C annealed at 600 ◦C Tape casting 2.1 × 10− 5 [23] 
NVP/C annealed at 800 ◦C Tape casting 1.3 × 10− 1 [24] 
NVP/C with 5 wt% Na2O–Nb2O5–P2O5 Tape casting 2.9 × 10− 5 [24] 
NVP/C Conventional sintering (Ar/5% H2) 6.18 × 10− 6 (ionic) [25] 
NVP/C Conventional sintering (Ar) 4.47 × 10− 4 (electronic) [26]  
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tri-layer NVP/C samples by applying a constant voltage of 100 mV and 
measuring the current after 48 h. The four-point DC measurements were 
carried out using a van-der-Pauw apparatus [32] constructed in-house. 
Constant currents of 20 mA to − 20 mA in a decrement of 5 steps were 
applied across the diameter of the samples and the voltage drop was 
measured from two other points over the diameter perpendicular to the 
plane of applied current probes using a multimeter (2400 source master, 
Keithley instruments, USA). The quality of the measured conductivities 
(σ) was assessed using a simplified error analysis, taking into account the 
dimensions of the test specimens and the measured electrical 
parameters: 

Δσ
σ =

⃒
⃒
⃒
⃒
ΔR
R

⃒
⃒
⃒
⃒+

⃒
⃒
⃒
⃒
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A
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⃒
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⃒+

⃒
⃒
⃒
⃒
Δh
h

⃒
⃒
⃒
⃒ Eq. (1)  

where R, h, and A are the resistance in ohm, the thickness in cm, and the 
area of the electrode in cm2. For the impedance measurements, the 
chronoamperometry measurements and the four-point DC measure
ments, ΔR is the error of the fitted equivalent circuit parameters, the 
fluctuation of the measured current around the mean current value 
(Uconst./ΔI), and the standard deviation of the linear regression of the 
measured U/I values, respectively. Similarly, ΔA and Δh are the un
certainties in the determination of the geometric values of the samples 
(in the case of the four-point DC measurements ΔA = 0). The errors 
given in the following chapters are the Δσ values determined with 
equation (1). 

3. Results and discussion 

3.1. Material characterization 

The mass fraction of carbon and the density of the NVP/C sintered 
samples are listed in Table 2. Hereafter, the samples will be referred to as 
NVP/C_x.xx, where the x.xx represents the weight percentage of carbon 
shown in Table 2. For samples with low carbon content, i.e. NVP/C_0.03 

and NVP/C_0.04, the density is relatively low. For all other samples with 
carbon weight percentages of 0.83 % and higher, the density is higher 
than 99 % theoretical density. The theoretical density of NVP and carbon 
is taken as 3.15 g cm− 3 and 2.25 g cm− 3 [33], respectively. 

The XRD patterns of NVP/C_5.80 and NZSP powder heat-treated at 
800 ◦C and 1250 ◦C, respectively, were analyzed with the Rietveld 
method using the structure model with symmetry (ICSD 248140 for NVP 
and ISCD 62386 for NZSP; see Fig. 2c and d). The refinement started 
with the subtraction of the background, refinement of lattice parameters 
and zero shifts using the Pawley fit, converging to an Rp value of 5.7 %. 
In a second step, Rietveld refinements were carried out with and without 
restriction for the occupational parameters of Na atoms. All other 
structural. 

parameters such as atomic positions, site occupation factors, and 
temperature factors, were keptconstant, as shown in Table S1. The best 
goodness of fit for refinements was found with the Pawley fitting with 
fixed atomic parameters of all atoms. This was then used for all NVP/C 
specimens. The refined NVP/C_5.80 is a single-phase material with 
hexagonal lattice parameters a = 8.7264(2) Å and c = 21.8493(9) Å with 
reliability factors (Rp = 5.68 % and wRp = 7.75 %). The XRD pattern of 
the analogue SPS-sintered NVP/C pellet (not shown here) showed no 
additional peaks. This, in turn, suggests that FAST/SPS parameters are 
optimum for densification without any decomposition of NVP. The 
refinement of the XRD pattern of NZSP was started using two models 
with rhombohedral and monoclinic symmetry, as given in the database 
(ICSD 62386 and ICSD 81695, respectively). Only profile fitting was 
applied keeping all structural parameters constant. According to the 
profile fitting, the best R-values were achieved with a mixture of both 
phases: 98 % rhombohedral phase with R3c symmetry (e. g. Na3.35Zr2

Si2.35P0.65O12, ICSD 62386) and small amount of 2 % monoclinic phase 
with space group C2/c (corresponding to Na3.29Zr1.94Si2PO12, ICSD 
81695; see Fig. 2d). The refined lattice parameters for the main phase 
are a = 9.0782(6) Å and c = 22.8332(10) Å (Rp = 2.81 %, wRp = 3.97 
%). 

3.2. Sintering behavior 

During SPS, pulsed DC current is applied to the ceramic green body 
causing plasma discharge (electrons and ions) [34] between two particle 
surfaces, which in turn creates high temperatures at these local regions 
on the surface, causing neck formation between the two particles 
(Fig. S1c, left image). In the initial stages of sintering, at low tempera
ture, the surface diffusion dominates as the sintering mechanism of 
NVP/C. The residual carbon on the NVP surface (Fig. S1b, left image) 
moves from the surface of the NVP particles (higher potential) to the 
neck regions (lower potential) formed between NVP particles [35], thus 
forming an initial grain boundary. 

Fig. 1. a) Setup of pressing mold for FAST/SPS, b) different types of powder compacts as schematics and photographs of sintered samples.  

Table 2 
Carbon content, density after FAST/SPS and the amount of citric acid used 
during synthesis.  

Sample Citric acid (mol) Carbon (wt%) Density (%) 

NVP/C_0.03 0 0.03 95 
NVP/C_0.04 0.5 0.04 96 
NVP/C_0.42 1 0.42 98 
NVP/C_0.83 1.25 0.83 99 
NVP/C_2.67 1.5 2.67 99 
NVP/C_3.32 1.75 3.32 99 
NVP/C_5.80 2 5.80 99 
NVP/C_10.9 3 10.9 99  
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At higher temperatures, pores are formed between the NVP particles. 
During this stage of sintering, the pore size shrinks either by surface 
diffusion or by grain boundary diffusion or both (Fig. S1c, center image) 
[34]. At this stage the pores are all interconnected to form pore chan
nels. Surface diffusion aids in transporting the carbon to the grain 
boundaries and thereby densifying the sample. It is obvious from Fig. 2a 
that NVP/C_0.03 and NVP/C_0.04 are at the intermediate stage of sin
tering with connected pores and some isolated pores. 

Further densification occurs due to the volume and grain boundary 

diffusion at maximum temperature (Fig. S1b, center and right image). The 
residual carbon diffuses at the grain boundaries (Fig. S1c, right image), 
causing further densification during the isothermal final stage of sintering 
(Fig. 2a). This corroborates the densification phenomenon with a higher 
percentage of carbon in the NVP/C composites, as shown in Table 1. The 
SEM images of fracture surface of NVP/C_0.44 to NVP/C_10.9 show 
densification of NVP with carbon at the grain boundaries. It is evident 
from Fig. 2b and c that carbon aggregates at the grain boundaries in NVP/ 
C_0.83 and in NVP/C_5.8. Due to the increasing carbon content, carbon 

Fig. 2. a) SEM micrographs of NVP/C samples, b) EDX elemental mapping of NVP/C_0.83 and NVP/C_5.80, c) and d) Rietveld refinement of NVP/C_5.80 and NZSP, 
respectively, e) Raman spectra of amorphous carbon in NVP/C samples and f) determined ID/IG ratios. The horizontal lines are the corresponding mean values. 
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Fig. 3. a) Impedance spectra of each NVP/C sample, b) graphical representation of carbon content and increase in electronic conductivity, c) temperature-dependent 
impedance measurement of NVP/C_0.83, d) Arrhenius plot for calculation of activation energy of the dominant transport process. 
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can be seen both at the NVP grain boundaries as thin layers and between 
the NVP particles as lumps, mainly at triple points and other former voids. 

3.3. Raman spectroscopy 

Raman spectra and the intensity ratio of the D mode and G mode of 
NVP/C_0.42, NVP/C_0.83 and NVP/C_5.80 samples are shown in Fig. 2e 
and f. For amorphous carbon, the presence of diamond-like carbon (D 
mode, sp3 hybridization) at around 1350 cm− 1 can be attributed to the 
breathing mode of sixfold rings with A1g symmetry. The presence of 
graphite-like carbon (G mode, sp2 hybridization) at around 1590 cm− 1 

corresponds to in-plane bond-stretching motion of pairs of carbon atoms 
with E2g symmetry [36,37]. The absence of reflections that could be 
assigned to graphite in XRD patterns (Fig. 2c) further confirms the 
presence of amorphous carbon in all samples. Generally, the ratio of 
band intensities ID/IG is usually used to estimate the degree of graphi
tization of carbon [38]. In the case of amorphous carbon, however, the 
ratio of ID/IG is ascribed to the disordering degree of carbon. As the 
carbon content in the samples increases, the intensity of the D mode 
increases and as a result the ID/IG ratio increases (shown in Fig. 2f), 
indicating a tentatively higher content of hexagonal structure units. 
With regard to the electronic conductivity, it can be assumed at this 
point that a higher carbon content and a thicker coating of the NVP 
particles have a stronger influence than the change in the ID/IG ratio. A 
more detailed investigation of amorphous carbon would be necessary to 
determine this more clearly. 

3.4. Conductivity measurements 

3.4.1. Total conductivity of NVP/C composites 
The impedance spectra of the NVP/C samples with ion-blocking 

electrodes are shown in Fig. 3. NVP/C_0.03 and NVP/C_0.04 samples 
show two semicircles. The total conductivity was determined from the 
fitted RC circuit of the first large semicircle at high frequencies and its 
right intercept with the abscissa where the imaginary part Z″ → 0. This 
point corresponds to the ionic conductivity of the samples, since nearly 
no carbon is present. Here the values are 1.6 ± 0.2 × 10− 6 S cm− 1 and 
2.5 ± 0.3 × 10− 6 S cm− 1, respectively (Fig. 3a and Table 3). This is in 
accordance with previously reported ionic conductivities of pristine 
NVP [12]. The Rct (charge transfer resistance) in parallel with Cdl 
(double layer capacitance) at medium frequencies, visible as a small 
second semicircle, corresponds either to the generally assumed resis
tance of charge transfer kinetics or to a geometrical/dynamic constric
tion created by inhomogeneities at the sample|electrode interface [39]. 
As the ideal capacitance is uncommon in normal electrochemical sys
tems, it has been replaced by a constant phase element (CPE) in the 
equivalent circuit. The Rct values of NVP/C_0.03, NVP/C_0.04 and 
NVP/C_0.44 are 24.5 kΩ, 21.3 kΩ, and 15.2 kΩ, respectively. The charge 
transfer resistance decreases with increasing carbon content to a point 
where the interfacial or charge transfer resistance is no longer noticeable 
(NVP/C_0.83). A further increase in carbon results in ohmic resistive 
behavior composed of an inductance at high frequencies originating 
from the cables and pure resistance at low frequencies of the samples 
(NVP/C_2.3 to NVP/C_10.9). 

To calculate the total conductivity for each sample, equation (2) is 
used: 

σ =
h

R ∗ A
Eq. (2)  

where R, h, and A are the resistance, thickness, and area of the electrode 
as mentioned above. 

The calculated total conductivities are listed in Table 3. The increase 
in conductivity of over six orders of magnitude is ascribed to the 
increasing carbon at the grain boundaries (Fig. 2b) present as amor
phous carbon (Fig. 2e and f). The carbon helps to minimize the elec
tronic resistance at grain boundaries as well as at the Au|NVP/C 
interface, thereby enabling fast electron transport through the sample as 
illustrated in Fig. 3b. 

The sample NVP/C_0.83, in particular, shows an increased total 
conductivity of 1 × 10− 3 S cm− 1 with a semicircle response from the 
impedance at high frequencies, corresponding to the total resistance of 
the sample. At lower frequencies, the impedance touches the x-axis (Z″ 
= 0) and does not show a contribution of double-layer capacitance or 
Warburg impedance. This is characteristic of electronic conduction at 
low frequencies [31]. The temperature-dependent impedance mea
surements shown in Fig. 3c and the corresponding Arrhenius plot 
(Fig. 3d), result in a very low activation energy of 30 ± 2 meV, which 
can be ascribed to the predominant electronic conduction of the broken 
carbon network along grain boundaries (Fig. 3b). This interrupted car
bon network still has small contributions of polarized ions and electrons 
and hence a small capacitive response. 

The total conductivity of NVP samples with higher carbon contents 
comprises both ionic and electronic conductivities and behave as mixed 
electronic and ionic conducting (MEIC) materials. In order to decipher 
ionic and electronic contributions in the NVP/C composites, the exper
imental setup and equipment were configured to measure certain as
pects of the samples. 

3.4.2. Electronic conductivity of NVP/C composites 
The electronic conductivity of the NVP/C samples is shown in 

Fig. 4a. Chronoamperometry was used to determine the electronic 
conductivity of NVP/C_0.03 and NVP/C_0.04 because of their low 
electronic conductivity (light green circles). For samples with higher 
carbon content, the electronic conductivity was measured using the 
four-point measurement setup [32], as shown in Fig. 4b. The four-point 
measurement setup allows the electronic conductivity of a material to be 
determined by eliminating the sample|electrode interfacial resistance 
[40,41]. To the best of our knowledge, the electrical conductivity of NVP 
samples is reported to be low [1,42–46], but electronic conductivity 
values, however, have not yet been reported. The electronic conduc
tivity was found to be in the order of 10− 9–10− 8 S cm− 1, with 5.0 ± 1.1 
× 10− 9 S cm− 1 and 6.7 ± 1.4 × 10− 9 S cm− 1 for NVP/C_0.03 and 
NVP/C_0.04, respectively, which is in accordance with the previously 
reported values for Li3V2(PO4)3 [9–11]. NVP/C samples with C content 
>2 wt% revealed a plateau in electronic conductivity (Fig. 4a), indi
cating a percolating network of conductive amorphous carbon. 

3.4.3. Ionic conductivity of NVP/C composites 
Impedance spectra of NVP/C_0.03 and NVP/C_5.80 with different 

blocking electrodes and two different configurations are shown in 
Fig. 4c. Rather than choosing the starting point of the semicircle and 
assuming the ionic and electronic resistors are in parallel in the ion- 
blocking electrode setup and calculating the ionic conductivity of the 
sample [24], we propose that the total resistance of the configuration 
[electrode|NZSP|NVP/C|NZSP|electrode] corresponds to the ionic 
resistance of the NVP since NZSP would only allow the ions to pass 
through the NZSP|NVP/C interface [31], while its ionic conductivity is 
three orders of magnitude higher than NVP. 

Table 3 
Measured total conductivity of the NVP/C samples.  

Sample Total conductivity (S cm− 1) 

NVP/C_0.03 1.6 ± 0.2 × 10− 6 

NVP/C_0.04 2.5 ± 0.3 × 10− 6 

NVP/C_0.44 1.0 ± 0.1 × 10− 5 

NVP/C_0.83 9.9 ± 0.9 × 10− 4 

NVP/C_2.67 1.20 ± 0.05 × 10− 1 

NVP/C_3.32 1.63 ± 0.07 × 10− 1 

NVP/C_5.80 1.79 ± 0.08 × 10− 1 

NVP/C_10.9 2.09 ± 0.11 × 10− 1  
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Fig. 4. a) Electronic conductivity of NVP/C samples. The open circles represent data derived from chronoamperometry and closed circles represent four-point 
measurements. b) Electrode setup for four-point measurements, c) impedance spectra of different electrodes on different configurations using NVP/C_0.03 and 
NVP/C_5.8 to better understand the ionic conductivity. The color code of semicircles represents grain boundary resistance of NVP (blue), constriction effect of Na 
metal (red), charge transfer resistance at the NVP/C and electrode interface (violet), the ionic resistance of NZSP (orange), diffusion-controlled Na+ ions in the 
electrode (yellow) to better visualize the processes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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3.4.3.1. Configuration [electrode|NVP/C|electrode]. Although the 
impedance responses from different electrodes are not similar (Fig. 4c, 
left), the first semicircle at high frequencies corresponds to the contri
bution of ionic resistance and the geometrical capacitance (CPE) of 
NVP/C (blue semicircle). It does not depend on the electrode material. 
NVP/C_0.03 with Na electrodes shows two semicircles and the second 
semicircle corresponds to the electrical resistance and the geometrical 
capacitance (CPE) of the NVP/C interfaced with Na metal (red semi
circle). Other work attributed the second semicircle at mid-frequency to 
the dynamic constriction effect of the Na electrode [39]. The tail at low 
frequencies belongs to the Na metal and is difficult to detect because of 
the dominance of electric current (shunt) over the interfacial capaci
tance (yellow trapezoid) [47]. 

NVP/C_5.80, however, shows an impedance response with resistor 
and inductor in parallel and at low frequencies Z″ = 0, providing the 
resistance of the conducting carbon (Fig. 4c, right). Although amor
phous carbon is relatively disordered according to the ID/IG ratio of 0.92, 
it is sufficient for the electrons to find a conductive route with minimal 
resistance. 

When NVP/C_0.03 is contacted with Au electrodes, it shows one big 
semicircle at high frequencies, reflecting the ionic resistance of NVP, and 
a small semicircle at medium frequency that can be attributed to the 
charge transfer/interfacial resistance. Furthermore, at lower fre
quencies, the impedance is limited by the diffusion of Na+ ions in the Au 
electrode. Instead, NVP/C_5.8 shows a straight inductive line with a 
similar response to that of the Na electrodes. 

3.4.3.2. Configuration [electrode|NZSP|NVP/C|NZSP|electrode]. NVP/ 
C_0.03 between two electrolyte layers and contacted with Na electrodes 
exhibits a similar response as without the electrolyte layers. The 
contribution of NZSP is negligible as it appears at higher frequencies 
with a total resistance of ⁓1 kΩ (1.2 mS cm− 1), as shown in Fig. 4c, 
bottom. 

When NVP/C_5.80 is contacted with Na electrodes in this configu
ration, the electrolyte response can be seen at high frequencies, followed 
by the ionic resistance and capacitance response of NVP at medium 
frequencies. The response at medium frequencies can be attributed to 
the dynamic and geometrical constriction of the Na electrode [39]. At 
low frequencies, the presence of a Warburg impedance element appears. 
This could also be interpreted as a charge-transfer resistance and a 
double-layer capacitance. Nevertheless, it shows that the diffusion of 
Na+ ions in Na metal is controlled by mass transportation [47,48]. The 
chronoamperometry of tri-layer NVP/C_0.03 and NVP/C_5.80 samples 
with a sodium electrode (shown in Fig. S3) confirms the ionic resistance 
of the samples and the ionic conductivity of NVP/C_5.80 (5.8 ± 0.4 

10− 6 S cm− 1) is found to be more than thrice that of NVP/C_0.03 (1.8 ±
0.2 × 10− 6 S cm− 1). The order of magnitude of ionic conductivity of 
NVP/C samples, however, remained constant, similar to previously re
ported values [12,25]. 

In addition, with Au electrodes, the NVP/C_0.03 sandwiched be
tween NZSP electrolyte layers shows similar behavior to NVP/C_0.03 
without NZSP. However, it exhibited an extended electrode response at 
low frequencies. In contrast, it is interesting to see the NZSP response in 
the impedance spectrum of NVP/C_5.80 (Fig. 4c, right). We postulate 
that the electronic conductivity of NVP/C_5.80 is much higher than the 
response from the electrolyte. Therefore, the impedance signal is not 
within the instrumental frequency range, only the electrolyte resistance 
parallel to the capacitance response is visible. 

3.4.4. Mixed electronic and ionic conductivity 
The total conductivities (Table 3) along with the conductivity values 

obtained from electronic and ionic measurements (Fig. 4) from different 
samples are shown in Fig. 5a. It is obvious from the graph that there are 
two regions with ionic conductivity dominance and electronic conduc
tivity dominance. The MIEC line is obtained by adding electronic 
(Fig. 4a) and ionic conductivity (Fig. 4c) using equation (3): 

σMIEC = σe− + σNa+ Eq. (3) 

The obtained mixed conductivity values are in very good agreement 
with the measured total conductivity values (σtotal) obtained from NVP/ 
C samples with Au as ion-blocking electrodes (Fig. 3). The ionic con
ductivity of the NVP/C samples remains nearly constant within the same 
order of magnitude. The higher electrical conductivity reported previ
ously [23,24,26] is proven to be a measurement of the carbon at grain 
boundaries and in the bulk of the samples resulting from electronic 
conductivity (see Table 1). Hence, this determination of the ionic and 
electronic dominance region of NVP/C proves that most of the reported 
conductivity data of NVP/C are strongly influenced by the presence of 
the carbon. 

Fig. 5b compares of the total conductivity of the composites with 
amorphous carbon formed in-situ and particulate mixtures densified by 
cold sintering [22]. It is interesting to note that the three materials 
combinations follow a similar trend, but the percolation threshold at 
which the electronic conduction become dominant, is observed at 1 vol 
%, 2.4 vol%, and 3.8 vol% for the amorphous carbon, 
nano-particle-sized carbon powder and carbon fibers, respectively. The 
obtained maximum conductivity at high carbon contents follows the 
same sequence, i.e. 0.18 S cm− 1, 0.027 S cm− 1, and 0.005 S cm− 1, 
respectively. The decrease in conductivity is influenced, on the one 
hand, 

Fig. 5. a) Mixed electronic and ionic conductivities of the NVP/C composites as a function of carbon content, b) comparison of the determined σtotal values with those 
obtained with composites made by cold sintering and additions of carbon particles [22]. 
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by the processing temperature (375 ◦C during cold sintering and 
800 ◦C during SPS) and, on the other hand, by the addition of NaOH as a 
sintering aid during cold sintering, which could interfere with the con
duction along the grain boundaries. 

4. Conclusion 

NVP/C powders with varying carbon content were prepared and 
subsequently densified with FAST/SPS. Two different configurations 
and two different electrode materials were used to identify the ionic and 
electronic conductivities of the individual samples. The NVP/C with 
carbon contents >0.1 wt% showed a higher degree of densification due 
to the ability of surface carbon to diffuse and densify the sample during 
sintering. The amount of hexagonal structure units increases with 
increasing carbon percentage. The total conductivity of the NVP/C 
measured with ion-blocking electrodes proved to contain both ionic and 
electronic conductivity, which highly depends on the amount of carbon 
in the sample. Changing the electrodes from Au to Na using different 
configurations allowed the ionic dominance and electronic dominance 
regions of NVP/C to be determined. This study confirms that samples 
with either high ionic conductivity (σionic ⨠ σelectronic) or high electronic 
conductivity (σelectronic ⨠ σionic) require different measurement condi
tions in terms of electrodes and sample configurations (ion-blocking vs. 
non-ion-blocking). The ionic conductivity of NVP/C remains un
changed, as it is a material property that cannot be changed by a coating 
or by increasing the carbon content. However, further investigations are 
necessary to determine the electrochemical performances of these 
composite materials and to elucidate the influence of the carbon content 
on the charging and discharging processes. 
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