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Microemulsion techniques belong to the most widely applied
strategies for preparing high-quality nanoparticles, with about
1000 publications appearing each year.[1] In general, a micro-
emulsion is a thermodynamically stable system containing
surfactant-stabilized droplets that can be used as nanoreac-
tors. They allow for a wide variability in terms of composition
(for example, metals, oxides, sulfides, halides), size (typically
1–50 nm), and shape (spheres, hollow spheres, Janus-like
shapes, core–shell structures).[1, 2] To obtain nanoparticles,
water-in-oil (w/o)-microemulsions, which are also called
inverse microemulsions, are most often applied with water
as the polar dispersed phase and an alkane (such as hexane,
octane) as the nonpolar dispersant phase.[1, 2] Based on
aqueous polar phases, nanoparticle synthesis is restricted,
however, to compounds that are neither hydrolyzed nor
oxidized by water. The use of non-aqueous solvents as the
polar phase, on the contrary, is comparably rare (methanol,
ethylene glycol, dimethylformamide, ionic liquids).[3] Such
non-aqueous microemulsion systems can take up only small
portions of the polar phase and are therefore often not
suitable for the synthesis of nanoparticles. As an additional
restriction, the presence of at least small amounts of water
often cannot be excluded.[3] For these reasons, the use of non-
aqueous microemulsions for nanoparticle synthesis is limited
to date.[4]

Liquid ammonia is well-known as a water-comparable
solvent and it is widely used for preparing reactive bulk
compounds (including less-noble metals, clusters, Zintl com-
pounds, metal nitrides) and for particular biomolecular
reactions.[5] The availability of liquid ammonia as the polar
phase of a liquid-ammonia-in-oil-microemulsion could thus
open the door to reactive nanomaterials under water-free
conditions and under redox conditions that are otherwise
hard to realize. Herein, we present the first liquid-ammonia-
in-oil-microemulsion (designated as a/o-microemulsion). We

describe how to establish such an a/o-microemulsion, and we
demonstrate its usability based on four examples, namely Bi0,
Re0, CoN, GaN, thus indicating the potential of the strategy
regarding nanoscaled reactive metals and metal nitrides.

To establish a microemulsion with liquid ammonia as the
polar phase, n-heptane was chosen as the continuous oil
phase. Heptane is immiscible with liquid ammonia and
exhibits a freezing point (�91 8C) that is well below the
boiling point of liquid ammonia (�33 8C) (Figure 1). More-

over, we selected suitable amphiphiles following the concepts
of the hydrophilic–lipophilic balance (HLB), the mixed-film
theory, and the solubilization theory, as recently reviewed by
Paul and Moulik.[6] Accordingly, a mixed film has to be
established by combining suitable surfactants and cosurfac-
tants that are of limited solubility in both hydrophilic liquid
ammonia and hydrophobic heptane. First, we tested conven-
tional monotailed quaternary ammonium salts such as
cetyltrimethylammonium bromide (CTAB). These surfac-
tants turned out as reasonably inert, but none of them
matched with the HLB. Therefore, the emulsification with
liquid ammonia was insufficient, and the systems remained
turbid and showed phase separation.

Figure 1. The microemulsion system heptane/DDAI/heptylamine upon
condensation of NH3 (a–c) and evaporation of NH3 (c–e); (a0) shows
the virgin system prior to the first condensation of NH3 at room
temperature; c) shows the stable, fully transparent liquid-ammonia-in-
oil (a/o)-microemulsion at �40 8C.
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To enhance the lipophilic character of the surfactant tail
and to favor the formation of a microemulsion, doubletailed
surfactants were tested next. Thus, an emulsification of liquid
ammonia and n-heptane was achieved with dimethyldiocty-
lammonium bromide or iodide (DDAB, DDAI) as cationic
surfactant, and resulted in a turbid macroemulsion. Notably,
both surfactants, DDAB and DDAI, are hardly soluble in
both liquid ammonia and heptane. In accordance with mixed-
film theory, the charge density of the cationic surfactant now
has to be moderated by addition of a non-charged cosurfac-
tant. Here, hexylamine or heptylamine have been selected.
The resulting a/o-microemulsion is shown in Figure 1. Most
importantly, clarification of the a/o-microemulsion was only
observed for the selected surfactant/cosurfactant system and
only after condensation of liquid ammonia (0.1–0.5 mL; see
the Supporting Information). The occurrence of a fully
transparent system in the presence of liquid ammonia and
the turbidity of the system when evaporating liquid ammonia
turned out to be highly reversible (Figure 1). Although
indirect, this reversible clarification is a characteristic feature
that indicates the presence of a thermodynamically stable a/o-
microemulsion.

For conventional water-based microemulsions, Pileni
pointed out that the size of the water pool is a decisive
difference between a micellar solution and a microemulsion.[7]

With ionic surfactants, a microemulsion is only established for
water-to-surfactant ratios of wH2O� 15 (wH2O = [H2O]/[surfac-
tant]). Only then the number of water molecules exceeds the
number of molecules needed to hydrate the charged surfac-
tant-heads and their counterions. Or in other words, only with
wH2O� 15 “free” water and an aqueous pool for performing
reactions is present in the microemulsion.[8] For the a/o-
microemulsion established here, ammonia-to-surfactant
ratios (wNH3

) up to wNH3
= 22 (wNH3

= [NH3]/[surfactant])
were obtained that strongly suggest the presence of “free”
ammonia molecules, and therefore legitimates the description
as a liquid-ammonia-in-oil-microemulsion (Supporting Infor-
mation, Table S1). Additional features indicate the character-
istic behavior of a microemulsion as well. For example, the
maximum uptake of liquid ammonia in the system also
correlates with the surfactant-to-cosurfactant ratio (Support-
ing Information, Table S1).[6] Another characteristic feature
of an inverse microemulsion is the possibility to dissolve
metal salts inside the polar droplets. Here, KMnO4 has been
selected as an illustrative example of an ionic compound that
can be easily detected by the naked eye owing to its deep red
color. The obtained homogenous liquid phase with “free”
ammonia being the only component to solubilize KMnO4,
again points to the presence of an a/o-microemulsion
(Supporting Information, Figure S1).

As the next step, we studied the usability of our a/o-
microemulsion for the synthesis of nanoparticles. As a first
case study, we present Bi0, Re0, CoN and GaN. As Bi0

nanoparticles have been already prepared in water-based
microemulsions,[9] the synthesis of Bi0 nanoparticles in the
a/o-microemulsion was selected as a starting point of our case
study. Subsequent to synthesis and careful washing, the as-
prepared Bi0 nanoparticles were obtained as a fine black
powder that can be easily redispersed in chloroform. Over-

view-TEM and HRTEM images show spherical nanoparticles
with a mean diameter of 6.6� 1.2 nm (Figure 2; Supporting
Information, Figures S3, S5). The observed lattice fringes
(3.2 �) indicate the crystallinity and composition of single
nanoparticles (Bi0: [012] with 3.28 �). Composition and
crystallinity of a statistically relevant number of the as-
prepared nanoparticles are further confirmed by X-ray
powder diffraction (XRD) and selected-area electron dif-
fraction (SAED; Figure 2). The obtained lattice parameters
(XRD: a = 4.52, c = 11.92 �; SAED: a = 4.53, c = 11.88 �)
are well in accordance with rhombohedral bismuth (a = 4.55,
c = 11.86 �). The broadening and reduced intensity of the
Bragg peaks can be ascribed to size and strain of the
nanoparticles. Energy-dispersive X-ray spectroscopy
(EDXS) and FTIR spectroscopy also validate the composi-
tion of the as-prepared Bi0 nanoparticles (Supporting Infor-
mation, Figures S4,S6).

As the Bi0 nanoparticles corroborate the principal usabil-
ity of the a/o-microemulsion, we next aimed at Re0 nano-
particles as a more ambitious example. Interestingly, reports
on the synthesis of nanoscaled Re0 are rare to date. They
include the reduction of K2ReCl6 or KReO4 with hydrazine or
cyclic triphosphazenes.[10] Moreover, Re0 nanoparticles were
obtained by thermal decomposition of [Re2(CO)10] in ionic
liquids.[11] In view of the extraordinary catalytic activity of Re0

nanoparticles (for example, Fischer–Tropsch process, hydro-
genolysis, electrocatalysis),[12] this limited accessibility is
surprising but can be ascribed to its high reactivity. Using
a/o-microemulsions, we have obtained partially facetted Re0

nanoparticles with a mean diameter of 2.2� 0.3 nm (Figure 3;
Supporting Information, Figures S2, S3,S7). A Fourier trans-
formation of the lattice spacing observed on HRTEM images
(2.1 and 2.2 �) clearly points to hexagonal rhenium ((101)
with 2.11 �; (002) with 2.23 �; Figure 3). After sintering, the
obtained Bragg peaks clearly confirm the phase purity that is
also validated by EDXS and FTIR spectroscopy for the as-
prepared Re0 nanoparticles (Figure 3; Supporting Informa-

Figure 2. TEM, HRTEM, SAED, and XRD of as-prepared Bi0 nano-
particles from a/o-microemulsions (reference: Bi/ICCD-No. 44-1246).
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tion, Figures S4,S8). Thus, only rhenium is detected by
EDXS, whereas oxygen impurities turned out to be negligible.

With regard to metal nitrides, the direct ammonolysis of
metal compounds is typically hampered by the low acidity of
the amide (NH2

�) and imide (NH2�) intermediates.[13] Thus,
high-temperature sintering (� 200 8C) is needed for complete
ammonolysis and formation of crystalline metal nitrides. For
nanoparticles, such sintering is detrimental owing to severe
particle agglomeration. If oxides are used for ammonolysis,
oxygen impurities can hardly be avoided. These limitations
motivated us to exemplarily try the synthesis of CoN and GaN
in a/o-microemulsions. Nanoscaled CoN is yet only available
by high-temperature ammonolysis (� 300 8C) of NiCo2O4,
Co3O4, or Co(NH3)6(NO3)3.

[14] High-quality CoN nanoparti-
cles, on the other hand, are highly sought-after as they are
very promising for high-capacity anodes in lithium-ion
batteries or as a high-activity catalyst for hydrodenitrogena-
tion, NO decomposition, and solid-oxide fuel cells.[14,15]

Nanoscaled GaN as a wide-band-gap semiconductor (3.3–
3.5 eV) is discussed intensely for its quantum-confinement
effects as well as for optoelectronic applications.[13] Nano-
crystalline GaN powders were obtained by nitridation of the
metal, ammonolysis of oxides, and thermal decomposition of
molecular, nitrogen-rich precursors.[13, 16] Referring to this,
further improvement in view of oxygen- and defect-free, non-
sintered, and non-agglomerated GaN nanoparticles of con-
trolled size and surface-conditioning was discussed.[13a,b]

The formation of CoN nanoparticles in the a/o-micro-
emulsion can be followed by the naked eye (Supporting
Information, Figure S9). Thus, the color change from blue
Co(NH2)2 to black CoN indicates the proceeding ammonol-
ysis. The resulting CoN exhibits a uniform spherical shape and
a mean diameter of 2.3� 0.3 nm (Figure 4; Supporting
Information, Figures S3,S10). The observed lattice fringes
(2.1 �) indicate the crystallinity of the as-prepared nano-

particles and a NaCl-type structure (CoNNaCl : (200) with
2.14 �).[17] This finding is confirmed by SAED (Figure 4).
Here, all of the reflections can be indexed based on NaCl-type
CoN with a lattice parameter of 4.26 � (CoNNaCl : a =

4.27 �).[17] Considering the fact that certain sintering (�
300 8C) is needed to crystallize CoN,[13–15] the realization of
crystalline CoN right from the a/o-microemulsion is surpris-
ing. The composition of the CoN nanoparticles is further
indicated by FTIR spectroscopy and EDXS (Supporting
Information, Figures S4,S11, Table S2). The Co:N ratio can
be indeed deduced to 1.0:1.1.

GaN nanoparticles obtained from the a/o-microemulsion
exhibit a mean diameter of 3.2� 0.5 nm (Figure 5; Supporting
Information, Figures S3,S12). Similar to CoN, HRTEM
images show crystalline particles although the synthesis was
performed at �40 8C. The observed lattice spacing of 2.6 �
matches with sphalerite-type b-GaN (b-GaN: (111) with
2.60 �).[18] The composition of the as-prepared GaN is
confirmed by FTIR spectra confirming the absence of any
significant N�H or O�H vibrations, but showing a broad
absorption at 600 cm�1 as it was postulated for crystalline
GaN (Supporting Information, Figure S4).[19] EDXS confirms
a Ga:N ratio of 1.0:1.0 (Supporting Information, Figure S13,
Table S3). XRD shows the characteristic Bragg peaks of b-
GaN as broad reflections (Figure 5). After sintering, the
characteristic Bragg peaks become sharper. At 800 8C the
strongest Bragg peak still indicates the presence of cubic b-
GaN, along with the reflections of wurzite-type a-GaN now
present. The crystallinity of the as-prepared b-GaN nano-
particles is finally shown by photoluminescence (PL) spec-
troscopy. Despite the preparation at�40 8C, the characteristic
excitation (lmax = 290 nm) and emission (lmax = 336 nm) are
clearly visible (Figure 5). In comparison to bulk-b-GaN,[13,16]

the excitation is blue-shifted by about 1 eV, as is to be
expected in view of the particle size and quantum-confine-

Figure 4. TEM, HRTEM, SAED, and diffraction pattern (intensity
deduced from SAED plotted against inverse lattice distance) of as-
prepared CoN nanoparticles from a/o-microemulsions (reference: CoN
with NaCl-type structure: a = 4.27 �).[17]

Figure 3. TEM, HRTEM, EDXS (on copper grid), XRD of as-prepared
Re0 nanoparticles from a/o-microemulsions, and XRD of sintered
particles (400 8C, 800 8C; reference: Re/ICCD-No. 5-702).
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ment of the b-GaN nanoparticles. Although synthesized at
�40 8C to + 25 8C, the absorption and emission band are
similar or even more narrow than reported for GaN nano-
particles treated at temperatures of � 200 8C.[13,16] This
indicates a similar or even lower defect concentration (for
example, lattice defects, oxide antisites) of the as-prepared b-
GaN. The formation of crystalline CoN and GaN can thus be
ascribed to the high molar concentration of NH3 and the
absence of water in liquid ammonia.

In conclusion, a liquid-ammonia-in-oil-(a/o)-microemul-
sion is presented for the first time. With heptane as the polar
phase, DDAB/DDAI as cationic surfactant, and hexyl-/
heptylamine as the cosurfactant, a thermodynamically stable
microemulsion is reproducibly obtained and can be handled
as easily as a standard w/o-microemulsion (apart from the
lower temperature of �40 8C needed for liquid ammonia). As
a case study, the synthesis of Bi0, Re0, CoN, and GaN
nanoparticles exhibiting a mean diameter in the 1–8 nm range
is shown. Surprisingly, crystalline nanoparticles can be readily
obtained without any additional thermal treatment. Based on
the unique solvent properties of liquid ammonia, in sum,
nanomaterials that are highly sensitive towards hydrolysis
and/or oxidation are accessible. The a/o-microemulsion
established here can open the door to many more reactive
nanomaterials (for example, less-noble metals, Zintl phases,
metal nitrides) and allows study of their fundamental proper-
ties (such as quantum-confinement effects) and their poten-
tial application (for example, catalysis, high-power batteries,
solar cells).

Experimental Section
Liquid-ammonia-in-oil (a/o) microemulsion: The liquid ammonia-in-
oil (a/o) microemulsion was established by dissolving dimethyldioc-
tylammonium iodide (DDAI; 0.50 g, 1.25 mmol; see the Supporting

Information for synthesis) as the surfactant and heptylamine (3.34 g,
22.5 mmol) as the cosurfactant in heptane (15 mL) as the non-polar
oil-phase. Subsequently, the resulting turbid emulsion was cooled to
�40 8C and ammonia (0.5 mL) was condensed whereupon clarifica-
tion occurred and the a/o-microemulsion was formed. Further details
regarding synthesis and analytical characterization can be found in
the Supporting Information.

Bi0 nanoparticles were prepared by first dissolving NaBH4

(8.3 mg, 0.22 mmol). After the addition of this first starting material,
the a/o-microemulsion remained fully transparent. Next, BiI3

(41.7 mg (0.07 mmol) was added. Upon adding BiI3, the micro-
emulsion turned to deep black after few minutes. After 30 min, NH3

was allowed to evaporate by natural warming to room temperature.
The a/o-microemulsion was destabilized by adding acetonitrile
(15 mL). Thereafter, the nanoparticles were separated by centrifuga-
tion and washed three times by redispersion/centrifugation in/from
chloroform.

Re0 nanoparticles were prepared similarly to the Bi0 nano-
particles. Thus, NaBH4 (11 mg, 0.29 mmol) was first dissolved in the a/
o-microemulsion. Next, ReI3 (44 mg, 0.078 mmol) was added. The
colorless a/o-microemulsion instantaneously turned black, indicating
the formation of Re0. After destabilization, the as-prepared Re0 was
purified once by redispersion/centrifugation in/from a 1:1 mixture of
chloroform and acetonitrile, followed by redispersing/centrifugating
three times in/from pure chloroform.

CoN nanoparticles were prepared by sequential addition of
freshly prepared KNH2 (36.7 mg, 0.67 mmol; see the Supporting
Information) and CoI2 (105 mg, 0.34 mmol) to the a/o-microemulsion.
After the addition of CoI2, the a/o-microemulsion first turned
opalescent and then slowly became blue, indicating the formation
of cobalt amide Co(NH2)2 (Supporting Information, Figure S9). After
1 h, the suspension was allowed to warm to room temperature to
evaporate NH3. Subsequently, the suspension was heated to refluxing
heptane (98 8C). Within 1 h, the suspension became deep black under
gas evolution (Supporting Information). After destabilization, the as-
prepared CoN was purified once by redispersion/centrifugation in/
from acetonitrile, followed by redispersion/centrifugation three times
in/from ethanol. Ethanol as a polar solvent was necessary to remove
excess KNH2.

GaN nanoparticles were prepared by dissolving NH4I (46.2 mg,
0.32 mmol) in the a/o-microemulsion, followed by the addition of
freshly prepared NaGa(NH2)4 (50 mg, 0.32 mmol; synthesis according
to Ref. [20]). After 30 min, the a/o-microemulsion was allowed to
warm to room temperature. After destabilization, the as-prepared
GaN was purified once by redispersion/centrifugation in/from
acetonitrile, followed by redispersion/centrifugation three times in/
from ethanol. Ethanol as a polar solvent was necessary to remove
non-reacted NaGa(NH2)4.
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