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ABSTRACT: Layered double hydroxides (LDHs) are anionic clays
important in disciplines such as environmental chemistry, geochemistry,
and materials science. Developments in signal processing of extended X-ray
absorption fine structure (EXAFS) data, such as wavelet transformation
(WT), have been used to identify transition metals and Al present in the
hydroxide sheets of LDHs. The WT plots of LDHs should be distinct from
those of isostructural single metal hydroxides. However, no direct
comparison of these minerals appears in the literature using WT. This
work systematically analyzes a suite of Ni-rich mineral standards, including
Ni−Al LDHs, single metal Ni hydroxides, and Ni-rich silicates using WT.
The results illustrate that the WT plots for α-Ni(OH)2 and Ni−Al LDHs are
often indistinguishable from each other, with similar two-component plots
for the different mineral types. This demonstrates that the WT of the first
metal shell often cannot be used to differentiate an LDH from a single metal hydroxide. Interlayer anions adsorbed to the
hydroxide sheet of α-Ni(OH)2 affect the EXAFS spectra and are not visible in the FT but are clearly resolved and discrete in the
WT.

1. INTRODUCTION

Layered double hydroxides (LDHs) are a class of anionic clays
important to research areas such as environmental chemistry,
geochemistry, materials science, and catalysis.1−5 In environ-
mental geochemical systems, such as in soils and sediments,
LDHs rich in aluminum (Al) are important in the cycling and
precipitation of trace metal contaminants. Nickel (Ni) in
particular can form Ni−Al LDHs to potentially inhibit Ni
mobility.6−9 Other transition metals can form LDHs with Al in
geochemical systems, including zinc (Zn), ferrous iron (Fe2+),
and cobalt (Co).10−14

The formation of Ni−Al LDH is important because LDHs
have lower solubility product constants than the single metal
hydroxides [e.g., α-Ni(OH)2].

3,4 Thus, the LDH can control
the solution concentrations of the trace metal. However, LDHs
are isostructural to single metal hydroxides, and thus differ-
entiating between the two mineral types is difficult. Extended
X-ray absorption fine structure (EXAFS) spectroscopy has been
one tool used to identify the molecular structure of Ni−Al
LDHs and is also used to characterize single metal
hydroxides.15,16 However, traditional analysis of EXAFS data
[e.g., shell fitting of the Fourier transform (FT)] is particularly
challenging because of the structural similarities between Ni−Al
LDHs and single metal Ni hydroxides.5 The in-and-out-of-
phase backscattering photoelectric waves of elements such as
Ni, Al, and Si create constructive and destructive interference in
the EXAFS data, making shell fitting difficult.17

Developments in signal processing of EXAFS data, such as
wavelet transformation (WT), have made differentiation
between Ni and Al backscatters more straightforward.18

However, there are no comparative studies that apply WT to
single metal hydroxides as well. WT is capable of separating the
contribution of Ni from Al backscattering in the hydroxide
sheet of the LDH into two discrete components. WT resolves
the data in both k-and r-space simultaneously18 to identify if
more than one type of backscatterer (either from an atom or
multiple scattering) is contributing to the EXAFS data. It is
particularly useful for separating elements of significantly
different atomic weights, such as transition metals (e.g., Ni,
Fe, Zn) from Al. It is becoming commonly applied to EXAFS
spectra to identify and characterize not only LDHs in
geochemical systems but also other chemical environments
such as C and Fe.6,7,9,18−23

The objective of this work was to systematically analyze and
compare a suite of Ni-rich mineral standards, including Ni−Al
LDHs, single metal Ni hydroxides [e.g., α-Ni(OH)2 and β-
Ni(OH)2], and Ni-rich silicates (e.g., silicated Ni−Al LDHs and
Ni-phyllosilicates). Because WT is becoming a frequent tool in
the analysis of X-ray absorption spectroscopic (XAS) data,
there is a need for comparative data in the literature to illustrate
its use. Comparison and analysis presented here illustrate the
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effects of modifying the adjustable parameters of the WT (η
and σ), and how appropriate conclusions can be made on the
number and type of backscattering components in EXAFS
spectra. Because the solubility of LDHs, single metal
hydroxides, and silicates vary considerably, accurate identi-
fication of these minerals is necessary in environmental
geochemical systems.

2. EXPERIMENTAL METHODS
2.1. EXAFS Data. Table 1 lists the 24 Ni-rich mineral

standards analyzed by WT. References for previously published

spectra are given in Table 1 along with the Ni-to-Al ratios in the
LDHs. Previously unpublished spectra are indicated and shell
fitting results of those spectra are given in the Supporting
Information (SI) Table S1. Shell fitting was carried out with
Artemis software.24 EXAFS spectra of the 24 standards along
with their FT are in Figure 1.
With respect to the published Ni(OH)2 spectra, original data

for α-Ni(OH)2 #2 and β-Ni(OH)2 #5 were used from ref 16.
The α-Ni(OH)2 #6 spectrum was obtained from an online
EXAFS data library hosted by the University of Chicago Center
for Advanced Radiation Sources (CARS). Spectra from ref 33
(including the Ni basic nitrate) and ref 15 were digitized25 from
the published manuscripts and rebinned at 0.05 Å−1 in k-space
with Origin 2017 graphing software. These spectra included α-
Ni(OH)2 #9, β-Ni(OH)2 #10, α-Ni(OH)2 #11, β-Ni(OH)2
#12, and Ni basic nitrate. To facilitate sample identification, α-

and β-Ni(OH)2 spectra were grouped into the same
consecutive numeric sequence.
In addition to published single metal Ni hydroxides,

published LDH spectra were also used, including original
data from refs 4 and16 (LDH #1 to LDH #4). LDH #1 and
LDH #4 were synthesized with 1.78:1 and 1.94:1 Ni:Al ratios,
respectively, and have a carbonate interlayer, while LDH #4 was
additionally aged for 2 weeks at 65 °C. LDH #2 and #3 have
Ni:Al ratios of 1.3 and 4.3, respectively.16 LDH #6 from ref 33
was digitized and rebinned as stated and has a Ni:Al ratio of 2.
Original data for Ni−Al LDH silicates #1 and #2, Ni silicates #1
and #2, and Ni reacted with pyrophyllite for five years (“LDH-
py”) were used, and all have silicate incorporated into the
interlayer space.4,9,26

Published and previously characterized EXAFS spectra
compose a significant portion of data used here for WT and
provide a key basis for comparison between LDH and Ni(OH)2
phases. In addition to the previously published spectra, new
unpublished spectra (this work, Table 1) are also presented and
analyzed by WT. Shell fitting results characterizing those
spectra are in Supporting Information, Table S1. α-Ni(OH)2 #1
was purchase from Johnson Matthey company, and data were
collected at the National Synchrotron Light Source (NSLS)
beamline X-18B under QXAS scanning mode.27 The remaining
α-Ni(OH)2 standards (#3, #4, #7, and #8) were synthesized
according to published methods,16,28 and EXAFS spectra were
collected at the NSLS beamline X-11A. LDH #5 was
synthesized according to ref 29, and EXAFS spectra were
collected at NSLS beamline X-11-A as well. All LDH spectra
are Ni−Al LDHs. All fitting and WT was carried out with a k-
weight of 3.

2.2. Wavelet Transformation. WT was carried out with
the HAMA program written for IGORpro.18,30 In the WT
expression, two adjustable parameters [eta (η) and sigma (σ)]
are used to focus on an overview WT or detailed WT. For the
overview WT, η·σ ≥ 30, and for the detailed WT, η·σ ≈ 2r,
where r is the distance of interest in R-space. For WT of the
first metal shell (Figures 2 and 3, and Figures S1 and S2), the
product of the eta (η) and sigma (σ) values were adjusted for
optimal resolution in both k and r space, which is twice the
distance of interest in r-space (η·σ ≈ 2r).31 Specifically, η = 30
and σ = 0.18 (η·σ = 5.4) whose product is similar to other
values in the literature.18,20,32 For the third metal shell (Figures
2 and Figures S3 and S4) it was determined that values η = 30
and σ = 0.17 provided the necessary resolution to separate Ni
and Al. A series of values for η and σ were tested for the second
and third metal shells (Figure S5) to determine optimal
parameter values. R-ranges for WT varied depending on the
shell of interest, and the precise values are located on the y-axis
of each WT plot. WT was carried out on the k ranges of the
data presented in Figure 1, except for LDH #6, α-Ni(OH)2 #9,
and β-Ni(OH)2 #10, where a k-range 3 to 15 Å−1 was used.

3. RESULTS AND DISCUSSION
WT facilitates differentiation between heavier and lighter
backscattering elements (e.g., Ni and Al) when they are at
the same distance (i.e., the same coordination shell) from the
central absorbing atom. It provides a visualization of the r and k
dependencies of neighboring atoms and resolves the EXAFS
spectra in both r and k spaces. WT is analogous to the FT, but
the data are spread over an x−y plane in two dimensions. This
type of discrimination is not possible if only using the FT.
While the FT resolves the distances of the backscattering

Table 1. Spectra of Layered Ni-Rich Minerals (24 Total)
Analyzed by WTa

sample ref

α-Ni(OH)2 #1 this work
α-Ni(OH)2 #2 16
α-Ni(OH)2 #3 this work
α-Ni(OH)2 #4 this work
β-Ni(OH)2 #5 16
α-Ni(OH)2 #6 CARS
α-Ni(OH)2 #7 this work
α-Ni(OH)2 #8 this work
α-Ni(OH)2 #9 33
β-Ni(OH)2 #10 33
α-Ni(OH)2 #11 15
β-Ni(OH)2 #12 15
Ni basic nitrate 33
LDH #1 (Ni:Al ratio = 1.78:1) 4
LDH #2 (Ni:Al ratio = 1.3:1) 16
LDH #3 (Ni:Al ratio = 4.3:1) 16
LDH #4 (Ni:Al ratio = 1.94:1, aged 65 °C) 4
LDH #5 (Ni:Al ratio = 5.49:1) This work
LDH #6 (Ni:Al ratio = 2:1) 33
LDH silicate #1 (Ni:Al ratio = 1.86:1) 4
LDH silicate #2 (Ni:Al ratio = 2.3:1) 26
Ni silicate #1 26
Ni silicate #2 4
LDH-py 9

aSpectra from the literature are accompanied by their references.
Structural fitting results for the spectra presented in this work are in
Table S1. Structural models for Ni-rich minerals can be found in
Figure S6. Only samples prepared explicitly as β-Ni(OH)2 are labeled
as such. Ni-to-Al ratios are given for each LDH.
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atoms, WT reveals additionally at which energies (wave-
numbers, in Å−1) the backscattering components are most
significant.18,20,22

This transformation process is particularly useful for the Ni−
Al LDH system because both heavy (Ni) and light (Al) atoms
are in its hydroxide sheet and first metal coordination shell
around Ni. Two distinct regions in the WT plot represent the
different types of atomic backscattering contributions present in
the EXAFS data. Lighter and heavier elements at the same
distance around the central absorbing Ni atom cause
interference between several distinct backscattering waves,
which significantly complicates EXAFS modeling.20 The second
and third metal shells also provide useful information in the
WT. In LDHs, those peaks result from the focused multiple
scattering of Ni and Al in the hydroxide sheet (Figure
S7).16,20,34 The presence of light and heavy backscatterers is
indicated in the WT plots by the separate maxima at different
wavenumbers.
3.1. Ideal WT Plots: LDHs vs Ni(OH)2. Figure 2 contains

the WT plots of samples LDH #4 and α-Ni(OH)2 #2. These
plots represent the ideal number of components in the first and
third metal shells of a layered single and double metal
hydroxide. The first metal shell of the LDH contains both Ni

and Al (Figure S7), and the two components seen in Figure 2a
can be ascribed to these two atoms.18 One component at lower
energy between 6 and 7 Å−1 and the other component at higher
energy between 9 and 10 Å−1 can be attributed to Al and Ni,
respectively.6,9,18 Figure 2a is directly comparable to Figure 2c,
which is the WT of α-Ni(OH)2 #2. Because the hydroxide
sheet of the single metal Ni hydroxide has one metal atom type,
there is one major component in red at ca. 9 Å−1. However,
there is a minor component between 6 and 7 Å−1 that appears
as a less intense component in orange, and it is hypothesized
that this minor component can be attributed to anion sorption
(such as nitrate) to the hydroxide sheet. This sample, α-
Ni(OH)2 #2 from ref 16, has some nitrato groups covalently
bonded to the hydroxide sheet as indicated in its IR spectrum.
Of all the α-Ni(OH)2 spectra presented (Figure S2) the WT
plot of α-Ni(OH)2 #2 has the smallest secondary component
between 6 and 7 Å−1. All the other WT plots of α-Ni(OH)2
have more significant secondary components and are
indistinguishable from the WT plots of LDHs (Figure S1).
Figure 2 panels b and d are also directly comparable and are

WT plots of the third metal shells of the same samples. In the
third metal shell, again there should be two atom types in the
LDH20 and one atom type in the single metal hydroxide (see

Figure 1. (a) EXAFS spectra of the 24 Ni-rich mineral, and (b) the FT of those spectra. Each spectrum label corresponds to Table 1. The major
differences in the EXAFS spectra between α- and β-phase Ni(OH)2 are the increased doublet peaks at ca. 7 Å−1 and 8 Å−1. β-Ni(OH)2 #5, #10, and
#12 exhibit these doublet peaks more than other Ni(OH)2 spectra.
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Figure S6 for mineral structural models). Figure 2 panels b and
d represent the ideal WT plots of what the LDHs and single
metal hydroxides should look like. The LDH has two
components in the WT plot, one component at lower energy
between 8.5 and 9.5 Å−1 and the other component at higher
energy between 9.5 and 10.3 Å−1. The single metal Ni
hydroxide has just one major component (between 9 and 10
Å−1) because it has just one atom type in its hydroxide sheet
(Figure S6). As discussed in sections 3.3 and 3.4, these ideal
WT plots do not consistently occur even in the third metal
shell. Thus, for environmental geochemical samples, the use of
WT for distinction between the LDH and single metal
hydroxides is limited.
3.2. Effect of Interlayer Anion. To test the hypothesis

that covalently bonded interlayer anions could be identified in
the WT plots, WT was carried out on a series of four EXAFS
standards from ref 33 (Figure 3). The standards from that work
included “NiAl2”, “Ni basic nitrate”, “α-Ni(OH)2”, and “β-
Ni(OH)2”, which are labeled here as LDH #6, Ni basic nitrate,
α-Ni(OH)2 #9, and β-Ni(OH)2 #10, respectively. The standard
LDH #6 is a Ni−Al LDH with a Ni:Al ratio of 2:1. The WT
plot of LDH #6 yields the predicted result with two major
components contributing to the EXAFS spectrum, one
component at lower energy between 6 and 7 Å−1 and the
other component at higher energy between 9 and 10 Å−1

(Figure 3a). The first component at lower energy can be
attributed to Al scattering and the second component at higher
energy to Ni scattering. The plot of Ni basic nitrate (Figure 3b)
illustrates the effect of covalently bonded nitrato groups on the

WT. This sample was deliberately synthesized to contain
nitrato groups in its structure, covalently bonded to the
hydroxide sheet.33

As hypothesized, when WT was carried out on the Ni basic
nitrate EXAFS spectrum, two components are also present,
making the WT plot indistinguishable from the LDH plot. This
occurs even though the hydroxide sheet of the Ni basic nitrate
only contains one type of metal atom (Ni). The Ni basic nitrate
is analogous to the α-Ni(OH)2 structure except that some of
the OH groups are replaced by NO3 groups. The infrared (IR)
spectra from this sample clearly indicate and describe the
presence of both nitrate in the interlayer and nitrato groups
covalently bonded in the hydroxide sheet (see ref 33).
The interlayer anion can thus have an effect on the first metal

shell radial structure function (RSF) which is not apparent in
the FT but clearly discernible in the WT plot. In addition to the
Ni basic nitrate spectrum, the IR spectrum for α-Ni(OH)2 #9
also indicates some adsorption of nitrato groups. The WT plot
for α-Ni(OH)2 #9 (Figure 3c) indicates the presence of two
components in the first metal shell even though the hydroxide
sheet still contains only Ni atoms (Figure S6). The WT plot of
α-Ni(OH)2 #9 is also indistinguishable from the LDH because
both plots have two components, one at low and one at high
energy. Figure 3 panels a−c are very similar to each other but
the samples have different chemical compositions.
The data set in Figure 3, the EXAFS and related IR spectra of

which were originally published by ref 33, serves to illustrate
how different forms of structurally similar yet chemically
distinct minerals can produce similar WT plots. LDH #6, Ni
basic nitrate, and α-Ni(OH)2 #9 all contain two components in
their WT plots. The only compound with no nitrato groups or

Figure 2. WT plots of the (a) first and (b) third metal shells of LDH
#4, and WT plots of the (c) first and (d) third metal shells of α-
Ni(OH)2 #2. The red areas indicate where significant components are
separated in the WT. The LDH has two components in both its first
and third metal shells, which is expected from the ideal structural
model (Figure S7). The WT of α-Ni(OH)2 #2 indicates in the first
shell one major component is present (red) while a second minor
component is also present (orange). The third metal shell of α-
Ni(OH)2 #2 has just one component (red). These ideal WT plots do
not consistently occur for the first and third metal shells (Figures S1−
S4).

Figure 3. First metal shell WT plots of four EXAFS spectra from ref
33. (a) LDH #6 (Ni−Al LDH 2:1 Ni:Al ratio), (b) Ni basic nitrate, (c)
α-Ni(OH)2 #9, and (d) β-Ni(OH)2 #10. The plot of LDH #6 is as
expected, with two major components (one at low and one at high
energy, Å−1). The Ni basic nitrate illustrates how a similar WT plot can
be generated without the presence of Al in the sample. α-Ni(OH)2 #9
also has no Al but produces a similar WT to both the LDH and Ni
basic nitrate. Of the four plots, that of β-Ni(OH)2 #10 is the only
spectrum to present a WT displaying just one component.
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nitrate in its IR spectrum (and thus absent from the interlayer)
is β-Ni(OH)2 #9 (Figure 3d). This difference is also clear in the
WT plot because only one component is present. The increase
in crystallinity and decrease in the c-axis probably cause the
absence of interlayer anions. Other β-Ni(OH)2 phases
presented (which include β-Ni(OH)2 #5 and β-Ni(OH)2
#12) also yield WT plots with just one major component
(Figure S2). This finding is reproducible across three different
samples from the literature.
3.3. First Metal Shell Similarities. The main advantage of

using WT is that it can separate multiple components in a
single coordination shell. Thus, it was hypothesized that the
first metal shell of the six LDHs presented would include two
significant components, as has been demonstrated in the
literature.18 Indeed, the first metal shell of all six LDHs contains
two components (Figure S1).
However, the other spectra in Figure S1 also contain, in

general, two components. These minerals include two silicated
LDHs, two Ni silicates, one adsorption sample of Ni to
pyrophyllite, and one Ni basic nitrate (for comparison). As
indicated in Figure S6, the chemical differences between the
samples include multiple elements in the first metal shell and
for the silicates a separate tetrahedral layer of Si. In all of these
samples, it would be predicted that there are two components
in the first metal shell because the silicates include Si at
approximately 3.22−3.29 Å.16,35 The spectrum for Ni sorbed to
pyrophyllite has been discussed as forming an LDH,9 and so
the presence of two components is expected.
Because the standards in Figure S1 are confirmed to have

two components in the first metal shell, resulting from the
presence of Al, Si, or covalently bonded nitrato groups, it was
hypothesized that the first metal shell for all Ni(OH)2 standards
[Ni(OH)2 #1−#12, Table 1, Figure 1, and Figure S2] should
contain just one major component. This should be the case
because there is only one metal type (Ni) in the hydroxide
sheet (Figure S6). However, as shown in Figure S2, most of the
Ni(OH)2 phases also contain two major components in the
WT plots. The presence of two components where ideally there
should be just one component is probably due to the presence
of adsorbed anions to the hydroxide sheet, as shown in Figure
3b. The similarity between the data in Figures S1 and S2 make
it difficult to use WT alone to confirm the presence or absence
of Al in the Ni−Al LDH.
Alluded to in section 3.1, the lack of differences in the WT

plots of LDHs and single metal hydroxides can be a common
occurrence. Figures S1 and S2 highlight the similarities of the
WT plots for the first metal shell of all 24 Ni-rich mineral
standards. Often it is not possible to distinguish based on the
WT alone if the sample is an LDH or a single metal hydroxide.
Except for the cases of β-Ni(OH)2, there are generally two
components in the WT of the single metal hydroxides.
As a result of the similarities of the WT plots, for these

samples, WT of the first metal shell should not be used to
identify an LDH because the spectra of single metal hydroxides
and silicate standards are indistinguishable from the LDH. Two
components are identified by WT for LDHs, most layered
single metal hydroxides, and the metal silicates. This disproved
the hypothesis that the first metal shell for all Ni(OH)2 phases
should contain just one major component. There is another
component apart from Ni that contributes to the EXAFS
spectrum. The effect of an adsorbed interlayer anion, however,
does not significantly alter the Ni−Ni path of the shell fitting

results of the RSF, as the Ni−Ni distance is still further apart in
the single metal hydroxides than in the LDHs (Table S1).

3.4. Third Metal Shell Differences. Figures S3 and S4 are
the WT plots of the third metal shell of all 24 mineral
standards. If the WT of the first metal shell cannot reliably be
used to distinguish between single metal hydroxides and LDHs,
perhaps the third metal shell can provide some discrimination
between the minerals. The second and third metal shells result
from focused multiple scattering in the hydroxide sheet,5,20 and
thus it is hypothesized those shells should not be influenced by
adsorbed anions to the extent of the first metal shell. The
adsorbed anions do not have the linear, focused multiple
scattering that is found in the octahedral layer. The second
metal shell of the LDH is composed of only Ni atoms, while the
third metal shell is composed of Ni and Al atoms (Figure S7).20

Emphasis in Figures S3 and S4 is placed on the 7−10.3 Å−1

k-range (as discussed in Figure S5). Results of WT using a
variety of σ values indicate that σ = 0.17 and below suffice to
separate the third metal shell into its two components, the
lighter Al component at lower k (ca. 8.8 Å−1) and the heavier
Ni component at higher k (ca. 9.9 Å−1). Different values have
been used in the literature where η = 30 and σ = 0.155;20

however, as shown in Figure S5, this value and lower values of σ
are not required to show discrete Ni and Al components in the
third shell.
As hypothesized, two major components are identified for

the WT of the third metal shells of the LDHs (Figure S3),
except for LDH #6 which contains one major and one minor
component. These two components can be ascribed to metals
in a similar fashion as the first metal shell, with Al being the
lower energy component and Ni being the higher component.
The LDH-silicates also have two components in the third metal
shell, which is expected because they both have Ni and Al in
their hydroxide sheets. However, Ni silicate #1 also has two
components, which was not expected because this sample has
just one metal in the hydroxide sheet (Figure S6). This could
potentially be caused by contribution of the Si tetrahedral sheet.
The WT of the Ni silicate #2 does not show substantial
contribution from the third metal shell. The “LDH-py” sample
has two major components, which is expected because this
sample is an LDH,9 with potentially Si in the interlayer. Lastly,
the Ni basic nitrate,33 albeit with a minor component, has just
one major component from the third metal shell, which is
expected because it contains only one metal type in the
hydroxide sheet.
When Figure S3 (LDHs) is compared to Figure S4 (single

metal hydroxides), in general there is only one major
component in the WT of the Ni(OH)2 standards. One
dominant component is present in all Ni(OH)2 standards
except #3, which may be due to a comparatively small third
metal shell in the RSF (Figure 1b). Of the other standards,
minor secondary components are present in the WT plots in
#1, #4, #6, #8, #9, and #11. These secondary components are
mainly present in the more disordered α-Ni(OH)2 phases.
Distinction between α- and β-phases of Ni(OH)2 can be

made by looking at the EXAFS data (Figure 1a), where the β-
phases exhibit well-defined doublet peaks at ca. 7 Å−1 and 8
Å−1. Particularly, β-Ni(OH)2 #5, #10, and #12 have the most
pronounced doublet peaks; they were each prepared explicitly
as the β-phase. Additionally, their WT plots are similar in shape
with no substantial secondary components (Figure S2). α-
Ni(OH)2 spectra (including α-Ni(OH)2 #1, #6, #7, and #8)
exhibit less pronounced doublet peaks at ca. 7 Å−1 and 8 Å−1;
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however, their WT plots still display two components (Figure
S2). The major differences between the α- and β-Ni(OH)2 is
that the β-phase is well crystallized while the α-phase is
disordered (poorly crystallized) and water layers are present
between the sheets.15,33 Additionally, the c-axis is increased to
about 8 Å in the α-phase versus 4.6 Å in the β-phase. Increased
focused multiple scattering will occur in the more crystalline
standards, thus yielding more intense third metal shells and WT
plots with just one significant component.
Determining metal cation locations in LDHs is difficult

because a high degree of order (i.e., crystallinity) is often not
obtained during synthesis.36 LDHs can be amorphous and
remain amorphous when they form on phyllosilicates minerals.
Crystalline peaks of Ni−Al LDH were not observed using high
resolution transmission electron microscopy (HRTEM) and
powder X-ray diffraction (PXRD) even after five years of
reaction time for a Ni-pyrophyllite system (“LDH-py” in this
work). Ni is locally ordered as LDH, but there is no long-range
crystallinity of LDH. Silication of the interlayer can inhibit the
formation of crystalline LDH.9 Other reaction conditions (e.g.,
using Si-free sorbents) can facilitate precipitation of LDH
nanocrystals.13

3.5. Fingerprinting LDHs. If LDHs and Ni/Zn-rich
phyllosilicates commonly contain both heavy and light
elements, such as Ni or Zn and Mg or Al, then a diagnostic
feature should be a split in the first oscillation of the EXAFS
data at 3.8 Å−1. The local atomic environment of Ni atoms is
very similar in both mineral types, with the nearest cation
neighbor to Ni or Zn being Mg or Al in an octahedral layer.37

This split is commonly present in many Ni and Zn bearing
phyllosilicates (e.g., lizardite).37,38 The appearance of this
shoulder/split can be used to “fingerprint” this type of
octahedrally coordinated structural environment common to
LDHs, silicated LDHs, and metal-rich phyllosilicates.39−43

However, most Ni−Al LDHs do not have the splitting peak
of the first EXAFS oscillation at 3.8 Å−1 (e.g., see ref 4).
The reason, as clarified in ref 37, is because in metal-rich

LDHs and metal-rich phyllosilicates, the metal (e.g., Ni or Zn)
is surrounded by both light (Al or Mg) and heavy atoms (Ni or
Zn), which causes the split to disappear.37,44 In layered silicates,
such as lizardite, there is a dominance of Mg distribution
around Ni atoms, thus the split and/or shoulder is clear.38

Further discussion on the split of the first oscillation can be
found in the references.34,45,46

Apart from the split in the peak of the first EXAFS
oscillation, the LDH can also be fingerprinted by the presence
of a beat pattern. An EXAFS beat pattern at ca. 8 Å−1 can
distinguish the LDH from the single metal hydroxides and
phyllosilicates (Figure S8).16 In Figure S8a, the beat pattern at
ca. 8 Å−1 is present in both LDH #2 and LDH #3. In LDH #2,
the Ni:Al ratio is 1.3, and in LDH #3, the Ni:Al ratio is 4.3.
There is a truncation in the peak between 8−8.5 Å−1 in the
LDH spectra versus the α-Ni(OH)2. When a FT is applied to
these spectra, the amplitude of the first metal shell decreases
(Figure S8b). This decrease is the effect of Al substitution into
the hydroxide sheet. With increasing Al substitution, the
amplitude decreases further (LDH #2 versus LDH #3). This
effect is caused by deconstructive interference of the back-
scattering photoelectric waves of Ni and Al, which are out of
phase to each other.16,17,33

This destructive interference is illustrated in Figure S8c,
where scattering paths for Ni, Al, and Si are presented for LDH
silicate #1. The addition of the Ni and Al scattering waves will

effectively decrease the amplitude of the first metal shell in the
FT. The scattering path for Ni is out of phase with Al and in
phase with Si.

4. CONCLUSIONS
In the samples analyzed it was not possible to distinguish
between LDHs and α-Ni(OH)2 for almost all standards using
WT because their WT plots of the first metal shells were
indistinguishable from each other (Figure 3 and Figures S1 and
S2). Two components were identified in the first metal shell
WT plots of the LDHs, α-Ni(OH)2, and metal silicates. Thus,
for these samples, WT of the first metal shell should not be
used to identify LDHs because the plots are indistinguishable.
WT was able to expose that many of the α-Ni(OH)2 standards
actually have two significant scattering components in the first
metal shell of the RSF. A comparison to a Ni basic nitrate
standard confirmed that the intensity of the second component
is increased with the presence of adsorbed interlayer anions.
Thus, adsorbed anions to the hydroxide layer can affect the
EXAFS spectra and are not visible in the FT but clearly
resolved and discrete in the WT. A slight reduction in the
amplitude of the EXAFS oscillations is present in the Ni basic
nitrate standard versus the α-Ni(OH)2 (Figure 1).
Differences in third metal shell WT plots of Ni(OH)2 and

LDH standards are more pronounced than in first metal shell
WT plots because the third metal shell results from focused,
linear multiple scattering in the hydroxide sheet and is less
affected by adsorbed anions. Major and minor secondary
components were common for α-Ni(OH)2 standards in the
first and third metal shell WT plots, respectively, while β-
Ni(OH)2 standards consistently displayed only one compo-
nent. Silicated minerals, such as Ni-phyllosilicate, can also
display two components in the third metal shell WT plot,
similarly to the LDHs. This second component may be caused
by the tetrahedral layer of Si. Thus, it was not possible to
distinguish between a Ni phyllosilicate and a Ni−Al LDH using
WT of the third metal shell.
Minor secondary components present in the third metal shell

WT plots of α-Ni(OH)2 are difficult to assign to a particular
scattering component. They can also be similar to minor
components in third metal shell WT plots of LDHs (e.g., in
Figure S4, α-Ni(OH)2 #9 and #11 are similar to LDH WT
plots in Figure S3). Minor secondary scattering components
could be common in geochemical mineral systems, such as soils
and sediments, where LDHs can remain amorphous and α-
Ni(OH)2 can have considerable vacancy sites during
formation;9,16,34 however, they are also present here in the
well characterized α-Ni(OH)2 #9 and #11 standards. WT will
not differentiate between Al and Si when they are present in the
same coordination shell because they are both very similar in
atomic weight. The similarities in WT plots (Figures S1−S4)
make it difficult to use WT alone to attribute the second
component at lower energy to the presence of Al in an LDH
that is forming in a natural geochemical system.
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Table S1. EXAFS structural parameters (see Table 1 references for all other spectra). R factor is 

the absolute misfit between data and theory employed in Artemis 1, R =[ (data - fit2)]/ 

[(data2)]; CN is the coordination number; R is the interatomic distance in Å; σ2 is the 
Debye–Waller factor in Å2; ΔE is the energy shift in eV; S0

2 is the amplitude reduction 
factor and was set to 0.9. The CN uncertainty value (±CN) includes an additional 15% 
added in quadrature to the value calculated by the fitting algorithm to account for fixing 
S0

2 to 0.9 2. A Hanning window was used for both the forward (dk=1) and back (dR =0.5) 
Fourier transformation. All spectra were fit with a k weighting of 3. Crystal Information 
Files (CIF) were used as models for scattering paths included theophrastite 3 for the 
nickel hydroxides and lizardite 4 for the Ni-Al LDH. Two fits are presented from the LDH, 

with and without the inclusion of the Al scattering path. For the LDH fit, ΔR and 2 were 
restricted to be the same value. 

 

Sample R-factor Path CN R (Å) 
σ

2
(Å

2
) 

x10
-3

 ΔE (eV) ±CN ±R (Å) 
±σ

2
(Å

2
) 

x10
-3

 ±ΔE (eV) 

Ni(OH)2 #1 0.005 
Ni-O 6.2 2.068 6 1.0 1.0 0.005 1 0.5 

Ni-Ni 6.9 3.127 7 1.0 1.3 0.004 1 0.5 

Ni(OH)2 #3 0.018 
Ni-O 5.5 2.061 7 0.8 1.0 0.012 2 0.9 

Ni-Ni 8.4 3.115 12 0.8 2.8 0.012 3 0.9 

Ni(OH)2 #4 0.010 
Ni-O 5.2 2.066 7 0.6 0.9 0.009 1 0.7 

Ni-Ni 6.1 3.128 9 0.6 1.6 0.008 2 0.7 

Ni(OH)2 #7 0.008 
Ni-O 6.0 2.080 6 1.1 1.0 0.010 2 0.7 

Ni-Ni 6.3 3.144 7 1.1 1.6 0.009 2 0.7 

Ni(OH)2 #8 0.008 
Ni-O 5.3 2.071 6 1.0 0.9 0.008 1 0.6 

Ni-Ni 6.3 3.129 7 1.0 1.3 0.006 1 0.6 

LDH #5 

0.008 

Ni-O 6.0 2.062 6 0.6 1.1 0.008 1 0.8 

Ni-Ni 4.6 3.061 8 0.6 2.0 0.010 3 0.8 

Ni-Al 1.2 3.061 8 0.6 1.3 0.010 3 0.8 

0.010 
Ni-O 5.6 2.061 6 0.79 0.9 0.008 1 0.7 

Ni-Ni 3.2 3.065 6 0.79 1.0 0.009 2 0.7 
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Figure S1. First metal shell WT plots of Ni-Al LDH and Ni-rich silicate spectra. WT parameters (ƞ 

and ) were kept the same for all WT (ƞ= 30,  =0.18) and optimized for the first metal 
shell distance (ƞ∙≈2∙r,  where r is the distance of interest) 5. 
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Figure S2. First metal shell WT plots of Ni(OH)2 spectra. WT parameters (ƞ and ) were kept the 

same for all WT (ƞ= 30,  =0.18) and optimized for the first metal shell distance 
(ƞ∙≈2∙r,  where r is the distance of interest) 5. 
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Figure S3. Third metal shells WT plots of Ni-Al LDH and Ni-rich silicate spectra. WT parameters 

(ƞ and ) were kept the same for all WT (ƞ= 30,  =0.17) and optimized for the third 
metal shell distance determined in Figure S5. 
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Figure S4. Third metal shells WT plots of Ni(OH)2 spectra. WT parameters (ƞ and ) were kept 

the same for all WT (ƞ= 30,  =0.17) and optimized for the third metal shell distance 
determined in Figure S5. 
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Figure S5. WT plots illustrating the effect of changes to the eta (ƞ) and sigma () parameters on 
the second and third metal shells of LDH #4. In this series of plots, ƞ remains constant 

while  is varied from 1 to 0.14. At =1, resolution in R-space is high while resolution in 
k-space is low (maximum spatial resolution in r-space) 6. The second and third metal 

shell maxima are clearly resolved at =1, with the second metal shell having a maximum 
at ca k = 7 Å-1 and the third metal shell with a maximum at k = 9 Å-1. Ideally the WT 
maximum of the third metal shell in the LDH should be at a lower k-value than the 
second metal shell 7. However, an increase in the Me2+/Me3+ ratio in the third metal 

shell can prevent this distinction 8. As  is decreased to 0.14 a gradual shift in the 
second metal shell can be seen towards lower k values and the third metal shell begins 

to split at =0.23. As  decreases a slow transition of maxima in the second and third 

metal shells can be seen as a clockwise rotation until ca =0.23, where the maxima 

begin to separate into separate peaks. At lower  values resolution is optimized for k-

space. At =0.17 and lower  values, the k-range in the plot is decreased to include only 
third metal shell maxima and this is the range used for all other plots of the third metal 
shell. 
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Figure S6. Structural models of Ni-rich and related layered minerals. Atoms and polyhedra are 

as follows: oxygen (red), nickel (green), aluminum (light blue), silicon (dark blue), and 

were created using the VESTA visualization software 9. Hydrogen atoms have been 

removed for clarity. Top and side views are presented with no interlayer anions. CIF files 

were used to create the Ni-Al LDH 10, Ni(OH)2 3, gibbsite 11, Ni-Al-phyllosilicate 12, Ni-

phyllosilicate 12, and kaolinite 13 models. Nickel atoms were substituted for Mg in the 

hydrotalcite structure to create the Ni-Al LDH. Nickel atoms were substituted for Mg in 

the lizardite structure to create the Ni-phyllosilicate and subsequently Al atoms for Ni to 

create the Ni-Al phyllosilicate. Ni-rich layered minerals are similar in structure to many 

common soil clay minerals such a gibbsite and kaolinite, both having octahedral and/or 

tetrahedral stacking layers. 
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Figure S7. The hydroxide layer of Ni-Al LDH from above. In the CIF file for hydrotalcite 10 Ni was substituted for Mg. 

This view from above illustrates the coordination shells around a central absorbing Ni atom. The 

innermost yellow circle is the first coordination shell of 6 oxygen atoms (red). The second yellow circle 

from the middle is the first metal shell. It is a mixed metal shell containing both nickel (green) and 

aluminum (blue) atoms. The outer two yellow circles are the second and third metal shells, with the 

outermost yellow circle being the third metal shell. The second metal shell circle passes through only Ni 

atoms while the third metal shell passes through both Ni and Al atoms. Thus the second metal shell 

consists of a single metal while the third metal shell is a mixed metal shell. The black arrows indicate a 

focused forward multiple scattering path that is an example of what causes the significant amplitude for 

the third metal shell. Although a 2:1 LDH structure is fully (globally) ordered in a honeycomb fashion 

where no Al3+-Al3+ are in close contact (i.e., Al-Al pairs are avoided) and at lower Al content there is still a 

nonrandom distribution of cations 14, a small fraction of Al atoms can be misplaced and detectable 

amounts of Al clustering can be measured 15. This figure was reproduced (adapted) from reference 7 with 

permission from the International Union of Crystallography (click link to follow). 
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Figure S8 a-c. EXAFS and FT comparison of Ni-Al LDH and α-Ni(OH)2 [using raw data from 
references 16 and 17]. In S8a.) the beat pattern at 8 Å-1 is shown along with peak 
truncation in the LDH spectra between 8-8.5Å-1. In S8b.) the effect of increasing Al 
content on the amplitude of the first metal shell in shown, with higher Al content in LDH 
#2 versus LDH #3. The Ni:Al ratios in LDH #2 and LDH #3 are 1.3 and 4.3, respectively 16]. 
This increase in Al content decreases the first metal shell amplitude. In S8c.) the 
scattering paths of Ni, Al, and Si in the fit of LDH silicate #1 17 are shown. These paths 
illustrate the out-of-phase (destructive) and in-phase (constructive) interference of Al 
and Si, respectively, with Ni scattering. 
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