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ABSTRACT: Details of the carbothermic reduction/nitridation to synthesize hafnium nitride (HfN) and hafnium carbide (HfC)
are scarce in the literature. Therefore, this current study was carried out to evaluate two pathways for synthesizing these two
refractory materials: direct nitridation and carbothermic reduction/nitridation. Two mixtures of hafnium dioxide and carbon with C/
HfO, molar ratios of 2.15 and 3.1 were nitridized directly using flowing nitrogen gas at elevated temperatures (1300—1700 °C). The
3.1 C/HtO, molar ratio mixture was also carbothermically reduced under flowing argon gas to synthesize HfC, which was converted
into HfN by introducing a nitridation step under both Ny, and Nj(,)-10% H,(,). X-ray diffraction results showed the formation of
HfN at 1300 and 1400 °C and HfC,_,N, at >1400 °C under direct nitridation of samples using a C/HfO, molar ratio of 2.1S. These
phase analysis data together with lower lattice strain and greater crystallite sizes of HfC,_ N, that formed at higher temperatures
suggested that the HfC,_,N, phase is preferred over HfN at those temperatures. Carbothermic reduction of 3.1 C/HfO, molar ratio
samples under an inert atmosphere produced single-phased HfC with no significant levels of dissolved oxygen. Carbothermic

reduction nitridation made two phases of different carbon levels (HfCl_yNy and HfC,

_yN,, where y’ < y), while direct nitridation

produced a single HfC,_,N, phase under both N, and N,-10% H, cover gas environments.

1. INTRODUCTION

Hafnium nitride (HfN) is a refractory material that has
favorable properties such as high reported melting point
(33003387 °C),"* high hardness, high elastic moduli,” low
electrical resistivity (~50 u€ cm),’ good optical coating
properties,”* high solar and infrared reflectivity,” and high
chemical stability against corrosion.”” HfN is also a super-
conductor with transition temperatures (T.) of 8.83 and 6.2
K.*7'% It has been used as a coating layer in cemented carbide
cutting tools to improve their performance and life due to its
high hot hardness."" The favorable properties together with the
bright metallic/gold color of HIN also lend it for use as
coatings in turbine blades and window glasses not only as a
decorating medium but also to improve product properties.'”
HIN is experimented in the field of plasmonic photothermal
catalysis'® and has shown to have better solar and infrared
reflectivities than silver, making it a good candidate for solar
mirror applications.” Thin films of HfN have shown improved
microhardness in the presence of Kr* ion irradiation.'* The
high thermal stability of HfN makes it a good candidate in
metal oxide semiconductor device applications.'>'® Not only
HfN but also hafnium carbonitride Hf(C, N) has shown
improved mechanical properties leading to its use as a hard
coating material.'” It has also been predicted for HfC,,sNj,,
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to have highest known melting temperature based on ab initio
calculations.'®"” A similar composition (HfC,76N,,,) of Hf(C,
N) has shown great resistant to ablation (3000 °C) making it
an interesting material for vehicles for space explorations.”
Several methods for synthesizing HfN are reported in the
literature. Metal sheets of hafnium react with nitrogen over a
876—1034 °C temperature range under pressure with a
reported activation energy of 238.5 + 12.6 kJ/mol.”" Metal
hydriding—dehydriding followed by the metal nitridation at
large-scale has also been reported.”” Another study reported
the synthesis of HfN by nitriding the hydride.” Carbothermic
reduction followed by nitridation or carbothermic nitridation
has been used in the synthesis of HfN as well.”> Another study
reported the synthesis of HfN or Hf(C, N) using a high-energy
ball milling method.”* A similar approach is reported in a
different study where high-energy ball milling was used to
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synthesize fine HfN powder using hafnium metal with
improved reaction kinetics.”> Synthesis of Hf(C, N) at
temperatures >1700 °C using reactive spark plasma sintering
of mixtures of HfN and hafnium carbide (HfC) precursors is
reported.”® Hafnium metal was also nitridized to make HfN at
moderate temperatures such as 600—1200 °C under N, and
NHj; gases with activation energies of 95.0 and 57.3 kJ/mol,
respectively, suggesting N, gas to be more kinetically
favorable.”” A full nitridation of hafnium using a mechanically
activated partially hydrated HfCl,—Mg powder mixture was
reported to form HfN free from oxide impurities.”® In another
study, a magnesium thermal reduction process in an autoclave
was used to synthesize HfN at a considerably low temperature
(1000 °C).* Selective laser melting or reaction has also been
used in exploring novel routes to accommodate additive
manufacturing efforts of HfN and HfC.*® Techniques such as
chemical vapor deposition,'® physical vapor deposition,"
activated reactive evaporation,11 and DC magnetron sputter-
ing, in which a lower electrical resistivity (20 uQ cm) was
reported for as-deposited HfN on SiO,,”" have been used to
coat HfN. N** jon implantation is also another way to
synthesize HfN films.>” Plasma spraying is also reported to be
successful in coating HfN with improved nanomechanical
properties.33

Even though these above-mentioned techniques have been
used in synthesizing HfN and HfC for different applications
and discussed in detail, carbothermic reduction/nitridation as a
common method has not been conversed thoroughly in the
literature. Therefore, the focus of this current study has been
the systematic synthesis of HfN and HfC using the
carbothermic reduction/nitridation of a mixture of hafnium
oxide (HfO,) and carbon. Two precursor mixtures with C/
HfO, molar ratios of 2.15 and 3.1 were used in producing HfN
using direct nitridation and carbothermic reduction/nitrida-
tion, respectively. The respective reactions involved in these
two routes will be discussed in Sections 2.1 and 2.2. As a part
of understanding the reaction associated in the carbothermic
nitridation, direct nitridation was also used for samples
consisting of 3.1 C/HfO,. As powder X-ray diffraction
(XRD) is normally used to check the product phase purity
and stoichiometry of these materials based on refined lattice
parameter (LP) versus carbon level correlation plots, this study
used XRD as the sole characterization technique.

2. EXPERIMENTAL CONDITIONS

2.1. Materials and Furnace. Carbon nanopowder (particle size
<100 nm) and hafnium oxide (HfO,: purity at 98%) were purchased
from Sigma-Aldrich, USA. The feed stock powder mixture of carbon
and HfO, was prepared using two different C/HfO, molar ratios
(2.15 and 3.1), which is discussed in Sections 2.2 and 2.3. The two
materials were hand ground and mixed using a mortar and pestle
(Coors porcelain) for 30 min. 0.2—1 g of the feed stock material was
used in the synthesis of carbide and nitride samples. A pre-backed
cylindrical graphite crucible (45 mm internal diameter and 110 mm
length) was used to hold the samples in the furnace during heat
treatments. A MTI12000 (MTI Corporation, USA) induction furnace
equipped with graphite and alumina insulations was used for the
carbothermic reduction and nitridation processes in this study.

2.2. Carbothermic Reduction of HfO,. HfC can be synthesized
by heat treating a mixture of carbon and HfO, under an inert
atmosphere. According to stoichiometry in eq 1, a C/HfO, molar
ratio of 3.0 is needed for this synthesis. However, Sacks et al. showed
that a C/HfO, molar ratio of 3.1 is needed to observe the complete
conversion of the oxide into the carbide as some of the carbon could
be lost during handling and precursor preparation.34 Therefore, the

current study also used a C/HfO, molar ratio 3.1 in synthesizing HfC.
They also reported that >1600 °C temperature is optimal for the
synthesis of HfC without dissolved oxygen. Therefore, a 1650—1750
°C temperature range was utilized here.

HfO, + 3C — HfC + 2CO (1)

The HfO, with correct amount of nano carbon powder (C/HfO,
molar ratio of 3.1) was mixed and grinded three times using a mortar
and pestle (Coors porcelain) inside a fume hood for >30 min.
Samples weighing ~0.4—1.0 g were used in a cylindrical graphite
crucible (45 mm internal diameter and 110 mm height), which was
inserted into the induction furnace. Samples heat treatments were
performed at three different temperatures (1650, 1700, and 1750 °C)
for up to 4 h under flowing ultra-high purity argon gas, which was
gettered at 500 °C using copper powder (99.9% purity by Alfa Aesar,
—100 + 325 mesh) prior to its introduction into the reaction chamber
of the induction furnace. A large-scale (~8 g) sample was also
carbothermically reduced at 1650 °C under Ar cover gas using a
reaction time of 8 h at that temperature to synthesize HfC. The
furnace chamber was evacuated (<107! Torr pressure), followed by
Ar purging for three times before starting furnace ramping. Both
ramping and cooling were carried out at a 27 °C/min rate. The cover
gas flow was done at a rate of 150—200 cm®/min.

2.3. Nitridation Reaction. As depicted by eqs 2 and 3, the direct
nitridation of HfO, using C/HfO, molar ratio of 2.0 and the
nitridation of HfC should form HfN. Therefore, two different routes
were explored to synthesis HfN in this study. That is, the direct
nitridation of a mixture of HfO, and carbon at C/HfO, molar ratios
of 2.15 and 3.1 and the carbothermic reduction followed by
nitridation of a mixture of C/HfO, at 3.1 molar ratio. In the first
route, nitridation was conducted under N, (UHP grade) with one
sample under N,-10% H, (UHP grade) to check any differences in
the product phase. In the second route, carbothermic reduction of the
oxide and carbon mixture was conducted under Ar followed by
nitridation under N,-10% H,. Since the first step of this route involves
the synthesis of HfC, the nitridation step is actually similar to the
nitridation of HfC. The nitridation reaction of the second route was
also performed under N, to help understand the nitridation reaction
and its product phase characteristics. Note that C/HfO, molar ratios
of 2.15 and 3.1 precursor compositions will be designated as HfO,-
2.15C and HfO,-3.1C, respectively, from this point onward.

As in the HfC synthesis, a cylindrical graphite crucible of similar
size was used to hold the samples weighing ~0.3—1.0 g. Furnace
chamber evacuation-purging, its ramping and cooling, and cover gas
flow rates were similar to that of the carbothermic reduction reaction
mentioned in Section 2.2. Nitridation of HfO,-2.15C samples under
N, cover gas was performed at 1300, 1400, 1500, 1650, and 1700 °C
temperatures with 4—12 h reaction time. A few large-scale samples (5
g) of HfO,-2.15C were also nitridized under N, at 1650 °C with up to
24 h reaction time. Carbothermic reduction of HfO,-3.1C samples
under Ar cover gas and both under N,-10% H, and N, cover gases
were carried out at only 1650 °C based on the results acquired from
the earlier experiments performed here.

HfO, + 2C + 1/2N, — HfN + 2CO 2)

HfC + 3/2N, + H, — HIN + 2HCN (3)

Note that HCN is a toxic gas, and our experiments were conducted
using small scale sample sizes and the downstream cover gas was
flown to a water bubbler in which any evolved HCN gas was
neutralized.

2.4. X-ray Diffraction. Sample characterization was performed
using a D8 Discover (Bruker Inc.) powder X-ray diffractometer
equipped with Cu K, radiation. Powder XRD patterns were collected
in a 10—120° 2Theta range using 0.01—0.005° step size with 0.325 s/
step over a total of 2 h scanning time. General structure analysis
system software was used to perform the XRD pattern fitting using the
Rietveld refinement.*® Either LaB4-660c or Si-640f NIST (National
Institute of Standards and Technology) standards were also add-
mixed with the samples when collecting the XRD patterns.

https://doi.org/10.1021/acs.inorgchem.3c01333
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Table 1. XRD Data of HfN Samples Synthesized Using HfO,-2.15C Precursor for 12 h at Different Reaction Temperatures”

weight percentage (%) LP (nm)
sample T (°C) HfN Hf(C, N) Hf,04N, Hf,ON, impurity phase HfN Hf(C, N) Hf,04N, Hf,ON,
HIN-1 1300 41.5(3) 0.0 C 0.45088(1) N/A 1.00588(1)
45.4(4) 13.1(2) 0.45417(1)
HIN-2 1400 5.9(4) <3.0 C 0.45116(1) 0.94811(6) 1.00630(17)
90.8(3) <0.5 0.45716(1) 0.87837(9)
HIN-3 1500 0 N/A C, HfO, N/A N/A N/A
99.7(6) 0.45818(1)
HIN-4 1650 0 N/A C, HfO, N/A N/A N/A
>99 0.46012(1)
HIN-5 1700 0 N/A C, HfO, N/A N/A N/A
>99 0.46019(1)
HIN-6 1650 0 N/A HfO, N/A N/A N/A
>99 0.45997(1)
HIN-7 1650 0 N/A HfO, N/A N/A N/A
>99 0.45978(1)

“The second nitride phase in the 1300 °C (HfN-1) sample can also be a HfN,_,O,-type phase. The two S g large-scale samples (HfN-6 and -7)
were synthesized at 1650 °C for 24 h. Graphite impurity in samples was from the crucible debris.

3. RESULTS

3.1. Direct Nitridation of HfO,-2.15C Precursor.
Preliminary phase identification of the products in sample
HfN-1 (Table 1) acquired by nitriding a HfO,-2.15C precursor
sample at 1300 °C for 12 h indicated the presence of face-
centered cubic (fcc) HfN and body-centered cubic Hf,ON,
phases.”® The refined LP) of the nitride phase of this sample
[0.45088(1) nm] is comparable with the LPs of 0.450*' and
0.4514 nm,”” which is within the range of LPs of 0.449—0.450
nm obtained for an oxygen-free HfN as reported by Barraud et
al.”® This is also within the LP values reported in inorganic
crystal structure database (ICSD) for HfN (Table SI:
0.45101—0.45500 nm). The presence of a second nitride
phase was also identified during the profile fitting of this XRD
pattern (Figure lab) using Rietveld refinement. The peaks
corresponding to this second phase were adjacent to that of the
HIN phase and are to the lower 2Theta side, indicating the
second phase to have a greater LP than the LP of HfN (Table
1). These peaks could be from a second nitride phase with
either oxygen or carbon dissolved in it (Figure 1b), resulting in
a composition of HfN,_.O,/or Hf(O, N) or HfC,_N,/or
Hf(C, N), respectively, as both oxygen and carbon increase the
LP of the HfN phase (Tables S1—S2). However, the refined
LP of this second phase [0.45417(1) nm] is closer to the range
of LPs reported for the Hf(O, N) phase than that of the Hf(C,
N) phase, indicating this second nitride phase to be derived
from HfN, O, type composition. A minor peak at ~26.5°
2Theta was identified as graphite, which did not have sufficient
intensity for peak fitting. It was later found that the graphite
impurities came from the graphite crucible debris. XRD profile
fitting showed 41.5(3) and 45.4(4) wt % of HfN and Hf(O,
N), respectively, while the rest of the sample contained the
13.1(2) wt % Hf,ON, phase.

In sample HfN-2, heat treated at 1400 °C, the amount of
HfN phase content decreased to 5.9(4) wt % and the second
phase increasing up to a 90.8(3) wt %. The refined LP of HfN
[0.45116(1) nm] of this sample also lies within the values
reported for HIN, while the LP of the second phase
0.45716(1) nm matches with the reported LPs of the Hf(C,
N) phase (Table S2). A HfN,Og trigonal crystal phase
isomorphous to Zr,N,Og with the R3H space group was also

identified in this sample.’’ The profile fitting of the XRD
pattern indicated only <3.0 and <0.5 wt % of HfN,Og4 and
Hf,ON, (Ia space group) phases in the sample, respectively.
These phases are depicted in profile-fitted plots shown in
Figure 1c,d. Impurity peak of graphite that came from crucible
debris is observed also in this sample.

Sample HIN-3, synthesized at 1500 °C only contained
Hf(C, N) phase with a minor fcc-HfO, impurity phase usually
present at <0.5 wt % due to surface oxidation under ambient
conditions. Similar results obtained for samples synthesized at
1650 and 1700 °C. The profile-fitted XRD patterns of 1500
and 1650 °C samples are also shown in Figure le,)f,
respectively. A greater residual between the experimental and
calculated XRD patterns can be observed in the profile fitted
figures in the samples where two nitride phases present (Figure
la—d) than in the single-phase nitride samples (Figure le,f),
especially the samples synthesized at >1650 °C (Figure 1f).
This is because these samples have stacking faults at atomic
scale that result in greater lattice strain as will be discussed
further in the discussion section.

3.2. Carbothermic Reduction of HfO,-3.1C Precursor.
Carbothermic reduction of the HfO,-3.1C sample carried out
at 1650 °C under flowing Ar cover gas showed the presence of
fcc-HIC as the primary phase as depicted in the XRD pattern
in Figure S1 (sample HfC-1 in Table 2). The sample consisted
of minor peaks corresponding to fcc-HfO, secondary phase.
Full profile fit carried out on the powder XRD pattern using
the Rietveld analysis showed that this HfO, phase is minor at
<0.3 wt %. In order to check if this minor oxide phase forms as
a result of incomplete carbothermic reduction reaction of the
HfO,-3.1C precursor material, two other samples (HfC-2 and
HfC-3) were synthesized at higher reaction temperatures of
1700 and 1750 °C under flowing Ar cover gas with the similar
reaction time (4 h). The powder XRD patterns of these two
samples also showed the presence of that minor HfO, phase.
The XRD patterns of all three samples synthesized at 1650,
1700, and 1750 °C are shown in Figure 2. As depicted in Table
2, the Rietveld analysis of these two samples also showed <0.3
wt % oxide phase. These two observations suggest that the
HfO, impurity phase formed during sample handling under
ambient conditions and not as a result of incomplete HfO,-
3.1C transformation into the carbide.
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Figure 1. XRD patterns of HfN samples synthesized using the HfO,-2.15C precursor at different temperatures under N, cover gas with a 12 h
reaction time: (a,b) 1300, (c,d) 1400, (e) 1500, and (f) 1650 °C. Red, green, and pink color patterns correspond to the experimental, calculated,
and the difference patterns, respectively. Impurity peak from graphite (at ~26.5° 2Theta) from the crucible debris is observed (e.g, in the 1650

°C).

The refined LPs of the synthesized HfC samples are listed in
Table 2. The ICSD crystallography database reports a few
HfC, (where 0.9 < x < 1) and HfC,_,O, compositions with
the same fcc crystal structure. The reported LP for a star-
quality HfC is 0.463078 + 0.00004 nm (ICSD #159873),*
while LPs of 0.4638, 0.4648, and 0.46393 + 0.00005 nm are
also reported for HfCygo; (ICSD # 43371),” HfCgos (ICSD
#618007)," and HfCyos (ICSD #617997)*" compositions,
respectively. A linear fit with a R* value of 0.78 was obtained
for the LPs of HfC, 45, HfC, 46, and HfC compositions (Figure
S2). Assuming this linear variation corresponding to a linear fit
of Y = —0.03069x + 0.4937, the C/Hf molar ratios of the three
samples synthesized here were estimated to be > 0.98. Since
the LPs of the reported HfC,_,O, compositions are in the

11913

0.4603—0.4618 A (ICSD # 196638 and 196637)** range, it
was concluded that the oxygen dissolved in the synthesized
HfC samples in the current study are insignificant.

The refined LPs (Table 2) of the secondary fcc-HfO, phase
of the samples are within the reported value of 0.5125 +
0.0010 A (ICSD # 53033).*’ Therefore, it can be concluded
that the amount of carbon dissolved in the secondary HfO,
phase in the samples are insignificant, suggesting the oxide
phase formation to be on the HfC particle surfaces due to the
sample handling under ambient conditions. As mentioned in
Table 2, a carbide sample (HfC-4) was also synthesized at
1750 °C with only a 30 min of holding time. This sample also
showed the presence of HfC with <0.3 wt % HfO, secondary

https://doi.org/10.1021/acs.inorgchem.3c01333
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Figure 2. XRD patterns of HfC samples synthesized at 1650, 1700, and 1750 °C. The full XRD patterns and the enlarged regions highlighting

(111) and (200) reflections of HfO, in figures (a—c), respectively.

Table 2. Experimental Conditions (4 h Reaction Time at Each Temperature) and the XRD Data of the Synthesized HfC

Samples”
wt (%) LP (nm)
sample synthesis temp. (°C) HfC HfO, HfC HfO, estimated C/Hf molar ratio in HfC
HfC-1 1650 99.7 <0.3 0.46368(1) 0.51325(9) 0.98
HfC2 1700 99.8 <02 0.46328(1) 0.51253(3) 0.99
HfC-3 1750 99.7 <03 0.46349(1) 0.51280(8) 098
HfC-4 1750 99.7 <0.3 0.46318(1) 0.51278(4) 0.99
HfC-5 1650 99.8 <02 0.46343(1) 0.51289(4) 0.99
“Only 30 min reaction time was used for the HfC-4 sample. Error values are shown in brackets.
Table 3. XRD Data of HfN Samples Synthesized Using HfO,-3.1C Precursor at 1650 °C“
wt (%) LP (nm)
sample time under Ar and N, or N,-10% H, HfC,_N, HfC,_,N, HfC,_)N, HfC,_,N,
090221 HfCN-1 0,4 100 N/A 0.45982(1) N/A
082321 HfCN-2 1,4 87.492) 12.6(8) 0.46054(1) 0.46143(1)
081821 HfCN-3 2,4 88.8(1) 11.2(9) 0.46093(1) 0.46177(1)
111021 HfCN-4 0, 4112 100 N/A 0.45990(1) N/A
102021 HfCN-§ 2, 412 88.1(2) 11.6(7) 0.46049(1) 0.46125(1)

““T, Ar, N,” denote reaction time and Ar and N, cover gases, respectively. “H,” indicates in the samples where N,-10% H, was used. Note that y’ <

y in the HfC,_N, and HfC,_,N,

phase. The LP of the sample was lowest with estimated C/Hf
stoichiometry ratio of 0.99.

3.3. Nitridation of Hf0O,-3.1C Precursor. Direct
nitridation of the HfO,-3.1C precursor for 4 h (sample
HfCN-1 in Table 3) at 1650 °C produced a single phase with
no significant residual in the profile fit of its XRD pattern to
show the presence of a second phase (Figure S3a,b). However,
the profile fits of the XRD patterns of samples HfCN-2 and
HfCN-3 synthesized by carbothermic reduction, followed by
nitridation showed the presence of two chemical phases
(Figure S3c,d) and an example of peak fitting using single and
two phases is shown in Figure S4. As shown in Figure 3, a peak
shift to the low-angle side was observed in the samples
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nitridized following a carbothermic reduction. The comparison
in that figure also shows that the peak shift increases, which is
confirmed by the increase in the refined LPs of the phases
(Table 3), as the time used in the carbothermic reduction step
(heat treatment under Ar) increases.

These LPs are also larger than the LPs observed for the
HfNs (Table 1) and smaller than that of HfCs (Table 2). As
verified in Section 3.2, carbothermic reduction of ZrO,-3.1C
precursor produced HfC with no significantly dissolved oxygen
in it. Therefore, it can be suggested that larger LPs of the
phases in these samples are due to the formation of HfC,_,N,
type chemical phases. Since the LPs of the second phases fitted
in the XRD patterns of these samples synthesized using two
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Figure 3. Comparison of a few peaks of HfN/HIC reflections in the nitride samples synthesized at 1650 °C using three different experimental
conditions: the two digits in brackets of the sample names indicate the holding times under Ar(; and Ny(y), e.g,, HfCN-1 (0, 4) was held under Ar

for 0 h and under N, for 4 h.

steps are greater than that of the primary phase, a second
chemical composition of HfC,_,N,  can be suggested for that
second phase, where y' < y. Samples synthesized using
carbothermic reduction followed by nitridation using N,-10%
H, also showed similar behavior, indicating that the effect of
using reducing conditions was not significant on the product
phases (samples HfCN-4 and HfCN-S in Table 3).

4. DISCUSSION

The presence of both HfN and Hf(C, N) or Hf(O, N) phases
together with the 13.1(2) wt % Hf,ON, phase in HfN-1
sample from the nitridation of HfO,-2.15C precursor at 1300
°C indicated that the nitridation of HfO, at that temperature
was partial and the nitridation went through an intermediate
Hf,0ON, phase. Nitridation at 1400 °C in sample HfN-2 also
produced two nitride phases and impurity Hf,ON, (<0.5 wt
%) and Hf,04N, (<3 wt %) phases. Since a lower fraction of
intermediate phases is present in the 1400 °C sample and the
relative oxygen moles in Hf;OgN, is greater than in Hf,ON,, it
can be suggested that more oxygen was removed by carbon
and nitrogen, resulting in higher reactivity at 1400 °C than at
1300 °C and forming more primary nitrides (HfN) in the
HfN-2 sample. The presence of oxygen in the form of a
Hf O4N¢ type phase at a greater level in the sample synthesized
at 1300 °C compared to at 1400 °C also suggests that the
second HfN phase in the 1300 °C sample contains dissolved
oxygen at least at a larger level than any dissolved carbon in it.
The second HIN phase in the 1300 °C sample also has a
refined LP of 0.45417(1) nm, which is closer to the high-end
of LPs reported for Hf(O, N) phase as depicted in Figure 4.
The refined LP [0.45716(1) nm] of the second phase in 1400
°C sample matches well with the reported values for Hf(C, N)
type phases (Figure 4 and Table S2) confirming the presence
of lower amount of oxygen in the nitride phases and in the
product overall.

In the samples (HfN-3—HfN-7) synthesized at 1500—1700
°C temperatures under N, using the same HfO,-2.15C
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Figure 4. Distribution of reported LPs of Hf(O, N), Hf(O, C), and
Hf(C, N) systems. The HfN, Hf(O, N), Hf(C, N), a 2nd Hf(C, N),
and HfC regions of the data from the current work are highlighted by
color-coded regions of blue, green, pink, orange, and red, respectively.

precursor, only Hf(C, N) phase present according to the
refined LPs of the nitride phase (pink color region in Figure 4).
The refined LP of Hf(C, N) phase increased with the increase
in the sample synthesis temperature up to 1650 °C after which
it plateaued as shown in Figure S. This increase in LP against
the synthesis temperature that plateaus at 1650 °C indicates an
increase in carbon dissolution in the HIN lattice up to a
maximum carbon content at that temperature for the HfO,-
2.15C precursor under N, with a 24 h maximum reaction time.
This observation is discussed further below.

The above results can be used to elucidate the formation of
product phases for the direct nitridation reaction of HfO,-
2.15C precursor using the following reaction pathways
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7HfO, + 6C + 2N, — HE,04N, + 6CO, 4)

2HE,O4N, + 9C + 3N, — 7HE,0N, + 9COy, (s)

HE,OgN, + (8 — x)C + (3 — x)/ZNZ(g)
— 6HfN + HfN,_,O, + (8 — x)CO, ()

HN,_O, + (x + y)C + (x — y)/2Ny,

— HIN,_ C

1-C, +xCO (7)

The lower amount of HfN phase fraction in the 1300 °C
sample (HfN-1) compared to the 1400 °C sample (HfN-2)
and the corresponding greater microstrain (Figure 6a) and
smaller crystallite size (Figure 6b) of the HfN phase in the
1400 °C sample indicate that phase-pure binary HfN phase
formation via direct nitridation of the HfO,-2.15C precursor is
unfavorable at higher temperatures under the experimental

conditions tested, especially in the presence of carbon. The
decrease in the microstrain and the increase in the crystallite
size of the second phase, Hf(C, N), with the increase in
temperature from 1300 to 1400 °C on the other hand indicate
that the experimental conditions are favorable for the
formation of that phase. Microstrain and crystallite size further
showed decreasing and increasing trends with the increase in
reaction temperature up to 1650—1700 °C, indicating that the
Hf(C, N) phase formation is inevitable under these
experimental conditions, especially at high temperatures.

Carbothermic reduction of HfO,-3.1C precursor samples at
temperatures 1650—1750 °C produced single-phased HIfC
according to the XRD studies. As highlighted by the red color
region in Figure 4, refined LPs [0.46318(1)—0.46368(1) nm]
of the HfC phase of these samples also suggested that the HfC
lattice is free from any significant amount of dissolved oxygen.
Nitridation of both directly and following a carbothermic
reduction of HfO,-3.1C produced HfNs with greater LPs than
that of HfN phase and smaller LPs of HfCs, implying the
presence of dissolved carbon in the nitride phase and therefore
a chemical composition of HfC,_/N,. Profile fits of the XRD
patterns using Rietveld refinement of the samples synthesized
using two-step (i.e, carbothermic reduction followed by
nitridation) process showed the presence of two phases. The
second phase had a greater LP than the first primary phase and
those values coincided with the reported LPs of both Hf(C, N)
and Hf(O, C) phases (Tables S3 and S4) as depicted by the
orange color region in Figure 4. However, since the
carbothermic reduction of HfO,-3.1C precursor samples
produced HfC with the absence of significant amount of
oxygen, these second phases were identified as Hf(C, N) with
more dissolved carbon resulting a general chemical phase of
HfC,_,N,, where y* < y in HfC,_,N,. The level of carbon was
estimated to be 0.60—0.72 and 0.75—0.80 for HfC,_,N, and
HfC,_,N,, respectively, using a linear correlation plot of LP
versus carbon content in Hf(C, N) from the data reported by
Pialoux et al. (Figure 7 and Table $3).%

Using the same linear regression, carbon level of 0.02—0.64
was estimated for the Hf(C, N) synthesized by direct
nitridation reaction of HfO,-2.15C precursor. As depicted in
Figure 7, the low carbon (C/HfO, molar ratio of 2.15)
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Figure 6. Variation of (a) microstrain and (b) crystallite size of product phases obtained from the nitridation of HfO,-2.15C precursor at different

temperatures under Ny(g)-

11916

https://doi.org/10.1021/acs.inorgchem.3c01333
Inorg. Chem. 2023, 62, 11910-11919


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c01333/suppl_file/ic3c01333_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c01333/suppl_file/ic3c01333_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01333?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01333?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01333?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01333?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01333?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01333?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01333?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01333?fig=fig6&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c01333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

0.463 T T M S S L B L |
[ HfO,-2.15C, 1-y, 1300-1700°C
0.462 -4 | O HfO,-3.1C, 1-y, 1650°C A ]

A HfO,-3.1C, 1-y', 1650°C 1
0.461 4 |- - -Linear fit from Pialoux et al. B

o
»
)
=)

1

&

IS
L

0.459 P E

Lattice parameter (nm)

o o

» »

g 8

1 1

x|

=5
1 1

o

'S

o

>
1
\
1

0.455 .7 4

04544 H .

T T T T T T
00 01 02 03 04 05 06 07 08
C levels in HfC, N, and HfC, /N, phases

Figure 7. Variation of carbon content in the Hf(C, N) samples
synthesized in this study. Carbon levels were estimated using the
linear regression of the data reported by Pialoux et al.>* Figure depicts
data correspond to (1 — y) in HfC,_N, of samples synthesized at
1300—1700 °C using HfO,-2.15 precursor. Data correspond to (1 —
') in the second phase HfC,_, N, of samples synthesized at 1650 °C
using the HfO,-3.1C precursor are also shown.

precursor samples produced Hf(C, N) phases with relatively
low level of carbon, especially at low synthesis temperatures
(1300—1500 °C), whereas the product phase carbon levels of
samples synthesized at 1650—1700 °C are comparable with
that of the samples synthesized using greater carbon level (C/
HfO, molar ratio of 3.1) precursors at high synthesis
temperatures (1650—1700 °C). As discussed earlier, the
highest carbon content was estimated in the second nitride
phase (HfC,_,N,) identified in the samples synthesized using
HfO,-3.1C precursor at 1650 °C. These results further indicate
that Hf(C, N) is favorable at higher synthesis temperatures
(>1650 °C) and with greater precursor carbon content as is
reported by another study where the Hf(C, N) stoichiometry
observed to be dependent of the precursor C/Hf metal ratio.”*

5. CONCLUSIONS

Direct nitridation of HfO,-2.15C precursor samples with a C/
HfO, molar ratio of 2.15 produced HfN at temperatures of
1300 and 1400 °C. Rietveld refined LPs of second phases
observed in these two samples indicated the presence of
HfN,_,O, and HfC, N, in 1300 and 1400 °C samples,
respectively. The presence of Hf,ON, in the sample
synthesized at 1300 °C and the presence of Hf,O4N, and
Hf,ON, in the 1400 °C sample also showed that the direct
nitridation of HfO,-2.15C precursor occurred via Hf,ON, and
Hf,O¢N, intermediate phases. At 1500—1700 °C temper-
atures, the product phase only consisted of HfC,_,N,. The
dissolution of carbon in the HfN lattice was further reflected
by the increase in its LP as a function of sample synthesis
temperature up to 1650 °C after which the LP plateaued.
Lower lattice strain indicating higher lattice stability and
greater crystallite size indicating greater crystallinity of
HfC,_ N, suggest that Hf(C, N) is the preferable phase over
HIN in the samples synthesized at elevated temperatures
(>1500 °C) using both 2.15 and 3.1 C/HfO, molar ratio
precursors as was quantitatively determined using XRD.

Single-phased HfC was synthesized using carbothermic
reduction of the HfO,-3.1C precursor with a C/HfO, molar
ratio of 3.1 at 1650—1750 °C temperatures. The refined LPs of
the carbides indicated that the carbide phase was free of any
significantly dissolved oxygen, resulting in a nominal
composition of HfC. Direct nitridation of the HfO,-3.1C
precursor only produced the Hf(C, N) phase, while its
carbothermic reduction followed by nitridation produced two
Hf(C, N) phases with two different carbon levels with general
chemical compositions of HfC,_,N, and HfC,_,N,,, where 1 —
y and 1 — y" were estimated to lie in 0.60—0.72 and 0.75—0.80
ranges, respectively. These results also indicate that carbother-
mic nitridation is a suitable synthetic route to produce Hf(C,
N)s with chemical compositions of interest (e.g., HfC;,sNj,,
and HfC,,xN,,,) for further characterization of their chemical
and physical properties.
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