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’H and "Li MAS NMR spectroscopy have been applied to characterize the surface and bulk
hydroxyl groups and Li* sorption on the iron oxyhydroxide akaganeite (3-FeOOH), a common soil
mineral with a large surface area and uptake capacity for toxic cations and anions. The formation of
both inner and outer-sphere complexes on the surface of akaganeite was confirmed, the former giving
rise to 'Li NMR signals with large "Li hyperfine shifts. The concentrations of these complexes was
determined as a function of pH and possible Li* binding modes and sites are proposed based on their
"Li hyperfine shifts. The binding is compared with those of the other FeOOH polymorphs, goethite
and lepidocrocite. The modes of binding are similar to those of goethite, except that sites at
the entrances to the tunnels become available for binding, particularly for nanosized akaganeite

particles.

1. Introduction

Iron oxyhydroxides (FeOOH), such as o-, 5-, and
y-types, have distinctive properties as pigments,' catalysts,'~
semiconductors,>* and electrode materials,>>® and are pre-
cursors for magnetic recording media materials such as
Fe;0,4 and y-FeZO3.l‘7‘8 Moreover, they are attractive
adsorbents for removing toxic ions such as Pb>*, Cd?t,
Cr®", and As®>*/>* from polluted water and nuclear waste
streams, because of their high adsorption capacities and
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availability and low cost.~'® Thus, it is important to
understanding the interactions between these iron oxy-
hydroxides and metal ions in order to both predict the
destiny of the adsorbed metal ions in groundwater and to
design more effective systems to remove the toxic metals.
In addition, the development of methods to detect and
determine the modes of adsorption of cations sucha Li™,
Na™, and Ag" can also help in the design of sensors for
these ions.'”!®

Many studies have been performed to determine the
adsorption modes (for molecules and ions) and the bind-
ing sites on iron-containing minerals, by means of spec-
troscopic methods such as IR and X-ray absorption
spectroscopy (XAS).'*1"~27 However, the binding mech-
anisms are generally far from clear, and often controver-
sial. This is especially true for small cations such as Li™,
Na™, and Mg”>", where XAS methods cannot be applied.
For these light cations, solid-state NMR spectroscopy is a
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Figure 1. Crystal structure of akaganeite (8-FeOOH).** The FeO(H) H*
ions are on split positions. The extra protons (required to charge balance
the C1” tunnel ions) are those proposed in Kubicki’s model (see text). The
H-bonds between these ions and the Cl™ ions are shown with dashed
lines.*** The surface oxygen groups Fe;O(H), Fe;O(H), and FeO(H)/
FeO(H,), where Fe O(H,) indicates that the surface oxygen ion is bound
to x Fe*" ions and y H" ions, are shown without the surface protons,
because the actual number of protons attached to surface oxygen atom (y)
is highly pH-dependent.

unique tool because it can detect the adsorbed species
themselves. However, to date, there have been only very
few solid-state NMR studies of these paramagneticiron
oxyhydroxides, the challenging magnetic properties of
these systems causing rapid relaxation of the nuclear spins
and large shifts and broadening of the NMR signals.”®

We recently reported *H and *’Li MAS NMR studies
of Li™ adsorption on goethite (a-FeOOH) and lepido-
crocite (y-FeOOH).?* 3% As an extension to these studies,
we now report the results of Lit adsorption on the third
FeOOH polymorph akaganeite (8-FeOOH). Akaganeite
can be synthesized with large surface areas of 30—280 m?g ™",
and it has a tunnel structure that may result in sorption
modes that are quite different from those of the other two
polymorphs.>' ~* Goethite has a Néel temperature, T,
of above 120 °C when its particles are micrometer-sized,
and it is therefore antiferromagnetically ordered at room
temperature.' Therefore, to obtain high-resolution °H MAS
NMR spectra at room temperature, we lowered 7Ty either
by cation-doping or by synthesizing nanoparticles.?®
Akaganeite has a lower T of about 17 °C and yet it
has very similar surface oxygen sites, i.e., Fe;O(H), Fe,O-
(H), and FeO(H)/FeO(H,) groups (Figure 1), (where the
actual number of hydrogen atoms attached to each surface
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oxygen group (in parentheses) is highly pH-dependent).
Thus, we can avoid the NMR issues related to the anti-
ferromagnetic ordering of spins found with goethite,
allowing Li" adsorption on akaganeite to be studied under
experimental conditions that are much closer to those
found in real environmental conditions.

Akaganeite, f-FeOOH, (chemical formula FeQO g33-
(OH);.167Cl,, 167 ) is mainly found in chloride-containing
environments such as hot brines and in the corrosion of
iron."¥-3¢ 1t is isostructural with hollandite (Figure 1),'
the structure consisting of double chains of edge-shared
Fe-octahedra, running parallel to the pseudo 4-fold sym-
metrical h-axis of the monoclinic unit cell (space group
12/m).>**> The double FeOy chains share corners with
adjacent chains, forming a 2 x 2 tunnel structure with a
cross section of 0.5 nm>." (Note that the monoclinic dis-
tortion is extremely small and is difficult to see by powder
X-ray diffraction; thus the reflections are generally
indexed based on the tetragonal space group (/4/m), the
tunnels now running along the c-direction.)*” The (100)
and (001) faces, indexed in the monoclinic space group,
represent the main surface planes.' The structure is stabi-
lized by CI™ ions, which are charge-balanced by addi-
tional protons in the tunnels.*® Different models for the
extra proton sites have been proposed by Post et al.*> and
Stahl et al.* based on neutron powder diffraction refine-
ments. Post’s model suggests that the extra protons are
sufficiently close to the Fe;OH groups, so that they can
form hydrogen bonds to both the chloride ions and the
oxide ions of the FesOH groups, forming FesO(H)- - -
H---Cllinkages.’” Alternatively, Stahl’s model proposes
that the extra protons are placed in the corners of the tun-
nels, forming a hydrogen bond to the bare oxygen atoms
in the corners of the tunnels, i.e., Fe;O---H.** Figure 1
shows an energetically minimized structure by Kubicki
et al., where the coordinates used in Stahl’s model were used
as starting inputs.’® The energetically minimized struc-
ture was obtained by projector-augmented plane wave
density functional theory calculations, in combination
with the Perdew—Burke— Ernzerhof pseudopotentials.**~4>
Kubicki’s model similarly finds extra protons in the
corners inside the tunnel structure in support of Stahl’s
model. However, Kubicki’s model deviates from that of
Stahl in that it contains a hydrogen bond between the
extra proton and the C1™ ion and in this sense, it is similar
to Post’s model.

The Cl™ ions ideally occupy two-thirds of the tunnel
sites, but can be exchanged with other anions such as
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OH™ and F, and can be partially released by washing
with H,O at neutral pH."*73%* The existence of H,O
molecules in the tunnel sites not occupied by CI anions is
still under debate.*>** The protons inside the tunnel can
be ion-exchanged by Li" ions, and by analogy with lithi-
ated a-MnO,, the Li* ions are thought to occupy vacant
tetrahedral sites in the tunnels (Figure 10),%* the Cl~
positions in the tunnel of akaganeite being filled with
OH ™ or O*".°The Li" ions are therefore coordinated to the
oxygen of the OH ™ or O®~ groups in the center of the tunnel
and to the oxygen ions of the framework structure.’

In this study, ’H and "Li MAS NMR spectroscopy was
used to probe the local bulk and surface environments of
deuterated and Li"-sorbed akaganeites (3-FeOOH), as a
function of pH. The results are compared with 'Li NMR
spectra of a tunnel-structured LiFeO,,° to establish cor-
relations between Li hyperfine shifts and local environ-
ments. The Li* binding sites on the surface of akaganeite
are then compared with those previously reported for
goethite and lepidocrocite.?”° Li* was chosen as a model
ion with which to study this sorption, because we and
others have reported the ® 'Li MAS NMR spectra of
various lithium-containing paramagnetic materials.>-3%4¢ >
"Li NMR spectroscopy also represents a reasonable method
for identifying and quantifying the strongest sorption sites
that are likely to bind small and/or ionic cations such as Na™
and Mg*".

2. Experimental Section

2.1. Sample Preparation. 2.1.1. Akaganeite: Micrometer-
Sized Akaganeite (Aka-m). FeCls (8.1 g, Alfa Aesar) was dissolved
in 150 mL of distilled water, and 9.0 g of urea (Aldrich) was added.
The pH was adjusted to 1.5 witha 1 M NHj; solution. The solution
was refluxed for 6 h and then cooled to room temperature. The
akaganeite was separated by centrifugation, washed with water
several times, and dried at 60 °C.>¢>

2.1.2. Nanosized Akaganeite (Aka-n). FeCl3-6H,0 (2.7 g)
was hydrolyzed with 1.4 g of urotropin (Aldrich) at 90 °C for
5hin 100 mL of distilled water. The pH of the solution was 3.4.
The solid product was separated from the mother liquor by
centrifugation, washed with water several times, and then
freeze-dried.**

2.1.3. Deuterated Akaganeite. As-synthesized akaganeite
(Aka-m or Aka-n) was suspended for 1 week in D>O (98%,
Cambridge Isotope Laboratories); the suspension (which had a
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pH of approximately 2.0) was shaken regularly during this
period, and was then centrifuged and vacuum-dried.>*

2.14. Lit Adsorbed Akaganeite. Akaganeite (0.3 g, Aka-m)
was suspended in 100 mL of distilled water. One-hundred milli-
liters of of a 50 mM "LiOH-H,O solution was added to the
suspension. The pH was then controlled by adding appropriate
quantities of either a 1 M HCl or 1 M NaOH solution to prepare
three different samples at pH 3.6 (Aka-m-3.6), 7.8 (Aka-m-7.8),
and 11.9 (Aka-m-11.9), where the pH was measured by a
OAKTON pH 2100 series with a OAKTON glass electrode. Li
sorption on the nanosized samples was also performed with Aka-n
by using the same experimental procedure at pH 8.2 (Aka-n-8.2)
and at pH 11.3 (Aka-n-11.3). The pH values were chosen on the
basis of the measured point of zero charge (PZC), pH 7.4, for Aka-m.
The solutions were stirred for a day and the Li-sorbed samples
were then separated by centrifugation (5000 rpm) and dried at
80 °C in air. These experiments were repeated three times to ensure
reproducibility; NMR spectra (as described below) were obtained
for all the materials and no significant differences were noted
between the spectra of the samples prepared under the same
pH conditions.

2.1.5. Tunnel-Structured LiFeO,. As-synthesized akaganeite
(0.25 g, Aka-m) was added to a solution of 50 mL of ethyl ether
phenyl (Aldrich) and lithium hydroxide (monohydrate) ("LiOH -
H,O, Aldrich) with a Li/Fe = 5 molar ratio. The solution was
stirred with a magnetic stir bar and heated to 110 °C for 10 h, as
described previously.® The reaction product was centrifuged
and washed with ethanol several times and then vacuum-dried at
room temperature for 1 week.

2.2. Characterization. 2.2.1. X-ray Diffraction (XRD) and
Scanning Electron Microscopy (SEM) Transmission Electron
Microscope (TEM). XRD data were collected for all samples
on a Rigaku Miniflex XRD benchtop X-ray diffractometer (Cr
Ka radiation). The measured 26 values were converted to those
corresponding to Cu Ka radiation. All the diffraction patterns
were compared with those in the Joint Committee on Powder
Diffraction Standards (JCPDS). SEM images were obtained on
a Leo 1550. TEM images were taken on a FEI BioTwinG’
transmission electron microscope.

2.2.2. PZC (Point of Zero Charge), BET (Brunauer, Emmett,
and Teller) Surface Area, and Elemental Analysis. Point of zero
charge (PZC) was measured with a ZetaPlus (Brookhaven
Instruments Corporation). No attempt was made to remove
the dissolved CO, from the solution. The BET surface areas for
akaganeite samples (Aka-m and Aka-n) were obtained on a
Micromeritics ASAP 2010 gas sorption analyzer using N,.
Chloride contents of akaganeite (Aka-m and Aka-m-11.9) were
analyzed commercially witha MCC-TOX-100 analyzer (Galbraith
Laboratories).

2.2.3. Thermogravimetric Analysis (TGA). TGA experiments
were carried out on a Netzsch (Germany), STA (simultaneous
thermal analysis) 449 Jupiter instrument with a temperature
ramp of 10 °C/min from ambient to 1050 °C under nitrogen as a
carrier gas. Samples were dried at 80 °C under vacuum for 12 h
before TGA measurements.

2.24. MAS (Magic Angle Spinning) NMR. *’H MAS NMR
experiments were performed at a Larmor frequency of 55.27 MHz
on an INFINITY-360 spectrometer equipped with a Che-
magnetics 4 mm HX MAS probe, with a rotor-synchronized,
spin—echo pulse sequence and a pulse delay of 0.15 s. The *H
NMR spectra were referenced to D,O at 4.8 ppm. Isotropic
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resonances were identified by performing additional experi-
ments at a different spinning speed of 13 kHz. Variable tem-
perature experiments were performed by heating the sample to
the desired temperature and waiting for an hour before starting
the data acquisition. The variable-temperature experiment
typically takes 3 h at high temperatures and 6 h at low tempera-
tures, respectively, to acquire.

"Li solid-state NMR spectroscopy was performed at a Larmor
frequency of 77.76 MHz on a CMX-200 spectrometer equipped
with a Samoson 1.8 mm MAS probe (spinning speeds of 34 - 37 kHz)
and a Samoson 1.3 mm MAS probe at a spinning speed of 58 kHz.
A rotor-synchronized, spin—echo pulse sequence was employed with
an evolution period of one rotor period. The 'Li NMR spectra were
referenced to a 1.0 M "LiCl solution at 0 ppm. Spin—Ilattice relaxation
(T,) times were measured by using an inversion—recovery pulse
sequence. Li concentrations were determined by comparing the
absolute intensity of the signals (isotropic peaks and their respective
spinning sidebands) obtained with a spin—echo sequence from the
Li"-sorbed akaganeite samples with that from solid Li,COj3. Only
the hyperfine-shifted resonances and their spinning side bands (data
obtained at 37 kHz) were considered. For solid Li,COs, a pulse delay
of 1500 s was used to acquire four scans, whereas for the Li*-sorbed
akaganeite, a pulse delay of 0.15 and 70000 scans was used. (The
pulse delay was chosen so as to be longer than 577 times (77 ~ 6 ms)).
The intensities were normalized by the sample masses and the
number of scans. In order to correct the intensities for signal loss
during the spin—echo pulse sequence, the transverse relaxation
(7T>) time was obtained by acquiring six spectra with different
evolution/refocusing times and fitting the intensities obtained as
a function of time to an exponential decay.

The ®Li MAS NMR spectrum was acquired at a Larmor
frequency of 29.45 MHz on a CM X-200 spectrometer equipped
with a Samoson 1.8 mm MAS probe with a rotor-synchronized,
spin—echo pulse sequence, an evolution period of one rotor
period and a pulse delay of 0.2 s. The spectra were referenced to a
1.0 M °LiCl solution at 0 ppm.

3. Results and Discussion

3.1. XRD, SEM, TEM, PZC, BET Surface Area,
Elemental Analysis, and TGA. The XRD powder patterns
of the as-synthesized akaganeites, f-FeOOH (Aka-m
and Aka-n) were unambiguously indexed on the basis
of JCPDS file #34—1266 (Figure 2a, d). No significant
structural modification was observed by XRD during
deuteration (Figure 2b, e). The XRD patterns for the
"Li-sorbed micrometer-sized akaganeites at pH 3.6, 7.8, and
11.9 are also identical to that of pristine Aka-m, indicat-
ing that lithium adsorption did not cause any noticeable
long-range structural changes of the akaganeite (see the
Supporting Information, Figure S1). The XRD patterns
of the "Li-sorbed nanosized akaganeites are indistin-
guishable from those of Aka-n (not shown here). By con-
trast, noticeable broadening of the XRD pattern was
observed after the ion exchange reaction to form tunnel-
structured LiFeO,. Very small shifts were seen for the hkl
reflections with 1 0. No significant shifts were, however,
seen for the other reflections, consistent with previous
reports (Figure 2¢).® The shifts of the 1 £ 0 reflections can
be seen most clearly for the 002 reflection (indexed in the
14/m space group) near 61° 26, indicating a slight shrink-
age along the tunnel direction, due to the ion exchange of
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Figure 2. X-ray powder diffraction of (a) microsized FeOOH (Aka-m),
(b) FeOOD (from Aka-m), (c¢) tunnel-structured LiFeO, (from Aka-m),
(d) nanosized FeOOH (Aka-n), and (e) FeOOD (from Aka-n). * denotes
the salt impurities, which were removed after deuteration and rewash-
ing. # denotes the Li,CO3z impurity. The XRD reflections have been
indexed with a tetragonal space group (/4/m), witha = b~ 10.53 A and
c~3.013A7.

H" with Li".° The 002 reflection is still sharp, suggesting
that the coherence length along the tunnels is still large
(decreasing from 314 nm for Aka-m to 52 nm, based on the
Debye Scherer formula). In contrast, the coherence lengths
based on the 200 and 211 reflections are only 14 and 16 nm,
respectively, for the ion-exchanged material. This indicates
that disorder in, for example, the Li positions, and some
partial dissolution of the particles, must reduce the coherence
lengths perpendicular to the tunnel directions.

In principle, the morphology adopted by akaganeite
can be varied from cigar-shaped (also called somatoid in
some reports)’> to rodlike crystals by altering the acidity
and temperature of synthetic conditions.*'~*® On the basis
of the SEM (Figure 3a), our as-synthesized akaganeite
(Aka-m)isrodlike, and is approximately 400 nm in length
and 10 nm in width, which is a typical akaganeite
morphology.*® A TEM image of Aka-n contains 10—20 nm
long and 4 nm wide rods, which is again consistent with
the previously reported data for small (Aka-n) particles
(Figure 3b).*?

A PZC of pH 7.4 (£0.3) for S—FeOOH (Aka-m) was
measured, consistent with the reported PZC value of pH
7.3 (see Figure S2 in the Supporting Information).”'*%
The measured BET surface areas for Aka-m and Aka-n
were 33 and 180 m?/g, respectively, which are consistent
with values for materials synthesized by using similar
methods.?"3%353 TGA measurements, described more
fully in the Supporting Information (Figure S3), showed
that the materials are stable up to 150 °C; loss of structur-
al water from the tunnels occurs above this temperature.
During the structural transformation, about 19% weight
loss was observed for Aka-m, consistent with earlier
reports (see Figure S3a in the Supporting Information).>®

(55) Gallagher, K. J. Nature 1970, 226, 1225.

(56) Richmond, W. R.; Cowley, J. M.; Parkinson, G. M.; Saunders, M.
CrystEngComm 2006, 8, 36.

(57) Kanungo, S. B. J. Colloid Interface Sci. 1994, 162, 86.



Article

@

Figure 3. (a) SEM image of micrometer (5-FeOOH, Aka-m) and (b) TEM
image of nano (3-FeOOH, Aka-n) akaganeite.

The total loss of water is about 22%. Aka-m-11.9 showed
about 34% weight loss from room temperature to 660 °C
(see Figure S3b in the Supporting Information). Aka-m
and Aka-m-11.9 contain 0.78 and 0.11 wt % of CI,
respectively, based on the elemental analyses. Using these
values, in combination with the TGA results, molecular
formulas for Aka-m and Aka-m-11.9 of FeOOH-0.022Cl-
0.79H,0 and FeOOH-0.003Cl-1.8H,O, respectively,
were estimated where the water content given here includes
the surface water. (If we assume all the surface water has
been removed by 150 °C, a formula for Aka-m of FeOOH -
0.022C1-0.58H,0 is obtained, the 0.58H,O per formula
unit representing the tightly bound water in the tunnels
and on the surfaces.) From this data, it is obvious that the
CI" content of our materials is low and that it is further
reduced during the Li* sorption reactions performed at
pH 11.9.%° Nanosized akaganeite (Aka-n) showed 19.8%
weight loss from room temperature to 850 °C (see Figure S3c
in the Supporting Information).

3.2. Solid-State NMR. 3.2.1. °H NMR of -FeOOD
(Aka-m and Aka-n). The envelope of the ’H MAS NMR
spectrum of 3-FeOOD (Aka-m and Aka-n) corresponds
to a typical Pake-doublet, indicating that there are rigidly

(58) Barrero, C. A.; Garcia, K. E.; Morales, A. L.; Kodjikian, S.;
Greneche, J. M. J. Phys.: Condens. Matter 2006, 18, 6827.
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Figure 4. Variable-temperature ’H MAS NMR spectra of f-FeOOH
(Aka-m) at RT, 120 °C, and then upon returning to RT (from bottom to
top). The isotropic resonances are labeled with their hyperfine shiftsin this
and in subsequent plots. (Spinning speed = 16 kHz). Left upper corner
inset: Deconvolution of the spectrum acquired at room temperature
before heating the sample (green peaks and red lines (sum)). The side-
bands of the 4.8 and 27 ppm resonances are marked with orange
triangles and green asterisks, respectively.
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Figure 5. Variable-temperature ’H MAS NMR spectra of f-FeOOH
(Aka-m) at RT, —50 °C, and then upon returning to RT (spinning speed =
16 kHz).

bound hydroxyl groups in the structure. (Figures 4—6).
The slight asymmetry of the envelope of the spectra is
attributed to the anisotropic, dipolar interactions between
the °H nuclei and unpaired electron spins of Fe* (d°, high
spin).”® Two local environments were observed in the
spectrum of Aka-m with isotropic resonances at 27 and 84
ppm (Figures 4 and 5) and signal intensities of approxi-
mately 1:10, respectively, although the significant overlap
between the resonances introduces uncertainties in the
determination of relative intensities. (Note that although
weak, the 27 ppm resonance is clearly seen as a shoulder
on all the sidebands of the 84 ppm resonance throughout
the whole sideband manifold.) A third, very weak resonance
is observed at 4.8 ppm, which is assigned to surface
water. This resonance is presumably weak because the
samples were vacuum-dried overnight, to remove all
the weakly bound water. The large isotropic shifts of the
27—84 ppm resonances are ascribed to the Fermi-contact
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Figure 6. ’H MAS NMR spectrum of 8-FeOOH (Aka-n) acquired at
room temperature (15 kHz spinning speed).

shift (hyperfine shift) interaction which arises from the
through-bond transfer of spin-density from the unpaired
electrons of the Fe*™ jons to the nucleus under observation
(*H).>%>%% The magnitude of hyperfine shift depends on
both the local structure and the molar magnetic suscepti-
bility, ya; as explained in previous work, a reduced value of
M- due to residual antiferromagnetic correlations, leads to
a smaller shift.”® The isotropic peak at 84 ppm is assigned to
Fe;OH H™ sites inside the tunnels (Figure 1). When the
structure of akaganeite is cleaved along the (100) or (001)
plane, the Fe;OH sites originally inside the tunnel are ex-
posed and now become surface sites (Figure 1). Thus the
signal at 84 ppm should also contain a contribution from
these surface sites. The Fe;OH local environments are
similar to the proton environments found in goethite.
These sites gave rise to a resonance at 90 ppm in micro-
meter-sized goethite, micrometer-sized goethite having a
similar yy value of 24 x 10~ emu/(g Oe)***! to that of
akaganeite (yy = 30 x 10~¢ emu/(g Oe)),** confirming
our assignment. The resonance at 27 ppm is tentatively
assigned to the extra proton site in the pocket inside the
tunnel (Figure 1),** on the basis of its weaker intensity
and smaller shift (the occupancy of the extra proton site
is low and it is more weakly bound to the akaganeite
framework). However, the relative intensity of the 27 ppm
peak to the 84 ppm peak is higher than expected on the
basis of the C1™ content determined by elemental analysis.
This may be due to a longer spin—spin/spin—lattice (75/7})
relaxation time of the signal from the extra proton, because
of its smaller hyperfine shift. It is also possible that part of
this broad, overlapping resonance arises from water mole-
cules inside the tunnels.

No shift in the H isotropic resonances of Aka-m was
observed on heating this sample up to 120 °C (Figure 4).
This is not consistent with the 1/7 dependence of the shift
expected for a system obeying the Curie—Weiss law.
However, the result is not surprising since there is no
significant change in the magnetic susceptibility (y) of
akaganeite in this experimental temperature range, due to

(59) Paik, Y.;Osegovic,J. P.; Wang, F.; Bowden, W.; Grey, C. P. J. Am.
Chem. Soc. 2001, 123, 9367.

(60) Nayeem, A.; Yesinowski, J. P. J. Chem. Phys. 1988, 89, 4600.

(61) Ozdemir, O.; Dunlop, D. J. Geophys. Res. Lett. 1996, 23, 921.

(62) Kulgawczuk, D. S.; Obuszko, Z.; Szytuza, A. Phys. Status Solidi
1968, 26, K83.
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the existence of significant residual antiferromagnetic
couplings between Fe® ' ions at these temperatures.'-33-64
The 4.8 ppm resonance sharpened noticeably on heating,
and increased in intensity. This most likely arises because
water molecules are released from the tunnels, which are
then bound weakly to the akaganeite surfaces. The water
molecules remain mobile on returning to room tempera-
ture, as seen by the sharp 4.8 ppm resonance, and associated
narrow spinning sideband manifold; the change in line width
of this resonance confirms that a redistribution of the water
locations has occurred. The sidebands of 27 ppm resonance
sharpen on heating (see Figure 4 and Figure S4 in the
Supporting Information), suggesting that the tunnel species
associated with this resonance become more mobile.

Even though Aka-m contains a significant amount of
water, a distinct resonance due to the water in the tunnels
was not observed. As discussed above, the water reso-
nance may be buried under the 27 ppm resonance, but even
then, the intensity of the 27 ppm resonance is too weak to
account for the missing water. Slow motional modes of the
water (with correlation times, 7. ~ 20—200 us), which
interfere with the ability of MAS to refocus the “H signal,
may account for the lack of signal. We have observed this
phenomenon for many hydrated and deuterated solids,
including electrolytic manganese dioxide.”* To test this
hypothesis, we obtained lower temperature spectra from
Aka-m (Figure 5). On cooling to 0 °C, i.e., just below Ty, a
noticeable increase in relative intensity of the resonance at
approximately 4.8 ppm was observed, supporting the pro-
posal that some of the water signal may be lost due to motional
processes. The FeO3;H resonance broadens considerably
below Ty, and unfortunately, the >H NMR spectrum at
—50 °C showed a featureless resonance with an extremely
poor signal-to-noise (S/N) ratio. Hence it was not possi-
ble to explore the water dynamics over a larger tempera-
ture range. The broadening of the signal, to the point
where it is barely visible above the noise, is ascribed to the
large fluctuating fields that are seen by the ?H nuclei, even
in the antiferromagnetic state (close to 7). A similar
phenomenon was previously observed in our study
of goethite.”® No significant modification of the local
environments was observed in the NMR spectra after
cooling and reheating.

When the particle size of akaganeite was reduced to
about 5 nm, the relative intensity of the ?H 27 ppm reso-
nance decreased and the resonance could no longer be
resolved (Figure 6). This is ascribed to (i) the smaller number
of extra protons in the tunnel, because of the higher pH used
in the synthesis of Aka-n (pH 3.4) in comparison to that used
for Aka-m (pH 1.5), and (ii) the severe overlap of the 27 ppm
resonance with the much more intense 6 ppm surface water
resonance. The increased intensity of the 6 ppm resonance
was ascribed to the much higher surface area of the Aka-n
sample.

(63) Chambaere, D.; Grave, E. D. J. Magn. Magn. Mater 1983, 42, 263.

(64) Fan, H.; Song, B.; Yang, Z.; Li, Q. Chem. Lett. 2004, 33, 576.

(65) Paik, Y.; Bowden, W.; Richards, T.; Grey, C. P. J. Electrochem.
Soc. 2005, 152, A1539.



Article

41

Int. ratio

200 100 0 -100 PPM

3.9

1000 500 0 -500 11000  PPM

Figure 7. "Li MAS NMR spectra of Li"-sorbed micrometer-sized aka-
ganeite (Aka-m-3.6, 7.8, and 11.9) as a function of pH, collected at a
spinning rate of 37 kHz. The resonances are labeled with their isotropic
shift positions. The integrated intensities of the higher frequency (30—74
ppm) resonances (normalized to the intensity of the resonance of the pH
3.6 sample) and the pH of the solutions are shown on the left and right-
hand sides, respectively. Right upper corner inset: Deconvolution of Aka-
m-11.9 spectrum (green peaks and red lines (sum)).

3.2.2. "Li NMR of Li-Sorbed Aka-m and Aka-n As a
Function of pH. Two "Li resonances at about 0 and 30—36
ppm (major) were observed at low and neutral pH, the
intensity of the peak at about 30—36 ppm increasing by a
factor of 5.5 as the pH increased from pH 3.6 to 7.8, 1.¢., to
above the PZC value of akaganeite (Figure 7). The low
intensity of the Aka-m-3.6 resonances is ascribed to the
positively charged FeOOH surfaces at this pH. When
the pH was adjusted to 11.9, two new resonances at 41 and
74 ppm, with relative intensities of 1.8:1 were observed.
The intensities of these resonances were approximately
30% weaker, compared to that of the 36 ppm resonance at
neutral pH, indicating a different strength and mode of
binding. Unlike Aka-m, a pronounced increase in inten-
sity of the 77 ppm resonance was observed on going from
pH 8.2 to 11.3 for Aka-n samples (Figure 8), along with
the appearance of a new resonance at 138 ppm.

The peaks at 30—36, 41, 74, and 138 ppm are assigned
to Li ions in inner-sphere complexes having direct Li—
O—Fe interactions with the surface of akaganeite; these
large shifts, as in the H spectra, arise from the Fermi-
contact shift mechanism which involves direct transfer of
spin density through the (Li—O—Fe) bonds.*® Adsorp-
tion densities for Aka-m-7.8 and -11.9 were calculated by
using the total "Li signal intensity of the inner sphere
resonances and the Aka-m BET surface area of 33 m?/g
giving high densities of 0.6 x 0.6 nm?/Li" (2.7 Li*/nm?)
and 0.72 x 0.72 nm?/Li" (1.9 Li* /nm?), respectively. This
analysis took into account the 24% signal loss due to 75
relaxation during two rotor periods (39 us) of the spin—
echo pulse sequence. (The 75 values for the Aka-m-11.9
resonances were approximately 0.14 ms; the 75 values for
the major resonances of Aka-m-7.8 were assumed to be
similar). The decrease of the adsorption density from pH
7.8 to 11.91s ascribed to the formation of a LiFeO, precipitate
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Figure 8. "Li MAS NMR spectra of Li"-sorbed nanoakaganeite (Aka-n-
8.2 and Aka-n-11.3) as a function of pH, collected at a spinning rate of 34
kHz. pH values of the solutions are shown on the right-hand side. Right
inset: Deconvolution of Aka-n-11.3 spectrum (green peaks and red lines
(sum)).
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Figure 9. °Li MAS NMR spectrum of °Li-sorbed Aka-m at a spinning
speed of 37 kHz. The isotropic resonances are labeled (* indicates spinning
sidebands in this and the next plot).

at very high pH. To test this hypothesis, we prepared a
®Li-sorbed sample in the same manner as Aka-m-11.9, but we
used a longer sorption equilibrium time. A very broad 550
ppm peak (with an intensity ratio of 1.5 for the 550:(70 +
130 ppm) resonances) was now observed in the °Li NMR
experiment, the large shift being typical for a Lilocal envi-
ronment in an o-LiFeO, phase® (Figure 9). This con-
firms that some dissolution and reprecipitation of Fe**
occurs forming a lithium iron oxide. The formation of a
significant amount of precipitate at this high pH is not
surprising, as akaganeite is the least stable iron oxyhydroxide.

The 0 ppm resonances were assigned to outer-sphere
complexes because of their small shift. Moderately short
T times (=~ 0.1 s) were observed for these species, which
are noticeably shorter than those typically found for
diamagnetic Li-containing compounds (>60 s), again
suggesting that these are surface species and not impu-
rities. This assignment is consistent with our recent work
on lepidocrocite (y-FeOOH) where the intensity of the 0 ppm
peak was monitored as a function of relative humidity.* In
the akaganeite systems, the 0 ppm peak intensities in-
creased as a function of pH, though the changes are less
significant than seen for the hyperfine shifted peaks
(Figures 7 and 8). The increase in outer-sphere complex
formation is attributed to the increase in concentration of

(66) Pan, C. Li NMR Studies of LiMO,. M.Sc. Thesis, SUNY Stony
Brook, NY, 2000.



5460 Chem. Mater., Vol. 22, No. 19, 2010

A L

137-140

1000 500 0 -500 PPM

Figure 10. Zoom of the 'Li MAS NMR spectrum of tunnel-structured
LiFeO, acquired at a spinning speed of 58 kHz. Upper right corner inset:
full spectrum; black rectangular box indicates the zoomed region. Upper
left corner inset: Li* ions in the vacant tetrahedral sites inside the LiFeO,
tunnels. The protons in the structure have been removed for clarity.

weak negative charges, the various surface oxygen ions on
the surface of akaganeite becoming increasingly depro-
tonated as pH increases.®’

3.2.3. "Li NMR of Tunnel-Structured LiFeO, and Iden-
tification of the Li* Positions on the Akaganeite Surface.
To aid in the assignments of the various 'Li resonances,
we acquired a 'Li NMR spectrum of the LiFeO, tunnel
structure, observing a very broad resonance of 137 £ 3 ppm
(Figure 10). The Li" ions in this tunnel structure are
bound to three framework O sites, each O atom being
bound to 3 Fe’ " ions (Figure 10).° Because the size of the
Fermi-contact shift depends strongly on the number of Li—
O—Fe bonds, we adopt the same approach adopted in our
earlier paper®® and estimate an average contribution per
Li—O—Fe(III) connectivity to the overall hyperfine shift
of 15 ppm (i.e., 137/9 ppm). This value is of the same order
of magnitude, but smaller, than the values observed for
Li—O—Fe(III) connectivities in goethite and lepido-
crocite of 24 and 20 ppm, respectively.”>** The values
for goethite and lepidocrocite were similarly obtained by
an analysis of the ®’Li shifts and number of Li—O—Fe(III)
connectivities in Li*-exchanged goethite and lepido-
crocite. These variations cannot be explained by changes
in the bulk magnetic susceptibility, since the values for
goethite (ym = 24 % 10~% emu/(g Oe)) are slightly slower
than those of akaganeite (yy = 30 x 10~° emu/(g Oe)),
and noticeably lower than lepidocrocite (yp = 110 x
10~° emu/(g Oe)).>®°"%%2 Furthermore, the *H shifts for
the Fe;OD groups in goethite and lepidocrocite are similar.
Differences in Li—O—Fe bond angles, bond lengths, and
Li* coordination numbers (octahedral vs tetrahedral) must
also be responsible for these variations, as found for many

(67) Venema, P.; Hiemstra, T.; Weidler, P. G.; van Riemsdijk, W. H.
J. Colloid Interface Sci. 1998, 198, 282.

(68) Lee, Y. J.; Eng, C.; Grey, C. P. J. Electrochem. Soc. 2001, 148,
A249.

(69) Lee, Y.J.; Grey, C. P. Chem. Mater. 2000, 12, 3871.
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Figure 11. Possible positions for the lithium cations on the surface of
akaganeite. The proton atoms in the structure and coordinated to the
surface bound oxygen anions have been removed for clarity. FeOH,,
Fe,OH, and Fe;OH sites are labeled.

E.J

other systems, and seen in recent density functional theory
calculations.*”**~7% To explore the errors that may be
caused by assuming that every Li—O—Fe(III) connectiv-
ity contributes equally to the total hyperfine shift, we will,
in the subsequent analysis, also consider the effect of
utilizing the value for the Li—O—Fe(III) shift obtained
for goethite. This appears reasonable, because the “H shifts
and y are similar for this system.

Using the shift estimated per Li—O—Fe(I1I) connectiv-
ity for akaganeite (i.e., 15 ppm), the 30—36 ppm reso-
nances seen at low and neutral pH and the 41 ppm peaks
seen at high pH can be assigned to Li* ions that are either
coordinated to two oxygen atoms that are each bound to
only one Fe*" ion (i.e., 2 Li—O—Fe’" linkages) or to only
one oxygen atom that is bound to two Fe’" ions (i.e.,
1 Li—O(—Fe**), link). The peak shift from 30 to 36 to 41 ppm
is ascribed to stronger Li"—O?~ binding at high pH or to
the formation of a third Li—O—Fe linkage. Similarly, the
resonances at 75 and 138 ppm are due to 5 and 9 Li—
O—Fe interactions, respectively. We will now explore the
modes of Li™ surface binding that are commensurate with
these numbers of Li—O—Fe(III) connectivities.

The akaganeite surface is dominated by two faces, (100)
and (001)." We assume that these faces represent the main
adsorption planes on the surface, an assumption that is
consistent with the high sorption sites for Li in this system.
In acidic conditions, these faces are terminated via two
reactive groups, FesOH and FeOH,, and one inert Fe,OH
group (Figures 1 and 11), the latter being difficult to depro-
tonate.%” Plausible surface adsorption sites on the surface at
each pH condition can then be proposed (Figure 11), and
categorized, on the basis of their number of Li—O—Fe
interactions (Table 1).

(70) Lee, Y. J.; Park, S.-H.; Eng, C.; Parise, J. B.; Grey, C. P. Chem.
Mater. 2001, 14, 194.
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Table 1. Estimated Hyperfine Shifts for Possible Li* Adsorption Sites
(shown in Figure 11, Calculated by Using the Average Shift Value
Estimated for Each Akaganeite Li—O—Fe(III) Interaction and the

Number of Li—O—Fe Bonds”

sites no. of Li—O—Fe bonds NMR shift (ppm)
L1 2 30 (48)

L2 5 75 (120)

L3 3 45(72)

L4 9 135(216)

L5 8 120 (192)

L6 9 135 (216)

L7 18 270 (432)

L8 9 <135(216)

“NMR shifts given in parentheses represent those estimated by
using the average shift value found for Li—O—Fe(III) interactions in
goethite.”’.

Only one site can be readily identified that has only
two Li—O—Fe interactions (the L1 site). This binuclear
bidentate site is formed by Li" binding to the oxygen ions
of two terminal FeOH groups (Figures 1 and 11). The avail-
ability of these oxygen ions for binding is consistent with
the basicities of the different sites, the FeOH, groups
being deprotonated at lower pH than the Fe;OH groups.®’
Thus there will likely be a higher concentration of nega-
tively charged FeOH oxygen atoms than Fe;O oxygen
ions at moderate-to-low pH values. We therefore assign
the resonances at 30—36 ppm and 41 ppm, observed under
acidic and neutral conditions, to this L1 binuclear bidentate
site. The error associated with the shift value associated
with each Li—O—Fe(III) interaction does not alter this
assignment: use of the goethite values leads only to the
suggestion that one Li—O bond in the binuclear complex
may be weaker, and that the complex may be asymmetric.
Given that the terminal Fe—O group is still protonated,
the formation of a linear Fe—O—Li" binding arrangement
appears unlikely, and the prediction that a bent Fe—
O(H)—Li" configuration is formed, which can then bind
to the adjacent FeO(H) oxygen ion appears reasonable.

The L3 site (Figure 11) consists of a Li™ ion bound to a
Fe;0 oxygen ion. This site will therefore be associated
with three Li—O—Fe(III) connectivies, and will also have
small shift (45 ppm, Table 1). The Fe;OH proton is less
acidic relative to the second FeOH, proton and should
only be deprotonated in very basic conditions (e.g., pH
11.9). Thus this binding site should increasingly contrib-
ute to the intensity of the Li signal, as the pH is increased,
accounting for the shift of the major "Li resonance from
30 to 41 ppm.

At high pH, the Li* ions can also bind to both FeOH
and Fe;O oxygen atoms, giving rise to the L2 site. The
"Li resonance seen at high pH values at 74—77 ppm is
assigned to this environment, based on the Li—O—Fe(III)
akaganeite shift values. Use of the goethite Li—O—
Fe(IIT) leads to a different assignment, namely, that
the 74—77 ppm resonance is simply due to the L3 site.
However, the use of either Li—O—Fe(III) shift value leads
to the same conclusion, namely, the Fe;O environment is
involved at high pH, the two structural models simply
differing in the extent to which the Li" binds to the nearby
FeOH oxygen atoms.
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The 138 ppm peak of Aka-n-11.3 can be assigned to L6
and L4 sites, both sites having 9 Li—O—Fe interactions.
The nanosized particles are expected to have an increased
number of easily accessible L6 tunnel sites to adsorb Li™"
ions, because of the smaller aspect ratios of these parti-
cles, as compared to micrometer-sized particles. Thus,
given that the 138 ppm resonance predominates in the
Aka-n and not Aka-m samples, it is likely that the major
contribution for this site arises from the L6 sites in the
tunnels. The L5 and L7 sites were ruled out, because the
estimated hyperfine shifts of these sites do not match with
any observed shifts (Table 1). In addition, the L5 and L8
sites are not predicted to form strong binding with Li"
because of the involvement of the inert Fe,OH sites
(Figure 1 and 11). Again, use of the goethite Li—O—
Fe(I11) shift values suggests that sites such as the L2 site may
also contribute to the 138 ppm signal. However, we note
that since the L4 and L6 sites have local environments
that are essentially identical to those found in the ion-
exchanged akaganeite sample, it is likely that the Li—
O—Fe(11l) akaganeite, and not goethite, shift values should
lead to the more accurate predictions for the overall hyper-
fine shift for these sites. Variable-temperature 'Li MAS
NMR of Aka-m-11.9 is in agreement with these assign-
ments, showing an increase in the 130 ppm resonance at
the highest temperature studied (125 °C), at the expense of
a weak peak at approximately 27 ppm (assigned to L1),
the loss of water presumably from both the surface and
tunnels favoring the occupancy of sites where the Lit is
bound to more surface oxygen sites (see Figure S5 in the
Supporting Information).

Because this work completes our study of the three
different FeO(OH) polymorphs,?° comparisons be-
tween cation binding to these three related but structur-
ally distinct polymorphs can now be made, allowing the
generality between Li™ binding motifs to be explored. At
low pH, binuclear, bidentate binding modes to the FeOH
groups were also observed for both lepidocrocite and
goethite. For goethite, binding to the Fe;O oxygen also
becomes possible at higher pH, resulting in a larger
number of Li—O—Fe connectivities. The significantly
increased loading level of Li* on the surface of akaganeite
(Aka-m) (1.9—2.7 Li"/nm? above its PZC) by a factor of
about 20 as compared to that of lepidocrocite (0.1 Li™/
nm?),*" is consistent with our assertion that the dominant
surfaces (i.e., the (100) and (001) faces) of akaganeite
represent the major adsorption planes. Binding sites in
lepidocrocite, by contrast, were located on the minor
surfaces. The results indicate that akaganeite is a better
system for the adsorption of small cations than lepido-
crocite, because it has more FeOH, and Fe;OH sites,
along with additional sites at the entrances to the tunnel.
Binding to akaganeite is similar to that found for goethite,
except that the stability of akaganeite may be an issue at
higher pH. Finally, we note that the availability of data
for all three systems allows the errors associated with our
method for assigning resonances to specific environments
based on average Li—O—Fe(IIl) shifts to be explored.
For example, we were able to use the NMR data available
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for both goethite and akaganeite, to compare the surface
sites predicted with the two (goethite and akaganeite)
different average Li—O—Fe(III) values. Clearly, the next
step in the analysis is to (a) account for different Li—
O—Fe bond angles and distances, and (b) explore the
effect of variations in the residual magnetic couplings
between the surface and the bulk. Both effects are cur-
rently being explored by performing DFT calculations.

4. Summary and Conclusions

The hydroxyl groups of the paramagnetic iron oxy-
hydroxide polymorph akaganeite were characterized by
using “H MAS NMR spectroscopy, showing the existence
of the rigid OH groups within the FeOg tunnels. Lithium
binding sites were also quantified and characterized by
using 'Li MAS NMR spectroscopy and inner-sphere and
outer-sphere complexes were clearly separated, on the
basis of the observed large hyperfine shifts for the inner
sphere complexes. Several possible adsorption sites of Li™
were suggested on the basis of the sizes of the hyperfine
shift. At around neutral pH, Li* forms a bidentate com-
plex on the (001) or (100) face of akaganeite, involving
terminal FeOH groups (i.e., OsFe—OH octahedra). At
high pH, Fe;OH oxygen sites on the faces become depro-
tonated, resulting in the formation of monodentate and
multidentate complexes involving both oxygen atoms of
Fe;0 and FeOH groups. Li binding to sites at the entrances
of the tunnels are also observed for samples with the
smallest aspect ratios.

The present results, in combination with our previous
results for the other FeO(OH) polymorphs, suggest gen-
eral trends for binding, which are likely to be applicable to
the binding of cations to other hydroxylated surfaces. At
lower pH values, where fewer of the surface sites are
deprotonated, binding configurations to fewer oxygen
anions occur (two, in the case of iron oxyhydroxides). As
the pH increases, the surfaces are deprotonated further;
binding motifs involving more surface oxygen anions will
be seen, if the surfaces contain steps or pockets (formed
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by the tunnels, in this case) that will allow for multi-
dentate binding. Furthermore, as the more basic sites are
deprotonated, sites become available for cation binding
that can form stronger adsorption complexes. Binding to
these sites may compete with sites involving binding to
multiple surface oxygen sites, even though the binding
may occur via the formation of fewer metal(M)—O bonds
(or interactions) with the surface oxygen anions, because
the individual M—O interactions may be stronger. The
relative importance of the different binding motifs will
depend on the concentrations of the different environ-
ments, the strength of the different M—O interactions,
and the extent of surface hydration: As the surface is dried
and the Li" ions lose their waters of hydration, Li"
binding to the surface involving greater numbers of
Li" —Osurtacey should become more favorable. Clearly,
the difference in the strengths of binding of different
cations to various surfaces lie in specific surface struc-
tures, but we show that NMR spectroscopy can, at least in
some circumstances, help to unravel the various factors.
In conclusion, via this contribution, we clearly demon-
strate that MAS NMR spectroscopy is a useful technique
with which to study ion binding on poorly characterized
systems such as disordered materials, nanoparticles, or
systems where large single crystals are not available. Similar
NMR approaches can be applied to the study of ion bind-
ing modes at water—solid interfaces in other magnetically
challenging paramagnetic systems such as those found in
alkaline batteries or some water splitting catalysts.
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