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ABSTRACT:Layered zinc hydroxides (LZHs) with the general
formula (Zn2+)x(OH� )2x� my(A

m� )y·nH2O (Am� = Cl� , NO3
� , ac� ,

SO4
2� , etc) are considered as useful precursors for the fabrication

of functional ZnO nanostructures. Here, we report the synthesis
and structure characterization of the hitherto unknown“binary”
representative of the LZH compound family, Zn5(OH) 10·2H2O,
with Am� = OH� , x = 5, y = 2, andn = 2. Zn5(OH) 10·2H2O was
a� orded quantitatively by pressurizing mixtures of� -Zn(OH)2
(wul� ngite) and water to 1� 2 GPa and applying slightly elevated
temperatures, 100� 200°C. The monoclinic crystal structure was
characterized from powder X-ray di� raction data (space groupC2/
c, a = 15.342(7) Å,b = 6.244(6) Å,c = 10.989(7) Å,� =
100.86(1)°). It features neutral zinc hydroxide layers, composed of octahedrally and tetrahedrally coordinated Zn ions with a 3:2
ratio, in which H2O is intercalated. The interlayerd(200) distance is 7.53 Å. The H-bond structure of Zn5(OH) 10·2H2O was
analyzed by a combination of infrared/Raman spectroscopy, computational modeling, and neutron powder di� raction. Interlayer
H2O molecules are strongly H-bonded to� ve surrounding OH groups and appear orientationally disordered. The decomposition of
Zn5(OH) 10·2H2O, which occurs thermally between 70 and 100°C, was followed in an in situ transmission electron microscopy
study and ex situ annealing experiments. It yields initially 5� 15 nm sized hexagonal w-ZnO crystals, which, depending on the
conditions, may intergrow to several hundred nm-large two-dimensional,� akelike crystals within the boundary of original
Zn5(OH) 10·2H2O particles.

1. INTRODUCTION

Layered zinc hydroxides (LZHs) are considered interesting
materials for intercalation and anion exchange, as well as
precursors toward (functional) porous ZnO nanostructures.1� 4

LZHs are part of a larger family of layered hydroxide salts with
the chemical formula M(II)x(OH� )2x� myA

m�
y·nH2O, where

M(II) = Mg, Mn� Zn and Am� is, e.g., Cl� , NO3
� , SO4

2� , and
CO3

2� .2� 5 The layer structure is related to brucite, Mg(OH)2,
and features edge-sharing sheets of octahedral zinc hydroxide
units where two tetrahedrally coordinated Zn ions are situated
above and below vacant octahedral sites. The basal planes of a
pair of opposite tetrahedra are then equivalent to opposite
triangular units of the empty octahedra. Layers are terminated
by an additional ligand, which coordinates the apical site of the
tetrahedra.

LZH layers may be (positively) charged or neutral,
depending on whether the terminating ligand is water or
Am� . Figure 1illustrates the building principle of LZHs with
the simple examples Zn5(OH) 8(NO 3) 2·2H2O

6 and
Zn5(OH) 8Cl2·H2O (simonkolleite).7 In both cases, 1/4 of
the octahedrally coordinated Zn within a layer is replaced by

pairs of tetrahedra, i.e., the Zno/Znt ratio is 3:2; however, their
distribution is di� erent, resulting in orthorhombic and trigonal
layer symmetries for the nitrate and chloride, respectively. For
the former, the terminating ligand is H2O, and NO3

� ions are
intercalated. For the latter, the terminating ligand is Cl� , and
neutral H2O is intercalated. The stacking of layers yields, then,
an overall monoclinic and rhombohedral structure for the
nitrate and chloride, respectively. Generally, interlayer spacings
are comparatively small for LZHs with neutral layers (i.e., for
which layers are held together only by a hydrogen-bond
network).5,7

LZHs can be modi� ed in numerous ways. More complicated
structural patterns and di� erent Znt/Zno ratios may arise when
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anions are divalent, A2� . For example, SO4
2� replaces OH�

from octahedrally coordinated Zn within the sheets.4,5 Further,
terminating layers with hydrophobic long-chain carboxylate
ions lead to unique architectures of layer assemblies, which can
be subsequently exfoliated.8� 10 Films of LZHs may be
prepared by electrodeposition4 or liquid� liquid biphasic
synthesis.11 Using hydrophilic substrates allows the fabrication
of � lms of upright-standing nanosheets of LZHs that are
stacked parallel to the substrate.12 Depending on the precursor
and the treatment procedure, subsequent conversion of LZHs
by thermal decomposition results, then, in various nano-
structured and nanoporous forms of ZnO.4,12� 15

The simplest representative of the LZH family would be Am�

= OH� , reducing the LZH to binary zinc hydroxide hydrates
Zn(OH)2·nH2O with octahedrally and tetrahedrally coordi-
nated Zn2+. In this work, we show that the hydrothermal
conversion of� -Zn(OH)2 (wul� ngite) at high pressures, 1� 2
GPa, and moderate temperatures, 100� 200°C, quantitatively
produces the zinc hydroxide dihydrate Zn5(OH) 8(OH) 2·
2H2O.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Crystal Structure Characterization

of Zn5(OH)10·2H2O. Our hydrothermal conversion experi-
ments of� -Zn(OH)2 targeted pressures up to 2 GPa and
employed a large proportion of water (molar ratio 1:55,
corresponding to a 1 M situation if referring to a solution) to
ensure a constant activity in possible high-p,T processes. The
evolution of products is summarized inFigure 2. Autoclave
experiments, referring to near-ambient pressure, and piston-
cylinder experiments at 0.5 GPa produced hexagonal
(wurtzite) w-ZnO. The powder X-ray di� raction (PXRD)
pattern of the product obtained at 1 GPa and 100°C (“1�
100” product) revealed a new and unknown phase. In addition,

a pronounced amorphous background was noticeable, along
with a very broad re� ection centered at 2� � 12° (d � 8 Å).
The amorphous feature is absent in the pattern of the 2� 100
product, indicating higher crystallinity. Re� ections are sharper
in the PXRD pattern of the 2� 200 product, indicating a larger
particle size. At the same time, these conditions produced a
small fraction of w-ZnO. The experiment at 1 GPa and 200°C
quantitatively yielded w-ZnO.

The unknown phase was a� orded as a� ne white powder.
The 2� 100 product consisted of submicron-sized crystals with
a pronounced platelike morphology, whereas the 2� 200
product corresponded to seemingly euhedral tabular crystals
with sizes up to 10� m (Figure 3). At higher magni� cation,
however, it is seen that these crystals represent agglomerates of
laminar crystals. Electron energy loss and electron-dispersive
X-ray spectroscopy analysis showed that the unknown phase is
composed of Zn and O, which occurred in a ratio� 0.4 (see
the Supporting Information,Figures S1 and S2).

The PXRD pattern of the 2� 100 product was indexed to a
C-centered monoclinic lattice and unit cell parameters were
re� ned asa = 15.342(7) Å,b = 6.244(6) Å,c = 10.989(7) Å,
and� = 100.86(1)°. Systematic absences of re� ectionsh0l, h, l
� 2n in the pattern agree with the space groupC2/c (no. 15).
We note that initially a smaller unit cell with a halvedc
parameter (5.494 Å) was extracted (withC2/m as the
suggested space group (no. 12)). However, when solving
and subsequently re� ning the crystal structure, it was deemed
appropriate to employ the largerc-axis. The� nal Rietveld� t is
shown in Figure 4, and Tables 1and 2 summarize the
re� nement results and structure parameters.

The unit cell contains 20 Zn atoms, which distribute on two
general positions (8f) and on a site 4e (0, y, 1/4), and 48 O
atoms (all on general positions). Zn1 (8f) and Zn2 atoms (4e)
attain an octahedral coordination and Zn3 atoms (8f) attain a
tetrahedral coordination. Thus, ZnO6 octahedra and ZnO4
tetrahedra occur in a 12:8 (3:2) ratio and are arranged in layers

Figure 1.Crystal structures of monoclinic Zn5(OH) 8 (NO3)2·2H2O
(left panel) and rhombohedral Zn5(OH) 8Cl2·H2O (right panel). The
top row shows the layer of edge-sharing octahedra (dark blue) with
di� erent arrangements of vacant sites where two tetrahedrally
coordinated Zn ions (light blue) are situated above and below.
Their apex atoms de� ne the thickness of a layer. The bottom row
shows the stacking of layers. Intercalating species (NO3

� (left) and
H2O (right)) are depicted as gray circles. The basal spacing between
layers is indicated by arrows.

Figure 2.PXRD patterns of products obtained from hydrothermal
treatment of� -Zn(OH)2 at 100°C (black and green, bottom) and
200 °C (red, top) at pressures of 0.5, 1, and 2 GPa. Samples are
abbreviated as“x� y,” wherex is the pressure in GPa andy is the
temperature in°C. The arrow in the 1� 100 pattern indicates a
re� ection of an unknown, largely amorphous phase, whereas the
arrows in the 2� 200 pattern mark the most prominent peaks from w-
ZnO (according to JCPDS Card No. 00-036-1451). The inset shows
a pressure� temperature map of the Zn(OH)2-H2O system.
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typical of LZHs. Zno� O and Znt� O distances are in the range
2.03� 2.18 and 1.93� 2.06 Å, respectively (Table 3), which
corresponds closely to other LZHs (e.g., Zn5(OH) 8(NO3)2·
2H2O for whichd(Zno� O) = 2.02� 2.19 Å andd(Znt� O)
1.94� 1.96 Å).6 Since strongly basic OH� ions cannot exist
uncoordinated in the presence of H2O, we assign OH� (carried
by O1) as the layer-terminating ligand for Znt. Thus, the layer
is neutral and the interlayer O (O6) is part of a water
molecule. We, therefore, conclude that the hydrothermal
conversion of� -Zn(OH)2 at 1� 2 GPa and 100� 200 °C

a� ords unprecedented zinc hydroxide dihydrate with a formula
Zn5(OH) 10·2H2O andZ = 4 in aC/2c unit cell.

The structure of Zn5(OH) 10·2H2O is depicted inFigure 5.
The distribution of tetrahedral units within layers is identical to
that of monoclinic Zn5(OH) 8(NO3)2·2H2O (cf. Figure 1a).6

However, as initially mentioned, we doubled the translational
period in thec-direction. The O6 position of the water
molecule was re� ned as (0.250, 0.066, 0.410). Fory = 0, this
position can be expressed as 4i (x0z) in space groupC2/m
with a halvedc unit cell parameter (c � 5.5 Å). This is
indicated inFigure 5a. However, the deviation fromy = 0
appeared signi� cant, and, therefore, the largerc-axis was
employed. The stacking of layers in the Zn5(OH) 10·2H2O
structure (along thea*-direction) is similar to Zn5(OH) 8Cl2·
H2O, which also consists of neutral layers.7 The stacking is
very compact in Zn5(OH) 10·2H2O. The so-called basal
distance (the distance between the centers of two adjacent
layers) isd � 7.53 Å.

The hydrothermal conversion of� -Zn(OH)2 to w-ZnO at
close to ambient pressure has been discussed to occur by either
dissolution� precipitation or solid-state transformation.16� 19

We conjecture that the hydrothermal transformation of� -
Zn(OH)2 to Zn5(OH) 10·2H2O at high pressure is initiated at
the surface of the hydroxide, which produces� akelike hydrate
particles with sizes between 10 and 50 nm. Such� akelike
particles would peel o� the hydroxide surface and subsequently
grow, via dissolution� precipitation, to platelike 0.1� 0.5 � m
sized crystals (i.e., the 1� 100 and 2� 100 products) that
aggregate into particles with a tabular morphology at higher
temperatures (i.e., the 2� 200 product). The enthalpy of the
reaction

+ � ·5Zn(OH) 2H O(l) Zn (OH) 2H O2 2 5 10 2 (1)

can be estimated as +39 kJ/mol under standard conditions (cf.
di� erential scanning calorimetry (DSC) measurements,
Section 2.3, and the Supporting Information,Figure S3).
Consequently, the transformation is accompanied by a large
energy penalty, and Zn5(OH) 10·2H2O is metastable at
atmospheric pressure and room temperature. High pressure
is clearly essential for the synthesis of Zn5(OH) 10·2H2O
because the volume change for reaction (1) is strongly negative
(about � 47.3 cm3/mol under ambient conditions and

Figure 3.(a) Transmission electron microscopy (TEM) images of the product obtained at 2 GPa and 100°C (2� 100) taken with di� erent
magni� cations. (b) Scanning electron microscopy (SEM) images of 2� 200 taken with di� erent magni� cations. The rugged surface of crystals is
attributed to carbonate formation from CO2 uptake upon exposure to air.

Figure 4.Rietveld� t of the Zn5(OH) 10·2H2O structure to Cu K� 1
PXRD data. The inset shows an enlarged section for the 2� range 38�
75°.

Table 1. Crystal Data and Structure Re� nement Results for
Zn5(OH) 10·2H2O from PXRD Data

empirical formula Zn5(OH) 10·2H2O
formula weight, (g/mol) 533.05
temperature (K) 295
crystal system monoclinic
space group C2/c (no. 15)
Z 4
a (Å) 15.342(7)
b (Å) 6.244(6)
c (Å) 10.989(7)
� (deg) 100.86(1)
volume (Å3) 1033.89(1)
Rp, Rwp, Rexp 8.06, 9.62, 5.37
� 2 3.207
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estimated to be around� 40 cm3/mol under the conditions of
synthesis). Thus, thepVterm (integral of� Vdp from 1 atm to
high pressure) at room temperature and 1 GPa is estimated to
be about� 47.3 kJ/mol and, therefore, can overcome the
destabilizing enthalpy at atmospheric pressure. The contribu-

tion of entropy,T� S, cannot be readily constrained but will
make reaction (1) generally less favorable with increasing
temperature.

Note that Zn5(OH) 10·2H2O can also be obtained by heating
pressurized� -Zn(OH)2 without a water environment,
according to

� · +7Zn(OH) Zn (OH) 2H O 2ZnO2 5 10 2 (2)

A PXRD pattern of the product of such an experiment is
shown as the Supporting Information,Figure S4. The initial
step of this dry transformation should be analogous to the
solid-state transformation (in situ crystallization) of� -Zn-
(OH) 2 into w-ZnO. Here, the dehydration occurs initially at
the surface of hydroxide crystals, leading to cracks and holes
due to the much higher density of w-ZnO.16,17 Hydrate
formation will then occur at the interface of liberated water
with � -Zn(OH)2 and a hydroxide crystal is gradually
transformed into a mixture of Zn5(OH) 10·2H2O and w-ZnO.

Finally, Zn5(OH) 10·2H2O can be prepared as a completely
deuterated sample when performing the hydrothermal
conversion of� -Zn(OH)2 in a heavy water (D2O) environ-
ment. Metastable Zn5(OH) 10·2H2O appears to decompose
over time (several months) even when stored under inert,
moisture-free, conditions. Exposure to air leads to a rapid loss
of crystallinity of samples due to carbonate formation from the
incorporation of CO2; cf. Figure S5a,bin the Supporting
Information.

2.2. Investigations into the Hydrogen-Bond Structure
of Zn5(OH)10·2H2O. General information on the coordination
environment of hydroxide ions and hydrogen bonding can be
obtained from IR and Ramanspectroscopic measure-

Table 2. Fractional Atomic Coordinates and Isotropic Equivalent Displacement Parameters for Zn5(OH) 10·2H2O
a from PXRD

Data

atom Wyck x y z Uiso (Å2)

Zn1 8f 0.4983(4) 0.24757(17) 0.0004(5) 0.0577(4)
Zn2 4e 0 0.0003(10) 0.25 0.0577(4)
Zn3 8f 0.38168(8) 0.0004(7) 0.21436(12) 0.0577(4)
O1 8f 0.2533(4) 0.019(2) 0.1632(5) 0.0597(8)
O2 8f 0.0860(7) 0.2406(18) 0.1912(11) 0.0597(8)
O3 8f 0.4315(4) 0.486(3) 0.0730(5) 0.0597(8)
O4 8f 0.4268(8) 0.2597(18) 0.3236(11) 0.0597(8)
O5 8f 0.0785(4) 0.492(3) 0.4417(5) 0.0597(8)
O6 8f 0.2497(4) 0.0660(13) 0.4098(7) 0.0710(3)

aC2/c, Z = 4,T = 295 K, estimated standard deviations in parentheses.

Table 3. Interatomic Distances (<3.0 Å) for Zn5(OH) 10·
2H2O from PXRD Dataa

atom 1 atom 2 distance (Å) atom 1 atom 2 distance (Å)

Zn1 O3 2.052(15) O1 O6 2.737(10)
O4 2.056(12) O6 2.825(10)
O5 2.113(15) O6 2.938(15)
O5 2.150(15) O2 2.982(14)
O3 2.214(15) O2 O3 2.945(15)
O2 2.255(12) O1 2.982(14)

Zn2 O3 2.031(5) O3 O4 2.661(16)
O3 2.031(5) O6 2.866(10)
O4 2.124(13) O3 2.880(9)
O4 2.124(13) O2 2.945(15)
O2 2.175(12) O4 O3 2.661(16)
O2 2.175(12) O5 2.959(16)

Zn3 O5 1.926(6) O5 O6 2.850(8)
O2 1.939(12) O5 2.935(9)
O1 1.947(6) O4 2.959(16)
O4 2.056(12) O6 O1 2.737(10)

O1 2.825(10)
O5 2.850(8)
O3 2.661(16)
O1 2.938(15)

aEstimated standard deviations are given in parentheses.

Figure 5.Structure of Zn5(OH) 10·2H2O. (a) Layer of edge-sharing octahedra (dark blue) and tetrahedra (light blue) sitting above and below
vacant octahedral sites. Interlayer water molecules are represented as large red spheres. Their breaking of the 2/m mirror symmetry causes a
doubling of thec parameter as compared to Zn5(OH) 8 (NO3)2·2H2O (cf. Figure 1). (b) Stacking of layers viewed along theb- (left) andc-
directions (right).
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ments.20� 22 Here, it is instructive to compare� -Zn(OH)2 and
Zn5(OH) 10·2H2O, andFigure 6shows the attenuated total

re� ection Fourier transform infrared (ATR-FTIR) and Raman
spectra of both compounds. The vibrational properties of� -
Zn(OH)2 have been reported and analyzed earlier.23,24 In � -
Zn(OH)2, Zn ions are tetrahedrally coordinated by four OH�

ions, at distances between 1.94 and 1.96 Å, and each OH� ion
is shared by two Zn ions. The topology of the arrangement of
Zn(OH)4 tetrahedra is equivalent to that of SiO4 tetrahedra in
� -cristobalite.25 The vibrational spectrum of� -Zn(OH)2 can
be divided into four regions. At the highest wavenumbers
(above 3000 cm� 1) are the O� H stretching modes from the
two crystallographically independent OH groups. Those
appear as a broad band centered at around 3200 cm� 1 in the
IR spectrum but split in the Raman spectrum (3193 and 3262
cm� 1). The comparatively low (red-shifted) wavenumbers of
these bands with respect to the free OH� ion (� 3550 cm� 1)
signal the strong O� H···O hydrogen bonding in� -Zn(OH)2.

24

The spectral range of Zn� OH bends (which are also called
OH librations)20 is between 600 and 1200 cm� 1. Zn� O
stretches fall in the region between 350 and 600 cm� 1. The
asymmetric stretches (with a high IR intensity) are in the range
470� 550 cm� 1, whereas the symmetric ones are seen at 368
and 382 cm� 1 in the Raman spectrum.24 Bands below 350
cm� 1, as seen in the Raman spectrum, belong to lower energy
lattice modes.

Zn5(OH) 10·2H2O possesses four crystallographically inde-
pendent OH groups (when referring to the smallerC2/m unit
cell) and one water molecule. Thus, one expects six O� H
stretching modes. In the IR and Raman spectra, one can
discern clearly four and� ve bands, respectively, which are
associated with O� H stretches. Compared to� -Zn(OH)2, the

majority is at noticeably higher wavenumbers (in a range from
3400 to 3550 cm� 1), which manifests considerably weaker H
bonding. One band at� 3260 cm� 1, however, is in the range of
the O� H bands of� -Zn(OH)2 and there is a broad band at
2900 cm� 1, which is consistently seen in both Raman and IR
spectra, indicating very strong H bonding. It is usually very
di� cult to discriminate O� H stretches of water from hydroxyl
since they appear in the same spectral region. Sometimes, they
can be distinguished by their normally larger half-widths.20

Thus, the broad bands at� 3260 and 2900 cm� 1 possibly
associate with the water molecule. In the spectrum of
deuterated Zn5(OD)10·2D2O, O� D stretching modes are
shifted to the range 2200� 2650 cm� 1, and O� H and O� D
modes relate consistently through an isotope shift� 1.34.
Importantly, this includes the broad peak at 2900 cm� 1, which
is shifted to� 2200 cm� 1 (seeFigure S6in the Supporting
Information).

The water bending mode is expected at around 1600
cm� 1,22,23 but it was not possible to see this feature in either
the IR or Raman spectrum of Zn5(OH) 10·2H2O. The OH
librational (Zn� OH bending) region is very similar to� -
Zn(OH)2, but bands are less resolved for Zn5(OH) 10·2H2O
due to the more complex nature and larger number of modes.
Also, it is not possible to discriminate Znt� O from Zno� O
stretches clearly. The latter are expected to appear at somewhat
lower wavenumbers. It is possible, but not obvious, that the
band at 415 cm� 1 in the IR spectrum and the band at 391 cm� 1

in the Raman spectrum relate to Zno� O stretching modes.
To investigate the arrangement of H atoms, we conducted a

constraint structure prediction using a simple repulsion
potential for the charged ions. The positions of the Zn and
O atoms corresponded to the experimental PXRD structure
and were not varied. Several simulated annealing global
optimization runs with 50� 100 seeds and various speeds
were completed. As a result, a range of structures with di� erent
hydrogen positions was collected and subsequently subjected
to density functional theory (DFT) optimization, now relaxing
all atom positions but keeping the unit cell shape� xed to that
of the experimental structure. One solution possessed a
distinguished low total energy. The parameters of this DFT
relaxed structure are given inTable S1 (Supporting
Information), and a structure fragment highlighting the H-
bond structure is shown inFigure 7a.Table 4lists the essential
interatomic distances of the H-bond structure.

The water molecule appears to be coordinated by� ve
oxygen atoms. There are two donor contacts to tetrahedron-

Figure 6.ATR-FTIR (a) and Raman spectra (b) of� -Zn(OH)2 and
Zn5(OH) 10·2H2O (black and red lines, respectively). The arrows
mark a feature at� 2900 cm� 1 that most likely corresponds to a broad
O� H stretching band.

Figure 7. (a) DFT relaxed arrangement of H atoms in the
Zn5(OH) 10·2H2O structure. The hydrogen atoms are represented as
light and dark gray spheres when part of OH� and H2O, respectively.
(b) Neutron powder di� raction di� erence Fourier map of
Zn5(OD)10·2D2O.
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apex O1 atoms, and three acceptor contacts (to O1� H1, O3�
H3, and O5� H5). (Note, for comparison, in the H-bonded
structure of hexagonal ice Ih, each water molecule realizes two
donor and two acceptor contacts to four neighboring O
atoms). The apex hydroxyl O1� H1 plays a central role in the
H-bond structure of Zn5(OH) 10·2H2O. The Zn� OH group is
bent drastically with respect to the layer stacking direction and
aligns almost with thebc plane, where the O6 atom of the
water molecules resides. Each O1 acts as an acceptor to two
water molecules and O1� H1 acts as a donor to a third water
molecule. The H-bond environment of O1 is completed by
two additional acceptor contacts to O2� H2 and O4� H4 from
the adjacent layer.

Ultimately, the H-bond structure Zn5(OH) 10·2H2O would
be revealed from a neutron di� raction study of the deuterated
sample. Unfortunately, the small amount and probably limited
quality of our (aged) sample prohibited a rigorous
determination and re� nement of H-atom positions from the
collected neutron di� raction data.Figure 7b shows the
di� erence Fourier map calculated from the PXRD re� ned
Zn- and O-atom arrangements. There is residual nuclear
density in the vicinity of all O atoms. For the O atoms being
part of the layer (O1� O5), they are largely in agreement with
the DFT optimized model. However, the residual density
around O6 deviates signi� cantly from the localized water
molecule in the DFT model. This indicates that water
molecules in Zn5(OH) 10·2H2O are orientationally disordered.
The nature of this disorder may be dynamical.

2.3. Thermal Behavior/Decomposition of Zn5(OH)10·
2H2O. As initially mentioned, the thermal decomposition of
LZHs represents a simple route to ZnO nanostructures, which
has been intensively investigated.4,12� 15 In this respect, it is
also interesting to probe the thermal behavior of Zn5(OH) 10·
2H2O.

Figure 8shows the thermogravimetric (TG) analysis trace of
Zn5(OH) 10·2H2O in comparison with that of� -Zn(OH)2. The
latter shows a clean decomposition at 130°C with an initial
weight loss of about 17%, which increases to the crystallo-
graphic water content (18.1%) above 400°C. This is in good
agreement with previous studies.26,27 The continuous nature of
the weight loss above 130°C indicates gradual release of water,
which is attributed to the condensation of surface hydroxyl
terminating the initially formed, nanosized, ZnO particles.
Zn5(OH) 10·2H2O, which is metastable at standard ambient
temperature and pressure, shows immediate weight loss upon
heating from room temperature. A steep loss of about 16% is
observed at around 100°C. Above 110°C, further weight loss
of a continuous nature is seen up to about 600°C. The total
weight loss exceeds somewhat the crystallographic water

content (23.7%). This may be attributed to a comparatively
large concentration of surface water and/or the partial
conversion of hydrate surfaces into carbonate (cf.Figure 3b
andS5b). We note that aged samples (containing carbonate)
show an altered TG behavior; seeFigure S5c(Supporting
Information). Both decomposition reactions, yielding water
vapor at the respective decomposition temperatures, are
associated with an endothermic signal in DSC experiments
(as included inFigure 8). The estimated decomposition
enthalpies are 576.2 and 508.2 J/g for Zn5(OH) 10·2H2O and
� -Zn(OH)2, respectively. The decomposition of Zn5(OH) 10·
2H2O becomes exothermic with respect to liquid water,�� 4.7
kJ/mol, whereas the one of� -Zn(OH)2 remains endothermic,
� 6.8 kJ/mol (cf. Discussion in the Supporting Information,
Figure S3).

The thermal decomposition of Zn5(OH) 10·2H2O was then
monitored by a multitemperature PXRD investigation, which is
shown inFigure 9. The time between two temperature steps is

roughly 1 h (which corresponds to a considerably lower
heating rate than that in the TG experiment (5°C/min)).
Di� raction peaks of Zn5(OH) 10·2H2O disappeared above 70
°C. At 110°C, weak and broad re� ections appear, seemingly
related to w-ZnO, which, however, are not clearly developed
until about 170°C. Above 300°C, intensities correspond to
that of bulk crystalline w-ZnO (according to JCPDS Card No.
00-036-1451). The broad re� ections of the patterns obtained
between 150 and 300°C suggest that the sizes of ZnO
particles range from 4 to 20 nm, and the intensity distribution

Table 4. H-Bond Structure of Zn5(OH) 10·2H2O from DFT
Optimizationa

O1 d (Å) O6 d (Å)

O1� H1 0.99 O6� H6 0.99
O1� O6 (H6) A 2.69 (1.79) O6� H7 1.0
O1� O6 (H1� O6) D 2.85 (1.98) O6� O1(H6� O1) D 2.69 (1.79)
O1� O2 (H2) A 2.92 (1.93) O6� O3 (H3) A 2.82 (1.85)
O1� O6 (H7) A 3.04 (2.05) O6� O5 (H5) A 2.84 (1.87)
O1� O4 (H4) A 3.19 (2.21) O6� O1 (H1) A 2.85 (1.98)

O6� O1 (H7� O1) D 3.04 (2.05)
aThe contacts are distinguished as donor (D) and acceptor (A)
contacts.

Figure 8.TG curves (solid lines) and DSC traces (broken lines) of� -
Zn(OH)2 (black) and Zn5(OH) 10·2H2O (red). The dotted lines
indicate calculated weight losses according to the formula units.

Figure 9. Multitemperature PXRD patterns showing the trans-
formation of Zn5(OH) 10·2H2O (black patterns) to w-ZnO (red
patterns). Temperatures are speci� ed in°C.
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indicates initial two-dimensional growth in theab plane with
preferred orientation along thec-direction.

To look into the possibility of an intermediate phase during
the thermal conversion of Zn5(OH) 10·2H2O, possible layered
Zn(OH)2, an in situ decomposition study in a transmission
electron microscope (TEM) was performed (Figure 10). This

exploits the beam damage e� ect from the inelastic scattering of
electrons, and in situ TEM studies have been previously
employed to investigate the hydroxide to oxide conversions,
e.g., for Al(OH)3, AlO(OH), and In(OH)3.

28� 30 Our study
utilized single crystals from the 2� 100 product and in the
following, we describe an experiment using a crystal about 300
× 600 nm2 in size. Immediately after crystal selection, a bright-
� eld (BF) image and selected area electron di� raction (SAED)
pattern were recorded (Figure 10a,c, respectively). The SAED
pattern of the Zn5(OH) 10·2H2O crystal before the exposure
can be indexed as slightly misaligned along the (100) zone axis,

with lattice parametersb � 6.3 Å andc � 11.0 Å. Afterward,
consecutive SAED patterns were taken approximately every 45
s until full conversion to w-ZnO, which was achieved after 30�
40 min of exposure. The recorded sequence of SAED patterns
was compiled into a speeded-up frame-by-frame video of the
transformation, which can be found in theSupporting
Information. After conversion, the shape of the parent platelike
crystal is preserved; however, the linear dimension (width) is
reduced by 7� 9% (Figure 10b). The SAED pattern of the
particle after conversion (Figure 10d) can be identi� ed as the
(0001) zone axis of w-ZnO with� 01� 10� lattice spacings of
2.8 Å. The BF image of the whole particle is shown inFigure
10e. The grainy contrast indicates that the particle is not a
homogeneous ZnO crystal but contains interspersed 20� 30
nm sized domains.

Figure 10f shows an HRTEM image of a di� erent crystal
that was examined under cryo conditions after about 5 min of
beam exposure. Here, the decomposition resulted in an
aggregation of di� erently oriented 3� 8 nm large nanocrystals.
The d-spacing between lattice fringes in all nanocrystals is 2.8
Å, corresponding to the (100) lattice planes of w-ZnO. The
Fourier transform of the HRTEM image shows a ringlike
pattern, which indicates that the maximum local misalignment
of the domains is� 79°. This experiment was intended to
simulate the mildest applicable decomposition conditions; yet,
no intermediate phase was observed. We therefore conclude
that the thermal conversion of Zn5(OH) 10·2H2O proceeds
directly to w-ZnO.

Compared to other LZHs, Zn5(OH) 10·2H2O is distin-
guished by its extraordinarily low decomposition temperature
due to its metastable nature under ambient conditions.
Further, because Am� = OH� , this decomposition occurs as a
single step without the formation and release of a secondary
Zn product, which may provide an opportunity to obtain
unique forms of w-ZnO. In this work, we did not perform
detailed investigations in this direction. However, we followed
up the in situ TEM study by ex situ decomposition
experiments where parts of the 2� 100 sample were placed in
preheated environments at 125, 170, and 400°C for 1 h. The
products from the 125 and 175°C decomposition experiments
were very similar and constituted� akelike crystals with sizes of
several hundred nm, which resembled the proportions of the
original 2� 100 Zn5(OH) 10·2H2O crystals, and small, 5� 15 nm
sized, nanocrystals (Figures 11a andS7). This observation
con� rms the result of the in situ TEM study and may be
interpreted as follows: as hydrate crystals break down, w-ZnO
nuclei evolve. The subsequent growth and intergrowth of w-
ZnO nanocrystals may lead to� akelike crystals within the
boundary of the initial hydrate particle. Moreover, this
aggregation or intergrowth of nanocrystals toward the
formation of homogeneous two-dimensional crystals may be
interpreted as“crystallization by particle attachment” (CPA).31

Nucleation of w-ZnO and crystal growth at� rst constrained
within the initial precursor crystal shape have been observed
for other LZHs under certain conditions, and also to occur in
an oriented, topotactic-like, fashion.32,33 From our preliminary
studies, it is not possible to draw any comparative conclusions
for Zn5(OH) 10·2H2O.

Without su� cient mass transport, the intergrowth is
disrupted and nanocrystals are merely agglomerated. It can
be assumed that liberated water plays a pivotal role in the mass
transport during growth and intergrowth since di� usion of ions
should be negligible at such low temperatures.Figure 11b

Figure 10. TEM bright-� eld (BF) images of a single crystal of
Zn5(OH) 10·2H2O before exposure to the electron beam (a) and after
electron beam irradiation for about 40 min (b). The corresponding
SAED patterns are shown in (c) and (d). (e) BF image of the whole
crystal after 40 min of exposure showing grainy contrasts of
inhomogeneity. (f) High-resolution TEM (HRTEM) image with a
fast Fourier transform (FFT) inset of a Zn5(OH) 10·2H2O single
crystal after 5 min of beam exposure under cryo conditions. Unaligned
w-ZnO domains can be seen as regions with di� erently oriented
lattice fringes on the HRTEM image.
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