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Detonation nanodiamonds (DNDs) with an average size of about 
5 nm are a modern precursor material in the global market, 
which finds extensive technological applications.1–3 DNDs and 
their surface-modified derivatives have been widely discussed in 
the literature over the past two decades regarding the diamond 
surface chemistry and grafted foreign molecules and ligands’ 
characteristics.4–7 DNDs are promising research objects not only 
as biologically inert nanoscale platforms for grafting various 
atomic groups and long-chain molecules but also as a material 
for creating various diamond-reinforced hard metal composites. 
In addition to two-phase composites, in which the carbon and 
metal phases retain their individuality at the nanoscale, 
composites in which these phases form carbides with high 
thermal resistance are of great interest. In this case, solid-phase 
chemical reactions occurring at high temperatures, when 
diffusion is significant, are responsible for the formation of new 
phases.8,9 Note that, besides the reaction between solid reactants, 
carbides can also form when one reactant is in the gaseous phase. 
For example, this is the case of high-temperature (~1600 °C) 
diffusion of carbon from methane into a niobium wire.10 For the 
production of metal carbides, particularly niobium carbide, 
precursors of carbon, such as fullerenes, nanotubes and other 
forms of carbon, have been mainly used in the last three decades, 
but very rarely DNDs.11–14,† This is because diamond is difficult 
to force to react since, for effective sintering with metal, it must 
first go into the sp2-carbon state and further react with the metal 
to form carbide. Niobium and niobium carbide are materials of 
great technological importance.15–17 They can be used to create 
various modern advanced electronic and magnetoelectronic 
vortex-based devices, sensors and energy storage devices and 

†	 Following Fukunaga et al.,14 niobium carbides can be prepared by 
powder metallurgy at 1300–1400 °C and iodine-assisted solid-state 
reaction using carbon nanotubes during heat treatment at 1000–1100 °C.

improve the mechanical properties of many structural 
materials.18–21 Transition metal carbides exhibit their inherent 
chemical reactivity, as do the elements further to the right in the 
Periodic Table, and can be catalysts and electrocatalysts for 
some practically significant reactions.22–24

Although the synthesis of niobium carbide from diamond 
carbon and niobium has been reported,25,26 the resulting 
composites have not been characterized by elemental analysis, 
X-ray diffraction and electron microscopy. In this work, we 
carried out the reaction of niobium with DND carbon by rapid 
sintering at high pressure and high temperature (HPHT) and 
characterized the resulting composite by various methods. For 
simplicity, we ignored the role of the surface of DND particles 
coated with various oxygen-containing functional groups and 
bearing foreign atoms but considered the participation of DND 
internal carbon atoms in forming new carbide compounds.

We used commercially available highly purified (ash content  
< 0.1 wt%) DNDs and pure (99.9%) niobium powder with a grain 
size of 45 µm (see Online Supplementary Materials). The size of 
DND aggregates consisting of diamond crystallites 5 nm in size 
was ~100–200 nm. According to X-ray photoelectron spectroscopy 
data, the surface oxygen content in the precursor DND was  
8.2 at%.27 This oxygen is contained in various functional groups 
(mainly carboxyl, hydroxyl and anhydride) on the surface of a 
nanodiamond particle and inside loose DND aggregates.28–30 We 
assume that some of the primary particles in an aggregate are 
linked by anhydride groups containing C–O and C–O–C bonds.

We prepared Nb/DND mixtures of various compositions with 
an Nb/C weight ratio of 100:0 (1), 80:20 (2) and 90:10 (3). The 
prepared Nb/DND mixture was then transferred into a hollow 
graphite cylinder (4.0 mm inner diameter, 5.5 mm high) with two 
graphite lids inside a toroidal-type high-pressure chamber for 
sintering. Thus, in one pressing cycle, it was possible to process 
about ~250 mg of precursor Nb/DND mixture. Then, sintering 
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Niobium carbide composites were obtained by sintering 
niobium powder and detonation nanodiamond at high 
pressure (7 GPa) and high temperature (~1990 °C) for 
several tens of seconds. The resulting composites demonstrate 
a set of distinct reflections from the NbC phase in the X-ray 
diffraction pattern and exhibit superconducting properties 
at temperatures below 11.4 K.

Nb + diamond C

NbC

100 µm

SEM image of the prepared NbC composite with the remaining carbon inclusions



Mendeleev Commun., 2021, 31, 415–418

–  416  –

took place at high pressure (7 GPa) and high temperatures (from 
1330 to 1990 °C) for 60 s in such a press with a toroidal chamber. 
A schematic of the high-pressure chamber was previously 
published.31. The components of sample Nb26 (composition 3) 
were sintered at the maximum possible temperature of 1990 °C, 
which is lower than the melting point of niobium at normal 
pressure (2470 °C). Since the molar masses of niobium and 
niobium carbide are 92.91 and 104.92 g mol–1, respectively, a 
mixture with a stoichiometric ratio of precursor components 
should contain 88.6 wt% Nb and 11.4 wt% C. Composites, 
sintered from a mixture of composition 2 with a large excess of 
carbon, turned out not interesting for fundamental research and 
are not considered further. Nevertheless, an excess of carbon in 
mixture 2 does not interfere with the sintering of solid tablets; 
they retain the shape given by the high-pressure cell and do not 
disintegrate, although they become brittle.

For composition 3, there is the following deviation from 
stoichiometry: an excess of niobium (+1.4%) and a lack of 
carbon (–1.4%). In practice, in our case, a slight lack of carbon 
must be compensated for by the reaction of niobium with the 
graphite container’s carbon. Note that Nb/DND composition 3, 
which we mainly used in this work, is very close to stoichiometric. 
The samples removed from the high-pressure cell after sintering 
had a diameter and height of ~4.0 and ~2.5 mm, respectively. 
The actual weight of the dense NbC pellets synthesized from 
composition 3 ranged from 230 to 236 mg.

An image of a sintered composite Nb26 broken in half is 
shown in Figure S1. The fracture surface has a pronounced 
metallic luster, in contrast to the dark side surfaces in contact 
with the graphite chamber. Scanning electron microscopy (SEM) 
was used to analyze the lateral fracture of composite Nb26. Two 
SEM images of sample Nb26, along with the results of energy-
dispersive X-ray spectroscopy (EDS) analysis of some selected 
species, are presented in Figure 1 and Table 1. Separate elongated 
carbon inclusions are visible on the fracture surface, oriented 
mainly perpendicular to the press compression axis. Their 
presence means that some of the carbon did not react with 
niobium. This carbon probably forms an independent phase after 
removing the load and pressure in local regions oversaturated 
with carbon. The elemental composition of the fracture surface 
in the regions marked by rectangles 1–5 is given in Table 1. 

Although the elemental composition of these regions is close to 
stoichiometric, there is an excess of carbon and even oxygen in 
them. Oxygen probably appears due to surface oxidation with 
atmospheric oxygen (after synthesis) or oxygen of the surface 
groups of DND particles (during synthesis). According to EDS 
analysis, the excess carbon in selected regions 1–4 is about  
3.2 wt% compared to the stoichiometric value of 11.4 wt%.

Mo Kα X-ray diffraction patterns (see Online Supplementary 
Materials) of niobium powder and sample Nb26 are shown in 
Figure 2. Intense reflections from planes 111, 200, 220, 311, 
222, 400, 331 and 420 of the NbC phase are visible on the XRD 
pattern of sample Nb26 (curve 1). Such a family of reflections, 
which is a reliable proof of the presence of the NbC phase, was 
noted in several works, but mainly for Cu Kα X-ray 
radiation.21,32–35 Besides, this XRD pattern contains several 
much less intense peaks of the niobium phase. Five narrow peaks 
assigned to reflections from planes 110, 200, 211, 220 and 310 
of the precursor niobium powder (grain size of 45 µm) are shown 
in Figure 2 (curve 2) for comparison and identification of the 
remaining Nb phase in sample Nb26. Broadened reflections in 
the XRD pattern of sample Nb26 indicate that this composite 
consists of cemented NbC and Nb grains 1 µm or less. Some 
well-faceted crystallites of NbC, Nb or both are visible in high-
resolution SEM images (Figure S2). Since the composite 
contains a pure niobium phase according to XRD data, the 
carbon phase should also be present in the same atomic content. 
The latter is observed in SEM micrographs of sample Nb26 in 
the form of black inclusions (see Figure 1). Thus, we can assume 
that this composite has the composition NbC–Nb–C, in which 
the atomic ratio Nb/C ≈1.16 and the mass of unreacted niobium 

Table  1  Elemental composition of selected surface areas on a transverse 
fracture of sample Nb26, measured by SEM EDS.

Surface areaa
Element content (wt%)

C O Nb Total

1 13.17 1.64 85.19 100.00

2 13.87 3.22 82.92 100.00

3 14.74 1.23 84.03 100.00

4 16.47 2.68 80.85 100.00

5 9.67 3.04 87.29 100.00
a For numbers of surface areas, see Figure 1(b).

Figure  1  SEM images of two selected species of small and large areas found 
on a transverse fracture of sample Nb26 at (a) higher and (b) lower 
magnifications. SEM EDX elemental analysis data for squares 1–5 are given 
in Table 1. Accelerating voltage 20 kV. Magnification 500 x (top panel).
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Figure  2  Powder XRD patterns of (1) composite Nb26 sintered under high 
pressure and (2) precursor niobium powder with a grain size of ~45 µm or 
less, obtained using Mo Kα radiation (l  =  0.7093  Å). Diffractogram 1 
clearly shows eight reflections related to the cubic phase of NbC with the 
space group Fm-3m (no. 225) and the unit cell parameter a = 4.4691 Å.  
No peaks associated with NbO and diamond were found in diffractogram 1. 
The peaks at 22.3 and 29.1° were not identified.
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is no less than 15–20 wt%, based on the mass of the formed NbC 
phase.

The resulting material was investigated using SQUID 
magnetometry (see Online Supplementary Materials) for 
superconductivity different from that of pure niobium. The 
temperature dependence of the magnetic susceptibility of 
sample Nb26 is shown in Figure 3. The magnetic susceptibility 
is positive at T > 12 K and is approximately equal to  
+6.6 × 10–7 emu Oe–1 g–1 at 12–100 K. This interval corresponds 
to the normal metal state of composite Nb26. In the temperature 
range of 12–300 K, we did not find a corresponding noticeable 
contribution to the Nb26 susceptibility from the Curie-type 
paramagnetism of DND,29,30 which could hypothetically 
remain from DNDs added to the composite mixture in an 
amount of ~23 mg if it had not been subjected to graphitization 
and solid-phase reaction. This result means that almost all 
DNDs were both consumed during the high-temperature solid-
phase reaction and partially graphitized.

With decreasing temperature, the magnetic susceptibility 
changes from positive to negative values in the vicinity of  
11.4 K [Figure 3(b)], then falls almost abruptly in the region 
below 5 K, gradually approaching a constant negative value of 
c0 = –3.73 × 10–3 emu Oe–1 g–1 at temperatures below 3.5 K 
[Figure 3(a)]. This c0 value with an accuracy of 35% is close to 
that found earlier32 for the NbC/C nanocomposite containing 
NbC nanocrystals ~10 nm in size. The temperature at which the 
magnetic susceptibility changes sign is the transition 
temperature to the superconducting state with moderate 
diamagnetism. In this case, numerous superconducting regions 
appear in the composite, isolated or connected in percolation 
paths. Thus, in composite Nb26 under study, the transition to 
superconductivity occurs at Tc = 11.4 K. In the temperature 
range 2–5 K, the sample demonstrates a highly developed 
superconducting state with extremely high diamagnetism. The 
value of 11.4 K corresponds to the superconducting transition 
temperature in near-stoichiometric niobium carbide species.‡ 
The substantial drop in susceptibility in the region below 5 K is 
mainly because part of the material is in the nonstoichiometric 
state NbC1–x, where x is between 0.15 and 0.2, or contains 
unreacted niobium. Thus, the magnetic susceptibility data 
indirectly indicates the successful synthesis of the NbC phase 
in composite Nb26, although some remaining species of 
niobium and graphite are still present in the composite. 
Incidentally, the lower critical field (Hc1) and upper critical 
field (Hc2) measured at 2 K are ~300 and ~8900 Oe, respectively 
(Figure S3), which are very close to the corresponding values 
for niobium carbide synthesized by other direct methods, 
including the solid-state reaction for growing single-crystal 
NbC.12,19

In conclusion, although the synthesis of niobium carbide 
from various carbon and niobium-containing powder precursors 
has been well known for a long time, we have implemented its 
direct synthesis by rapid sintering (50–60 s) of nanodiamond 
carbon and pure niobium powder under HPHT conditions. The 
best quality and morphology of NbC composites were found for 
the selected material, prepared from a near stoichiometric Nb/
DND mixture at a sintering temperature of 1990 °C. The practical 
advantages of using DND instead of the sp2 forms of carbon are 
worthy of note. The bulk density of DND powder is higher than 
that of any sp2-hybridized nanocarbon. It forms denser mixtures 
with metal powder and does not ‘stick together’ into flakes 
‡	 For niobium, the superconducting transition temperature is 9.25 K. For 
nonstoichiometric niobium carbides with the composition NbC1–x (x = 
= 0.03–0.19), the Tc value is usually several degrees less than 11 K (in the 
range down to Tc ≈ 3 K for x = 0.19) depending on the ordered or 
disordered state of the material.16

during grinding, like multilayer graphene or nanographite. As a 
result, the mixture of powdered niobium with DND is more 
homogenized and dense than with the sp2 forms of carbon. This 
advantage is especially pronounced in the graphitization of 
diamond under HPHT conditions when the net volume occupied 
by carbon increases and the compact becomes denser due to 
‘self-expansion’ from inside and fewer voids at the nanoscale.

The resulting composites exhibit good superconducting 
properties with a superconducting transition temperature of 
about 11.4 K. This approach paves the way for the rapid 
fabrication of niobium carbide parts for some special purposes, 
such as electrodes for carbon plasma emission. The presence of 
carbon and niobium inclusions in the fabricated composites with 
NbC should not significantly affect superconductivity 
characteristics since the NbC phase content prevails.
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