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ABSTRACT: We report the synthesis of a family of
ferrimagnetic NiFe layered double hydroxides (LDHs) with a
variable Ni**/Fe** in-plane composition of [Ni, Fe,(OH),]-
(CO3)4yH,O (x = 020, 025, and 0.33) by following a
modified homogeneous precipitation. These layered magnets
display high crystallinity, homogeneous hexagonal morpholo-
gies, and micrometric size that enable their quantitative
exfoliation into single layers by sonomechanical treatment of
the solids in polar solvents. This was confirmed by dynamic light
scattering, UV—vis spectroscopy, high-resolution transmission
electron miscroscopy, and atomic force microscopy method-
ologies to study the resulting steady suspensions. Our magnetic
study reflects that the iron content in the LDH layers controls
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the overall magnetism of these lamellae. Hence, the gradual replacement of Ni** with Fe®" centers introduces a larger amount of
antiferromagnetically coupled Fe—OH—Fe pairs across the layers, provoking that the compound with the highest Fe/Ni ratio
displays spontaneous magnetization at higher temperatures (T;, = 15.1 K) and the hardest coercive field (3.6 kG). Mdssbauer
spectroscopy confirms that the cation distribution in the layers is not random and reflects the occurrence of Fe clustering due to
the higher affinity of Fe*" jons to accommodate other homometallic centers in their surroundings. In our opinion, this clarifies
the origin of the glassy behavior, also reported for other magnetic LDHs, and points out spin frustration as the most likely cause.

1. INTRODUCTION

Layered double hydroxides (LDHs) are a family of anionic
clays that can be formulated as [M"(,_yM" (OH),][A" (/]
y(H,0), where A" is the charge compensating anion, and the
nature and charge of the components can be varied within a
given compositional range (0.20 < x < 0.33) to fix the chemical
nature and overall charge of the brucite-like layers."”” The
structural flexibility of these layers permits the incorporation of
a broad range of organic and inorganic moieties of different
natures by anionic exchange, conferring these materials with
interesting properties that can be used in diverse fields such as
catalysis, medicine, industry, or used as absorbents.>™**> LDHs
incorporating transition metal ions have been also used as
precursors for metal oxide-based heterogeneous catalysts as
their thermal decomposition leads to the formation of mixed
metal oxides that display high metal dispersion and surface
area.” In addition, the exfoliation of these and related layered
hosts in polar solvents to produce unilamellar 2D cationic
sheets with nanometric thickness has recently arisen as a
versatile approach toward the design of multifunctional layered
hybrids that combine the intrinsic properties of the LDH layers
with those conferred by other anionic moieties.'*~>*
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Notwithstanding their potential interest as magnetic
materials, the studies describing the magnetism of LDHs are
relatively scarce.”” > We previously illustrated how the overall
magnetism of these lamellae can be modulated by the interlayer
distance and the in-plane chemical composition of the layers in
two families of LDHs prepared by the traditional coprecipita-
tion method: Ni'Fe™ and Ni''Cr', respectively.’**> More
recently, O’Hare et al. have described the effect of the particle
size and the magnetism for CoAl LDHs synthesized by the
reverse micelle method.® Although these studies have provided
valuable information about the magnetism of these hosts, the
true nature of the glassy behavior that is commonly observed at
low temperatures has yet to be properly explained. The most
likely explanation for this phenomenon relies on the random
distribution of metal cations across the layers. In the Ni''Fe'™
case, for instance, this would combine ferromagnetic Ni—OH—
Fe interactions with a residual fraction of antiferromagnetically
coupled Fe—OH—Fe pairs to generate spin frustration.
However, the ordered or disordered nature of the specific
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arrangement of cations in these hydroxide-bridged layers
remains still an open debate. Whereas the internal order of
Mg**/AIP* cations in a 2:1 ratio was initially confirmed for
MgAl LDHs with sophisticated multinuclear NMR spectro-
scopic studies,” Cadars et al. have recently demonstrated that
the occurrence of AlI-OH—AI linkages cannot be discarded in
these solids because the distribution of cations slightly deviates
from perfect order and displays detectable amounts of Al
clustering, as confirmed with solid-state NMR and first-
principle calculations.*®

Complementary to these studies centered on diamagnetic
hosts, the physical study of magnetic LDHs by introducing Fe**
ions to the layers represents an avenue worth being explored as
it can provide further information on the statistical distribution
of metal cations across the layers in a family of NiFe-LDHs
with variable Ni/Fe ratios. Notwithstanding the synthetic
limitations associated with the substitution of AI** with other
trivalent metals, the use of chelating reagents has opened the
way to the synthesis of NiFe-LDHs. Here, we report how the
use of a slightly modified homogeneous precipitation method
that introduces TEA as an auxiliary reagent™ permits chemical
engineering of the in-plane composition of the layers in the
0.20 < x < 0.33 interval, which maintains the phase purity,
morphology, and size of the isolated particles.

[Ni,_ Fe,(OH),](CO,), »-yH,0 with x = 0.20 (1), 025 (2),
and 0.33 (3) has been isolated and magnetically studied. These
solids share carbonate as the anion occupying the interlamellar
space and display equivalent separation between the magnetic
NijFe layers in the layered architectures; therefore, they provide
an ideal platform for correlating magnetic behavior and
chemical composition. By using Mdssbauer spectroscopy, we
have extracted direct information on the distribution of the
cations across the layers. Additionally, we show how these
magnetic clays can undergo quantitative exfoliation upon anion-
exchange reactions when suspended in polar solvents. The
unilamellar nature and nanometric thickness of the resulting
single layers has been unambiguously confirmed by dynamic
light scattering (DLS), atomic force microscopy (AFM), and
UV—vis spectroscopy.

2. EXPERIMENTAL SECTION

2.1. Synthesis. All Chemicals Ni(NO;),-6H,0, Fe(NO;);-9H,0,
NaNO,, HNO,, C¢H;sNO; (triethanolamine, TEA), and CO(NH,),
(urea) were used as received without further purification. LDHs were
synthesized following a modified homogeneous precipitation method
by using urea and TEA as an ammonium releasing reagent (ARR) and
a chelating agent, respectively. In a typical synthesis of NiFe—COj, the
nitrate salts of the metals were dissolved in 50 mL of Milli-Q-purged
water together with TEA in order to reach a total metal cation
concentration of 20 mM in the final solution, varying the
stoichiometric coefficient x = Fe/(Ni + Fe) from x = 0.20 to x =
0.33. The concentration of TEA was varied from one-third to three
times the iron concentration. Then, SO mL of an aqueous solution of
urea (35 mM) was added. The amount of urea was fixed at one and
three-quarters times the total metal concentration. The resulting dark
brown mixture was placed in a 125 mL stainless steel Teflon lined
autoclave and heated in an oven. In order to study the effect of thermal
treatment on the crystallinity of the final material, the temperature of
the oven was set between 125 and 165 °C. After 48 h, the autoclave
was cooled on a bench to room temperature, and the resulting
yellowish fine powder was filtered, washed thoroughly with Milli-Q
water, and dried in a vacuum. The pH value of the remaining solution
was around 7.5—8.0.

2.1.1. Anion Exchange. Nitrate exchange was carried out in an
excess of nitrate anions. In a typical procedure, 1 g of NiFe—CO; LDH

was immersed in a round-bottom flask containing 1 L of an aqueous
solution of NaNOj; (1.5 M) and HNO; (0.005 M). This mixture was
mechanically stirred under inert atmosphere for 48 h. Afterward, the
resulting yellowish product was filtered, washed thoroughly with Milli-
Q water, and dried in a vacuum at room temperature.

2.1.2. Exfoliation. NiFe—NO; was finely powdered and dispersed in
degassed formamide at a concentration of 1 gL™' under inert
atmosphere. Then, the mixture was vigorously stirred at 600 rpm for
three days. To facilitate the exfoliation, the dispersion was successively
sonicated in an ultrasonic water bath (Branson 5510) with three
intervals of 20 min during the three days, until the turbidity of the
dispersion remained constant. Finally, the yellowish translucent
colloidal suspension was centrifuged at 2000 rpm for 10 min to
remove the remaining nonexfoliated material. The resulting emulsion
clearly exhibited the Tyndall effect when irradiated with a laser beam
and was also studied with UV—vis to confirm the presence of
exfoliated LDH layers.

2.2. Physical Characterization. The metallic atomic composition
of bulk samples was determined by means of electron probe
microanalysis (EPMA) performed in a Philips SEM-XL30 equipped
with an EDAX microprobe. X-ray powder diffraction patterns were
collected with a Siemens d-5S00 X-ray diffractometer (Cu Ka radiation,
Ay = 15418 A) equipped with a rotating anode D-max Rigaku
operating at 80 mA and 45 kV. Samples were mounted on a flat sample
plate with silicon grease. Profiles were collected in the 2.5° < 20 <
100° range with a step size of 0.05° over a 2.16 h period. The grease is
responsible for the broad diffraction observed between 10 and 20°. All
patterns have been indexed, and unit cells have been searched with
TREOR and refined with the routines implemented in X'7Pert
HighScore Plus. Particle morphologies and dimensions were studied
with a Hitachi S-4800 field emission scanning electron microscope
(FESEM) at an accelerating voltage of 20 kV and without metallization
of the samples. Infrared spectra were recorded in a FT-IR Nicolet 5700
spectrometer in the 400—4000 cm™' range using powdered samples
diluted in KBr pellets. These pellets were prepared just prior to use in
order to avoid interference due to anion exchange. UV—vis absorption
spectra were recorded using an Agilent 8453 spectrometer in the range
from 190 to 900 nm. Thermogravimetric analysis of all compounds
was carried out with a Mettler Toledo TGA/SDTA 851 apparatus in
the 25—800 °C temperature range under a 10 °C-min™" scan rate and
an air flow of 30 mL-min~". Dynamic light scattering (DLS)
measurements were carried out at 25 °C with a Zetasizer Nano ZS
instrument (Malvern Instruments, Ltd.) on a freshly prepared solution
of exfoliated LDH in formamide (1 g'L™'). Mean hydrodynamic
diameter and correlation functions were determined by accumulative
analysis. HR-TEM studies of exfoliated nanosheets were carried out on
a JEM-2010 microscope (JEOL, Japan) operating at 200 kV. Samples
were prepared by dropping a suspension of the fresh exfoliated sample
in formamide on a carbon-coated copper grid. The digital analysis of
the HR-TEM micrographs was done using a DigitalMicrographTM
1.80.70 for GMS 1.8.0 (Gatan, Inc.). Atomic force microscopy (AFM)
measurements were collected in a Multimode atomic force microscope
(Veeco Instruments, Inc.). Typically, a freshly diluted emulsion
resulting from the exfoliation of NiFe—NO; samples in formamide was
deposited onto a clean Si wafer by spin coating at 5000 rpm. The
images were obtained with a Si tip (frequency and K of ~#300 kHz and
42 N-m™, respectively) using the tapping-mode in air at room
temperature. Images were recorded with 512 X 512 pixel and a 0.5—1
Hz scan rate. Processing and analysis of the images were carried out
using the Nanotec WSXM software.

Magnetic susceptibility measurements were performed on poly-
crystalline samples with a Quantum Design (SQUID) magnetometer
MPMS-XL-5. The susceptibility data were corrected by removing the
diamagnetic contributions as deduced by using Pascal’s constant tables.
The dc data were collected in the range of 2—300 K upon decreasing
temperatures with an applied field in the range of 100—5000 G, and
hysteresis loops were collected between —5 and +5 T at 2 K. Field-
cooled (FC) and zero-field-cooled (ZFC) magnetization measure-
ments were performed under a 100 Oe applied magnetic field. The ac
data were collected in the range of 2—25 K with an applied alternating
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field of 3.95 G at different frequencies in the range of 10—10000 Hz
with Quantum Design PPMS-9 equipment.

Mossbauer spectra were collected in transmission mode using a
conventional constant-acceleration spectrometer and a 25 mCi *'Co
source in a Rh matrix. The velocity scale was calibrated using a-Fe foil.
The absorbers were obtained by packing the powdered samples into
perspex holders. Isomer shifts are given relative to metallic a-Fe at
room temperature. The spectra at 4.1 K were collected using a bath
cryostat with the sample immersed in liquid He. The spectra were
fitted to Lorentzian lines using a nonlinear least-squares method.*’

3. RESULTS AND DISCUSSION

3.1. Synthesis of LDHs. Ni"Fe™ LDHs were synthesized
following a modified homogeneous precipitation by using urea
and triethanolamine (TEA) as an ammonium releasing reagent
(ARR) and a chelating agent, respectively.”> In comparison
with the traditional coprecipitation methods, the modified
homogeneous precipitation route leads to LDH materials with
better crystallinity and avoids the so-called “sand rose”
morphology, features that are known to limit the efficiency of
the exfoliation of these materials. Instead, according to the
FESEM (Supporting Information (SI), Figure SI-1) measure-
ments, our solids can be described as irregularly shaped
platelets that are 20 nm thick, with lateral sizes ranging from
~900 to 1700 nm and a remarkable high base-to-height ratio, as
highlighted in Figure 1. It is worth outlining that higher [Fe**]
yields bigger particles.

Figure 1. FESEM image of 1, showing the average thickness of the
NiFe LDH crystals.

[Ni,_,Fe,(OH),](CO;),/2-yH,0 [x = 0.20 (1), 0.25 (2), and
0.33 (3)] were synthesized under hydrothermal conditions.
Here, the ammonia generated by the hydrolysis of urea enables

the progressive increase in the pH of the reaction medium,
inducing the slow precipitation of the resulting LDH. To
understand the role played by some of these synthetic variables
and to define the optimal synthetic conditions needed to isolate
pure LDH phases, we have studied the effect played by
temperature and [TEA].

Figure SI-2 shows the PXRD patterns of several LDHs
obtained from the hydrothermal reaction of a synthetic gel with
a fixed metal composition (x = 0.33) at variable temperature
between 125 and 165 °C. The highest temperature leads to the
residual formation of a spinel phase together with the LDH.
The identity of this contaminant phase has been additionally
confirmed with magnetic measurements. This is not the case
for the samples prepared at lower temperatures in which only
pure LDH phases were formed. For the other two
compositions studied (x = 0.20 and 0.25), temperature does
not drive the formation of contaminant phases within the
studied interval. This suggests that the reaction temperature
cannot be fixed to a constant value, but it has to be adapted to
the metal composition in order to produce pure LDH phases.

Next, we studied the influence of [TEA] between 0.25 and
1S mM (three times the iron concentration) at fixed
temperature and composition values of 150 °C and x = 0.25.
Figure SI-3 shows how the crystallinity of the formed LDH
phase increases with [TEA] up to a maximum at 5 mM. This
value corresponds to a 1:1 TEA/Fe®, supporting the chelating
role played by TEA in the reaction that forms stable complexes
with the iron ions in solution and avoiding the formation of
nonsoluble metallic oxides. This explains why deviations from
this [TEA] value leads to poorer crystallinity and broader
PXRD patterns, similar to those obtained by traditional
coprecipitation methods.

Finally, we carried out anion-exchange reactions to assist the
exfoliation of these inorganic layered hosts. The exfoliation of
carbonate-intercalated LDHs is unfavorable because of the high
charge and small size of CO,*” that promotes more intense
electrostatic interactions in comparison with other monoanions
like NO;™. The nitrate-intercalated compounds were prepared
by immersing the starting carbonate LDHs into an aqueous
salt—acid mixed solution of NaNO; and HNO;. Electronic
probe microanalysis (EPMA) reflects good agreement between
the metal ratios in the LDHs before and after the anion-
exchange reaction, thus discarding demetalization of the metal—
hydroxide slabs. This information, along with the water content
extracted from the thermogravimetric analysis (TGA), was used
to calculate the molecular formulas of the samples (see Figure
SI-4 and Table 1). As expected for LDHs, higher Fe** contents
lead to more charged LDH layers that require more CO;*~
anions to counterbalance the charge. This promotes a shrinking
of the gallery height from more intense electrostatic interaction,
thereby decreasing the water content allowed in the inter-

Table 1. Metal Ratio of Synthetic Gels (Calculated) and Isolated Compounds (Experimental) Estimated from Electronic Probe
Microanalysis (EPMA), Water Content Deduced from Thermogravimetric Analysis, and Molecular Formulae Calculated for 1—

3 (Carbonate Samples)

X water content

caled exptl wt % mol molecular formula

0.20 0.19 13.1 0.8 [Nig 1 Feg 1o(OH),](CO3)g0050.8H,0
2 0.25 0.25 12.9 0.8 [Nig7sFeg5(OH),](CO3)g.125'0.8H,0
3 0.33 0.31 8.5 0.5 [Nig goFeg3,(OH),](CO3)155:0.5H,0

“x = [Fe**]/([Ni*] + [Fe*']).
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lamellar space. FESEM images of 4 and $ confirm that the
morphology, thickness, and size of the nanosheets are
maintained after the anion-exchange reaction (Figure SI-1).
3.2. Structural Characterization. Figure 2 shows the
XRPD patterns of 1—3. They exhibit general structural features
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Figure 2. X-ray powder diffraction patterns of 1 (0.20, black), 2 (0.25,
red), and 3 (0.33, blue).

of LDH materials with sharp intense peaks at low © values and
weaker and less defined reflection lines at higher angular values.
The diffraction patterns have been indexed and refined by
assuming a hexagonal lattice with R3m rhombohedral
symmetry, and the calculated cell parameters are summarized
in Table 2 and Figures SI-6 and SI-7. The introduction of
nitrate upon anion-exchange reactions promotes a negligible
increase in the basal space (BS) (Table 2). According to our
previous studies, these BS values are slightly lower than those
expected for NO;-intercalated LDHs likely due to the presence
of nonexchanged CO;>~ anions.”” The PXRDs of 4 and §
display sharp reflection lines and no signature of contaminant
phases, confirming that the exchange reaction does not affect
the crystallinity of the layered hosts. This is additionally
supported by the constant value of the a parameter, which
confirms that the internal symmetry of the layers is maintained.

We used FT-IR to monitor the success of the exchange
reactions and to confirm the presence of water in the
interlamellar space (see Table SI-8). Compounds 4 and $§
show the presence of a weak band centered at 1352 cm™ that
can be assigned to the v; stretching mode of CO,*". This
originates from nonexchanged residual anions and supports the
observed deviation in the interlayer distance when compared
with the values reported for NO;-intercalated LDHs.

3.3. Exfoliation. Stable yellowish dispersions of
[Ni,_Fe,(OH),]*" 2D nanosheets were obtained by applying
sequential cycles of mechanical stirring and ultrasounds to a
suspension of NiFe—NO,; in formamide [1 gL™']. The
presence of exfoliated layers was confirmed by the Tyndall
light scattering displayed by the dispersion upon irradiation

with a laser beam. Next, the size of the exfoliated layers was
studied by DLS. As illustrated in Figure 3, they follow
homogeneous Gaussian distributions centered close to 920,
950, and 1770 nm for 4, S, and 6, respectively, indicating that
the size of the nanosheets increases with the [Fe**] present in
the layers. This trend is in excellent agreement with that
observed for the size of the particles from the starting LDH-
CO; (1-3), as confirmed by the FESEM studies performed on
the bulk solids (vide supra).

To confirm the unilamellar nature of the exfoliated
nanosheets, we studied the absorption spectra for different
concentrations of the as-made colloids at room temperature
(Figure 4). The absorption spectra show an intense broad band
centered at ~#250 nm that can be ascribed to the charge transfer
from the hydroxide bridge to the Fe** ions (°A;—*T,(P)),*"!
thus confirming the presence of iron in the layers. These bands
can be fitted to a linear regime according to the Beer—Lambert
law (inset Figure 4), confirming that the dispersions contain a
monodisperse distribution of nanosheets, as already reflected by
the DLS study.*

Figure S shows a selection of high-resolution transmission
electron micrographs (HR-TEM) of the 2D nanosheets
obtained by dropping a freshly prepared dispersion of 4—6
on a carbon-coated copper grid. The exfoliated nanosheets
show hexagonal morphologies with weak homogeneous
contrast, as expected from their nanometric thickness. The
selected area electron diffraction (SAED) patterns display a
hexagonal arrangement of diffraction spots consistent with the
in-plane symmetry of the LDH layers. This confirms that the
nanosheets are chemically resilient and can stand the anion-
exchange/exfoliation reactions, while maintaining the internal
atomic structure of the layers.'”’

Figure 6 displays an atomic force microscopy (AFM) image
collected by spin coating a dispersion of 6 in formamide on a
clean Si wafer. The image confirms the presence of a single
nanosheet with an average height profile of 0.75 nm. This value
is in excellent agreement with previous reports,zz’39 where the
deviation with respect to the crystallographic thickness of a
single brucite layer, 0.48 nm, can be ascribed to the physical
adsorption of solvent molecules and residual counterions from
the dispersion.

3.4. Magnetic Properties. For clarity, it is worthwhile
introducing some general aspects of the parameters controlling
the magnetism in LDHs. Their overall magnetism is controlled
by two main contributions: (a) the intralayer magnetic
superexchange between metal centers through the OH bridges
across the cationic sheets, and (b) the less intense dipolar
interactions operating through the space between the magnetic
layers. As the interlayer distance is constant for the samples
studied (see Table 2), the change in the magnetic dipolar
interactions in the investigated compositional range can be
considered small. Hence, the differences in the magnetic
behavior can be correlated with variations in the chemical

Table 2. X-ray Diffraction Data and Unit Cell Parameters for 1-3

20 [deg] (hkl)

caled params®/A

(003) (006) (009)
1 11.26 22.59 33.69
11.27 22.82 34.27
3 11.27 22.66 34.34

“BS = ¢/3.

10150

(110) a c BS

59.83 3.085(3) 23.48(2) 7.82(7)

59.84 3.083(2) 23.34(3) 7.78(1)

59.80 3.084(8) 23.5(1) 7.81(8)
dx.doi.org/10.1021/ic401576q | Inorg. Chem. 2013, 52, 10147—10157
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Figure 3. Distribution of sizes as extracted from DLS studies in the 0.20—0.33 composition range.
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Figure 4. Optical absorption spectra of the colloidal suspension of
sample 4 at various relative concentrations. Inset shows the absorbance
at 270 nm as a function of the colloid content.

composition. If we assume that the metal cations are statistically
distributed across the layers with a ratio imposed by the
molecular formula (see the Mdssbauer data below), then for a
NiFe LDH with a 2:1 metal ratio (x = 0.33), each Fe** ion will
be, statistically, surrounded by six Ni** ions (Ni—OH-Fe
pairs), whereas each Ni** atom will be neighbored by three Fe*
and three Ni** ions (Ni—OH—Ni and Ni—OH—Fe pairs).*
Given that the nature of the magnetic superexchange mediated
by the —OH bridge changes from ferromagnetic (F) for the
coupling between Ni** centers to antiferromagnetic (AF) when
Fe®" cations are involved, variations of the Ni/Fe ratios are
expected to cause a change in the relative number of F and AF
pairs across the layers, therefore, modifying the overall
intralayer structure.

The thermal variation of the product of the molar magnetic
susceptibility times the temperature (yT vs T plot) of 1-3
shows a similar profile (Figure 7a). The yuT remains almost
constant upon cooling, down to 50 K, where the signal starts
increasing smoothly. From 20 K, this increase becomes more
abrupt and defines a maximum for each compound between §
and 20 K. These maxima correspond to steep jumps in the yy
signals, suggesting the appearance of a long-range magnetic
correlation between the spins at low temperatures (see Figure

7b).

10151

These data were fitted to the Curie—Weiss law in the high-
temperature regime (150—300 K, see Figure SI-9), yielding
positive © values (17.69, 22.57, and 29.11 K) and Curie
constants (C) of 2.15, 2.20, and 2.56 emu-K-mol™! for 1, 2, and
3, respectively (see Table 3). © shows a gradual increase with
the iron content, which likely reflects a higher ferromagnetic
contribution to the overall magnetism of these lamellae. C
values also increase with the Fe concentration, and they are
consistent with those expected for a magnetically diluted
combination of noninteracting Ni** and Fe’* ions with the
ratios fixed by the molecular formulas.

Figure 8 displays the field dependence of the initial
magnetization of 1—3 at 2 K. They exhibit a sharp increase
in the magnetization at very low fields followed by a continuous
increase up to S T, reaching values of 0.90, 1.01, and 0.76 i for
1, 2, and 3, respectively, that are far from saturation, as
expected for ferrimagnetic systems. It is worthwhile outlining
that M(H) of 3, with the highest iron content of the series,
displays a sigmoidal shape at low fields, as a result of the
increasing AF interactions introduced by the replacement of
Ni** with Fe*, which might be indicative of metamagnetic
behavior. For a better understanding, we measured the field
dependence of y vs T between 100 and S000 G (see Figure SI-
10). Our results discard the presence of a maximum that could
be correlated with a field-induced switching of the low-
temperature ferromagnetic state into antiferromagnetic, thus
ruling out metarnagnetisrn.43

Hysteresis loops were recorded for all compounds (Figure
9), confirming the occurrence of spontaneous magnetization at
low temperatures. The observed coercive fields (H,,,) of 1 and
2 remain below 1 kG and can be, therefore, classified as soft
magnets, whereas 3 is a harder magnet with a Hc,,, of 3.6 kG
(see Table 3). This is likely associated with the higher overall
magnetic moment created by the LDH layers as a result of the
introduction of Fe** ions. This results in a more effective
anchoring of the magnetic domains in 3 due to more intense
ferromagnetic dipolar interactions between neighboring layers.

FC/ZFC measurements permitted extracting the irrever-
sibility temperature values (Tj,) for which the onset of
spontaneous magnetization is observed in these systems (see
Figure 10).3¢ As expected from the increasing number of
stronger AF interactions, higher iron content triggers an
increase of the T, values from 11.7 K for 1 to 15.1 K for 2 and
3. Notice that in 1, the divergence between the FC and the
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Figure S. (a—c) HR-TEM images of the exfoliated nanosheets in the 0.20—0.33 compositional range showing their hexagonal morphology. (d—f)
SAED exhibiting a hexagonal arrangement of the diffraction peaks, as expected from the intrinsic symmetry of the LDH layers.

e,

y {1
'_h_";; lo!

Figure 6. (a) Three-dimensional tapping-mode AFM image (1 X 1 ym area) of an exfoliated NiFe-LDH nanosheet deposited on a silicon wafer. (b)
Height profile concordant with that expected for a single layer (ie., 0.75 nm).

ZFC curves is rather small, preventing an accurate estimation of
Ty
Spontaneous magnetization at low temperatures was further
confirmed with ac dynamic susceptibility measurements in the
presence of an external field of 3.95 G, oscillating at different
frequencies in the 1—10000 Hz interval. Both the in-phase
(r'm) and the out-of-phase (y”y) signals define a peak at low
temperatures. The temperature for the onset of spontaneous
magnetization (Ty;), defined as the temperature where y”y
becomes nonzero, falls in the 16—17 K interval for all the solids.
Note that the strong frequency dependence exhibited by the ac
susceptibility signals hampered an accurate estimate of the Ty
values (Figure 11). Below Ty, the y”\ signal increases very
rapidly upon cooling with a negative slope, which is frequency-
independent, until reaching a maximum, whose position

exhibits a small frequency-dependence.

Equivalent frequency dependence has already been observed
in other families of magnetic LDH materials and generally
attributed to the presence of spin-glass behavior.** 3446
Calculation of the frequency shift parameters (¢), defined by
Mydosh as AT,,../[ TmuA(log 0)], where T, is the freezing
temperature and v is the angular frequency, gives 0.025, 0.024,
and 0.021 for 1, 2, and 3, respectively. These values are close to
those typically observed for canonical spin glasses (0.005—
0.018)* aénd 61n good agreement with previous LDH
studies.>* 3044

Origin of glassiness in this sort of compound is generally
ascribed to the coexistence of competing magnetic interactions
in the solid. This scenario would result from significant disorder
in the distribution of the cations in the layers, thus introducing
partial substitution in some of the positions occupied by Ni**
with Fe*" to generate Ni—OH—Fe pairs. This would be more
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Figure 7. (a) Temperature dependence of the yT product for 1 (black), 2 (red), and 3 (blue). (b) Represents the y, vs T plot. The inset shows the

low-temperature regime.

Table 3. Magnetic Parameters for 1—3¢

sample C,, (emu-K-mol™) C (emu-K-mol™) 0 (K)
1 (0.20) 1.64 215 17.69
2 (025) 2.05 2.20 2257
3 (0.33) 3.81 2.56 29.11

M; (50 kG) (u3) Heeer (KG) Ty (K) T (K)
0.90 <1 165 117
1.01 <1 167 15.0
0.76 3.6 16.8 151

“Expected spin-only value of the Curie constant [C,,, (emu-K:mol™')], experimental Curie constant [C, (emu-K:mol™')], Weiss constant (®),
saturation magnetization (M), coercive field at 2 K (Hc,,,), temperature of the divergence of the ZFC and FC magnetic susceptibility (T},), and

temperature for the onset of spontaneous magnetization extracted from y” plots (Ty). S(Fe**) = 5/2, S(Ni**) = 1.

H /kG

Figure 8. M(H) at 2 K for 1 (black), 2 (red), and 3 (blue).

1.0+

05}

M /u

20 20 0 20 40
H kG

Figure 9. Hysteresis loops at 2 K for 1 (black line), 2 (red line), and 3
(blue line).

likely for LDHs with increasing iron content. By assuming that
only the nearest-neighbor magnetic interactions are significant,
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Figure 10. FC/ZFC measurements for 1 (black), 2 (red), and 3
(blue).

this substitution would introduce spin frustration to the
magnetic layers because of the concurrence of F and AF
interactions. This is illustrated in Figure 11d, which shows how
this substitution generates spin frustration because the
electronic spin of the Ni** atom is required to be F and AF
coupled to the adjacent Ni** and Fe** spins simultaneously. To
confirm the occurrence of Fe clustering as the origin of the
glassy behavior in our materials, we next carried out *’Fe
Maossbauer spectroscopy studies to provide definitive informa-
tion on the local environment of the iron centers.

3.5. Mossbauer Spectroscopy. In agreement with
magnetization data, the Mossbauer spectra of 1-3 show
paramagnetic behavior at room temperature. At 4 K, the spectra
reflect a slowing down of the relaxation of the Fe magnetic
moments direction, below the corresponding Larmor pre-
cession rate of the *'Fe nuclei, indicating the presence of strong
magnetic correlations in the solids.
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Figure 11. Measurements of ac susceptibility. Solid lines represent in-phase signals, and open symbols represent out-of-phase signals at 10, 100,
1000, and 10000 Hz (black, red, blue, and green data points, respectively, (a—c) correspond to samples 1, 2, and 3, respectively). (d) Schematic
representation of the occurrence of spin frustration in the studied compounds.
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Figure 12. (a) Mdssbauer spectra of 1, 2, and 3, collected at 4 K. Lines plotted over the experimental points are the sum of two or three magnetic
sextets or magnetic hyperfine field distributions. Subspectra are shown shifted for clarity. (b) Room-temperature Mossbauer spectra.

The spectra of 1 and 2 at 4 K are similar (Figure 12a). They samples (Table 4). Isomer shifts (IS) relative to metallic a-Fe at
can be fitted with three magnetic sextets, and the estimated 295 K and magnetic hyperfine fields (By) are typical of high-
parameters are the same within experimental error for both spin Fe'" (S = §/2) octahedrally coordinated by oxygen anions.
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Table 4. Estimated Parameters from the Mossbauer Spectra
of 1, 2, and 3 Collected at Different Temperatures, T

[NiHomFemo.u(OH)z](Cos)o.les (3)

compd T IS QS e By¢ I
3 295 K 0.36 0.52 100%
4K 0.51 0.50 52.3 42%
0.46 —0.26 S1.1 40%
0.45 —0.11 47.1 18%
[Ninms Ee'l 025(OH),](CO3)0.125 (2)
compd T I QS, e B¢ I
2 295 K 0.36 0.46 100%
4K 0.46 0.38 53.7 43%
0.45 0.11 S1.2 33%
0.46 0.09 472 24%
[Ni“o.s Fe'! 020(0H),](CO3),0 (1)
compd T I Qs, € By¢ I
1 295 K 0.35 0.45 100%
4K 0.45 0.38 53.7 42%
0.46 0.14 S1.0 36%
0.45 0.10 46.8 22%

“IS (mm/s) isomer shift relative to metallic a-Fe at 295 K, QS (mm/
s) quadrupole splitting, and & (mm/s) quadrupole shift estimated for
quadrupole doublets and magnetic sextets, respectively. By, (tesla)
magnetic hyperfine field and, I, relative area. Estimated errors <0.02
mm/s for IS and QS, < 0.2 T for By, and <2% for I.

The spectrum of 3 at 4 K (Figure 12a) may also be fitted with
three sextets with IS and By similar to those estimated for 1
and 2, but with quite distinct quadrupole shifts, &.

This constitutes an initial indication that different nearest-
neighbor cation shells are present. In fact, three scenarios are
possible: (i) all the Fe** cations are only surrounded by Ni**
atoms; (ii) there is a random distribution of Ni** and Fe**; (iii)
the distribution of Ni** and Fe3* is not ordered, but there is a
tendency for Fe*" clustering. In case the of (i), only one sextet
should be observed in the Mdssbauer spectra because all the
Fe>* would have identical environments. Differences in the By
of Fe’* cations located on the same crystallographic site are
frequently observed when more than one kind of cation
occupies the same nearest-neighbor positions, leading to
different local environments for the Fe’* center.*** This
seems to be the case for samples 1, 2, and 3. Since the AF
superexchange interactions mediated by the —OH bridge in the
resulting Fe—OH—Fe and Fe—OH—NIi pairs are not identical,
different By values are expected for Fe'* with a different
number of Ni** nearest-neighbors.

The presence of more than one sextet, thus, neglects scenario
(i). Still, it remains to be established whether the distribution of
the metal cations in the LDH layers is random according to
scenario (ii) or is evidence of a tendency for Fe clustering
(scenario (iii)). Assuming a completely random occupation by
Ni** and Fe®* of the cation sites in the hydroxide layers, the
probability of finding m Ni** cations in a shell of six nearest-

neighbor sites around Fe®* is given by the binomial distribution
function

6!
m!(6 — m)! (1)

where y stands for the fraction of the Ni** (y = 0.80, 0.75, 0.67
for 1, 2, and 3, respectively).

Considering all the Fe** occupy similar sites (octahedrally
coordinated by OH™), there is no reason to expect that they
have significantly different recoil-free fractions. In this case, the
relative areas (I) that are estimated from the analyses of the
spectra collected at 4 K should be approximately equal to the
fraction of Fe® cations contributing to the corresponding
sextets. Therefore, if the metal cations are randomly distributed,
the estimated I values should be close to the calculated
probabilities P(m) (Table S). For instance, for compound 1:
P(6) = 0.262144 implies that the sextet arising from Fe’
surrounded by 6 Ni** would have a relative area of I(6)~26%,
P(5) = 0.393216 implies I(5)~39%, P(4) = 0.24576 implies
1(4)~25%, and finally, since sextets with I < $S% with only
slightly different IS and B, are difficult to resolve from the main
ones, we might expect that only one more sextet would be
clearly observed with an estimated I (m < 3) approximately
equal to the sum of the probabilities for m = 3, 2, 1, and 0
(~10%). As commented above, the observed differences in By,
values are likely associated with local differences in the Fe®*
surroundings due to nonequivalent Fe—OH—Fe and Fe—OH—
Ni superexchange interactions. Hence, By values are expected
to vary monotonically with the progressive substitution of Ni**
with Fe® cations, thus explaining why the contribution from
the unresolved sextets with I < 5% can be added to those with
higher I values and the closest number of Fe®" nearest-
neighbors.***’ The sets of calculated I values for 1—3 that can
be correlated with the P(m) values described above for 1 are
summarized in Table 6.

P(m) = Y™ (1 = y)*"

Table 6. Sextet Relative Areas Expected for a Completely
Random Cation Distribution. I(m) Correspond to the
Sextets Arising from Fe*" Cations Surrounded by m Ni**

compd 1(6) 1(5) 1(4) I(m<3)
1 26% 39% 25% 10%
2 18% 36% 30% 16%
1(6) 1(5) 1(4) I1(3) I(m<2)
3 9% 27% 33% 22% 9%

The sets of experimental I values (Table 4) do not match
those calculated, assuming a random distribution of Ni** and
Fe** (Table 6). Furthermore, while the experimental I values
decrease monotonically with By the calculated relative areas for
a random distribution of cations display higher I values for
intermediate By; values (Figure SI-11). These differences
exclude scenario (ii) indicating that, although not perfectly
ordered, the distribution of the metal cations is not completely

Table 5. Probability P(m) of Finding Fe>" Surrounded by m Ni** Nearest-Neighbors According to the Binomial Distribution (eq

1)

compd P(6) P(5) P(4)
1 0.262144 0.393216 0.24576
2 0.177979 0.355957 0.296631
3 0.090458 0.267325 0.329169
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P(3) P(2) P(1) P(0)
0.08192 0.01536 0.001536 0.000064
0.131836 0.032959 0.004395 0.000244
021617 0.079854 0015732 0.001291
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random either. As referred to above, a perfectly ordered
structure would give rise to only one sextet in the spectra. Even
if a residual partial substitution of Ni*" by Fe** occurred, the
additional sextets introduced to the overall Mossbauer spectra
would have very low relative areas, as compared to the main
sextet. This is clearly not the case for the present samples. By
assuming that the antiferromagnetic Fe—OH—Fe exchange
interactions are stronger and will lead to higher By values than
the Fe—OH—Ni interactions, By is expected to increase with
the increasing number of Fe*" nearest-neighbors. The fact that
the higher By values correspond to experimental I values higher
than those calculated by the binomial distribution for the
completely random cation distribution, suggest that Fe® has a
higher relative preference for Fe** nearest-neighbors than for
Ni** nearest-neighbors, in line with the experimental results
that confirm the occurrence of AP* clustering in MgAl LDHs
recently reported by Cadars et al.*® This supports the formation
of Fe clusters with the corresponding concurrence of
competing F and AF magnetic interactions in the layers,
therefore, confirming our previous hypothesis and outlining
spin frustration as the most likely cause for the spin-glass
behavior observed in magnetic LDHs at low temperatures.

4. CONCLUSIONS

We have isolated and magnetically studied a family of NiFe
LDHs with variable Ni**/Fe*" in-plane composition:
[Ni;_,Fe,(OH),](CO;),/,yH,0; x = 0.20 (1), 025 (2), and
0.33 (3). Notwithstanding the synthetic limitations inherent to
replacement of A" in the chemistry of LDHs, the use of a
modified homogeneous precipitation method enables the
formation of highly crystalline, micrometric crystals with
hexagonal morphologies for the compositional interval studied,
thus discarding the potential magnetic variations associated
with variable particle size or heterogeneous morphologies. This
homogeneity has also been confirmed at a nanometric scale
after exfoliation of these layered hosts into their constituting
unilamellar nanosheets by sonomechanical treatment of the
solids in polar solvents by the complementary use of DLS,
UV—vis, HR-TEM, and AFM. Our study confirms that the
exfoliated single layers display equivalent features compared to
their bulk counterparts, and the exfoliation does not impose
chemical damage or structural variations to the cationic LDH
layers.

The reported lamellae provide an ideal scenario for
correlating the magnetic behavior of LDHs with chemical
composition and cation distribution across the layers, as they
share carbonate as the anion occupying the interlamellar space,
and they display constant separation between the magnetic
NiFe layers in the layered architectures. Magnetic data reflect
that 1—3 behave as ferrimagnets, as a result of the combined
action of F Ni—OH—Ni and AF Ni—OH—Fe and Fe—OH—Fe
pairs across the layers and ferromagnetic dipolar interactions
operating between layers. The gradual increase in iron content,
by replacement of Ni** with Fe®* centers, enables the
appearance of spontaneous magnetization at higher temper-
atures, as a result of the increasing number of stronger AF
interactions across the layers. The introduction of iron also
translates into harder magnets with 3, displaying the highest
coercive field of the series.

As previously reported for magnetic LDHs,
dynamic measurements display frequency dependence that can
be associated with spin-glass behavior. By making use of
M@ssbauer spectroscopy, we demonstrate that the cations are

34—36,44—46
ac

not randomly distributed across the LDH layers and display
increasing Fe clustering, that is, the probability for the
appearance of AF Fe—OH—Fe pairs, for higher iron contents.
This enables the appearance of spin frustration in the layers and
confirms this as the origin for glassiness in magnetic LDHs that
displays a combination of F and AF pairs.
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