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Hybridization of metal-organic frameworks (MOFs) with other
inorganic materials offers the opportunity to enhance their properties
or open new windows for potential applications. Formation of core/
shell structures, in which the core is the inorganic particle and the
shell is the surface-deposited MOF, is one of the rational methodolo-
gies to create such hybrid materials. Here, we present the facile crea-
tion of metal oxide-core/MOF-shell structures by applying a solution-
based step-by-step modification of the core surface using a frame-
work compound. The modification procedure includes alternate im-
mersion of LiCoO, (LCO) - a catalyst for the oxygen evolution reaction
- into oxalic acid and ferrous solutions, resulting in the formation
of iron(i) oxalate (Fe(ox), ox = oxalate anion) - one of the simplest
MOFs with short unit frameworks - nanolayers on the LCO surface
(Fe(ox)NL@LCO). The amount of deposited Fe(ox) does not increase
monotonically with the number of the modification cycles, but tends
to saturate rapidly, implying that the Fe(ox) framework grows laterally
on the LCO surface. An increase of the electrical resistivity of the LCO
particles that influences adversely catalytic activity is suppressed when
a high coverage of the LCO surface by the Fe(ox) framework is
achieved at subsequent modification cycles.

Crystalline coordination network materials with highly-
regulated nanopores, the so-called metal-organic frameworks
(MOFs) or porous coordination polymers (PCPs) have been
attracting considerable interest because of the rich variety of
structural designs as well as their diverse chemical/physical
properties." Even though MOFs themselves exhibit diverse
properties such as gas sorption, molecular recognition/separa-
tion and catalytic activity, hybridization of MOFs with other
materials including metals and metal oxides offers the oppor-
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tunity to enhance such properties or enable new behaviors.*”
For example, high selectivity’® and condensation behavior®’
for stored molecules in MOF pores have been reported. Incor-
poration of such unique features into inorganic catalysts may
enhance their catalytic activity. The major methods of prepar-
ing MOF/inorganic composites involve either using MOFs as
templates to create inorganic nanoparticles in their pores'®™>
or covering pre-synthesized inorganic particles with
MOFs."*™™ In the former case, size-regulated nanoparticles/
nanoclusters can be generated within the MOF cavities. In the
latter case, core/shell structures, in which the inorganic parti-
cle is the core and the MOF is the shell can be formed. Al-
though such core/shell composites have been reported,"”™*
fine control of the MOF shell shape and thickness on the
nanoscale still remains an important issue to address, in con-
trast to the well-established methodologies for tuning the size
of metal/metal oxide nanoparticles. On flat substrate surfaces,
MOFs can be prepared in a finely-controlled thin film state by
a solution-based step-by-step methodology.'®*>" A major ad-
vantage of this approach is that it provides excellent tuning of
the film thickness on the nanoscale by varying the number of
deposition cycles. We have reported the first successful appli-
cation of this technique to lithium cobalt oxide (LCO) particle
surfaces for which deposition and step-by-step modification
of Prussian blue framework nanolayers were achieved.*>

LCO is one of the most well-known compounds utilized as
a cathode active material for lithium ion batteries.**>® Re-
cently, the catalytic properties of LCO for oxygen evolution
and oxygen reduction reactions have been also actively
investigated.””° The catalytic activity was improved by fine
tuning the electrochemical potential of LCO via extraction of
lithium ions.*” Iron(u) oxalate dihydrate, [Fe(ox)(H,0),] is a
dense MOF because of the small size of the multidentate li-
gand, oxalate ion.*** Such a small size of the building unit
offers an opportunity of fine tuning the MOF shell thickness.
Although thin film creation of Fe(ox) by a solution-based
step-by-step approach has been attempted, formation of the
Fe(ox) framework on the solid substrate has remained
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Fig. 1 Schematic illustration of the surface coating of LiCoO, with iron(i) oxalate. LiCoO, (LCO) particles, 1, are alternately immersed into ethanol
solutions of oxalic acid, 2, and aqueous solutions of FeSO,4-7H,0, 3, including intermediate solvent (ethanol or water as appropriate) rinsing and
room temperature drying steps. This sequential step-by-step procedure results in the generation of an iron(i) oxalate (Fe(ox))-coated LCO particle

surface (Fe(ox)NL@LCO) of controllable amount.

unclear.”® In addition, there have been no reports employing
Fe(ox) as a MOF shell to create core/shell hybrid materials.
Here, we demonstrate how the solution-based step-by-step
modification protocol can be successfully employed to coat
LCO particle surfaces with the dense framework Fe(ox) mate-
rial to afford LCO/Fe(ox) core/shell hybrid composites.

Experimental

Sequential surface modification of LiCoO, with iron(u)
oxalate (Fe(ox)NL@LCO)

The following procedures, labelled (i) and (ii), were
conducted sequentially. (i) 2 g of LiCoO, (LCO, Nippon
Chemical Industrial Co., Ltd.), 1, was dispersed into 50 mL of
either 5 or 10 mM oxalic acid (Kanto Chemical Co., Inc), 2,
solution in ethanol. The solution was kept stirring for 10
min. LCO dispersed in the oxalic acid solution was filtered,

Fe(ox)NL@LCO
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Fig. 2 Infrared (IR) absorption spectra of Fe(ox)NL@LCO. IR spectrum
of the LCO particles following three successive Fe(ox) nanolayer
deposition cycles - Fe(ox)NL3c@LCO (red solid line). IR spectra of bulk
Fe(ox) powder (green line), oxalic acid (blue line) and uncoated LCO
(black line) are also shown for comparison. Observation of the
absorption bands in the spectral regions near 1350 and 1600 cm™ in
Fe(ox)NL3c@LCO confirms the formation of Fe(ox) frameworks on the
LCO surface.
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washed with ethanol, and dried in air. (ii) The collected LCO
particles with attached oxalic acid were added into 50 mL of
either 5 or 10 mM FeSO,-7H,0 (Kanto Chemical Co., Inc.), 3,
aqueous solution. The solution was kept stirring for 10 min
and filtered. In order to remove excess 3, after collection, the
LCO particles were washed with purified water under stirring
and filtered. The set of procedures (i) and (ii) is counted as a
single cycle and we repeated it up to five times. The LCO par-
ticles coated with iron(u) oxalate nanolayers (Fe(ox)NL@LCO)
were dried at 80 °C under vacuum for three hours. We con-
firmed by TG-DTA measurements that Fe(ox) remains stable
up to at least 140 °C (Fig. S17).

Infrared (IR) absorption spectroscopy

The IR absorption spectra of the Fe(ox)NL@LCO samples
were collected using a Jasco FT-IR/620 Fourier transform in-
frared spectrometer at room temperature under vacuum con-
ditions. All spectra were recorded with a 4 cm™ resolution.

Scanning electron microscopy (SEM)

The morphology of the Fe(ox)NL@LCO samples was exam-
ined by scanning electron microscopy (SEM, JSM-6610A,
JEOL) equipped with an energy-dispersive X-ray spectroscopy
system (EDX, JED-2300, JEOL). Elemental analysis was
conducted by EDX. Four different images with a 200-power
magnification (more than 1000 LCO particles are included)
of each sample were used for creating the EDX spectra. Fe
and Co contents were evaluated by averaging the numbers
derived from the spectra.

Impedance spectroscopy

Electrical conductivity data of the Fe(ox)NL@LCO samples
were collected by AC impedance measurements using a
Solartron 1260 impedance analyzer in the frequency range 10
Hz to 1 MHz. The measurements were conducted with pellet-
ized samples of 10 mm in diameter and about 0.3 mm in
thickness. The pellet samples were prepared by applying a
uniaxial pressure of 370 MPa for five minutes at room tem-
perature and stainless steel plates were used as current
collectors.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Surface morphology of Fe(ox)NL@QLCO. (a)-(l) Scanning
electron microscopy (SEM) images of the uncoated LCO particles (a)/
(b) and the LCO particles following one, two, there, four and five
successive Fe(ox) nanolayer deposition cycles (1c, 2c, 3c, 4c and 5c,
respectively) - Fe(ox)NLlc@LCO (c)/(d), Fe(ox)NL2c@LCO (e)/(f),
Fe(ox)NL3c@LCO (g)/(h), Fe(ox)NL4c@LCO (i)/(j) and PBNL5c@LCO (k)/
(0.

Results and discussion
Successive surface modification and characterization

The surface modification procedure involves the alternate im-
mersion of LiCoO, (LCO), 1, particles into ethanolic solutions

This journal is © The Royal Society of Chemistry 2017
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of oxalic acid, 2, and aqueous solutions of FeSO,-7H,0, 3
(Fig. 1). This sequential step-by-step procedure, which also
includes intermediate solvent (ethanol or water, as appropri-
ate) immersion and room temperature drying steps results in
the generation of iron(u) oxalate nanolayers (Fe(ox)NL) on the
LCO particle surface (Fe(ox)NL@LCO).

The formation of Fe(ox) on the LCO surface was moni-
tored by infrared (IR) absorption spectroscopy (Fig. 2). Oxalic
acid shows a strong absorption around 1700 cm™" attributed
to the C=O0 stretching mode. On the other hand, the COO
stretching modes (at ~1350 and ~1600 cm™') become active
when Fe(ox) forms* and the C=0 stretching mode disap-
pears. Clear observation of bands at around 1350 and 1600
cm ™ in Fe(ox)NL@LCO provides strong evidence for the for-
mation of Fe(ox) on the LCO particle surface. We also col-
lected powder X-ray diffraction (PXRD) data of the
Fe(ox)NL@LCO samples (Fig. S2t). However, the small con-
tent of Fe(ox) in the sample relative to that of LCO in the core
did not allow the observation of any peaks attributable to
Fe(ox) - all Bragg reflections can be assigned to LCO and
structural characterization of the Fe(ox) nanolayers is there-
fore precluded. We note that in earlier synchrotron XRD work
on Fe(ox) nanolayers grown on a flat sapphire substrate,* a
chain structure of deposited Fe(ox) was proposed analogous
to that of the bulk material.>*?” As the sapphire-deposited
nanolayers were fabricated by a comparable technique to that
employed in the present work of alternate immersion of the
substrate into oxalic acid and iron sulfate solutions, we con-
sider that the Fe(ox) nanolayers formed on the LCO particles
might also adopt the same chain structure.

Surface morphology

The modification of the surface morphology of the LCO parti-
cles before and after Fe(ox)NL deposition was examined by
scanning electron microscopy (SEM). Fig. 3 shows images of
the LCO surface following one, two, three, four and five suc-
cessive Fe(ox) nanolayer coating cycles (1c, 2¢, 3¢, 4c and 5c,
respectively) together with that of the uncoated LCO particles.
The morphology is markedly different from that of the LCO
surface in the absence of any Fe(ox) coating treatment - the
surface of uncoated LCO particles is smooth (Fig. 3a and b)
and contrasts with the roughness characterizing the
Fe(ox)NL@LCO surfaces (Fig. 3c-1). We note that the rough-
ness seen in the Fe(ox)NL@LCO surfaces tends to diminish
with increasing number of coating cycles.

Fe(ox) growth on LCO surface

The elemental mapping images obtained by energy-dispersive
X-ray spectroscopy (EDX) for Fe(ox)NL3c@LCO are shown in
Fig. 4a-c. Fe atoms from the coating material, Fe(ox), are
homogeneously distributed over the entire surface area in the
same way as Co atoms from the LCO particles, confirming
that Fe(ox)NL has uniformly coated the LCO surface.

The step-by-step Fe(ox) framework growth was also moni-
tored by EDX analysis. The evolution of Fe and Co content

CrysttngComm, 2017, 19, 4175-4181 | 4177
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Fig. 4 Elemental analysis of Fe(ox)NL@LCO and Fe(ox) growth on LCO surfaces followed by energy-dispersive X-ray spectroscopy (EDX). (a)-(c) El-
emental mapping obtained by EDX analysis for Fe(ox)NL4c@LCO. Mapping elements are Fe (b) from Fe(ox) and Co (c) from LCO. The correspond-
ing SEM image of the Fe(ox)NL4c@LCO particle is shown in (a). (d) and (e) Plots of Fe (d) and Co (e) content (%) versus number of Fe(ox) growth cy-

cles. Estimated errors are smaller than the size of the symbols.

was monitored as a function of the number of coating cycles
(Fig. 4d and e). The observed growth of Fe is accompanied by
a decrease in Co content and provides evidence for the suc-
cessful Fe(ox) growth on the LCO surface in a sequential
manner. However, the increase in Fe content with the num-
ber of modification cycles is not linear and shows a tendency
for saturation after three cycles. This contrasts with the case
of the Prussian blue nanolayer coating on LCO particle sur-
faces where it was established that the number of nanolayers
increased monotonically with the number of modification cy-
cles.”” In the present case, the observed behavior implies that
the deposited Fe(ox) frameworks do not grow vertically on
the particle surface. Instead, they appear to grow parallel or
at some angle to the particle surface. Therefore, once the
LCO surface is well covered by Fe(ox) and all connective parts
are used up, further modification procedures do not lead to
any additional surface growth of Fe(ox).

Electrical properties

In order to examine the influence of the Fe(ox)NL surface
coating on the LCO electrical properties, the resistivity of the
Fe(ox)NL@LCO samples was measured by an impedance
spectroscopy technique. Fig. 5a shows the complex imped-
ance curves obtained from the pellet-shaped samples of LCO
particles after one, two, three, four and five cycles of Fe(ox)

4178 | CrysttngComm, 2017, 19, 4175-4181

NL deposition treatment together with that of the uncoated
LCO for comparison. The details of the analysis procedure of
the impedance curves are shown in Fig. S3.f The total resis-
tance increases with increasing number of coating cycles.
The impedance spectra in the Nyquist representation for all
the samples comprise one semicircle with each spectrum
containing two resistive components: the bulk resistance in-
side the LCO particles (R,) and the grain boundary resistance
(R,), as shown in Fig. 5b. After taking into account the pellet
area and thickness, the evolution of the resistivity with the
number of Fe(ox)NL coating cycles is shown in Fig. 5c. R,
shows no change as the LCO internal resistance is not af-
fected by the surface coating. However, R; changes as the
number of Fe(ox)NL coating cycles increases - it increases
sharply for the first two cycles, but then saturates and de-
creases after the third deposition cycle remaining roughly
unchanged. As Fe(ox) is an electrical insulator, its deposition
on the LCO surface initially leads to an increase in Ry, as also
observed in the Prussian-blue-nanolayer-coated LCO sam-
ples.”> However, unlike insulating Prussian blue frameworks,
Fe(ox) is a good proton conductor®®*?” and shows a robust
ion-intercalation capability.*® This behavior together with the
evolution of the Fe content with increasing number of depo-
sition cycles established by the EDX analysis can be used to
rationalize the non-monotonic changes in R;. Initially, a
small number of modification cycles (1-3 cycles) leads to the

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Complex impedance curves for Fe(ox)NL@LCO. (a) Impedance spectra in the Nyquist representation obtained from pellet-shaped uncoated
LCO (black), Fe(ox)NL1c@LCO (blue), Fe(ox)NL2c@LCO (red), Fe(ox)NL3c@LCO (green), Fe(ox)NL4c@LCO (pink), and Fe(ox)NL5c@LCO (brown). (b)
Schematic image of the resistive components: bulk resistance inside the LCO particles (Ro) and grain boundary resistance (R;). We consider that
the contact resistance between the LCO particles and the electrode is included in Ry or appears in a lower frequency region. (c) Evolution of Rg
(red circles) and R, (blue circles) with the number of Fe(ox)NL coating cycles.

creation of island-like grown Fe(ox) domains on the LCO sur-
faces and is accompanied by an increase in R;. Additional de-
position cycles (4-5 cycles) lead to growth and coalescence of
the domains to form continuous Fe(ox) frameworks covering
the LCO surfaces, thereby creating proton or lithium ion con-
duction paths, which lead to a reduction in R;.

Conclusion

The results presented here show that the solution-based step-
by-step modification of LiCoO, (LCO) particle surfaces with
iron(u) oxalate (Fe(ox)) leads to the creation of a hybrid core/
shell-type material. IR spectroscopy revealed the formation of
Fe(ox) frameworks on the LCO surface upon its alternate im-
mersion into each of the starting compound solutions, oxalic
acid and FeSO,-7H,0. The increasingly reduced roughness of
the surface morphology of the coated particles and the ac-
companying saturation of the Fe content as the number of
modification cycles increases imply that the Fe(ox) frame-
work grows laterally on the particle surface and the growth
tends to be complete after only a few deposition cycles. As a
result, the continuous increase of the electrical resistivity of
Fe(ox)-coated LCO is suppressed. This is of importance in
preventing undesired electrochemical potential changes,
which can affect the catalytic activity. We consider that the
coating strategy presented here is sufficiently versatile to
open a new direction towards the facile modification of inor-
ganic catalysts with nanolayers of stable framework com-

This journal is © The Royal Society of Chemistry 2017

pounds. Fabrication of core/shell catalyst/MOF composites
can contribute to the improvement of the structural stability
of the core objects as well as to the enhancement of their re-
action activity arising from the MOFs' highly selective and/or
condensation features to reactants.
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