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Structural characterisation of a layered double
hydroxide nanosheet+

Nicholas P. Funnell,? Qiang Wang,?® Leigh Connor,® Matthew G. Tucker,*®
Dermot O'Hare** and Andrew L. Goodwin*?

We report the atomic-scale structure of a Zn,Al-borate layered double hydroxide (LDH) nanosheet, as
determined by reverse Monte Carlo (RMC) modelling of X-ray total scattering data. This study involves
the extension of the RMC method to enable structural refinement of two-dimensional nanomaterials.
The refined LDH models show the intra-layer geometry in this highly-exfoliated phase to be consistent
with that observed in crystalline analogues, with the reciprocal-space scattering data suggesting a
disordered arrangement of the Zn®* and Al>* cations within the nanosheet. The approach we develop is
generalisable and so offers a method of characterising the structures of arbitrary nanosheet phases,
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The extreme anisotropy of single-layer nanomaterials gives rise to
a range of novel physical and chemical properties of intense
current interest in the development of advanced functional
materials." On a fundamental level, ultrathin materials such as
graphene, molybdenum disulfide and boron nitride have been
shown to exhibit high electron mobilities, quantum Hall effects,
extreme thermal conductivities, magnetic resonant modes and
superconductivity.> But nanosheet phases are also of practical
importance: the recent development of inorganic graphene
analogues offering the combination of high-energy-density
capacitance and deformability required for the growing market of
flexible displays and devices is one representative example;"
their application within composite materials to enhance perme-
ability, flame retardancy, and thermal stability another.***¢

A recurring challenge within this field is the difficult
problem of characterising the atomic-scale structures of single-
layer phases, as is needed to direct material optimisation:
conventional crystallographic techniques fail because they rely
on the presence of three-dimensional structural periodicity.
Total scattering (or pair distribution function, PDF) measure-
ments are a promising crystallographic alternative finding
increasing traction within the nanomaterials community."” The
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including systems that support complex forms of disorder within the nanosheets themselves.

appeal is that the PDF is well-defined—and measurable—even
in the absence of long-range periodicity.**° Yet instances where
PDF methods have been applied to ultrathin materials remain
scarce because the most accessible tools of PDF analysis also
operate within the context of a three-dimensional unit cell.****
What is urgently needed within the field is an atomistic method
of refining PDF data that is sufficiently adaptable to model the
complex structures adopted by nanomaterials.

In this study, we extend the reverse Monte Carlo (RMC)
approach® to enable atomistic refinement of ultrathin phases,
and apply this methodology to the structure determination of a
Zn/Al double hydroxide nanosheet. Layered double hydroxides
(LDHs) are a well-established and versatile family of inorganic
materials with applications in CO, capture,* drug delivery,>>**
fire retardation,””® and catalysis.**** An important recent
advance in their chemistry has been preparation of highly-
dispersed, unmodified, delaminated nanosheet LDHs via the
so-called aqueous miscible organic solvent treatment (AMOST)
technique." AMO-LDHs are dispersible in non-polar hydrocar-
bons and possess BET surface areas in excess of 450 m* g~ %;
moreover they are anticipated to outperform ‘bulk’ LDH phases
for use as sorbents, catalyst precursors and nano-addi-
tives."*?*** While bulk LDHs are known to adopt a brucite-like
crystal structure in which positively-charged layers of hydroxide-
bridged metal cations are separated by weakly-coordinated
water molecules and interlayer anions [Fig. 1(a)],** the structure
of nanosheet LDHs is extremely difficult to determine reliably.
When measured using a conventional laboratory X-ray diffrac-
tometer, their diffraction patterns contain only two peaks over
the 2¢ angular range 5-65°, with both peaks suffering from
extreme Warren-type anisotropy [Fig. 1(b)].** The determination
of metal coordination geometries or nanosheet structure by
Rietveld refinement is simply not possible from such data;
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Fig. 1 (a) Schematic of a typical crystalline LDH structure; edge-linked
metal octahedra form sheets, spaced by interlayer anions (A™; here,
predominantly borate). (b) PXRD pattern of the AMOST-prepared
Zn,Al-borate LDH. In the crystalline parent compound, (00() peaks are
evident in PXRD patterns typically between ca. 10-25°. Asterisks
denote scattering from the sample container. TEM and SEM images of
the sample are shown in (c and d). Panels (b—d) are adapted from ref. 11.

indeed this is a good example of the general problem of struc-
tural characterisation of nanosheet phases.

PDF methods have been applied previously to bulk LDHs
and in these cases have given useful insight into aspects such as
thermal decomposition,* iodine intercalation,® and the exis-
tence and nature of stacking faults.*®* However—to the best of
our knowledge—the technique has not yet been applied to
exfoliated LDH nanosheets. Nor has it been possible to explore
the extent of cation ordering in nanosheet LDHs, in spite of the
intense interest in (and controversy over) using charge distri-
bution to tailor LDH functionality.**** So our motivation for
using RMC methods to characterise the atomic-scale structure
of an LDH nanosheet is threefold. First, we sought to establish
whether exfoliation has any substantial effect on metal coordi-
nation geometries or other aspects of the structural chemistry of
the LDH layers. Second, we have used this case study as a means
of extending the RMC refinement approach®?* to the chal-
lenging problem of determining nanosheet structures. Third,
we exploit the ability of RMC refinements to explore variable
cation ordering motifs to establish whether there is any exper-
imental sensitivity to Zn/Al ordering within the LDH nanosheet
at the heart of our study. Our results indicate that the local
metal coordination geometries within the nanosheet are
comparable to those found in analogous bulk crystalline pha-
ses, and also that the distribution of Zn** and AI*" ions is not
strongly ordered.

An exfoliated sample of Zn,Al-borate LDH was prepared via
the AMOST method as described in ref. 11, using acetone as the
dispersing solvent. The X-ray powder diffraction pattern of this
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sample, collected using a typical in-house X-ray diffractometer,
is that shown in Fig. 1(b). The absence of (00/) reflections from
this pattern is characteristic of a highly-exfoliated nanosheet
phase; the two observed peaks near 20 = 35° and 62° correspond
instead to the intra-layer (110) and (200) reflections. Trans-
mission and scanning electron microscopy images also reflect
the single-layer nature of the sample [Fig. 1(c) and (d)]. Using
the I12 beamline at the Diamond Light Source and a Thales
Pixium area detector, we measured X-ray total scattering data
(A = 0.14577 A) for magnitudes of the scattering vector Q
between 0.5 and 33 A~*. The diffraction images were integrated
over this angular range using the FIT2D software,**** yielding
an uncorrected powder-averaged diffraction pattern. These data
were processed using GUDRUNX,** in order to correct for
background scattering, Compton scattering, multiple scattering
and beam attenuation by the sample container, giving the
normalised total scattering function F(Q) and the correspond-
ing PDF (noting we have used the D(r) normalisation as
described by eqn (26) in ref. 45 and a Qp,x value of 17 A™%; see
ESIT for further details). Our data are shown in Fig. 2(a) and (b);
we emphasise the contrast in information density relative to the
X-ray diffraction pattern of Fig. 1(b).

In order to derive a structural model from these total scat-
tering data, we have developed an atomistic approach based on
the reverse Monte Carlo (RMC) method. This approach, which is
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Fig.2 RMC-refined total scattering pattern (a) and PDF (b). (c) Shows
representative cross-sections of the LDH nanosheet model prior to
(left) and post-RMC refinement (right). Al atoms are shown in grey, Zn
in blue, O in red and H in white.
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outlined below (full details are given as ESIt{) contrasts the
alternative ‘real-space Rietveld’ method*® applied elsewhere to
structure refinement of related nanostructured materials. Our
motivation for developing an atomistic approach lies in the
additional configurational versatility offered: the exploration of
Zn/Al ordering tendency is one such application. While RMC
methods are well established for three-dimensional materials—
crystalline and disordered alike—the modelling of lower-
dimensional nanostructures is an ongoing challenge.”® The
primary difficulty lies in treating appropriately the existence of
periodic boundary conditions that might be considered to apply
only in some directions.

In general terms the approach we have taken is as follows.
Our RMC configuration contains a single nanosheet which is
oriented parallel to one of the faces of the simulation box and
which extends across the entire box in the two in-plane direc-
tions. The remainder of the RMC box is empty, with the box size
in the direction perpendicular to the nanosheet chosen to be
larger than either of the in-plane directions. In this way, the
maximum distance up to which pair correlations are calculated
is determined only by the in-plane dimensions of the nano-
sheet. The PDF calculated from such a box, Dgyc(7), is related to
the ‘real’ D(r) after two corrections are made: (i) the difference in
number density between the simulation box (which is mostly
empty) and the real material is taken into account, and (ii) the
(unstructured) pair correlations between atoms within the
model nanosheet and atoms in the surrounding material are
included. Taken together, one obtains

D(r) = Drmc(r) + 4mrpo(r) Z cicifif; {pRpMC - %} , )]

where pryc and p are the simulation and real number densities,
respectively, the ¢; and f; the concentrations and scattering
factors of the atomic species 7, and d the width of the nanosheet.
The parameter 6(r) = 0 for r = d/2 and 1 for r > d/2 (i.e. the
correction is always positive). The total scattering function F(Q)
can be corrected in a similar way (see ESIf).

Using this approach we proceeded to carry out a RMC
refinement of the atomic-scale structure of Zn,Al-borate LDH
against the X-ray total scattering data collected as described
above. Our hexagonal configurations (dimensions 45.81 A x
45.81 A x 100 A) contained a total of 75 Al atoms, 150 Zn atoms,
450 O atoms, and 450 H atoms. Borate anions were explicitly
omitted from our model on the basis that there is no strong case
for assuming coherent ordering of these units relative either to
the nanosheet or to one other. The likely effect of this decision
is that one does not expect quantitative fitting for the low-r
region of the PDF where B-O and O-(B-)O correlations will
contribute in a coherent sense to the experimental PDF. The box
size we have chosen corresponds to a 15 x 15 supercell of the
layer unit cell shown in Fig. 1(a), the dimensions of which were
determined from the position of the (110) reflection in the
diffraction pattern. Atoms were placed according to the known
LDH layer structure with the Zn/Al distribution chosen
randomly; the nearest-neighbour connectivity was fixed
accordingly. Soft constraints on Zn-O, Al-O and O-H bond
lengths and (Zn/Al)-O-H, O-(Zn/Al)-O and (Zn/Al)-O-(Zn/Al)
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angles were applied (see ESIt for details). Since the H atom
contribution to the X-ray scattering function is negligible, we
expected the H atom positions in the final model to reflect these
constraints more closely than any real signature of H atom
correlations actually contained within the data. Following the
standard RMC approach, atoms were chosen at random and
moved by small random amounts until the fit to data (both F(Q)
and D(r)) converged satisfactorily. The fits obtained are shown
in Fig. 2(a) and (b) and a comparison between starting and
refined structures is given in Fig. 2(c).

As anticipated, the quality of the fits obtained is noticeably
inferior to the typical results for RMC refinements of crystalline
materials.**® The most significant discrepancies are for the
lowest-r region of the D(r) function where (i) intra-borate corre-
lations are not accounted for by the model, and (ii) the nano-
sheet correction in eqn (1) switches from zero to finite value.
Further uncertainties in the true sample density p (or indeed
what this means for a nanosheet sample), layer thickness d,
anion composition and water content mean that quantitative
fitting is very much more difficult in this case. Nevertheless the
general features of the PDF are certainly well described by the
refined RMC configurations, and even the Warren peak asym-
metry in the F(Q) function is appropriately modelled. The RMC
configuration can be collapsed onto a single ‘unit cell’ (noting
that this cell is periodic only in two directions), the corre-
sponding layer group symmetry being P3m1 in order to deter-
mine the effective average coordination geometry of the Zn and
Al centres within the nanosheet. This structure, together with
the corresponding average bond lengths and angles are illus-
trated in Fig. 3. We find essentially complete agreement with the
coordination geometry found in crystalline Zn/Al LDHs,*>
although we do not find any meaningful distinction between Zn
and Al environments. We note that the similarity between crys-
talline and nanosheet structures is consistent with the sugges-
tion elsewhere that because bulk samples can be reconstituted
from nanosheets through exposure to water or Na,CO; solutions
it is unlikely that exfoliation promotes amorphisation.**

Having established the average structure of the LDH nano-
sheet, we proceeded to address the question of substitutional
Zn/Al ordering within individual layers. There is limited

2.092(8) A 93.8(8)°

86.2(8)°

Fig. 3 The LDH nanosheet structure, derived from averaged instan-
taneous coordinates and their displacements from mean atomic
positions. Anisotropic displacement parameters are shown at the 50%
probability level. The black dotted lines in the left panel indicate the
two-dimensional ‘unit cell'. H atoms are omitted owing to the relative
insignificance in their spatial distribution. O atoms are shown in red
and Zn/Al cations are shown in grey.
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evidence that in certain mixed-metal LDHs with M>": M**
concentrations of 2 : 1 the more highly charged cations avoid
sharing hydroxide bridges.***”** This local rule leads to an
ordered structure in which the M** cations are surrounded only
by M>" cations to give a periodic ‘honeycomb’ motif [Fig. 4(a)].
Using a straightforward Monte Carlo algorithm, we generated a
range of RMC configurations with different degrees of Zn/Al
ordering; the corresponding order parameter is given by the
average number of AI*" ‘neighbours’ around each AI** centre,
n4l. The long-range ordered state of Fig. 4(a) corresponds to the
case nhl = 0, whereas a statistical distribution corresponds to
nal = 2 [Fig. 4(b)]. We found some evidence of a continuous
dependence of the goodness of fit on the value of 4] such that
the best fit to data is observed for na] = 1 [Fig. 4(c)]. Conse-
quently our analysis suggests there is no substantive Al/Zn
ordering, although it is not clear whether the cation distribution
is purely statistical or whether some slight preference for Al/Al
avoidance persists. Since we do not find meaningful differences
in Zn-O and Al-O distances, the sensitivity we observe must
arise from scattering contrast between the Zn and Al centres. It
is our experience that the signature of correlated disorder is
often stronger in reciprocal space (which emphasises correla-
tions) than in real space.*®** Here we find that the quality of the
D(7) fit is relatively insensitive to the value of n4} [Fig. 4(d)]: in
particular, long-range ordered and statistical distributions are
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Fig. 4 Cross-sections of ordered (a) and disordered (b) cation
arrangements. Oxygen and hydrogen atoms are omitted for clarity. The
dotted red lines in (a and b) indicate Al/Zn boundaries. x* values,
expressed as the percentage difference from the first data point (blue
dotted line), are shown for the F(Q) (c) and D(r) (d) data. The error bars
represent the corrected sample standard deviations, each derived from
six RMC refinements. The red lines show error-weighted three-
parameter polynomial fits of the form Yrel® = X0° + a(nAl — no)®, chosen
to capture the particular nonlinearity of the dependency observed in (c).
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only marginally different in terms of their fit to the D(r) function
even if they give rise to meaningfully different qualities of fit in
reciprocal space.

In some respects there are strong parallels between our study
and a recent report in which PDF methods were applied to the
problem of determining intermediate-range order in layered
cobalt-based nanoparticle catalysts.* In terms of the method of
analysis employed, the two studies are distinguished by the use
of atomistic (RMC) and real-space Rietveld approaches, and also
by the incorporation or omission of reciprocal-space scattering
data during structure refinement. Atomistic methods offer the
flexibility of exploring cation ordering, for example, but real-
space Rietveld refinements are advantageous in terms of the
level of effort involved. The quality of fit to the experimental
PDF reported in ref. 22 would appear better than that we obtain
in this study, which is perhaps surprising given that the
modelling approaches taken in that study neglect the contri-
bution of intra-anion, inter-anion, and nanoparticle-anion/
solvent interactions to the PDF. Here the constraint of fitting in
reciprocal space helps emphasise the scattering contribution
from the ordered structural component (i.e. the nanosheets in
our case), and should also ameliorate any spurious effects
associated with ignoring differences in the angular dependence
of the X-ray form factors for different elements.

In conclusion, X-ray total scattering measurements and RMC
refinement of a Zn,Al-borate LDH nanosheet have been used to
determine its atomic-scale structure. We find that the coordi-
nation environment of the Zn and Al atoms is similar to that
found in crystalline Zn/Al-containing LDHs and that there is no
evidence of strong Zn/Al order within the compositional
arrangement of the nanosheet, a feature to which the PDF itself
appears to be relatively insensitive. Having demonstrated the
applicability of RMC methods for studying what is a chemically
complex nanostructured material, we anticipate the method
presented here will find application in the structural charac-
terisation of other ultrathin nanomaterials, including magnetic
nanosheet assemblies, titania-based electrocatalysts and pho-
toluminescent single-layer perovskites.**

This research was supported by the EPSRC (ALG; grant EP/
G004528/2), the ERC (NPF and ALG; project 279705), SCG
Chemicals, Bangkok (QW and DOH) and by the Diamond Light
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