
published by Ural Federal University 

eISSN 2411-1414 
chimicatechnoacta.ru

ARTICLE 

2025, vol. 12(2), No. 12209 
DOI: 10.15826/chimtech.2025.12.2.09

1 of 7 

Transport and structural properties of (CH3)4NBF4 
with nanodiamonds filler 

Ivan Stebnitskii ab * , Yulia Mateyshina ab , Nikolai Uvarov ab

a: Institute of Solid State Chemistry and Mechanochemistry, Siberian Branch of the Russian Academy 
of Sciences, Novosibirsk 630090, Russia 

b: Department of Natural Sciences, Novosibirsk State University, Novosibirsk 630090, Russia 
* Corresponding author: i.stebnitskii@g.nsu.ru

Abstract 
Composite solid electrolytes are promising materials for electrochemical de-
vices. The most interesting ionic components for them are salts of substi-
tuted ammonium due to their high thermal and electrochemical stability, but 

the properties of composites based on them are poorly understood. Compo-
site solid electrolytes based on the substituted ammonium salt (CH3)4NBF4 
with highly dispersed nanodiamonds CND with specific surface area 

Ssp = 300±20 m2/g in a wide range of filler concentrations have been synthe-
sized for the first time. It was found by X-ray diffraction method that the 
introduction of СND leads to the amorphization of the salt. The highest con-

ductivity values are characterized by the composite 
0.03(СH3)4NBF4 – 0.97CND (σ = 4.2∙10–3 S/cm at 300 °C), whose electrical 

conductivity is 3-4 orders of magnitude higher than that of the original salt. 
Modeling the concentration dependence of the electrical conductivity of the 
composites using the mixing equation showed that the reason for the in-

crease in electrical conductivity is the formation of an amorphous salt layer, 
the electrical conductivity of which is 4–5 orders of magnitude higher than 
that of the crystalline phase (CH3)4NBF4. 
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Key findings 
● The use of nanodiamonds CND with Ssp = 300±20 m2/g as a filler leads to the amorphiza-

tion of (CH3)4NBF4.

● 0.03(CH3)4NBF4 – 0.97CND (σ = 4.2∙10–3 S/cm at 300 °C) has the highest conductivity,

increasing the conductivity of a relatively pure salt by 3–4 orders of magnitude.

● The reason for the increased conductivity in composites is the formation of a highly con-

ductive amorphous salt layer.

© 2025, the Authors. This article is published in open access under the terms and conditions of the 

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Composite solid electrolytes are promising materials for 

use in electrochemical energy storage [1–3]. They possess 

the best properties of ceramic electrolytes (high ionic con-

ductivity, thermal stability) and polymer electrolytes (abil-

ity to withstand large deformations without destruction, 

ensuring stable contact with electrodes), while minimizing 

their risks (such as flammability and chemical instability) 

[4–6]. 

Composite electrolytes are heterogeneous systems con-

sisting of an ionic compound and a heterogeneous additive. 

Inert fillers, which are dielectric nanoscale particles such 

as MgO, Al2O3, or non-conductive porous particles such as 

SiO2 or metal-organic frameworks, are often used as addi-

tives [7–9]. The addition of such particles to ionic crystals 

leads to the formation of additional point defects near the 

interface, resulting in an increase in ionic conductivity by 

1–4 orders of magnitude relative to the original compound 

[10–12]. 

The fundamental physicochemical properties of compo-

site electrolytes are also influenced by the properties of the 

ionic compound itself. Substituted ammonium salts are con-

sidered a promising basis for composites because they often 

have high thermal and electrochemical stability, plasticity 

that can provide good contact with electrodes, and rela-

tively high ionic conductivity in high-temperature phases 

[13–15]. These compounds can be used to create all solid-

http://chimicatechnoacta.ru/
https://doi.org/10.15826/chimtech.2025.12.2.09
mailto:i.stebnitskii@g.nsu.ru
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0007-9868-6432
https://orcid.org/0000-0002-1880-7182
https://orcid.org/0000-0002-8209-7533
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.15826/chimtech.2025.12.2.09&domain=pdf&date_stamp=2025-02-12
https://chimicatechnoacta.ru/rt/suppFiles/8463/0


Chimica Techno Acta 2025, vol. 12(2), No. 12209 ARTICLE  

  

 2 of 7 DOI: 10.15826/chimtech.2025.12.2.09  

state electrochemical devices [16, 17]. For example, re-

cently, N,N-dimethylpyrrolidinium fluorohydrogenate was 

used as a solid electrolyte for a supercapacitor with graph-

ite electrodes: the capacitance of the positive and negative 

electrodes was 263 F g–1 and 221 F g–1, respectively, on the 

300th cycle at a current density of 238 mA g–1 [18]. How-

ever, in most cases, the direct use of substituted ammonium 

salts in devices is complicated by low ionic conductivity (of-

ten less than 10–5 S/cm). 

The introduction of nanosized particles can increase the 

electrical conductivity of substituted ammonium salts [19, 

20]. Previously, we demonstrated that the conductivity of 

tetrafluoroborate tetrabutylammonium (C4H9)4NBF4 can be 

increased by 1.5-3 orders of magnitude in this way, with the 

relative increase in conductivity depending on the nature of 

the heterogeneous additive [21]. The largest effect was 

achieved with nanodiamonds CND (σmax = 1.2∙10–3 S/cm at 

150 °C) [22]. Such composites with improved transport 

properties can be used as materials in supercapacitors. 

Thus, the fundamental possibility of creating a supercapac-

itor with an electrolyte of 0.6(C2H5)3CH3NBF4 – 0.4CND, 

demonstrating a capacity of 40 F g–1 at a voltage scanning 

rate of 5 mV s–1, was previously shown.  

However, to date, there has been little investigation of 

how the salt properties affect the physicochemical proper-

ties of such composites. Therefore, in this work, the system 

(CH3)4NBF4–CND was investigated for comparison with pre-

viously studied composites based on substituted ammo-

nium salts with nanodiamonds addition. 

2. Materials and methods 

2.1. Materials 

Tetramethylammonium tetrafluoroborate (CH3)4NBF4 was 

synthesized by an exchange reaction in aqueous solution 

between tetramethylammonium chloride (CH3)4NCl (Sigma 

Aldrich, reagent grade) and tetrafluoroboric acid HBF4 

(Sigma Aldrich, 48 wt.%), taken in stoichiometric amounts. 

The resulting white precipitate (CH3)4NBF4 was washed 

with water to pH 7 to remove any residual HBF4 and then 

dried at 100 °C under reduced pressure. 

Commercial UDA-C nanodiamonds (Ssp = 300±20 m2/g, 

produced by the Altai Federal Research and Production Cen-

ter, Biysk, Russia) were used in this work. Before use, 

nanodiamonds CND were preheated at 300 °C for 3 h to re-

move unstable functional groups and adsorbed water mol-

ecules. The specific surface area of the preheated nanodia-

monds was determined by nitrogen adsorption method us-

ing ThermoSorb TPD 1200, degassing mode: 60 min at 

250 °C, according to the 5-point method in the pressure 

range p/p0= 0.2–0.4. 

Composites (1–x)(CH3)4NBF4 – xCND (0 < x < 1, x – mole 

fraction) were prepared by mixing stoichiometric amounts 

of salt and nanodiamonds with the addition of acetonitrile 

as a solvent, followed by heating the samples in a drying 

oven at 200 °C for 1 h to remove the residual solvent. 

2.2. Methods 

The thermal properties of the composites were investigated 

using a differential scanning calorimeter DSC-500 (Sam-

STU, Russia). For this purpose, samples of known mass (5–

15 mg) were placed in aluminum crucibles, tightly packed 

and heated in the temperature range of 20–300 °C at a 

heating rate of 10 °C/min in an argon stream. 

The structural properties of (CH3)4NBF4 and composites 

based on it were investigated by X-ray diffraction on a D8 

Advance diffractometer (Bruker, Germany) using Cu Kα ra-

diation with a Kβ filter. The diffractograms were recorded 

in the angular range 10°<2θ<90° with a step Δ2θ = 0.0195°, 

and a one-dimensional Lynx-Eye detector was used to de-

tect the diffraction rays. The diffractograms were analyzed 

using the GSAS-II program [23]. 

The surface morphology of the composite tablet samples 

was analyzed using a Hitachi TM 1000 scanning electron 

microscope (Oxford Instruments Analytical Ltd.). 

To investigate the transport properties, the composite 

powders were compacted with two Ag-electrodes at a pres-

sure of 100 MPa. The compacted powders were tablets with 

a diameter of about 6.3 mm and a thickness of 0.7–2 mm. 

The density of pure (CH3)4NBF4 salt compressed into a tab-

let exceeds 96% of the theoretical density; taking into ac-

count the plasticity of the salt, the density of the composites 

exceeds 90%. The electrical properties were measured by 

impedance spectroscopy in low vacuum with a residual 

pressure of 50 mTorr in the mode of staggered isotherms in 

the temperature range of 100–300 °C using a two-electrode 

circuit on a Hewlett Packard HP 4284A Precision LCR Meter 

(Hewlett-Packard, Japan) in the range of 30 Hz – 1 MHz. 

The obtained impedance hodographs were analyzed using 

Zview software (version 3.1, Scribner Associates, Inc., USA) 

to determine the total resistance R. The total ionic conduct-

ance was calculated using the formula σ = d/(R∙S), where d 

and S are the diameter and area of the tablet, respectively. 

3. Results and Discussion 

3.1. Thermal properties 

According to the study of G. Zabinska et. al. (CH3)4NBF4 un-

dergoes phase transitions at –119 °C and at 328 °C [24]. 

Matsumoto et. al. confirmed the presence of a high temper-

ature phase transition (at 333 °C) and also noted that an 

exothermic effect at temperatures above 378 °C caused by 

the decomposition of the salt [25]. 

In the temperature range investigated (20–300 °C), nei-

ther endothermic nor exothermic peaks were found for the 

pure (CH3)4NBF4 salt and for the (CH3)4NBF4 – CND compo-

sites, indicating that the salt is in the same phase in all sam-

ples and that the salt and composites will be stable during 

the high temperature studies (Figure 1). 

3.2. Structural and microstructural properties 

The pure salt (CH3)4NBF4 was indexed at room temperature 

within the P4/nmm space group (a = b = 8.284(5) Å,  
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c = 5.914(9) Å, Rwp = 10.2 %), which is consistent with pre-

vious single crystal X-ray diffraction studies (P4/nmm,  

a = b = 8.231(3) Å, c = 5.889(3) Å [26]) as well as powder 

X-ray diffraction (PDF 482173: P4/nmm, a = b = 8.257 Å,  

c = 5.912 Å [26]). 

The X-ray diffraction patterns of the composites             

(1–x)(CH3)4NBF4 – xCND (Figure 2) show reflections of the 

salt phase, stable at room temperature, and a broad maxi-

mum near 2θ ≈ 43.7°, which belongs to the (111) reflection 

of the diamond phase Fd-3m. 

It is known that X-ray diffraction is sensitive to the vol-

ume of the phase trapped under the beam, so for correct 

analysis of the change in intensity of the peaks with the 

composition, the mole fractions of nanodiamonds were con-

verted to volume fractions by the formula: 

𝑓 =  
𝑥

𝑥 + (1 − 𝑥)
𝑀1𝜌2
𝑀2𝜌1

,
 (1) 

where x and f are the molar and volume fractions of CND 

nanodiamonds, respectively, M1 and M2 are the molar 

masses of salt and CND, respectively, and ρ1 = 1.34 g/cm3 and 

ρ2 = 3.5 g/cm3 are the densities of salt and CND, respec-

tively. 

 
Figure 1 DSC curves for (1–x)(CH3)4NBF4 – xCND (x = 0, 0.7, 0.9). 

 
Figure 2 X-ray diffraction patterns of (1–x)(CH3)4NBF4 – xCND com-

posites (blue dashes indicate the positions of the reflections ac-

cording to PDF 482173). 

In the random «salt-nanodiamond» mixture, the integral 

peak intensity (hkl) of the pure salt I0(hkl) should decrease 

in the composite as: 

𝐼(ℎ𝑘𝑙) = 𝐼0 (ℎ𝑘𝑙)(1 − 𝑓).  (2) 

The decrease in intensity of the experimentally obtained 

peaks with the volume fraction of nanodiamonds is sharper 

compared to a random mixture of components (Figure 3). 

The intensity of the peaks may decrease due to the re-

duction of coherent scattering regions (CSRs). We used the 

Williamson-Hall method to determine the size of the CSRs, 

which takes into account the contribution of CSRs and mi-

crostresses to the peak broadening: 

𝛽 cos(θ) =
𝜆

𝐷
+ 4ε sin(𝜃),  (3) 

where β is the broadening (rad), λ = 0.15406 nm is the 

wavelength of Cu Kα radiation, D is the characteristic size 

of CSRs (nm), and ε is the magnitude of microstress (rad) 

[27]. The variation of the peak broadening with the angle 

2θ is well described by the Williamson-Hall dependence for 

all samples (Figure 4). The CSRs of the samples depends 

only weakly on the composition (D = 70±10 nm), so the 

strong decrease in the intensity of the peaks is not related 

to the CSRs. 

It can be assumed that (CH3)4NBF4 transforms to the 

amorphous state on the surface of nanodiamonds, resulting 

in a decrease in the amount of crystalline phase contributing 

to diffraction. Previously, a similar effect was observed in 

other solid composite electrolytes "salt – insulator" [7, 21]. 

Figure 5 shows the morphology of the original salt (a), 

where individual particles smaller than 2 μm are visible; 

nanodiamonds (c), where the particle size is 3–15 μm; and 

typical morphology of the composites using the example of 

a tablet from the 0.2(CH3)4NBF4–0.8СND composite. 

 
Figure 3 Variation of the relative intensity of the peaks with the 

volume fraction of nanodiamonds f: points on the experimental 

curve were determined by averaging the intensity of the peaks at 

2θ = 15.2°, 18.5°, 21.4°, 28.5°. 
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Figure 4 Williamson-Hall analysis for (1–x)(CH3)4NBF4 – xCND  

(x = 0.7, 0.9): points are experimental data, lines are calculated. 

 
Figure 5 SEM images of (CH3)4NBF4 (a), 0.2(CH3)4NBF4-0.8СND 

composite (b), and nanodiamonds (c).  

It can be seen that when the composites are pressed, 

dense tablets with a small number of pores are formed, 

which is consistent with the density data (the density of the 

tablets is ~90%); individual particles are poorly distin-

guishable. 

3.3. Transport properties 

Typical impedance hodographs are shown in Figure 6. The 

impedance hodographs were described by an equivalent cir-

cuit consisting of two impedances connected in series: the 

bulk impedance Zbulk, which describes the resistance of the 

crystalline phase of the salt, and the electrode impedance 

Zel, which describes the resistance at the electrolyte|elec-

trode interface. The chosen equivalent circuit describes the 

observed impedance plots well (Figure 6). 

 
Figure 6 Typical impedance hodographs recorded for  

(1–x)(CH3)4NBF4 – xCND (x = 0.8, 0.9, 0.97) at 250 °C. The approx-

imate curves are shown in red. The equivalent circuit shown in the 

inset was used for modeling. 

By analyzing the impedance hodographs, the tempera-

ture dependence of the conductivity was plotted (Figure 7). 

With increasing temperature, the conductivity of all com-

posites increases, indicating the ionic nature of the conduc-

tivity. The dependences were well reproduced in heating-

cooling cycles, thus the data obtained are at equilibrium. 

For all compositions, the temperature dependence of the 

conductivity was well described by the Arrhenius equation: 

𝜎𝑇 = 𝐴𝑒−
𝐸a
𝑘𝑇

 .  (4) 

As the concentration of nanodiamonds in the composites 

increases, both the pre-exponential multiplier A and the ac-

tivation energy Ea decrease (Table 1), indicating the appear-

ance of new conduction channels with lower potential bar-

riers to diffusion.  

With increasing nanodiamond content, the conductivity 

of the composites increases monotonically by 3–5 orders of 

magnitude compared to the conductivity values obtained 

for the pure salt (CH3)4NBF4 (Figure 8). The highest con-

ductivity is characterized by the composite composition 

0.03(CH3)4NBF4 – 0.97CND (σ = 4.2∙10–3 S/cm at 300 °C). 

The concentration dependence of «salt-inert additive» 

composites can be modeled using the previously proposed 

general mixing equation: 

𝜎𝛼(𝑓) = 𝜎1
𝛼(𝑓)

(1 − 𝑓 − 𝑓s) + 𝜎s
𝛼(𝑓)

𝑓s + 𝜎ND
𝛼(𝑓)

𝑓,  (5) 

where σ1, σs, σND – conductivity of salt, amorphous salt layer 

and nanodiamonds, respectively; fs and f – volume fraction 

of amorphous salt layer and nanodiamonds, respectively [7]. 

 
Figure 7 Temperature dependence of the specific conductivity σ of 

(1–x)(CH3)4NBF4 – xCND in Arrhenius coordinates. The lines show 

approximate curves obtained from the Arrhenius equation. 

Table 1 Conductivity parameters obtained by approximation with 

the Arrhenius equation. 

xCND fCND Ea (eV) log(A, S∙K–1∙cm–1) 

0 0 1.96±0.01 14.7±0.1 

0.6 0.04 0.96±0.01 7.2±0.1 

0.7 0.06 1.05±0.01 8.3±0.1 

0.8 0.10 0.96±0.01 8.2±0.1 

0.9 0.20 0.87±0.01 7.6±0.1 

0.93 0.28 0.78±0.01 7.2±0.1 

0.95 0.35 0.73±0.01 6.7±0.1 

0.97 0.48 0.74±0.01 7.0±0.1 
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The volume fraction of the amorphous salt layer stabilized 

by nanodiamonds was calculated according to Equation 6:  

𝑓s = 6 ∙
𝜆

𝐿
∙ 𝑓 ∙ (1 − 𝑓)                    (𝑓s ≤ 1 − 𝑓), (6) 

where L = 5.7 nm is the crystallite size of nanodiamonds 

estimated from the specific surface area of nanodiamonds, 

and λ is the thickness of the amorphous salt layer. The pa-

rameter α(f) depends on the composition, and a linear rela-

tionship was used for the calculations: 

𝛼(𝑓) = 𝛼1(1 − 𝑓) + 𝛼2𝑓,  (7) 

where 0 ≤ (α1 and α2) ≤ 1 are parameters that determine 

the morphology of the composite, which are independent of 

the composition. 

The general mixing equation describes quite well the ob-

served experimental values of conductivity at different 

temperatures (Figure 8). Table 2 summarizes the values of 

the calculated parameters, from which it can be seen that 

the conductivity of the amorphous layer is 4–5 orders of 

magnitude higher than that of the crystalline salt phase. 

Thus, the increase in conductivity is due to the formation of 

the amorphous salt phase. 

For comparison, we took the published experimental 

data on the study of transport properties of composites with 

nanodiamonds and organic salts – tetrafluoroborates of 

substituted ammonium: (C4H9)4NBF4 (Tmelting = 162 °C) 

[22], (C4H9)3CH3NBF4 (Tmelting = 158 °C) [28], 

(C2H5)3CH3NBF4 (Tmelting = 320 °C) [29]. To date, the mech-

anism of ionic transport in such salts remains unknown. 

However, according to 19F NMR data in (C4H9)4NBF4 the 

dominant charge carrier is BF4
- anion, so we assume anionic 

character of conductivity in such salts [30].  

Compared to other "organic salt – inert additive" sys-

tems, in the case of (CH3)4NBF4, high conductivity values 

(more than 10–3 S/cm) are obtained at higher temperatures 

(>240 °C) (Figure 9). A trend is observed: in composites 

with fusible salts, high conductivity values are achieved at 

lower temperatures. 

 
Figure 8 Dependence of the specific conductivity σ of  

(1–x)(CH3)4NBF4 – xCND on the composition: points – experimental 

data, lines – approximation curves obtained from the mixing equation. 

Table 2 Conductivity parameters of (1–x)(CH3)4NBF4 – xCND com-

posites obtained from the general mixing equation. 

Parameter 220 °C 260 °C 300 °C 

σ1, S/cm 1.0∙10–8 2.6∙10–7 4.4∙10–6 

σs, S/cm 5.0∙10–3 2.0∙10–2 4.0∙10–2 

λ, nm 2.0 

α1 0.35 

α2 0.18 

 
Figure 9 Comparison of transport properties of 0.03(CH3)4NBF4 –

0.97CND with other most conductive "organic salt-nanodiamond" 

composites according to [22, 28, 29]. 

4. Limitations 

Solid composite electrolytes based on substituted ammo-

nium salts with inert fillers are still poorly studied. The de-

tailed mechanism of salt amorphization and the structure 

of the amorphous layer with atomic precision require fur-

ther clarification, as well as the study of the detailed causes 

of the increased conductivity in composites. 

5. Conclusions 

The physicochemical properties of solid composite electro-

lytes (1–x)(CH3)4NBF4 – xCND (0 < x < 1, x – molar fraction) 

have been studied for the first time. It was shown that the 

composites are thermally stable up to 300 °C. The decrease 

in the peak intensities in the XRD patterns of the compo-

sites is associated with their amorphization on the surface 

of nanodiamonds. It was shown that in composite electro-

lytes (1–x)(CH3)4NBF4 – xCND with the increase in the pro-

portion of nanodiamonds there is a monotonic increase in 

ionic conductivity up to x = 0.97 (f = 0.48, f – volume frac-

tion), the maximum value is σ = 4.2∙10–3 S/cm at 300 °C, 

which is 3–4 orders of magnitude greater than that of the 

original salt. The theoretical dependencies calculated using 

the mixing equation describe the experimental data well at 

temperatures 220, 260 and 300 °C. The conductivity of the 

amorphous layer (CH3)4NBF4 in the phase contact region is 

4–5 orders of magnitude higher than that of the original salt 

and makes the major contribution to the conductivity of the 

composites. 
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