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a b s t r a c t

Hypothesis: Surface-bound nanomaterials are widely used in clean energy techniques from solar-driven
evaporation in desalination to hydrogen production by photocatalytic electrolysis. Reactive surface nan-
odroplets may potentially streamline the process of fabrication of a range of surface-bound nanomateri-
als invoking biphasic reactions at interfaces.
Experiments: In this work, we demonstrate the feasibility of reactive surface nanodroplets for in situ syn-
thesis and anchoring of nanocaps of metal oxides with tailored porous structures.
Findings: Spatial arrangement and surface coverage of nanocaps are predetermined during the formation
of nanodroplets, while the crystalline structures of metal oxides can be controlled by thermal treatment
of organometallic nanodroplets produced from the biphasic reactions. Notably, tuning the ratio of reac-
tive and nonreactive components in surface nanodroplets enables the formation of porous nanocaps that
can double photocatalytic efficiency in the degradation of organic contaminants in water, compared to
smooth nanocaps. In total, we demonstrate in situ fabrication of four types of metal oxides in the shape
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Photodegradation of nanocaps. Our work shows that reactive surface nanodroplets may open the door to a general, fast and
tuneable route for preparing surface-bound materials. This fabrication approach may develop new nano-
materials needed for photocatalytic reactions, wastewater treatment, optical focusing, solar energy con-
version and other clean energy techniques.

� 2021 Published by Elsevier Inc.

1. Introduction

Surface-bound nanomaterials are key components in many
clean energy techniques from lithium batteries, solar absorber,[1]
solar-driven interfacial evaporation in desalination [2–4], photo-
catalytic reactions,[5,6] to wastewater treatment and environment
remediation by photolysis [7,8]. Maximizing the performance and
functionalities of the materials requires control of spatial distribu-
tion and coverage of nanomaterials deposited on a supporting sub-
strate. Exploration of small reactive droplets on surfaces represents
a novel strategy for the fabrication of surface-bound nanomateri-
als. Reactions with droplets on surfaces potentially streamline
the process of synthesis and immobilization of surface-bound
nanomaterials to obtained desired spatial arrangement, surface
coverage and materials nanostructures. Recent research has
demonstrated the high reactivity of small droplets with possible
1-million time enhancement in reaction rates, compared to the
bulk counterpart [9]. However, it remains to be explored how to
mediate the reactions between droplets and the bulk surrounding
and to establish simple and effective routes for the fabrication of
surface-bound nanomaterials.

Small-sized droplets allow the reactant to be compartmental-
ized at high concentration and fast mass transfer rate from the sur-
rounding phase[9,10]. The large surface area of the droplets
provides more space for the chemical reaction that needs access
to reactants in both droplets and the surrounding phase. The asym-
metric local environment on the droplet surface provides active
sites for biphasic chemical reaction [11,9], or nucleation and
growth of new phases [12,13]. The asymmetric local environment
refers to the interface between the droplet and the surrounding
environment. Compared to current techniques developed for selec-
tive deposition of metal oxide nanomaterials including direct
growth, chemical bonding, electrostatic adherence, or seeding on
selectively activated areas [14–17], droplet reactions are especially
effective for material synthesis from chemical reactions between
reactants dissolved in immersible organic and inorganic phases [9].

Droplet-based synthesis approaches are endorsed by controlled
formation of surface nanodroplets that are liquid droplets on a
solid surface in contact with an immiscible surrounding liquid
[12,11,18]. Here nano refers to the height of these droplets that
range from tens to a few hundred nanometers. Specifically, the sol-
vent exchange is the fast and straightforward solution-based pro-
cess for forming surface nanodroplets. [19] Without complex
dynamics in evaporating droplets [20–22], the formation of surface
nanodroplets can be tuned by the solution, flow and surface condi-
tions. [19,23] Solvent exchange is flexible for the types of sub-
strates, applicable for droplet formation on planar substrates
with or without micropatterns, microfibers and even curved wall
of microcapillary tubes [24–26].

Complementary to those droplets flowing in microfluidic chan-
nels, surface nanodroplets are stabilized by the substrate. Hence a
reactant solution in a flow can be introduced to react with nan-
odroplets without leading to the uncontrolled collision, coales-
cence or Ostwald ripening. Reactions between nanodroplets and
the reactants in the flow can be leveraged to synthesize surface-
bound materials through sequential reactions. As a demonstration,

silver nanoparticles were synthesized on droplet surface for fast
extraction and sensitive chemical detection.[27].

Up to now, limited studies are available on surface nanodroplets
for the synthesis of surface-bound metal oxide. As a common and
low-cost photocatalyst with various potential polymorphic charac-
teristics, a� Fe2O3 has been widely used in photocatalytic reac-
tions, [28] with advantages in narrow band-gap and high
efficiency of absorption up to 40% of the solar spectrum in the vis-
ible range.[29,30] In established protocols, iron oxide-based nano-
materials can be adjusted by varying bottom-up synthesis
approaches such as hydrothermal, solvothermal, co-precipitation
and many others.[31–34] Iron salt of organic acid, especially iron
oleate, is prominently used as precursors in synthesizing nanocrys-
talline iron oxide-based nanoparticles.[35–38] The external condi-
tions, such as temperature, pressure and among others, are
responsible for the secondary noncrystalline phase during the ther-
mal decomposition.[34,39].

In this work, we will take iron oxide as a typical example to
demonstrate a simple approach for the in situ fabrication of
surface-bound nanocaps of a range of metal oxides. By our method,
oleic acid nanodroplets with desired number density and location
are preformed over a solid substrate inside a flow chamber. A flow
of iron salt solution is introduced to react with nanodroplets and
produce nanocaps of certain spatial arrangement and surface cov-
erage. Moreover, we will show that the composition of nan-
odroplets can be varied to mediate the nanostructures of the
caps and create nanopores along the cap surface. Beyond iron oxide
nanocaps, our approach can also be applied to the synthesis of
other metal oxides including copper oxide, zinc oxide and yttrium
oxide. Our work demonstrates the feasibility of reactive surface
nanodroplets as a novel route for in situ synthesis of surface-
bound metal oxides. The prepared nanocaps may be optimized
for photodegradation of organic materials in water as demon-
strated in this work, and also for optical focusing, plasmonic reso-
nance and among other applications.

2. Experimental section

2.1. Chemicals and materials

Ethanol (90 %), octadecyl trichlorosilane (OTS, 98.9 %), oleic
acid (90 %), 1-octanol (95 %) and decane (99 %) were purchased
from Fisher Scientific (Canada). While iron (III) chloride (97 %),
copper acetate (98 %), yttrium acetate (99 %) and zinc oxide (98
%) was purchased from Sigma–Aldrich (Canada). Water was
obtained from a MillI-Q water purification system (MA, USA).
OTS-coated cover glass (Fisher scientific) and silicon wafer
(University wafer, USA) were used as the substrate. The coating
of OTS was prepared by following the protocol reported in the lit-
erature.[40].

2.2. Preparation of metal oxide nanocaps on a substrate

Nanodroplets of oleic acid were produced on a substrate placed
in a narrow fluid chamber. The detailed procedure of solvent
exchange, as shown in Fig. 1a, has been introduced in earlier
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work.[11]. The fabrication methodology of these surface nanocaps
is sketched in Fig. 1a and b. In the beginning, a ternary solution
(Solution A) with volume ratio as ethanol: water: oleic acid
(70:30:3.5) filled the chamber. Oleic acid droplets formed on the
OTS-coated surface after injecting water (solution B) at a flow rate
of 20 ml/hr in step 1. Subsequently, in step 2, Solution C of 0.04 M
iron chloride aqueous solution flowed into the fluid chamber at
15 ml/hr.

The droplets of oleic acid react with the iron cation in the flow,
forming iron oleate and the complexes droplets over the substrate,
as shown in Fig. 1b. The reaction for the formation of iron oleate is
shown in Eq. 1. Finally, in step 3, water at a flow rate of 40 ml/hr
flowed into the chamber for 5 min to remove excessive unreacted
precursors. The substrate was taken out from the fluid chamber
after the reaction and then annealed in an oven at different tem-
peratures and environmental conditions as listed in Table 1.

Fe3þ þ C18H34O2ð Þ3 ! Fe C18H33O2ð Þ3 þ Hþ ð1Þ

The preparation process for copper oxide, yttrium oxide and zinc
oxide is similar to that of iron oxide nanocaps. The only difference
is that solution C (precursor solution) changes to 0.04 M copper
acetate, 0.04 M yttrium acetate or 0.04 M zinc acetate, respectively.

2.3. Preparation of porous iron oxide nanocaps from binary droplets

For the preparation of the porous iron oxide nanocaps, 1-
octanol and decane were used as the secondary oil phase, respec-
tively. The ratio of water, ethanol and oil in solution A is the same
as above. However, the oil phase here is a mixture of oleic acid and
another oil. In the mixture of oleic acid and the secondary oil, the
volume ratio is 2:1.5 for oleic acid and octanol and 2.2:0.3 for the
oleic acid and decane. The ternary phase diagram of three oils is
shown in Fig. 1c and d. The ratio of the oils in surface droplets after
the solvent exchange is based on the integrated area between the
dilution path and the binodal curve in the Ouzo region, as
explained in previous work.[41].

2.4. Characterization of size and structures of metal oxide nanocaps

Optical images were obtained using an upright optical micro-
scope (NIKON H600l) coupled with a 10X and 100X lens. A scan-
ning electron microscope (SEM, HITACHI S4800) and atomic force
microscope (AFM, Bruker) were used to characterize the surface
morphology of the samples. The cross-section of the samples was
characterized by a helium ion microscope (Zeiss Orion NanoFAB
with Ga FIB). X-ray photoelectron spectroscopy (XPS, Kratos AXIS
Ultra) was used to analyze the element and the crystalline state

Fig. 1. A brief sketch of the fluid chamber (a) and surface nanodroplet formation and reaction in the fabrication of nanocaps of iron oleate (b). Solution A: ternary solution of
ethanol, water and oleic acid. Solution B: water. Solution C: precursor solution. (c) and (d) are ternary phase diagrams of ethanol, water and oil mixtures and the enlarge
images of the ouzo region. Here, the red lines represent oleic acid. While gray lines represent decane (a) and 1-octanol (b), respectively. The blue lines represent the dilution
path during the solvent exchange process as the dilution path penetrates the solubility line of the oil. Oil droplets form due to the over-saturation.[19] Ternary diagram of
oleic acid is reproduced from [Li et al. J. Phys. Chem. C. 125, 28, 2021, 15324–15334.]. Copyright [2021] American Chemical Society. Ternary diagram of 1-Octanol is
reproduced from [Arce et al. J. Chem. Eng. Data. 39 (2), 1994, 378–380.]. Copyright [1994] American Chemical Society. Ternary diagram of decane is reproduced from the
IUPAC-NIST solubility database.

Table 1
Experimental conditions for fabricating of metal oxide nanocaps.

Metal Precursor Heating temperature (�C) Heating time (hr) Treatment mark

Iron FeCl3 75 0.5 I
300 0.5 II

2 III
500 0.5 IV

2 V
Copper Cu CH3COOð Þ2 300 2 NA
Yttrium Y CH3COOð Þ3 500 2 NA
Zinc Zn CH3COOð Þ2 500 2 NA
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of the samples. The peaks in XPS spectra were analyzed by Origi-
nLab. The TEM characterization was performed by using Hitachi
H-9500 Environmental Transmission Electron Microscope (ETEM).
An accelerating voltage of 300 kV was applied for the characteriza-
tion. The selected area electron beam diffraction (SAED) technique
was employed for phase identification. The simulation of the SAED
pattern was carried out by using Desktop Microscopist (DM). The
simulation of high resolution TEM image was then performed by
using MacTempasX (Total Resolution).

The nanocaps were prepared on a SiN window (Norcada,
Canada) for the imaging of TEM. The dimension of the SiN was
0.05 mm� 0.05 mm. The SiN windowwas directly used as the sub-
strate in our fluid chamber, where the surface nanodroplets of oleic
acid surface nanodroplets were formed and then reacted with the
iron precursor. Iron oleate droplets on the SiN window were
heated in air at 500 � for 2 h, respectively. After the samples were
cooled down to room temperature, the samples were put into a
TEM chamber.

The cross-section images of iron oxide nanocap that was heated
at 500�C in air for 2 h were obtained by FIB-HIM (Zeiss Orion Nano-
FAB with Ga FIB). A high-energy beam of Ga ion that is perpendic-
ular to the substrate was used to mill the nanocap. Half of the
nanocap was milled and from the top view, semicircular of the
naoncap remains on the substrate. Then the cross-section of the
nanocap appears after the milling by FIB. In order to obtain the
thickness of the nanocap, the stage was tilted by 57� from the
top view, leading to an elliptical view of the spherical shape. The
sketch of the FIB process is shown in Supporting Information SI-1.

2.5. Photodegradation catalyzed by iron oxide nanocaps

Photodegradation of model compounds methyl orange (MO)
was performed in a flow chamber, similar to our chamber for per-
forming solvent exchange process. The chemical structure of the
model compounds and the degradation path are shown in Support-
ing information SI-2. Glass substrate decorated with iron oxide
nanocaps was used as the top plate. The channel height of the fluid
chamber was kept at 150 lm. The solution of MO (5 mg/l) was con-
tinuously injected into the chamber, controlled by a syringe pump
at a constant flow rate of 1 ml/hr. It took 45 min for injected MO
solution to pass the fluid chamber. The fluid chamber was exposed
to 21.6 W=m2 intensity of the simulated solar light. The exposure
time of the solution was also 45 min. To avoid the adsorption of
the dye molecule by the porous structure, we discarded the first
1 ml of the photo-illuminated liquid. The treated solution was col-
lected and characterized by a UV–vis spectrometer (Varian Cary
50). The efficiency of the photodegradation is defined as:

E ¼ Absbefore
� �� Absafter

� �
Absbefore

ð2Þ

Here, E is the efficiency of degradation. Absbefore and Absafter are the
UV absorbance of MO solution at the peak of 464 nm before and
after the photodegradation, respectively.

In order to evaluate the efficacy of the different nanocaps, we
normalized the efficiency by the surface coverage of nanocaps:

En ¼ Ecap
� �� Eglass

� �
S

ð3Þ

Here, Ecap refers to the degradation efficiency by using the
nanocaps-decorated top plate. While Eglass refers to the degradation
efficiency by using bare glass as the top plate. S is the surface cov-
erage of the nanocaps.

3. Results and discussion

3.1. Formation and morphology of iron oxide nanocaps

Surface nanodroplets of oleic acid were produced by using the
solvent exchange process. The droplet size was controlled from a
few to tens of lm in lateral radius (R). The flow of iron chloride
aqueous solution was injected into the chamber to react with sur-
face nanodroplets.

Droplets change the shape during reaction with iron cation as
shown in Fig. 2a. Initially, at t = 0 s just after the injection of iron
chloride solution, oleic droplets have no significant change. Further
proceedings of the reaction at t = 14s, a boundary rim was devel-
oped around the bigger surface droplets and some small droplets
were formed on the space area. Splitting of the reactive droplets
may be due to interfacial tension stress induced by heterogeneous
distribution of chemical species on the droplet surface.[42] After a
specific time interval, the tiny droplets expanded and merged into
larger droplets. Finally, at 193 s, some adjacent droplets merged
while other droplets still remained as individuals, but all droplets
assumed spherical cap shape eventually.

At the completion of the droplet reaction, the substrate with
iron oleate droplets was taken out from the chamber and heated
at elevated temperatures. The final products appear to be semi-
transparent with colorful Newton rings clearly visible in optical
images, as shown in Fig. 2b. The semitransparent suggests the
ultra-thin structure of the product after heating. Cross-sectional
profiles of three structures were obtained from the AFM images
in Fig. 2c and d. These structures have the shape of spherical caps
with an apex less than 1 lm even for the exceptionally large one.
The height of the structure in Fig. 2 ranges from 164 to 500 nm
and the lateral diameter from 5.4 to 19.6 lm, with a contact angle
around 7�. Following the naming convention of surface nan-
odroplets, we refer to these structures as nanocaps.

The surface coverage of oleic acid droplets was 40% before the
reaction and deceased to 11% after heating. The shrinkage at ele-
vated temperature is due to decomposition of iron oleate
(Fe C18H33O2ð Þ3) to iron oxide (Fe2O3). The mass loss from thermal
decomposition is around 91% based on simple elemental analysis.
The size distribution of surface droplets also changed after the
heating process, as shown in SI-3. The surface nanodroplets are
dominated at the diameter of 1 to 2 lm. The nanocaps are most
at the diameter of 3 to 4 lm with a thickness of 180 to 270 nm.
When the surface oleic acid reacts with the iron precursor, the dro-
plets are expanded, as shown in Fig. 2a. Some small droplets merge
together to form a larger droplet. While other small droplets disap-
pear during the heating due to the shrinkage. This phenomenon is
why the most probable size of the nanocaps is larger than that of
oleic acid droplets.

The surface coverage of nanocaps can be varied by conditions
from the formation of surface nanodroplets. Larger surface nan-
odroplets with a large interval of each other formed larger nano-
caps with low surface coverage after reaction and heating, as
shown in SI-4.

The inner structure of the nanocap was analyzed by using FIB
that can mill half of the nanostructures. The cross-section of the
nanocap is exposed along the central line. As shown in Fig. 3, the
nanocaps of all sizes have a homogeneous filled inner structure.
Such internal structure indicates that the reaction was not limited
to the droplet surface. Oleic acid inside the droplet was also con-
verted to oleate by reacting with an iron precursor in the solution.
Meanwhile, the nanocaps with the diameter from 4.5 lm to 16.1
lm are from 118 nm to 356 nm in height, which is consistent with
the previous AFM profiles showing the contact angle of the
nanocaps.
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The morphology of the nanocap suggests that the reaction
between iron procures and oleic acid droplets is not only happened
at the interface but within the whole droplet. Specifically, the car-

boxyl group of oleic acid reacts with the iron cation at the droplet
surface, which results in the formation of iron oleate,
Fe C18H33O2ð Þ3. During the reaction process, the -OH group of the

Fig. 2. (a) Optical images of surface nanodroplets during the reaction at 0 s, 14 s, 36 s and 193 s. (b) Iron oxide nanocaps on the substrate. (c) Morphology of the nanocaps
obtained by AFM after heating at 500�C for 2 h in air. (d) The height profiles of the nanocaps from AFM reveal that the contact angle of the nanocaps around 7� . Length of scale
bare: 20 lm in (a) and 50 lm in (b).

Fig. 3. Images of three nanocaps milled by focused ion beam at diameter of (a) 4.5 lm, (b)7.8 lm and (c) 16.1 lm. The images on the left were taken at 57o from the normal
plan to the substrate. Length of the scale bar: 1 lm.
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oleic acid was replaced by O-Fe. The formed iron oleate may diffuse
inside of the droplet. The fresh oleic acid molecules move to the
interface, leading to a continuous reaction. The reaction occurs
from the water–oil interface and then extends to the whole droplet
within a few minutes when the droplets stopped deformation.

3.2. Effect of time and temperature of heating

Fig. 4 shows the XPS spectra of oleate droplets and nanocaps
treated at different heating temperatures and times. Iron oleate
remains in the liquid state until 80�C without decomposition.
[51–53]. The peaks of Fe 2p, O 1s and C 1s listed in Table 2 and 3
are compared to distinguish the chemical states of the products.

The deconvolution of Fe2p spectra resolves the peaks at
715.6 eV, 726.6 eV and 734.3 eV due to the presence of Fe3þ states
within the iron oleate complex. The presence of Fe3þ in the com-
plexes is attributed to the reaction between FeCl3 and the droplets
of oleic acid. [54,55].

The binding energy of oxygen for O1s at the peak of 533.3 eV is
assigned to SiO2 of the substrate.[47] XPS peak for carbon (C1s) at �
285.1 eV indicates the existence of alkyl chain in oleate,[45] while
the peak of 287.0 eV is attributed to C-O bond[49] from the oleate.
The peak at 290.5 eV is assigned to carboxyl carbon in organic acid.
[50] Single carbon–oxygen (C-O) and carboxyl carbon are present
in both oleic acid and iron oleate complex.

As the heating temperature increased to 300�C at 0.5 h and 2 h,
iron oleate droplets solidified as shown in Fig. 4d-II and III. XPS
analysis of heated droplets at 300 �C shows that presence of
Fe2O3 instead of Fe3O4 [45,46]. The peaks of 285.1 eV and
287.0 eV, as explained above, originate from the iron oleate, possi-
bly due to the incomplete decomposition of the iron oleate during
heating to 300�C at both 0.5hr and 2 h.[54,56]

The XPS analysis above suggests that the decomposition of iron
oleate started at 300 �C.

Fe C18H33O2ð Þ3 þ O2 ! Fe2O3 þ CO2 þ COþ H2O ð4Þ

when the heating temperature increased to 500 � at 0.5 h and 2 h,
we observed the formation of iron oxide (a� Fe2O3) phase nanocaps
after 2 h, as shown in Fig. 4d-IV and V. XPS analysis of the heated
substrate at 500� for 2 h confirms the appearance of a� Fe2O3

phase. Here the analysis of XPS spectra shows that heating at
500�C provides sufficient temperature for the formation of iron
oxide from the iron oleate complex. The formation of the
a� Fe2O3 can be further confirmed by TEM and simulation.

To further confirm the formation of a� Fe2O3 after heating at
500�C for 2 h. TEM and its simulation were used. Regions with deep
contrast are emerged in the nanocap, as shown in Fig. 5a. The cor-
responding SAED exhibits a spot-like feature of the typical crys-
talline phase, as shown in Fig. 5b. The simulation of the SAED
pattern in Fig. 5b suggests that a� Fe2O3 formed. The reflection

Fig. 4. XPS spectra of the surface droplets after various heating process. (a) Iron Fe2p spectra (b) Oxygen O1s spectra (c) Carbon C1s spectra. Black solid line is cumulative
observed values of binding energy for each element.Filled area under different colours denotes decovoluted peaks during peak fittings. (d) Optical images of nanocaps after
different heating process. Treatment conditions I-V are listed in Table 1. Length of scale ba.r: 15 lm.

Table 2
XPS peaks of Fe2p

Peak location(eV) Indicated component Treatment conditions

715.6 Fe3þ2p3=2[43] I

726.6 Fe3þ2p1=2[44] I

734.3 Fe3þ2p1=2 satellite[44] I-V

710.9, 713.2 Fe3þ octahedral[45] II, III

724.5 Fe3þ2p1=2 in Fe2O3[45] II-V

709.9, 711.3, 713.0 a� Fe2O3 [43] IV, V
719 Fe2O3[45,46] II-V

Table 3
XPS peaks of O1s and C1s

Peak location(eV) Indicated component Treatment conditions

533.3–533.8 SiO2[47] I-V
530.8 Oxide species[48] IV, V
285.1 Alkyl chains[45] I, II
287.0 C-O bound[49] I, II
290.5 C (carboxyl)[50] I
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spots circled are related corresponding to the labeled dots in the
SAED simulating pattern. Close check the diffraction pattern finds
that instead of a sharp, well-defined circular shape, the reflection
spots are stretched into the curved shape. This depicts the formed
a� Fe2O3 possesses a certain extent of texture.

Usually, the driving force for crystallization is mainly due to dis-
location, grain boundary energy, surface energy and strain energy
or their combinations. During the crystallization process, a texture
structure can form. It is well known that surface energy plays an
important role in the formation of texture structures. In the study
of Stirner et al. about the surface energy of a� Fe2O3[57], they

found that the surface energy decreased in a sequence of 0112
n o

< 0001f g < 1120
n o

< 1010
n o

� 1011
n o

< 1126
n o

< 1012
n o

.

The 1011
n o

shown in the current study (see Fig. 5b) is at a position

of high surface energy in the sequence. We postulate that the sur-
face energy does not play the main role in the texture formation
mechanism; rather, strain energy has more impact on the texture
structure arrangement.

The high resolution TEM (HRTEM) image indicates that
a� Fe2O3 possesses a well-defined crystal structure (Fig. 5c). This
suggests that crystalline a� Fe2O3 has already formed before
500�C. Heating at 500�C for 2 h gives a� Fe2O3 enough energy
and time to grow into a complete structure. Because dislocation
is an important reason for the formation of texture structure, the
rare existence of dislocation in the TEM observation for a� Fe2O3

treated at 500�C indicates that a well-defined crystal structure
does form. As shown in Fig. 5d, the simulated HRTEM image is
overlapped with the experimental one. It is seen that they match
very well. This is, from an alternative way, to confirm the forma-
tion of 500�C phase.

Hematite nanocrystals (a� Fe2O3) were synthesized previously
using oleic acid as precursor solution or surfactant.[58]. The devel-
opment of crystalline phase of a� Fe2O3 for iron oxide material
was largely synthesized by using various conditions such as
time-dependent (1–72 h), different temperature ranges and
change in precursors.[59,29] Here, we coined a simple, straight
and facile approach to develop a� Fe2O3 phase via solvent

approach without using any post surfactant and precursor solution
modification.

3.3. Formation of porous nanocaps from binary surface nanodroplets

The morphology and structure of the nanocaps can be modu-
lated by doping nonreactive liquid in nanodroplets. As shown in
Fig. 6a and b, when the droplets consist of a mixture of oleic acid
and octanol, the produced nanocaps exhibit many crevices on the
surface. In contrast, the surface of the nanocaps synthesized from
pure oleic acid shows a rough but uncracked surface, as shown in
Fig. 6d. Those crevices on the nanocaps are around 40 nm in width.
When the droplets are a mixture of oleic acid and decane, the
structure that is synthesized from binary droplets of oleic acid-
decane also have the shape of a thin and solidified spherical cap
with a similar aspect ratio as the nanocaps from a single droplet,
as shown in Fig. 6(e-g).

A distinct feature of the nanocaps formed from binary droplets
of oleic acid and octanol is the highly porous inner structure, as
shown in Fig. 6h. In contrast, the nanocaps synthesized from the
binary droplets of oleic acid and decane are more porous in the
segment near the supporting substrate (Fig. 6h).

It is interesting why the porous inner structure of nanocaps is
formed from binary droplets. Based on the ratio of oleic acid and
the solubility diagram in Fig. 1c and d, the binary droplets mainly
consist of oleic acid.[41] The appearance of the porous inner struc-
ture of nanocaps is most likely caused by the formation of the
daughter droplets from the nonreactive liquid (1-octanol and
decane) inside the droplets as well as the produced liquid from
the reaction of oleic acid and iron precursor. The secondary oil
small droplets may template the porous inner structure of the final
nanocaps.

There is a difference in the surface activity of octanol and
decane. Octanol is amphiphilic similar to oleic acid, while the later
molecules are non-polar. Thus, during the reaction with the iron
precursor, decane may reside inside the droplets. As oleic acid is
converted to oleate, decane is pushed away from the droplet sur-
face. As decane is oversaturated, forming daughter droplets located
near the substrate base, as sketched in Fig. 6i. In contrast, octanol

Fig. 5. (a) TEM images of nanocaps heated at 500� for 2 h. (b) The corresponding selected-area electron beam diffraction (SAED) pattern image together with its simulation.
(c) The high-resolution TEM (HRTEM) image of (a). (d) HRTEM of a higher magnification for the area indicated by a square in (c) and the simulation of the HRTEM image
illustrated by a rectangle inset with white profile. The lattice-spacings belong to 1011

n o
(d-spacing 0.42 nm) and 1102

n o
(d-spacing 0.37 nm).
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uniformly distributes in the droplet due to its amphiphilic prop-
erty. During heating, octanol or decane droplets evaporates, lead-
ing to permanent pores inside of the nanocaps. Same as the
nanocaps prepared from pure acid droplets, the nanocaps fabri-
cated from binary droplets (both acid-ocatnol and acid-decane)
exhibit the crystalline structure of a� Fe3O3, as shown in support-
ing information SI-7 and SI-8.

3.4. Formation of other metal oxide nanocaps

The droplets of oleic acid are able to react with many metal pre-
cursors; hence the surface nanodroplet template method is effec-
tive for the synthesis of a wide range of metal oxide nanocaps.
As a demonstration, we have expanded the approach for the syn-
thesis of copper oxide, yttrium oxide and zinc oxide nanocap on
the substrate, as shown in Fig. 7. The reaction for the formation
of metal oleates and the subsequential thermal decomposition pro-
cess is shown below.

Menþsolutionð Þ þ C18H33O3 dropletð Þ ! Me C18H33O2ð Þn dropletð Þ
þ Hþ

solutionð Þ ð5Þ

Me C18H33O2ð Þn dropletð Þ
þ O2 gasð Þ !Heating

Me2=nO capð Þ þ CO gasð Þ

" þCO2 gasð Þ " þH2O gasð Þ " ð6Þ

Here, Me represents metal elements. The mass loss in the produc-
tion of CuO, Y2O3 and ZnO from the thermal decomposition is esti-
mated to be 87.3%, 87.6% and 87.0%, respectively, leading to a
significant reduction in surface coverage compared to that of ini-
tial droplets. Optical microscope images show that yttrium oxide
nanocaps are yellow in the center and blue around the rim, while

zinc oxide nanocaps show a light blue color all over the caps, as
shown in Fig. 7b and c. As for copper oxide, the optical image
shows a dark and imperfectly spherical cap shape, as shown in
Fig. 7a. The color difference in nanocaps of copper oxide, yttrium
oxide and zinc oxide and the iron oxide may be attributed to
the refractive index of these two metal oxides. SEM images in
Fig. 7 show that the morphology of yttrium oxide is similar to iron
oxide with a smooth surface. In contrast, copper oxide has a rough
surface caused by the aggregation of the copper oxide nanoparti-
cles. While zinc oxide shows a close texture of aggregation of
non-spherical nanoparticles.

The successful synthesis of nanocaps of copper oxide, yttrium
oxide and zinc oxide demonstrates that our method is general for
forming diverse metal oxide nano/microstructures on a substrate.
The universality of this method has the potential for developing
surface-bound nanomaterials in many areas, including plasmonic
effect, photo-illumination enhancement, catalytic reaction and
among others.

The as-produced nanocaps show strong adhesion to the sub-
strate. The stability of the surface-bound nanocaps of iron oxide
has been tested by sonication. After sonication for 60 min, the
small nanocaps remained intact on the surface (SI-5a), while some
of the large nanocaps were removed from the substrate. The sur-
face coverage reduction by sonication treatment is more obvious
for large nanocaps than for small nanocaps (SI-5c).

We attribute the particularly strong adhesion between the caps
and the substrate to the intimate contact between the iron oxide
and the supporting substrate formed during the in situ fabrication
process and their strong van der Waal’s interaction.[60]. Small
nanocaps are even more resilient to sonication due to less proba-
bility of colliding the cavitation bubbles.

Fig. 6. Surface and inner structures of iron oxide nanocaps fabricated from binary surface nanodroplets. (a) shows the creviced surface of the nanocap from oleic acid-octanol
binary surface droplets. (b) The FIB-milled nanocap was fabricated from oleic acid-octanol binary surface droplets. (c) shows the inner structure of (b), indicating that the
height of the nanocap increases toward to the center. (d) The rough but uncracked surface of the nanocap from pure oleic acid droplets. (e) and (g) show the inner structure of
the nanocap synthesized from oleic acid-decane binary surface droplets (f), similar to the shape of (c). (h) High resolution images of the porous structure of the nanocaps
synthesized from oleic acid-octanol binary surface droplets and oleic acid-decane binary surface droplets, respectively. (i) The sketch of the reaction process of binary surface
nanodroplets with iron precursor.
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3.5. Porous nanocaps for photodegradation

Nanocaps prepared in this work have the direct application
potential for photocatalytic reactions in a flow-in chamber,
demonstrated by photodegradation of methyl orange (MO) in the
flow. As a demonstration, the iron oxide nanocaps of three differ-
ent porosities were fabricated on a hydrophobized glass substrate
and then was heated at 500 �C in air for 2 h. The products have
been proven to be a� Fe2O3 from the characterization in Fig. 4.

Nanocap (1) was prepared from pure oleic acid droplets. Nanocap
(2) was from oleic acid-decane binary droplets and Nanocap (3)
was from oleic acid-octanol binary droplets. As shown in Fig. 8b
and c, the surface coverage of those three nanocaps are 25%, 22%
and 10%, respectively. The relative low photodegradation efficiency
from the low surface coverage allowed us to identify the enhance-
ment from porous structures.

The photo-catalytical reaction was performed in a micro-fluid
chamber under visible light. The model compound was a dye

Fig. 7. Optical (first column) and SEM images (second and third columns) of nanocaps of copper oxide (a), yttrium oxide (b) and Zinc oxide (c). Length of scale bare: 25 lm
(first column), 15 lm (second column) and 2 lm (third column).

Fig. 8. (a) Sketch of the fluid chamber for photo-degradation test. (b) Optical images of non-porous nanocaps (No.1), moderately porous nanocaps (No.2) and highly porous
nanocaps (No.3) on the glass slide. (c) The surface coverage of the nanocaps corresponding to (b). (d) Normalized efficiency of photodegradation by nanocaps. The efficiencies
are normalized by dividing the net efficiency of (Ecap-Eglass) by surface coverage (S). Length of scale bar in (b): 25 lm (top row) and 15 lm (bottom row).Error bars in (c) and (d)
were obtained from 3 repeats of the experiment.
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(MO). As shown in Fig. 8a, the nanocaps of iron oxide on the top
glass plate headed down to the inner chamber as the dye solution
flow through before being collected into a vial from the outlet.

The spectra of the UV–vis of the dye solution show a peak of
absorbance around 464 nm. The efficiency of the degradation
was evaluated by the intensity of the peak, as shown in Supporting
information SI-6. The existence of the iron oxide nanocap can
improve the efficiency at least more than 7 times of the bare glass
slide. The improvement in degradation efficiency is attributed to
the catalytic activity of iron oxide nanocaps. As shown in Fig. 2c,
4b and 8a, the as-prepared nanocaps are ultra-thin and semitrans-
parent. The light can pass the nanocaps into the solution phase.
Herein, they are suitable for photocatalytic reactions.

The nanocaps with porous structures have obviously higher
degradation efficiency. In Fig. 8, the degradation efficiencies from
three porosities are normalized by the surface coverage of the
nanocaps. The normal efficiency for the most porous Nanocaps
(No. 3) is more than twice of the efficiency for smooth nanocaps
(No. 1). Nanocaps (1) without pores are the least effective for pho-
todegradation. Clearly, the porous structure enhances the pho-
todegradation due to the more surface area available for
catalysis. The degradation efficiency may be further improved by
optimizing the exposure time and, more effectively, by increasing
the surface coverage of iron oxide nanocaps.

4. Conclusions

In conclusion, we firstly demonstrate an approach based on
reactive surface nanodroplets for in situ fabrication of metal oxide
nanocaps with the controlled spatial arrangement and surface cov-
erage on a solid surface. Compared to the published work on fabri-
cation of the surface-bound materials or iron oxide nano materials,
[14,15,17,54,61] our method shows a low chemical consuming, fast
process in reaction, highly tunnable on the morphology and inner
structures. The crystalline structure of nanocaps can be conve-
niently varied in the post-synthesis process of the droplet reaction
via thermal treatment. Notably, nanocaps with nanoporous struc-
tures can be produced by doping nonreactive liquid in reactive sur-
face droplets. As applied to catalyze photodegradation of organic
compounds in water, the porous nanocaps exhibit better perfor-
mance as compared to smooth nanocaps. Reactive surface nan-
odroplets may open the window to the in situ synthesis of a
range of surface-bound nanomaterials. We expect that, in future
work, the formation condition of nanocaps maybe further
improved for optimal efficiency. The approach of surface nan-
odroplet reaction may be extended to other materials catalytic
reaction, optical focusing and solar energy conversion.
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