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approach due to the easier reduction of Ni(Il) to metallic Ni due to the slightly higher reduction
potential with respect to Co(Il). However, this might not be the only effect, as reduction is known to
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Introduction

Journal ofsMaterials‘Chemistry A

Microparticles with hetero-nanointerfaces: controlled assembly of
cobalt hydroxide and nickel hydroxide nanoclusters towards
improved electrochemical functions

Naoki Tarutani,® Yasuaki Tokudome,*2 Matias Jobbagy,® Galo J. A. A. Soler-lllia *< and Masahide
Takahashi @

The ultimate control of the interfaces of nanocomposite materials is essential to tailor and improve their physical/chemical
properties in applications such as catalysis, or energy storage or production. Fabrication and co-assembly of a variety of
nanostructured colloids is a promising way to design the interface of materials in nano-scale toward high functionality. In
this study, we demonstrate a synthesis of colloids of nanocluster-sized (~ 2 nm) cobalt and nickel hydroxides and their
assembly into microparticles that present hetero-nanointerfaces. Electrochemical properties were investigated to elucidate
the effect of the hetero-nanointerface. Microparticles with hetero nanostructures composed of cobalt and nickel hydroxide
nanoclusters revealed improved mass specific capacity (91.4 mAh/g) compared with respective microparticles with homo-
nanointerface (cobalt hydroxide; 15.8 mAh/g: nickel hydroxide; 64.4 mAh/g). Further investigation suggests that the
introduced hetero-nanointerface leads to lower charge transfer resistance and to improved electrochemical properties. The
synthetic concept demonstrated here is expected to create unique hetero-nanointerfaces for various materials with wide-
range of chemical composition towards improved and novel functionalities.

process.’15 In both cases, the versatilities of crystal structure
and chemical composition were limited to noble metals and

Tailoring interfaces of materials is a promising way to obtain
designed functionality, especially in the field of nanoscience and
nanotechnology. A hetero-interface, junction area of two
different solids, produces extraordinary electron behavior,*?
which leads improvement of properties and existence of novel
functionalities, for instance, electronic,>* magnetic,> and
catalytic® properties. Using colloidal solution of nano-building
blocks (NBBs) is one of the simplest and versatile pathways to
controllably introduce hetero-nanointerface of materials.”

The synthesis of materials with hetero-nanointerfaces by
using NBBs has been reported through evaporation-induced
self-assembly process and Langmuir-Blodgett method, which
shows enhanced catalytic, magnetic and optical properties.1011
Recent studies have focused on using single-nm sized crystals,
called nanoclusters, to design materials with significantly large
hetero-interface area.!?13

In general, colloidal solutions of nanoclusters were prepared

through hot-injection method or non-aqueous sol-gel
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high-valence metal oxides because of their stability. In spite of
their high potential for several applications, transition metal
compound nanoclusters of low valence metal elements (Mn(ll),
Co(ll), Ni(ll), etc.) have not been yet synthesized.

We recently reported the method to control the
crystallization and aggregation of transition metal hydroxides
through epoxide-mediated alkalinization process.®
Incorporated carboxylic acids multiple roles
(coordination, intercalation, and adsorption) to form stable and
highly dispersed metal hydroxide nanoclusters. Nanoclusters
with a wide chemical composition, M(OH), (M = Mn(ll), Fe(ll),
Co(ll), Ni(I1), and Cu(ll)), were obtained through our approach.

We here focus on the preparation of nanocomposites with
a large hetero-interface area by contacting different kinds of
divalent metal hydroxide nanoclusters. Electrochemically active
cobalt hydroxide and nickel hydroxide were employed as a
model case and illustrate the potential of this approach.
Microparticles with hetero-nanointerfaces were synthesized by
spray drying of a mixture of colloidal solutions of cobalt
hydroxide and nickel hydroxide nanoclusters. For a comparison,
homo-interfaced microparticles of cobalt hydroxide, nickel
hydroxide, and cobalt-nickel mixed hydroxide (solid solution)
were prepared. The effect of the introduction of the hetero-
nanointerface  was investigated by  electrochemical
measurements. The microparticles with hetero-nanointerfaces
showed an improvement of electrochemical functions, the
degree of which is as high as that of referential cobalt-nickel
hydroxide solid solution with an atomic scale homogeneity. The

showed
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result obtained in this study implies that unique properties will
be obtained by an introduction of a large hetero-interface using
nanoclusters.

Experimental
Chemicals

Cobalt chloride hexahydrate (CoCl,-6H,0, 99.0%), nickel
chloride hexahydrate (NiCl,-6H,0, 98.0%), acrylic acid (99%),
ethanol (99.5%), propylene oxide (PO, > 99%), and poly(vinyl
alcohol) (M,, = 500) were used as received. Acrylic acid and
propylene oxide were purchased from Sigma-Aldrich Co. All
other reagents were purchased from Wako Pure Chemicals
Industries, Ltd. Ultrapure water of 18.2 MQ-cm resistivity was
used in all experiments.

Synthesis of homo-nanointerfaced microparticles composed of
cobalt-nickel hydroxide nanoclusters (Fig. 1a).

CoCl,-6H,0, NiCl,-6H,0, and acrylic acid were dissolved in
ethanol. PO was added to a solution and stirred for 30 s.
Resultant homogenous solutions were left at a room
temperature (20-25 °C) for 60 min. The amount of CoCl,-6H,0,
NiCl,-6H,0, acrylic acid, ethanol, and PO were x, 1-x, 4.0, 34.3,
15.0 mmol, respectively (0<x<1). The obtained colloids,
denoted as Co,Ni;_,(OH),, were diluted with 10 mL of water and
stirred for 1 min. Obtained solutions were spray dried using a
Buchi B-290 mini spray dryer. The spray conditions were
configured as follows; inlet air temperature of 150 °C, gas (air,
30+5 RH%) flow of 601 L/h, peristaltic pump speed of 3 mL/min,
aspirator of 35 m3/h, and resultant outlet temperature of
74-84 °C. The dried powders collected from a sample glass
vessel were heat treated at 150 °C for 12 h with a vacuum
condition to complete drying. The powders prepared through
this process were denoted as Homo-x:1-x.

Synthesis of hetero-nanointerfaced microparticles composed of
mixture of cobalt hydroxide nanoclusters and nickel hydroxide
nanoclusters (Fig. 1b)

Co(OH);, and Ni(OH), nanocluster colloids were synthesized
through the above procedure in the reaction scales of y and 1-y
times, respectively (O<y<1). Prepared Co(OH), and Ni(OH),
nanocluster colloids were mixed followed by dilution with 10 mL
of water. After stirred for 1 min, the obtained solutions were
spray dried and oven dried with the condition same as written
above section. The powders prepared through this procedure
were denoted as Hetero-y:1-y.

Characterization

A field emission scanning microscope (SEM; S-8020, Hitachi,
Japan) equipped with energy dispersed X-ray spectroscopy
(EDS) was used to observe microstructure of synthesized
materials. A transmission electron microscope (TEM; JEM-
2100F, JEOL, Japan) was employed at an operating voltage of
200 kV to observe size and shape of nanoclusters. Powder X-ray
diffraction (PXRD; Multiflex, Rigaku, Japan) using Cu Ka
radiation (& = 1.544 A) was used to characterize crystal phase
and crystallite size of dried samples. X-ray photoelectron
spectrometer (XPS) analyses were carried out with ESCA-5600

2| J. Name., 2012, 00, 1-3
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(a) Homo-x:1-x (b) Hetero-y:1-y

Alkalinization Alkalinization

Co,Ni;_(OH), Co(CH),

Spray dry ‘

Ni(OH),

Spray dry

Homo-interface Hetero-interface

Co,Ni;.(OH),

Ni(OH), Co(OH),

Fig. 1 Schematic illustration of synthetic pathways of (a) microParticIes with
homo-nanointerface (Homo-x:1-x) and (b) hetero-nanointerface (Hetero-
y:1-y). Purple octahedrons, green octahedrons, and yellow spheres in the
crystal structural figure depict 6-coordinated Co(ll), 6-coordinated Ni(ll) and
acrylates, respectively.

(Ulvac-Phi, Japan) using a monochromatic Al Ka source (200 W)
to evaluate the oxidation state of Co and Ni atoms. Fourier
(FT-IR) spectroscopy (ALPHA FT-IR
spectrometer, Bruker Optik GmbH, Germany) and ultraviolet-
visible-near infrared (UV-Vis-NIR) spectroscopy (V-670
spectrophotometer, JASCO Corp.) were used to characterize
local structure of dried sample. The small angle X-ray scattering
(SAXS) measurement was performed to characterize formed
particle size with the beamline of the Brazilian Synchrotron
Light Laboratory (LNLS, Brazil D11A-SAXS1-18927 and
20160366). Details of characterization conditions are written in
electronic supporting information (ESI).

Electrochemical measurement

transform infrared

All electrochemical measurements were performed by using
a potentiostat with frequency response analyzer (HZ-7000 and
HZA-FRA1, Hokuto Denko, Japan). The dried microparticles
were dispersed in water (1.0 g/L) by ultrasonicated for 5 min.
Poly(vinyl alcohol) aqueous solution (1 g/L) was added to the

This journal is © The Royal Society of Chemistry 20xx
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suspension. The mixture was composed of 90 wt% of sample
and 10 wt% of poly(vinyl alcohol). After 5 min ultrasonication,
5.56 uL of obtained solution was dropped on the Au working
electrode (diameter: 5 mm), corresponding to 5.0 pg of sample.
The electrode was dried in a preheated oven at 120 °C for 10
min. After cooling the electrode, cyclic voltammetry (CV),
galvanostatic charge-discharge, and electrochemical
impedance spectroscopy (EIS) measurements were performed.
All electrochemical measurements were carried out in a
conventional three-electrode cell configuration with a 1.0 mol/L
KOH aqueous solution as an electrolyte at 25 °C. The electrolyte
was purged with N, at 250 mL/min for 10 min before the
measurements. A platinum wire and Hg/HgO (or Ag/AgCl) were
used as a counter electrode and a reference electrode,
respectively. The detailed conditions of each measurement are
described in ESI.

Results and discussion
Material synthesis and characterization

The addition of PO triggers pH increase by scavenging
protons through ring-opening reaction with nucleophilic
species.’” Along with pH increase, solid components were
formed in reacting solution, which was confirmed by in-situ
SAXS measurement. Fig. 2a shows the time-dependent growth
of Co(OH),, Ni(OH),, and CogsNips(OH), nanoclusters. The
diameters were estimated by fitting SAXS patterns with a
unified equation!®® (see experimental of ESI). The particles
started to grow after addition of PO and reached a stable
specific size after 60 min. The final particle diameter (1.88-2.23
nm) and growth rate (0.088-0.090 nm/min) were irrespective
to the chemical composition of precursor solution (Table 1). The
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Fig. 2. (a) Time-dependent particle growth of Co(OH),, Ni(OH),, and
CopsNips(OH), nanoclusters after addition of PO. Particle diameter was
estimated from corresponding SAXS patterns. TEM images of (b) Co(OH),, (c)
Ni(OH), and (d) CogsNigs(OH), nanoclusters after dilution with water.
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green) of Homo-1:0, Homo-0:1, Homo-0.5:0.5, an

results indicate that nanoclusters of Co(OH),, Ni(OH),, and
CogsNigs(OH), were successfully formed and stabilized in a
same manner.

Fig. 2b-2d show the TEM images of Co(OH),, Ni(OH),, and
CogsNigs(OH), nanoclusters after dilution with water (before
spray dry). All samples showed spherical shape with a narrow
size distribution (Fig. S1). The average diameters estimated
from TEM images of Co(OH),, Ni(OH),, and Cog sNigs(OH), were
1.6 nm, 1.7 nm, and 2.0 nm, respectively, which are comparable
to the diameter calculated from SAXS measurement (Table 1).
Equal volume of Co(OH), and Ni(OH), nanocluster colloids were
mixed after 60 min reaction to prepare the precursor solution
of hetero-nanointerfaced materials (0.5Co(OH),-0.5Ni(OH),).
The SAXS pattern and TEM image indicate that nanocluster
colloids were successfully mixed without geometric change of
objects, such as crystal growth and aggregation (Fig. S2). In spite
of the small size of nanoclusters, no significant size change was
observed after dilution with water, which implies nanoclusters
were stable enough during synthetic process.

Powders of Homo-1:0, Homo-0:1, Homo-0.5:0.5, and
Hetero-0.5:0.5 were obtained after spray drying of the
corresponding nanocluster colloids. As we reported previously,
layered metal hydroxides with hindered crystalline growth
along ab axis are obtained by epoxide-mediated alkalinization
in the presence of acrylic acid.?%?! The PXRD patterns of the
samples are shown in Fig. S3; only a main peak was detected
around 8 ° (lattice spacing of ~ 11.5 A), which indicates that
layered metal hydroxides with small lateral size in ab axis
direction were formed. Considering the reported studies,??23
the peaks were assigned as 00/ plane of layered metal hydroxide
intercalated with double-layer of acrylates. The crystallite sizes
calculated from the 00/ peak were around 3 nm, comparable to
the diameter of as-synthesized nanoclusters (Table 1).

J. Name., 2013, 00, 1-3 | 3
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Table 1 Particle growth rate, particle diameter of nanoclusters, crystallite sizes and Co to Ni atomic ratio.

vp? saxs’

Sample ID /nm min-t /nm
Homo-1:0 0.088 2.2
Homo-0:1 0.090 1.9
Homo-0.5:0.5 0.090 2.2
Hetero-0.5:0.5 - 1.9

d
drem® dooy

/nm /om Co:Nie Co:Nif
1.6 3.1 - -
1.7 2.9 - -
2.0 2.8 0.51:0.49 0.52:0.48
1.9 3.0 0.50:0.50 0.51:0.49

9 Particle growth rate estimated from Fig. 2a by linear fitting of 1-15 min. Particle diameter calculated from ? SAXS patterns and ¢ TEM images. ¢ Crystallite size estimated

from 00/ peaks. Atomic ratio of Co and Ni estimated from € EDS and f XPS spectra.

Further XRD measurements were performed on heat treated
samples (Fig. S4). After treated at 300 °C for 2 h, Homo-1:0 and
Homo-0:1 were phase-transformed to Co(ll)Co(lll),O, and
NiO/Ni, respectively. Homo-0.5:0.5 phase-transformed into
NiCo,04/NiO as is the case for a typical solid solution of Co-Ni
hydroxide, whereas Hetero-0.5:0.5 into a mixture of
Co(ll)Co(l1),04/NiO/Ni. This again implies that Homo-0.5:0.5
and Hetero-0.5:0.5 have different nanointerface structures.

Polydispersed microparticles with a dimple texture were
obtained in a range of 0.2-2.0 um in diameter (Fig. 3a-3d). The
diameter and shape of microparticles were identical among all
samples, because those are strongly depending on the spray dry
processing condition, rather than on the metal composition.?®
The distribution of Co and Ni elements was investigated using
EDS mapping scan (Fig. 3e and 3f). Each microparticle of Homo-
0.5:0.5 and Hetero-0.5:0.5 showed the signal of both Co and Ni
throughout the whole set of samples, without noticeable
segregation. Co/Ni molar ratios of Homo-x:1-x and Hetero-
y:1-y (0<x<1, O<y<1) calculated from EDS spectra were in good
agreement with the nominal molar ratio (Fig. S5). The control of
chemical composition enables to investigate the
electrochemical, catalytic, and adsorption properties of metal
hydroxides.?42>

Further  characterizations were performed using
spectroscopic measurements to obtain information of the local
structures. XPS spectra were obtained to measure the chemical
composition and oxidation state of cobalt and nickel at surface
of microparticles (Fig. 4). The atomic ratios, Co:Ni, of Homo-
0.5:0.5 and Hetero-0.5:0.5 samples were 0.52:0.48 and
0.51:0.49, respectively, which are comparable to EDS results
indicating that nanoclusters of cobalt hydroxide and nickel
hydroxide were homogenously distributed from the surface to

(a) (b)
T T T T T T T T T
2 =
Co2p £ Ni 2p = 3
= 5 =
Hetero-0.5:0.5 )

Homo-0.5:0.5

16.0eV

Intensity (arb. units)
Intensity (arb. units)

Homo-1:0 Homo-0:1

16.0eV

17.5eV
N A

810 800 790 780 770 890 880 870 860 850
Binding energy / eV Binding energy / eV

Fig. 4. (a) Co 2p and (b) Ni 2p XPS spectra of Homo-1:0, Homo-0:1, Homo-
0.5:0.5, and Hetero-0.5:0.5. Open circle is experimental data, black line is
fitted curve (solid; 2py/, and 2ps/, peak, dot; satellite peak), and red solid line
is cumulative curve of fitted peaks.

the core of microparticles. The difference between binding
energies of Co 2p3;; and Co 2p;/,, and binding energies of Ni
2p3/; and Ni 2p,/, were 16.0 eV and 17.5-17.7 eV, respectively.
These values are in good agreement with reported one for Co(ll)
and Ni(ll) hydroxide.?6=28 IR and UV-Vis-NIR measurements
summarized that Homo-1:0, Homo-0:1, Homo-0.5:0.5, and
Hetero-0.5:0.5 were all composed of octahedral six-
coordinated M(OH)e (brucite-type arrangement) with
coordinated, intercalated, and adsorbed acrylates (Fig. S6).
These results indicate that synthesized materials have
comparable characteristics of nanoclusters (diameter,
crystallite size, crystal structure, coordination number and
oxidation state) and microparticles (size distribution,
morphology, and chemical compositional homogeneity).

Electrochemical measurement

Electrochemical properties were investigated using CV,
galvanostatic charge-discharge, and EIS measurements. CV
curve of Homo-1:0 showed two pairs of redox peaks of 117/107
mV and 387/329 mV (oxidation/reduction) (Fig. 5 and S7)
corresponding to following redox reactions;?°
Co(OH); + OH™ ¢ CoOOH + H,0 + e~ (1)

CoOOH + OH™ ¢ Co0; + H,0 + e~ (2)

The two peaks (455/360 mV) of CV curve of Homo-0:1 is a
typical feature of following redox reaction;3°

Ni(OH), + OH- <> NiOOH + H,0 + e- (3)

CV curve of Homo-0.5:0.5 showed a set of redox peaks at
intermediate potential range between those of Homo-1:0 and
Homo-0:1, which is a typical feature of solid solution of cobalt-

12 T T T T T T
~ Homo-1:0 NiZ*/Ni®
'E —— Homo-0:1
5 of —temooses o || -
< etero-0.5:0. ICo® Ni*
1S
—
zar .
7]
c
[]
©
z 0f 1
(]
=
=]
(@] 4 i
1 1

00 01 02 03 04 05
Potential / V vs Hg/HgO

Fig. 5. CV curves of Homo-1:0, Homo-0:1, Homo-0.5:0.5, and Hetero-0.5:0.5
recorded at a scan rate of 100 mV/s.

This journal is © The Royal Society of Chemistry 20xx
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nickel hydroxides prepared via co-precipitation.3133 The shift
and broadening of redox peaks were explained by the existence
of multiple phases composed of Co and Ni during
electrochemical reaction.3* Interestingly, Hetero-0.5:0.5 also
shows the redox peaks comparable to Homo-0.5:0.5. On the
other hands, a physical mixture of Homo-1:0 and Homo-0:1
(hetero-microinterfaced materials) did not show significant
peak shift (Fig. S8). The results suggest that the introduction of
relatively large hetero-interface for Hetero-0.5:0.5 leads to
hybridization of functions of cobalt hydroxide and nickel
hydroxide, in a similar fashion of a solid solution. Additionally,
Hetero-y:1-y shows the shift of redox peaks and a varying
capacity as a function of chemical composition, which is also in
good agreement with the trend of Homo-x:1-x and solid
solutions of cobalt-nickel hydroxide reported in previous
studies (Fig. S9).3°> The introduction of this kind of hetero-
nanointerface cannot be achieved by a deposition of cobalt
hydroxide onto nickel hydroxide through electrodeposition,
precipitation, and co-stacking of exfoliated cobalt and nickel
hydroxide nanosheets.3-%° In the aforementioned cases, the
improvement of electrochemical performance was achieved
without losing original redox signals of cobalt hydroxide and
nickel hydroxide, and massive hybridization was not achieved.
These results successfully demonstrate that the introduction of
the large hetero-nanointerface by using different types of
nanoclusters is a promising strategy to design “solid-solution-
like” nanocomposites.

Galvanostatic charge-discharge curves are shown in Fig. 6a.
The mass specific capacities of Homo-1:0, Homo-0:1, Homo-
0.5:0.5, and Hetero-0.5:0.5 were 17.4, 69.4, 87.2, 96.2 mAh/g,
respectively. The mass specific capacities along with various
discharge rates shown in Fig. 6b. Compared with Homo-1:0 and
Homo-0:1, the capacities of Homo-0.5:0.5 and Hetero-0.5:0.5
were higher at entire discharge rates. As is reported,*14?
addition of Co ions within nickel hydroxide enables to form a
conductive Co(lll)-based compounds, which improves the
inherently poor electron transfer property of Ni(lll)-based
compounds leading to larger capacities. Cyclic performances
were tested at a constant current density of 10 A/g (Fig. 6¢c). The
cycle performance of Homo-0.5:0.5 was better than those of
Homo-1:0 and Homo-0:1. Hetero-0.5:0.5 showed an
intermediate trend between Homo-1:0 and Homo-0:1; the
relative capacity increases for the first 50 cycles and then
decreases gradually. In spite of the incorporation of Ni(OH),
with a poor cycle performance, Hetero-0.5:0.5 showed a
capacity comparable to initial one even after 200 cycles,
implying the hetero-nanointerface contributes to achieve the
robust electrochemical performance.

Although Hetero-0.5:0.5 showed the largest capacity, its
estimated electrochemical surface area, Cg4, stands at an
intermediate value (Table 2). To clarify a contributing factor
toward a large capacity, EIS were recorded (Fig. 7). The
semicircle in high frequency region is composed of solution
resistance (R;), charge transfer resistance (R.), constant phase
elements (CPE-1 and CPE-2). The Warburg impedance (Z,)
corresponds to the straight line in the low frequency region. The
calculated kinetic parameters were listed in Table 2. The R, were

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) Galvanostatic charge (solid line) and discharge (dot line) curves
recorded at a current density of 1 A/g, (b) mass specific capacity dependence
with current density and (c) cycle performance recorded at a constant
current density of 10 A/g of Homo-1:0 (black), Homo-0:1 (red), Homo-0.5:0.5
(blue) and Hetero-0.5:0.5 (green).

comparable value among all samples. The R of Hetero-0.5:0.5
was 0.659 Q, which considerably small compared with the R of
Homo-1:0 (11.7 Q), Homo-0:1 (5.48 Q), and Homo-0.5:0.5 (1.08
Q). Z,, of Homo-0.5:0.5 and Hetero-0.5:0.5 were smaller than
those of Homo-1:0 and Homo-0:1. This indicates that the
diffusion of OH" is enhanced for both Homo-0.5:0.5 and Hetero-
0.5:0.5. CPE-1 of Homo-1:0 and Homo-0:1 were 0.825 and 0.739
corresponding to a pseudocapacitive feature. On the other
hand, CPE-2 of all the samples were refined as 0.957-1.00
corresponding to an ideal capacitor. The low resistance derived
from hetero-nanointerface may improve the diffusion of
electrons leading a large specific capacity.

In summary, improvement of electrochemical properties
will be obtained by an introduction of large hetero-interface
area using nanoclusters. The importance of hetero-interface
has been discussed in the case of not only hydroxides but also
wide variety of compounds, such as metals, oxides, sulphides,
and nitrides.*3%> Considering these, the advantage of the
concept in this study lies in the control of chemical composition
beyond the limitations imposed by the coprecipitation of solid
solutions. For instance, although complex solid solution
nanocrystals (composed of more than 5 elements) is desired
due to their high electrochemical catalytic activities, it is still
challenging to prevent phase segregation and crystallization.®
We believe that

J. Name., 2013, 00, 1-3 | 5
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Table 2 A summary of electrochemical characteristic parameters obtained from equivalent circuit model
| Cma Cdlb Rs Zw CPE-1¢ CPE-2¢
Sample ID
P / mAh g! JUF cm2 /Q /Q /Q p T/10%F st p T/103F st

Homo-1:0 15.8 187 6.93 11.7 93.9 0.825 1.78 1.00 0.405

Homo-0:1 64.4 48.9 6.15 5.48 95.8 0.739 4.49 0.981 1.14
Homo-0.5:0.5 82.8 74.8 6.47 1.08 37.2 1.00 0.142 0.957 4.07
Hetero-0.5:0.5 91.4 74.5 6.03 0.659 32.7 1.00 0.159 0.964 4.40

9: mass specific capacities calculated from discharge curves at a current density of 1 A/g. ?: double layer capacitance estimated from linear fitting of scan rate versus
charge currents plot, which shows linear proportion to electrochemical surface area. ©: CPE is the constant phase element. The impedance of CPE is 1/(jw)PT, where j is

imaginary unit, w is angular frequency, p is CPE exponent, and T is CPE constant.

the materials with unique functionalities will be found by
introducing a large hetero-interface using a variety of

nanoclusters.

Conclusions

Cobalt hydroxide, nickel hydroxide and cobalt-nickel
hydroxide solid solution nanoclusters (~ 2 nm) were prepared
through epoxide-mediated alkalinization in the presence of
acrylic acid as a size-control agent. The different nanocluster
colloids were successfully mixed without crystal growth or
aggregation. Owing to the stable characteristic of nanoclusters
in water, spherical microparticles with a hetero-nanointerface
or homo-nanointerface were obtained by spray drying the
colloidal suspensions. The hetero-nanointerfaced
microparticles composed of cobalt hydroxide and nickel
hydroxide nanoclusters showed improved electrochemical
properties compared with homo-nanointerfaced counterparts.
Our results suggest that there is a synergy between the
properties of the individual nanoclusters originated from the
large hetero-interface area originated in the nanocluster
mixture. The synthetic approach shown here potentially allows
the fabrication of materials with chemical composition beyond
the limitation of solid solution system and lead existence of a
unique functionalities. In addition, the versatile method of

300

—
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N
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©
£
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100 200 300
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Fig. 7. EIS of Homo-1:0 (black), Homo-0:1 (red), Homo-0.5:0.5 (blue) and
Hetero-0.5:0.5 (green) (open circle: experimental data, solid lines: fitted
data). Inset is focused on high frequency range.

6 | J. Name., 2012, 00, 1-3

synthesis of highly dispersable and stable nanoclusters permits
to envisage a library of transition metal (hydr)oxide clusters.
These stable nano-building blocks allows an easy to carry high
throughput combinatorial screening. This concept can be
extended to diverse aspects beyond the discussed herein, giving
rise to nanocomposites bearing complex and tailorable bulk and
surface features that will permit to finely control their catalytic,
optical, electronic, magnetic, ion exchange or charge storage
behaviour.
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Microparticles with hetero-nanointerfaces: controlled assembly of
cobalt hydroxide and nickel hydroxide nanoclusters towards
improved electrochemical functions
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The ultimate control of the interfaces of nanocomposite materials is essential to tailor and improve their physical/chemical
properties in applications such as catalysis, or energy storage or production. Fabrication and co-assembly of a variety of
nanostructured colloids is a promising way to design the interface of materials in nano-scale toward high functionality. In
this study, we demonstrate a synthesis of colloids of nanocluster-sized (~ 2 nm) cobalt and nickel hydroxides and their
assembly into microparticles that present hetero-nanointerfaces. Electrochemical properties were investigated to elucidate
the effect of the hetero-nanointerface. Microparticles with hetero nanostructures composed of cobalt and nickel hydroxide
nanoclusters revealed improved mass specific capacity (91.4 mAh/g) compared with respective microparticles with homo-
nanointerface (cobalt hydroxide; 15.8 mAh/g: nickel hydroxide; 64.4 mAh/g). Further investigation suggests that the
introduced hetero-nanointerface leads to lower charge transfer resistance and to improved electrochemical properties. The
synthetic concept demonstrated here is expected to create unique hetero-nanointerfaces for various materials with wide-
range of chemical composition towards improved and novel functionalities.

process.’15 In both cases, the versatilities of crystal structure

Introduction

Tailoring interfaces of materials is a promising way to obtain
designed functionality, especially in the field of nanoscience and
nanotechnology. A hetero-interface, junction area of two
different solids, produces extraordinary electron behavior,*?
which leads improvement of properties and existence of novel
functionalities, for instance, electronic,>* magnetic,> and
catalytic® properties. Using colloidal solution of nano-building
blocks (NBBs) is one of the simplest and versatile pathways to
controllably introduce hetero-nanointerface of materials.”

The synthesis of materials with hetero-nanointerfaces by
using NBBs has been reported through evaporation-induced
self-assembly process and Langmuir-Blodgett method, which
shows enhanced catalytic, magnetic and optical properties.1011
Recent studies have focused on using single-nm sized crystals,
called nanoclusters, to design materials with significantly large
hetero-interface area.!?13

In general, colloidal solutions of nanoclusters were prepared

through hot-injection method or non-aqueous sol-gel
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and chemical composition were limited to noble metals and
high-valence metal oxides because of their stability. In spite of
their high potential for several applications, transition metal
compound nanoclusters of low valence metal elements (Mn(ll),
Co(ll), Ni(ll), etc.) have not been yet synthesized.

We recently reported the method to control the
crystallization and aggregation of transition metal hydroxides
through epoxide-mediated alkalinization process.®
Incorporated carboxylic acids multiple roles
(coordination, intercalation, and adsorption) to form stable and
highly dispersed metal hydroxide nanoclusters. Nanoclusters
with a wide chemical composition, M(OH), (M = Mn(ll), Fe(ll),
Co(ll), Ni(I1), and Cu(ll)), were obtained through our approach.

We here focus on the preparation of nanocomposites with
a large hetero-interface area by contacting different kinds of
divalent metal hydroxide nanoclusters. Electrochemically active
cobalt hydroxide and nickel hydroxide were employed as a
model case and illustrate the potential of this approach.
Microparticles with hetero-nanointerfaces were synthesized by
spray drying of a mixture of colloidal solutions of cobalt
hydroxide and nickel hydroxide nanoclusters. For a comparison,
homo-interfaced microparticles of cobalt hydroxide, nickel
hydroxide, and cobalt-nickel mixed hydroxide (solid solution)
were prepared. The effect of the introduction of the hetero-
nanointerface  was investigated by  electrochemical
measurements. The microparticles with hetero-nanointerfaces
showed an improvement of electrochemical functions, the
degree of which is as high as that of referential cobalt-nickel
hydroxide solid solution with an atomic scale homogeneity. The

showed
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result obtained in this study implies that unique properties will
be obtained by an introduction of a large hetero-interface using
nanoclusters.

Experimental
Chemicals

Cobalt chloride hexahydrate (CoCl,-6H,0, 99.0%), nickel
chloride hexahydrate (NiCl,-6H,0, 98.0%), acrylic acid (99%),
ethanol (99.5%), propylene oxide (PO, > 99%), and poly(vinyl
alcohol) (M,, = 500) were used as received. Acrylic acid and
propylene oxide were purchased from Sigma-Aldrich Co. All
other reagents were purchased from Wako Pure Chemicals
Industries, Ltd. Ultrapure water of 18.2 MQ-cm resistivity was
used in all experiments.

Synthesis of homo-nanointerfaced microparticles composed of
cobalt-nickel hydroxide nanoclusters (Fig. 1a).

CoCl,-6H,0, NiCl,-6H,0, and acrylic acid were dissolved in
ethanol. PO was added to a solution and stirred for 30 s.
Resultant homogenous solutions were left at a room
temperature (20-25 °C) for 60 min. The amount of CoCl,-6H,0,
NiCl,-6H,0, acrylic acid, ethanol, and PO were x, 1-x, 4.0, 34.3,
15.0 mmol, respectively (0<x<1). The obtained colloids,
denoted as Co,Ni;_,(OH),, were diluted with 10 mL of water and
stirred for 1 min. Obtained solutions were spray dried using a
Buchi B-290 mini spray dryer. The spray conditions were
configured as follows; inlet air temperature of 150 °C, gas (air,
30+5 RH%) flow of 601 L/h, peristaltic pump speed of 3 mL/min,
aspirator of 35 m3/h, and resultant outlet temperature of
74-84 °C. The dried powders collected from a sample glass
vessel were heat treated at 150 °C for 12 h with a vacuum
condition to complete drying. The powders prepared through
this process were denoted as Homo-x:1-x.

Synthesis of hetero-nanointerfaced microparticles composed of
mixture of cobalt hydroxide nanoclusters and nickel hydroxide
nanoclusters (Fig. 1b)

Co(OH);, and Ni(OH), nanocluster colloids were synthesized
through the above procedure in the reaction scales of y and 1-y
times, respectively (O<y<1). Prepared Co(OH), and Ni(OH),
nanocluster colloids were mixed followed by dilution with 10 mL
of water. After stirred for 1 min, the obtained solutions were
spray dried and oven dried with the condition same as written
above section. The powders prepared through this procedure
were denoted as Hetero-y:1-y.

Characterization

A field emission scanning microscope (SEM; S-8020, Hitachi,
Japan) equipped with energy dispersed X-ray spectroscopy
(EDS) was used to observe microstructure of synthesized
materials. A transmission electron microscope (TEM; JEM-
2100F, JEOL, Japan) was employed at an operating voltage of
200 kV to observe size and shape of nanoclusters. Powder X-ray
diffraction (PXRD; Multiflex, Rigaku, Japan) using Cu Ka
radiation (& = 1.544 A) was used to characterize crystal phase
and crystallite size of dried samples. X-ray photoelectron
spectrometer (XPS) analyses were carried out with ESCA-5600

2| J. Name., 2012, 00, 1-3
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(a) Homo-x:1-x (b) Hetero-y:1-y

Alkalinization Alkalinization

Co,Ni;_(OH), Co(CH),

Spray dry ‘

Ni(OH),

Spray dry

Homo-interface Hetero-interface

Co,Ni;.(OH),

Ni(OH), Co(OH),

Fig. 1 Schematic illustration of synthetic pathways of (a) microParticIes with
homo-nanointerface (Homo-x:1-x) and (b) hetero-nanointerface (Hetero-
y:1-y). Purple octahedrons, green octahedrons, and yellow spheres in the
crystal structural figure depict 6-coordinated Co(ll), 6-coordinated Ni(ll) and
acrylates, respectively.

(Ulvac-Phi, Japan) using a monochromatic Al Ka source (200 W)
to evaluate the oxidation state of Co and Ni atoms. Fourier
(FT-IR) spectroscopy (ALPHA FT-IR
spectrometer, Bruker Optik GmbH, Germany) and ultraviolet-
visible-near infrared (UV-Vis-NIR) spectroscopy (V-670
spectrophotometer, JASCO Corp.) were used to characterize
local structure of dried sample. The small angle X-ray scattering
(SAXS) measurement was performed to characterize formed
particle size with the beamline of the Brazilian Synchrotron
Light Laboratory (LNLS, Brazil D11A-SAXS1-18927 and
20160366). Details of characterization conditions are written in
electronic supporting information (ESI).

Electrochemical measurement

transform infrared

All electrochemical measurements were performed by using
a potentiostat with frequency response analyzer (HZ-7000 and
HZA-FRA1, Hokuto Denko, Japan). The dried microparticles
were dispersed in water (1.0 g/L) by ultrasonicated for 5 min.
Poly(vinyl alcohol) aqueous solution (1 g/L) was added to the

This journal is © The Royal Society of Chemistry 20xx
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suspension. The mixture was composed of 90 wt% of sample
and 10 wt% of poly(vinyl alcohol). After 5 min ultrasonication,
5.56 uL of obtained solution was dropped on the Au working
electrode (diameter: 5 mm), corresponding to 5.0 pg of sample.
The electrode was dried in a preheated oven at 120 °C for 10
min. After cooling the electrode, cyclic voltammetry (CV),
galvanostatic charge-discharge, and electrochemical
impedance spectroscopy (EIS) measurements were performed.
All electrochemical measurements were carried out in a
conventional three-electrode cell configuration with a 1.0 mol/L
KOH aqueous solution as an electrolyte at 25 °C. The electrolyte
was purged with N, at 250 mL/min for 10 min before the
measurements. A platinum wire and Hg/HgO (or Ag/AgCl) were
used as a counter electrode and a reference electrode,
respectively. The detailed conditions of each measurement are
described in ESI.

Results and discussion
Material synthesis and characterization

The addition of PO triggers pH increase by scavenging
protons through ring-opening reaction with nucleophilic
species.’” Along with pH increase, solid components were
formed in reacting solution, which was confirmed by in-situ
SAXS measurement. Fig. 2a shows the time-dependent growth
of Co(OH),, Ni(OH),, and CogsNips(OH), nanoclusters. The
diameters were estimated by fitting SAXS patterns with a
unified equation!®® (see experimental of ESI). The particles
started to grow after addition of PO and reached a stable
specific size after 60 min. The final particle diameter (1.88-2.23
nm) and growth rate (0.088-0.090 nm/min) were irrespective
to the chemical composition of precursor solution (Table 1). The

[nd
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Fig. 2. (a) Time-dependent particle growth of Co(OH),, Ni(OH),, and
CopsNips(OH), nanoclusters after addition of PO. Particle diameter was
estimated from corresponding SAXS patterns. TEM images of (b) Co(OH),, (c)
Ni(OH), and (d) CogsNigs(OH), nanoclusters after dilution with water.
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results indicate that nanoclusters of Co(OH),, Ni(OH),, and
CogsNigs(OH), were successfully formed and stabilized in a
same manner.

Fig. 2b-2d show the TEM images of Co(OH),, Ni(OH),, and
CogsNigs(OH), nanoclusters after dilution with water (before
spray dry). All samples showed spherical shape with a narrow
size distribution (Fig. S1). The average diameters estimated
from TEM images of Co(OH),, Ni(OH),, and Cog sNigs(OH), were
1.6 nm, 1.7 nm, and 2.0 nm, respectively, which are comparable
to the diameter calculated from SAXS measurement (Table 1).
Equal volume of Co(OH), and Ni(OH), nanocluster colloids were
mixed after 60 min reaction to prepare the precursor solution
of hetero-nanointerfaced materials (0.5Co(OH),-0.5Ni(OH),).
The SAXS pattern and TEM image indicate that nanocluster
colloids were successfully mixed without geometric change of
objects, such as crystal growth and aggregation (Fig. S2). In spite
of the small size of nanoclusters, no significant size change was
observed after dilution with water, which implies nanoclusters
were stable enough during synthetic process.

Powders of Homo-1:0, Homo-0:1, Homo-0.5:0.5, and
Hetero-0.5:0.5 were obtained after spray drying of the
corresponding nanocluster colloids. As we reported previously,
layered metal hydroxides with hindered crystalline growth
along ab axis are obtained by epoxide-mediated alkalinization
in the presence of acrylic acid.?%?! The PXRD patterns of the
samples are shown in Fig. S3; only a main peak was detected
around 8 ° (lattice spacing of ~ 11.5 A), which indicates that
layered metal hydroxides with small lateral size in ab axis
direction were formed. Considering the reported studies,??23
the peaks were assigned as 00/ plane of layered metal hydroxide
intercalated with double-layer of acrylates. The crystallite sizes
calculated from the 00/ peak were around 3 nm, comparable to
the diameter of as-synthesized nanoclusters (Table 1).

J. Name., 2013, 00, 1-3 | 3
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Table 1 Particle growth rate, particle diameter of nanoclusters, crystallite sizes and Co to Ni atomic ratio.

vp? saxs’

Sample ID /nm min-t /nm
Homo-1:0 0.088 2.2
Homo-0:1 0.090 1.9
Homo-0.5:0.5 0.090 2.2
Hetero-0.5:0.5 - 1.9

d
drem® dooy

/nm /om Co:Nie Co:Nif
1.6 3.1 - -
1.7 2.9 - -
2.0 2.8 0.51:0.49 0.52:0.48
1.9 3.0 0.50:0.50 0.51:0.49

9 Particle growth rate estimated from Fig. 2a by linear fitting of 1-15 min. Particle diameter calculated from ? SAXS patterns and ¢ TEM images. ¢ Crystallite size estimated

from 00/ peaks. Atomic ratio of Co and Ni estimated from € EDS and f XPS spectra.

Further XRD measurements were performed on heat treated
samples (Fig. S4). After treated at 300 °C for 2 h, Homo-1:0 and
Homo-0:1 were phase-transformed to Co(ll)Co(lll),O, and
NiO/Ni, respectively. Homo-0.5:0.5 phase-transformed into
NiCo,04/NiO as is the case for a typical solid solution of Co-Ni
hydroxide, whereas Hetero-0.5:0.5 into a mixture of
Co(I1)Co(111),04/NiO/Ni. This again implies that Homo-0.5:0.5
and Hetero-0.5:0.5 have different nanointerface structures.

Polydispersed microparticles with a dimple texture were
obtained in a range of 0.2-2.0 um in diameter (Fig. 3a-3d). The
diameter and shape of microparticles were identical among all
samples, because those are strongly depending on the spray dry
processing condition, rather than on the metal composition.?®
The distribution of Co and Ni elements was investigated using
EDS mapping scan (Fig. 3e and 3f). Each microparticle of Homo-
0.5:0.5 and Hetero-0.5:0.5 showed the signal of both Co and Ni
throughout the whole set of samples, without noticeable
segregation. Co/Ni molar ratios of Homo-x:1-x and Hetero-
y:1-y (0<x<1, O<y<1) calculated from EDS spectra were in good
agreement with the nominal molar ratio (Fig. S5). The control of
chemical composition enables to investigate the
electrochemical, catalytic, and adsorption properties of metal
hydroxides.?42>

Further  characterizations were performed using
spectroscopic measurements to obtain information of the local
structures. XPS spectra were obtained to measure the chemical
composition and oxidation state of cobalt and nickel at surface
of microparticles (Fig. 4). The atomic ratios, Co:Ni, of Homo-
0.5:0.5 and Hetero-0.5:0.5 samples were 0.52:0.48 and
0.51:0.49, respectively, which are comparable to EDS results
indicating that nanoclusters of cobalt hydroxide and nickel
hydroxide were homogenously distributed from the surface to

(a) (b)
T T T T T T T T T
2 =
Co2p £ Ni 2p = 3
= 5 =
Hetero-0.5:0.5 )

Homo-0.5:0.5
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Intensity (arb. units)

Homo-1:0 Homo-0:1

16.0eV

17.5eV
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Binding energy / eV Binding energy / eV

Fig. 4. (a) Co 2p and (b) Ni 2p XPS spectra of Homo-1:0, Homo-0:1, Homo-
0.5:0.5, and Hetero-0.5:0.5. Open circle is experimental data, black line is
fitted curve (solid; 2py/, and 2ps/, peak, dot; satellite peak), and red solid line
is cumulative curve of fitted peaks.

the core of microparticles. The difference between binding
energies of Co 2p3;; and Co 2p;/,, and binding energies of Ni
2p3/; and Ni 2p,/; were 16.0 eV and 17.5-17.7 eV, respectively.
These values are in good agreement with reported one for Co(ll)
and Ni(ll) hydroxide.?6=28 IR and UV-Vis-NIR measurements
summarized that Homo-1:0, Homo-0:1, Homo-0.5:0.5, and
Hetero-0.5:0.5 were all composed of octahedral six-
coordinated M(OH)e (brucite-type arrangement) with
coordinated, intercalated, and adsorbed acrylates (Fig. S6).
These results indicate that synthesized materials have
comparable characteristics of nanoclusters (diameter,
crystallite size, crystal structure, coordination number and
oxidation state) and microparticles (size distribution,
morphology, and chemical compositional homogeneity).

Electrochemical measurement

Electrochemical properties were investigated using CV,
galvanostatic charge-discharge, and EIS measurements. CV
curve of Homo-1:0 showed two pairs of redox peaks of 117/107
mV and 387/329 mV (oxidation/reduction) (Fig. 5 and S7)
corresponding to following redox reactions;?°
Co(OH); + OH™ ¢ CoOOH + H,0 + e~ (1)

CoOOH + OH™ ¢ Co0; + H,0 + e~ (2)

The two peaks (455/360 mV) of CV curve of Homo-0:1 is a
typical feature of following redox reaction;3°

Ni(OH), + OH- <> NiOOH + H,0 + e~ (3)

CV curve of Homo-0.5:0.5 showed a set of redox peaks at
intermediate potential range between those of Homo-1:0 and
Homo-0:1, which is a typical feature of solid solution of cobalt-

12 T T T T T T
~ Homo-1:0 NiZ*/Ni®
'E Homo-0:1
§ o —fomasos oo ||
< etero-0.5:0. ICo® Ni*
1S
—
zar .
7]
c
[]
©
z 0f 1
(]
=
=]
O 4| |
1 1

00 01 02 03 04 05
Potential / V vs Hg/HgO

Fig. 5. CV curves of Homo-1:0, Homo-0:1, Homo-0.5:0.5, and Hetero-0.5:0.5
recorded at a scan rate of 100 mV/s.
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nickel hydroxides prepared via co-precipitation.3133 The shift
and broadening of redox peaks were explained by the existence
of multiple phases composed of Co and Ni during
electrochemical reaction.3* Interestingly, Hetero-0.5:0.5 also
shows the redox peaks comparable to Homo-0.5:0.5. On the
other hands, a physical mixture of Homo-1:0 and Homo-0:1
(hetero-microinterfaced materials) did not show significant
peak shift (Fig. S8). The results suggest that the introduction of
relatively large hetero-interface for Hetero-0.5:0.5 leads to
hybridization of functions of cobalt hydroxide and nickel
hydroxide, in a similar fashion of a solid solution. Additionally,
Hetero-y:1-y shows the shift of redox peaks and a varying
capacity as a function of chemical composition, which is also in
good agreement with the trend of Homo-x:1-x and solid
solutions of cobalt-nickel hydroxide reported in previous
studies (Fig. S9).3°> The introduction of this kind of hetero-
nanointerface cannot be achieved by a deposition of cobalt
hydroxide onto nickel hydroxide through electrodeposition,
precipitation, and co-stacking of exfoliated cobalt and nickel
hydroxide nanosheets.3-%° In the aforementioned cases, the
improvement of electrochemical performance was achieved
without losing original redox signals of cobalt hydroxide and
nickel hydroxide, and massive hybridization was not achieved.
These results successfully demonstrate that the introduction of
the large hetero-nanointerface by using different types of
nanoclusters is a promising strategy to design “solid-solution-
like” nanocomposites.

Galvanostatic charge-discharge curves are shown in Fig. 6a.
The mass specific capacities of Homo-1:0, Homo-0:1, Homo-
0.5:0.5, and Hetero-0.5:0.5 were 17.4, 69.4, 87.2, 96.2 mAh/g,
respectively. The mass specific capacities along with various
discharge rates shown in Fig. 6b. Compared with Homo-1:0 and
Homo-0:1, the capacities of Homo-0.5:0.5 and Hetero-0.5:0.5
were higher at entire discharge rates. As is reported,*14?
addition of Co ions within nickel hydroxide enables to form a
conductive Co(lll)-based compounds, which improves the
inherently poor electron transfer property of Ni(lll)-based
compounds leading to larger capacities. Cyclic performances
were tested at a constant current density of 10 A/g (Fig. 6¢c). The
cycle performance of Homo-0.5:0.5 was better than those of
Homo-1:0 and Homo-0:1. Hetero-0.5:0.5 showed an
intermediate trend between Homo-1:0 and Homo-0:1; the
relative capacity increases for the first 50 cycles and then
decreases gradually. In spite of the incorporation of Ni(OH),
with a poor cycle performance, Hetero-0.5:0.5 showed a
capacity comparable to initial one even after 200 cycles,
implying the hetero-nanointerface contributes to achieve the
robust electrochemical performance.

Although Hetero-0.5:0.5 showed the largest capacity, its
estimated electrochemical surface area, Cg4, stands at an
intermediate value (Table 2). To clarify a contributing factor
toward a large capacity, EIS were recorded (Fig. 7). The
semicircle in high frequency region is composed of solution
resistance (R;), charge transfer resistance (R.), constant phase
elements (CPE-1 and CPE-2). The Warburg impedance (Z,)
corresponds to the straight line in the low frequency region. The
calculated kinetic parameters were listed in Table 2. The R, were

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) Galvanostatic charge (solid line) and discharge (dot line) curves
recorded at a current density of 1 A/g, (b) mass specific capacity dependence
with current density and (c) cycle performance recorded at a constant
current density of 10 A/g of Homo-1:0 (black), Homo-0:1 (red), Homo-0.5:0.5
(blue) and Hetero-0.5:0.5 (green).

comparable value among all samples. The R of Hetero-0.5:0.5
was 0.659 Q, which considerably small compared with the R of
Homo-1:0 (11.7 Q), Homo-0:1 (5.48 Q), and Homo-0.5:0.5 (1.08
Q). Z,, of Homo-0.5:0.5 and Hetero-0.5:0.5 were smaller than
those of Homo-1:0 and Homo-0:1. This indicates that the
diffusion of OH" is enhanced for both Homo-0.5:0.5 and Hetero-
0.5:0.5. CPE-1 of Homo-1:0 and Homo-0:1 were 0.825 and 0.739
corresponding to a pseudocapacitive feature. On the other
hand, CPE-2 of all the samples were refined as 0.957-1.00
corresponding to an ideal capacitor. The low resistance derived
from hetero-nanointerface may improve the diffusion of
electrons leading a large specific capacity.

In summary, improvement of electrochemical properties
will be obtained by an introduction of large hetero-interface
area using nanoclusters. The importance of hetero-interface
has been discussed in the case of not only hydroxides but also
wide variety of compounds, such as metals, oxides, sulphides,
and nitrides.*3%> Considering these, the advantage of the
concept in this study lies in the control of chemical composition
beyond the limitations imposed by the coprecipitation of solid
solutions. For instance, although complex solid solution
nanocrystals (composed of more than 5 elements) is desired
due to their high electrochemical catalytic activities, it is still
challenging to prevent phase segregation and crystallization.®
We believe that
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Table 2 A summary of electrochemical characteristic parameters obtained from equivalent circuit model

| Cma Cdlb Rs Zw CPE-1¢ CPE-2¢

Sample ID

P / mAh g! JUF cm2 /Q /Q /Q p T/10%F st p T/103F st
Homo-1:0 15.8 187 6.93 11.7 93.9 0.825 1.78 1.00 0.405
Homo-0:1 64.4 48.9 6.15 5.48 95.8 0.739 4.49 0.981 1.14

Homo-0.5:0.5 82.8 74.8 6.47 1.08 37.2 1.00 0.142 0.957 4.07

Hetero-0.5:0.5 91.4 74.5 6.03 0.659 32.7 1.00 0.159 0.964 4.40

9: mass specific capacities calculated from discharge curves at a current density of 1 A/g. ?: double layer capacitance estimated from linear fitting of scan rate versus
charge currents plot, which shows linear proportion to electrochemical surface area. ©: CPE is the constant phase element. The impedance of CPE is 1/(jw)PT, where j is

imaginary unit, w is angular frequency, p is CPE exponent, and T is CPE constant.

the materials with unique functionalities will be found by
introducing a large hetero-interface using a variety of

nanoclusters.

Conclusions

Cobalt hydroxide, nickel hydroxide and cobalt-nickel
hydroxide solid solution nanoclusters (~ 2 nm) were prepared
through epoxide-mediated alkalinization in the presence of
acrylic acid as a size-control agent. The different nanocluster
colloids were successfully mixed without crystal growth or
aggregation. Owing to the stable characteristic of nanoclusters
in water, spherical microparticles with a hetero-nanointerface
or homo-nanointerface were obtained by spray drying the
colloidal suspensions. The hetero-nanointerfaced
microparticles composed of cobalt hydroxide and nickel
hydroxide nanoclusters showed improved electrochemical
properties compared with homo-nanointerfaced counterparts.
Our results suggest that there is a synergy between the
properties of the individual nanoclusters originated from the
large hetero-interface area originated in the nanocluster
mixture. The synthetic approach shown here potentially allows
the fabrication of materials with chemical composition beyond
the limitation of solid solution system and lead existence of a
unique functionalities. In addition, the versatile method of

300

—
S 200
N
Peny
©
£
&
£ 100 Real Z/Q
] CPE-1
0 Ry CPE-2
100 200 300
Real Z/Q

Fig. 7. EIS of Homo-1:0 (black), Homo-0:1 (red), Homo-0.5:0.5 (blue) and
Hetero-0.5:0.5 (green) (open circle: experimental data, solid lines: fitted
data). Inset is focused on high frequency range.
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synthesis of highly dispersable and stable nanoclusters permits
to envisage a library of transition metal (hydr)oxide clusters.
These stable nano-building blocks allows an easy to carry high
throughput combinatorial screening. This concept can be
extended to diverse aspects beyond the discussed herein, giving
rise to nanocomposites bearing complex and tailorable bulk and
surface features that will permit to finely control their catalytic,
optical, electronic, magnetic, ion exchange or charge storage
behaviour.
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Characterization.

SAXS measurement.

The small angle X-ray scattering (SAXS) measurement was performed to characterize formed
particle size and mesostructures with the beamline of the Brazilian Synchrotron Light Laboratory
(LNLS, Brazil D11A-SAXS1-18927 and 20160366). X-ray with a wavelength, A, of 0.1544 nm was
used. A linear position sensitive X-ray detector and a multichannel analyzer were used to collect the
SAXS signal. For in-situ analysis, SAXS patterns were collected every 1 min (45 s for accumulation
time and 15 s for dead time). The first pattern was collected reaction time from 1.5 to 2.5 min, which
is denoted as pattern of 2 min reacted solution. A sample-to-detector distance was set at 904.6242 mm,
corresponding scattering vector range of 0.1—4.8 nm™!. After the removal of background, the scattering
profiles were circular averaged and plotted against the scattering vector, ¢, according to the following
equation;

s

q= Zsin 20

where @1is scattering angle. To evaluate particle size from experimental SAXS patterns, we employed
a unified equation proposed by Beaucage and Schaefer [Beaucage, G.; Schaefer, D.W. J. Non-Cryst.
Solids 1994, 172-174, 797-805.; Beaucage, G. J. Appl. Cryst. 1995, 28, 717-728.], which was

developed to describe scattering from objects with hierarchical structures. The unified equation for the

ngi F
%)“ )

where 7 is the number of structure levels, R,; is the gyration radius of the ith level, P; is the power-law

hierarchical structure with multiple structural levels is described as follows;

. — q°R%; —q°R5ai+1)
I(q9) = Z(Giexp 3 + Biexp — s X
i=1

erf (

exponent, G; is the Guinier prefactor, and B; is the prefactor specific to the type of power-law scattering

falls. The particle diameter of ith level, D;, is calculated by using spherical particle model as follows;

D; 3
Ra= 25

Considering the sample-to-detector distance, the structures over ~ 30 nm is difficult to calculate by
fitting of SAXS patterns.

XPS measurement.

The sample powders were mounted on polished indium plate and pressed without adhesives.
Survey spectra and high-resolution spectra were collected with a step of 0.4 and 0.125 eV, respectively.
0.05 eV for C 1s, O 1s, Ni 2p3/, Co 2py.,. For each XPS analysis, the sample was exposed to the X-
rays for less than 2 h. Spectra were analyzed using MultiPak software. Input parameters for the curve

resolution procedure included the number of peaks and the peak intensity, peak width at half maximum,

2
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and position for each individual peak. The instrument work function was calibrated to give an Au 4f;,
of metallic gold binding energy of 83.95 eV+0.1 eV. Spectra from samples were shifted to give the C
Is spectral component a binding energy of 284.8 eV.

Electrochemical measurement.

To stabilize the sample materials, cyclic voltammetry measurement was applied before all of
electrochemical measurements as a pre-activation (scan speed was 100 mV/s; potential window of 0
to 0.50 V; test cycle was at least 20 runs). The cyclic voltammetry measurements were performed at
various scan rates of 5, 10, 25, 50 and 100 mV/s within a potential window of 0 to 0.50 V. The double
layer capacitances (Cg) were determined to estimate electrochemically active surface area. The
potential window of cyclic voltammetry curves was 25—75 mV with a scan rate of 20, 40, 60, 80, 100,
and 120 mV/s. Cy was estimated from linear fitting of a plot of current density Aj versus scan rate (Aj
= ja—j. at 50 mV). The charge/discharge measurements were performed within a potential window of
0.05 to 0.50 V at different current densities of 1, 2, 5, 10, 15 and 20 A/g. The electrochemical
impedance spectroscopy measurements were performed at frequencies ranging from 103 to 107! Hz

with an amplitude of 5 mV at a potential of corresponding oxidation peak position.
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Fig. S3 PXRD patterns of Homo-1:0, Homo-0:1, Homo-0.50:0.50, and Hetero-0.50:0.50.
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Fig. S4 XRD patterns of (a) Homo-1:0, (b) Homo-0:1, (¢) Homo-0.5:0.5, and (d) Hetero-0.5:0.5 after
heat-treatment at 300 °C for 2 h (ramp rate was 2.5 °C/min, under air flow of 2 L/min). The vertical
bars show the peak positions of Co(II)Co(III),0, (black, 00-042-1467), NiO (red, 00-047-1049), Ni
(blue, 00-004-0850), and NiCo,04 (green, 00-073-1702).
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Fig. S6 (a) UV-Vis-NIR and (b) IR spectra of Homo-1:0 (black), Homo-0:1, (red), Homo-0.50:0.50,
(blue) and Hetero-0.50:0.50 (green) microparticles. The peaks shown in (a) are assigned as follows;
the peaks of 486, 536, and 1277 nm are transitions of *7,(F) to *T14(P), *42,(F), and *T5,(F) of
octahedral coordinated Co(II), respectively; the peaks of 398, 674, 758, and 1178 nm are transitions
0f 3454 10 3T14(P), 3T'4(F), 'E4(D), and 3T5,(F) of octahedral coordinated Ni(I), respectively (The peaks
around 1620—1680 nm are overtones of v(OH) vibrations of acrylic acid). The peaks in (b) were as
follows; 1431, 15591585, 1642, 1705—-1723 cm™!' are v(COO),, v(COO),;, v(C=C) of acrylate,
v(C=C) of acrylic acid, and v(OH) of acrylic acid respectively. The vibration difference of symmetric
and asymmetric COO vibrations (A = v(COQO),s—v(COO);,) reveals chemical condition of carboxylic
acids [Feairheller, W. R.; Katon, J. E., Spectrochim. Acta 1967, 23, 2225-2232.]. A of obtained
materials were 128—154 cm™!. Comparing with A of free acrylate (110—140 cm™!) [Deacon, G.B.;
Phillips R.J., Coord. Chem. Rev. 1980, 33, 227-250.], it is estimated that acrylates are unidentate

coordinated, intercalated, and adsorbed onto hydroxide layers.
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Fig. S8 CV curves of Homo-1:0, Homo-0:1, and Micro-0.50:0.50 recorded at a scan rate of 100 mV/s.
The powders of Homo-1:0 and Homo-0:1 were dispersed in toluene (10 g/L). Micro-0.50:0.50 was
prepared by mixing equal amount of suspensions of Homo-1:0 and Homo-0:1. 2 pL of obtained
suspensions were deposited onto Au electrode and dried at room temperature. (c) SEM image and (d)
EDS mapping image (green: Ni, purple: Co) of Micro-0.50:0.50 deposited onto Si substrate. Here,
oxidation/reduction peaks of Micro-0.50:0.50 did not shift significantly (Fig. S7a and S7b), which
indicates that formed hetero-microinterfaces (Fig. S7d) did not give an effective contribution on
electrochemical reaction.
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Fig. S9 CV curve of (a) Homo-x:1—x and (b) Hetero-y:1—y (0<x<1, 0<y<I) at scan rate of 100 mV/s.
(c) The oxidation/reduction peak potentials and (d) mass specific capacities of Homo-x:1—x and
Hetero-y:1—y (0=<x<1, 0<y<I). The peak positions and mass specific capacities were estimated from
respective CV curves recorded at a scan rate of 100 mV/s shown in (a) and (b).
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Hybridization of electrochemical functions derived from large hetero-interfaces by

assemble of layered metal hydroxide nanoclusters



