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We report an electrochemical synthesis of two-dimensionally ordered porous Ni arrays based on polystyrene
sphere (PS) colloidal monolayer. The morphology can be controlled from bowl-like to hollow sphere-like
structure by changing deposition time under a constant current. Importantly, such ordered Ni arrays on a
conducting substrate can be transferred integrally to any other desired substrates, especially onto an insulting
substrate or curved surface. The magnetic measurements of the two-dimensional hollow sphere array show
the coercivity values of 104 Oe for the applied field parallel to the film, and 87 Oe for the applied field
perpendicular to the film, which is larger than those of bulk Ni and hollow Ni submicrometer-sized spheres.
The formation of hollow sphere arrays is attributed to preferential nucleation on the interstitial sites between
PS in the colloidal monolayer and substrate, and growth along PSs’ surface. The transferability of the arrays
originates from partial contact between the Ni hollow spheres and substrate. Such novel Ni ordered
nanostructured arrays with transferability and high magnetic properties should be useful in applications such
as data storage, catalysis, and magnetics.

1. Introduction substrate or curved surface. Such transferability can avoid
restriction of electro-deposition to conductive substrates, making
it very flexible to fabricate such ordered arrays on any desired
substrates including insulating or adiabatic substrate, which is
beneficial to study electronic transportation, magnetics, elec-
tromagnetics, and heat exchange for this film. In addition, this
2D ordered Ni hollow sphere arrays with transferability have

exhibited novel magnetic properties and applications. The details
are reported in this article.

Two-dimensionally (2D) ordered porous arrays based on the
colloidal monolayer have received considerable attention in
recent years'® due to their unique properties and potential
applications in catalysis,photonic crystald4 optoelectronic
devices!® surface-enhanced Raman spectroscopy (SERS),
enhanced optical transmissi&hand cell cultured.There are
many methods available for the production of the porous arrays
based on the colloidal monolayer, such as, spray pyrolysis,
sol-gel? solution-dipping} and electrochemical deposition 5 Eyperimental Section

techniqued:® The pores in the arrays can assume diverse o .
morphologies, such as bowl-liké, wall-like,l® and hollow The PS (1000 nm in diameter) suspensions were bought from

sphere1213 Obviously, it is very important to synthesize the Alfa Aesar Corporation. Glass substrates were cleaned according

ordered porous arrays with controlled morphology. As we know, t©© Dyune’s procedure®. The square centimeter sized ordered
Ni-based nanomaterials have important physical properties and”S colloidal monolayer was fabricated on the glass substrates
potential applications in the fields of catalydshigh-density ~ PY Spin-coating method on a custom-built spin-coater. Some
data storag&® electrode$! and sensor® Preparation of ITO-glass sub.str.ates were uItrasorjlcaIIy cleaned in acetone,
morphology-controlled ordered Ni porous array should be of ethanol, and distilled Watgr for 30 min each. The monolayer on
importance both in fundamental research, such as, their mor-the glass substrate was integrally lifted off and floated on the
phology-dependent electric and magnetic properties, and alsoSurface of distilled water in a cup, and then picked up with an
in applications. Electrochemical deposition is a facile and low- |10 glass, as illustrated previouslypllowed by heating at 110
cost method and can be used in industry. The formation of ‘C in an oven for 2 min. The edges of the monolayer on the
nanostructured array using electrochemical methods can easilyl T O-91ass were covered by an aluminum frame and insulating
be controlled through adjusting deposition parameters. In this (&P€, and immersed into an electrolyte solution as a working
paper, we report the synthesis of ordered porous Ni arrays using€/€ctrode. The electrolyte was prepared with 0.01M hl&id

an electrochemical deposition strategy based on polystyrene0-03M (NH:)>SQs, and its pH value was adjusted to 8 with
sphere (PS) colloidal monolayer. The morphology can be @mmonia. A polycrystalllr_le clean nickel sheet was used as the
controlled from a bowl-like to a hollow sphere-like structure auxiliary ele<_:t.rode. The distance between the working electrode
just by changing deposition time at a constant deposition current,2nd the auxiliary electrode was about 6 cm. The electrodepo-
Importantly, such ordered porous (including hollow sphere) Ni Sition was carried out at 68C for a certain timeAfter depo-
arrays on a conducting substrate can be transferred integrallySition. the monolayer was removed by dissolving inCH,

to any other desired substrates, especially onto an insulating2nd ordered arrays were thus obtained. Figure 1 schematically
demonstrates fabrication of the nanostructured arrays.

* To whom all correspondence should be addressed. E-mail: wpcai@ Th_e morph_ol(_)gies of th_e samples were _examined on a Sirion
issp.ac.cn. 200 field-emission scanning electronic microscope (FESEM).
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Figure 1. Schematic electrodeposition procedures based on PS colloidal Ni'(111)| Ni-(200) Ni-(220
monolayer. (a) Colloidal monolayer sintered on the ITO-glass substrate ) ) A ) ) ]
by heating. (b) Ordered bowl-like pore arrays or hollow sphere arrays 20 30 40 50 60 70 80I
after electrodeposition for a short time or a long time and removal of 20
the monolayer. The right: electrodeposition in a custom-built cell. Figure 3. XRD patterns for the as-deposited samples and ITO. (a)

ITO, (b) the sample shown in Figure 2. Bottom: standard diffraction
of Ni powders.

Figure 2. FESEM images of the as-deposited sample after removal
of the colloidal monolayer. The sample was electrodeposited for 90
min at cathodic deposition current density 0.25mAfc8tale bars are

1 um. (b) is a local magnification of (a).

Figure 4. FESEM images of the as-deposited samples at current density
. . . , 0.25mA/cn? after removal of the colloidal monolayer. The electro-
X-ray diffraction (XRD) was measured on the Philips X'Pert  geposition time was, respectively, (a) 45min and (b) 15min. Both scale
using Cu ku line (0.15419 nm). Room temperature (300K) bars are Jum.

hysteresis loop measurements of the samples were obtained by

superconducting quantum interference device (SQUID) mag- &1ays under the constant current. If the deposition time is
netometer. decreased to 45 min, morphology of the sample evolves from

a hollow sphere to a bowl-like structure (see Figure 4a). When
deposition time is further decreased to 15min, only nearly
spherical nanoparticles were obtained on the substrate (see
3.1. Hollow Sphere Arrays.By a spin-coating method, large-  Figure 4b).
area monolayer colloidal crystals { cn¥),with a hexagonally More interestingly, such ordered hollow sphere arrays and
close-packed arrangement, were fabricated on a glass substratbowl-like ordered porous arrays can be removed integrally from
successfully, and the whole monolayer film is composed of the ITO-glass substrate by immersion into water, which floats
many ordered domains with size ranging from several tens to on the water surface, and then transferred integrally to another
hundreds of square micrometers, as illustrated previddgty. new substrate by picking it up with a desired substrate, as shown
Such a colloidal monolayer was then transferred to the ITO- in Figure 5 The new substrate could be an insulating material
glass substrate and heated, followed by electro-deposition.with flat or even curved surface. Such transferability of the film
Figure 2 shows the morphology of the sample after deposition is of importance because we can avoid restriction of electro-
for 90 min at a low current density (0.25mA/énand removal deposition to conductive substrate, and make it very flexible to
of the PS template. The hollow sphere arrays are formed. Wefabricate such ordered pore or hollow sphere arrays on any
can estimate the thickness of the sphere shell to be about 60desired substrates with flat or even curved surface. In addition,
nm from these broken hollow spheres. Corresponding XRD based on such transferability, we can also examine the morphol-
measurement has confirmed that the as-prepared hollow spher@gy of the backside of the film (or the array) by turning over
arrays are nickel crystal with face-centered cubic lattice the floating film during picking it up. Figure 6 exhibits the
structure, as shown in Figure 3. It has been revealed that thebackside morphology of the hollow sphere arrays on a silicon
deposition time is important to formation of the hollow sphere substrate by such transferring. The dark contrast pore-like

3. Results and Discussion
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(b) lift-off in water, (c) pick-up of the array with a silicon substrate.

Figure 6. FESEM image of the backside of the film, shown in Figure
2, on silicon substrate. Scale bar ig2.

structure originates from the heating-induced planar contact of
PSs with substrate.

Further experiments demonstrate that the cathodic deposition
current density is crucial to the formation of such arrays and
their transferability. When the current density is increased to
1.0mA/cn?, the bowl-like ordered porous arrays can still be
formed after a short deposition time (12 min for instance) but
are un-transferable, while hollow sphere arrays cannot be
obtained after increasing deposition time (see Figure 7a). A
middle current density of 0.4mA/cinleads to a transition F . &
morphology and un-transferable film. Hollow spherical structure Figure 7. FESEM images of the samples electrodeposited for (a) 25min
is formed after a long deposition time (60 min), however, the at cathodic current density= 1.0 mA/cnt and (b) 60 min adl = 0.4
spherical shell is incompact (see Figure 7b). mA/cn? based on PS monolayer. Both scale bars anen2

The formation of the hollow sphere arrays can easily be
understood. Based on Figure 4b, we know that Ni nuclei were thickness of a deposition film is smaller than the PSs’ radius
preferentially formed at the bottom interstitial sites between PSs (after a short deposition time), bowl-like pore morphology would
and the substrate (see the solid arrow in Figure 8) and thenalways be formed due to the PSs’ geometry, irrespective of
grew along PSs’ surface during deposition at a low cathodic current density. For the film with a thickness larger than the
deposition current density, forming bowl-like ordered porous PSs’ radius (after a longer deposition time), however, high
arrays after shorter deposition, or hollow sphere arrays after deposition current density will lead to failure to the preferential
longer deposition, as seen in Figure 4a and Figure 2, or the leftgrowth surrounding PSs’ surface; hence, the hollow spherical
column of Figure 8. In our case, the PSs are surface negativelyshell will not be formed, as illustrated in Figure 7a and the right
charged, which induces the Niion (existing in the form of column of Figure 8. In addition, due to unselective nucleation
[Ni(NH 3)5]2")?* to adsorb on the PSs’ surface easily. Thus, PSs’ on the substrate, the deposited film will contact fully with the
surface should be of lower barrier for Ni nucleation and growth substrate, leading to an increase of the adherence force between
compared with ITO substrate, leading to the preferential them. In this case, the film cannot be removed integrally by
nucleation and growth on the PSs. Due to such preferential the surface tension in water. Thus, a middle current density (0.4
nucleation and growth along PSs’ surface, there will exist small mA/cn¥) induces a transition between the two modes above
interstitials between the deposited film and the substrate, (the un-selective nucleation on the substrate and preferential
meaning partial contact between the film and the substrate. Sogrowth along PSs) or coexistence of them. A hollow spherical
the adherence force between substrate and the Ni film (or array)shell is still formed due to preferential growth along PSs, while
is weak enough for such film to be removed by water surface unselective nucleation on the substrate leads to un-transferability
tension in water, leading to transferability. (see Figure 7b).

As we know, high current density should correspond to a  3.2. Magnetic MeasurementsFigure 9 shows the magnetic
high deposition rate, which will result in homogeneous (or hysteresis loops of the 2D hollow sphere array shown in Figure
unselective) nucleation on the substrate. Obviously, when the2. The coercivity Hc) and remanenceM/Ms) for such array
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to that of 3D ordered Ni replicas on substrali¢/Ms = 0.35
(a) The increase of coercivity for such hollow sphere array should
Low % \High J be associated with its structure. A similar increase of coercivity
was reported for 2D ferromagnetic network structures and 3D

ordered Ni replicas, which was attributed to domain wall pinning
i by the network structuré®=3° In our case, the network-like
l], ﬂ, (b)) structure of the arrays and thin hollow spherical shell can easily

lead to domain wall pinning® and thus enhancement of the

coercivity.
As previously reporteé® Ni exhibits only a small magneto-
(c)| crystalline anisotropy. Thus the magnetic response should be

dominated by the shape anisotropy. The electrodeposited Ni
film28 is of strong shape anisotropy and, hence, exhibits high
remanenceN],/Ms = 0.67) characteristic of the easy-magnetized
axis under the applied field parallel to the film plane, and a

m (d! very low remanence (smaller than 0.02) characteristic of the

Figure 8. Schematic illustrations of the formation processes of ordered Nard magnetized axis under the applied field perpendicular to
porous Ni arrays at different cathodic current densily (@) colloidal the film plane. Comparatively, the Ni hollow sphere array, in
monolayer sintered on the ITO-glass substrate by heating, (b) Ni our case, shows a much smaller contrast of the remanences,
nucleation, (c) after a short deposition time, and (d) after a longer indicating that the 2D ordered hollow sphere arrays are much
deposition time. more isotropic in magnetic response than the electrodeposited
film. This can be attributed to the isotropic spherical structure
of the single cells in the arrays although the whole arrays are
two-dimensional. Both remanences, in our case, are larger than
the corresponding values of the 3D Ni replicas, showing that
the structure of the hollow sphere arrays is more easily
magnetized.
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3 4. Conclusions

05k ./‘ In summary, by an electrochemical deposition strategy based
; on a PS colloidal monolayer, we have demonstrated the
’e‘* synthesis of 2D ordered bowl-like pore and hollow sphere-like
" " , , Ni arrays, depending on the deposition time under constant
-4000 -2000 [} 2000 4000 current. In a certain deposition condition, preferential nucleation
H(Oe) on the interstitial sites between PSs and substrate, and growth
along PSs’ surface will occur, resulting in the formation of Ni
hollow sphere arrays, which only partially contact with the
substrate and, hence, possess weak adherence force between
them leading to its integral transferability in water. Such
transferability of the film can avoid restriction of electro-
deposition to conductive substrates, and make it very flexible
to fabricate such ordered pore or hollow sphere arrays on any
desired substrates with a flat or even a curved surface. It could
also be beneficial to study the physical properties of the porous
arrays, such as, electronic transport, magnetics, and heat
exchange. Also, the 2D hollow sphere arrays show a high
A0k coercivity value, due to domain wall pinning induced by the
2000 2000 0 2000 2000 network-like structure _of th_e arrays and the th|r_1 hollow spherl_cal
H(Oe) shell, and low magnetic anisotropy due to the isotropic spherical
structure of the single cells in the arrays.
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Figure 9. Hysteresis loops of the sample shown in Figure 2 at room
temperature under the applied field parallel (a) or perpendicular (b) to
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