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Qualitative measurement of residual carbon in
wet-chemically synthesized powders

Emerson R. Camargoa,∗, Elson Longoa, Edson R. Leitea, Masato Kakihanab

a LIEC-Departamento de Qu´ımica, UFSCar-Universidade Federal de Sã Carlos, Rod. Washington Luiz km 235,
CP 676, São Carlos 13565-905, SP, Brazil

b Materials and Structure Laboratory, Tokyo Institute of Technology, Nagatsuta 4259, Midore-ku, Yokohama 226-8503, Japan

Received 9 September 2003; received in revised form 20 December 2003; accepted 9 February 2004
Available online 24 April 2004

Abstract

Sodium niobate powders were prepared by the polymerizable complex (PC) method using a water-soluble Nb–malic acid complex and
sodium carbonate. Niobium oxide pentahydrated was dissolved in hot oxalic acid (OA) solution, followed by the addition of NH3 (30%)
until pH 11, precipitating niobic-acid that was added into a solution ofdl-malic acid (MA) at mole ratio of [MA]:[Nb]= 2:1. Na2CO3 was
added in the mole ratio [Na]:[Nb]= 1:1, and the solvent was eliminated at 70◦C, forming a yellow gel without any segregation. The gel was
calcined at 300◦C for 3 h, and the (Na–Nb–MA) heated material was calcined in the range of temperatures from 400 to 900◦C, from 5 min to
8 h. Pure NaNbO3 (NN), free from amorphous carbon, which crystallized at temperatures higher than 450◦C, was confirmed by a combined
analysis using X-ray diffraction and UV–Raman spectroscopy. A correlation between the presence of residual carbon and the crystallite size,
which was calculated using the Scherrer formula, was observed and qualitatively used to infer about this presence of residual carbon.
© 2004 Elsevier Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

In recent years, there has been a great deal of interest
in preparation of multi-component oxide materials using
wet-chemical routes. Potentially, these techniques allow a
better mixing of the constituent elements and thus a better
reactivity of the mixture to obtain pre-reaction products at
lower temperatures[1,2]. One such technique is the so-called
amorphous complex (AC) method[3–5], often called as the
amorphous citrate method[5–7]. This technique is based on
the synthesis of a solution of some soluble metal–organic
complexes followed by the elimination of the solvent by
means of evaporation, resulting in an amorphous gel that
keeps the random distribution of cations from the starting
solution. The organic fraction of this gel is removed by heat
process between 300 and 600◦C, resulting in a very fine,
homogeneous and reactive crystalline oxide powder at tem-
peratures lower than those used by the solid-state reaction
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method. Another widely used technique is the polymerizable
complex (PC) method[8–12], originally known as the Pe-
chini method[13]. This method slightly differs from the AC
method by the presence of a polyalcoohol that allows a con-
densation reaction between the soluble complexes, resulting
in a rigid organic polymer that immobilizes the cations. Sim-
ilarly to the AC method, the organic fraction is eliminated
by heat process.

Despite the fact that AC and PC methods have been
widely and successfully applied in the synthesis of several
niobates powders for different applications, such as di-
electrics, ferroelectrics, catalysts, etc.[8–12,14–16]where
the presence of residual carbon can be deleterious to the
final designed application, there are few studies concerning
the presence of this residual carbon in powders synthesized
by these wet-chemical methods. Usually, the calcination
temperature that is used to eliminate the carbon has been
determined by a trial and error way. In this study, we demon-
strated that there is a correlation between the presence of
residual carbon and the crystallite size in ultra-fine NaNbO3
(NN) powders synthesized by the AC method that can be
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used as qualitative method to infer about the presence of
residual carbon in powders synthesized by wet-chemical
methods.

2. Experimental procedure

2.1. Synthesis of NaNbO3

Hydrated niobium oxide (10 g) was added into an aque-
ous solution (0.35 mol l−1) of oxalic acid (OA) in the mass
ratio of (OA/Nb2O5 = 4). The solution was stirred for
5 h at boiling point until all niobium oxide was dissolved,
then the solution was filtered. Ammonia solution (NH3:
30%) was dropped to adjust the solution to pH 11, precip-
itating niobic-acid, which was filtered and washed (NH3:
10%) to eliminate all oxalate ions. The freshly precipi-
tated niobic-acid was dissolved in adl-malic acid (MA)
solution (0.1 mol l−1) in the molar ratio of (MA/Nb= 2).
This solution was stirred at 70◦C for 5 h, and filtered. The
precise niobium content in the solution was determined
by gravimetric analysis (0.01295 g Nb2O5 per gram solu-
tion). Sodium carbonate was added to a second solution
of dl-malic acid solution (0.2 mol l−1 and MA/Na = 1).
After the decomposition of all Na2CO3, the solution of
Na-malic was added into the solution of Nb-malic, and
stirred at room temperature for 3 h. The temperature of the
final (Na–Nb) malic solution was increased to 70◦C and
kept at this temperature until the formation of a viscous
and transparent lightly yellow gel. The beaker was trans-
ferred to a mantle-heater, the temperature increased and kept
at 300◦C for 3 h. The calcined product, thereafter called as
“precursor,” was ground and amounts of 0.20 g of the pre-
cursor were calcined in air in the temperature range from
400 to 900◦C, for 5 min to 8 h, using sintered alumina boats.

2.2. Characterization

The precursor was characterized by thermogravime-
try (TG) (TG–DTA-2000/Control Model TAPS-1000,
MAC-Science, Japan) in static atmosphere between 30 and
900◦C, with a heating rate of 10◦C min−1, using 7.5 mg of
sample in Pt crucible; the residual product was character-
ized by micro-Raman spectroscopy (Model T-64000, Jobin
Yvon/Atago Bussan, France/Japan) using the 514.5 nm line
of an Ar+ laser. The precursor and the calcined NN powders
were characterized by XRD, in a 2θ range from 15 to 75◦
with scanning speed of 0.75◦ min−1, at room temperature
using Cu K� radiation (MXP3va, MAC-Science). Crystallite
size was determined from the broadening of the (1 4 1) XRD
peak of NaNbO3 at 32.4◦ by the Scherrer formula, using
the (1 1 1) peak of silicon (150�m) as[17]. The calcined
powders were characterized by UV–Raman spectroscopy
(Model T-64000, Jobin Yvon/Atago Bussan) with a CCD
detector cooled with liquid nitrogen; the 364 nm line of an
Ar+ laser was used as excitation source. The spectra were

collected at 25◦C, with a laser power of 10 mW to avoid
any laser ablation.

3. Results and discussion

Niobium oxide is a stable and less reactive compound,
which is usually used as niobium source for the synthe-
sis of niobates by solid-state reaction at high temperature.
However, it is possible to dissolve Nb2O5·5H2O in hot ox-
alic acid aqueous solution to obtain a stable solution of
Nb–oxalic acid (Nb–OA) complexes. It is well-known in the
field of “classical” analytical chemistry that freshly precip-
itated niobic-acid (Nb2O5·nH2O, which is readily obtained
by the addition of NH3 into a solution of Nb–OA) can be
dissolved by treating the precipitate with a variety of chelat-
ing agents such as ethylenediaminetetracetic (EDTA), citric
acid, or malic acid[3,18]. On the other hand, powders that
are synthesized by wet-chemical routes such as the AC and
PC methods, often results in agglomerates of nanoparticles
partially sintered during the thermal treatment used to re-
move the organic matrix[12,19]. Since the presence of this
organic matrix usually leads to a excessive release of heat
during its combustion, it is desirable to decrease as much
as possible the amount of carbon in the system to avoid
the partial sintering of the particles.Fig. 1, for instance,
shows the TG–DTA curves of the amorphous precursor with
an expressive amount of organic material. There are three
exothermic peaks on the differential thermal analysis (DTA)
curve at 355, 509, and 590◦C related to the combustion of
the organic matrix, accompanied by a relative weight loss
of 62.7% up to 615◦C (TG curve). By the simple analysis
of this curve, one can conclude equivocally that the minimal
temperature for the total elimination of the residual carbon
should be 615◦C.

Fig. 2shows the Stokes region of UV–Raman spectra (a)
of the amorphous and carbon rich precursor, and (b–e) of the

Fig. 1. Dynamic thermogravimetry and differential thermal analysis of
the Na–Nb amorphous precursor.
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Fig. 2. UV–Raman spectra of: (a) amorphous precursor and of the
calcined-powders for 1 h, at (b) 450◦C, (c) 500◦C, (d) 600◦C, and (e)
700◦C. The presence of carbon is detected by the presence of broad
peaks at 1340 and 1587 cm−1.

powders calcined for 1 h from 450 to 700◦C. The spectra
were divided in two parts: (i) from 400 to 800 cm−1 where
it is shown the formation of the sodium niobate phase by its
characteristic peak centered at 617 cm−1 (not observed in the
curve (a) of the amorphous precursor), and (ii) from 1000
to 2000 cm−1, where the normalized intensity was increased
10 times because of the low intensity of the peaks present in
this range. In this second part of the spectra, two broad peaks
in (a) and (b) are related to the presence of poorly ordered
graphite, labeled as G for E2g2

Raman allowed peak, and
D for the disorder-induced peak[20]. The absence of these
two peaks in the spectra (c–e) of the powders heat treated
at 500◦C and higher temperatures, unequivocally confirms
that all of the carbon were eliminated. Despite the fact that
the TG curve in theFig. 1 shows the presence of carbon
up to 615◦C, it is clearly demonstrated in the spectra of
Fig. 2 that the carbon is eliminated at lower temperatures
than those determined by TG analysis, probable because of
the presence of isothermal steps during the calcination pro-
cessing. Therefore, care should be taken during the inter-
pretation of the optimum temperature for the elimination of
residual carbon observed in TG curves.

Fig. 3 shows the XRD pattern of (a) the amorphous pre-
cursor, and (b–g) the patterns of NaNbO3 crystalline pow-
ders calcined for 1 h from 400 to 700◦C. For sake of clarity,
the peaks of the patterns (b–g) were cut at 1% of the highest
peak. Patterns (a) and (b) show only broad peaks (assigned
by full circles) that can be related to the presence of amor-
phous carbon. It is possible to observe in the pattern (c)
that the lowest calcination temperature to obtain crystalline
NaNbO3 phase is 450◦C, in spite of the presence of a broad
and low intense peak between 20 and 40◦, indicating the
presence of residual carbon in just agreement with the Ra-
man results discussed previously. Patterns (d–g) show XRD

Fig. 3. X-ray diffraction patterns of amorphous precursor, and of the
calcined-powders for 1 h at (a) 400◦C, (b) 450◦C, (c) 500◦C, (d) 550◦C,
(e) 600◦C, (f) 600◦C, and (g) 700◦C.

patterns of NaNbO3 single-phase without any signal from
the presence of carbon, but with presence of some noise that
can be misinterpreted as the presence of carbon. Therefore,
it is evident that XRD patterns itself cannot confirm the pres-
ence or not of the residual carbon from the organic matrix.
In fact, it is possible to obtain “crystalline XRD patterns”
of powders contaminated by amorphous carbon such as the
curve (c).Fig. 4shows the crystallite size of the powders cal-
cined for 1 h at temperatures from 450 to 900◦C calculated
using the Scherrer formula[17]. The influence of remaining
carbon can be easily observed in this figure, where the crys-
tallite size is essentially constant between 450 and 550◦C

Fig. 4. Crystallite size calculated using the Scherrer formula for NaNbO3

powders calcined for 1 h at temperatures from 450 to 900◦C.
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(when carbon is still present, as identified by UV–Raman),
followed by a linear increasing as function of the calcina-
tion temperature. The critical temperature of 550◦C for the
elimination of the residual carbon is the same as that was
found by UV–Raman, but lower than that identified by ther-
mal analysis. Nobre et al.[14] found similar curve for the
relative crystallinity of NaNbO3 powders synthesized by PC
method using citric acid as chelating agent, although they
did not mention the presence of carbon. These results agrees
with a recent study by transmission electron microscopy
[21] of the nanoparticles of sodium niobate powders. In this
study, it was found that powders calcined at 450◦C show an
average diameter of 25 nm, whilst the powders calcined at
600◦C shows average diameter of 130 nm. Leite et al.[22]
observed that there are two mechanisms for the grain growth,
one at low temperature that is controlled by a mass-transport
mechanism such as surface diffusion with a small activation
energy, and a second mechanism that requires more energy
and is present at higher temperatures. It is possible that the
residual carbon interferes in the mechanism of growth at low
temperature. Mass is free to diffuse on the surface of the
particles only after the elimination of the residual carbon.

It is evident that the temperatures calculated from thermal
analysis for the elimination of residual carbon from pow-
ders synthesized by wet-chemical methods are higher than
those actually observed in samples calcined with isothermal
steps. Spectroscopic analytical tools, on the other hand, can
be efficiently used for this purpose. However, the most inter-
esting result is that XRD patterns of crystalline powders do
not provide enough evidences for the elimination of resid-
ual carbon, as usually claimed, but the crystallite size curve
as function of the calcination temperature does. Therefore,
curves of the crystallite size curve of powders calcined for
the same time can be qualitatively used to infer about the
presence of carbon in powders synthesized by AC method,
or even by the PC method, and to find the best temperature
for its elimination with a much better precision than that
observed by TG analysis.

4. Conclusions

We demonstrated that TG analysis cannot be used to esti-
mate the lowest calcination temperature for the carbon elim-
ination in powders wet-chemically synthesized (by methods
like the AC and PC methods), often resulting in higher tem-
peratures than that actually can be used, whilst spectroscopic
tools such as the Raman scattering can be efficiently used
to characterize residual carbon. On the other hand, XRD
patterns of “crystalline” powders contaminated with resid-
ual carbon are easily obtained, however, because of the in-
fluence of the residual carbon on the mass diffusion on the
surface of the particles, the presence of residual carbon in
these powders can be qualitatively inferred by the evolution
of the crystallite size calculated using the Scherrer formula,
in just agreement with the spectroscopic results.
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