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München, Lichtenbergstraße 4, 85748 Garching, Germany
∥Nanotechnology Research Centre, National Research Council Canada, 11421 Saskatchewan Drive, Edmonton, Alberta T6G 2M9,
Canada

*S Supporting Information

ABSTRACT: The synthesis of germanium nanomaterials with well-
defined surface chemistry is of considerable interest because of not only
general scientific curiosity but also their vast potential in optoelectronics,
energy storage, and the semiconductor industry. Herein, we report a
straightforward preparative route that yields hydride-terminated
germanium nanosheet (H-GeNS) monolayers via sonochemical
exfoliation of hydride-terminated germanane flakes (HGe-flakes) derived
from crystalline CaGe2. We subsequently show that these freestanding
H-GeNSs are readily functionalized by radical-initiated and thermally
induced hydrogermylation. Furthermore, we demonstrate that following
functionalization the crystal structure of the GeNSs remains intact, and
the introduction of organic moieties to the GeNS surfaces imparts
improved thermal stability and solvent compatibility.

T he preparation and applications of van der Waals materials
has become an area of intense investigation because

exfoliation of layered precursors can yield new materials with
properties that differ substantially from their bulk material
equivalents.1−4 The prototypical van der Waals material is
graphene; it exhibits tremendously high carrier mobility
compared to graphite and is among the strongest materials
known.1,5,6 While the preparation and derivatization, as well as
physical and chemical properties of graphene, are being studied
widely, investigations of sheet materials of carbon’s heavier
periodic congeners (i.e., silicon and germanium) are far less
prevalent.2,7

Doubtless, the limited number of studies of nanosheets of
heavier group 14 elements is partly because there is no naturally
occurring layered allotrope of silicon or germanium with a
graphite-like structure. Epitaxially grown 2D elemental Si
(silicene) and Ge (germanene) can only be achieved on
metallic surfaces in ultrahigh vacuum condition,8−10 and must
be encapsulated to survive in ambient environment.11 The
search for a suitable layered precursor for Si sheets saw Wöhler
deintercalate layered calcium disilicide (CaSi2).

12 Stutzmann
and co-workers extended this Ca-deintercalation methodology
to prepare hydride-terminated germanane (or germanium
nanosheets; GeNS) from layered calcium digermanide

(CaGe2).
13,14 Goldberger and co-workers revisited this

approach, and mechanically exfoliated hydride-terminated Ge
nanosheets (HGeNSs) as single- and few-layer sheets via
Scotch Tape and polydimethylsiloxane lift-off.7 HGeNSs
prepared in this way possess a buckled honeycomb structure
with surfaces crystallographically identical to Ge (111) oriented
wafers.9,15,16

Exfoliated HGeNSs oxidize when exposed to ambient
conditionsthis behavior is similar to that of hydride-
terminated Ge (111) wafer surfaces,17−19 as well as
germanene.8,9 The introduction of covalently bonded layers
onto the surfaces of GeNSs is of particular interest because of
the expected chemical stability and solvent/medium compat-
ibility they will impart. As well, modifying the molecular layer
presents the opportunity to predictably tailor material proper-
ties (e.g., conductivity, processability, optical response,
assembly, etc.).19−27

To date, only one solution route has been reported that
affords functionalized GeNSs. Goldberger et al. prepared
surface protected GeNSs by topotactically reacting layered
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CaGe2 with small iodoalkanes (e.g., R-I; R = CH3, 

CH2OCH3, CH2CHCH2, etc.).
28−30 While the materials

produced by this approach exhibited improved ambient and
thermal stability, the scope (i.e., length, reactivity, electronic
properties, etc.) of the surface functionality is very limited;
more importantly, it is not immediately clear how more
complex surface functionalities could be introduced using this
approach.
We, and others, have demonstrated various hydrosilylation

protocols that afford convenient methods for modifying
hydride-terminated silicon (111) surfaces,19 silicon nano-
particles,31−33 and silicane.23,27 There have also been a few
reports of hydrogermylation on Ge substrates and nanomateri-
als.19−21 In this contribution, we report the first demonstration
of radical-initiated and thermally induced hydrogermylation on
HGeNSs, as well as detailed characterization of the resulting
functionalized materials.
Calcium ions were topotactically deintercalated from

crystalline CaGe2 to afford hydride-terminated germanane
flakes (HGe-flakes).7 Exposure of CaGe2 to cold (i.e., −30
°C) concentrated HCl for 1 week caused the characteristic flat
gray appearance of CaGe2 to become black with a shiny
metallic luster (Scheme 1). A straightforward comparison of the

powder X-ray diffraction (XRD) pattern of CaGe2 with that of
the layered HGe-flakes provides insight into the deintercalation
process (Figures S1 and S2). The diffraction pattern of the
CaGe2 is readily indexed to a tr6 unit cell while that of the
HGe-flakes can be indexed to a hexagonal unit cell with a =
3.99 Å and c = 5.50 Å; these observations indicate the HGe-
flakes are made up of stacked HGeNS. Surface hydride-
termination was confirmed using FTIR spectroscopy, which
shows a characteristic Ge−H feature at 2001 cm−1 (Figure 1a).
Energy dispersive X-ray spectroscopy (EDX) of the HGe-flakes
indicates the presence of germanium, as well as trace (i.e., <1 wt
%) oxygen and Ca (Figure S3). Consistent with these results,
the survey X-ray photoelectron spectrum indicates only Ca, Ge,
O, and C are present at the sensitivity of the method (Figure
S4). The high-resolution XP spectrum (Figure 1b) gives insight
into the oxidation state of Ge atoms on the HGe-flake surface
(i.e., within the top 10 nm)deconvolution of the Ge 3d
spectral region indicates 15 atom % Ge2+.
HGeNSs were prepared via sonication of HGe-flakes in an

appropriate organic solvent (e.g., toluene). This approach
exploits the comparatively weak interlayer interactions (i.e., 72
meV per Ge atom) within HGe-flakes, which are dominated by

van der Waals forces and are of the same order of magnitude of
interlayer bonding observed for graphite (i.e., 53.5 meV per C
atom).34,35 The degree of exfoliation impacts the physical
appearance of the resulting HGeNSs.
After 5 min of ultrasonication the black HGe-flakes break up

to yield a pink suspension; this suspension becomes deep red
after an additional 55 min of treatment (i.e., 1 h of total
sonication). Exfoliated HGeNSs agglomerate upon drying and
readily oxidize as made evident by Ge−O associated features in
the FTIR spectrum (not shown) hindering additional character-
ization; as a result surface functionalization was performed
immediately following exfoliation.
Azobis(isobutyronitrile) (AIBN) radical-initiated hydroger-

mylation has previously been exploited for the derivatization of
hydride-terminated germanium nanocrystals;18 in this context,
similar conditions were applied here to the functionalization of
exfoliated HGeNSs. Based upon FTIR analysis, AIBN activated
surface modification of HGeNSs with 1-dodecene in degassed
toluene heated to 60 °C was completed after 12 h. At these
temperatures no obvious surface modification was observed
when the reaction mixture is heated in the absence of AIBN
(i.e., there is no thermal activation of hydrogermylation).
Consistent with alkyl derivatization, the FTIR spectrum (Figure
1a) of the dodecyl-functionalized NSs (i.e., dodecyl-GeNSs)
shows the concomitant appearance of v(CH)asym features at
2852 cm−1 and loss of v(GeH) at 2001 cm−1 and v(CC) at
3078 cm−1.18 We also note that the v(OH) feature at 3400
cm−1 in the spectrum of HGe-flakes (Figure 1a) is substantially
diminished in the spectrum of dodecyl-GeNSs (Figure 1a); we
propose this observation arises because only the outer layers of
the HGe-flakes are oxidized and because they are removed
during purification due to their limited compatibility with
nonpolar media.
Thermally induced hydrogermylation has also been demon-

strated for Ge surfaces and nanosystems.19,20,36 Here we extend
this approach to the alkyl-termination of HGeNSs upon heating
exfoliated HGe-flakes in neat 1-dodecene to 190 °C in an inert
atmosphere. This procedure caused the initially deep red
suspension to turn brown−gray after 2 h. The FTIR spectra of
the recovered product are similar to those of functionalized

Scheme 1. Preparation of Hydride-Terminated Germanium
Nanosheets: (i) −30 °C HCl for 1 Week, (ii) 3 h of
Ultrasonication in Toluene

Figure 1. (a) Comparison of the FTIR spectra of indicated materials.
(b) High-resolution XP spectra of the Ge 3d spectra region for the
indicated materials. The deconvolution of each oxidation state has
been fit to the Ge 3d5/2 and 3d3/2 spin−orbit pairs in the same color
set. (c) Raman spectra of the indicated materials.
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GeNSs prepared using radical-initiated reactions (Figure 1; vide
supra).
Comparing the Raman spectra of crystalline Ge(111), HGe-

flakes, exfoliated HGeNSs, and dodecyl-functionalized GeNS
prepared using thermally and radical-initiated reactions
provides insight into the exfoliation and functionalization
processes (Figure 1c). The present HGe-flakes show a Ge−Ge
feature at 287 cm−1 that is broader than that of the Ge(111)
wafer and is shifted to lower energy. These observations are
expected because of the incorporation of hydrogen and loss of
the long-range structure of crystalline Ge(111). HGe-flakes and
exfoliated HGeNSs exhibit comparably broad Ge−Ge features
at approximately the same Raman shift (i.e., 289 cm−1). We
attribute this observation to the HGeNSs reassembling upon
drying during sample preparation. Once functionalization is
performed (regardless of the method), reassembly of the
GeNSs is not readily possible. The combination of the
introduction of dodecyl groups to the GeNS surfaces and the
corresponding loss of the underlying structural support of the
HGe-flake assembly is reasonably expected to introduce tensile
strain into the bonding network of the individual GeNSs; this
results in further broadening of the Ge−Ge optical phonon.
Similar observations (i.e., Raman shift broadening) have been
noted for MoS2 and WS2 systems.37

The introduction of functionalization-induced tensile strain
in the GeNS structure is further made evident by a shift in the
optical band gap determined using diffuse reflectance spectros-
copy (DRS; Figure S5). We note that the band gap narrows
moving from HGeNS (1.7 eV) to radical prepared dodecyl-
GeNSs (1.5 eV) to thermally prepared dodecyl-GeNS (1.1 eV).
Previous reports of GeNSs suggest longer bonded alkyl surface
groups induce greater tensile strain leading to band gap
narrowing.3,30 This is consistent with our observations (vide
inf ra, AFM, XPS, TGA) that GeNSs functionalized via radical-
initiated reactions bear molecular monolayers while those
modified using thermal methods possess surface-bonded
oligomers.
Survey XP spectra (Figures S4 and S6) were measured for

CaGe2, HGe-flakes, and functionalized GeNSs prepared by
both hydrogermylation methods. High-resolution XP spectra of
CaGe2, HGe-flakes, as well as dodecyl-GeNS were compared to
those of an intrinsic Ge (111) wafer (Figure S6 and Figure 1b).
All spectra were calibrated to adventitious carbon at a binding
energy (BE) of 284.8 eV.38 A negatively charged Ge layer
stabilized by Ca ions in CaGe2 is made evident by a Ge 3d5/2
BE of 28.4 eV that appears at lower energy than the Ge
emission for the Ge (111) standard (i.e., 29.4 eV). In addition,
features associated with surface oxidation of CaGe2 were noted
(e.g., OCO, 288.5 eV; CO, 286.0 eV from CaCO3)
(Figure S6).39 The BE of the Ge 3d5/2 feature in the spectrum
of dodecyl-GeNSs prepared using radical-initiated reactions
appears at 29.7 eV; this feature appears at similar energy to that
observed for HGe-flakes (29.8 eV) and slightly higher energy
than that of the Ge standard (29.4 eV). We attribute this shift
to the influence of hydrogen and carbon that are bonded to the
GeNS surfaces. There are also high-energy shoulders on the Ge
spectral features of the dodecyl-GeNSs that we have fit to Ge2+

(31.2 eV) and Ge4+ (32.4 eV) and attribute to GeOx arising
from trace oxidation.17,36

Atomic force microscopy (AFM) shows the thicknesses of
the sheets prepared using radical-initiated hydrogermylation to
be 4.5 nm (Figure 2); this is comparable to surface modified

silicane NSs23,27 and substantially thicker (i.e., ∼8×) than
hydride-terminated GeNSs reported elsewhere.7

Selected area electron diffraction (SAED) patterns obtained
from dodecyl-GeNSs modified via radical-initiated hydro-
germylation (Figure 3a) are readily indexed to a simple
hexagonal unit cell with a = 3.98 Å with calculated d-spacings of
0.344 and 0.198 nm for the [101 ̅0] and [112 ̅0] planes,
respectively, assuming a [0001] zone axis. These data are

Figure 2. AFM imaging (top) and height profiles (bottom) of
dodecyl-terminated GeNSs deposited on clean silicon (111) substrates
obtained using (a) radical-initiated and (b) thermally induced
methods.

Figure 3. (a, b) Selected electron diffraction patterns of AIBN-
functionalized GeNSs along [0001] zone. (c, d) Line profile. (e, f)
Corresponding models. Fully (left) and partially (right) exfoliated
nanosheets.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.7b04974
Chem. Mater. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b04974/suppl_file/cm7b04974_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b04974/suppl_file/cm7b04974_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b04974/suppl_file/cm7b04974_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b04974/suppl_file/cm7b04974_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.7b04974


consistent with reports of hydride- and methyl-terminated
nanosheets.27 We also note a stronger diffraction intensity for
the inner [101 ̅0] plane when compared to that of the outer
[112 ̅0] plane (see Figure 3a,c); this observation differs from the
prediction of the dynamic simulated electron diffraction for AB-
and ABC-type germanane stacking (Figure S8) performed
using available h2 or tr6 germanane cell parameters,
respectively.40 However, the experimental diffraction intensities
we observe mirror those of mechanically exfoliated germanane
monolayers7 as well as graphene structures (e.g., graphene,
fluorographene).41,42

In contrast, a line profile analysis of the SAED of partially
exfoliated GeNSs (i.e., multilayer structures) prepared using
radical-initiated hydrogermylation (Figure 3b,d) show a
diffraction intensity profile that is in good agreement with
simulated AB stacking; of important note, while we can
conclude these assemblies are not monolayers, we cannot
discount the possibility of these multilayer structures being a
mixture of AB and ABC stacking.
Bright-field transmission electron microscopy (TEM)

imaging of the present dodecyl-terminated GeNSs indicates
they are randomly shaped thin sheets (Figure S9). For GeNSs
prepared via thermally induced functionalization, lattice fringes
were measured directly using high-resolution TEM (Figure 4).

It is important to note that the long-chain alkyl groups on the
GeNS surfaces can occlude high-resolution imaging and lead to
blurring of lattice fringes; this is not the case for graphene
where no pendant surface groups are present. Consistent with
the present SAED data (vide supra) for dodecyl-terminated
GeNSs prepared using radical-induced reactions, the HRTEM
analyses afforded lattice spacings of 0.34 nm for [101 ̅0] planes
when evaluating the edges of the GeNS assemblies showing
distinct contrast compared to the surrounding vacuum (Figure
4f). Further supporting the conclusion that freestanding GeNSs
were prepared using the present methods, we note incremental
increases in thickness contrast in TEM imaging (Figure S9) and
the same lattice structure away from NS edges (Figure 4g).
Unfortunately, direct imaging of the lattice fringes in some
stacks is not possible. Presumably visualization is precluded by
the presence of long alkyl chains that separate the layers by ≈6
nm (AFM analysis, vide supra).
In some cases, we observe lattice fringes for the thermally

modified NSs that do not correspond to the [101 ̅0] spacing
(Figure 4d,e). Evaluation of these regions shows a d-spacing of
0.20 nm that can correspond to the [112 ̅0] plane of isolated
and/or stacked nanosheets (Figure 4); this is similar to what
has previously been reported for graphene.43

Figure 4. Top: (a) Bright-field TEM and models for Ge nanosheet stacking. Middle: (b−e) Magnified regions of the HRTEM images, shown in (f−
i), respectively. Bottom: HRTEM images of thermally modified dodecyl-terminated GeNSs measured at different locations: (f) edge of GeNSs; (g)
center of GeNSs; (h, j) partially stacked GeNSs.
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It is difficult to separate the contributions of isolated and
stacked nanosheets to this observation, and multilayers cannot
be discounted. However, SAED modeling and data (vide supra)
indicate detection of the [112 ̅0] reflection is more likely in
multilayer assemblies. In addition, we expect that, for cases
where NS stacking is observed, visualization of lattice planes in
the HRTEM suggests there is limited separation between Ge
layers. We propose that, in these isolated regions, the GeNSs
have linked together through Ge−Ge bonds arising from
dehydrocoupling reactions. This proposal is further supported
by reports of dehydrogenation reactions taking place at elevated
temperatures (190 °C).7 This reactivity is the subject of
ongoing studies.
The C 1s and Ge 3d regions of the high-resolution XP

spectra of the present dodecyl-GeNSs (Figure S10) were
evaluated to estimate the fractional dodecyl monolayer
coverage resulting from hydrogermylation reactions. We have
applied a ligand−sheet−ligand model of the functionalized
GeNS in which both sides (top and bottom) are functionalized
(Figure 5a). For these structures, photoelectrons generated

from the dodecyl ligands bonded to both NS surfaces and the
GeNS itself can be used to estimate the fractional coverage.
This approach relies on the following assumptions: (1) The
dodecyl-GeNSs are deposited uniformly on the XPS substrate.
(2) Carbon appearing in the XP spectrum arises only from the
dodecyl functionalities (i.e., there is negligible adventitious
carbon), and all emission intensity at 284.8 eV arises from
surface tethered dodecyl ligands. (3) The number of edge-
bonded ligands is negligible. (4) Each Ge atom is bonded to
three other Ge atoms and one alkyl chain (i.e., same atomic
volume density). The thickness of the dodecyl ligands bonded
to the GeNSs can be estimated using the following equation
(derivation presented in Supporting Information; eq 1):

where IC−C and IGe are the integrated intensities of the
photoemission peaks from surface tethered alkyl functionalities
and GeNSs, respectively; SFC−C and SFGe are the instrument
sensitivity factors for the C 1s (0.278) and Ge 3d (0.536)
photoemission signals, respectively; dC−C and dGe are the
thicknesses of the ligand and Ge layers, respectively;44 and λC−C
and λGe are the attenuation lengths of C 1s (3.6 nm) and Ge 3d

(2.9 nm) photoelectrons,45 respectively. The thickness of the
dodecyl-terminated GeNSs was determined to be 4.4 nm using
tapping mode AFM; in this context, the majority (>99%) of the
photoelectrons detected originated from the top three GeNS
layers (n = 3).
We performed a series of iterative calculations using eq S6.

For these calculations the number of dodecyl-GeNS (n) was
defined to n = 10 to ensure that the maximum photoemission
intensity was considered. The relationship between monolayer
coverage, obtained by dividing dC−C by the fully extended chain
length of 1-dodecane (1.8 nm), and dGe was plotted (Figure
5b).46 The thickness of each Ge layer was defined as 0.6 nm.
Based upon this model, the ligand coverage on dodecyl-GeNSs
prepared via radical-initiated reactions was determined to be
0.55 ML (at dGe = 0.6 nm). This is in excellent agreement with
accepted literature values (i.e., 0.5 ML) for the substitution
limit for long-chain alkyl groups on flat Ge/Si (111)
surfaces,47−50 and lower than that for Ge nanoparticles (0.62
ML) for which surface curvature is expected to play a role.19

For dodecyl-GeNSs functionalized using thermally induced
hydrogermylation reactions, the coverage (1.03 ML) was found
to be more than double the accepted limit on flat Ge (111).
This is comparable with observations for thermally induced
hydrosilylation on Si (111) surfaces.49,51−54 Alkyl chain
propagation has also been reported for silyl radicals in the
case of thermal hydrosilylation on Si NP surface.32 AFM
analysis of these GeNSs sheets shows they are substantially
thicker than NSs modified using radical-initiated reactions.
These observations suggest the thermally modified dodecyl-
GeNSs may be covered by oligomers. The oligomerization of
unsaturated ligands can result in even higher surface coverage
on curved Ge nanoparticle surfaces when conditions similar to
those described here are employed.21

The thermal stability of dodecyl-GeNS was investigated
using thermogravimetric analysis (TGA). Evaluation of
HGeNSs (Figure 6) shows two mass loss events that have
previously been attributed to dehydrogenation at 190 °C and
chlorine loss starting from 300 to 350 °C.7 In contrast, dodecyl-
GeNSs show no detectable mass loss associated with hydrogen
releasethis is consistent with the presented surface
functionalization. The loss of the dodecyl functionalities
resulting from cleavage of Ge−C surface bonds on GeNSs
begins spans the 365 to 470 °C and at 475 °C for samples
prepared via radical- and thermally activated hydrogermylation,
respectively. While the origin of the different thermal responses
of the dodecyl-GeNSs is the subject of ongoing investigation, it
is reasonably attributed to differences in their surface chemistry
noted in the AFM and XPS analyses outlined above.
In conclusion, radical-initiated and thermally induced

hydrogermylation reactions were employed to modify
hydride-terminated GeNSs. Both hydrogermylation reactions
are rapid and afford surface modification. Radical-initiated
reactions provide monolayer coverage while thermally activated
processes lead to surface oligomerization. As a result,
functionalized nanosheets exhibited thicknesses of ∼4.5−5.5
nm depending upon the functionalization method employed. In
all cases the Ge atoms are arranged in a buckled simple
hexagonal unit cell. In addition, the band gap of the GeNS
decreases with surface functionalization and the surface group
chain length (i.e., surface group oligomerization). Finally, the
thermal stability of functionalized GeNS was increased to 470
°C, which is expected to facilitate ready processing (e.g.,
blending and extrusion) with functional polymers.

Figure 5. (a) Ideal model for dodecyl-terminated GeNSs (n = 1). (b)
Calculated fractional monolayer (ML) ligand coverage determined
using eq 1 for indicated Ge layer thicknesses dGe using XPS, for
dodecyl-terminated GeNSs prepared from thermal (black) and AIBN
radical (red) hydrogermylation.
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