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Germanium dioxide has many applications in the
optoelectronics sector and is the subject of substantial
research interest. In this contribution we report the
preparation of germanium dioxide nanoparticles of varied
sizes and morphologies using a facile sol-gel methodology that
requires no addition of templating agents (e.g., surfactants).
Morphological control is achieved by tailoring the reaction
mixture water/ethanol ratio, ammonium hydroxide
concentration, time, and temperature.

Germanium dioxide is a high-k dielectric"? and its phase
stability below 425 °C * makes it an ideal system for the
electronics industry.*’ In addition, photoluminescence (PL) from
GeO, nanostructures (e.g., nanowires) has been demonstrated
with peak energies at ca. 3.1 eV (400 nm) and 2.2 eV (563.6
nm).®® The origin of this PL has been attributed to oxygen
vacancies, or other surface defects.”?"'> However, this intriguing
property remains the subject of extensive study. Much of the
curiosity directed toward GeO, nanostructures arises from how it
differs from its Si counterpart (i.e., SiO,); for example, in
addition to its higher dielectric constant (i.e., €geop = 14.5 Vvs. €502
=3.9),"*’ it also has a higher refractive index (Mgeor = 1.6-1.65
VS. Nsio2 = 1.45),131% wider optical transparency window between
280 and 5000 nm (i.e., from UV to near IR area),'® and a higher
linear coefficient of thermal expansion.'® All of these properties
make germanium dioxide nanostructures appealing for a wide

range of applications including, optical waveguides,'’
connections in optoelectronic communications,>*1820
photosensors,?' among others.****

GeO, nanostructures have been synthesized via sol-gel
using tetraethoxygermane (TEOG)®
tetrachlorogermane.'>?**" Unlike the analogous reactions of
tetracthoxysilane used to prepare Stober silica, direct sol-gel
reactions using TEOG or GeCly are rapid and difficult to
control/study.13 As a result, when GeO, nanostructures of tailored
size and/or morphology are targeted it is necessary to include
substantial quantities of capping agents (i.e., surfactants) to
achieve the desired product,'*262%32

While the addition of surfactants facilitates some shape
control, these additives are often costly, can influence reaction
pathways, and complicate material purification. Furthermore, if
the GeO, nanostructures are intended as precursors for other

reactions or

2

2

90

nanomaterials (e.g., Ge NPs)* even traces of these seemingly
inert impurities could lead to contamination. In this regard, a
synthetic approach well-defined GeO,
nanostructures of tailored morphologies is clearly appealing.
Herein, we report a straightforward method for forming GeO,
NPs of controlled size and shape. Our approach does not require
addition of any templating agents or surfactants, and achieves
morphological tailoring yielding small pseudospherical
nanoparticles, eggs, spindles, and nanocubes of GeO,.

The synthetic methods employed for all of the presented
materials are described in detail in the electronic supplemental
information and generally involve controlled hydrolysis and
condensation of TEOG. Briefly, addition of TEOG to a
water/ethanol solution of ammonium hydroxide with rapid
stirring yields a cloudy white suspension. Following aging the
resulting white product was isolated via centrifugation, washed
repeatedly with anhydrous ethanol, and dried in vacuo at 110 °C
for 12 hours. Defining the water/ethanol ratio, ammonium
hydroxide concentration, as well as reaction time and temperature
yields different particle morphologies and assemblies. The
following discussion focuses on the influences of these
parameters on the evolution of the GeO, particles.

The Influence of Water/Ethanol Ratio: The dependence of
GeO, NP morphology on the reaction media water/ethanol ratio
for reactions catalyzed by 10° M ammonium hydroxide is
illustrated well in the scanning and transmission electron
microscopy evaluation of the isolated products (See Figs. 1 and
S1). Small (13 nm * 21%) pseudospherical GeO, NPs are
obtained when the volume percentage of water (vol. %) is 10
(Figs. 1A, B and S1A, B). These small particles are
agglomerated, consistent with the present reaction conditions that
do not involve the addition of surface capping agents. Increasing
the water content to 30 vol. % yields egg-shaped (length = 525
nm + 9%; width = 325 nm + 13%, Figs. 1C, D and S1C, D)
assemblies of the small particles noted in Fig. 1A. GeO, spindles
(length = 250 nm + 23%; width = 175 nm + 18%, Figs. 1E, F and
S1E, F) with rough surfaces are obtained when reactions are
performed at 50 vol. % water. These spindles are similar to those
prepared using reverse micelle templates by Jiang er al.®® and
Kawai et al.”’ Interestingly, contrast in the transmission electron
microscopy images is consistent with the present spindles being
hollow (Figure 1F, S1E). The exact mechanism for the formation
of these hollow structures remains unclear and is the subject of
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ongoing study in our laboratory. Finally, upon addition of
sufficient water (i.e., > 70 vol. %), well-defined GeO, nanocubes
with edge dimensions of 314 nm + 10% are obtained (Figure 1G,

15 Figure 1. SEM and brightfield TEM images of GeO, NPs prepared using
indicated water/ethanol ratios: A, B) Small pseudospherical NPs (10 vol.
% H,0); C, D) Eggs (30 vol. % H,0); E, F) Spindles (50 vol. % H,0); G,
H) Nanocubes (>70 vol. % H,0).
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Scheme 1. A schematic summary of the morphological evolution of GeO,
25 NPs resulting from changes in the water/ethanol ratio for the sol-gel
reaction of TEOG when catalyzed by 10 M ammonium hydroxide.

Scheme 1 summarizes the influence of the vol. % H,O in the
reaction mixture on GeO, NP shape when the reaction is
catalyzed by 10° M ammonium hydroxide. The observed

30 evolution of particle morphology may be understood in the
context of TEOG hydrolysis and condensation, combined with a
general nucleation and growth mechanism.** According to Eq. 1,
hydrolysis of TEOG begins with the formation of Ge(OC,Hs),.
x«(OH),. The exact product distribution obtained from this reaction

35 will depend upon the water/ethanol ratio (i.e., vol. % H,0). With
increasing vol. % H,0O, “x” will tend toward 4 resulting in
Ge(OH), being the dominant product. The hydrolysis product
mixture (i.e., Ge(OC,H;s),4(OH),. x = 1, 2, 3, 4) subsequently
participates in condensation reactions (Eq. 2) and yields materials

40 whose properties (i.e., morphology) are expected to depend upon
the original hydrolysis product distribution.

Ge(OC2H5)4 + XH20 - GC(OC2H5)4_X(OH)X + XC2H50H Eq]
Ge(OC,Hs)y x(OH), === Ge(OCyHs)4 ((O)yp + (x/2)H,0  Eg. 2

At low vol. % water, it is reasonable that x<<4. Under these
45 conditions there are few reactive sites where condensation can
occur and particle formation/growth will proceed slowly. This is
consistent with our experimental observation that ca. 2 hours is
required for a cloudy suspension to form when the reaction
mixture vol. % water = 10. In this context, it is reasonable to
so expect the particle size to be limited by reaction time and
available water; small particles will result. When the vol. % water
approaches 30, small GeO, colloids form more rapidly because
more sites are available for condensation reactions to occur.
Under these conditions it is reasonable that particles will come

that
surface-surface

ss together  forming agglomerated assemblies
subsequently through  further

condensation reactions. This process will yield covalently linked

loosely
crosslink

aggregate particle assemblies like those shown in Figs. 1C and D.
A similar process is expected to occur at higher vol. % water (i.e.,
50%) to yield bonded structures (see Figure 1E, F). At vol. %
water greater than 70 well-defined crystalline cubes are formed.
The formation and characterization of these nanocubes will be the
subject of the following discussion.

Representative energy dispersive X-ray (EDX) analysis shown
es in Figure 2 confirms the presence of germanium and oxygen in

all NPs presented here. Interestingly, no N is detected at the

sensitivity of EDX indicating negligible ammonium hydroxide

6

S

contamination. IR spectra of all GeO, morphologies are nearly
identical (See Fig. S2) with a strong absorption at ca. 895 cm’'
70 that is readily attributed to vibration modes of GeO, tetrahedra.?'
X-ray powder diffraction (XRD, Figure 2) confirms all
nanoparticles, regardless of size or morphology exhibit the
hexagonal GeO, (a-GeO,) crystal structure [PDF #04-0498].3+38
Peak broadening in the XRD patterns of small nanoparticles, eggs
ss and spindles (which are assemblies of small particles) is
consistent with small crystalline domains. Nanocubes show sharp
intense signals consistent with their comparatively large size
determined using electron microscopy. Electron diffraction of a
single nanocube (Figure 2 C) shows a pattern consistent with a
so single crystal domain. It has previously been reported that the
most thermodynamically stable crystal planes of a-GeO, are (1-
11), (011) and (10-1). In this context, cube-like nanocrystals
terminated by these faces are reasonable.”® Representative high-
resolution transmission electron microscopy (HRTEM) analysis
ss of a single nanocube (Figure S3) shows lattice fringes separated
by 0.34 nm consistent with the a-GeO, (10-1) and (011) planes.*®
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Figure 2. A) XRD patterns of different GeO, NPs morphologies. i.

110 pseudospherical particles, ii. eggs, iii. spindles, and iv. Nanocubes; B) A
representative EDX spectra for all GeO, NPs morphologies; C) A
representative Selected Area Electron Diffraction (SAED) pattern of a
single GeO, nanocube (inset).
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The Influence of Ammonium Hydroxide and TEOG
Concentration.

Having established the optimum vol. % water for the
formation of GeO, crystalline nanocubes (i.e., 100%), we turn
our attention to the ammonium hydroxide concentration while
maintaining the water content and TEOG concentration constant.
Figure 3 shows the influence of NH,OH concentration on GeO,
nanocube morphology. For 0.003 M NH,OH, polydisperse GeO,
nanocubes (edge = 350 nm + 18%, Fig. 3A) are obtained. For
10 0.01 M NH4OH the product is dominated by well-defined GeO,

nanocubes (i.e., 314 nm + 10%: Figs. 3B, C, E). Increasing the

NH,OH to 0.03 M provides polyhedral particles and nanocubes

that appear fused presumably because of surface-surface

condensation reactions noted above (Fig. 3D).

w

Figure 3. Morphological changes of GeO, nanocubes as a function of
ammonium hydroxide concentration. A) 0.003 M, 350 nm * 18%; B,C,E)
25 0.011 M, 314 nm * 10%, and D: 0.03 M, 287 nm * 33%.

Recall, that under the presented conditions TEOG is expected
to be completely converted to Ge(OH), (vide supra). In this
context, ammonium hydroxide impacts the acid/base equilibria of
Ge(OH), as outlined in Eq. 3 and 436

Ge(OH), + H,0 === Ge(OH);0" + H;0* pK, =93 Eq.3
Ge(OH);0™ + H,0 === Ge(OH),0* + H;0* pK,, =124 Eq4

The present ammonium hydroxide
concentration influences particle shape, however elucidating the
exact sol-gel mechanism of particle formation/evolution is
difficult given the constantly evolving distribution of germania
sources (e.g., Ge(OH);, Ge(OH);0, Ge(OH)2022" etc.) that
results from numerous combinations of hydrolysis and
condensation reactions.  Complicating interpretation, these
reactions will also induce changes in the pH of the reaction
40 media, which are known to impact sol-gel processes.>
Considering the equilibrium presented in Eq. 3 and the initial
pH of the reaction media (i.e., pH >10), it is expected that all of
the Ge(OH), will be deprotonated to form Ge(OH);0". According
to Eq. 4 negligible Ge(OH);0" will be converted to Ge(OH),0,>.
45 Well-studied base catalyzed silicon sol-gel processes suggest it is
reasonable the present Ge-O based gels will exhibit branched
structures.” Upon aging, condensation reactions involving the
remaining Ge-OH moieties are expected form ‘GeQO,’ tetrahedra
as noted in the IR spectra. While the mechanism for the formation
so of crystalline GeO, structures is difficult, and perhaps even
impossible to conclusively identify, it is reasonable that a
combination of the established solubility (albeit low) of “GeO,-
like” species in basic water and the stabilization afforded by the
lattice energy of a-GeOQ, (i.e., 12828 kJemol')*** will lead to
ss the reorganization of the ‘GeQ,’ tetrahedra and the formation of

observations indicate

[~
3

the thermodynamically favorable crystalline structures presented.

The effect of reaction time and temperature were also
investigated. Not surprisingly, based upon isolated yield
increasing the temperature pushes the reaction to completion (See

o Figure S4). These observations may be understood in the context
of the equilibrium summarized in Eq. 2 being shifted to the right.
These reactions form GeO,-like sol-gel products that in turn
evolve (vide supra) to form crystalline GeO, nanocubes.
Nanostructures obtained within a short time (0-2 h for 23 °C, 0-

65 15 minutes for 60 °C) of adding TEOG are faceted and clearly
based upon a “cube-like” structural motif (See Figure S5 A).
Upon solution aging (2- 20 h for 23 °C and 15 min-2 h for 60 °C)
in the reaction mixture, nanoparticle shapes evolve to form well-
defined cubes (See Figures S5 B, 1G, and H). Again, the limited

70 water solubility of GeO, plays a role and is expected to lead to
the selective dissolution of high surface energy facets on the
randomly shaped structures. Consistent with an Ostwald ripening
like process,”’ we also note the appearance of large (edge
dimension ca. 5 pm) faceted structures and an apparent shrinkage

75 of the cubes (See Figure S5 C) after extended solution aging (>24
h for 23 °C >6 h at 60 °C).

In conclusion, we have reported a facile method for preparing
GeO, NPs of tailored shape without the use of surfactants. The
morphologies, (i.e., pseudospherical particles, eggs, spindles, and

so nanocubes) were readily tailored by changing water/ethanol ratios
during the hydrolysis of TEOG. Uniform GeO, nanocubes with
narrow size distribution were obtained by optimizing the
concentration of the ammonium hydroxide catalyst.
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