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Pearson’s principle-inspired strategy for the synthesis
of amorphous transition metal hydroxide hollow
nanocubes for electrocatalytic oxygen evolutionf

Linlin Yang, Bin Zhang,* Wenjie Ma, Yunchen Du, "2 Xijiang Han and Ping Xu 2 *

Hollow nanostructures with higher surface area offer great advantages for electrocatalytic water
splitting. Here, we demonstrate the fabrication of amorphous hollow M(OH), (M = Fe, Co, Ni) nanocubes
through a template-assisted route inspired by Pearson’'s hard and soft acid—base (HSAB) principle with
Cu,0O nanocubes with different sizes (50 nm, 500 nm) as the sacrificial templates. A comparative study of
the electrocatalytic oxygen evolution reaction (OER) of the hollow M(OH), nanocubes with a similar size
indicates that Ni(OH), has better OER catalytic activity. It has been revealed that the metal oxyhydroxides
formed at the surface are actually the real active species for the OER electrocatalysis. In particular, Ni(OH),
nanocubes obtained by the Cu,O (50 nm) template provide the best OER activity, with a low overpotential
of 349 mV vs. RHE to achieve a current density of 10 mA cm™2 and a low Tafel slope of 63 mV dec™ . The
hollow metal hydroxide nanostructures through the Pearson’s principle-inspired strategy can be highly
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Introduction

The increasing environmental crisis and global energy demand
have accelerated the search for clean and renewable energy
carrier alternatives to fossil fuels. The electrolysis of water has
been considered as a promising method for the production of
hydrogen and oxygen."” However, with sluggish kinetics due to the
multistep proton-coupled electron transfer, the oxygen evolution
reaction (OER) is always more challenging and thermodynamically
and kinetically demanding.®® Currently, the most active OER
catalysts remain the noble metal oxides (RuO, and IrO,), but
the high cost and scarcity of such catalysts have impeded their
scale-up applications in energy conversion systems.”" Therefore,
cost-effective and earth-abundant catalysts as possible alterna-
tives to Ru/Ir-based compounds for OER are highly desired.
Recent advances indicate that transition metal sulfides,"> phos-
phides,"*** oxides,"'>® oxyhydroxides,"”'® and hydroxides'® >
are efficient in OER catalysis.

Among these catalysts, 3d metal hydroxides exhibit good
OER performances because of their miscellaneous chemical
compositions.?*”>* In particular, Fe/Co/Ni-based hydroxides are
promising OER electrocatalysts owing to their environmental
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efficient electrocatalysts for OER applications.

friendliness, earth-abundance, and excellent catalytic activity.>®
A great deal of effort has been devoted to the design and
synthesis of cost-effective hydroxides (Fe/Co/Ni-based) through
adjusting the morphology and exposed facets.>” Hollow materials
have received tremendous interest due to their structural feature
that more catalytically active sites may be exposed to accomplish
excellent performance.”®*° It has been demonstrated that hollow
cubes, when compared with hollow spheres, have an anisotropic
shape with more sides and facets and thus better photocatalytic
properties.””*!

Template-assisted synthesis plays an important role in the
fabrication of hollow catalysts.*>** Among these, a route
inspired by Pearson’s hard and soft acid-base (HSAB) principle
has received more and more attention in preparing metal
hydroxides and metal oxides with controllable size, morphology
and properties, because the morphology and size are important
for the catalytic activity.**™*° Inspired by the Pearson’s HSAB
principle, Guo et al. synthesized uniform amorphous Ni(OH),
nanoboxes with undamaged shell structures and various sizes
by selecting S,03>  as the coordinating etchant toward Cu,O
templates, and the as-prepared Ni(OH), nanoboxes demonstrated
an improved electrochemical sensing ability for glucose.*'
Recently, hollow Co(OH), cubes were prepared via a template-
assisted route with Cu,O as the sacrificial template for further
conversion into hollow CdS/CosSg cubes for photocatalytic
water splitting.*> These studies offer a new route to prepare
amorphous transition metal hydroxides with enhanced ionic
conductivity as well as robust electrochemical and mechanical
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Fig. 1 Schematic illustration of the morphology evolution of M(OH), (M = Fe,
Co, Ni) hollow nanocubes prepared through the Pearson’s principle-inspired
strategy and using Cu,O nanocubes as the sacrificial templates.

stability,*® which may be more feasible for electrocatalytic

applications.®®

In this work, we demonstrate the synthesis of M(OH), (M = Fe,
Co, Ni) hollow nanocubes using a template-assisted process with
Cu,0 nanocubes as the sacrificial templates (Fig. 1). With Cu,O
nanocubes of different sizes, hollow M(OH), cubic structures are
obtained and their electrocatalytic activity towards the OER is
systematically compared. It is found that hollow Ni(OH), nano-
cubes prepared from 50 nm Cu,O display preferable OER activity,
with a low overpotential of 349 mV vs. RHE to achieve a current
density of 10 mA cm™> This work provides a new avenue for
the synthesis of hollow transition metal hydroxides for energy
conversion applications.

Experimental
Preparation of Cu,O nanocubes (50 nm)

Cu,O nanocubes with an average size of 50 nm were synthesized
using a modified reductive solution chemistry route.** In a typical
procedure, 0.5 g of poly(ethylene glycol) (PEG, My: 2000) was first
dissolved in 10 mL of Cu(Ac), aqueous solution (0.1 mM) under
magnetic stirring. Once PEG was completely dissolved, 50 pL of
NaOH solution (6.0 M) was added dropwise. Upon addition, the
solution immediately changed to blue color, indicating the for-
mation of Cu(OH), precursors. After 10 min, 0.2 mL of ascorbic
acid (AA) solution (1 M) was added dropwise to the solution, where
the solution slowly turned into orange color. The products were
collected by centrifugation after a reaction time of 30 min by
repeatedly rinsing with deionized water and ethanol in order to
minimize the surface adsorbed PEG molecules.

Preparation of Cu,O nanocubes (500 nm)

500 nm Cu,O nanocubes were prepared following a reported
procedure with slight modifications.*>*® In a typical procedure,
0.087 g of sodium dodecyl sulfate (SDS) surfactant was first

1524 | Mater. Chem. Front., 2018, 2, 15231528

View Article Online

Materials Chemistry Frontiers

dissolved in 9.6 mL of 0.1 mM CucCl, solution. Then, 0.25 mL of
1 M NaOH solution was added and kept stirring for 10 min.
Blue Cu(OH), colloidal particles were formed. Next, 0.15 mL of
0.2 M NH,OH-HCI solution was added and the vial was stirred
for 20 min. The solution gradually turned from light blue to
orange, indicating the formation of Cu,O. After ageing for 2 h,
Cu,0 nanocrystals were collected by centrifugation and repeatedly
rinsed with deionized water and ethanol.

Preparation of hollow M(OH), (M = Fe, Co, Ni) nanocubes

Hollow transition metal hydroxides, M(OH), (M = Fe, Co, Ni),
were synthesized using a template-assisted process.*" In a typical
procedure, the as-prepared Cu,O nanocubes (5 mg) and MCl,-yH,O
(1.7 mg) were ultrasonically dissolved in 10 mL of ethanol/water
mixture solvent (volume ratio = 1:1) with the existence of PVP
(0.33 g, M,, = 40000). Then, 4.0 mL of Na,S,0; aqueous solution
(1 M) was added dropwise to the above solution. After continuous
stirring for 10 min, M(OH), was collected by centrifuging and
rinsing with deionized water and ethanol. Zn(OH), and Mn(OH),
hollow nanocubes were also prepared using the same procedure.
Notably, hollow Fe(OH); nanocubes were synthesized with
FeCl,-4H,0 (2.1 mg) and 1 mL of Na,S,03; aqueous solution
via a similar process using only deionized water as a solvent.

Characterization

Powder X-ray diffraction (XRD) patterns were recorded on a
Rigaku D/max 2500 X-ray diffractometer using Cu Ko radiation
(/. = 1.5406 A). X-ray photoelectron spectra (XPS) were obtained
on a PHI 5700 ESCA System spectrometer using an Al Ko
excitation source. Raman spectra were collected on a Renishaw
inVia confocal micro-Raman spectroscopy system using a TE
air-cooled 576 x 400 CCD array with a 532 nm excitation laser.
Transmission electron microscopy (TEM, Tecnai G2 F20) and
scanning electron microscopy (SEM, FEI Quanta 200F) were
applied to observe the particle size and morphology.

Electrochemical measurements

All electrochemical measurements were performed on a CHI-660D
electrochemical workstation in 1 M KOH solution employing a
three-electrode configuration on a rotating disk electrode (RDE)
operating at 800 rpm. A graphite rod was used as the counter
electrode, an Hg/HgO (in 1 M KOH solution) electrode as the
reference electrode, and a glassy carbon electrode (GCE, 5 mm in
diameter) as the working electrode. In order to prepare catalyst ink,
the hollow nanocubes (2 mg) were dispersed in an ethanol/water
mixture solvent (0.4 mL) with 2.5 pL of Nafion and sonicated for
about 20 min to obtain a uniform dispersion. Then, 7.5 pL
of the ink was drop-cast on the GCE, with a catalyst loading of
0.19 + 0.01 mg cm > Linear sweep voltammetry (LSV) was
carried out with a scan rate of 5 mV s™'. Cyclic voltammetry
(CV) was carried out at various scan rates in order to obtain the
double layer capacitance (Cg4j). Electrochemical impedance
spectroscopy (EIS) was measured in the frequency ranging from
10° to 0.1 Hz. To better compare the true catalytic activity of the
different catalysts, the series resistance determined from EIS
experiments was used to correct the polarization measurements
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and subsequent Tafel analysis for the iR losses. All potentials
were referenced to the reversible hydrogen electrode (RHE).

Results and discussion

The successful preparation of Cu,O nanocubes (50 nm) and
Cu,0 nanocubes (500 nm) can be reflected by the TEM and
XRD studies (Fig. S1 and S2 in the ESIf). The reaction between
Cu,0 and M** (M = Fe, Co, Ni) involves a Pearson’s hard and
soft acid-base principle, namely hard Lewis acids form stable
complexes with hard bases, whereas soft acids prefer soft bases.””
Hence, choosing a soft base ligand (S,0;>, CN~, SCN ™, etc.) as the
coordinating etchant should be more suitable than a hard base
(CI~, NH;, etc.) due to the soft acid feature of Cu" within the Cu,0
templates. In this work, we employ S,0,>" as the coordinating
etchant and the processes can be described as shown in Fig. 1. The
general chemical processes could be elaborated as follows:

Cu,0 + 5,05 + Hy0 — [Cuy(S,05),]> > + 20H™ (1)
S,05>” + H,0 — HS,0;~ + OH™ (2)
M*" + 20H™ — M(OH), (3)

In the above processes, S,0;>  introduced in the reaction
system plays miscellaneous roles for the synthesis of M(OH),
(M = Fe, Co, Ni) hollow nanocubes. On one hand, coordinating
etching of Cu,O (eqn (1)) occurs, and a soluble [Cu,(S,03),]>>*
complex forms subsequently, since the soft-soft interaction
of Cu'-S5,0,>" is stronger than the soft-hard interaction of
Cu'-0?>" within Cu,O. On the other hand, the OH™ released
from the etching of Cu,O (eqn (1)) and the hydrolysis of $,0;>~
(eqn (2)) can facilitate the formation of M(OH), (eqn (3)),
adhering to the surface of unreacted Cu,O nanocubes. As the
reaction proceeds, M(OH), starts forming synchronously and
the shell structure prefers to form when the ion concentration
reaches sedimentary conditions. Therefore, Na,S,0; first etches
the outside surface of Cu,O rather than the interior part of the
Cu,0 in this synthesis process,*>*”*® which can be proved by a
time-dependent TEM study of the intermediates (Fig. S3 in the
ESIt). When the shell is formed, further reaction will lead to a
topographic transformation from solid to hollow nanocubes,
which can be proven by SEM (Fig. S4 in the ESI{) and TEM
studies (Fig. 2). It should be noted that the morphology of the
hollow hydroxide nanocubes is dependent on the nature of the
metal ions. The iron hydroxide nanocubes are composed of solid
nanoframes with a hollow interior part (Fig. 2a and d). The shell
of the hollow cobalt hydroxide nanocubes appears to be
assembled by numerous loose nanosheets (Fig. 2b and e). While,
the frame of the hollow nickel hydroxide nanocubes is decorated
with small nanoparticles (Fig. 2c and f). A selected area electron
diffraction (SAED) study (insets in Fig. 2) implies that the
as-prepared M(OH), hollow nanocubes are all in an amorphous
structure.

In order to better understand the composition of the products,
X-ray photoelectron spectroscopy (XPS) was carried out (Fig. 3). The
strong peaks at 712.4 and 726.1 eV in the Fe 2p XPS spectrum
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Fig.2 TEM and SAED (inset) images of the as-prepared (a) Fe(OH)s
(500 nm), (b) Co(OH), (500 nm), (c) Ni(OH), (500 nm), (d) Fe(OH)s
(50 nm), (e) Co(OH), (50 nm), and (f) Ni(OH), (50 nm) hollow nanocubes.
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Fig. 3 XPS spectra of the as-prepared samples. (a) Fe 2p and (b) O 1s of
iron hydroxide (50 nm), (c) Co 2p and (d) O 1s of cobalt hydroxide (50 nm),
and (e) Ni 2p and (f) O 1s of nickel hydroxide (50 nm).

(Fig. 3a) correspond to Fe 2ps, and Fe 2p;,, respectively, whereas
the satellite peaks can also be observed around 717.9 and 734.0 eV,
indicating the formation of Fe(OH);.**" This reveals that the
produced Fe(OH), can be oxidized into Fe(OH); under our
experimental conditions.?” Actually, hollow Fe(OH); nanocubes
could also be obtained by using FeCl; (Fig. S5 in the ESIT). The
Co 2p XPS spectrum (Fig. 3c) exhibits two obvious peaks
centred at 780.7 and 796.8 eV associated with Co 2p;, and
Co 2py),, respectively, whereas the binding energies at 785.5
and 802.6 eV can be assigned to satellite peaks, suggesting
the presence of Co(OH),.”*>* The strong peaks at 855.4 and
872.8 eV in the Ni 2p XPS spectrum (Fig. 3e) correspond to
Ni 2ps/, and Ni 2p,,, respectively, and the satellite peaks can be
observed around 860.6 and 879.0 eV, indicating the production
of Ni(OH),. The single peak (Fig. 3b, d and f) at ~530.8 eV in
the O 1s XPS spectra corresponds to OH ™, confirming the
formation of Fe(OH);, Co(OH), and Ni(OH),.”>>® The XPS data
of the 500 nm hydroxides are similar to those of their 50 nm
counterparts (Fig. S6 in the ESIT). A Raman study (Fig. S7 in the
ESIt) of the as-prepared samples also indicates the formation
of Fe(OH); (243, 384, 553 and 692 cm™ '), Co(OH), (462 and
523 cm ') and Ni(OH), (534 cm ').>”°® However, an X-ray
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powder diffraction (XRD) study implies that the as-prepared M(OH),
hollow nanocubes are amorphous (Fig. S8 in the ESI), agreeing well
with the HR-TEM and SAED results (Fig. S9 in the ESIt). Full range
XPS survey spectra reveal that pure M(OH), materials are formed
without any impurities under the present process with Cu,O as the
sacrificial templates (Fig. S10 in the ESIT). Notably, hollow Mn(OH),
and Zn(OH), nanocubes could also be synthesized using this
template-assisted route (Fig. S11 and S12 in the ESIT), while they
are excluded in the following electrochemical performance inves-
tigations as they are generally not active for OER applications.
Transition metal hydroxides have been reported to be active
in OER catalysis. Here, the electrocatalytic OER activity of all
the M(OH), materials and commercial IrO, were compared in
1 M KOH using a rotating disk electrode (RDE) at a rate of
800 rpm. As shown in Fig. 4a, hollow Fe(OH); (500 nm),
Co(OH), (500 nm) and Ni(OH), (500 nm) nanocubes achieve a
current density of 10 mA cm™? at high overpotentials of 495,
447 and 428 mV vs. RHE, respectively. In contrast, with smaller
sizes, hollow Fe(OH); (50 nm), Co(OH), (50 nm) and Ni(OH),
(50 nm) nanocubes display higher activity for the OER process,
with lower overpotentials of 444, 375 and 349 mV vs. RHE at a
current density of 10 mA cm™?, respectively. This suggests that
the size of the catalysts has a huge impact on their OER
electrocatalytic activity. With a similar size, the electrocatalytic
activity of Ni(OH), is better than that of Co(OH), and Fe(OH)3,
which is consistent with previous reports.>*® A theoretical
study also shows that for the various coordinated transition
metal sites, the OER activity follows the order of Ni > Co > Fe
when comparing the Gibbs free energy for the evolution of
oxygen.®” We have compared the OER activity of Ni(OH),
(50 nm) hollow nanocubes with recently reported transition
metal-based OER electrocatalysts, and it can be seen that the
hollow Ni(OH), (50 nm) has competitive activity in terms of
overpotential and Tafel slope (Table $1 in the ESIt).*** From
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Fig. 4 Electrochemical properties of various hollow metal hydroxide
nanocubes toward the OER in 1 M KOH solution. (a) J-V curves after iR
correction in comparison to an IrO, commercial catalyst, (b) Tafel plots,
(c) plots showing the extraction of the Cq values, and (d) Nyquist plots
(inset shows the equivalent circuit).

1526 | Mater. Chem. Front., 2018, 2, 1523-1528

View Article Online

Materials Chemistry Frontiers

the extrapolation of the linear region of overpotential () vs. logj
(Fig. 4b), Tafel slopes of 95, 63, 59, 104, 93, and 63 mV dec ™"
(after iR correction) can be obtained for Fe(OH); (500 nm),
Co(OH), (500 nm), Ni(OH), (500 nm), Fe(OH); (50 nm),
Co(OH), (50 nm) and Ni(OH), (50 nm), respectively. A low Tafel
slope value of 63 mV dec™ " for Ni(OH), (50 nm) suggests greatly
efficient kinetics of O, evolution. Double-layer capacitance (Cqj)
is deduced from the cyclic voltammetry (CV) curves to evaluate
the electrochemically active surface area (ECSA) during the OER
catalysis (Fig. S13 in the ESIt). Capacitive current was plotted as
a function of scan rate to extract the Cq; values (Fig. 4c) to be
0.07, 0.90, 0.09, 0.11, 2.49, and 0.14 mF cm 2 for Fe(OH);
(500 nm), Co(OH), (500 nm), Ni(OH), (500 nm), Fe(OH)s
(50 nm), Co(OH), (50 nm) and Ni(OH), (50 nm), respectively.
Though the hollow Co(OH), nanocubes assembled by numerous
nanosheets have higher ECSA, it does not necessarily guarantee
improved OER activity. Moreover, electrochemical impedance
spectroscopy (EIS) is carried out to provide further insight into
the electrode kinetics during the OER catalysis. The Nyquist
plots (Fig. 4d) were fitted using an equivalent circuit (inset in
Fig. 4c) to extract the charge transfer resistance (R.) of 373.1,
332.0, 236.2, 202.9, 127.6 and 56.4 Q for Fe(OH); (500 nm),
Co(OH), (500 nm), Ni(OH), (500 nm), Fe(OH); (50 nm), Co(OH),
(50 nm) and Ni(OH), (50 nm), respectively. Ni(OH), (50 nm) has
a relatively low R of 56.4 Q, implying a facilitated charge
transfer process during the OER process. The above results
indicate that for the same kind of hollow metal hydroxide, a
smaller size can lead to higher ECSA and lower R.;, which may
explain the better electrocatalytic OER activity obtained from the
hollow metal hydroxide with a smaller size. Electrochemical
stability is also important for the electrocatalysts in practical
applications. All of the catalysts only exhibit slightly apparent
degradation in terms of overpotential after 1000 CV cycles
(Fig. S14 in the ESIt), and the hollow nanocube structures of
these metal hydroxides can also be well maintained (Fig. S15 in
the ESIt). Potentiostatic current-time curves display unobvious
decay in the electrocatalytic current density for a time period of
12 h for all the samples (Fig. S16 in the ESIt). Therefore, the as-
prepared amorphous hollow metal hydroxide nanocubes can be
promising OER electrocatalysts with high durability.
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Fig. 5 XPS spectra of the as-prepared samples after the OER process. (a)
Fe 2p and (b) O 1s of iron hydroxide (50 nm), (c) Co 2p and (d) O 1s cobalt
hydroxide (50 nm), and (e) Ni 2p and (f) O 1s of nickel hydroxide (50 nm).
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To probe the active species for OER catalysis, XPS spectra of
all the samples after the OER measurements were collected
(Fig. 5 and Fig. S17 in the ESIt). In Fig. 5a, main peaks at
711.2 and 725.1 eV together with satellite peaks at 718.4 and
733.3 eV in the Fe 2p XPS spectrum can be assigned to
Fe*".*% The main peaks at 779.9 and 796.1 eV and satellite
peaks at 784.4 and 802.4 eV in the Co 2p XPS spectrum are
ascribed to Co** (Fig. 5¢),>>°® and the main peaks at 856.3 and
873.9 eV and satellite peaks at 862.5 and 880.7 eV are due to
Ni** (Fig. 5€).°”7% The peaks at 530.0, 531.1 and 532.6 €V in
the O 1s XPS spectra should be assigned to “O*>””” and “OH "
(Fig. 5b, d and f).°® The results above clearly suggest that
the surface of the metal hydroxides was transformed into
oxyhydroxide layers, which are the real active species for the
OER catalysis.

Conclusions

In conclusion, we demonstrate the Pearson’s principle-inspired
strategy for the fabrication of amorphous hollow M(OH),
(M = Fe, Co, Ni) nanocubes using Cu,O nanocubes with
different sizes (50 nm, 500 nm) as the sacrificial template.
Hollow M(OH), nanocubes have a similar size to the applied
Cu,O0 precursor, while the surface morphology is dependent on
the nature of the metal ions. A comparative study of the
electrocatalytic oxygen evolution reaction (OER) of the three
hollow M(OH), nanocubes with a similar size reveals that
Ni(OH), has better activity in terms of overpotential and Tafel
slope. Among all the samples, Ni(OH), nanocubes obtained by
the template-assisted route with Cu,O (50 nm) show the best
OER activity, with a low overpotential of 349 mV vs. RHE to
achieve a current density of 10 mA cm > and a low Tafel slope
of 63 mV dec™'. An XPS study after the OER process suggests
the formation of a metal oxyhydroxide surface layer as the real
active species for the OER catalysis. This template-assisted
synthesis of hollow nanostructures may provide a new platform
for fabricating highly efficient electrocatalysts for energy con-
version and storage applications.
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