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Abstract: Thermodynamics for chemical vapor synthesis (CVS) of Nb nanopowder in NbCls—H,—Ar system was investigated by
using FactSage software. The validation experiments were conducted to confirm the thermodynamics points. The results indicate that
under the atmospheric pressure, the reduction approach from NbCls(g) to Nb(s) is a stage-wise process with the formation of
complex sub-chlorides, and is controllable at low hydrogen ratio (mole ratio of n(NbCls):n(H;)<1:180) and low temperature
(<1050 °C). Furthermore, a reasonable amount of inert loading gas is favorable to increase the reduction ratio of NbCls and the
powder yield. The as-synthesized Nb nanopowder with the homogeneous size of 30—50 nm and the powder yield of 85% (mass
fraction) is obtained by the CVS process under n(NbCls):n(H,):n(Ar)=1:120:1 and 950 °C with the NbCl; reduction rate of 96.1%.
Key words: NbCls—H,—Ar system; chemical vapor synthesis (CVS); thermodynamic; niobium nanopowder; FactSage software

1 Introduction

Niobium is a V sub-group element in periodic table
with similarity to tantalum in physical and chemical
properties. The largest application of the two metals is as
raw materials for high performance solid-electrolyte
capacitor with miniaturization and high capacitance in
electronic appliances [1,2]. In order to meet the
considerable development during these years, Nb or Ta
powders with high CV (capacitance times voltage
constant) are demanded, and correspondingly various
approaches have been developed, such as purifying the
powder [3,4], modifying the particle surface [3,5],
doping with nitrogen to stabilize the dielectric oxide
film [6,7], and controlling size distribution and
morphology of the particles [4].

Capacitance value (C) of a capacitor is determined
by anode surface area (4) and dielectric thickness (d)
(oxide film of anodic particles) [8]:
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where ¢ is dielectric constant of oxide, and g is dielectric
constant of free space. Anode of a capacitor is usually

prepared by sintering of Nb or Ta powder with powder
metallurgy process. Assuming that the anode is
constructed by tangent spheric particles with uniform
size and density, as shown in Fig. 1, the anode surface
area can be estimated approximately by
2
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where m is anode mass of the capacitor; p is density of a
single particle; » is radius of a single particle; ¥V is
volume of a single particle; n is particles number. From
Egs. (1) and (2), it can be concluded that for finer
particles, a capacitor with the same capacitance can be
manufactured smaller due to the decreasing m, or a
higher CV value can be approached with the same anode
mass due to the increasing A. That is, preparation of finer
powder (e.g., nanopowder) is another critical way to
design new capacitors with higher volumetric efficiency.
In the market, the newest Ta capacitor shows capacitance
exceeding 0.2 FV/g with BET surface area of anode >5.0
m’/g (equivalently to the average size of anode powder
<70 nm) [9]. Moreover, nanopowder with larger surface
area can improve the sinterability of the powder [10]. Nb
or Ta nanopowder can be synthesized by method of
metallothermic reduction, such as sodium reduction of
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Fig. 1 Schematic of two anodes from different sizes of powder
with different capacitance values

K,NbF,/K,TaF; (Hunter process) [1,4],
magnesio-, or calcio-thermic reduction of pentoxides
[11,12]. However, it is difficult to control size and

alumino-,

morphology of the powder in these processes, because
strong exothermal reactions will result in agglomeration
and uncontrollable growth of the primary grains [13].
The heat effect of the reactions can be mitigated by
electrolysis [14] or electronically mediated reaction
(EMR) [15] in molten salt, but separation and collection
of the powder from molten salt is a crucial challenge.
Homogeneous reaction technology in liquid or gas is a
hopeful approach to improve the above mentioned
problems, and Ta powders with the homogeneous size of
20—60 nm have been prepared by sodium reduction of
TaCls in liquid ammonia [16,17]. Chemical vapor
synthesis (CVS), i.e., deposition (CVD) or condensation
(CVOQ), is another homogeneous reaction process in gas.
Nanosized Nb or Ta products by CVS process in
MCIs—H, system have been reported [18—20], but they
are seriously suffering from the disadvantages of
ultrahigh hydrogen ratio (mole ratio of hydrogen to
pentachloride more than 300:1), high reduction
temperature (>1400 °C for reduction ratio of the
pentachloride no less than 98%, mole fraction), and
unknown powder yield (no report in the literature). All
the disadvantages should be ascribed to the lack of
detailed understanding the thermodynamic and reaction
stages of the hydrogen reduction process.

Equilibrium thermodynamic calculation based on
the total Gibbs free energy minimization is a significant
tool to understand the details of a chemical reaction
system with complex intermediates [21]. It can be used
to evaluate the possibility of the complicated gas-phase
chemical reactions [22], to indicate the formation
mechanism of the condensed phases under different
operating conditions [23,24], and to predict the optimal
synthesis conditions during the process of hard materials
prepared in M—H—CI(F) system [25]. The authors have
calculated the equilibrium phase states of NbCls—H,—Ar
system in different operating conditions by using
SimuSage software [26], but the details of the reduction

process were not completely understood.
In this complete thermodynamic
equilibrium analysis of NbCls—H,—Ar system was

work, a

performed in the conditions given by Equilib module in
FactSage software. This software is designed based on
the Gibbs free energy minimization [27]. The effects of
the synthesis parameters (e.g., reduction temperature,
hydrogen mole ratio and loading gas amount) on the
equilibrium phases, composition and content were fully
studied, and the stage of the hydrogen reduction was
discussed according to the thermodynamics. Finally, the
relative experiments were conducted in order to validate
the thermodynamics.

2 Thermodynamic calculation
The minimization free energy (G) of a complex
CVS system can be expressed as [21]

m ng s
G=Y (nfAGy, +RT1np+RT1nN—’)+anAGgS (3)
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where m is the number of gaseous species; s is the
number of solid phases; n® is the mole amount of
gaseous species; n; is the mole amount of solid species;
N, is the total mole amount of gaseous species; p is the
total pressure; AGOﬁg is the formation free energy of a
gaseous species; AG'g, is the formation free energy of a
solid species.

In Equilib program of FactSage, NbCls(g), Hx(g)
and Ar(g) were selected as reactant precursors, where
Ar(g) was an inert gas to load the vapor of the
pentachloride. The setting reaction conditions were:
temperature 200—3000 °C, hydrogen ratio (mole ratio of
hydrogen to pentachloride) (2.5-200):1, and mole ratio
of Ar to pentachloride (0—100):1, as well as the amount
of NbCls(g) fixed at 1 mol and the total pressure set at
isobaric 101325 Pa. The gaseous and condensed phases
selected for the calculation are listed in Table 1, and
thermodynamic data of these species have already been

Table 1 Species selected in thermodynamic calculations of
NbCls—H,—Ar system

Gas-phase species Liquid-phase species Solid-phase species

Ax(g) Nb(l) Nb(s)
Cly(g) NbCl(1) Nb;Cly(s)
Cl(g) Nb;Clg(s)
Cly(g) NbCly(s)
Ha(g) NbCls(s)
H(g) NbCly(s)
HCl(g) NbCls(s)

NbCls(g)

NbCly(g)
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included in the internal database of the software. Then,
the equilibrium content of these species as a function of
the temperature and the hydrogen ratio can be obtained.

3 Results and discussion

3.1 Composition diagram of equilibrium phase in

NbCls—H; binary system

Equilibrium phases were firstly ascertained in
NbCls—H, binary system. The composition diagrams of
the equilibrium phases were constructed by plotting the
amount of the species as a function of the temperature, as
shown in Fig. 2 and Fig. 3. Only the equilibrium phases
with content more than 10™* mol were shown.
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Fig. 2 Equilibrium phases distribution of species in NbCls—H,
binary system with n(H,):n(NbCls)=2.5:1 at 101325 Pa
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Fig. 3 Equilibrium phases distribution of species in NbCls—H,
binary system with n(H,):n(NbCls)=10:1 at 101325 Pa

In Fig. 2, when the temperature is in the range of
200—-1180 °C, the main products are NbCly(g), Nb;Cly(s),
NbsClg(s) or NbCly(s) in the binary system with
n(Hy):n(NbCls)=2.5:1 at 101325 Pa. The Nb phase is
formed until the temperature rising up to 1180 °C, and its
content increases with the increase of the temperature.
When the temperature is up to 3000 °C, the amount of

Nb in the equilibrium phase is 0.8 mol, equivalently to
the Nb yield (7n,) of 80%. Here,

TN _n(Nb) x100% 4)

n(NbCly)
where n(Nb) is the amount of Nb in equilibrium phases,
n(NaCls) is the amount of NbCls precursor.

This means that it is very difficult to produce
purified Nb metal just by increasing temperature.
However, with the increase of the hydrogen ratio from
2.5 to 10 (see Fig. 3), the formation temperature of Nb
decreases from 1180 °C to 1038 °C, and even decreases
from 3000 °C to 1460 °C for the achievement of 7y, of
90%. This indicates that a higher hydrogen ratio can
facilitate the formation of Nb with more yields at lower
temperature.

Furthermore, as shown in Fig. 2 and Fig. 3, the
reaction stages could be proposed as follows:

Firstly, at 200—600 °C, a primary reaction happens,

6NDbCl; (g)+7H, (g) — 2Nb;Clg (s)+14HCI(g) ®)
The generated Nb;Clg could be consumed partially

at about 600 °C by

Nb,Clg (s)+4HCl(g) — 3NbCl, (g)+2H, (g) (6)

and consumed mostly at 700 °C by
2Nb ;Clg (s)+H, (g) = 2Nb;Cl, (s)+2HCI(g) (7

Then from 700 °C to 1160 °C, the reaction should
be
2Nb,Cl, (s)+10HCI(g) — 6NbCl, (g)+5H, (g) (8)

At 1160—1180 °C, a new reaction would start to
consume the remanent Nb;Cl,

2Nb;Cl, (s)+H, (g) = 6NbCl, (s)+2HCl(g) ©)

The NbCl, would decompose at 1180—1200 °C,
2NbCl, (s) — NbCl, (g)+Nb(s) (10)

Finally, Nb metal could be generated by the reaction
of NbCl, with hydrogen,

NbCl, (2)+2H, (g) — Nb(s)+4HCl(g) (11)

According to the reactions (10) and (11), it should
be responsible that the direct precursor for the formation
of Nb(s) is NbCly(g) or NbCly(s) instead of NbCls(g).
Moreover, the variation of hydrogen ratio should have no
effect on the stages except for
temperature of the reactions.

influencing the

3.2 Effects of hydrogen ratio and temperature
According to the results of Fig. 2 and Fig. 3, it
suggests that higher hydrogen ratio should be benefit to
the formation of Nb. However, it is necessary to
ascertain whether an ultrahigh hydrogen ratio should be
applied. For this purpose, the effects of hydrogen ratio
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and temperature on 7y, were investigated at equilibrium
conditions, and the results are shown in Fig. 4 and Fig. 5.
As can be seen, higher hydrogen ratio increases the value
of nn, and decreases the reduction temperature. For
example, the value of 7y, approaches to 98% at 1050 °C
with hydrogen ratio of 60:1. However, the temperature
needs up to 1500 °C at the same value of 7y, with
hydrogen ratio of 10:1, otherwise, the value of 7y, is less
than 20% at 1050 °C. But it is hard to detect the
abovementioned influence when the hydrogen ratio
exceeds 80:1 and the temperature is up to 1100 °C (see
Fig. 5), which means that continuously increasing both
of the hydrogen ratio and the temperature should not be
efficient anymore.
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Fig. 4 Yield of Nb () as function of temperature in
equilibrium NbCls—H, system at different hydrogen ratios
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Fig. 5 Effect of hydrogen ratio on yield of Nb (#yy) at different
temperatures in equilibrium NbCls—H, system

From the results of the thermodynamics, NbCls can
be reduced to Nb with the yield of Nb more than 99.9%
in the conditions of hydrogen ratio <180:1 and
temperature <1050 °C. It is necessary to pursue neither
large hydrogen ratio nor high temperature.
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3.3 Effect of loading gas argon

The influence of content of Ar on #y, in
NbCls—H,—Ar equilibrium system was evaluated, as
shown in Fig. 6. At lower hydrogen ratio (see Fig. 6(a))
and lower temperature, the increase of the content of Ar
is benefit to improve the value of #y,. The reason should
be ascribed to the decrease of partial pressure of the
equilibrium system caused by the inert gas addition.
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Fig. 6 Effect of content of Ar on yield of Nb (yn,) with
n(H,):n(NbCls)=10:1 (a) and 30:1 (b) at different temperatures
in equilibrium NbCls—H,—Ar system

The overall chemical reaction of the hydrogen
reduction process of NbCls can be expressed as

NbCl; (g)+2.5H, (g) = Nb(s)+5HCl(g) (12)

The role of argon in this work is inert gas to load
the vaporization of the pentachloride into the reactor. The
stoichiometric coefficient of the gaseous species in
reaction (12) is (5—2.5-1)=1.5>0. This means that the
partial pressure of the products is larger than that of the
reactants when the reaction is in equilibrium. When inert
gas is added into the NbCls—H, binary system at constant
temperature and constant pressure, the partial pressure of
the equilibrium system decreases. According to the
principle of chemical equilibrium, the equilibrium of the
reaction moves towards the direction of increasing the
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partial pressure to counteract the influence of the inert
gas addition. That is, the yield of the products increases.
But this influence is not so effective in more H,-rich (see
Fig. 6(b)) and higher temperature environment, because
the variation of the partial pressure caused by argon
addition is inhibited at these conditions.

4 Validation

In order to validate the points of the
thermodynamics, a series of relative experiments were
performed in a quartz apparatus described in previous
work [26]. The reagents and synthesis parameters are
listed in Table 2.

Table 2 Reagents and synthesis parameters used for validation

experiments
. Flow
0,
Reagent  Purity/% rate/(mL-min"") Other parameters
NbCls 99.9 0.15 Temperature:
850—1050 °C,
H, 99.99 600-2500 H, ratio: (40—180):1,
Ar 99.999 0-105 Ar ratio: (0-5):1

*: The unit is g/min

According to reaction (12), the reduction ratio of the
pentachloride can be examined by measuring the amount
of HCl in the exhaust. During the experiments, the
exhaust gas was bubbled to pass through a glass
container with enough distilled water, in order to fully
absorb the HCI. After the experiments, the content of H"
in the solution was determined by the method of
acid-base titration. The reduction ratio of the
pentachloride (7nycis) Was calculated by

H+
v, =L 100% (13)

np(H"

where n(H") is the amount of the titration; nr(H") is the
theoretical amount in reaction (12).

The difference (4) between #xpc, and nn, was
employed to evaluate the results of thermodynamic.
When the of 4 is small enough, the
thermodynamics is reliable. The comparison is shown in
Table 3. As can be seen, the values of 1INbel, increase with
the increase of hydrogen ratio and temperature, as well
as that of #7y,. Most values of 4 are no more than 3.5%.
Considering the errors of the titration measurement and a
small amount of HCl(g) absorbed by the powder, the
results of the experimental are in good agreement with
those of the thermodynamics.

Furthermore, it is found that the loading gas can not
only increase the reduction ratio of the pentachloride, but
also improve the powder yield (samples 2 and 3, or 7 and
8 in Table 3). It is well known that the inert gas does not
help the kinetics of a chemical reaction. But PRATSINIS
and VEMURY [28] have pointed out that the mixing
route of the reagents had a strong effect on the formation
of powder in gas phases. In this work, the loading gas is
hydrogen when no argon is used (samples 3 and 8),
which means that the reagents have been mixed before
the reaction happening. But when the loading gas is
added (samples No. 2 and 7), the mixed route of the
reagents is changed in time of the reaction happening. So,
the powder yield should be improved.

However, at a constant temperature, when the argon
ratios are 0, 1 and 5 (samples 7, 8 and 9 in Table 3), the
powder yields are 24%, 50% and 62%, respectively, but
nnbel, decreases unexpectedly from 88.9% to 78.4%.
Largér argon ratio means higher argon flux, which
should shorten the mixture and retention time of the
reagents in high temperature zone of the reactor and
make reactions (5)—(11) react incompletely. This
suggests that the argon ratio must be limited to an
appropriate level to avoid the disadvantage of excess
argon flux, although it is interesting that higher argon
flux can increase the powder yield.

The powder products were examined by
X-ray diffraction (XRD) (Rigaku D/max—2400) and

value

Table 3 Comparison of experimental data (#xpci.) and thermodynamic calculation value (#y,) for hydrogen reduction by CVS process

Sample No.  n(NbCls):n(H,):n(Ar)  Temperature /°C 7N/ %0 1Nbely/ %o A9% Powder yield®/%
1 1:180:1 950 99.9 98.4 1.5 98
2 1:120:1 950 99.8 96.1 2.7 85
3 1:120:0 950 99.4 92.6 6.8 54
4 1:90:1 1050 99.1 95.8 3.3 74
5 1:90:1 950 98.5 95.2 33 68
6 1:40:1 1050 95.4 92.3 3.1 57
7 1:40:1 1000 923 88.9 3.4 50
8 1:40:0 1000 88.5 81.2 7.3 24
9 1:40:5 1000 94.6 78.4 16.2 62

2 A=1NoNbCl ) Powder yield=(Collection powder mass)/(Theoretical metal mass from reaction (12))
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transmission electron microscopy (TEM) (JEOL
JEM—-100CX II). The results are shown in Fig. 7. It
indicates that Nb nanopowder with average particle size
of 30—50 nm is obtained at the selected conditions
guided from the thermodynamics, with the #nycl, of
96.1% and the powder yield of 85%.

(a)

s — Nb
e Nb]"[(]lqs

Fig. 7 XRD pattern (a) and TEM image (b) of Nb nanopowder
synthesized at n(NbCls):n(H,):n(Ar)=1:120:1 and 950 °C

5 Conclusions

1) A detailed thermodynamic analysis by using
FactSage software is performed for NbCls—H,—Ar
system. The reduction route from NbCls(g) to Nb(s) is a
stage-wise process with the formation of complex
sub-chlorides. The reduction ratio of NbCls increases
with the increase of hydrogen ratio and temperature.
NbCls can be reduced to Nb(s) with the yield of Nb more
than 99.9% at low hydrogen ratio (<180:1) and low
temperature (<1050 °C).

2) The results of validation experiments are in good
agreement with the thermodynamics. An appropriate
amount of inert loading gas is benefit to increase both of
the reduction ratio of NbCls and the powder yield,
because the addition of the inert gas could change the
partial pressure of the equilibrium system and the mixing
route of the reagents.

3) The as-synthesized Nb nanopowder with the

homogeneous particle size of 30—50 nm is obtained
under n(NbCls):n(H,):n(Ar)=1:120:1 and 950 °C, with
the reduction ratio of NbCls of 96.1% and the powder
yield of 85%.
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NbCls—H,-Ar AR FSHEEHRMK Nb #EI A H =
KK, H O, EER, RAR
R RY MeEESTRESR, Mind ot SHIRAL T E AL =, b 100083

& Z: XM FactSage # M, XF NbCls—Hy~Ar 14 R AL SAE BAIK 48 No 8y 1) =BT TU 0 400 A
TG IRHAT SCIRIOAE . 45 R W] 7EARUE K TE R, NbCls(g) W&l B J5 2 Nb(s) & — A 2 SR Wil #E, i)
A R (B PR (IRAN ) s % R N R TR TR AR EL T L 2 (n(NBCls):n(H,)<1:180) FIHEARIR B (<1050 °C) T
SEAHHAT; @RI R A AT R R NbCls b R RIS AR 220 515 2 1A A ATA
n(NbCls): n(Hy):n(Ar)=1:120:1 LA K 950 °C, 5256 D Hil i3 RiA0 0 30~50 nm HRLEEM ARSI 24K 428 Nb #ir
FHRLIK) NbCls B AL RIEH] 96.1%, AR WAFH N 85%.
FEHEIE: NbCl—Hy,-Ar K FR; (S SME G #J)%: Nb HKKK; FactSage K44
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