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2D inorganic materials and their exfoliated counterparts are both of fundamental interest and relevant for
applications including catalysis, electronics and sensing. Here, a new bottom-up synthesis route is used to
prepare functionalised nanoplatelets, in apolar organic solvents, via the hydrolysis of organometallic
reagents; the products can be prepared in high yield, at room temperature. In particular, a series of
layered zinc hydroxides, coordinated by aliphatic carboxylate ligands, were produced by the hydrolysis of
diethyl zinc and zinc carboxylate mixtures, optimally at a molar ratio of [COOR]/[Zn] = 0.6. Layered zinc
hydroxides coordinated by oleate ligands form high concentration solutions of isolated monolayers
(3 nm thick x ~ 26 nm) in apolar organic solvents (up to 23 mg mL~? in toluene), as confirmed by both
atomic force and transmission electron microscopies of deposited species. The high solubility of the
product allows the synthetic pathway to be monitored directly in situ through *H NMR spectroscopy.

The high solubility also provides a route to solution deposition of active functional materials, as
Received 29th September 2017 illustrated by the f ti ¢ fil ¢ tically t t . ide (1
Accepted 16th January 2018 illustrated by the formation of nanoporous films of optically transparent porous zinc oxide pum
thickness) after annealing at 500 °C. This new organometallic route to 2D materials obviates common

DOI: 10.1039/c7sc04256f complications of top-down exfoliation syntheses, including sonochemical-degradation and low yields of
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Introduction

Inorganic nanoplatelets combine an atomic layer thickness
with lateral, 2D crystalline lattices, usually of nano- or
micrometer size." Bulk quantities, particularly of liquid phase
dispersions, are commonly prepared by the exfoliation or
separation of (mono)layers, from a layered crystalline feedstock.
Inorganic clays have been well known for at least half
a century,”* and more recently, the isolation of monolayer
graphene® and other 2D nanoplatelets, including transition
metal dichalcogenides, black phosphorous and metal
hydroxides/oxides, have been explored.®* The enormous
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aggregated polydispersed layers, and may potentially be extended to a wide range of systems.

current interest in 2D nanoplatelets stems from an appreciation
of their unique and diverse (opto)electronic properties, arising
from their physical size and versatile composition.® On the
other hand, nanoplatelets also show very high specific surface
areas, with potentially highly controllable and defined surface
chemistry, leading to a high density of exposed active sites.
Additionally, their aspect ratio allows them to be assembled
into hierarchical structures with good transport characteristics,
short critical diffusion lengths and, in many cases, good
conductivity for ions and/or electrons.”**” These properties
have resulted in promising performances as catalysts, supports,
photo-redox materials, ion sensors and as the active layer in
electronics or energy storage devices.*”’*° Nonetheless, it
remains challenging to synthesise inorganic nanoplatelets
efficiently and controllably, and in particular to produce high
yields of exfoliated monolayers.

Nanoplatelets of inorganic layered metal hydroxides have
been reported for most transition metals, main group elements
and lanthanides, but are most widely applied with Zn(u), Mg(u)
or Al(m) metal centres, often as layered double hydroxides
(LDH)."#*2123 Layered zinc hydroxides (LZHs) have the general
formula [Zns(OH)g(A), - nH,0], where A is an intercalated anion
such as a carbonate, nitrate, carboxylate or sulphate
group.”>**?” Their structures are related to the natural mineral
Brucite and feature octahedral, edge-sharing sheets of zinc-
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hydroxide units, where two tetrahedral zinc hydroxide units are
situated above and below a vacant octahedral site (Fig. 1). The
intercalated ligand, A, coordinates to the tetrahedral zinc atom,
at the apex of the tetrahedron, and thereby directs the structure
to form a sequence of alternating inorganic hydroxide and
intercalated anionic layers. The preparation of LZH nano-
platelets is generally accomplished in two stages: (1) inorganic
salts undergo a base-assisted decomposition to form a bulk
material and (2) the layers of the agglomerated material are
exfoliated to yield the nanoplatelets.” The base-assisted
decomposition of zinc salts/oxides forms agglomerated
layered zinc hydroxides, typically under harsh conditions
(usually at temperatures >80 °C, for 1-5 days), which limit
precise control of the layer thickness.”******® Similar methods
have been reported at lower temperature (60 °C), using amino
acids and dipeptides to stablise LZH over ZnO, but relatively
long synthesis times are still required.*® Syntheses at room
temperatures have been reported, though in some cases
requiring a higher temperature (>100 °C) for precursor disso-
lution.***” Urea is commonly used as the base, however, its use
releases carbonate ions which contaminate the nanoplatelets
(also a common problem with LZH syntheses conducted under
air) and complicate exfoliation into individual layers.**** The
second step involves a physically aggressive treatment of the
agglomerated bulk in solvent to exfoliate the nanoplatelets; for
example, ultrasonication in dimethylformamide and/or butanol
is common, often with the use of additional surfactants.?”**** By
using these methods, it is possible to form kinetically-stabilised
mixtures of dispersed monolayers and stacks,*** but there can
be significant sonochemical degradation of both the LZHs and
solvents.* Exfoliation is also possible in polar solvents using
conventional mechanical shear, but the process can be slow and
is also poorly controlled.>”?** These physical processes tend to
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limit reproducibility and monolayer yield, while generating only
metastable products. LZH nanoplatelets prepared via these
routes are nonetheless broadly useful and have been applied in
biomedical technologies (such as encapsulation/intercalation
and release of drug molecules),*?** photocatalysis*® and in
electronic devices.**** For example, a LZH-derived ZnO film
formed a microstructure particularly suited to the preparation
of dye-sensitised solar cells (DSSCs) with good performance.** It
is likely that there are many other potential applications based
on the known properties of the related layered double hydroxide
structures, such as sorbents and fire retardants.®**

Given the range of applications and intrinsic interest in
layered nanoplatelets, there is a need to explore low tempera-
ture and more specific routes to prepare and exfoliate this class
of inorganic material. Our approach, which uses the controlled
hydrolysis of organo-zinc reagents to prepare nanoplatelets
directly and with minimal contamination, is quite distinct from
conventional syntheses of LZHs. We were inspired by discov-
eries that the hydrolysis of organo-zinc species, such as diethyl
zinc, can be used to prepare crystalline Wurtzite ZnO nano-
particles, in a range of organic solvents, at room tempera-
ture.** Although the detailed mechanisms of the hydrolysis
reactions remain under-explored, it is proposed that the Zn-C
bonds rapidly react with water to generate transient Zn-OH
species,* which subsequently undergo a series of condensation
and rearrangement reactions to ultimately deliver crystalline
ZnO. It is also known that the addition of a second zinc source,
in particular a non-hydrolysable zinc carboxylate complex,
results in the formation of colloidal dispersions of 3-4 nm ZnO
nanoparticles, surface coordinated by carboxylate ligands.***">°
In the presence of sufficient carboxylate ligands, it may be
feasible to synthesise nanoplatelets of layered zinc hydroxides
directly, and hence avoid the challenges of top-down
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Fig. 1 Schematic structure of (a) layered zinc hydroxide acetate (LZH-OAc), (b) layered zinc hydroxide oleate (LZH-Ole) with partial interdigi-
tation and (c) LZH-Ole with no interdigitation occurring between the oleate chains.
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exfoliation. This type of organometallic hydrolysis route has not
previously been reported, for 2D materials, yet it offers
a number of attractions, including the high efficiency of Zn-OH
bond formation under mild conditions and its potential to
deliver a one-pot route to exfoliated nanoplatelets.

Results & discussion

ZnO nanoparticles were previously prepared via the hydrolysis of
mixtures of diethyl zinc and sub-stoichiometric quantities of zinc
carboxylate complexes or carboxylic acids, in various organic
solvents, at room temperature.*® The zinc carboxylate complex or
carboxylic acid reagent provides carboxylate ligands which are
located on the ZnO nanoparticle surfaces and help control the
size at 3-4 nm. These syntheses were conducted using molar
ratios [COOR]/[Zn] = 0.20 to produce fully surface ligated parti-
cles; at lower loadings (<0.2), the nanoparticle size remained
similar but the carboxylate-nanoparticle surface coverage was
reduced.*® Thus far, there are no reports of hydrolyses conducted
using higher carboxylate loadings (0.2 < [COOR]/[Zn] < 1). Since
the formula unit of layered zinc hydroxides, [Zns(OH)g(A), - nH,-
0], is consistent with a ratio of [COOR]/[Zn] = 0.40, we investi-
gated carboxylate loadings at or above this value.

The synthesis reactions were conducted by the reaction of
commercially available diethyl zinc with the appropriate
amount of a zinc bis(carboxylate) complex ((COOR]/[Zn] = 0.40-
0.60). A series of zinc bis(carboxylate) complexes were tested
including acetate, hexanoate and oleate, so as to determine the
influence of the anion (A) over the exfoliation process. The zinc
carboxylate complexes are either commercially available or
easily prepared using standard syntheses.®”®* The precursor
complexes were first dissolved in toluene, then pure (de-
ionized) water was added to the solution, and white powders
containing LZH were subsequently isolated as products.
Initially, the influence of the carboxylate/zinc molar ratio was
explored, using oleate ligands (Fig. 2a-c).

In all cases, X-ray diffraction (XRD) provided good evidence
for the presence of LZH, in particular the appearance of X-ray
diffraction peaks at low angles is highly characteristic of
layered inorganic sheets (see further discussion below).
However, at the nominally stoichiometric ratio of 0.40,
a significant proportion of ZnO was also observed in the XRD
patterns, as seen by the signals at 31°, 34°, 36°, 47°, 56°, 62° and
67° 20, which are indexed against ZnO (Fig. 2a-c). When the
carboxylate ratio was increased to 0.50, the formation of LZH
becomes more favoured and at a ratio of 0.60, LZH becomes the
only obvious crystalline product. Compared to the expected
stoichiometry, excess carboxylate ligands are needed to
suppress unwanted over-hydrolysis to the oxide. It is tentatively
proposed that the (excess) carboxylate anions are located in the
layers between the nanoplatelets, existing as zinc bis(carbox-
ylates), as shown by a comparison of IR spectra of LZH-Ole and
Zn(Ole), (Fig. S17); this suggestion is also consistent with the
proposed localization of excess carbonate anions during
hydrothermal syntheses. It is also supported by elemental
analysis which confirms the original reagent stoichiometry is
maintained in the products (Table S31); in other words, none of
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Fig. 2 XRD patterns of products from different loadings of oleate
within the synthesis mixture: (a) [Ole]/[Zn] = 0.40, (b) [Ole]/[Zn] = 0.50
and (c) [Olel/[Zn] = 0.6, i.e. LZH-Ole. A loading of [COOR]/[Zn] = 0.60
was used to synthesise (d) LZH-OHex & (e) LZH-OAc. Reference data:
ZnO (blue lines and <&, JCPDS card no.: 00-001-1136), LZH (the red
lines and labels), LZH-OAc was reported by Fiévet et al.>* No literature
diffraction data have been reported for LZH-OHex and LZH-Ole. Peak
marked with * is due to hydrocarbon chain of the longer
carboxylates.665

the volatile diethyl zinc is lost to evaporation, and none of the
ligand is washed away.

The purity of the LZH materials was also analysed using UV-
vis spectroscopy (Fig. S41) which confirmed that only a very
small proportion of ZnO nanoparticles was present. By cali-
brating the extinction coefficient of these nanoparticles, the
quantity of ZnO was estimated to represent 20 mol% Zn or
6.4 wt% of the final product (see ESL,} page 17); such a quantity,
in the form of small nanoparticles, is too low to appear in the
powder XRD analysis. In previous reports, using conventional
syntheses, ZnO contamination is apparent in significantly
greater quantities by XRD.*”** Assuming that the only other
product is excess zinc carboxylate, the LZH-Ole synthesis yields
~63 mol% Zn in the form of LZH (see ESI,} page 16). Specific
yields are scarce in the literature, presumably due to the diffi-
culty of identifying byproducts, but the value compares
reasonably to ~90 mol% Zn and 60-89 mol% Zn reported for
LZH-dodecyl sulphate®> and LZH-benzoate,**** respectively.

In order to explore the generality of the new route to LZH
materials, the syntheses were performed using three different
zinc carboxylates (C,H,,,_,0,): acetate (n = 2), hexanoate (2 = 6)
and oleate (n = 18, with cis-alkene at Cq position). In each case,
the ratio [COOR]/[Zn] = 0.60 was applied and the XRD patterns
of all three products are consistent with the formation of LZH
materials (Fig. 2c-e, S2 & S3t). One important difference
compared to hydrothermal/base assisted synthesis routes, is
that there are no contaminating signals due to hydrozincite*
(which is the product of carbonate contamination and is
common when urea is applied as the base). The higher reactivity
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of the organometallic zinc reagent also ensures excellent
conversion efficiency under ambient conditions. Analysis of all
three powder XRD patterns reveals characteristic peaks at 33°,
59° and 70° 260 which correspond to the in-plane spacings of
zinc hydroxide layers. The peak marked with ‘*’ corresponds to
the lateral packing of alkyl chains.*®*® There is some asymmetry
to these peaks as is characteristic for a turbostratic layered
material.***® The peaks below 26 = 10° correspond to the
interlayer distances between the zinc hydroxide planes and vary
systematically with different ligand chain lengths. Increasing
the number of carbon atoms in the carboxylate ligand leads to
larger interlayer spacing.®* In the acetate product, the two
signals below 10° 26 are assigned to (001) and (002), in agree-
ment with previous data for the same material, synthesised
using base-assisted decomposition or hydrolysis in polyol
media.***” As the alkyl chain length increases, i.e. for hexanoate
and oleate, a greater number of higher order layer spacings are
observed (Table S21).*4**% The (001) peak of LZH-OHex indi-
cates a basal spacing, d, of 22.7 A (°20 = 3.9). For LZH-Ole,
features at 22.1 (°20 = 4.0°), 15.2 (5.8°), 11.6 (7.6°) and 9.5 A
(9.3°) correspond to (002), (003), (004) and (005) planes, indi-
cating layer spacing of around 4.6 + 0.1 nm. The peaks corre-
sponding to the 00/ planes of LZH-Ole are of low intensities due
to the disorder in the oleate chain packing and analogous
systems, such as LDH-Ole, which also exhibit similar low
intensity peaks for these higher order Bragg reflections.'***77*
The value of 4.6 nm suggests no interdigitation of oleate chains
and is larger than the distances estimated for LZH structures
showing either significantly interdigitated®® (3.3 nm) or non-
interdigitated (4.0 nm) oleate chains (Fig. 1b and c). This
longer (001) plane spacing in LZH-Ole was investigated by SAXS
(small-angle X-ray scattering; Fig. S5 & S67) to give a broadly
consistent average spacing of 3.8 + 0.6 nm, given the

(a) LZH-OAc

250 nm

(c) LZH-Ole

Fig. 3

2138 | Chem. Sci., 2018, 9, 2135-2146

View Article Online

Edge Article

experimental uncertainties. It should also be noted that the
error in the data from the SAXS measurement is rather high due
to the low resolution of the measurement.

The IR spectra of the three LZHs (Fig. S71) showed intense
signals at ~1600 cm™ " and ~1400 cm ™", which are assigned to
the asymmetric and symmetric stretches of the carboxylate
ligands, respectively.” All three materials also showed broad
signals at 3100-3600 cm™ ' which are assigned to hydroxyl
groups and intercalated water molecules coordinated to zinc
hydroxide layers.®® The peak breadth is likely due to hydrogen
bonding between the hydroxyl groups and the lattice.>*6*646%7
Indeed, the peak width of the hydroxyl resonance decreases as
the carboxylate alkyl chain length increases. In the cases of LZH-
Ole and LZH-OHex, some sharp features are observed in this
region; for example, LZH-Ole shows two sharp peaks at
3512 em ' and 3395 em ™. It is proposed that longer alkyl
chains increase hydrophobicity and help to create more ordered
head group coordination.”™

The LZHs were also analysed using SEM (Fig. 3): LZH-Ole
(Fig. 3c-d) displayed particulates which were hundreds of
micrometres wide (~350 pm) with smooth surfaces. In contrast,
LZH-OAc and LZH-OHex showed platelet structures only at high
magnification (Fig. 3a-b), as previously reported for other
syntheses used to prepare LZH-OAc.®”””*> The smooth surface of
LZH-Ole may be a direct consequence of its higher solubility
(see below) which facilitates sample deposition and prepara-
tion. The thermal analyses of the LZHs, by TGA and DTA,
showed the first major mass loss at ~100 °C which is attributed
to the removal of intercalated water and the dehydroxylation of
the zinc hydroxide layers (endothermic process), followed by the
subsequent decomposition of organic carboxylate groups
(exothermic process) at temperatures above 300 °C (Fig. S8-
S10%).>***%” As the chain length of the carboxylate group

SEM images showing the surface morphology of (a) LZH-OAc, (b) LZH-OHex, (c) LZH-Ole and (d) the macrostructure of LZH-Ole.

This journal is © The Royal Society of Chemistry 2018
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increases, the weight loss at 300 °C increases; the absolute
values are somewhat higher than predicted by the nominal
stoichiometry (Zns(OH)g(A),) but consistent with the excess
carboxylate sequestered in the layers during synthesis, as dis-
cussed already for the elemental analysis data (Table S37).
This new route to prepare organically-modified LZH nano-
materials can be useful in a wide range of contexts; however,
one striking finding was that, in certain cases, nanoplatelets
could be isolated directly, as individual solvated monolayers.
The LZH-OAc and LZH-OHex materials were rather insoluble in
most common solvents (i.e. tetrahydrofuran, dichloromethane,
toluene, hexane, ethanol, water) which is in line with previous
reports.” However, increasing the length of carboxylate alkyl
chain to oleate dramatically improved the solubility of the LZH
in solvents such as toluene and hexane. The product remains in
solution through the synthesis and isolated, dried product
redissolves in such apolar organic solvents (Table S47). The cis-
alkene in the middle of the oleate chain is known, in general, to
lower the degree of interdigitation (as demonstrated for LDHs
intercalated with oleate and elaidate®); presumably, the lower
degree of ordering assists the swelling of the layers in apolar
organic solvents for exfoliation through redissolution of the
original LZH monolayers. LZH-Ole dissolves in toluene to form
a transparent colloidal solution at a concentration of 23 mg

(d) HR-TEM of LZH-Ole

3z i
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mL ™', The dissolution occurs spontaneously, over a period of
days, as evidenced by increased Rayleigh scattering from the
clear solution over time (Fig. S111). With gentle mechanical
stirring to remove concentration gradients, a saturated solution
can be produced in under 2 h. It is important to emphasise that
the exfoliation was obtained quantitatively, simply by stirring
the LZH in toluene using normal magnetic stirrer plate; the
result is in contrast to previous routes to LZH dispersion that
required ultrasonication and filtration to reach 22 mg mL ™ for
LZH-DS in formamide.?”?*3* As a control, ultrasound was
applied to the exfoliation of LZH-Ole in toluene, but found to be
less effective; significant degrees of aggregation were observed,
potentially due to sonochemical degradation.

The toluene solution of LZH-Ole was deposited onto silicon
wafers and gold grids for analysis by atomic force microscopy
(AFM) and transmission electron microscopy (TEM), respec-
tively. The TEM analysis showed large dried agglomerations of
small, sheet-like structures (Fig. S12+1) which likely form when
the exfoliated LZH-Ole solution dries on the grid. In comparison,
when dried LZH-Ole is simply shaken briefly in toluene, without
allowing time for dissolution, bulk unexfoliated LZH is observed
(Fig. S12g & ht), consistent with the SEM images of the powdered
products (Fig. 3¢ & d). Within the thickest section of agglomer-
ates of the exfoliated sample, small stacks of ~5-8 layers of LZH-

(b) Line profile of [1]
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Fig.4 TEMimage of (a) LZH-Ole after exfoliation by mechanical stirring for 2 h in toluene. Line profiles (b) & (c) correspond to lines [1] & [2] in (a),
respectively. Within the line profiles, the interlayer distances are marked by the dashed line box. (d) HR-TEM image of the edge of agglomerate of
LZH-Ole after exfoliation treatment (mechanical stirring, 2 h, toluene) and (e) the FFT of image (d).
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Ole nanoplatelets are present (Fig. 4a). For the stacks orientated
parallel to the electron beam, clear diffraction fringes from the
(001) layer planes are visible, marked by line profile [1] (Fig. 4b)
and [2] (Fig. 4c). The intensity of line profiles [1] and [2] show an
interlayer spacing of 5.3 + 1.3 nm (N ~ 30); the distance is
consistent, within error, with that obtained by XRD (4.6 + 0.1
nm)/SAXS (solid sample: 3.8 & 0.6 nm) data for the (001) plane. A
similar side-on morphology was reported in TEM measurements
of LZH-DS exfoliated in formamide.** The edges of the agglom-
erates are thinner and do not contain any obvious stacks. The
FFT (Fig. 4e) of HR-TEM image (Fig. 4d) shows the presence of
three diffraction planes, which correspond to the three in-plane
peaks seen in XRD at 33° ((100), d = 2.7 A), 59° ((110), d = 1.5 A)
and 70° ((200), d = 1.3 A) 20 (Fig. 4e). The gaps between the
sheets can be attributed to the presence of amorphous oleate
chains. The thickness of the nanoplatelets cannot be easily
measured using TEM, but was determined by AFM.

Individual LZH-Ole nanoplatelets were observed in AFM
(Fig. 5), with height profiles typical for 2D layered materials. The
average thickness of individual nanoplatelets is 3.62 nm =+
0.07 nm (¢ = 0.75 nm, N = 127, Fig. S121t), in good agreement
with solid-state SAXS monolayer thickness (3.8 £ 0.6 nm). The
average radius of the monolayers was 13.25 nm (¢ = 3.38 nm, N =
127), but this value is expected to be a significant overestimate

Fig. 5
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due to tip convolution. Occasional large agglomerates (Fig. 5¢)
similar to the ones found in TEM were also observed; the adja-
cent flat regions had a height around 3 nm (Fig. 5d), consistent
with a monolayer of particles separated by gaps too small to
resolve with AFM. Lower magnification images (Fig. S13T) show
similar structures over a larger area. The microscopic analysis of
deposited sample LZH-Ole solution strongly suggests that LZH-
Ole exists as solvated monolayers in toluene; the occasional
short stacks observed in both AFM and TEM are likely an artefact
of drying during sample preparation for microscopic analyses.

The high solubility of the oleate nanoplatelets provides an
exciting opportunity to monitor the organometallic synthesis of
LZH-Ole, in situ, using "H NMR spectroscopy (Fig. S147). The "H
NMR spectrum of the LZH-Ole product showed quite broad
peaks where the characteristic oleate signals are shifted
compared to the zinc bis(oleate) precursor complex.”®”” The low
intensity broad peak at 6 0.53 ppm is tentatively assigned to
intercalated water molecules which are hydrogen-bonded to the
zinc hydroxide layers; the chemical shift of H,O dissolved in
CeDg is 6 0.40 ppm.”®

The first step of the LZH synthesis (at [Ole]/[Zn] = 0.60),
before the addition of water, involves the reaction of ZnEt, and
Zn(Ole), to form the pentanuclear cluster, [Zns(Et),(Ole)s]
(Fig. 6a, signals marked ‘C’, S15), alongside excess unreacted
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(a) AFM image of individual LZH-Ole and (b) height profiles of the individual platelets highlighted in (a) [full histogram of platelet thickness

available in ESI, S121]. (c) AFM image of self-assembled LZH-Ole and (d) height profile of the self-assembled platelets highlighted in (d). All scale

bars are 100 nm.
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(e) Bulk LZH-Ole

—e
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(d) 1.6 equiv. (3 pL) H,0 added - full hydrolysis

_th

(c) 1.06 equiv. (2 pL) H,0 added

_/\

(b) 0.53 equiv. (1 pL) H.0 added

)

(a) ZnEt; + Zn(Ole),

5.5 5.0 4.5 4.0

3.5 3.0 25
Chemical shift (ppm)

2.0 15 1.0 0.5 0.(

Fig. 6 H NMR spectra of (a) ZnEt, and [Zns(Et)4(Ole)g, the hydrolysed products observed at (b) 0.53 equiv. H,O added, (c) 1.06 equiv. H,O
added, (d) 1.60 equiv. H,O added and (e) the bulk LZH-Ole. *: silicon grease, #: ethane (6 0.80 ppm), C: [Zns(Et)4(Ole)g], L: LZH-Ole, X: ZnkEt, (6
0.10 & 6 1.12 ppm), 1 & t: alkenyl protons of oleate (6 5.51 & 6 5.61 ppm).

ZnEt, (Fig. 6a signals marked X, S15). The formation of such
clusters is known, for other carboxylates in apolar solvents such
as toluene, and sequesters all carboxylate even in the presence
of excess diethyl zinc.”® In the oleate case, the cluster is clearly
identified by oleate signals in the range 6 5.60-0.90 ppm, along
with signals at 6 1.70 ppm (t, 21H), which consist of overlapping
signals of oleate and the ethyl groups of the pentanuclear
cluster, and ¢ 0.78 ppm (g, 8H) belonging to ethyls of the same
cluster. The relative integrals of signals at 6 5.52 and 6 0.78 ppm
are roughly 6 : 4, in line with the values expected for the pen-
tanuclear cluster. The signals at 6 1.12 (¢, 18H) and ¢ 0.10 ppm
(g, 12H) correspond to residual diethyl zinc. The relative inte-
grals of the oleate signal at ¢ 5.52 ppm, the ethyl signal at
0 0.78 ppm and the diethyl zinc signal at ¢ 0.12 ppm indicate 1
mole of cluster per 1.5 moles of residual diethyl zinc. The
mixture of cluster and diethyl zinc was hydrolysed progressively,
by sequential addition of known quantities of water, added
under a flow of N,. The solutions remained homogeneous
throughout and therefore, the "H NMR spectra (Fig. 6b-d) are
representative of all proton-containing species present. The
addition of ~0.5 equiv. of water (vs. total Zn) results in an
immediate decrease in intensity of the ZnEt, signals (Fig. 6a
and b, marked ‘X’, 6 0.10 & 6 1.12 ppm) since it is more reactive
to hydrolysis than the cluster. Further addition of water to
a total of ~1 equiv., results in the hydrolysis of the ethyl ligands
in the pentanuclear cluster complex, [Zns(Et),(Ole)s], as evi-
denced by the disappearance of the sharp signals at 6 0.78 and
6 1.70 ppm (Fig. 6b and c). The putative zinc hydroxide prod-
uct(s) also shows broadened carboxylate resonances consistent
with coordination to zinc (Fig. 6¢). The evolution of ethane was
also clearly observed, as expected, via the increasing signal
intensity at ¢ 0.80 ppm (Fig. 6b-d, marked ‘#’). The changes in
chemical shifts and broadening of the oleate signals (L: ¢ 5.52,
2.30, 2.11, 1.58, 1.42, 1.40, 1.30, 1.17, 0.92 ppm) are consistent

This journal is © The Royal Society of Chemistry 2018

with the formation of LZH-Ole. Indeed, clear signals assigned to
LZH-Ole are observed after the addition of ~1.6 equiv. of water;
the "H NMR spectrum at this stage of the reaction is closely
comparable to that of independently synthesized LZH-Ole
(Fig. 6d-e). There are two other very low intensity signals (¢
3.30 ppm, 6 5.61 ppm) which are not currently assigned. It is
notable that the low intensity signals are distinct from LZH-Ole
and they are not present in samples of zinc oxide coordinated by
oleate (Fig. S167); it may be that these signals arise due to
intercalated water/carboxylate ligands.

The hydrolysis pathway, therefore, proceeds via a number of
clear stages: (1) the organometallic reagents react to form
a pentanuclear zinc cluster compound [Zn5(Et),(COOR)¢] and
excess diethyl zinc; (2) the hydrolysis progresses by initial
hydrolysis of the excess diethyl zinc; (3) then, the hydrolysis of
the ethyl ligands on the cluster occurs, along with the formation
of the LZH. The organometallic hydrolysis reaction is
controlled, by reagent stoichiometry, to yield either the selective
formation of carboxylate-coordinated ZnO nanoparticles
([COOR]/[Zn] < 0.2)***¢ or to form 2D layered zinc hydroxide
materials ((COOR]/[Zn] > 0.4 and selective formation at 0.6).

This new method to prepare LZH could be useful in a wide
range of contexts, including the deposition of functional
materials. A proof of concept study was undertaken to prepare
zinc oxide thin films using the LZH-Ole as a precursor. Thermal
decomposition of LZH-coated substrates is already reported to
produce ZnO films relevant for the fabrication of photovoltaics,
although they are relatively thick (typically 17-33 pm),***>77>7°
and more suited to DSSCs, whereas sub-micrometer ZnO films
have been proposed for higher efficiency hybrid solar cells.*
The LZH-Ole solutions offer the opportunity to deposit thin,
uniform precursor films, as illustrated by immersing a glass
slide vertically into a toluene solution of LZH and evaporating
the solvent. LZH-Ole was coated homogeneously onto the

Chem. Sci., 2018, 9, 2135-2146 | 2141
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(a) LZH Film Cross Section

|

(c) LZH Film Surface

o
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(b) ZnO Film Cross Section

Fig.7 SEM images LZH-Ole film and ZnO film: (a) cross section of LZH film, (b) cross section of ZnO film, (c) & (e) LZH film surface and (d) & (f)
ZnO film surface with inset in (f) displaying the shape of ZnO nanoparticles formed to be close to spherical. The ZnO films were formed by

annealing LZH films at 500 °C for 15 minutes under air.

substrate with a uniform film thickness of ~1 um, as measured
from SEM (Fig. 7a). TGA of LZH-Ole (Fig. S101) shows complete
calcination at temperatures above 490 °C. Hence, the LZH thin
film was calcined at 500 °C, for 15 minutes in air, which led to
the formation of a transparent ZnO film (Fig. S17}). The UV-vis
spectrum of the ZnO film showed a peak at 374 nm corre-
sponding to the band edge of ZnO (Fig. S181). SEM images
showed the formation of a homogeneous, ~1 um thick film of
ZnO nanoparticles with maximum diameter of 25 nm (Fig. 7b,
d, f and S19f). The surface morphology clearly shows the
particulate, porous structure of the ZnO which is quite distinct
from the denser packing observed for the LZH (Fig. 7c and e). It
is, nonetheless, promising that both the thickness and homo-
geneity of the films were retained upon conversion of the LZH to
ZnO. Such thin ZnO films may be useful for hybrid photovoltaic
devices or as transistor films, where thicknesses ranging from
100 nm to 1 pm are optimal.®*~*

Conclusions

Layered zinc hydroxides were successfully synthesised through
the reaction of diethyl zinc with the appropriate zinc carboxylate

2142 | Chem. Sci., 2018, 9, 2135-2146

and water. The reaction occurred at room temperature and in
apolar organic solvents. These conditions are markedly
different to those normally used in the high temperature, base-
catalysed decomposition of zinc salts. The organometallic
hydrolysis route, applying the optimum ratio of [COOR]/[Zn] =
0.60, led to the most selective formation of LZH nanoplatelets.
In contrast to conventional routes, there was no contamination
of the LZH product with the carbonate salt, hydrozincite, and
modest contamination by ZnO and zinc bis(carboxylates). The
layered zinc hydroxide products featuring acetate, hexanoate
and oleate anions were characterised by IR spectroscopy, XRD,
TGA, SEM and solid state SAXS measurements. The oleate
layered zinc hydroxide showed high solubility in apolar solvents
(up to 23 mg mL ™" in toluene) which is similar to common
layered zinc hydroxides that have previously been exfoliated by
sonication in formamide. However, the LZH-Ole product was
exfoliated by spontaneous dissolution in toluene, completed
with simple stirring in under 2 h. The exfoliated monolayers
were deposited onto silicon wafers and TEM grids, enabling
detailed analysis by atomic force microscopy and transmission
electron microscopy. Both techniques indicate the formation of
nanoplatelets with an average thickness of 3.6 nm and lateral

This journal is © The Royal Society of Chemistry 2018
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size of ~10 nm. The synthesis reaction was studied using
solution NMR spectroscopy which revealed that the organo-
metallic reagents react together to form a zinc cluster species
and that the hydrolysis proceeds directly to form LZH. The
facility to direct the product formation is rather useful, partic-
ularly given that the reactions occur readily at room tempera-
ture and in organic solvents. In principle, the nanoplatelets
could be formed in situ with a range of resins or other reaction
media, since the byproduct is only volatile ethane gas.** The
production of exfoliated layered zinc hydroxides allows the
deposition of thin films on glass substrates which were subse-
quently thermally annealed to produce films of nanoporous
ZnO around 1 pm thick that are relevant for optoelectronic
applications. In general, the new route to LZH takes advantage
of the high reactivity of organo-zinc reagents to efficiently
deliver nanoplatelets of 2D layered zinc hydroxides. Future
investigations may extend the new method to other composi-
tions, including doped®*® or layered double hydroxide nano-
platelets and monolayers.

Experimental section
Materials and methods

The syntheses of LZHs were carried out in a dry nitrogen-filled
glovebox and Schlenk line techniques were used for hydrolysis
of the organometallic precursor to form LZHs. All solvents were
purchased from VWR, UK; chemicals from Sigma Aldrich and
used as supplied unless otherwise stated. Toluene used in the
syntheses of LZHs was dried and distilled by refluxing over
metallic Na and then degassed by freeze-thaw cycles (x3) to
remove oxygen. Diethyl zinc is a highly pyrophoric and volatile
liquid where extreme caution must be taken when using the
chemical. HPLC-grade water was used for the controlled
hydrolysis of LZH synthesis mixture. Anhydrous zinc bis(ace-
tate) was purchased from Sigma Aldrich and used as received.
The syntheses of zinc bis(hexanoate) and zinc bis(oleate) salts
were performed according to reported routes.*>*

The carboxylate loading ([COOR]/[Zn]) was varied (the molar
ratios and moles of reagents for each loading are listed in Table
S1t), whilst maintaining the total concentration of zinc at
0.15 M. For the synthetic methods reported below for LZH-OAc,
LZH-OHex and LZH-Ole, a loading of [COOR]/[Zn] = 0.60 was
used and the total Zn content was fixed to 1.37 mmol for all
carboxylate loadings.

"H NMR spectra were recorded at 400 MHz using Bruker
Av400 spectrometer operating at 9.4 T in C¢De unless otherwise
stated. The recycle delays (D1) for all spectra were 1 s, with 16
scans per spectrum. Chemical shifts are expressed in parts per
million (ppm) and referenced to residual solvent resonance. For
the "H NMR study of the synthesis of LZH-Ole, the addition of
water for the hydrolysis process was performed under a dynamic
flow of N, and a '"H NMR spectrum was taken 15 minutes after
each addition, at which point no visible water droplets are
present. The full hydrolysis of the reaction mixture requires 3 uL
of water (1.6 equiv. to total moles of zinc atoms present in the
reaction) and the stepwise addition of water was conducted by
adding 3 x 1 pL to reach full hydrolysis. Fourier transform

This journal is © The Royal Society of Chemistry 2018
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infrared (FT-IR) spectra were recorded using a Perkin-Elmer
Spectrum 100 spectrometer fitted with an ATR attachment and
each spectrum was collected with 4 or 32 scans with a resolution
of 4 cm™'. Powder X-ray diffraction (XRD) experiments were
performed using a PANalytical Xpert PRO diffractometer at an
operating voltage of 40 kV with a step size of 0.033° 26, scan step
time of 70 s and scan range of 3-75° 26. Small angle X-ray scat-
tering (SAXS) measurements were performed using a PANalytical
Empyrean diffractometer equipped with ScatterX”® module, from
0-5° 20, using a step size of 0.039° 26 and scan step time of 195 s.
Data analysis was performed using PANalytic EasySAXS software
and error given is derived from instrumental resolution. Ther-
mogravimetric analysis (TGA) and differential thermal analysis
(DTA) were carried out using a Mettler Toledo TGA/DSC 1, under
a flow of dry air with flow rate of 60 mL min ", from 50-600 °C, at
a heating rate of 5°C min~'. UV-vis absorption spectra of ZnO
nanoparticles were recorded using Perkin-Elmer Lambda 950
spectrometer in transmission mode from 300-500 nm with
a scan speed of 1 nm s~ ". The ZnO nanoparticle diameters were
estimated from the UV-vis spectra, using the empirical method
developed by Meulenkamp.®”

Scanning electron microscopy (SEM) samples were prepared
by adhering samples to stubs with silver paint and sputtering
with a 10 nm layer of chromium. Micrographs were taken with
a LEO Gemini 1525 FEGSEM (field emission gun SEM) with an
accelerating voltage of 5 keV and a 30 um aperture, using an in-
lens secondary electron detector. Transmission electron
microscopy (TEM) samples were drop-cast (toluene solution,
0.05 mg mL™ ") onto 300 mesh Au grids, with a 3 nm ultra-thin
carbon film and holey carbon support (Agar Scientific). TEM
images were obtained on JEOL JEM 2100F scanning trans-
mission electron microscope, equipped with an Oxford X-Max
80 SDD EDX detector, at an operating voltage of 200 kV in
bright field imaging mode. Atomic force microscopy (AFM)
samples were prepared on silicon wafer pre-cleaned in 3:1
mixture of H,S0, (98%) and H,0, (30%). Samples were drop-
cast (0.05 mg mL ™" in toluene) onto the Si wafer and dried
under vacuum for 16 h at room temperature. AFM measure-
ments were performed with tapping mode on a Bruker Digital
Instruments Multimode VIII AFM with Nanoscope IV Digital
Instruments AFM controller. All AFM micrographs were recor-
ded with a resolution of 512 lines and with a typical scanning
speed of 1 Hz, and processed using Bruker NanoScope Analysis
v1.40 (R2Sr). Height profiles were recorded from individual
particle maximum heights (N = 127).

LZH-OAc. ZnEt, (0.118 g, 0.952 mmol) was added dropwise
to a suspension of Zn(OOC(CHj;)), (0.075 g, 0.414 mmol) in
toluene (9.1 mL). The mixture was stirred for 16 h at room
temperature, which yielded a clear solution. Under a flow of N,
HPLC-grade water (39 pL, 2.18 mmol, 1.6 equiv. to the total
moles of Zn of 1.37 mmol) was directly added to the reaction
and the mixture was stirred for 3 h, where the formation of
white solid was observed after 1 h. All volatiles were removed in
vacuo, which yielded LZH-OAc as a fine white powder.

FT-ATR-IR (v ecm™"): 3367 (O-H), 1550 (COO)zsymm, 1406
(COO)symm- Elemental analysis: C¢H;70,4Zn;5 C, 11.26; H, 2.68;
found C, 12.72; H, 2.27.
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LZH-OHex. ZnEt, (0.118 g, 0.952 mmol) was added dropwise
to a suspension of Zn(OOC(CH,),CH3), (0.122 g, 0.414 mmol) in
toluene (9.1 mL). The mixture was stirred for 16 h at room
temperature, which yielded a clear solution. Under a flow of N,,
HPLC-grade water (39 pL, 2.18 mmol, 1.6 equiv. to the total
moles of Zn of 1.37 mmol) was directly added to the reaction
and the mixture was stirred for 3 h, where the formation of
white solid was observed after 2 h. All volatiles were removed in
vacuo, which yielded LZH-OHex as a fine white powder. FT-ATR-
IR (v cm™'): 3395 (O-H), 2956 (C-H)asymm, 2929 (C—H)asymm,
2872 (C-H)symm, 1540 (COO)a5ymm, 1405 (COO)gymm. Elemental
analysis: C;3H,41014Zn5 C, 26.74; H, 5.11; found C, 27.25; H,
4.25.

LZH-Ole. ZnEt, (0.118 g, 0.952 mmol) was added dropwise to
a suspension of Zn(OOC(CH,),;HC=CH(CH,),CHj3), (0.260 g,
0.414 mmol) in toluene (9.1 mL). The mixture was stirred for
16 h at room temperature, which yielded a clear solution. Under
a flow of N,, HPLC-grade water (39 pL, 2.18 mmol, 1.6 equiv. to
the total moles of Zn of 1.37 mmol) was directly added to the
reaction and the mixture was stirred for 3 h. A clear solution
remained after stirring and all volatiles were removed in vacuo,
which yielded LZH-Ole as a white, glassy solid. FT-ATR-IR
(v em™): 3389 (O-H), 3003 (=C-H)asymm, 2920 (C-H)asymm,
2851 (C-H)symm, 1570 (COO)asymm, 1465 (C-H)symm, 1411
(COO)symm- "H NMR (400 MHz, C¢D, 298 K, D1 = 1 s, see ESI
Fig. S137 for proton assignment): 6 5.52 (cis-alkene H, H.), 2.30
(H,), 2.11 (Hg), 1.58 (Hp), 1.42 (H,), 1.40 (H.), 1.30 (H.), 1.17 (H.),
0.92 (terminal CH; of oleate, Hyf). Elemental analysis:
Cs4H,0,014Z05 C, 49.61; H, 8.25; found C, 46.74; H, 8.34.

Exfoliation of LZH-Ole

The solubility of LZH-Ole was assessed by gradual addition to
1 mL of aliquots toluene, hexane, chloroform, dichloro-
methane, ethanol and water. The point of saturation was
determined to be when insoluble solid was seen in solution. A
second method of solubility measurement of LZH-Ole in
toluene was achieved by obtaining an over-saturated solution of
LZH-Ole (50 mg) in toluene (2 mL), undissolved solids was
allowed to settle and an aliquot of solution (1 mL) was taken
and solvent was removed under a flow of N,. The weight of the
sample from the aliquot was measured and the solubility of
LZH-Ole in toluene was determined to be 20 mg mL~". LZH-Ole
(10 mg) was added to toluene (10 mL) and the mixture was
mechanically stirred for 2 h at room temperature. A clear
colloidal solution of LZH-Ole in toluene was obtained. The
solution was then diluted to concentration of 0.05 mg mL ™" and
then drop-cast onto TEM grids and Si wafers for TEM and AFM.

Fabrication of ZnO thin films

Glass microscope slides were used as substrates for deposition
of thin films of LZH-Ole. Slides were placed vertically into
a solution of LZH-Ole in toluene (1 mg mL "), the solution was
then evaporated under a stream of nitrogen overnight and
a uniform film of LZH-Ole was deposited on substrate. For the
production of ZnO thin films on glass substrates, slides coated
with LZH-Ole were annealed in a three-zone tube furnace (PTF
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12/38/500, Lenton Ltd, UK) at 500 °C, with a heating ramp rate
of 50 °C min™*, for 15 min, under a flow of air. All fabricated
films were characterised by SEM and UV-vis spectroscopy in
transmission mode.
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