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Abstract: Controllable depositing of relatively thick inorganic sublayers into organic templates to fabricate
organic—inorganic superlattices is of great importance. We report a novel approach to fabricating
phospholipid/Ni(OH), superlattices by electrochemical deposition of the inorganic component into solid-
supported multilamellar templates. The well-ordered and highly oriented multilamellar templates are produced
by spreading small drops of lipid solution on silicon surfaces and letting the solvent evaporate slowly. The
templates which are used as working electrodes preserve the lamellar structure in the electrolyte solution.
The resulting superlattices are highly oriented. The thickness of the nickel hydroxide is controlled by the
concentration of nickel ions in the electrolyte bath. The electron density profiles derived from the X-ray
diffraction data reveal that the thickness of the nickel hydroxide sublayers increases from 15 to 27 A as the
concentration of nickel nitrate increases from 0.005 mol/L to 0.08 mol/L. We expect that the new method
can be extended to depositing a variety of inorganic components including metals, oxides, and
semiconductors.

Introduction goal, especially when a high degree of orientation is required.
Complex systems consisting of organic and inorganic com- Oriented ZnO-surfactant hybrid multilayers were electrochemi-

ponents have great potential for the creation of new kinds of C2lly self-assembled on silicon substrates from ZngNo
functional material by utilizing the wide variety of properties S°lutions containing surfactafit.It seemed very hard to make
exhibited by each componeht’ Their unique electronic the metal oxide sublayers thicker than a half nanometer. Metal

magnetic, and photonic properties have inspired chemists and©nS (C&", PE*, etc.) in Langmuir-Blodgett films were reacted

materials scientists to develop synthetic, biomimetic nanocom- With ch_alcogenidtoa gas (e.9.,28) to yield nanometer-sized
posite assembligs2 Nevertheless, the efficient processing of norganic clusters? But to the best of our knowledge, no report

organic-inorganic superlattices (OISLs) remains an elusive has ever been given to clearly show that such a reaction would
not disrupt the lamellar structure when the nanoclusters grow

lgh‘i(neseUApademy of Sciences. larger. Nor is there a report to show that homogeneous inorganic
eking University. ] L
(1) Aksay, I. A Trau, M.: Manne, S.: Honma, |.: Yao, N.: Zhou, L.: Fenter, layers rather _than__dlscrete clusters were formed inside t_he
P.; Eisenberger, P. M.; Gruner, S. Mciencel996 273, 892-898. templates. Using silica and surfactant as precursors, organic
(2) yhitesides, G. M.; Mathias, J. P.; Seto, C.Stiencel991 254, 1312- inorganic nanocomposites on solid substrates were fabricated
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(7) Braun, P. V.; Osenar, P.; Stupp, SNature 199G 380, 325-328. Lipids play an important role in biomineralization and other
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10.1021/ja056448n CCC: $33.50 © 2006 American Chemical Society J. AM. CHEM. SOC. 2006, 128, 1749—1754 = 1749



ARTICLES Xing et al.

Scheme 1. Structure of DCgoPC nitrogen before use. The RQEPC powder was dissolved in a mixture
of methanol and chloroform [1 mg/(560L + 50 uL)] and pipetted
== 0o < o~AN= onto the silicon substrate (1.5 cr1.5 cm) in a chamber. The solution
W\/\/%/\/ero ~p” \ spreads spontaneously, and the solvent evaporated slowly over a period
o o of 6 h. The samples were then kept in a vacuum desiccator for another

12 h to get rid of any residual solvent. It can be estimated that each
of lipids are materially compatible with inorganic reactants. The film contains about 350 bilayers according to the area per molecule,
template can guide the growth of oriented crystals of specific the total spread area, and the volume of the solution pipetted. The
structure, size, and morphology through the process of molecularmembranes polymerized by irradiating the samples with UV light (254
recognition at the interfac3 The lipid assemblies are therefore nm) for 10 min.
receiving increasing attention for the synthesis of new biomi- _ Electrodeposition. The electrodeposition was performed on a
metic materials. They are simple and versatile nucleants for CHI66_0A electrochemical statlon,_ using a homemad'e three-electrode
inorganics because the nucleating functionalities and their cell with the template-covered silicon as the working electrode, a

interfacial organization can be controlled by the appropriate platinum sheet as the counter electrode, and a saturated calomel
. 9 A , Y Pprop electrode (SCE) as the reference electrode. The electrical contact was
choice of amphiphile and thermodynamic parameters.

N ) ) realized by painting conducting silver paste on the rear side of the silicon
Phospholipids can readily self-assemble into lamellar struc- wafer. The electrochemical cell contains Ni(jj@solution with 25 wt

tures. An easy and efficient way to form well ordered multi- 9 poly(ethylene glycol) additive. Nickel hydroxide was deposited inside

lamellar bilayers is to spread a small drop of lipid solution on the multilayer using the double potential step mode. The potential was

a solid substraté® Highly oriented multilayers of phospholipids  altered repeatedly between two valugs € —1.3 V andE; = 0 V

can be produced after slow evaporation of the solvent. The versus SCE). The total deposition time depends on the thickness of

overall film thicknesD ranges from 50 nm to 16m, depending the template, which is about/@m in this work. It took about 17 h for

on the amount of lipids used in the initial spreading. The quality 2!l the interheadgroup spaces to be filled with the inorganics.

of the multilayers can be even higher than Langm@lodgett Charac_terlzatlon. The lamellar struct_ure of the superlqttlces was

films. For instance, samples with domain sizes larger than 40 characterized by the low-angle X-ray diffraction on a 5-circle Huber

in the | | di . d with v . diffractometer on the 4W1A beam line at the Beijing Synchrotron
#m in the [ateral direction and with extremely low mosaicity g, iation Facility. Monochromatic radiation was selected by a triangular

(less than 5x 107° degrees) have been reportédThe bent Si (220) crystal. The wavelength of the X-rays is 0.450.001
interheadgroup spaces in the phospholipid multilayers can bepm. The vertical and horizontal angular divergences of the focused
readily filled with aqueous solutions, facilitating the growth of ~ X-ray beam are 0.02and 0.08, respectively. The incident beam was
various inorganic compounds inside. further confined by a 0.1 mm slit 400 mm before the sample and the
In this article, we report on a novel approach to constructing scattered beam was confint_ad by a 0.2 mm slit. The diffl’gction data
OISLs by growing nickel hydroxide in the interheadgroup spaces Were collected by performing thé/26 scans while keeping the
of the phospholipid bilayers. The technique uses Solid-supported'”c'dence angle equal to the exiting ang!e. The rocking curves arpund
phospholipid multilayers as templates to direct the growth of the Bragg points were used to characterize the o!egree of orientation of
. . . the multilayers. They were measured by rocking the samples, but
inorganic sublayers. We adopt the electrochemical method to

d the i . b it is flexibl il keeping the angle between the incidence and the reflection fixed. The
reduce the Inorganic precursors because 1t Is fiexible, versall e’crystallographic structure of the inorganic component was studied by

and easy to operate. The structural quality of the template is e glancing-angle X-ray diffraction, in which the incident angle
very high with all their interfaces being parallel to the surface petween the X-ray beam and the sample surface was fixed’avbi

of the substrate. The lamellar structure of the template is the intensity of the scattered X-rays was monitored as a function of
preserved in electrolyte solutions of low ionic strength. The the 2 angle.

resulting OISLs are highly oriented with low mosaicity. The The surface morphology of the films was imaged by a Hitachi S-4200
periodicity of the superlattices can be changed by adjusting the scanning electron microscope (SEM) and by a NanoScope lla-D3000

concentration of the electrolyte in the electrochemical cell. atomic force microscope (AFM). Specimens for transmission electron
microscopy (TEM) were scraped from the silicon substrate with a razor
Experimental Section blade. They were embedded into ethoxy af@0 After about 11 h the

polymerized block was cut into thin slices 860 nm thick. The thin
slices were then fixed on carbon-coated copper grids. The observations
were undertaken with a JEOL JEM-100CX Il electron microscope
operated at 100 kV.

Chemicals. The polymerizable phospholipid 1,2-bis(10,12-tri-
cosadiynoyl)snglycero-3-phosphocholine (RGPC, Scheme 1) was
purchased from Avanti Polar Lipids and used without further purifica-
tion. Nickel nitrate hexahydrate (Ni(N{-6H.O) and poly(ethylene
glycol) (PEG, MW= 400 from Sigma) are analytical reagent grade Results and Discussions

and were used as received. Distilled wateL® MQ-cm) was produced o . )
using a Millipore filter system. Before electrodeposition the solid-supported multilayer was

DCssPC Multilayers. The DG 4PC multilayers were prepared on  incubated in the electrochemical cell for about 1 h, during which
hydrophilic silicon substrates. P-type, (100)-oriented silicon wafers with the multilayer swelled to the fully hydrated state with the
a resistance of 0.02-cm were cleaned ultrasonically in acetone and interheadgroup spaces being filled with nickel nitrate solution.
ethanol for about 3 min. They were then boiled in a mixture g®H At this stage the multilayer is in a lamellar liquid crystalline
H20,/H,SQ; = 5:1:1 (by volume) for 20 min and boiled again in a  state, similar to the liquid crystal templates used by Attard et
mixture of HO/H,0,/NH3-H,0 = 5:1:1 (by volume) for 20 min. The al5:16-20 The difference between Attard’s method and ours is
wafers were finally rinsed with pure water and dried in a stream of ¢ the total amount of the inorganic reagents in their hexagonal
liquid crystals was defined before electrodeposition, while the

(22) Kmetko, J.; Yu, C.; Evmenenko, G.; Kewalramani, S.; Dutt®&l#®s. Re.

Lett. 2002 89, Art. No. 186102. inorganic reagents in our multilamellar templates are supplied
(23) Seul, M.; Sammon, M. Jhin Solid Films199Q 185 287—305. ; ; ;
(24} Vogel, M.. Minster. C.: Fenzl, W.: Thiaudiere, D.. Salditt, Fhysica B by the solution in the elgctrochemlcal cell and therefore car_l _be
200Q 283, 32—36. partly renewed after being consumed by the electrodeposition
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Figure 2. Low-angle X-ray diffraction patterns of the films deposited with

different nickel nitrate concentrations: (b) 0.005, (c) 0.01, (d) 0.03, and
(e) 0.05 mol/L. Curve a is the diffraction pattern of the template.

ous nickel hydroxide layers intercalated between the lipid
bilayers. The distribution of the stacking direction of the
sublayers is narrow. The main defects are dislocations which
were copied from the templates. Since the electrodeposition
process does not destroy the integrality of the multilamellar
templates, no significant defects are newly created. The observed
local fluctuation of the sublayers and local variation of the inter-
bilayer distances are intrinsic of phospholipid multilay&rEhey

may also arise from fluctuations of the concentration of ions
inside the interheadgroup spaces during the electrodeposition.
A rough estimate of the mean periodicity of the superlattice
and thickness of the nickel hydroxide gives values in the ranges
6—8 nm and 3 nm, respectively. These values are further
refined by the low angle X-ray diffraction.

Figure 2 is the low-angle X-ray diffraction patterns of typical
samples measured under ambient conditions°@%nd 35%
relative humidity). The as-cast RGPC multilayer is highly
_ : ordered as can be seen from the sharp Bragg peaks (curve a).
Figure 1. TEM images of the superlattices electrodeposited from (a) 0.005 Its St§Ck'ng period is 56.% 0.2 A'_ The lamellar Structure.ls
mol/L and (b) 0.05 mol/L nickel nitrate solutions using the BC not disrupted by the electrodeposition process. For the highest
multilayers as templates. nickel nitrate concentration used (0.08 mol/L) the period of the

lamellar structure becomes 78t70.4 A, the inorganic sublayer
process. The total amount of the reduced ions can therefore beof which is about 27 A. Template-directed growth of OISLs
larger than that initially stored in the interheadgroup spaces. with such thick inorganic sublayers has not been reported
The PEG additive (25 wt %) in the solutions increases the previously.
osmotic pressure so that the peeling-off of thes[C bilayers The low-angle X-ray diffraction is sensitive to the electron
can be sufficiently suppressed. This trick is important because density profile (EDP)p(2) of the bilayer. The EDP can be

otherwise the top bilayers would eventually peel-off from the obtained by theoretical simulation of the diffraction d#ta.
multilayers to destroy the integrality of the templates. The Ajternatively, it can be refined via

bilayers play an active role as the structural template to direct

the heterogeneous condensation of the inorganic crystalline (2 = ZlM f(q,,) cos(2rmzd) (1)
component. AteE; = —1.3 V versus SCE, nitrate ions are

reduced and hydroxide ions are generated. The hydroxide ionswheref(gm) is the form factor of the bilayed is the period of
increase the local pH value so that nickel hydroxide precipitates the multilayer, andn running from 1 toM is the index of the
are produced. The corresponding cathodic reaction equationsBragg peaks® The magnitudes of(qm) are determined from

of the electrochemical process are (1) NG H,0 + 2 — the intensities at the Bragg peaks,
NO,™ + 20H" and (2) N#" + 20H™ — Ni(OH),!. The reaction N iand2, 2
starts from the interface between the first bilayer and the (@) O ZO f.e%"7a (2)

substrate, where the electrochemically generated hydroxide ions

combine immediately with the nickel ions around them. The wher_e_fg =2fSDiS the rr(]aflec_tion Olf the substrate ?'ff:b.fl(q)
nickel hydroxide precipitates fill the first interface very soon. exp(- idg/2). Due to the mirror plane symmetry of the bilayers,

The growth front is then moved to the next interface at which thpi p?as‘_f'.s c_x‘f(qm)hare}:educedbtlo their positivg/ nﬁgativehsidgns
hydroxide ions are produced locally to combine with the nickel only, facilitating the phase problem enormousijLhe metho

ions. The growth front moves interface by interface until, finally, has been widely used to refine the structure of phospholipid

it moves out toward the topmost interface. (25) X-ray Scattering from Soft-Matter Thin Filgigolan, M.; Hohler, G., Eds.;

; i i _ Springer-Verlag: Karlsruhe, 1999.
The TEM images in Figure 1 show clearly that the super- g V0SS 0 S 1 752 Q23 Mai, Z.-H.: Li, MJ. Chem. Phys2005

lattices have a well defined lamellar nanostructure with continu- 122 Art. No. 124712.
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Figure 5. High angle X-ray diffraction pattern of the inorganic sublayers
can be indexed to hexagonal-phased nickel hydroxide.
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Figure 3. Electron density profiles of an as-cast multilayer (a) and an OISL

deposited from 0.005mol/L nickel nitrate solution (b). Inset is the corre-
sponding molecular model of a period of the OISL.
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Figure 4. Period of the superlattices increases linearly with the nickel nitrate
concentration in the electrolyte bath.

bilayers. It has the advantage that the ambiguity introduced by
model simulation can be greatly reduced. Using the algorithm
introduced in ref 26, we obtained the EDP of the bilayers.
Figure 3 compares the EDP of the as-cast multilayer with
the OISLs electrodeposited from 0.005 mol/L nickel nitrate
solution. The corresponding theoretical diffraction patterns are
drawn in Figure 2 (the solid lines). Our confidence in the
correctness of the EDP lies in the fact that the main features
are all in accordance with our knowledge of the basic bilayer Figure 6. SEMimages of an OISL electrodeposited from 0.03 mol/L nickel
profiles. For instance, from the EDP of the as-cast multilayer nitrate solution: (a) cross-section profile; (b) surface profile.
e e e 722 (v o hexagonalprased ricke hycrorce. The rnsi
formed by the juxtaposition of the hydrophobic ends. Also clear solid-state prop.ertles of the inorganic component In-an OI,SL
is the electron density of the diacetylene part which is higher can be well eXh'b't_ed only when the ihorganic ;ublayer is thick
than the mean electron density of the saturated alkyl chains, &"Ugh notto be disturbed by the interfaces. Itis therefore great
Comparing the EDP before and after the electrodeposition, oneProgress to be able to intercalate relatively thick inorganic
sees that the main change is in the central part where nickelSUPlayers into the organic templates. The ability to control the
hydroxide is intercalated into the multilayer to replace the water thickness of the inorganic sublayers is another advantage of our
so that the central part becomes denser and thicker. method because, in optoelectronic industry, the energy band of
The period of the superlattice increases linearly with the nickel t€ inorganic solid often needs to be tailored to fit a special
nitrate concentration (Figure 4). Our analysis indicates that the Pplication. The most effective way to tailor the energy band
thickness of the inorganic sublayers (within which the head- IS t© change their thickness.
groups are imbedded) is mainly determined by the concentration ~The cross-section SEM image of a typical sample (see Figure
of the electrolyte bath. It increases from 15 to 27 A as the 6a) reveals that the overall thickness of the OISL is about 2.59
concentration of nickel nitrate is increased from 0.005 to 0.08 #um which is in good agreement with the estimate that the
mol/L. The inorganic sublayers are thick enough for their template is composed of about 350 bilayers. It means that the
crystallographic structure to be determined by high-angle X-ray total thickness of the films can be controlled by varying the
diffraction. The diffraction pattern of a sample deposited with lipid concentration of the initial spreading solution. We are able
0.05 mol/L nickel nitrate is depicted in Figure 5 which can be to produce phospholipid multilayers thinner than 50 nm as well
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Figure 8. The sharp central peak of the rocking curve indicates that the

mosaicity of the superlattice is low. The rocking curve of a silicon wafer

measured at the samé@ angle is also depicted to show that the width of

(b) the central peak is limited by the instrumental resolution. The intensities
are normalized at the center.

mosaicity of the domains can be directly read from the width
of the central peak of the rocking curve (Figure 8). The full
width at half-maximum of the central peak is limited by the
instrumental resolution, indicating that the mosaicity of the
superlattice is very low? The sublayers in the superlattice are
therefore highly oriented with all their interfaces being parallel
to the surface of the substrate. The central peak also gives the
average lateral extension of the lamellar domaf¥8.When
being deconvoluted with the resolution function of the diffrac-
tometer and fitted to a Lorentzian curve, it sets a lower limit of
about 10um.

Control experiments reveal that the period of the OISL does
not change monotonically with the concentration of the PEG
additive. It implies that the thickness of the deposited inorganic
as that thicker than bm. The surface morphologies of the same  syplayer is not determined by the size of the interheadgroup
OISL imaged by SEM (Figure 6b) and AFM (Figure 7) clearly spaces in solution because the latter does decrease monotonically
show that the superlattices are laterally homogeneous and theifyith the increasing of the osmotic pressure. During the
surfaces are relatively smooth. The root-mean-squared (rms)electrocrystallization, the ions in the electrolyte bath diffuse into
roughness is about 0.44 nm averaged over an area>ofll  the interheadgroup spaces to renew the ones already consumed
um? and is about 15.5 nm averaged over an area ok 100 by the electrodeposition process such that the total amount of
um?. The surface morphology of the OISL is quite similar to  the reduced ions is larger than that initially stored in the
that of the template (data not shown), meaning that the interheadgroup spaces. Under adequate conditions, the deposited
phospholipid multilayer is very stable. Few holes due to bilayer jnorganic sublayer can be even thicker than the interheadgroup
peeling-off are formed on the surface during the electrodepo- spacing of the fully hydrated multilayer. The extended defects
sition process. between the domains provide pathways for the ions to enter

The width and number of the measurable peaks of the low- the multilayer during the electrodeposition process. The ions
angle Bragg diffraction and the width of the rocking curves at can also diffuse easily in the lateral direction. The diffusion
the Bragg peaks are direct criterions of the overall structural coefficient in the lateral direction is much larger than the one
quality of the multilayers® The quality of the fabricated OISL  in the direction perpendicular to the bilay@f$8 The growth
is found to depend on the concentration of nickel nitrate in the of an inorganic Sub|ayer in a domain is Stopped once all the
electrolyte bath. The lamellar structure becomes less ordered|ateral alleyways for the ions are blocked. In this case, the
at hlgher nickel nitrate concentrations. The observation that thegrowth of the inorganic sub|ayer may be |oca||y incomp|ete S0
Bragg peaks become wider at higher angles is indicative of the that the thickness of the bilayers in the superlattice is not as
variation of the inter'bilayer distances in the SUper'attiCES. uniform as that in the as-cast mu|ti|ayer_ This exp|ains Why the

Nonetheless, up to eight Bragg peaks are observable even folBragg peaks of the fabricated OISL are wider than those of the
the worst samples we got, implying that the superlattices are gs-cast multilayer.

structurally coherent over many sublayers. The superlattices are _
also homogeneous in the lateral direction. Generally speaking, Conclusions

extended defects and/or dislocations may exist in the multilayer. - sing solid-supported phospholipid multilayers as templates,

The sample should therefore be treated as a collection of perfectye have fabricated high quality Ni(Obiphospholipid super-

domains in which the sublayers are homogeneous and are

parallel to each other. We take the superlattice fabricated from (27) chen, C.; Postlethwaite, T. A.; Hutchison, J. E.; Samulski, E. T.: Murray,
: ; ; ; R. W.J. Phys. Chem1995 99, 8804-8811.

0.01 moI/L nickel nitrate Soll:ItI0n as an example to Q'Ve an (28) Postlethwaite, T. A.; Samulski, E. T.; Murray, R. Wangmuir1994 10,

analysis of the lateral extension of the lamellar domains. The 2064-2067.

Figure 7. AFM surface morphologies of the OISL deposited from 0.03
mol/L nickel nitrate solution.
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lattices by electrodeposition of Ni(OH)n the interheadgroup  method used in this work can be generalized for the following
spaces. Three factors make our method different from the onestwo reasons. (1) The multilamellar templates are fabricated
previously reported in the literature: (1) the solid-supported before electrodeposition, being independent of the ions in the
multilamellar templates are easy to make whose overall thick- electrolytes. The templates can in principle be used to direct
ness can be controlled. The final products are of high quality the condensation of many inorganics so long as they are
with their interfaces being all parallel to the surface of the materially compatible with the headgroups of bilayers, which
substrate. (2) The templates are immersed in electrolytes whichshould not be a problem because there are many choices for
serve as a reservoir for ions during the electrodeposition. Thethe headgroups. The researchers can always design a specific
lipid multilayers are soft with the interheadgroup spaces headgroup to fit the inorganics. (2) Reports have shown that
adjustable to the environment. This property is sufficiently many materials such as metal oxides or even metals can be
utilized in this work to intercalate in a controllable way relatively readily interfaced to lipid headgroups via electrodeposi-
thick inorganic sublayers into organic templates. And, (3) the tion.>16-2029.30 As we have emphasized, the fully hydrated
concentration of the electrolyte solution is very low so that the multilayers are in a liquid crystalline state, similar to the liquid
templates can remain stable in the electrochemical cell. This crystal templates in refs 5 and 280 which have been used to
point is very important because it is not very easy to produce fabricate different kinds of nanocomposites. We are trying to
a stable lamellar lyotropic liquid crystal containing a high use the method to deposit a variety of inorganic components
concentration of ions, which is needed to produce thick inorganic including metals, oxides, and semiconductors. Some recent
sublayers by other template-directed growth techniques. results are shown in the Supporting Information. The quality is
The electrodeposition technique is adopted in this work. Itis presently not as good as what we showed above. The growth
an ideal way to fill topologically complex structures because it mechanism of the new superlattices will be studied further.
starts from deep within the structure and then grows out toward  Acknowledgment. This work was supported by the National
the exposed surface. It has been widely used to fabricate Natural Science Foundation of China under Grant 10325419
nanostructured materials via template-directed means. Forand by the National Basic Research Program of China under
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particulate films from aqueous solutions of their precursors under help in the synchrotron X-ray experiment at BSRF.
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nanoco'mposlltes with well-defined pe?rozglc nanogtructures, USING other types of OISLs deposited in a solution of 0.005 mol/L
lyotropic liquid crystals as templat&4520 We believe that the NiCl, and a solution of 0.01 mol/L ZnSCand 0.005 mol/L

N&S;03. This material is available free of charge via the Internet
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