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ABSTRACT: Nanostructured Co;0, doped with Zn**, Ni**, and both were directly
grown on an ITO substrate by an easily available hydrothermal method. The doped
Co;0, showed a unique structural morphology evolution upon controlling the doping
elements and the doping ratio of the cations. For the codoped samples, the novel
thombus-shaped Co,0, nanosheets doped with Zn*" and Ni** (concentration ratio of
1:2) exhibited the optimal electrocatalytic performance. The sample showed a current
density of 165 mA cm™2 at 1.75 V, approximately 1.6 and 4 times higher than that of
samples doped with Zn?* and Ni** at a concentration ratio of 1:1 and 1:3. The unique
architecture and its corresponding modified physical properties, such as high active-site
density created by codoping, large structural porosity, and high roughness, are together
responsible to its superior performance. For codoped Co;0, nanostructures, Zn>"
facilitates the creation of Co cations in their high oxidation state as active centers, while
Ni** contributed to the new active sites with lower activation energy. The synergistic

effect of Zn** and Ni** doping can explain the improved physicochemical properties of codoped Co;0, nanostructures.
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1. INTRODUCTION

Electrochemical systems play key roles in a number of eflicient
and environment-friendly technologies for energy conversion
and storage, such as supercapacitors, lithium ion batteries, and
water-splitting devices.' > The accompanying energy con-
version in an electrochemical reaction is a straightforward and
clean process that does not generate any environmental
pollution. In particular, the oxygen evolution reaction (OER)
in the water-splitting system, as one of the most promising
electrochemical techniques to provide clean fuel, has been
widely investigated and developed in recent years.""® Herein, a
great deal of effort has been made to look for highly effective
OER electrocatalysts for the efficient water oxidation in terms
of low overpotential and low cost.* Besides, the utilization of an
OER electrocatalyst with long-term stability upon prolonged
exposure to oxidizing conditions is also essential for the
electrocatalysis. The widely studied catalysts based on the metal
oxides RuO, and IrO, are commonly considered as highly
efficient OER catalysts; however, their earthly scarcity and high
cost undoubtedly limit their large-scale utilization.” In  this
respect, the development of new alternatives of OER
electrocatalysts based on inexpensive transition-metal elements
has attracted great attention in this community.”* Particularly,
earth-abundant cobalt-based catalyst and its substituted
cobaltites have demonstrated their good catalytic activity and
corrosion stability and been recognized as some of the most
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promising electroactive materials for the electrochemical
OERS~!!

Generally, the electrochemical reaction and the simultaneous
charge transfer in the OER process occur at the interfaces.
Therefore, the structural morphology of the employed
electrode material could significantly affect the kinetics of the
corresponding electrochemical reaction in the cells.'”"’
Previous studies have shown that cobalt-based spinel oxides
for OER are generally obtained in the form of thin films or
particle agglomerates physically loaded on the conductive
substrates."'> However, in these architectures, the imperfect
electrical contact with a large resistance between the active
electrode materials and the current collector greatly impedes
the effective charge transfer at the interfaces. Recently, cobalt-
based active components with well-aligned nanostructures have
been successfully grown on conductive substrates, showin§ high
electrical conductivity and low diffusion resistance."”'® The
approach of the direct growth of nanostructures on the
conductive substrate could not only avoid the use of the
polymer binder or conductive additives but also substantially
reduce the dead volume in the electrode materials. In this
paper, nanohierarchical Co;0, was directly prepared on

Received: June 11, 2015
Accepted: September 18, 2015
Published: September 18, 2015

DOI: 10.1021/acsami.5b05149
ACS Appl. Mater. Interfaces 2015, 7, 21745-21750


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b05149

ACS Applied Materials & Interfaces

Research Article

indium—tin oxide (ITO) substrate by an easily available
hydrothermal method. Moreover, the evolution of the novel
morphology of nano-Co;0, was observed by controlling the
doping levels of Zn*" and Ni** dopants, and subsequently, a
highly efficient OER was achieved by using the doped electrode
material. In addition, the physicochemical effects of the Zn**
and Ni** dopants are discussed.

2. RESULTS AND DISCUSSION

Characterization and Results. Nanostructured Co;0,
doped with Zn**, Ni*, and both, denoted as ZCO, NCO,
and ZNCO, respectively, were grown directly on the ITO
substrate in a mixed aqueous solution containing Co(NO;),,
Zn(NOs;),, and Ni(NO;), precursors via ammonia-evapora-
tion-induced growth.17 As shown in the scanning electron
microscope (SEM) images in Figure 1, Co;0, nanorods with

Figure 1. SEM images of doped Co;0, nanostructures grown on ITO
conductive substrate: (a, al) Co;0,, (b, b1, b2, b3) ZCO, and (c, c1)
NCO.

rhombic cross section were densely grown on the entire surface
of the ITO substrate, with a width and length of 1 and 10 pm,
respectively. After doping with Zn?* and Ni**, the surface
morphology was evolved into nanoarrays and nanoplates
(Figure 1b,c), respectively. Though ZCO nanoarrays were
formed with nanowires on the top and sides, they also roughly
followed the rhombic feature of spinel Co;0, nanorods.

To further investigate the effects of dopants, Zn** and Ni**
were codoped in Co;0, with doping levels of 1:1, 1:2, and 1:3
(denoted as ZNCO-1, ZNCO-2, and ZNCO-3, respectively). A
surprising morphology evolution emerged in the final products,
as shown in Figure 2. After Zn** and Ni*" codoping, the
morphologies of ZNCO-1 exhibited rhombic columns
consisting of crowded sheets. Uniform nanosheets ranked as
rhombus were observed as the doping ratio increased to 1:2

Figure 2. SEM images of doped Co;0, nanostructures grown on ITO
conductive substrate: (a, d) ZNCO-1, (b, ¢) ZNCO-2, and (c, f)
ZNCO-3.

(Figure 2b). This is the first report that the doped Co;0,
nanosheets orderly arranged in rhombic shape. However,
further Ni** doping resulted in a remarkable morphological
transformation from hierarchical arrays to random nanoplates
(Figure 2c). Such an amazing morphological difference
highlights the importance of the doping elements and the
doping levels. Particularly, Zn** doping promotes the
morphological memory of the original rhombic-shaped Co;0,
structure, while Ni** doping creates a strong preference for the
morphological evolution to NiO nanoplates.'” For codoped
samples, the diffraction peaks were maintained, as observed in
the X-ray diffraction (XRD) patterns in Figure 3. The
introduction of Ni** dopants resulted in a decreased d-spacing
and (311) peak shift to a large angle, as indicated by the
crystallographic properties of ZNCO samples [Table S-1,
Supporting Information (SI)]. Actually, this result is ascribed to
the presence of Ni** during doping, which could improve the
electric conductivity of codoped samples, as will be discussed
later.

The unique hierarchical nanostructures of ZNCO-2 provided
a large specific surface area and high porosity, as indicated by
transmission electron microscopy (TEM), as shown in Figure
4. The individual nanosheet was taken from a rhombus-shaped
ZNCO-2 electrode. The nanosheet was porous with a rough
surface, as commonly seen in oxides obtained from hydrate
precursors.'® The pores were believed to be generated in the
calcination process because of CO, release.'® The correspond-
ing fast-Fourier transformation (FFT) patterns showed rings
with several brighter dots, indicating their polycrystalline
characteristics. This unique porous architecture ensured its
long-term stability and provided highways for both fast ion
diffusion and electron transfer in the Co;0, network. From
Brunauer—Emmett—Teller (BET) measurements, ZNCO-2
showed a relatively high specific surface area of 70.5 m* g™
(Table S-1, SI), which is highly desirable for efficient
electrochemical reactions at the interface between electrodes
and electrolytic solution. The high-resolution TEM image
provides detailed structural information about the grain size of
the crystalline ZNCO-2 nanoparticles, being approximately 5—
10 nm. The lattice fringes showed a lattice spacing of 0.23 nm,
corresponding to the (222) planes of cubic ZNCO-2. The
doping level was measured by means of energy dispersive
spectrometry (EDS). The overall Zn/Ni ratio of the doped
samples was found to decrease because of the introduction of
Ni** (Table S-1, SI), while Co, Ni, and Zn elements were
distributed uniformly in ZNCO-2 nanostructures, as confirmed
by the element mapping results.

The as-synthesized Co3;0, nanostructures doped with
different elements were directly employed as electrode
materials in OER. The electrochemical experiments were
carried out in a three-electrode glass cell in 1 M KOH aqueous
solution. The linear-sweep measurement was employed to
confirm the OER electrocatalytic activity of the different active
materials, as shown in Figure 5. Apparently, Zn*"- or Ni**-
doped samples exhibited enhanced catalytic activity compared
to undoped Co;0, by considering the generated current at a
given potential. For the codoped samples, ZNCO-2 and
ZNCO-3 exhibited the high current densities of 165 and 105
mA cm™ at 1.75 V, showing values approximately 4 and 3
times higher than that of ZNCO-1 (39 mA cm™?), respectively.

Accordingly, the Tafel behavior could provide important
information on the kinetic parameters and the probable
changes of the OER mechanism. Tafel slopes of 62 and 65
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Figure 3. (a) XRD results of codoped samples: ZNCO-1, ZNCO-2, and ZNCO-3. (b) Comparison of the diffraction peak (311).
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Figure 4. TEM images of ZNCO-2 with the associated EDX line
profile and elements mapping (Co, Ni, Zn).

mV decade™ were recorded for the ZNCO-2 and ZNCO-3
electrodes, respectively, demonstrating that the catalysts

exhibited a similar rate-determining step (RDS) for the OER.
The RDS and the Tafel slope depend on the adsorption
strength of the intermediates on the active materials, while the
corresponding adsorption strength was strongly determined by
the physicochemical properties of the oxide electrodes.'”
Because of the formation of the intermediate product MOH
(M is the active site) and the fact that the adsorbed
intermediate as an unstable species could rearrange through
the surface reaction, a pre-equilibrium mechanism has been
widely recognized in previous studies.'”>> Consequently, the
variation of Tafel slopes could be explained by an OER
mechanism involving a pre-equilibrium. Specifically, it could
consist of a possible one-electron electrochemical step: MOH +
OH™ — MO + H,0 + e"."° Therefore, except for the large
specific surface area from the mesoporous structure, the
enhanced performance of ZNCO-2 could also be attributed
to the isomorphous replacement of Co** with Zn** and Ni**.**

Metal cations in high oxidation states have been proposed as
active sites for OER catalysts based on the oxides of Mn, Nj,
and Ir.”>7?° In support of this interpretation, cyclic
voltammetry (CV) of different electrode materials in the
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Figure 5. (a) State polarization curves recorded at a scan rate of 0.5 mV s™". (b) Cyclic voltammograms of codoped Co;0, nanostructures (ZNCO-
1, ZNCO-2, ZNCO-3). (c) Cyclic voltammograms of ZNCO-2 as a function of the scan rate, along the arrow direction: 10,9, 8, 7, 6, 5, 4, and 3 mV
s'. (d) Dependence of the capacitive current on the scan rate of ZNCO samples.
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electrolytic solution was carried out between 1.0 and 1.5 V at a
scan rate of S mV s™' (Figure Sb). A small anodic peak and a
corresponding cathodic peak were observed for ZNCO-1
electrode, whereas ZNCO-2 and ZNCO-3 samples showed
much stronger redox peaks. The anodic and cathodic peaks in
CV patterns correspond to the formation of cobalt oxide phases
with different oxidation states, and the pair of redox peaks can
be assigned to the Co**/Co*" or Co*/Co*". The CV patterns
shows some variation from sample-to-sample and strongly
depend on the morphology and surface properties of the active
materials.””*" To illustrate the doping effects, the anodic peaks
were used to quantify the redox characteristics of codoped
samples. The area of the anodic peak of ZNCO-2 was
approximately twice than that of ZNCO-1, indicating a
significantly large active surface for the electrocatalytic oxygen
evolution. Furthermore, the codoped samples ZNCO-2 and
ZNCO-3 showed their increased number of active centers by
considering of the number of active sites per unit surface area
(Table S-1, SI). The number was derived from the
voltammetric charge by integrating the anodic peak area. The
roughness factor of the surface structure was also calculated on
the basis of the double-layer capacitance of active electrodes in
solution by assuming a standard value of 60 uF cm™ for oxide
surface, and ZNCO-2 shows a 7-fold increase in roughness
factor than ZNCO-1 (Figure Sc,d).

Roles of Codoping on the Performance. X-ray photo-
electron spectroscopy (XPS) provides information on the
chemical states upon the variation in binding energy or
chemical shifts of the photoelectron lines. As the Ni** doping
amount increased, a negative shift of Co 2p was observed for
ZNCO samples (Figure S-1, SI). The binding energy shift is a
process of changing the ionic charge of the atom. It has been
reported that the decrease in binding energy of Co 2p is due to
the electron transfer between the hybrid structure, which
enhances the catalytic properties.” Therefore, the increased
Ni** doping may have the potential ability to change the ionic
charge and lead to the fast energy transfer with a reduced
binding energy. Furthermore, Ni** doping promotes the
electronic conductivity of active materials, which was confirmed
by electrochemical impedance spectroscopy (EIS) fitted by an
equivalent circuit (Figure S-2, SI). The equivalent circuit
consists of a constant-phase element (CPE), a charge-transfer
resistance (R,), a pseudocapacitive element (CP) in parallel,
and an internal resistance (R;). The ZNCO-2 and ZNCO-3
electrodes possessed smaller resistance, indicating a high
charge-transfer rate between the electrolyte and the active
material. This result agrees with CV and linear-sweep results.
Thus, Ni*" doping facilitates the sample to have a better
utilization of electrons during the electrochemical process. The
introduction of Ni** to the Co;0, spinel lattice at octahedral
sites was reported to increase the conductivity of samples up to
5 orders of magnitude.””** Therefore, Ni doping of samples
contributed to a high efficiency of the electrochemical reaction.

To explore the origin of the improved physicochemical
properties of Co;O4 upon doping, a detailed discussion on how
the metal cations and the active centers contribute to the
improved performance of the codoped samples follows. (1)
The incorporation of foreign Zn** into the Co,0, lattice leads
to a change in the chemical environment of Co ions. Zn*" ions
occupying tetrahedral sites increase the distance of the Co—O
bonds, which enables the adsorption of the anions (OH™) onto
the Co cations and thus facilitates the transformation of Co®*/
Co™ as follows: COOOH + OH™ — CoO, + H,0 + ¢~.'**'

The creation of Co*" species as active centers contributed to
the advanced OER activity. (2) The incorporation of Ni** into
the structure produces more polarons in the material.”> Ni
doping also contributes to the high active surface area by
creating new active sites with lower activation energy.” As the
Ni doping level increased, a small negative shift of the anodic
peak of ZNCO samples was observed, which could result from
the Ni**/Ni*" oxidation.”* Therefore, the synergetic effect of
Zn**-doping-induced Co**/Co*" oxidation and Ni**-doping-
induced Ni’*/Ni*" oxidation together enhanced the perform-
ance of the codoped ZNCO electrodes.

3. CONCLUSION

In summary, doped Co0;0, nanostructures showed unique
structural morphology evolution by controlling the doping
elements and the doping ratio of the cations. A novel rhombus-
shaped Co;0, nanosheet ZNCO-2 was successfully obtained
under the doping ratio of 1:2 (Zn:Ni), and ZNCO-2 electrode
exhibited the optimal electrocatalytic performance, with a
higher anodic current for oxygen evolution than the active
materials with other doping levels. The unique architecture and
its corresponding modified physical properties, such as high
active-site density created by codoping, large structural
porosity, and high roughness, are together responsible to its
superior electrocatalytic performance. Given the low cost and
easy fabrication in a large area, the ZNCO-2 with rhombus-
shaped nanostructures obtained by effective codoping holds a
large potential as a highly promising electrocatalyst in the
future. Inspired by the conclusions above, the research can also
be extended to other cation-codoped (Cu?*, Mn**, Li*) Co,0,
nanostructures for catalyzing the oxygen evolution efficiently.

4. MATERIALS AND METHODS

Synthesis of Doped Co;0, Nanostructures on ITO Substrate.
All chemical were analytical grade, purchased from Aladdin Co., and
used without further purification. In a typical synthesis, 0.1 M
Zn(NO;), or 0.1 M Ni(NO,), was added into S0 mL of 04 M
Co(NOs;), aqueous solution with NH,F and CO(NH,), as addictives
at room temperature, respectively. The as-formed homogeneous
solution was then transferred into a Teflon-lined stainless steel
autoclave containing cleaned ITO substrate. The sealed autoclave was
maintained at 100 °C for 8 h and allowed to cool to room temperature
naturally. The substrate was washed several times with distilled water
and then dried at room temperature. The as-grown nanostructures
were annealed at 250 °C for 2 h before use and characterization. To
address the effects of the Ni** dopant, the concentration variation of
Ni(NO;), in the precursor was studied under some fixed reaction
conditions, such as Zn(NO;), concentration (0.1 M), reaction
temperature, and time. In detail, the Ni(NO,), concentration was
increased to 0.2 and 0.3 M from 0.1 M. For the codoped samples with
Zn(NOs;), and Ni(NOj;),, a concentration ratio of 1:1, 1:2, or 1:3 was
denoted as ZNCO-1, ZNCO-2, or ZNCO-3, respectively. For
codoped samples, the growth process follows the same procedure,
but there is just codeposition of Zn(NOj;), and Ni(NO;), precursors
at different ratios.

Characterization. XRD was performed on a Shimadzu XRD-6000
diffractometer with Cu Ka radiation (1 = 0.154 06 nm). The surface
morphology of as-synthesized samples was monitored using a SEM
system. The structure and composition of the products were
characterized using a TEM system equipped with an EDS instrument.
The BET surface of the catalysts was measured by N, absorption using
the single-point method.

Electrochemical Measurements. Doped Co;0, nanostructures
grown on ITO substrate were directly used as anode for the
electrochemical characterization. Electrochemical experiments were
carried out in a three-electrode glass cell in 1 M KOH solution using a

DOI: 10.1021/acsami.5b05149
ACS Appl. Mater. Interfaces 2015, 7, 21745—21750


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05149/suppl_file/am5b05149_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05149/suppl_file/am5b05149_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05149/suppl_file/am5b05149_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b05149

ACS Applied Materials & Interfaces

Research Article

carbon counter electrode and an Hg/HgO reference electrode with
CHI-660D to collect data. Steady-state OER polarization curves were
obtained at a scan rate of 0.5 mV s™'. For cyclic voltammograms,
working electrodes were cycled 10 times before data were collected
between 1.0 and 1.5 V at different scan rates.
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typical XPS spectra of different samples (Figure S-1); a
comparison of EIS measurements of ZNCO-1, ZNCO-2,
and ZNCO-3 (Figure S-2); and physical and chemical
properties for doped samples (Table S-1) (PDF)
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