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We report a simple, solution-based technique for coating arbitrary surfaces with thin layers of self-assembled copper tetradecanoate
(CTD) nanostrips, resulting in an optically transparent, superhydrophobic coating. The nanostrip-coated surfaces show water
contact angles close to 150∘ and roll-off angles as small as 2∘-3∘. Importantly, CTD retains its hydrophobic nature even after annealing
the self-assembled nanostrips at 200∘C,which does not alter the crystal structure but “melts” the surfacemicrostructure.This clearly
indicates that the hydrophobicity inCTD is likely to be intrinsic in nature andnot induced by the surfacemicrostructure (as has been
suggested earlier). Strong hydrophobicity in CTD over a relatively wide temperature range presumably results from the presence of
the long aliphatic (tetradecanoate) chains in its structure. Importantly, the self-assembled copper tetradecanoate nanostrips can be
dip-coated on glass to render it hydrophobic and at the same time retain a significant level of transparency over the entire visible
region. Such nanostructured thin filmsmay be expected to find applications not only as a self-cleaning glass, but also as a corrosion
resistant coating, in gas storage (due to the layered structure), and as an active catalyst because of the visible absorbance.

1. Introduction

The wetting behavior of a solid surface is known to be
controlled not only by the physicochemical properties of
the material but also by the exact nature of the surface
microstructure [1], usually via the Cassie-Baxter mecha-
nism. In fact, both the contact angle and the roll-off angle
(which determines the “stickiness” of the surface) can be
independently controlled to a large extent in biomimetically
fabricated, hierarchical (2-level) micronanostructures [2–4].
We have earlier shown that even a metallic surface (which
is generally strongly hydrophilic) can be made superhy-
drophobic when it has the appropriate micronanostructure,
such as a clustered array of metallic nanorods [5, 6]. It
is clear that the study of hydrophobic surfaces, whether
natural or artificial, continues to be an active field of research

[7, 8] with direct, large-scale industrial applications as pro-
tective coatings with corrosion resistance and antiwetting
properties. Materials that are naturally hydrophobic over
a wide temperature range are particularly attractive, since
they could presumably be rendered superhydrophobic by
suitable surface structuring. In this regard, copper tetrade-
canoate (CTD) appears to be a promising material in which
superhydrophobicity has been reported relatively recently.
Wang et al. [9] reported the observation of morphology-
driven superhydrophobicity in self-assembled microflower-
like CTD structures grown on Cu substrates. Having the
structural formula Cu[CH

3
(CH
2
)
12
COO]

2
, copper carboxy-

late, more precisely termed copper tetradecanoate, has a
hybrid organic-inorganic structure that incorporates a long
alkyl chain in addition to the tetradecanoate functional
group. CTD is also known for its fungicidal activity [10],
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mediator in substituted alkyne synthesis [11], and electro-
catalyst for oxygen reduction reaction [12]. Currently there
are several different approaches [13, 14] to the preparation
of superhydrophobic materials. However, an industrially
attractive process is required to be simple, scalable, environ-
mentally compatible (using nontoxic chemicals), chemically
and thermally stable, and cost effective [15, 16]. In view
of these considerations, solution-immersion appears to be
an appropriate and attractive technique for controlling the
wettability of the solid surface. In this work, we have explored
the microstructural, thermal, and optical properties of CTD
nanostrips coated on glass. Importantly, our contact angle
(𝜃C) measurements on as-prepared and annealed samples (in
which the microstructure is smoothened out) appear to show
that copper(II) tetradecanoate is intrinsically hydrophobic
(𝜃C ≈ 140

∘ and tilt angle ≈ 2∘-3∘). Earlier reports had ascribed
the high contact angle to the surface microstructure. For
comparison, we also grew the microflower structures on
copper substrates treated with a solution of tetradecanoic
acid (TDA) and ethanol [9, 17]. Again, we found only a
small decrease in the contact angle on annealing out the
microstructure. The intrinsic hydrophobicity of CTD can be
attributed to the presence of the long hydrocarbon chain
in its molecular structure, which results in low electronic
polarizability and hence low critical surface tension. This
appears to be the first study of copper tetradecanoate in the
form of nanoplatelets (or strips), with interesting application
in making transparent self-cleaning glasses. We have used a
simple, scalable dip-coating process to produce CTD coated
glass slides that are shown to be hydrophobic and transparent
in the visible region. Using this technique, self-assembled
copper tetradecanoate nanostrips can be coated on any solid
surface to render it strongly hydrophobic. Suchmaterialsmay
find applications not only in corrosion resistant coatings, but
also as catalyst supports and battery materials.

2. Materials and Methods

We employed a modified solution-immersion protocol for
depositing nanostrips of copper(II) tetradecanoate, on glass.
Cu powder (Johnson Matthey, 99.9%) was suspended in
0.01M ethanolic tetradecanoic acid (Sigma, 99%), giving a
brown suspension that was stirred continuously for 72 h in
a sealed container at room temperature. The as-prepared
CTD was centrifuged, thoroughly washed with ethanol, and
dried at ambient temperature.The coating solution wasmade
by dispersing about 200mg CTD powder in 10mL ethanol
by ultrasonication for 2 h. The CTD films were coated on
clean, 2 cm × 2 cm soda-lime silica glass using a dip coater
(SDC 2007C, Apex Instruments), with a withdrawal speed
of 10 cm/min. The coated slides were dried overnight in air.
For comparison, microflower-structured CTDwas separately
grown on a Cu foil using the previously reported process [9].
Powder X-ray diffraction (XRD) data were recorded using
a PANalytical X’pert Pro diffractometer with CuK𝛼 radia-
tion. The microstructure of the CTD samples was studied
with a Zeiss Ultra 55 Plus field emission scanning electron
microscope (SEM) and a Carl Zeiss LIBRA 120 transmission
electron microscope (TEM). Thermogravimetric analysis

(TGA) and differential thermal analysis (DTA) were carried
out using STA 449 F1 Jupiter Simultaneous TGA-DSC.
Water contact angles were measured (using a Dataphysics
OCA15EC instrument) at 25∘C at different locations on the
sample to check for consistency.

3. Results and Discussion

Copper(II) tetradecanoate (CTD) nanostrips were success-
fully synthesized by a one-step solution-immersion process
and the thermal stability of the as-prepared nanostrips was
investigated up to 500∘C in an Argon atmosphere using TG-
DTA with a ramp rate of 10∘Cmin−1. The TGA curve in
Figure 1(a) shows negligible mass loss up to 240∘C but there
is almost 70% drop between 260∘C and 330∘C. Beyond 330∘C
the change in mass is again very small. We can assume
that CTD decomposes into the oxides of copper in this
temperature interval. In contrast, pure tetradecanoic acid
(TDA) starts to decompose by 190∘C with a 100% mass
loss (Figure 1(b)). CTD nanostrips also undergo a low-
temperature transition that is manifested in the DTA data as
a prominent endothermic dip at 120∘C but does not involve
a corresponding mass loss. These observations led us to
investigate the morphology and chemical nature of the as-
prepared CTD nanostrips as well as nanostrips heated to
200∘C, 325∘C, and 450∘C. Representative SEM (Figure 1(c))
and TEM (Figure 1(e)) images of a collection of as-deposited
CTD nanostrips indicate that their lengths are typically in
the 5–10 𝜇m range and widths typically in 200–500 nm range,
giving an overall aspect ratio between 10 and 50. The XRD
pattern (overlaid in Figure 1(c)) shows a series of well-
defined diffraction lines in the low angle region (<20∘) with
d-spacings in the ratio 1 : 1/2 : 1/3 ⋅ ⋅ ⋅ 1/𝑛 that identify them
as the (h00) lines of a perfectly layered structure such as
CTD [9] with a mean interlayer separation of 3.75 (±0.01)
nm. The SEM image (Figure 1(d)) shows that annealing at
200∘C completely destroys the basic nanostrip morphology
and gives rise to smooth, ∼50𝜇m grains. The XRD spectrum
of the 200∘C-annealed sample (overlaid) still shows lines due
to the (300), (400), and (500) planes, confirming that the
layered crystal structure of CTD remained intact, though
the high degree of orientational order (in the as-prepared
sample) is obviously lost. Also, the sample annealed at 200∘C
still appeared bright green, just as the as-prepared one.These
observations lead us to the inescapable conclusion that the
DTA transition at 120∘C represents the “melting” of the CTD
nanostrips into comparatively large-sized, fused structures,
which are clearly seen in Figure 1(d). The CTD nanostrip
sample annealed at 325∘C was found to be converted into
black, equiaxed particles of CuO, shown in Figure 1(f). Such a
transformationwas already indicated by the thermoanalytical
data and confirmed by the XRD data overlaid in Figure 1(f).
The loosely aggregated CuO nanoparticles have a Scherrer
diameter of 17 nm. Finally, on annealing the as-preparedCTD
nanostrip sample at 450∘C, we observed larger-sized (Scher-
rer diameter = 35 nm) CuO nanoparticles. The sequence of
changes that occur on annealing is summarized in Table 1.

Figure 2 shows the Fourier Transform Infrared (FTIR)
spectra in the 4000–400 cm−1 range for tetradecanoic acid
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Figure 1: Thermoanalytical data (TGA and DTA) of (a) copper tetradecanoate nanostrip powder, showing a melting transition at ≈130∘C
and decomposition above ≈270∘C, and (b) pure tetradecanoic acid. Typical (c) scanning electron micrograph and transmission electron
micrograph (e) of copper tetradecanoate nanostrips synthesized from copper powder. SEMs of copper tetradecanoate nanostrips annealed at
(d) 200∘C and (f) 325∘C.The respective X-ray diffractograms are shown overlaid for each sample.

(TDA), as-prepared CTD nanostrips, and CTD nanostrips
annealed at 200∘C (CTD-200). The IR modes of both
the as-prepared and annealed samples that were observed
at 1727 cm−1, 1448 cm−1, 1310 cm−1, and 711 cm−1 can be
attributed, respectively, to the aldehyde C=O stretching and

C–C stretching, C–O stretching of carboxylic acid or ester,
and C–H bending vibrations. There is no obvious change
in the bands representing the methylene and methyl groups
that appear in the 2000–3000 cm−1 range. In the case of n-
tetradecanoic acid, the free COOband is present at 1702 cm−1
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Table 1: Effect of annealing on the structure and composition of the as-prepared copper tetradecanoate (CTD) nanostrips.

Sample Morphology
(SEM)

Crystal structure
(XRD)

Chemical species
(FTIR)

Nature of
Sample

CTD (as prepared)
light green 2-D Nanostrips Only (h00) lines of

CTD
coordinated COO

band∗
CTD nanostrips
5𝜇m × 0.2 𝜇m

CTD-200 (annealed
200∘C), light green

Large, molten,
smooth grains

Only (h00) lines of
CTD

coordinated COO
band∗

Molten CTD,
∼50 𝜇m grains

CTD-325 (annealed 325∘C),
black

Isolated spheroidal
particles Monoclinic CuO Granular CuO

17 nm

CTD-450 (annealed
450∘C), black

Isolated, larger,
spheroidal
particles

Monoclinic CuO Granular CuO
35 nm

∗This IR band is a characteristic feature of copper tetradecanoate (CTD).
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Figure 2: FTIR spectra of tetradecanoic acid (TDA), as-synthesized
copper tetradecanoate nanostrip powder (CTD), and copper
tetradecanoate nanostrips annealed at 200∘C (CTD-200).

but this band is no longer present in the CTD nanostrips.
However, a new band appears at 1587 cm−1 that can be
assigned to the coordinated COO band. This band signals
the formation of CTD nanostrips. The FTIR spectrum of
CTD nanostrips annealed at 200∘C too showed a band near
1587 cm−1 which is characteristic of the coordinated –COO
bond in CTD.

The wettability of the CTD-covered glass slides was
investigated by measuring the contact angles for a 0.5 𝜇L
water droplet as a function of the number of dip-coating
cycles. Figure 3 shows the SEM images of the surfaces of a
series of glass slides coated with increasing thicknesses of

CTD as well as the respective optical micrographs of the
water droplets on these CTD-covered slides. We see that,
with an increase in number of coating cycles, the coverage
density of the CTD nanostrips on the glass slides becomes
greater, as expected. At the same time the water contact angle
on glass slides also increases quite markedly (see Table 2).
Almost complete coverage with a corresponding contact
angle of about 130∘ was obtained in 10 cycles. Finally, the
sample that was dip-coated for 30 cycles (G30) was fully
covered by CTD nanostrips, and this sample also exhibited
the largest contact angle (147∘ ± 2∘) as well as an extremely
low tilt-off angle (≈3∘). Since the wettability of a solid surface
depends on the surface free energy as well as the nature
of the surface microstructure, it is important to ascertain
the intrinsic wetting property of a material. We point out
that Wang et al. had earlier observed superhydrophobicity
in microflower-structured copper tetradecanoate grown on
a Cu plate [9] and ascribed this behavior straightaway
to the hierarchical surface microstructure. In the present
study, however, we observe strong hydrophobicity even in
the nanostrip covered glass slides, which do not appear to
possess any obvious hierarchical microstructure. Is copper
tetradecanoate therefore intrinsically hydrophobic?

To ensure consistencywith earlier data, we preparedCTD
in the form of the hierarchical microflowers on a copper
plate (Figure 4(a)) following the method of Wang et al. The
contact angle and the role-off angle measured for this refer-
ence sample (Figure 4(b)) were 160∘ and 2∘, respectively, in
excellent agreement with the corresponding values reported
in [9] (162∘ and 2∘). Since the nanostrips studied by us exhibit
random, somewhat irregular nanostructured surfaces, we
may infer that the microflower-like surface structure has
a relatively minor role, at best helping to increase the
contact angle from 150∘ to 160∘ owing to the Cassie-Baxter
mechanism. To understand the effect of the surface nanos-
tructure more precisely, we annealed both the microflower
structured CTD sample (MF) and CTD nanostrip covered
glass slide, which was dip-coated 30 times (G30), in an inert
atmosphere at 200∘C. As seen earlier, this process results in
complete “melting” of the surface microstructure, without
any change in composition. In both cases, after annealing,
the surfaces were seen to become almost unstructured and
much smoother than their as-prepared counterparts. We do
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Figure 3: Scanning electron micrograph of copper tetradecanoate nanostrip-covered glass slides produced by dip-coating once (G1), five
times (G5), ten times (G10), and thirty times (G30). SEMs of postannealed (200∘C) microflower-structured copper tetradecanoate (MF-
200∘C) and 30 times dip-coated nanostrips of copper tetradecanoate (G30-200∘C) are also shown. Insets show the contact angle for water
droplets on these surfaces.

not expect appreciable Cassie-Baxter enhancement in the
contact angle from such surfaces. Nevertheless, in both cases
the annealed samples retain to a large degree their strongly
hydrophobic nature, the contact angle getting reducedmerely
by 10∘ for the microflower sample and 17∘ for the nanostrip
sample (Figure 3 andTable 2).Our data therefore indicate that
CTD is inherently hydrophobic, probably due to the presence
of the long aliphatic chain in its molecular structure.

Figure 5(a) shows the optical transmittance spectra of
the CTD nanostrip-covered glass slides as a function of the
number of dip-coating cycles. All the samples are highly
transmitting in the visible range. Even after ten coating cycles
of CTD, the glass slide was found to transmit more than 85%
at 550 nm. Figure 5(b) summarizes the correlation between
the water contact angle and the transmittance of glass slide
at 550 nm with the number of dipping cycles. According to

the data available, the glass slide subjected to 15 dip-coating
cycles shows a reasonably high water contact angle of about
136∘ combined with a reasonably high transmittance of 80%
at 550 nm. Increasing the coating thickness further increases
the contact angle but at the cost of the transmittance going
down.This suggests that the CTD-covered glass slides can be
potentially used as transparent self-cleaning glasses.

4. Conclusions

Earlier studies have attributed the observed superhydropho-
bicity in copper tetradecanoate to a self-assembled, hierarchi-
cal microflower-like structure grown on copper plates. We,
however, show that even randomly oriented, unstructured
nanostrips of copper tetradecanoate are almost as strongly
hydrophobic, with a contact angle of 150∘ and roll-off angle
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Table 2: Measured values of the contact angle and roll-off angle for a water droplet on glass substrates coated with copper tetradecanoate
(CTD) in the form of randomly aligned nanostrips (samples G1 to G30) and a microflowerlike surface structure (MF). Contact angles for two
samples (G30 and MF) after annealing at 200∘C (G30-200∘C and MF-200∘C, resp.) are also shown.

Sample ID Sample description Dipping cycles Contact angle Roll-off
angle

G1 Glass slide dip-coated by CTD nanostrips 1 60.2∘ ± 3.5∘ —
G2 Glass slide dip-coated by CTD nanostrips 2 60.6∘ ± 3.7∘ —
G3 Glass slide dip-coated by CTD nanostrips 3 91.3∘ ± 4∘ —
G5 Glass slide dip-coated by CTD nanostrips 5 110.5∘ ± 3.5∘ —
G7 Glass slide dip-coated by CTD nanostrips 7 115.9 ± 3.6∘ —
G10 Glass slide dip-coated by CTD nanostrips 10 129.1∘ ± 4∘ —
G15 Glass slide dip-coated by CTD nanostrips 15 136.1∘ ± 3∘ —
G20 Glass slide dip-coated by CTD nanostrips 20 140.4∘ ± 2∘ —
G30 Glass slide dip-coated by CTD nanostrips 30 147∘ ± 2∘ ≈3∘

G30-200∘C “G30” annealed at 200∘C — 130∘ ± 4∘ —
MF CTDmicroflower on Cu plate — 160∘ ± 2∘ ≈2∘

MF-200∘C “MF” annealed at 200∘C — 150∘ ± 2∘ ≈3∘

(a) (b)
Figure 4: (a) Scanning electron micrograph of copper tetradecanoate microflowers (MF) grown on a Cu plate and (b) optical micrograph
showing the contact angle of a water droplet on the above sample.
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Figure 5: (a) Optical transmittance spectra of nanostrip covered glass slides for various dip-coating cycles (see Table 1 for details). (b)
Summary plot showing the dependence of the optical transmittance (at 550 nm) and the water contact angle on the number of dip-coating
cycles.
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as small as 3∘. We further show that, even after “melting”
the surface microstructure of both the microflowers and
the nanostrips by annealing at 200∘C, there is only a small
decrease in the contact angle. Note that annealing at 200∘C
affects neither the chemical composition nor the crystal
structure of copper tetradecanoate. This clearly indicates
that copper tetradecanoate is naturally hydrophobic, and the
surface microstructure only enhances the contact angle by
further 10–15∘. Our study has a significant functional aspect:
owing to the simplicity of the synthesis technique (dip-
coating) employed, the self-assembled copper tetradecanoate
nanostrips can be coated on any solid surface to render it
superhydrophobic. In particular, glass coated in this fashion
retains a large part of its optical transparency over the entire
visible range. In addition, this material may be expected to
find applications in areas such as corrosion coating, catalyst
support, and battery material.
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