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

Naoki Tarutani,a Yasuaki Tokudome,*a Matías Jobbágy,b Galo J. A. A. Soler-Illia *c and Masahide 
Takahashi a 

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.

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,1,2 

which leads improvement of properties and existence of novel 

functionalities, for instance, electronic,3,4 magnetic,5 and 

catalytic6 properties. Using colloidal solution of nano-building 

blocks (NBBs) is one of the simplest and versatile pathways to 

controllably introduce hetero-nanointerface of materials.7–9 

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.10,11 

Recent studies have focused on using single-nm sized crystals, 

called nanoclusters, to design materials with significantly large 

hetero-interface area.12,13 

In general, colloidal solutions of nanoclusters were prepared 

through hot-injection method or non-aqueous sol-gel 

process.14,15 In both cases, the versatilities of crystal structure 

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(II), 

Co(II), Ni(II), 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.16 

Incorporated carboxylic acids showed multiple roles 

(coordination, intercalation, and adsorption) to form stable and 

highly dispersed metal hydroxide nanoclusters. Nanoclusters 

with a wide chemical composition, M(OH)2 (M = Mn(II), Fe(II), 

Co(II), Ni(II), and Cu(II)), 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 
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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 (CoCl2∙6H2O, 99.0%), nickel 

chloride hexahydrate (NiCl2∙6H2O, 98.0%), acrylic acid (99%), 

ethanol (99.5%), propylene oxide (PO, > 99%), and poly(vinyl 

alcohol) (Mw = 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 MΩ∙cm resistivity was 

used in all experiments. 

Synthesis of homo-nanointerfaced microparticles composed of 

cobalt-nickel hydroxide nanoclusters (Fig. 1a). 

CoCl2∙6H2O, NiCl2∙6H2O, 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 CoCl2∙6H2O, 

NiCl2∙6H2O, 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 CoxNi1−x(OH)2, 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)2 and Ni(OH)2 nanocluster colloids were synthesized 

through the above procedure in the reaction scales of y and 1−y 

times, respectively (0<y<1). Prepared Co(OH)2 and Ni(OH)2 

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 Kα 

radiation (  = 1.544 Å) was used to characterize crystal phase 

and crystallite size of dried samples. X-ray photoelectron 

spectrometer (XPS) analyses were carried out with ESCA-5600 

(Ulvac-Phi, Japan) using a monochromatic Al Kα source (200 W) 

to evaluate the oxidation state of Co and Ni atoms. Fourier 

transform infrared (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 

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 

 

Fig. 1 Schematic illustration of synthetic pathways of (a) microparticles 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(II), 6-coordinated Ni(II) and 
acrylates, respectively. 
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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 μL of obtained solution was dropped on the Au working 

electrode (diameter: 5 mm), corresponding to 5.0 μg 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 N2 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.17 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)2, Ni(OH)2, and Co0.5Ni0.5(OH)2 nanoclusters. The 

diameters were estimated by fitting SAXS patterns with a 

unified equation18,19 (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 

results indicate that nanoclusters of Co(OH)2, Ni(OH)2, and 

Co0.5Ni0.5(OH)2 were successfully formed and stabilized in a 

same manner. 

Fig. 2b-2d show the TEM images of Co(OH)2, Ni(OH)2, and 

Co0.5Ni0.5(OH)2 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)2, Ni(OH)2, and Co0.5Ni0.5(OH)2 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)2 and Ni(OH)2 nanocluster colloids were 

mixed after 60 min reaction to prepare the precursor solution 

of hetero-nanointerfaced materials (0.5Co(OH)2-0.5Ni(OH)2). 

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.20,21 The PXRD patterns of the 

samples are shown in Fig. S3; only a main peak was detected 

around 8 ˚ (lattice spacing of ~ 11.5 Å), which indicates that 

layered metal hydroxides with small lateral size in ab axis 

direction were formed. Considering the reported studies,22,23 

the peaks were assigned as 00l plane of layered metal hydroxide 

intercalated with double-layer of acrylates. The crystallite sizes 

calculated from the 00l peak were around 3 nm, comparable to 

the diameter of as-synthesized nanoclusters (Table 1).  

 

Fig. 2. (a) Time-dependent particle growth of Co(OH)2, Ni(OH)2, and 
Co0.5Ni0.5(OH)2 nanoclusters after addition of PO. Particle diameter was 
estimated from corresponding SAXS patterns. TEM images of (b) Co(OH)2, (c) 

Ni(OH)2 and (d) Co0.5Ni0.5(OH)2 nanoclusters after dilution with water. 

 

Fig. 3 (a)-(d) SEM images and (e)(f) EDS mapping images (Co; purple: Ni; 
green) of Homo-1:0, Homo-0:1, Homo-0.5:0.5, and Hetero-0.5:0.5. 
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Table 1 Particle growth rate, particle diameter of nanoclusters, crystallite sizes and Co to Ni atomic ratio. 

Sample ID 
vp

a
 

/ nm min−1 

dSAXS
b 

/ nm 

dTEM
c 

/ nm 

d001
d 

/ nm 
Co:Nie Co:Nif 

Homo-1:0 0.088 2.2 1.6 3.1 - - 

Homo-0:1 0.090 1.9 1.7 2.9 - - 

Homo-0.5:0.5 0.090 2.2 2.0 2.8 0.51:0.49 0.52:0.48 

Hetero-0.5:0.5 - 1.9 1.9 3.0 0.50:0.50 0.51:0.49 

a Particle growth rate estimated from Fig. 2a by linear fitting of 1−15 min. Particle diameter calculated from b SAXS patterns and c TEM images. d Crystallite size estimated 

from 00l peaks. Atomic ratio of Co and Ni estimated from e EDS and f XPS spectra. 

Further XRD measurements performed with heat treated 

samples (Fig. S4). Hydroxides of Homo-1:0 and Homo-0:1 were 

phase transformed to Co(II)Co(III)2O4 and NiO/Ni, respectively, 

after treated at 300 °C for 2 h. NiCo2O4/NiO were formed in the 

case of Homo-0.5:0.5 like as typical Co-Ni hydroxide solid 

solution, whereas Hetero-0.5:0.5 form a mixture of 

Co(II)Co(III)2O4/NiO/Ni. This 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 μm 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.20 

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, 0<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.24,25 

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 

the core of microparticles. The difference between binding 

energies of Co 2p3/2 and Co 2p1/2, and binding energies of Ni 

2p3/2 and Ni 2p1/2 were 16.0 eV and 17.5−17.7 eV, respectively. 

These values are in good agreement with reported one for Co(II) 

and Ni(II) hydroxide.26–28 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)6 (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;29 

Co(OH)2 + OH− ↔ CoOOH + H2O + e−   (1) 

 

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; 2p1/2 and 2p3/2 peak, dot; satellite peak), and red solid line 
is cumulative curve of fitted peaks. 

 

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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CoOOH + OH− ↔ CoO2 + H2O + e−    (2) 

The two peaks (455/360 mV) of CV curve of Homo-0:1 is a 

typical feature of following redox reaction;30 

Ni(OH)2 + OH− ↔ NiOOH + H2O + 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-

nickel hydroxides prepared via co-precipitation.31–33 The shift 

and broadening of redox peaks were explained by the existence 

of multiple phases composed of Co and Ni during 

electrochemical reaction.34 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).35 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.36–40 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,41,42 

addition of Co ions within nickel hydroxide enables to form a 

conductive Co(III)-based compounds, which improves the 

inherently poor electron transfer property of Ni(III)-based 

compounds leading to larger capacities. Cyclic performances 

were tested at a constant current density of 10 A/g (Fig. 6c). 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)2 

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, Cdl, 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 (Rs), charge transfer resistance (Rct), constant phase 

elements (CPE-1 and CPE-2). The Warburg impedance (Zw) 

corresponds to the straight line in the low frequency region. The 

calculated kinetic parameters were listed in Table 2. The Rs were 

comparable value among all samples. The Rct of Hetero-0.5:0.5 

was 0.659 Ω, which considerably small compared with the Rct of 

Homo-1:0 (11.7 Ω), Homo-0:1 (5.48 Ω), and Homo-0.5:0.5 (1.08 

Ω). Zw 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.43–45 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 

 

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). 
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challenging to prevent phase segregation and crystallization.46 

We believe that 

Table 2 A summary of electrochemical characteristic parameters obtained from equivalent circuit model 

Sample ID 
Cm

a 

/ mAh g−1 

Cdl
b 

/μF cm−2 

Rs 

/ Ω 

Rct 

/ Ω 

Zw 

/ Ω 

CPE-1c CPE-2c 

p T / 10−4 F sp−1 p T / 10−3 F sp−1 

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 

a: mass specific capacities calculated from discharge curves at a current density of 1 A/g. b: double layer capacitance estimated from linear fitting of scan rate versus 

charge currents plot, which shows linear proportion to electrochemical surface area. c: CPE is the constant phase element. The impedance of CPE is 1/(jω)pT, where j is 

imaginary unit, ω 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 

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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