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Edge overgrowth of spiral bimetallic hydroxides
ultrathin-nanosheets for water oxidationt

Bing Ni and Xun Wang*

The structure of edges may dramatically influence the properties of nanomaterials, so the rational design or
control over the structures of the edges is required. Here we synthesized spiral ultrathin-nanosheets with
overgrown edges (SUNOE) of NiFe, CoNi and CoFe bimetallic hydroxides by governing the growth rates of
different directions in screw dislocation driven growth (SDDG) in nonaqueous solvents. The driving force for
the SDDG is supersaturation, which could be controlled by the concentration of the different precursors,

thus achieving non-uniform structures of the edges and inner sheets. NiFe, CoNi and CoFe bimetallic
Received 7th March 2015 hvdroxid L d struct . hich d t th f _stacki
Accepted 2nd April 2015 ydroxides possess layered structures, in which overgrown edges may prevent them from re-stacking.

The as prepared SUNOE all show good performance for the oxygen evolution reaction (OER) in the

DOI: 10.1038/¢55c00836k electrolysis of water, and the lowest onset potential was 1.45 V (vs. RHE) (the lowest potential when the
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Introduction

Usually the edges of nanomaterials show unique properties
different to the faces. For example, one of the central problems
in the field of graphene-related research is how it behaves with
different edge structures.' In transition-metal dichalcogenides
(TMDs) the properties of atoms on the edges are different to
atoms on the basal planes.*” While increasing the content of
atoms at the edges of noble metal nanoparticles can greatly
enhance the catalytic properties.® To some extent, well-designed
edges can give a promising future for the applications of
nanomaterials. Spiral TMDs have been achieved in recent
studies,”*® however, their edge structures are less studied. Spiral
structures are usually achieved via screw dislocation driven
growth (SDDG). The driving force for SDDG is supersaturation,
which can be controlled by the concentration of different
precursors, thus achieving non-uniform structures of edges and
inner sheets.

In most cases, the edges of nanostructures are just the
natural ends of the faces of the particles. Etching is a prob-
able method to tune the environment around edges,"*™** this
can be seen as a “top-down” method. However, it is always
important to figure out diverse solutions for certain goals and
identify many more possibilities. Herein we present a
“bottom-up” solution to design the edges of nanosheets, by
the SDDG of crystals. SDDG is a classic example to illustrate
crystal growth in low supersaturation.'** The crystal grows
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current density reached 10 mA cm™2 was 1.51 V (vs. RHE)).

from a screw dislocation and enlarges with two competitive
rates, one is an in-plane rate, r;, and the other is a vertical
rate, r,.'*** We controlled these two rates by the concentra-
tions of the precursors in a non-aqueous solvent, and thus
achieved the overgrowth of edges in ultrathin-nanosheets.
The final morphologies are spiral ultrathin nanosheets with
overgrown edges (SUNOE) (Fig. 1 and 2). The discernible
spokewise edges indicate a SDDG mechanism. Edge over-
growth has shown strength in the synthesis of nanoparticles
enclosed by high index facets.?>*! Such a strategy requires a
judicious control over the precursors and surface chemistry.
Herein the edge overgrowth driven by the change in the
concentrations during the SDDG provides another easily
accessible and highly controllable method to fabricate novel
structures. As a proof of concept, the report here illustrates
the feasibility to prepare edge overgrowth in two dimensional
materials.

The alpha phase of the metal hydroxide species can possess
layered structures similar to layered double hydroxides.*>* We
chose them as the studied materials, not only because the
rules studied here may extend to other cutting-edge research
in layered structures, such as graphene and TMDs, but also
because of the inherent difference between the a-b direction
and the ¢ direction, which meant that we could utilize the
different growth rates in the a-b plane and vertical to the a-b
plane. Meanwhile, earth abundant hydroxides, like NiFe
layered double hydroxides, are effective catalysts for the
OER.”** Water splitting is a hot topic for energy conversion
and conservation.”® For the electrolysis of water, the anodic
overpotential is the main obstacle.”” Therefore, investigating
catalysts with a low overpotential for the OER is both mean-
ingful and valuable.

This journal is © The Royal Society of Chemistry 2015
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Fig.1 TEM images of CoNi (a), CoFe (b) and NiFe (c and d) SUNOE, the
color of the edges is darker than that of the inner sheets; (e) STEM
image of NiFe showing ultrathin spiral sheets structures, the ultrathin
sheets could be folded. Scale bar: (a) 200 nm; (b) 500 nm; (c) 100 nm;
(d) 20 nm; (e) 50 nm.

Results and discussion

In a typical synthesis, two metal salts were required, one was a
sulfate and the other was a chloride, the ratio was optimized for
the different products. For all the salts containing water in their
lattice, we avoided adding extra water into the system. After the
salts were weighed and transferred into an autoclave, ethanol
and either oleylamine or octaylamine were injected. After
sonication and the addition of hexane, the autoclave was sealed
and put into an oven which was set at specific temperature and
time (details in ESIf). X-ray diffraction (XRD) data, X-ray
photoelectron spectroscopy (XPS) and Fourier transform
infrared spectroscopy (FT-IR spectroscopy) data suggest alpha
phase structures of NiFe, CoNi and CoFe hydroxides with SO,>~
intercalation (Fig. S1-S37).

As we can see in the transmission electron microscopy (TEM)
images, the final products were pure SUNOE (Fig. 1 and S47).
The details of the various SUNOE were studied at a higher
magnification (Fig. 1d and 2a-c) and with high angle annular
dark field scanning transmission electron microscopy
(HAADF-STEM) (Fig. 1le and 2d, f, g). The sheet diameters for
these three kinds of SUNOE were about 30-50 nm, and the dark
edges in the TEM image were about 1 nm. For the NiFe SUNOE,
there are two kinds of sheets with overgrown edges, one is a
single layer sheet and the other is a spiral sheet. Single layer
sheets may be formed due to the lack of a screw dislocation or a
re-linking of the staggered edges of the spiral sheets. The edges
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of the CoFe SUNOE are more likely to be in concentric circles,
like growth rings in a tree. From the STEM (Fig. 2d, f and g) and
the high resolution scanning electron microscopy (HRSEM)
images (Fig. 2e), we can clearly see a spiral structure and that
some of the sheets are broken or folded because of the ultrathin
inherence. By taking account of all the aforementioned data, we
can be assured that the products are layered spiral nanosheets
with overgrown edges, and that the SUNOE grew in a screw
dislocation driven way.

From the TEM and STEM images, we can easily see that the
contrasts of the edges and the inner sheets are different. Could
there then be a difference in their chemical components? By
using the energy dispersive spectroscopy line scan, we further
investigated the differences between the edges and the inner
sheets. For each kind of product, more than 10 single SUNOE
were tested to get solid results, and all of them were highly
consistent (Fig. 2g and S57). For all such SUNOE, the ratio of the
metal to S (SO,>~ by FT-IR) varies from the inner sheets to the
edges, showing a much higher value for the edges. The amount
of S decreases at the edges, while the amount of metal shows a
sudden increase at the edges. The peaks are broadened due to
the drift of samples during the tests. The results are the same in
all three products, suggesting that the edges are suddenly
enriched as hydroxides while the inner sheets keep growing as
SDDG, showing an inherent growth mechanism of such
SUNOE. The driving force for this transition may be the
concentration of SO,>". Fig. S67 shows the products under
different amounts of SO,>~, the SUNOE could only be obtained
under an optimized concentration.

The growth of the SUNOE followed the mechanism shown in
Fig. 3. The hydroxides are formed via the dehydration of the
dissolved precursors. In these nonaqueous conditions, the
solvent molecules will not interfere with the dehydration
process of the precursors, thus the reaction can happen in
relatively mild conditions compared with those in an aqueous
solvent. Previous research has shown that ultrathin hydroxides
can be obtained by the exfoliation of bulk hydroxides with the
help of the intercalation of various anions.”®** In this “bottom-
up” case, SO, could inhibit the stack of layers in a crystallo-
graphic way. In other words, the growth rate vertical to plane is
dramatically hindered, thus the sheets are limited in the vertical
direction and form an ultrathin structure. Meanwhile hetero-
atoms can help to form the screw dislocations.' Hetero metal
ions are also important for forming screw dislocations, altering
the metal ratio would therefore help to form uniform products
(Fig. S771). The screw dislocation can break the flat structure,
and make the sheets stagger like spiral stairs. In most cases of
material synthesis through SDDG, the concentration of the
precursors should be kept the same to ensure that the growth
simply follows SDDG during the whole reaction,'*** thus
forming uniform and large enough particles. However, the
edges will grow ordinarily with such a method. The growth can
be governed by the competitive r; and r, rates, and these two
rates will determine the final morphology. Herein, SO4>~
inhibits both rates but more strongly affects r,. A larger r, will
lead to more layers in the final products, while a lower ratio of ,,
to r; will lead to a morphology of concentric circles, like in the

Chem. Sci,, 2015, 6, 3572-3576 | 3573
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Fig. 2 TEM images of the SUNOE. The NiFe (a), CoFe (b) and CoNi
(c) SUNOE products with high purities; STEM image of NiFe (g), CoFe
(f) and CoNi (d) SUNOE and a HRSEM image of the CoFe (e) SUNOE
clearly showing the spiral structures with overgrown edges; energy
dispersive spectroscopy line scan of NiFe SUNOE (g) suggesting
composition difference in edges and inner sheets, in which the red
arrow shows the scan direction; the green line is used for Ni-K, the
olive line for Ni—L, the red line for Fe—K, the pink line for Fe—L and the
black line for S; the two peaks indicate a higher metal content in the
edges. Scale bar: (a, b and d) 50 nm; (c) 200 nm; (e and f) 20 nm.

CoFe SUNOE case. After the amount of the SO,>~ in the reaction
medium decreases to a critical level, r, is released and can cause
overgrowth at the growth sites, resulting in the overgrowth of
the edges. While, at this time, the precursors will have already
been primarily used, the sudden reaction here will lead to fast
consumption of all precursors and terminate the enlargement.
The roles of the other parameters were also investigated
(Fig. S8-S107), the solvent composition is as important as the
SO,>~ concentration, since the solvent composition will
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influence the supersaturation of the system, which is the
driving force of the SDDG. The requirements of such a method
are simple and only need hetero ions to form screw dislocations
and dissipative compounds to control the two growth rates,
thus the method could be further extended to other systems
with the consideration of the practical parameters.

The as prepared SUNOE mixed with carbon (Vulcan XC72) all
show good performances for the OER. Linear sweep voltammetry
(LSV) was applied to test the onset potential (Fig. 4a, all data are
without iR compensation). For the pure SUNOE, the perfor-
mances were ordinary with the onset potentials ranging from
1.55 V to 1.61 V. However, when carbon was added to increase
the conductivity of the SUNOE, the onset potential showed a
huge drop of between 50 mV to 120 mV. The best material here is
the CoFe SUNOE with carbon, which showed an onset potential

Onset Potential (Vvs

potential (Vvs RHE)atj=10
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CoFe/C 1.45 1.53 61.0

CoNi/C 1.56 1.59 385
’ NiFe 1.55 178 114

Tafel slope
(mV/dec)

8

J! (mA/em®)

3

CoFe 1.57 161 44.9
CoNi 1.61 1.68 56.8

20 mA/em’

E/V (vs RHE)
E/V (vs SCE)

10 ma/em®

A4 12 10 08 06 -04 02 00 02 04 08 08 1 2 “©
log (//(mA/cm) )

Fig. 4 The OER properties of the as prepared SUNOE. The red line is
used for NiFe, the blue line for CoFe and the green line for CoNi, the
black line is for pure carbon (Vulcan XC72). The left of (a) is a LSV plot
for each sample, solid lines are products mixed with carbon, dashed
lines are used for samples without carbon. Tafel plots are shown in (b),
solid line are used for products with carbon, dashed and dotted lines
for samples without carbon, black dashed lines are the fitting results.
Chronopotential tests at 10 mA cm™2 (c, lower) and 20 mA cm™2
(c, upper) show a decrease of potential.

Fig.3 Proposed growth mechanism of the SUNOE. At the beginning of the reaction, SO,42~ and a hetero-cation induce the formation of a screw
dislocation, the SO42~ inhibits r, dramatically, and thus the sheets mainly enlarge in-plane, resulting in ultrathin sheets. When the concentration
of SO4%~ decreases to a critical level, r, is released and causes the growth vertical to the plane.
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of 1.45 V, better than the reported amorphous cobalt iron
oxides.** The electrochemical surface area and the conductivity
are two main factors which can increase the performances of
catalysts.” The diameters of the as prepared SUNOE are about
30-50 nm, it is reasonable to consider that electrons are difficult
to conduct between the different SUNOE, while the introduction
of carbon can enhance the conductivity as well as the activity of
the SUNOE (Fig. S12}). Meanwhile pure carbon did not show
activity for the OER. The potential at j = 10 mA cm™ 2 is another
important indicator for the real use of solar energy and water
splitting.*> Here the SUNOE mixed with carbon showed a
potential down to 1.51 V, owed to the NiFe SUNOE, comparable
with the recently published efficient performances.**?* The
smallest Tafel slope here is 38.5 mV dec™", corresponding to the
CoNi SUNOE. Chronopotential tests, with the current density set
at 10 and 20 mA cm 2, were applied to evaluate the stabilities of
the as prepared materials (Fig. 4c). The potential did not
increase, but, the opposite, decreased, especially for CoNi
SUNOE. The effect of the anode treatment has been well studied
by some groups,***” and they have suggested that, after anode
treatment, there would be more Co" species (Fig. S13 and S141),
and that Co™-0 is beneficial for the OER. We also examined the
super capacitor performance of the SUNOE (Fig. S157), obvious
bubbles were produced at the surface of the electrode while the
potentials were still low. By calculating the charge stored before
bubbling, we found that less than 25% of cations were oxidized.
The B-Co(OH), ultrathin-nanosheets showed a much higher
specific capacitance than the layered Co(OH), for super capacitor
applications®® and surface segregation can stabilize Ru-Ir oxides
with a high OER activity.*® This suggested to us that the over-
grown edges may increase and stabilize the OER activities of the
SUNOE by preventing the restacking of the ultrathin-nanosheets.

Conclusions

In conclusion, by governing the rates in the plane and vertical to
plane of SDDG through the natural consumption of the
precursors, the edges of the nanosheets were successfully
designed to overgrow. Thus sophisticated spiral sheet struc-
tures with overgrown edges were generated, and the products
showed good OER performances. It is always important to
carefully design the microstructure to achieve a certain target,
the growth mechanism here may be extended to synthesize
other materials. Folded single layer graphene shows special
band gap,* thus we can foresee this kind of structure in gra-
phene or for TMDs to adopt new band gaps and new properties.
The basic rules of nanocrystal formation are still in their
infancy, and different rules may lead to different morphologies
or structures. The use of these basic rules may open new routes
for material design.
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