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Segmented tubular synthesis of monodispersed microsized copper oxalate
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Abstract: Monodispersed microsized copper oxalate particles were prepared in a segmented continuous flow tube reactor, and the effect of
the main parameters such as organic additive agent, initial copper ions concentration, residence time, and segmented media on the final
products were investigated experimentally. The obtained copper oxalate microsized particles were disc-like in the presence of citrate ligand,
which was the shape inducer for the precipitated copper oxalate. Thermodynamic equilibrium diagrams of the Cu(Il)-oxalate—H,O,
Cu(Il)—oxalate—citrate—H,0, and Cu(Il)-oxalate—EDTA—H,O solution systems were drawn to estimate the possible copper species under the
experimental conditions and to explain the formation mechanisms of copper oxalate particles in the segmented fluidic reactor. Both theoreti-
cal and experimental results indicated that the presence of chelating reagents such as citrate and EDTA had distinct effect on the evolution of
particle shape. Air and kerosene were tested as media for the fluidic flow segmentation, and the latter was verified to better promote the
growth of copper oxalate particles. The present study provides an easy method to prepare monodispersed copper oxalate microsized particles

in a continuous scaling-up way, which can be utilized to prepare the precursor material for conductive inks.
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1. Introduction

Conductive inks have been widely studied in recent years
because of their popularity in the industries of printed elec-
tronics (PE) and flexible electronics (FE) [1]. Their usage
has been found to be unique and noncompetitive in a com-
pletely new frontier of future technologies [2]. Silver is a
typical metal that is keenly investigated for its promising
applications in conductive inks because of its excellent
conductivity and resistance to the oxidation [3]. In printing
technology, silver conductive inks play a major role in elec-
tronic applications and attract much attention [4-6]; however,
silver inks are costly [7]. To overcome this drawback, copper
conductive inks are regarded as an alternative to the current
silver-based materials [8]. Although copper ink is much
cheaper, a major challenge in using copper ink is its poor re-
sistance to the oxidation during storage and sintering [9-11].
Recently, decomposable copper compounds have been used
as the precursor material for e-inks synthesis [12]; and print-
ing circuit boards were fabricated by a sequential thermolysis
treatment to transfer the copper compounds into copper metal
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lines in a protective atmosphere of inert gas [13—14]. Precur-
sor-based copper conductive inks have a great potential of
substituting the traditional printing circuit board technology
because of their fabrication convenience and less manufac-
turing cost [15]. Because of the prominent advantages of
copper inks in the electronic industry, many researchers
have studied the application of this technology in printed
electronics industries [16]. Among the groups of various
copper compounds, copper oxalate has unique merits be-
cause of its good crystalline phase and regular shapes during
the synthesis process through wet-chemical methods [17]. In
addition, copper oxalate easily undergoes direct thermal de-
composition in a protective atmosphere to yield copper par-
ticles (CuC,0,4-2H,0 — Cu + 2CO, + 2H,0). The size and
dispersity of the copper oxalate particles are the main para-
meters to determine the suspension stability of the inks;
therefore, the synthesis of monodispersed ultrafine copper
oxalate particles is quite essential to the final quality of the
printing circuit boards. To prepare the monodispersed par-
ticles by wet precipitation processes on a large scale, a seg-
mented flow tube reactor is proposed in the present study,
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and the feasibility of copper oxalate powder as the precursor
material in the preparation of conductive ink for electronic
applications is preliminarily studied. The use of segmented
fluidic reactor for the preparation of fine inorganic particles
has been widely studied [18—20] because of its prominent
merits such as excellent homogeneous mixing, good reaction
stability, good reproducibility, and easy scaling-up [21-22].
However, to the best of our knowledge, the preparation of
monodispersed copper oxalate particles in a segmented flui-
dic reactor is seldom reported. Thus, in the present study,
we designed a synthesis system for the scaling-up prepara-
tion of copper oxalate particles, and the relative mechanisms
are discussed based on a thermodynamic equilibrium calcu-
lation of the related solution systems.

2. Experimental
2.1. Chemicals

Copper sulfate (CuSO,), sodium oxalate (Na,C,0,), po-
lyvinylpyrrolidone (PVP), sodium citrate, and ethylenedia-
minetetraacetic acid (EDTA) reagents were purchased from
Sinopharm Chemical Reagent Co. Ltd., China), and all the
regents were analytically pure and were used as received
without further purification.

2.2. Synthesis of monodispersed copper oxalate particles

Fig. 1 demonstrates a basic schematic diagram of a seg-
mented flow tube reactor. In this study, 0.1 mol/L copper
sulfate with 5 g/LL PVP and 0.1 mol/L sodium oxalate with
5 g/L PVP were prepared as the stock solutions. Then,
they were simultaneously fed to a polypropylene (PP)
tube (¢3 mm % 1 m) by a Y-type mixer (the intersection an-
gle for two feeding conducts is 60°) at 5 mL/min, and a flow
of air into the mixing solution was used to segment the solu-
tion into a separate 0.3 cm long liquid phase, in which pre-
cipitation spontaneously occurred. When the segmented so-
lution jetted out of the tube, the suspension was collected in
a large beaker with alcohol, which completely diluted the
solution to stop the precipitation reaction, and the solution
was kept to age a certain period while being stirred. Samples
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Fig. 1. Schematic diagram of a segmented continuous flow
tube reactor.

were taken after a period of time for centrifugation. The
grey blue products were isolated, cleaned by three cycles
of centrifugation, washed, redispersed in alcohol, and
oven-dried at 60°C for 8 h.

2.3. Characterization

Field-emission scanning electron microscopy (SEM) ob-
servation was carried out using a FEI Sirion field-emission
gun scanning electron microscope operated at 25 keV. The
samples for SEM observation were prepared by depositing
dried copper oxalate particles on a silicon stand followed by
gold spraying. The UV-Visible absorption spectra were ac-
quired using a Shimadzu 2450/2550PC spectrophotometer
equipped with an integrating sphere attachment. An X-ray
diffraction (XRD) analysis was carried out to identify the
phase compositions for the samples on a Rigaku-6000 XRD
instrument.

3. Results and discussion
3.1. Effect of additive agent

The copper oxalate particles prepared using a segmented
flow tube reactor in the absence of any additives were al-
most perfectly spherical as demonstrated in the SEM image
of the copper oxalate particles (Fig. 2(a)), and the average
diameter is about 2 pm. The image indicates that the mor-
phology of the copper oxalate particles is perfectly spherical,
and their surfaces have some cracks. When citrate ligand
additive was added, the spherical particles became disk-like
(Fig. 2(b)). The citrate acted as a shape inducer for the copper
oxalate precipitate. However, when additive agents PVP and
EDTA were added, the copper oxalate particles remained
spherical. Therefore, the additive agents had different effects
on the shape evolution of the precipitated particles.

X-ray diffraction analysis and Fourier transform infrared
(FTIR) spectroscopy tests were conducted on the obtained
copper oxalate particles, and the results were illustrated in
Figs. 3 and 4. As indicated in Fig. 3, all the obtained par-
ticles were of pure dihydrate copper oxalate phase, while
from the strongest peak of <110>, it can be found that dif-
ferent additives exhibited significant individual effect on the
intensity of the copper oxalate phase. The XRD pattern in-
dicates that citrate and EDTA inhibited the growth of <110>
crystal facet, while PVP promoted it. Considering the mo-
lecular compositions of PVP ((C¢HoNO),), citrate
(C;Hs0-3COOH), and EDTA (C¢H,N,—4COOH), citrate
and EDTA can coordinate with copper ions, while PVP
cannot. Therefore, the chelating effect of citrate or EDTA
with the copper ions might have played an indispensable
role in the inhibition of the crystal facet <110> growth.
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Fig. 2. SEM images of copper oxalate particles obtained in an air-segmented fluidic reactor by simultaneous feeding of 0.1 mol/L
Cu(II) and 0.1 mol/L sodium oxalate solutions for a residence time period of 10 min in the absence of surfactant (a) and in the pres-

ence of 5 g/L sodium citrate (b), 5 g/L. PVP (¢), and 5 g/L EDTA (d).
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Fig. 3. XRD patterns of copper oxalate particles obtained in
an air-segmented fluidic reactor by simultaneous feeding of 0.1
mol/L Cu(Il) and 0.1 mol/L sodium oxalate solutions for a res-
idence time period of 10 min in the absence of surfactant (a)
and in the presence of 5 g/L sodium citrate (b), 5 g/LL PVP (¢),
and 5 g/L EDTA (d).

The FTIR results are shown in Fig. 4, and they provide
more information about the four samples. The FTIR spec-
trum for the copper oxalate solution with PVP has weak
peaks near 1613, 1363, and 1319 cm™'; these peaks can be
ascribed to the stretch vibration of —COOH ligands. The
stronger peaks at 823 and 505 cm™ correspond to the vibra-

tion of Cu—O bonds. Citrate and EDTA both had opposite
effects that resulted in weak —COOH and Cu-O peaks.
The chelating effect of citrate and EDTA was confirmed to
have the major influence on the crystal growth behavior of
copper oxalate particles as well as their morphological
evolution.
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Fig. 4. FTIR curves of copper oxalate particles in an

air-segmented fluidic reactor by simultaneous feeding of 0.1
mol/L. Cu(Il) and 0.1 mol/L sodium oxalate solutions for a res-
idence time period of 10 min in the absence of surfactant (a)
and in the presence of 5 g/L sodium citrate (b), 5 g/LL PVP (¢),
and 5 g/L EDTA (d).
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3.2. Effect of initial copper concentration

Fig. 5 shows the SEM images of copper oxalate particle
samples obtained under different initial concentrations of
copper and oxalate. It can be seen that a lower concentra-
tion of copper ions favors the dispersion of the copper
oxalate particles, and a concentration of 0.05 mol/L copper
ions is recommended for better monodispersity, as shown
in Fig. 5. Although the yield of particles in the low con-
centration is not large, the morphology and size uniformity

(a)

3.3. Effect of reaction time

Fig. 6 shows SEM images of the copper oxalate particles
obtained for different reaction or residence time periods.
With an increase in residence time, the spherical copper
oxalate particles becomes smoother, but the dispersity wor-
sens; this may be due to the more interfering factors in-
volved in the growth process with increased residence time.
10 min is recommended as the suitable residence time, as it
resulted in the production of acceptable monodispersed
disc-like copper oxalate particles.

3.4. Effect of segmentation media

Fig. 7 shows the copper oxalate particles images obtained
under different segmentation media: air and kerosene. In the
experiment, it was found that for kerosene segmentation, the
inner wall of the fluidic PP tube was very clean and smooth,
while for air segmentation, the inner wall was dirty with the

are usually rather satisfactory. Considering that the proper-
ties of the particles are strongly dependent on their mono-
disperse size distribution and morphology, a low concen-
tration of the feeding solutions should be selected for the
particles synthesis; otherwise, a large number of particles
would be produced, but the corresponding properties
would be poor. Such trade-off between quantity and quali-

ty in the monodispersed particles preparation is a core
challenge.

Fig. 5. SEM images of copper oxalate par-
ticles obtained in air-segmented fluidic reactor
for a residence time period of 10 min by simul-
taneous feeding 5 g/L. sodium citrate and dif-
ferent initial concentrations of copper and so-
dium oxalate: (a) 0.05 mol/L. Cu(Il) and 0.05
mol/L sodium oxalate; (b) 0.1 mol/L. Cu(II) and
0.1 mol/Ll sodium oxalate; (c) 0.2 mol/L. Cu(II)
and 0.2 mol/L sodium oxalate.

deposition of copper oxalate fine particles. This is probably
due to the excellent wettability of kerosene with PP, which
led to the homogenous formation of a very thin kerosene lig-
uid layer on the inner wall surface of the PP tube, preventing
the deposition of copper oxalate precipitates. When air was
used as the segmentation media, the PP tube inner wall did
not form gas film; thus, it was difficult to avoid the deposition
of precipitates. In addition, the copper oxalate particles ob-
tained under the kerosene segmentation seemed to be com-
pacter and smoother than those obtained under air segmen-
tation. This may be related with the more static precipitation
conditions in the kerosene-segmented fluidic liquid phase.

3.5. Formation mechanism of monodispersed copper
oxalate

The above results indicate that the presence of chelating
reagents significantly influences the morphology and size of
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the precipitated dihydrate copper oxalate particles. The for-
mation mechanisms of the precipitates under the different
conditions are still unclear. However, it has been well rec-
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ognized that the main properties and characteristics of the
solution are strongly and directly responsible for the preci-
pitation processes.

Fig. 6. SEM images of copper oxalate particles obtained in air-segmented fluidic reactor by simultaneous feeding of 0.1 mol/L
Cu(II) with 5 g/L sodium citrate and 0.1 mol/L sodium oxalate with 5 g/L. sodium citrate for different residence time periods: (a)

5 min; (b) 10 min; (¢) 25 min; (d) 50 min.

Fig. 7. SEM images of copper oxalate particles obtained in (a) air-segmented fluidic reactor and (b) kerosene-segmented fluidic
reactor by simultaneous feeding of 0.1 mol/L. Cu(II) with 5 g/L sodium citrate and 0.1 mol/L sodium oxalate with 5 g/L sodium ci-

trate for a residence time period of 10 min.

To clarify the formation mechanisms of the precipitate,
the solution compositions and chemical structures should be
adequately explored. Based on the above ideas, we deter-
mined the copper species in the solution samples according
to thermodynamic equilibrium principles [23—24], and the
main results are illustrated in Fig. 8.

A mixed solution of 0.1 mol/L Cu(II) and 0.1 mol/L so-

dium oxalate was the basic sample for study. The copper
species were rather simple: copper oxalate at pH below 8,
copper hydroxide at pH above 8, and a very small amount of
copper oxalate complex at pH 8-10, as shown in Fig. 8(a). It
was also verified by experiments that a large quantity of
copper oxalate was precipitated at pH near 5.5, after about
30 s induction period for nucleation. In this case, an aliquot
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of citrate was introduced in the mixing solution at a con-
centration of 0.017 mmol/L (5 g/L), and the induction
period time was found to prolong to 10 min. The pres-
ence of citrate caused the formation of Cu,(cit),OH>"
complex as shown in Fig. 8(b), which slowed the preci-
pitation rate of copper oxalate. In more dilute solutions
(0.05 mol/L copper ions), the same concentration of citrate
caused more drastic effect on the precipitation process, as
shown in Fig. 8(c); more Cuy(cit),OH*" was formed, and
the induction period for nucleation was much longer
(about 25 min). For comparison, a more concentrated
copper ion solution (0.20 mol/L) was used as the precipi-
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It can be deduced that the strong chelating affinity of or-
ganic acids with the copper ions led to the different induc-
tion periods for nucleation as well as the growth process.
The chelating affinity influenced the supersaturation profiles
and consequently the nucleation and growth kinetics. In ad-
dition, the selective absorption of citrate molecules onto the
specific <110> crystal facet caused the variation of orien-
tated growth rate, which affected the final shape of the pre-
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tating agent; less Cuy(cit),OH>~ was produced because of
the stronger precipitation effect of the higher copper ion
concentration, and 2.5 min was enough for precipitation to
occur (Fig. 8(d)). In addition, for comparison, under the
same copper and oxalate concentrations used for the citrate
experiment, EDTA was used to evaluate the copper spe-
cies distribution because of its much stronger chelating
capability with copper ions than that of citrate. More cop-
per complexes of EDTA were produced in the correspond-
ing pH range (Fig. 8(e)), and it was further verified by expe-
rimental results that a longer induction period of 13 min was
required for nucleation.
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Fig. 8. Distribution of copper species in aqueous solutions
obtained under the following conditions: (a) 0.1 mol/L Cu*",
0.1 mol/L C,0% ; (b) 0.1 mol/L Cu*, 0.1 mol/L. C,02",
0.017 mmol/L citrate; (c) 0.05 mol/L Cu?*, 0.05 mol/L
C,07, 0.017 mmol/L citrate; (d) 0.2 mol/L Cu?*, 0.2 mol/L
CZOf' , 0.017 mmol/L citrate; (e) 0.1 mol/L Cu2+, 0.1 mol/L.
C,07, 0.017 mmol/L. EDTA. Cu(ox)—Copper oxalate;
cit—Citrate.

cipitated particles. Similar results and explanation about the
formation of disc-like copper oxalate particles have been
reported in Ref. [25]. In summary, the presence of citrate
significantly affected the shape and morphology, and the
chelating effect and selective absorption of citrate onto the
<110> crystal facet are the main factors responsible for the
formation of disc-like copper oxalate particles. Therefore,
the citrate can be regarded as an effective shape and mor-
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phology inducer, which help to tailor the copper oxalate

particles via the solution chemical routes as discussed above.

Thus, selecting an appropriate solution will favor the syn-
thesis of the fine particles with desirable size and morphol-
ogy. The segmented tubular reactor has unique advantages
in terms of temperature and concentration control; therefore,
combining appropriate solution selection and reactor design
will lead to the continuous production of a large amount of
monodispersed fine particles.

4. Conclusions

Monodispersed dihydrate copper oxalate particles were
prepared in a segmented fluidic reactor with a constant re-
producibility and good uniformity. Thermodynamic equili-
brium calculation demonstrated that Cu(Il)-citrate and
Cu(II)-EDTA formed in the acidic pH range, and therefore,
the induction period for nucleation in the experiments was
affected significantly, as well as the nuclei growth process.
The chelating effect of citrate and the selective absorption of
citrate molecules onto the <110> crystal facet led to the
formation of disc-like copper oxalate precipitates.
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