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Tetrabutylammonium hydroxide/water mixtures are efficient reaction media for the fabrication of nanoscale metal
oxides and hydroxides. Uniform CuO nanoplates, among others, can be grown on a large scale. This work shows
that after 30 s at temperatures above 40 °C, CuO formation is already essentially complete. X-ray diffraction and
transmission electron microscopy (TEM) show that the resulting plates form via a two-step process, where Cu(OH)2

rods precipitate first. These rods aggregate and fuse into plates with a width/height ratio of about 1.9. High-
resolution TEM and electron diffraction show that the plates are single crystals and exhibit only some defects,
which most likely originate from the assembly and fusion of the primary rods.

Introduction

Metal oxides and hydroxides have found numerous ap-
plications in the catalysis, data storage, energy technology,
and coatings fields, to name a few examples.1,2 Over the
last few decades, metal oxide nanoparticles have therefore
been one of the key areas of inorganic materials research.
Despite the extensive experience in inorganic nanoparticle
synthesis, new synthetic protocols for advanced inorganic
nanoparticles are still being developed.3-7 Also, the under-
standing of the processes by which crystals grow has been
deepened by recent research on nanoparticles.8-13

For example, Banfield and colleagues have put forward
the concept of oriented attachment.9 In this concept, larger
crystalline entities form by the attachment and fusion of
nanoparticles. During this process, the crystallographic
correlation among the individual building blocks is main-
tained, and the resulting larger structure is a crystallographi-
cally highly correlated material.

Cölfen and colleagues have put forward the concept of
mesocrystals.10,11 Mesocrystals have a defined morphology
and a single-crystal-like appearance. Unlike single crystals,
mesocrystals form via the assembly of nanometer-sized
(anisotropic) primary particles.10-20 Mesocrystal formation
and growth have been attributed to oriented aggregation of
individual, small particles such that the resulting larger
crystals have an overall single-crystal-like orientation.13,14
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Alternatively, the formation and growth have been attributed
to intrinsic electric fields, which control the orientation of
the individual primary building blocks.21,22

Typically, aqueous and organic solvents have been used
for inorganic nanoparticle synthesis.4,23 More recently, ionic
liquids (ILs) have also been used successfully for the
synthesis of inorganic materials and surfaces.24-29 In some
cases, ILs lead to materials that are not accessible via other
methods,26,29-35 and in a few cases, ILs have been shown
to be solvents for metal oxides.36 For example, condensation
reactions in ILs provide easy access to hollow TiO2 spheres,32

and ionothermal synthesis leads to well-defined metal phos-
phates.29,33,37-40 ILs also enable the controlled, low-tem-
perature synthesis of anatase and rutile,34 ceria and silica
with well-defined pores,24,41,42 and different phases of
alumina.43 Therefore, ILs are an interesting alternative for
the fabrication of inorganic nanostructures. As a result,
inorganic synthesis in ILs, including mixtures of ILs with
other solvents like water or toluene, has been studied
intensely over the last few years.24,25,28,29,37,44

Originally, ILs were used as solvents and solvent/
templates. We have recently put forward the concept of using
ionic liquid crystal precursors (ILCPs)45-48 for the synthesis
of inorganic materials, and Zhu et al. have more recently
reported on using the first ionic liquid precursor (ILP) for

the synthesis of inorganic particles.49 Other research groups
have modified these approaches to fabricate inorganics with
well-defined properties.50-52

Zhu et al. have shown that tetramethylammonium hydrox-
ide is an ILP for the ionothermal synthesis of well-defined
ZnO microparticles.49 We have extended this approach and
have shown that mixtures of water and the IL tetrabutylam-
monium hydroxide (TBAH), which is the butyl analog of
the compound used by Zhu et al., are effective reaction media
for the synthesis of metal oxide particles with different
architectures. Among others, TBAH is an ILP for the
controlled fabrication of unique, hollow zinc oxide mesoc-
rystals and for ZnO-carbohydrate hybrid materials.53,54

This work shows that after 30 s at temperatures above 40
°C, CuO formation in TBAH is already essentially complete.
X-ray diffraction (XRD) and transmission electron micros-
copy (TEM) show that the resulting plates form via a two-
step process, where Cu(OH)2 rods precipitate first. These rods
aggregate and fuse into plates with a width/height ratio of
about 1.9. High-resolution TEM and electron diffraction
show that the plates are single crystals and exhibit only some
defects, which most likely originate from the assembly and
fusion of the primary rods.

Experimental Section

Mineralization. In a typical synthesis, 0.083 g of copper acetate
(98%, Aldrich) was dissolved in 2 mL of water. The mixture was
briefly sonicated at room temperature, yielding a concentration of
0.2280 mmol/mL. Ten grams of tetrabutylammonium hydroxide
[TBAH, N(C4H9)4OH ·30H2O, Fluka, mp 26-28 °C] was heated
in a 25 mL round-bottomed flask with a reflux condenser to the
desired reaction temperature. The aqueous copper acetate solution
was injected rapidly into the liquid TBAH. After a few seconds,
the solution turned brown and remained so until the end of the
reaction. The reaction was terminated by rapidly cooling the reaction
flask in an ice bath, followed by centrifugation at 4000 rpm for 10
min. The samples were washed twice with water, washed once with
ethanol, and dried at 90 °C.

Characterization. XRD was done on a Nonius PDS 120 with
Cu KR radiation and a position sensitive detector and on a Nonius
D8 with Cu KR radiation. For electron microscopy, samples were
dispersed in ethanol, sonicated, and deposited on carbon-coated
copper grids. TEM was done on a Zeiss 912 Omega operated at
120 kV. TEM tilt experiments and high-resolution TEM (HRTEM)
were done on an FEI Tecnai F20 with a single-tilt holder operated
at 200 kV. Image analysis and determination of particle volumes
and particle numbers were done using OriginLab Origin 6.1 as
described previously.55 Simulation of electron diffraction patterns
was done with EMS Online56 using the experimental TEM
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parameters (200 kV, different camera lengths) as inputs. Atomic
force microscopy (AFM) was done at ambient conditions on a
Veeco NanoScope IIIa in tapping mode with silicon nitride tips
(Nano World, T ) 4.6 µm, L ) 160 µm, force constant ) 42 N/m,
resonance frequency ) 285 kHz). Samples were deposited onto
mica, and particle heights were determined from the height images.
Thermogravimetric analysis (TGA) and differential thermal analysis
(DTA) measurements were done in a stationary air atmosphere (no
purge) from 30 to 800 °C using a Linseis L81 thermal analyzer
working in vertical mode. The heating rate was 5-10 °C/min, and
Al2O3 was used as the reference material.

Results and Discussion

TGA shows that the samples contain less than 3% organic
material, which decomposes upon heating (data not shown).
Therefore, the majority of the material is inorganic precipitate.

Figure 1 shows powder XRD patterns of several samples
isolated after various reaction times and from different
reaction temperatures. The patterns of all samples obtained
at 60, 80, and 100 °C can be assigned to single-phase CuO
(tenorite, ICDD 00-045-0937). The samples synthesized at
40 °C are pure CuO after reaction times of 1 min or more.
XRD of samples isolated after 30 s at 40 °C typically shows
a pattern indicative of Cu(OH)2 (spertiniite, ICDD 00-35-
0505). CuO reflections are observed here occasionally. This
indicates the formation of the CuO proceeds via a Cu(OH)2

intermediate, which can be observed directly only at 40 °C
and after 30 s of reaction time.

The efficiency of the Cu(OH)2-to-CuO transformation is
indicated further by the short induction times and the color
of the reaction mixture. At 100 °C, the reaction mixture turns
dark brown immediately after injection of the copper acetate
solution. The brown color is indicative of the presence of
CuO. At 80 °C, the induction period is about 3 s, at 60 °C
about 10 s, and at 40 °C between 30 and 50 s. However,
only at 40 °C is a blue precipitate, which is indicative of
Cu(OH)2, observed first after 30-50 s, before it turns brown
after another few seconds.

Figure 2 shows TEM data of samples isolated from
different reactions. At 40 °C and 30 s of reaction time, long
bundles of rodlike crystals form. All other samples, with
longer reaction times and higher temperatures, have platelike
morphologies. Higher-magnification images of the latter

samples show that the plates seem to be composed of
multiple rods, which are aligned in parallel. This suggests

Figure 1. Representative XRD patterns of samples. The top two patterns
can be assigned to tenorite (CuO, ICDD 00-045-0937). The lower pattern
can be assigned to spertiniite [Cu(OH)2, ICDD 00-35-0505].

Figure 2. TEM images of (a) a sample isolated after 30 s from a solution
at 40 °C and (b) a sample obtained after 5 min at 100 °C and (c) a high-
magnification image of a particle obtained after 5 min at 100 °C. Crystals
in panel b are representative of all samples obtained at 40 °C with more
than 30 s of reaction time and samples obtained at higher temperatures.
Arrows in panel c point to gaps or holes between the rodlike, primary
particles. Insets in panel c show simulated (top) and experimental selected
area electron diffraction (SAED) (bottom) patterns of a CuO particle. SAED
patterns were obtained from several isolated particles and not from the region
shown.
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these particles form by aggregation of primary rods, similar
to those shown in Figure 2a. In some cases, gaps or holes
between the rods can be observed. The gaps are interpreted
as regions where the initial rods did not fill all available space
either because of a slight misalignment or because one of
the primary rods had a dent or step in the side face.

Besides the presence of the rodlike features, the tip shapes
of the crystals also support the model of aggregating rods.
Many tips do not have shapes that can be assigned to one
single crystal; rather, the tips appear to be the ends of the
respective original rods that have grown together to form
the final crystal. As a result, TEM and XRD suggest that
Cu(OH)2 precipitates initially, although this first stage can
be observed only at 40 °C. The Cu(OH)2 rods then quickly
fuse to form platy structures, via a side-by-side attachment
of the primary rods.

Presently, it is difficult to determine whether the plates
form only by rod-to-rod attachment or if additional growth
processes take place. This is mostly because the length and
width distributions of both rods and plates are broad, and a
statistical analysis is difficult. However, TEM suggests most
of the plate formation is due to aggregation of the rods
because no major growth in either the length of the rods or
the length of the plates is observed.

SAED shows that the particles are single crystals because
sharp spots are observed. The SAED patterns can be assigned
to the [100] zone axis, which show the long axis of the CuO
particles is the c-axis. All reflections predicted by the
simulation were observed, although some of them were weak.

Figure 3 shows the corresponding HRTEM data of a
sample obtained after 5 min from a 100 °C solution. HRTEM
shows that the individual rods are single-crystalline particles
because the lattice fringes extend throughout the whole
particle. The lattice spacings of d ) 2.80 and 2.30 Å can be
assigned to the j110 and 200 planes (ICDD 00-045-0937),
indicating the long crystal axis is the c-axis.

Therefore, HRTEM confirms SAED because it also shows
that the c-axis is the long particle axis and the individual
particles are single crystals. HRTEM also shows that, while
the overall correlation of the individual, primary rods is high,
there are defects such as edge dislocations. Furthermore, there
are regions where no fringes are observed. These regions
could be defects, but this issue could not be resolved. Overall,
HRTEM is consistent with many other publications showing
solution-grown particles can have a high order but are usually
not free of defects.

Finally, HRTEM shows that the crystallographic correla-
tion between the aggregated rods is high; in many cases,
the lattice fringes of neighboring rods are in perfect register,
suggesting that during aggregation there is a crystallographic
correlation among the individual rods. This supports the TEM
data that suggest the platelike particles shown in Figure 2
form via aggregation of individual rods. An oriented ag-
gregation process also would be consistent with earlier data
on TiO2.9 FFTs support these findings with clear spot patterns
where almost identical orientations are found.

An aggregation-based growth is supported further by the
crystal structures of Cu(OH)2 and CuO. The long axis of

Cu(OH)2 is the crystallographic b-axis, but in CuO the long
axis is the c-axis.57,58 In both crystal structures, Cu and O
or OH, respectively, are arranged in alternating layers, which
are perpendicular to the long b- or c-axis. As a result,
Cu(OH)2 rods can assemble first into aggregates of parallel
rods. In these aggregated rods, copper and hydroxide form
alternating layers perpendicular to the long particle axis. The
transformation to CuO then occurs via condensation. How-
ever, during the dehydration process, the Cu and remaining
O atoms do stay in register. Therefore, the resulting CuO
particles have the copper and oxygen layers still perpen-
dicular to the long crystal axis. As a final consequence, the
order of the CuO particles is not disrupted by the fusion and
condensation of the Cu(OH)2 rods because the Cu and O
layers continue across the boundaries of the individual rods,
and the resulting particles are single crystals. Scheme 1
illustrates the model.

In order to determine if the platelike crystals are real plates,
TEM tilt experiments were performed. Figure 4 clearly shows
the assignment of a platelike morphology is too simple
because in tilt experiments ranging from +50 to -50°,

(57) Wyckoff, R. W. G. Crystal Structures, 2nd ed.; Interscience Publishers:
New York, 1963; Vol. 1, p 85.

(58) Oswald, H. R.; Reller, A.; Schmalle, H. W.; Dubler, E. Acta
Crystallogr., Sect. C 1990, 46, 2279.

(59) Barthelmy, D. Mineralogy Database. http://webmineral.com/.

Figure 3. HRTEM images of CuO nanoparticles obtained after 5 min at
100 °C: (a) two aggregated rods, (b) three aggregated rods. Double-headed
arrows indicate the widths of individual nanorods. Circles highlight areas
where the lattice fringes continue uninterrupted across neighboring rods.
The large circle in panel b highlights a region where the lattice fringes
extend from the first rod to the third rod without interruption. Squares
highlight regions where the fast Fourier transforms (FFTs) shown below in
A-D were taken.
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thickness variations could not always be observed. Rather,
the width of the particles seems to be on the same order of
magnitude as the thickness.

Because TEM images are a two-dimensional (2D) repre-
sentation of a three-dimensional (3D) structure, one would
expect to see a maximum area (top view) and a minimum

area (thin line, side view) for a plate. However, TEM shows
this pattern only for a few particles. Most particles are
relatively uniform as they are tilted. This suggests their
architecture is between a rod and a plate. Therefore, TEM
tilt experiments show the aggregation of the primary
Cu(OH)2 rods occurs in three dimensions and not only as
planar side-to-side attachments.

Figure 5 shows height and width data of the plates obtained
from complementary atomic force microscopy (AFM) mea-
surements. The average height is 8.3 ( 2.6 nm, and the
average width is 15.6 ( 6.2 nm. For perfect rods, height
and width should be identical and the width/height ratio (R)
should be 1. However, Figure 5 clearly shows the CuO
particles obtained here have a width/height ratio of about
1.9. Figure 5 also shows there are a few particles with R ≈
1. These particles are the smallest in the ensemble. Larger
particles are wider but not thicker than the particles with R
≈ 1. This suggests that the larger particles form by parallel
attachment of smaller rods, which ultimately leads to the

Scheme 1. Suggested Growth Model for CuO Nanoplates by Aggregation of Cu(OH)2 Nanorods and Subsequent Fusion by Dehydrationa

a During the transformation from Cu(OH)2 to CuO, the relative orientation of the Cu, OH, and O layers is conserved. Dark gray indicates Cu layers, and
light gray indicates OH or O layers. To study the crystallography of the process in more detail, the authors refer to ref 59 where rotation and visualization
operations can be conducted free of charge, and the two crystal structures can be compared.

Figure 4. TEM tilt series of a set of CuO particles. The tilt series shows
evidence for both plates and rods, although differentiation between the two
types is not always straightforward. R: rods (no change in the shape during
tilting). P: plates (transition between narrow and wide projection in the
TEM image). Scale bar is 50 nm.

Figure 5. (a) AFM height image of a CuO particle on mica. (b) Plot of
width versus height of some particles determined from AFM. The black
line indicates a width/height ratio of one for perfect rods with equal width
and height.
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somewhat larger particles observed after 5 min of reaction.
These data are consistent with the TEM and HRTEM data,
where we also found evidence for rod aggregation.

In summary, XRD and TEM suggest that Cu(OH)2 rods
precipitate initially. These rapidly aggregate and form well-
defined CuO particles that are somewhat larger than the initial
Cu(OH)2 rods. HRTEM and SAED confirm the high crystal-
lographic correlation, even across the boundaries of the
individual primary rods. TEM tilt experiments and AFM
show that the particles are only partly plates, and the average
width/height ratio is about 1.9.

For a more detailed understanding of the particle growth,
we have performed time-resolved experiments. Figure 6
shows the size evolution of some samples obtained under
different conditions. Plots of length versus width of the same
particle show that the particle size increases from 30 s to 1
min of reaction time. Thereafter, no further growth of the
length or width is observed. Even with long reaction times
of up to 300 min, the size does not change further. Figure 6
also shows that the aspect ratio is identical throughout the
reaction. As a result, Figure 6 demonstrates that the particle
formation process is terminated already after 1 to 2 min, even
if the reaction is conducted at only 40 °C. This shows that
the nucleation of Cu(OH)2 is a highly efficient process
followed by rapid particle growth.

From the particle sizes and the yields of the respective
reactions, particle numbers can be estimated.55 Figure 7
shows that after 30 s of reaction time, the yield has already
reached the level of longer reaction times by about 80%.
Figure 7 also shows that reactions conducted at 40 °C

consistently have the lowest yields, although the yields are
in the same range at all of the reaction temperatures, but
slightly higher yields are obtained at higher reaction
temperatures.

Table 1 shows the estimated particle numbers. Although
they appear to be somewhat different, such data must be
treated carefully. The estimation of particle numbers has
some limitations mainly because of the particle-size distribu-
tions, which are difficult to determine exactly. As a result,

Figure 6. (a, b) Particle length versus width for samples grown at 100 °C for different reaction times showing the reaction time does not significantly affect
the particle sizes. (c) Mean length and mean width of the same samples. (d) Mean aspect ratio of the same samples. For the 30 s reaction time, the dimensions
refer to the individual nanorods; for all other reaction times, the dimensions refer to the aggregated plates.

Figure 7. Yields of CuO formation versus reaction times for different
reaction temperatures.

Table 1. Particle Numbers Calculated from Yield and Average Sizes

temperature
(°C) particle number after 30 s particle number after 5 min

40 1.4 × 1015 5.9 × 1014

60 3.2 × 1014 3.5 × 1014

80 4.1 × 1014 4.0 × 1014

100 7.8 × 1014 8.0 × 1014

CuO Particles from Ionic Liquid/Water Mixtures
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the data in Table 1 should be compared only by their order
of magnitude, which is the same for all samples.

The only exception is the particle number obtained for
the samples grown at 40 °C and 30 s. Here, the particle
number is about 2.3 times larger than the particle number
after 5 min. As this is the only case where we have observed
smaller rods (Figure 2), and it is also the only case where
Cu(OH)2 has been observed directly (Figure 1), Table 1
further supports our aggregation-based growth model. Fur-
thermore, Table 1 allows for the estimation of an average
aggregation number, which is the average number of rods
that form one plate. The average rod-per-plate number is
2.33, which is reasonably close to the numbers observed in
the TEM images (Figure 2). We suspect that a small number
of primary rods per final plate occurs because of the rapid
dehydration of the Cu(OH)2 rods to CuO, which would
prevent further growth of the plate by the proposed conden-
sation mechanism.

Summary and Conclusion

This work shows that after 30 s at temperatures above 40
°C, CuO formation in TBAH/water mixtures is already
essentially complete. At 40 °C, the reaction is somewhat
slower, but the final particle size, shape, and crystal phase
are observed after 1 min. XRD and TEM show that the
resulting plates form via a two-step process, where Cu(OH)2

rods precipitate first. The rods aggregate and fuse into
particles with a width/height ratio of about 1.9 and an average
number of 2.33 rods per plate. HRTEM and electron
diffraction show that the plates are single crystals and exhibit
only some defects, which most likely originate from the
assembly and fusion of the primary rods. The aggregation
model is supported by the crystal structure of Cu(OH)2 and
CuO.57,58 Both minerals have a layered structure, where Cu,
O, and OH layers alternate. In both cases, the atomic layers
are perpendicular to the long crystallographic axis. This
favors the formation of the final particles because no defects
or reorientation problems must be overcome during water
elimination. In conclusion, this work demonstrates the growth
of a seemingly simple material like CuO nanoplates can
proceed via more complex pathways. Therefore, further study
of mineralization in ILs and IL/water mixtures will be
interesting.
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