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ABSTRACT: We report a versatile method for the fabrication of
nanowires and hierarchical porous materials from a wide variety of
ceramic materials such as CaCO3, ZnO, CuO, Co3O4, Co-doped ZnO,
and Ag2O. The method consists of evaporation of CO2-enriched water
microdroplets (diameter ∼3 μm) deposited from an aerosol onto heated
substrates (T = 120 °C). A variety of porous scaffolds with 1−3 μm
sized pores can be generated by tuning the process conditions.
Subsequent sintering of the scaffolds is shown to generate nanosized
pores in the walls of the porous scaffold creating a dual hierarchy of pore
sizes (∼50 nm and 1−3 μm). We propose a mechanism for the formation of scaffolds based on the coffee-ring effect during the
evaporation of microdroplets. Ostwald-ripening of CaCO3 scaffolds prepared without sintering yields scaffold structures
consisting of two-dimensional crystals of CaCO3 that are one unit cell thick. The favorable application of CaCO3 scaffolds for the
enhancement of bone healing around titanium implants with improved biocompatibility is also demonstrated.
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■ INTRODUCTION

Porous materials with structural hierarchy are abundant in
nature, for example, diatom skeletons, corals, wood, and bone.
The overall organization of mater on the macro, micro, and
nanoscales in these materials results in exceptional functional
properties.1 Inspired by these natural materials, there has been
considerable research on the development of hierarchically
structured porous materials with numerous applications across
a broad range of technologies2 such as separation and
purification of gases and liquids,3,4 catalysis,5 sensors,6−9 solar
cells,10,11 fuel cells,12 supercapacitors,13,14 electrodes with
improved properties,15−18 and biocompatible scaffolds for
promoting cell adhesion.19−22 Most common techniques for
the fabrication of such biomimetic materials utilize sacrificial
templates such as colloidal crystals, emulsions, ice crystals, and
gas bubbles.2 Bottom-up approaches based on self-assembly
have also been applied for fabrication of hierarchically porous
materials.23−25 Scalability of these processes as well as control
over the pore size are key challenges and continue to be the
topics of ongoing research.
We report a novel method for the fabrication of hierarchically

porous materials through the phenomenon of coffee-ring effect,
i.e., the formation of ringlike patterns during the evaporation of
liquid droplets.26 Because of the pinning of the three phase
contact line during initial stages of evaporation, there is a
substantial material deposition at the boundary of the

evaporating droplet, which leads to the formation of circular
patterns after drying under suitable conditions. The phenomena
of coffee ring effect is, however, not strictly ubiquitous, and
various other patterns such as uniform and pillar-shaped
deposits are also observed depending on experimental
parameter variation such as solution concentration, environ-
mental conditions, and thermal properties of the substrate.27,28

The formation of various geometric patterns during evapo-
ration of sessile droplets has been intensely studied and
successfully utilized for the deposition of colloidal particles
using macroscopic droplets of millimeter-size diameters.28,29

However, its extension to the evaporation of microdroplets
from a dense aerosol and the resulting pattern formation has
been relatively unexplored so far. Here we show that, the
pattern formation during evaporation of microdroplets can be
utilized for the formation of porous films. In contrast, most of
the conventional spray coating methods are developed to
obtain continuous films.30−32

We utilize a supercritical CO2 (sc-CO2)-based nebulization
process, invented by Sievers et al.,33−37 to create dense aerosols
with droplet size less than 3 μm. Along with the small size of
droplets produced, this method offers the added benefit that
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the aerosol droplets are saturated with carbon dioxide which is
advantageous for producing porous microstructures due to the
effervescence of gas bubbles during evaporation. We utilize this
process for the generation of micron sized water droplets
containing dissolved salts for deposition. Porous films are
deposited by continuous evaporation of these microdroplets on
superheated substrates at atmospheric pressure. Our method
does not use any sacrificial templates to create three-
dimensional scaffolds of ceramics and is applicable to a wide
variety of materials such as CaCO3, ZnO, CuO, Co3O4, Co-
doped ZnO, and Ag2O. We also report that we are able to
create scaffold structures consisting of 2-dimensional crystals of
CaCO3 that are nominally one c-axis unit-cell length in
thickness. The process is scalable and environmentally friendly
because it uses sc-CO2 as a medium for the synthesis. Finally,
we demonstrate the successful application of CaCO3 as a
bioactive ceramic deposition for the enhancement of bone
healing around titanium implants in a relevant preclinical
animal model.

■ EXPERIMENTAL SECTION
Materials. Precursor materials, calcium acetate hydrate, zinc

acetate, cobalt acetate, silver acetate, and copper acetate were
purchased highest purity grade (99.99%) from Sigma-Aldrich. Polished
silicon (100 orientation), fused quartz, and single-crystal sapphire
substrates were purchased from Goodfellow Corp., USA. The
substrates were cleaned by sonication in Millipore water and
isopropanol followed by drying with air jet. The cleaned substrates
were found to be highly hydrophilic (water contact angle below 20°).
CO2 liquid was purchased from Air Products Middle East FZE (Dubai-
UAE). Deionized water used in all experiments was prepared in a
three-stage Millipore Milli-Q plus 185 purification system and had
resistivity of 18.2 mΩ cm.

Process Details. Figure 1a shows a schematic of the process for sc-
CO2 assisted nebulization, a continuous flow process, in which a
stream of sc-CO2 is mixed with an aqueous stream containing the
solute of interest and the mixture allowed to expand at atmospheric
pressure after passing through a heat exchanger. Upon mixing, the
CO2 dissolves in the aqueous phase at high pressure (CO2 solubility in
water: 2.2 mol % at 40 °C and 100 bar38). The aerosol is generated
during depressurization in a two-step process:34 First, the undissolved
sc-CO2 phase expands to gaseous CO2 and creates a dispersion of
aqueous droplets that are supersaturated with CO2. In the second step,
these droplets undergo further breakdown because of a rapid release of
the dissolved CO2 gas, resulting in a fine aerosol with 0.1−3 μm
particle size. The dense aerosol is then directed onto heated substrates
where rapid effervescence of CO2 as well as evaporation of the
microdroplets takes place and microstructures are generated depend-
ing on the time of deposition. The microstructures are further sintered
at 300−450 °C to induce decomposition of remaining organic salts
and to create nanosized pores within the walls of the microstructures.

In our experiments, the flow rate of sc-CO2 was adjusted to
maintain constant pressure and the aqueous solution was pumped at a
constant mass flow rate. A range of experiments was carried out
initially to establish the operating space in terms of pressure,
temperatures, flow rates, capillary dimensions, and spray tip location.
The process was designed to mix two streams, namely, sc-CO2 and an
aqueous solution at constant pressure and temperature in a static
mixer. Once mixed, the solution streams were depressurized either
through a 50.8 mm long, 1.59 mm inner diameter (ID) stainless steel
(S.S.) tubing or a 25.4 mm long, 125 μm diameter stainless steel
capillary tube or a sapphire nozzle with 125 μm diameter.

A transport table was installed underneath the spray on which an
aluminum heating block was mounted. The heating block could be
raised and lowered to adjust the spray distance. Substrate temperature
was controlled, by tuning the heat input to the aluminum block. The
mounting block had screws at its corners to hold 50.8 mm × 50.8 mm
substrates to be coated by the depressurized spray. The translational

Figure 1. (a) Schematic of the process for creating micrometer-sized water droplets using sc-CO2 and their deposition on heated substrates. (b−d)
Morphologies of porous scaffolds obtained by aerosol deposition process for various materials, (b) cobalt doped zinc oxide, (c) copper oxide, and
(d) silver oxide.
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table was capable of moving the substrate under the spray at a given
rate (e.g., 12.7 mm ·sec−1).
The following general experimental conditions were used. Flow rate

of aqueous solution (0.1 wt %) ranged from 1 to 4 g min−1. Sc-CO2
was used to adjust the pressure in the mixer in the range of 65−130
bar. Mixing chamber temperature was always maintained at 100 °C.
Sc-CO2 line temperature up to the mixing chamber was at 100 °C. We
generally used a 50.8 mm × 50.8 mm silicon wafer mounted to the
heated aluminum block on the translation table. Experiments were
carried out with quartz and sapphire wafers as well. The temperature
of the aluminum block was controlled throughout the experiment and
at a range of 80−200 °C was used. The tip of the 1.59 mm S.S. tubing
was mounted at either 25 mm or 50 mm above the silicon substrate,
which was moved back and forth (cycled) at 12.7 mm s−1. The coating
time ranged up to 20 min. In all cases, the samples were post-treated at
a higher temperature range of 450 °C for at least 3 h.
Characterization. Surface morphology of the thin films was

characterized by field-emission scanning electron microscopy (FE-
SEM, FEI, The Netherlands) and by atomic force microscopy (AFM,
Agilent) in the tapping mode. Height, phase and amplitude images
were acquired simultaneously. The cantilevers (Nanosensors ,
Neuchatel, Switzerland) with frequency of 204−497 kHz and force
constant of 10−130 N m−1 were used. The set point ration was kept
0.9. Gwyddion free software was used to process acquired images.
ImageJ software (http://imagej.nih.gov/ij/) was used for analysis of
SEM images.
X-ray measurements were made using a Panalytical Empyrean X-ray

diffractometer equipped with a Cu anode X-ray tube. The X-rays were
focused using a parallel mirror fitted with 0.02 rad Soller slits and 1/
32° divergent slit, on the sample. The sample was aligned for X-ray
reflectivity, viz. substrate parallel to the X-ray beam and blocking one-
half of the incident intensity. The diffracted X-rays passed through a
0.27° parallel plate collimator and 0.02 rad Soller slits to a proportional
detector. The measurements that are presented were made with the
same step sizes and times per step.

Optical and Raman microscopy were performed on a WiTec alpha
300 confocal Raman microscope equipped with 50X and 100X
objectives. Pinhole diameter of the confocal microscope was kept
constant at 100 μm. Raman spectra were acquired using 532 nm laser
for excitation (12 mW power) and recorded using a CCD camera
maintained at −60 °C. Integration time for acquisition of spectra was
kept constant at 3 s. Each spectrum is an average of 10 consecutive
scans. Films were rescanned after data acquisition to detect radiation-
induced damage. No chemical change in the film composition was
detected for exposure time of 30 s at 12 mW power.

Dynamic water contact angle measurements were carried out using
a SCA-20 from Data Physics at room temperature. The thickness
measurements of calcinated CaCO3 scaffolds were performed on a
Dektak XT (Bruker). Height profiles were collected from scratches
made on the scaffold. The resulting profiles were analyzed by Vision64
software. The measurements were repeated at least three times.

Application of CaCO3 on Titanium Implants and Preclinical
Model Testing. For this purpose, a total of 24 grade II (commercially
pure) titanium alloy implants were obtained from a medical device
manufacturer (Emfil, Itu, Sao Paulo). These devices were screw shaped
and presented 4 mm in diameter and 10 mm in length. Half of the
implants had their surfaces coated with CaCO3 through the
methodology presented above and the other half remained uncoated.
Following coating, the implants were γ radiation sterilized.

The preclinical laboratory in vivo model selected was the sheep (n =
6 animals). The study was approved by the Ethics Committee for
Animal Research at the École Nationale Vet́eŕinaire d’Alfort (protocol
number 13−011; 14/05/13−3 -Maisons-Alfort, Val-de-Marne,
France). The Finnish Dorset crossed-bred sheep (each weighing
approximately 150 pounds) were approximately 1.5 years old
remained in the facility for 2 weeks prior to the surgical procedures.
A total of 24 implants were distributed among 2 experimental groups
(n = 6 per group and time-point, four per animal. The pelvis access
was performed by an antero-posterior incision of 15 cm in length,
which was followed by bunt dissection of the fat and muscle layers.

Figure 2. Morphologies of CaCO3 scaffolds obtained by aerosol deposition process: (a, b) nanowires and (c, d) membrane-like scaffolds (each scale
bar is 5 μm).
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The implants were placed sequentially from proximal to distal at a
distance of 2 cm from the first implant’s center at the central region of
the bone. On each sheep, 2 implants were first placed in one side of
the hip, and after 5 weeks, the other side of the hip underwent the
same procedure (4 sites per animal). One week later the animals were
sacrificed and thus each animal provided samples that remained in vivo
for 1 and 6 weeks. All surgeries were conducted under general
anesthesia and postoperatory procedures as previously reported.39

Following sacrifice, the implants in bone were reduced to blocks
and processed for nondecalcified histologic sections. The 30 μm
sections were Stevenel’s Blue Von Gieson’s fuchsin acid stained and
referred to histometric measurement of the Bone Area Fraction
Occupancy (BAFO) of the region between implant threads performed
by an experienced operator by computer software (ImageJ). The
statistical evaluation of the effects of time and implant surface on
BAFO measures was performed by a Wilcoxon sign rank test.
Statistical significance was set at 5% (α = 0.05).

■ RESULTS AND DISCUSSION

Using the methods described in this study, porous films with a
dual hierarchy of pore sizes were produced: pores with 1−3 μm
diameter, created by pattern formation during the evaporation
of solution microdroplets, and smaller pores with ∼50 nm
diameter, created in the walls of the bigger pores by a
subsequent sintering step. Our method is quite general and can
be applied for the formation of films from a wide variety of
ceramic materials, such as Co-doped ZnO, CuO, and Ag2O
(Figure 1b−d). Fabrication of different morphologies is
possible by simply changing the process parameters, as
illustrated in Figures 2a−d for the deposition of CaCO3 films
under different conditions. CaCO3 is chosen as a model

material because of its important applications in tissue
engineering. Depending on the amount of material deposited,
we observe different morphologies such as a network of
nanowires (Figure 2a, b) or porous scaffolds of different
thicknesses (Figure 2c, d). The nanowires formed during initial
stages of deposition exhibit significant stick−slip motion of the
contact line during evaporation and evolve into thicker walls of
the micropores with continued deposition. This behavior is
consistent with the observations of evaporating nanofluid
droplets by Sefiane et al.40−43

Effect of Process Parameters on Microstructure
Formation. The main purpose of this paper is to report our
invention that leverages the phenomenon of the “coffee-ring”
effect to create a scalable process platform to generate meso-
and nanoscale structures of a broad class of inorganic materials
and a combination of them, from a single source stream. In
addition, we have probed the qualitative influence of various
process parameters on the deposited microstructures using
calcium acetate as a precursor compound. More detailed,
quantitative process optimization studies for several com-
pounds will be described in subsequent publications. In the
following discussion, we describe our results qualitatively using
calcium acetate as a precursor although similar experiments
were conducted for other materials as well. We then follow with
discussing the results obtained in our in vivo preclinical
laboratory model.
The overall process of formation of the microstructures is

complex and strongly influenced by the following parameters:
the pressure of the CO2 stream, the droplet size as well as the

Figure 3. Effect of temperature on the morphology of deposited scaffolds: (a) T = 80 °C, (b) T = 130 °C, and (c) T = 150 °C. d shows the evolution
of scaffold thickness and morphology with time for T = 130 °C and P = 120 bar (scale bar in a−c is 10 μm; scale bar in d is 5 μm).
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number density of the aerosol, concentration and nature of the
solute dissolved, wettability and thermal conductivity of the
substrate, temperature of the heated substrate, and the
deposition time. First we studied the effect of CO2 pressure
on the aerosol dynamics and the formation of microstructures.
Pressure is an important parameter since it affects the solubility
of CO2 in water, the flow dynamics of the aerosols produced,
and also the amount of Joule−Thomson cooling that
accompanies the expansion. Solubility of CO2 is directly
proportional to the pressure (Henry’s law), whereas the flow
dynamics is affected by the pressure as well as geometry of
expansion. For a given flow geometry, the Joule−Thomson
effect limits the operating pressure to a value above which there
is significant condensation of dry ice in the flow. We explored
the following geometries of expansion: a 125 μm diameter plain
orifice (aspect ratio 5), 125 μm diameter capillary tube (length
25.4 mm, aspect ratio 203), and 1.59 mm diameter stainless
steel tube (length 50.8 mm, aspect ratio 32). We observed that
pressures up to 300 bar could be realized using either the
nozzle or the capillary tube however there was significant Joule-
Thomson cooling that led to the condensation of dry ice and
caused an intermittent flow if sufficient external heating was not
provided. The morphologies of microstructures obtained using
different flow geometries were largely similar even though the
mass flow rates of the aerosols were significantly different. The
large diameter stainless steel tubing produced aerosols with
higher mass flow rates and required shorter exposure times for
the deposition of similar amounts of materials. Unless
otherwise specified, experiments were conducted using the
1.59 mm diameter stainless steel tube for expansion. Figure S1
(see the Supporting Information) shows the effect of CO2
pressure on the morphology of CaCO3 microstructures formed
at 80 and 100 bar pressures. The pore size is similar (1−3 μm);
however, the pore walls appear to be broader at lower pressure
(0.33 ± 0.20 μm at 100 bar vs 1.04 ± 0.13 μm at 80 bar) for the
same deposition time. On the basis of the outcomes of different
pressure experiments P = 120 bar was chosen as the operating
pressure.
Keeping the operating pressure constant, we investigated the

effect of surface temperature on the morphology of the
microstructures. Films were deposited at different surface
temperatures and were examined under FE-SEM after sintering
at 300−450 °C. Figure 3a−c shows different patterns of dried
droplets depending on substrate temperatures in the range 80−
160 °C. When the aerosol droplets were collected at surface
temperature of 80 °C (Figure 3a), we observed drying patterns
consistent with single droplet drying events as well as
coalescence of droplets, either on the surface or in-flight. At
elevated temperature of 130 °C, similar deposition patterns
were obtained, however, the number of pores formed were
larger and the average pore sizes were smaller (Figure 3b). In
this temperature range, the morphologies of dried droplets are
somewhat similar to that observed for aerosol droplets drying
in flight.44,45 At substrate temperatures above 150 °C (Figure
3c), we observed that only small amount of material was
deposited on the surface. Deposition under these conditions
yielded nearly spherical particles that were smaller in size and
had different pore structures than those deposited at lower
temperatures.
Thermal conductivity of the substrate was found to have

negligible effect on the porosity of films even though this
parameter has been shown to strongly influence the kinetics of
droplet evaporation of sessile droplets on heated sub-

strates46−49 (the thicknesses and thermal conductivities of the
substrates used in our experiments are listed in the Supporting
Information, Table ST1, for comparison). We observed no
difference in the morphologies of the films deposited under
same conditions for these three different substrates. The
morphologies were also largely similar in experiments
performed with and without the application of thermal grease
between the substrate and the aluminum heating block to lower
the contact thermal resistance.

Mechanism of Microstructure-Formation. The Weber
numbers (We = (ρVim

2 Dim)/γ) for aerosol droplets impinging
on heated surfaces (3 μm ≤ Dim ≤ 6 μm; 0.5m/s ≤ Vim ≤ 3 m/
s) are small enough (We ≤ 1.0) so that the phenomena of
droplet recoil, jetting, splash, breakup, and rebound do not
occur during the deposition. The droplets stick to the surface
upon impact and evaporation takes place.
The phenomenon of a single microdroplet drying on a

heated surface is itself very complex and influenced by several
parameters such as the droplet size, thermodynamic properties
of the liquid, surface roughness, surface energy, temperature,
and thermal properties of the substrate. Experimental and
numerical investigations of the heat and mass transfer44,48−54

during evaporation of sessile droplets has also been thoroughly
studied because of ts relevance in industrial applications such as
inkjet printing, spray cooling, and spray coating. There is
considerable literature on experimental observations and
simulations of single microdroplet evaporation;55−64 however,
the evaporation of multiple particles of aerosol has not been
studied in detail.
Most of the spray-coating processes are designed to create

thin, continuous films without any voids.30−32 In our process,
the aerosol deposition leads to a porous microstructure.
Mechanistic understanding of the process of microstructure-
formation can be developed through the interpretation of the
effects of various process parameters on the final micro-
structure. This interpretation is further abetted by the existing
literature about experimental observation and computational
modeling of evaporation of microdroplets on heated surfaces.
Because of the relevance in inkjet printing and heat transfer in
spray cooling, the evaporation of heated water droplets with
sizes across the range from few mm to 17 μm diameter has
been studied in detail. It is generally observed that, across this
size range, the initial evaporation rate scales linearly with the
contact radius, surface temperature, and substrate thermal
conductivity.48,49,65 Putnam et al. report experimental observa-
tion and simulation results for microdroplet evaporation on a
variety of surfaces across a temperature range 25−250 °C.48 On
the basis of their investigations of microdroplets with 30−85
μm diameter, the evaporation rate is initially constant for about
half lifetime of the droplet, after which stick−slip contact angle
dynamics takes place. The droplet lifetimes are on the order of
100 ms and decrease with droplet size. Grigoropoulos et al.49

report similar experimental observations for water droplets in
the size range 17−50 μm diameter with droplet lifetimes
around 10 ms at 110 °C. Droplet lifetimes with a similar order
of magnitude can be expected for the aerosol droplets in our
experiments.
In our process, the evaporation is further complicated due to

the fact that the droplets are saturated with CO2 gas when they
strike the surface. Even though there is release of CO2 during
aerosol formation, CO2 has high solubility in water at room
temperature and pressure38,66 which reduces drastically upon
heating. Therefore, bubble formation is highly likely to occur as
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soon as the droplet strikes the surface. Because of the low
activation energy, CO2 effervescence should take place at a
much faster rate than the evaporation. On the basis of the
solubility data, bubbles of about 1−1.5 μm diameter should
form within a 3 μm diameter droplet when heated from 20 to
80 °C. The release of CO2 results in a decrease in the pH and
also affects the ionic equilibrium of the aqueous solution
causing precipitation of CaCO3. The formation of bubbles
within drying droplets is evident in Figure 3a at temperature
below the saturation temperature of water at 1 bar. Dynamics of
entrapped vapor bubbles during evaporation of microdroplets
on superheated surfaces has been studied by Putnam et al.58

who observed that the collapse of entrapped bubbles leads to
the formation of coffee-rings. In our process, the trapped
bubbles can be formed even below the saturation temperature
due to the dissolved CO2 and can significantly enhance the
coffee-ring effect (Figure 3a, b).
The observed patterns of nanowires (Figures 1c, 1d, and 2a)

are seen for short deposition times of aerosols produced using
either the nozzle or the capillary wherein the mass-flow rates
are considerably lower than those produced using the 1.59 mm
diameter stainless steel tubing. Indeed, similar patterns are also
observed for deposition of the aerosols produced using the later
geometry of expansion but only in the regions of low droplet

impact probability. Figure S2 in the Supporting Information
shows one such shadowed region where the paths of drying
droplets could be clearly seen. The droplets appear to be quite
mobile and move along the flow of gas leaving behind the
elongated coffee-rings. Within short deposition time, the
surface should be covered with a mesh of nanowires.
Once the region is entirely covered with nanowires, an

additional mechanism needs to be considered. The impacting
droplets are expected to get pinned right away due to the
increased roughness of the surface in the presence of
nanowires. In spite of the short droplet lifetime (∼10 ms),
there could be considerable on-surface coalescence as well since
the aerosol is dense. This may lead to the patterns observed in
Figure 3a, b. Continued deposition takes place preferentially
along the periphery of the droplets increasing the breadth and
height of the walls of the isolated microstructures. These
isolated microstructures finally merge together resulting in the
formation of membrane-like patterns shown in Figures 1b and
2c, d, obtained after long-term deposition. We observe that the
walls of the microstructures get thicker as the film thickness
increases. With continued deposition, although the film
thickness grows, the thermal conductivity of the surface drops
because of the porous structure and the kinetics of film growth
slows down. The thickness growth of CaCO3 scaffolds

Figure 4. (a, b) Mechanism of nanopore formation after sintering, (c) Micro-Raman analysis of deposited CaCO3 scaffolds: (i) deposited scaffolds
without sintering; (ii) deposited scaffolds, nonsintered, washed with water; (iii) scaffolds after sintering and (d) Confocal Raman spectral image of
scaffold mapping the intensity of the peak at 1083 cm−1 (scale bar 2 μm).
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(measured perpendicular to the substrate) within 20 min
deposition time is shown in Figure 3d. During the deposition,
the range of micropore size does not change significantly (see
Figure S3 in the Supporting Information), even though the
scaffold thickness increases gradually from 500 to 2000 nm.
Mechanism for Formation of Nanosized Pores. Figure

4 shows a typical CaCO3 scaffold prepared under optimal
process conditions (P = 120 bar, T = 130 °C, t = 20 min) with
pore diameter of 1−3 μm. We also observed the presence of a
secondary structure of nanosized pores within the CaCO3

scaffolds (Figure 4a). AFM analysis confirmed the pore sizes
to be around 50 nm (Figure 4b; distribution of nanopore size is
shown in Supporting Information, Figure S4; on the basis of
the AFM analysis, nanopore diameter = 50 ± 14 nm). We
believe that the nanosized pore formation takes place during
the sintering step because of the release of CO2 gas, either
trapped or formed via decomposition of residual Ca-
(CH3COO)2 precursor. Micro-Raman analysis (Figure 4c, d)
indicates that the nonsintered films mostly contain CaCO3

(band at 1083 cm−1, ν1 symmetric stretch, CO3
2−) formed by

the precipitation in carbonated water droplets. However, the
presence of residual Ca(CH3COO)2 precursor in small
quantities is also seen by the band at 2928 cm−1 corresponding
to C−H stretch, which is not present in the Raman spectrum of
sintered films. When the nonsintered films were immersed in a
bath of deionized water for 30 min at room temperature, the
acetate bands, while slightly diminished in intensity, were still
very much present in the water-treated samples. This indicated
that the acetate components were buried within and protected
by the CaCO3 deposits. During sintering, the release of gaseous
products results in the formation of the porous structure. The
advancing water contact angles of CaCO3 films also increase

from 67 to 117° upon sintering because of the formation of
nanosized pores (Figures 5 b and 5d insets).
Panels a and b in Figure 5 show the low-angle (XRR) and

wide-angle (XRD) X-ray scattering results for CaCO3 scaffolds,
which were sintered immediately after the coating process was
completed. It is interesting to note that although no significant
low angle features were observed, XRD confirmed the presence
of calcite CaCO3 [ICDD Reference 00−005−0586]. Though
calcite is rhombohedral in structure (space group R3 ̅c (167))
the unit cell is commonly reported with hexagonal unit cell
parameters, a = b = 4.989 Å, c = 17.062 Å. Although many of
the existing literature studies report domination of {104}
texture (29.4° 2θ diffraction peak), the CaCO3 scaffolds
reported in our work show evidence of some degree of {110}
texture of calcite based on the stronger than expected intensity
of the (110) calcite diffraction peak at 2θ ≈ 35°.
Figure 5c, d show the low-angle (XRR) and wide-angle

(XRD) X-ray scattering data for the coating, which was
immersed in a bath of deionized water at room temperature for
30 min. These samples were not sintered. The low-angle XRR
pattern (Figure 5c) clearly shows a 2q peak at 5.3°, indicating a
layered thickness of 16.5 Å consistent with a nanostructure.
Although the solubility of bulk CaCO3 in deionized water is
low the small amount of total CaCO3 in a coated film and the
high surface area to surface volume ratio of the nanosheets
likely give rise to surface recrystallization resulting in the
reduction of surface roughness and the reduction of variance in
the thickness of the nanosheets, leading to the observation of
the XRR peak in Figure 5c. Interestingly, the wide-angle XRD
data (Figure 5d) showed sharp diffraction peaks similar to those
observed in Figure 5b, indicating the nanostructure must be
well-aligned and ordered resulting in the observed sharp peaks
in the wide−angle diffraction pattern of Figure 5d. Using the

Figure 5. (a, c) XRR and (b, d) XRD patterns of porous CaCO3 scaffolds (a, b) sintered immediately after coatings were prepared and (c, d)
coatings were immersed in deionized water at room temperature for 30 min after the substrates were coated with the scaffolds. Insets in b and d
show water droplets in contact with the scaffolds. The nanoporous scaffolds in b exhibit a higher, hydrophobic contact angle of 117°. Interestingly,
the two-dimensional CaCO3 sheets exhibit a lower, hydrophilic contact angle of 67°.
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Scherrer technique based on the XRD peak widths,67 the
average crystallite size for the water immersed sample was
calculated to be 470 Å, larger than the layer thickness
determined from the respective low-angle reflectivity pattern.
A similar result is reported for graphene fibers generated from
the chemical reduction of graphene oxide.68 Though graphene

is a single layer of graphite and should show broad diffuse wide-
angle XRD peaks in a diffraction pattern, XRD data for the
resulting stacked sheets of graphene showed a sharp (002)
diffraction peak ,indicating that ordered layering of nanosheets
resulted in what appeared to be a material with a large
crystallite size.

Figure 6. (a, b) SEM, (c−e) AFM images of CaCO3 scaffolds after 30 min water immersion treatment. Image c represents topography, image d the
height profile, and e the phase image. Scale bar on images a and b is 3 μm.

Figure 7. (a−d) Optical micrographs of thin implant in bone slices depicting the different groups at (a, c) 1 week and (b, d) 6 weeks in vivo. Both
(a) control and (b) CaCO3 implants barely presented new bone formation and between implant threads only residual pristine bone was encountered
along with osteogenic connective tissue (stained green with blue cells). At 6 weeks, higher amounts of bone was observed between the threads of
both groups relative to 1 week, where the (c) control implant presented lower amounts compared to the (d) CaCO3 implant. (e) Statistical analysis
showed that the CaCO3 implant presented significantly higher bone-area-fraction occupancy (BAFO) compared to the control implant at 6 weeks in
vivo. The number of asterisks depict statistically homogeneous groups.
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It is also interesting to observe that the water immersion
process has led to a radical change in the morphology of the
CaCO3 films. While the original scaffold structure remained, it
is now entirely made up of stacks of well-aligned CaCO3 sheets
(Figures 6a & 6b). AFM characterization (Figures 6c, 6d, and
6e) confirmed the presence of extremely well aligned, stacks of
sheets, almost resembling surface growth steps on a single
crystal, consistent with the wide-angle XRD data, with
thicknesses ranging from 1 to 3 nm, consistent with the low-
angle XRD data. All of these data strongly imply that the water
immersion of the CaCO3 films apparently triggered an Ostwald
ripening process, resulting in the creation of these extremely
well aligned stacks of 2-dimensional CaCO3 nanosheets. The
data suggest that these are two-dimensional, CaCO3 single
crystals, with a nominal thickness of approximately 17 Å, the
same as a unit-cell dimension for calcite (c-axis = 17.062 Å).
The ability to create single unit cell thick, CaCO3 crystalline
sheets, (analogous to graphene, in some sense), appears to be a
significant discovery. We expect the materials to possess unique
properties (e.g., similar to nacre) and plan to thoroughly
investigate their mechanical properties.
Preclinical in Vivo CaCO3 on Titanium Implants. No

clinical signs of inflammation were observed immediately
following surgery or throughout the course of the experiment.
No postoperative complications were detected, and no implant
was excluded from the study because of the clinical instability
immediately after euthanasia.
Histologic observation presented bone formation in close

contact to the implant for all groups at both time-points
(Figure 7a−d), demonstrating that both coated and uncoated
implant surfaces were biocompatible and osseoconductive.
Overall, it was evident that the mount of bone between threads
substantially increased from 1 to 6 weeks in vivo for both
groups. Although no qualitative differences in bone amount
were depictable at 1 week in vivo, the amount of the bone
appeared higher at 6 weeks for the CaCO3 group (Figure 7c, d)
compared to the uncoated surface. From a quantitative
standpoint, a significant increase in bone-area-fraction
occupancy (BAFO) was observed from 1 to 6 weeks in vivo
(p < 0.001), something expected for both groups as early bone
healing progresses around both implant groups. The mean
bone area fraction occupancy percentage results for both
groups and times in vivo are presented in Figure 7e and show
that at 1 week no significant differences were observed between
groups, a result expected because of the early implantation time
in vivo where primarily osteogenic connective tissue formation
was observed in proximity with the implant surfaces.69 At 6
weeks, the CaCO3 group presented significantly higher (p <
0.02) BAFO than the uncoated group (Figure 7e), unequiv-
ocally demonstrating its higher osseoconductive properties that
are know to occur due to various factors that include an
intimate relationship with the surface and the host biofluids
immediately after implantation, the more biocompatible nature
of its structure due to its composition, and bone healing
hastening achieved though the release of the bioactive ceramic
ionic components in vivo.70

■ CONCLUSION
We report the invention of a versatile process that leverages the
coffee-ring effect to create nanowires, and hierarchically porous
structures for a wide range of metal oxides, carbonates, and
mixed metal oxides. The process is uniquely advantaged by the
fact that several precursor materials could be codissolved and

precipitated from a single source stream, thereby increasing the
chemical uniformity in the final structures. The process as
described here utilizes sc-CO2, and hence provides a
sustainable, green process platform. An attractive feature of
our process design is that it is intrinsically straightforward to
scale-up by assembling arrays of spray nozzle heads to coat on
wide-format, roll-to-roll, moving surfaces. The resulting porous
films with interesting morphologies can lead to improved
performance in applications that require high specific surface
area, as demonstrated recently by a dramatic increase in the
short-circuit current density of dye-sensitized solar cells based
on spray-deposited zinc oxide films.11

It is clear that the process platform described here has a high
potential to enable fabrication of nanomaterial structures that
were not yet possible, in a sustainable and commercially
scalable fashion. More importantly, we report the discovery of
2-dimensional, single unit cell thick, crystalline CaCO3 sheets
(analogous to graphene), as evidenced by SEM, XRD, and
AFM. From a biocompatibility standpoint, we successfully
hastened bone formation around titanium implant by
incorporating CaCO3 to their surface.

■ ASSOCIATED CONTENT
*S Supporting Information
Thickness and thermal conductivities of the substrates (Table
ST1), effect of pressure on the morphology of deposited
scaffolds (Figure S1), deposition pattern in a shadowed region
with low probability of droplet impact (Figure S2), size
distribution of micropores from image analysis of SEM images
(Figure S3), and size distribution of nanopores formed by
sintering of microporous CaCO3 films at 300−450 °C (Figure
S4). This material is available free of charge via the Internet at
http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: rj31@nyu.edu.
Notes
The authors declare the following competing financial
interest(s): We have filed a patent application with the US
PTO based on this work..

■ ACKNOWLEDGMENTS
This work is funded by New York University Abu Dhabi
through faculty research grants, AD008 and VP012.

■ REFERENCES
(1) Fratzl, P. Biomimetic Materials Research: What Can We Really
Learn from Nature’s Structural Materials? J. R. Soc., Interface 2007, 4,
637−642.
(2) Su, B.-L.; Sanchez, C.; Yang, X.-Y. Insights into Hierarchically
Structured Porous Materials: From Nanoscience to Catalysis,
Separation, Optics, Energy, and Life Science. In Hierarchically
Structured Porous Materials (From Nanoscience to Catalysis, Separation,
Optics, Energy, and Life Science); Su, B.-L.; Sanchez, C.; Yang, X.-Y.,
Eds.; Wiley−VCH: Weinheim, Germany, 2012; pp 3−27.
(3) Zhu, Y.; Morisato, K.; Li, W.; Kanamori, K.; Nakanishi, K.
Synthesis of Silver Nanoparticles Confined in Hierarchically Porous
Monolithic Silica: A New Function in Aromatic Hydrocarbon
Separations. ACS Appl. Mater. Interfaces 2013, 5, 2118−2125.
(4) Sui, Z.-Y.; Cui, Y.; Zhu, J.-H.; Han, B.-H. Preparation of Three-
Dimensional Graphene Oxide-Polyethylenimine Porous Materials as
Dye and Gas Adsorbents. ACS Appl. Mater. Interfaces 2013, 5, 9172−
9179.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505318d | ACS Appl. Mater. Interfaces 2014, 6, 20643−2065320651

http://pubs.acs.org
mailto:rj31@nyu.edu


(5) He, J.; Chen, J.; Ren, L.; Wang, Y.; Teng, C.; Hong, M.; Zhao, J.;
Jiang, B. Fabrication of Monodisperse Porous Zirconia Microspheres
and Their Phosphorylation for Friedel-Crafts Alkylation of Indoles.
ACS Appl. Mater. Interfaces 2014, 6, 2718−2725.
(6) Zhang, J.; Wang, S.; Xu, M.; Wang, Y.; Zhu, B.; Zhang, S.; Huang,
W.; Wu, S. Hierarchically Porous ZnO Architectures for Gas Sensor
Application. Cryst. Growth Des. 2009, 9, 3532−3537.
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