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CTAB-induced synthesis of two-dimensional
copper oxalate particles: using L-ascorbic acid as
the source of oxalate ligand+

Bo Shen,® Zhenggiu Chen,® Huaming Mao,” Jungang Yin,® Yu Ren,® Wei Dai,”
Shuanglong Zhao® and Hongwei Yang (& *@®

Copper oxalate is typically synthesized through a precipitation reaction involving copper salts mixed with
oxalic acid or oxalate solutions. However, in this study, we were successful in synthesizing well-formed
square-like copper oxalate particles under liquid-phase conditions at ambient temperature and pressure
using ascorbic acid as the source of the oxalic acid ligand. The addition of cationic surfactant
cetyltrimethylammonium bromide (CTAB) caused the morphology of copper oxalate particles to
undergo a transition from three-dimensional to two-dimensional. And the inhibition of the assembly of
primary copper oxalate nanocrystals along the [001] direction became stronger with the increase of
CTAB concentration. The impact of CTAB on the crystallization, growth, and self-assembly processes of
primary copper oxalate nanocrystals was analysed using various testing methods. Based on these
analyses, the possible mechanism of CTAB-induced synthesis of two-dimensional copper oxalate

rsc.li/rsc-advances particles was finally proposed.

Introduction

Transition metal oxalates (TMOxs) are a class of metal-organic
compounds in which the transition metal cation and the
dicarboxylic acid oxalate anion are linked to form a coordina-
tion polymer chain via a Me-O bond, resulting in a structure of
different dimensions."”” TMOxs can be found naturally in
mineral deposits or in plant, fungal, and animal tissues.’”
Synthetic TMOxs are typically produced by mixing soluble
transition metal salts with a source of oxalate anions in
a precipitation reaction. TMOxs can be converted to their cor-
responding metal or oxide without losing their ordered struc-
ture through thermal decomposition at temperatures well
below the metal's melting point.® As a result, they are frequently
used as precursors for metals or oxides.” ™ In addition, some of
the TMOxs have superior electrochemical properties compared
to their oxide counterparts, and thus have been explored and
applied in various energy storage device fields."***?

Copper oxalate is a simple, inexpensive TMOx that maintains
good crystalline phase and regular shape during synthesis.™
Previous studies have shown that the current mainstream
method for the preparation of copper oxalate particles is to
prepare the copper salt with an aqueous solution of oxalic acid
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or soluble oxalate by mixing through vigorous stirring and then
through a direct precipitation reaction.””*** During the precip-
itation process, it is often necessary to adjust the pH of the
solution with strong acids or bases in order to prevent the
possible formation of copper hydroxide.'>'® In addition, the
copper oxalate powder obtained by the precipitation-stripping
method tends to agglomerate."”” Other methods, such as sol-
vothermal® (hydrothermal),”® ether-water bilayer refluxing
system'® and ionic liquid-assisted synthesis,* can also be used
to obtain copper oxalate particles. However, these methods are
either energy-intensive with long heating times, require
complex processes or use large amounts of toxic reagents in the
synthesis. All these factors hinder the industrialization of large-
scale applications. Finally, due to the strong acidity of oxalic
acid, the use of oxalic acid directly as the source of oxalic acid
ligand in the reaction system will inevitably increase the solu-
bility of copper oxalate, which limits the increase of the yield of
copper oxalate particles to a certain extent.*

The self-assembly mechanism of copper oxalate nanocrystals
has been extensively studied. The mechanism has been modi-
fied from simple nucleation, growth and “block-by-block” self-
assembly® to the “core-shell” mechanism: the initial rapid
nucleation followed by aggregation to form randomly oriented
primary particles or crystal cores, and then the crystals form
well-aligned nanocrystalline inner shells by orderly attachment,
and finally the high-energy surface is eliminated during solu-
tion equilibrium, and the larger cemented well-glued crystal
shells wrapped around the inner shells.?” In addition, changes
in the reaction conditions and the addition of additives with
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different properties can affect the self-assembly process of
copper oxalate primary nanocrystals. When no additives are
added during the reaction, the copper oxalate crystals observed
are usually in the typical mat form;* in the presence of poly-
ethylene glycol (PEG), a PEG-mediated etching process can be
observed on copper oxalate crystals;** and glycerol accelerates
the radial self-assembly of the copper oxalate crystals, which
leads to the formation of lens morphology without a plane.”
Cellulose derivatives of different molecular weights and func-
tional groups (methyl and propyl) affect the precipitation of
copper oxalate to different degrees. In the presence of hydrox-
ypropyl methyl cellulose (HPMC), a shift in the shape of copper
oxalate particles of micrometeor size from soft cushion, cube,
square rod and finally to thin cylindrical rods can be observed
as the concentration of HPMC increases.” The formation of
short square rods was observed when methyl-only containing
cellulose derivatives were used, and blood platelet-like particles
were observed when only propyl-substituted cellulose was
used.*

L-Ascorbic acid (1-AA) is a water-soluble vitamin that can be
metabolically converted to oxalic acid in animals* or plants.*
Inspired by this, in the absence of fine biological processes,
Zhou et al. reported the decomposition of 1-AA to oxalic acid
under hydrothermal conditions and its capture in the form of
copper oxalate deposition.”” Compared with the traditional
synthesis method, the in situ generation of oxalic acid by .-AA
not only effectively slows down the rate of precipitation and
prevents the agglomeration of copper oxalate particles, but also
benefits from the presence of 1-AA, the experimental process
does not need to additionally add a strong acid or a strong base
to adjust the pH of the solution, and the copper oxalate particles
with a high purity and high yield can be obtained. The t-
ascorbic acid-mediated green synthesis of copper oxalate
particles is an effective, non-toxic and environmentally friendly
method.

In our work, 1-AA was used as a source of oxalic acid ligand
for the rapid synthesis of square-like copper oxalate particles
under ambient temperature and atmospheric pressure, which,
to the best of our knowledge, has not been reported in previous
studies. On this basis, high yields of two-dimensional copper
oxalate particles were obtained using cetyltrimethylammonium
bromide (CTAB) as an additive and the possible formation
mechanism was proposed. The synthesis method was transi-
tioned from the use of excessive chemicals to natural
compounds, which may be a more environmentally friendly and
efficient method for the preparation of copper oxalate nano-
particles with good properties and fewer limitations.

Experimental section

Chemicals and materials

Copper sulfate pentahydrate (CuSO,-5H,0, AR) and hydrogen
peroxide (H,O,, 30%, AR) were purchased from Sinopharm
Chemical Reagent Co., Ltd. t-ascorbic acid (1-AA, C¢HgOg, 99%)
was purchased from Shanghai McLean Biochemistry Science &
Technology Co., Ltd and cetyltrimethylammonium bromide
(CTAB, 99%) was purchased from Beijing InnoChem Science &
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Technology Co., Ltd. All chemicals used in the experiment were
used as received and were not further purified. The deionized
water used in the experiment was prepared by an ultrapure
water machine, with a resistivity greater than 18.2 MQ cm.

Preparation of copper oxalate

In a typical synthesis procedure, three aqueous solutions were
first prepared at room temperature: 40 mM CuSO, (a); 110 mM
1-AA (b); and 5.5 mM CTAB (c). In a water bath at 25 °C, 50 ml of
solution (a) was poured into 50 ml of solution (b) to form
a mixed solution and stirred for 5 min, and then 1 ml of 30%
mass concentration H,O, solution and 20 ml of solution (c)
were added into the mixed solution at the same time and stirred
for a certain period of time, and the stirring speed was kept at
10 rpm throughout the whole process. After stirring, the
mixture was taken out and aged for 30 min, and an appropriate
amount of deionized water was washed several times by soni-
cation and centrifugation, and the product was dispersed in
deionized water for subsequent characterization. In the exper-
iments where CTAB was not added, an equal amount of
deionized water was used instead of CTAB solution.

Characterization

Copper oxalate particles of different morphologies and sizes
were characterized by cold field emission scanning electron
microscopy (Hitachi SU8010), and the powder samples were
sputtered with gold prior to testing. Transmission electron
microscopy analysis of the samples was carried out using
a Japanese JEOL JEM-2100Plus microscope with an operating
voltage of 200 kV. Crystal structure and phase identification of
the samples were carried out using an XRD system (Rigaku X-ray
Diffractometer SmartLab TM 9 kW) under a Cu target and Ko
radiation (A = 1.54056 A), with a scanning range (26) of 10-80°
with a step size of 0.02°. The samples were thermally analysed
using a NETZSCH STA-409PC in an argon atmosphere with
a temperature increase rate of 10 °C min '. The surface
chemical state of the samples was characterized by an XPS
system (Thermo Fisher K-Alpha). The structure and surface
chemistry of the samples were analysed by infrared spectros-
copy (NICOLET-iS50FT-IR) and Raman spectroscopy (Horiba
LabRAM HR Evolution, laser wavelength 514.5 nm). Oxalic acid
quantification via ascorbic acid oxidized by H,O, was per-
formed using a U3000 high performance liquid chromatograph
(Thermo Fisher). The zeta potential of the samples was deter-
mined using a Malvern Zetasizer Nano ZS90.

Results and discussion

According to published studies, for copper oxalate crystals
prepared without additives during the reaction process, they
often show a typical mat morphology (Fig. 1a).'>*>**?% Of the six
faces exposed by the crystals, two relatively rough and raised
faces are defined as the o face, perpendicular to the [001]
direction; four relatively smooth and flat faces were defined as
the ¢ face, perpendicular to the [110] and [110] directions.**** In
this work, most of the copper oxalate crystals in the reaction

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Typical SEM morphology of copper oxalate crystals obtained
based upon the conventional synthesis method; (b) SEM image of
copper oxalate crystals prepared using L-ascorbic acid acting as
a source of oxalate ligand without the addition of CTAB; (c) histogram
of lateral dimensions of copper oxalate crystals in (b).

mixture without the addition of CTAB were square-like parti-
cles, and a small portion maintained the typical mat-like
morphology of copper oxalate, but both of them had a distinc-
tive pit on the face (Fig. 1b). Performing a careful observation, it
can be found that these pits are always positioned in the central
region of the raised surface of the copper oxalate nano-
structures, which may be due to the smaller size of the nano-
crystals located in the central part of the polycrystalline
particles. The solubility increases exponentially as the crystal
size decreases. When the synthesized copper oxalate particles
are exposed to the H,0, solution environment, the raised
surface centres with higher solubility will be etched first,
resulting in the formation of surface pit structures.' Fig. 1c
shows the statistical distribution of the lateral dimensions of
the 200 exposed surfaces in the scanning electron microscopy
image of the sample in Fig. 1b, showing that the average
diameter of the sample is ~2.0 um.

When CTAB was added to the reaction mixture, the
morphology of the copper oxalate samples changed dramati-
cally, and even very dilute concentrations of CTAB had
a considerable effect. For example, when adding a low
concentration of CTAB of 0.1 g L™ ", the copper oxalate samples
have been transformed from three-dimensional square-like
particles to two-dimensional lenticular particles, and the pits
present in the centre of the particles have been transformed to
shallow pits, and even in the centre of some of the samples, only
a rough and loose surface can be observed (Fig. 2a). This
transformation indicates that in the presence of CTAB, the
native nanocrystals along the a~a direction is inhibited and the
growth process is preferentially assembled along the ¢-¢ facets.
This behaviour results in a-a radial expansion of the face area,
while the e-face area decreases.”® However, it may be due to the
fact that the content of CTAB is too low at this time, which leads
to the inhibition degree difference of the particle a—a direction
growth, some particles a faces thus had more defects. When the

Fig. 2 SEM images of copper oxalate crystals with different CTAB
additions: (a) CTAB=0.1gL; (b)) CTAB=1gL; (c) CTAB=5g L%
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CTAB concentration was further increased up to 1 g L, the
particle morphology was clearer, and the o face extension
process ended with the e-face being confined to the edge of the
material particles, and copper oxalate particles with a two-
dimensional morphology were obtained (Fig. 2b), and o-
a face defects disappeared and particle became thinner and
wider. And when the CTAB concentration came to 5 g L™, the
a face of copper oxalate particles became smoother, and the
radial average diameter of the particles further increased to
about 4 pm, but the corresponding morphology was damaged,
and some of the particles of the o face became smoother, and
some of the particles a-a direction appeared right angles, some
particles formed rectangular slices, and the dispersion of the
particles became worse. The above results indicate that the
addition of CTAB during the reaction process significantly
affected the morphology and size of the copper oxalate prod-
ucts, and to a certain extent was able to inhibit the centre
dissolution on the surface of copper oxalate crystals.

The powder samples without CTAB addition and with CTAB
addition of 1 g L™ " were then analysed by XRD and the results
are shown in Fig. 3a. Both samples had orthorhombic crystal
structures with Pmnn space groups and the measured cell
parameters were @ = 5.403 A, b = 5.571 A and ¢ = 2.546 A, which
were in agreement with the literature values of copper oxalate
crystals (JCPDS: 21-0297).>° Since the copper oxalate hydrates
synthesized by different methods contain different water
contents, the sample d-spacing and peak intensities will deviate
slightly from the standard card as the scanning angle
increases.”” The average grain size of the samples was estimated
from the half-height width of the (110) peak using Scherrer's
equation, with values of 48 nm and 40 nm, respectively. The
crystal size is very small compared to the micrometeor-sized
particles obtained, indicating that all the samples are poly-
crystalline. This is in agreement with the results of a previous
study.” In addition, the grain sizes of the precipitated phases
with and without additives were very similar, indicating that
CTAB had no effect on the grain size, but the morphology
changed significantly.** Also, the yields of both precipitated
powders were about 80-85% of the theoretical predictions,
indicating that the presence and absence of CTAB had no effect
on the size and number of crystals, and that CTAB did not affect
the nucleation and growth of crystals, but rather the self-
assembly and aggregation processes. Further XRD tests were
performed on samples at 5 min intervals during copper oxalate
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Fig. 3 (a) XRD pattern of copper oxalate crystals. (b) TG curves of

copper oxalate crystals.
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synthesis (without added CTAB) as shown in Fig. S1.7 During
the first 10 min, the intensity of the diffraction peaks of copper
oxalate crystals gradually increased with time, indicating that
the nucleation, growth, and assembly processes of copper
oxalate crystals mainly occurred at this stage. In the second
20 min of the reaction, the intensity of the diffraction peaks of
copper oxalate crystals did not change much, which mainly
involved some minor changes in the morphology of copper
oxalate crystals. The amount of water of crystallization in the
copper oxalate particles was estimated by TG measurements
(Fig. 3b). The TG results showed that the total weight loss of
copper oxalate and CTAB were 58.86% and 61.14%, respectively,
corresponding to x-values of 0.197 and 0.704, respectively.">'®
The morphology and microstructure of the samples with
CTAB addition of 1 g L™ were further characterized by TEM.
The copper oxalate particles showed a small gradual increase in
thickness from the edge to the centre, displaying a typical two-
dimensional morphology (Fig. 4a). Fig. 4b shows the electron
diffraction pattern of the red-marked portion of the a-plot. The
diffraction rings indicate a random orientation between the
crystals. The calibration of the diffraction rings indicates that
the direction of electron beam incidence is in the [001] direction
and the surface perpendicular to the electron beam is the (001)
face, confirming that the two-dimensional copper oxalate
particles are exposed on the o face. A further TEM image
captures the randomly arranged primary nanocrystals at the
edges of the copper oxalate particles (Fig. 4c). The random
lattice striations of neighboring subcrystals in Fig. 4d indicate
that the subcrystals are randomly attached. These results
invariably indicate a random self-assembly process occurring at
the edges of copper oxalate, which is slightly different from
previous studies. In addition, such polycrystalline particles
assembled by subcrystalline random attachment contain more
defects than those assembled by subcrystalline directional

Fig.4 Typical TEM morphology of (a) copper oxalate crystals at CTAB
addition of 1 g L™%; (b) selected electron diffraction pattern of the red-
marked part in (a); (c) localized TEM image of copper oxalate crystals;
(d) HRTEM image of the red-marked part in (c).
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attachment. Therefore, when the amount of CTAB is not enough
to completely coat the o face of copper oxalate (CTAB = 0.1 g
L"), the uncoated edges will be more easily etched by H,0, in
the solution system, resulting in the formation of defects as
shown in Fig. 2a.

In order to understand the effect of CTAB on the functional
groups and chemical bonds in the structure of copper oxalate,
FTIR analysis of copper oxalate powder without CTAB and with
CTAB addition of 1 g L™" was performed and the results are
shown in Fig. 5a. The characteristic peak at 3582 cm™" of the
sample was attributed to the stretching vibration of the -OH
bond,** which was significantly broadened after the addition of
CTAB, probably due to the increase in the water content of the
copper oxalate particles prepared in the presence of CTAB, and
the hydroxyl group binding effect formed the broad peak. The
characteristic peak near 2970 cm ' was attributed to the
stretching vibration of the C-H bond,*” and the broad peaks at
1360 cm ™', 1317 cm™ ', 819 cm™ ' and 485 cm ™' correspond to
the asymmetric stretching vibration of the C-O bond,
symmetric stretching vibration of the C-O bond, bending
vibration of the O-C=0 bond and stretching vibration of the
Cu-O bond, respectively.****> The strong band appearing near
1610 cm ' is attributed to the characteristic absorption of the
asymmetric stretching vibration of the C=0 bond of CuC,0,
particles,* and the relative intensity of this characteristic peak
is significantly reduced by the addition of CTAB. The main
vibrational modes of pure CTAB (2916 and 2848 cm™ ') are not
visible in the figure. This feature suggests that either no additive
was present in the copper oxalate additive samples due to the
post-synthesis washing step, or the amount of additive was too
low to be observed here. For this reason, another Raman anal-
ysis was performed on the same sample as shown in Fig. 5b. The
characteristic peak at 210 cm ' is attributed to the lattice
vibration of copper oxalate, the characteristic peaks near
560 cm™ " are attributed to the stretching of Cu-O and C-C
bonds, the characteristic peaks at 832 and 923 cm ™' are
attributed to the stretching and deformation vibration of the
C=O0 bond, and the characteristic peaks at 1488 cm " and
1516 cm ™' correspond to the symmetric and antisymmetric
stretching vibrations of C-O bonds, respectively.>*** The addi-
tion of CTAB did not significantly change the vibrational
properties of copper oxalate, which suggests that the additive
only alters the self-assembly of copper oxalate nanocrystals
without altering its internal structure. However, it is interesting
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Fig. 5 (a) Infrared spectrum of copper oxalate crystals; (b) Raman
spectrum of copper oxalate crystals.
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to note that the bands observed at 1488 and 1516 cm
belonging to the C-O stretching vibrations are closer to those of
natural copper oxalate (1489 and 1514 cm ™', respectively).??

The chemical state of the surface of copper oxalate crystals
was further investigated using XPS (Fig. 6). For the sample with
a CTAB addition of 1 g L™, only three elements, C, O and Cu,
were detected on the sample surface, and the element N, which
belongs to CTAB alone, was not detected, which once again
indicated that the added CTAB had been removed during the
washing process (Fig. 6a). The C 1s spectrum of copper oxalate
showed a typical bimodal structure (Fig. 6b). In the fitting of the
C 1s spectra, the peak with the lowest binding energy (BE) was
attributed to the C-C bond of the non-fixed carbon and served
as a reference for the BE charge correction of the other peaks
(set to 284.8 eV). The peak at 286.3 eV is attributed to a C-O
bond, which simultaneously indicates that copper oxalate is
contaminated with organic matter.>* The peak with the highest
intensity at 289.2 eV corresponds to C,0,”” in the coordination
polymer. The O 1s spectral line of copper oxalate can be back-
convoluted into three peaks (Fig. 6¢). The largest spectral
peak located at 532.6 eV corresponds to C,0,>7, a small peak at
531.3 eV indicates the presence of Cu-O bonds, and another
small peak at 533.9 eV is often corresponded to adsorbed
water.*® On the high BE side of the Cu 2p main line, the two
spectral peaks located at 945.28 and 941.7 eV are satellite peaks
of Cu**, which is typical of high-spin Me* compounds [27].
Whereas, the spectral peaks located at 935.90 eV and 955.06 eV
correspond to Cu 2ps, and Cu 2p,,, respectively [50], which
indicates that the valence state of Cu is +2 (Fig. 6d).>**®

In order to confirm that oxalic acid comes from the oxidative
decomposition of 1-AA and there is no Cu®" involved in the
process,®” we tested the oxidized r-AA solution by H,O, using
high performance liquid chromatography (HPLC). The elution
profiles of different concentrations of oxalic acid standards
using Acclaim Organic Acid LC liquid column and HPLC are
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shown in Fig. 7. Under the method of this experiment (see ESI
S8t for details), the elution time of standard oxalic acid was
within 3.6-3.7 min. The linear regression equation of the
standard curve was y = 0.1491x with a correlation coefficient (R)
value of 0.9991. According to Coelho et al., the R value of the
calibration curve must be greater than 0.99,* which verifies that
the linearity of the response to the external standard obtained
in this study is sufficient for the intended purpose. Plot of the
sample in Fig. 7 shows the chromatogram of the experimental
sample after 50-fold dilution. Oxalic acid was identified at
a retention time of 3.87 min, which was confirmed by
comparison with the peak of the oxalic acid standard.***

The anisotropy of the copper oxalate crystal structure in the
presence of CTAB is one of the key factors affecting the self-
assembly of the crystals. The copper oxalate crystals are ortho-
rhombic structures formed by the band stacking of Cu(C,0,)
Cu(C,0,4), which is characterized by the fact that the four oxygen
atoms on the same band are simultaneously coordinated to the
centrally located copper ions, and the two oxygen atoms on the
upper and lower bands are also coordinated to the copper ions.
In addition, the band axes of the copper oxalate crystals are
aligned with the [001] direction."” From the structure of copper
oxalate, it can be predicted that of the two types of crystal
surfaces induced by copper oxalate singlets, the termination
groups on the « face are likely to be oxalate groups from the
charged complex ([CuC,0,4]*7), and thus the o face has more
polar termini and a higher interfacial energy. The ¢ face, on the
other hand, does not contain free O—-C=C-O bonds and is less
polar due to the small electronegativity difference between C
and O."*** The ¢ face has more polar ends and a higher inter-
facial energy. In the absence of CTAB addition, the prepared
copper oxalate particles showed a square-like shape. The
particles got more growth in the a-a direction compared to the
typical mat-like morphology. The extremely negative zeta
potential (—38 eV) of the sample at this point coincides with this
analysis (Fig. S7af). We conclude that copper oxalate
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Fig. 7 Elution profile of oxalic acid standard on Acclaim Organic Acid
LC liquid phase column and elution profile of L-ascorbic acid oxidation
product on Acclaim Organic Acid LC liquid phase column.
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Fig. 8 Schematic diagram of copper oxalate precipitation. Effect of
CTAB on the assembly process of copper oxalate nanocrystals.

nanocrystals tend to assemble in the a-face without the addition
of CTAB. This reduces the interfacial energy of the system to
minimize the total energy of the system. When the cationic
surfactant CTAB was added, the zeta potential of the copper
oxalate samples was observed to decrease to —16.1 mV
(Fig. S7bt). And the TEM results indicated that the surface of
copper oxalate was dominated by the a-face at this time
(Fig. 4b). This indicates that after the addition of CTAB, during
the assembly of copper oxalate nanocrystals, the polar head
group (ammonium ion) of the CTAB molecule interacts with the
oxalic acid groups on the o face of the copper oxalate particles,
inhibiting the growth of the nanocrystals along the a—o direc-
tion, which makes the growth in the e-¢ direction the most
energetically favourable pathway, resulting in the formation of
two-dimensional cake-like copper oxalate particles (Fig. 8).

Conclusions

The rapid green synthesis of square-like copper oxalate particles
in liquid phase at room temperature and pressure using
ascorbic acid as a source of oxalic acid ligand was investigated.
When cetyltrimethylammonium bromide (CTAB) was used as
an additive, the copper oxalate particles showed morphological
changes from three-dimensional square-like to two-
dimensional disk-like. The test results showed that Cu®* did
not participate in the oxidative decomposition of ascorbic acid,
but directly precipitated with oxalate ions generated by oxida-
tion to form copper oxalate nanocrystals, and during the
subsequent self-assembly process, CTAB inhibited the self-
assembly of the crystals along the [001] direction by interact-
ing with the crystal surfaces, resulting in a high degree of
control over the morphology of the copper oxalate particles.
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