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Abstract: A series of micelle-templated mesoporous nickel hydroxide films were prepared by electrochemical
deposition from dilute surfactant solutions by using different types of template and by varying plating solvent
composition. Lamellar mesostructured Ni(OH); films are obtained with only anionic surfactant sodium dodecyl
sulfate (SDS) as the template. In particular, a unique cooperative assembly fashion, that is, the combination
between Ni?* and a complex composed of the primary template SDS and a cosurfactant, such as triblock
poly(ethylene oxide)—poly(propylene oxide)—poly(ethylene oxide) (PEO—PPO—PEQ) copolymers and poly-
(ethylene glycol), was explored, by which two-dimensional hexagonal mesoporous Ni(OH), films were
electrodeposited. Meanwhile, the deposition medium also plays a crucial role in determining the
mesostructure of Ni(OH), films. For the composite nickel hydroxide films deposited from aqueous solution
or dilute aqueous solution of ethylene glycol (<20 wt %) in the presence of SDS or the SDS—poly(alkylene
oxide) polymer complexes, a mixed lamellar phase with dy; = 37.4 A and doo; = 28.5 A was obtained.
However, single lamellar phase with dyo; = 37.4 A was electrodeposited from concentrated aqueous solutions
of ethylene glycol (=20 wt %). Furthermore, such deposition baths have access to hexagonal mesoporous
nickel hydroxide films with digo = 37.4 A at 70 °C with the SDS—poly(alkylene oxide) polymer complexes
as the templates. Within the potential window for Ni(OH),, the morphology and quality of mesostructured
films are significantly dependent on the deposition potential, while the mesostructures of the composite
films always remain unchanged.

Introduction Inspired by the templating procedure for the synthesis of the
. . mesostructured M41S family, the extension of the surfactant

The discovery of mesoporous materials (MA41S) set up a tgmplating routes to the formation of nonsiliceous mesoporous
prototype for the harmonious organization of inorganic and materials, including a wide range of minerals from carbon,
organic species into perfectly periodic geometric architectures metalsl® metal oxided! and phosphatéto sulfidest® has been
in naturel-2 These kinds of mesoporous materials predominantly \vell documented. In many cases, these mesoporous materials
possess the long-range ordered arrays of uniform nanoscalqjismay unique electronic, magnetic, and catalytic propeHied,
channels and cages. Such crystallographic periodicities with
nanoscale repeated units are formed by the cooperative organi- (8) Attard, G. S.; Glyde, J. C.; Gmer, C. G.Nature 1995 378 366 and

. S P . references therein.
zation of cationic surfactants, anionic surfactants, or nonionic (9) (a) Ryoo, R.; Joo, S. H. Jun, $. Phys. Chem. B999 103 7743. (b)

block copolymers with target species, which is driven by various %Léls M.; Jaroniec, M.; Ryoo, R.; Joo, S. H. Phys. Chem. B00Q 104,
intera}ctions, such as electrostatic, covalent bonding, hydrogen o) atard, G. s.; Gtner, C. G.; Corker, J. M.; Henke, S.; Templer, R. H.
bonding, and van der Waals forces. It has been noted that Angew. Chemlnt. Ed. Engl.1997 36, 1315.

. . (11) (a) Tian, Z.; Tong, W.; Wang, J.; Duan, N.; Krishnan, V. V.; Suib, S. L.
the crystallographic phases found for these materials are known™ ™" Sciencel997 276 926. (b) Yang, P.; Zhao, D.; Margolese, D. I.; Chmelka,
imi B. F.; Stucky, G. D.Nature 1998 396, 152. (c) Yang, P.; Zhao, D.;
to often (althoth nOt a;lways) mimic the phases found for the Margolese, D. |.; Chmelka, B. F.; Stucky, G. BDhem. Mater1999 11,
surfactants in solutiofr; 2813 and references therein.
(12) (a) Tian, B.; Liu, X.; Tu, B.; Yu, C.; Fan, J.; Wang, L.; Xie, S.; Stucky, G.
D.; Zhao, D. Y.Nat. Mater.2003 2, 159 and references therein. (b) Shen,

(1) Kresge, C. T.; Leonowicz, M. Z.; Roth, W. J.; Vartuli, J. C.; Beck, J. S. S.; Tian, B.; Yu, C.; Xie, S.; Zhang, Z.; Tu, B.; Zhao, D. €hem. Mater.
Nature 1992 359, 710. 2003 15, 4046.

(2) Beck, J. S.; Vartuli, J. C.; Roth, W. J.; Leonowicz, M. Z.; Kresge, C. T.; (13) (@) Ying, J. Y.; Mehnert, C. P.; Wong, M. 8ngew. ChemInt. Ed.1999
Schmitt, K. T.; Chu, C. T. W.; Olson, D. H.; Sheppard, E. W.; McCullen, 38, 56. (b) Scfith, F. Chem. Mater2001, 13, 3184.

S. B.; Higgins, J. B.; Schlenker, J. I. Am. Chem. S0d992 114, 10834. (14) Antonelli, D. M.; Ying, J. Y.Angew. ChemInt. Ed. Engl.1995 34, 2014.

(3) Huo, Q. S.; Margolese, D. I.; Ciesla, U.; Demuth, D. G.; Feng, P. Y.; Gier, (15) Grosso, D.; Soler-lllia, G. J. A. A.; Babonneau, F.; Sanchez, C.; Albouy,
T. E.; Sieger, P.; Firouzi, A.; Chmelka, B. F.; SthuF.; Stucky, G. D. P. A.; Brunet-Bruneau, A.; Balkenende, A. Rdv. Mater.2001, 13, 1085.
Chem. Mater1994 6, 1176. (16) Yun, H. S.; Miyazawa, K.; Zhou, H.; Honma, |.; Kuwabara,Ml. Mater.

(4) Tanev, P. T.; Pinnavaia, T. Sciencel995 267, 865. 2001, 13, 1377.

(5) Antonelli, D. M.; Ying, J. Y.Chem. Mater1996 8, 874. (17) (a) Frindell, K. L.; Bartl, M. H.; Popitsch, A.; Stucky, G. Bngew. Chem.

(6) Zhao, D. Y.; Feng, J.; Huo, Q. S.; Melosh, N.; Fredrickson, G. H.; Chmelka, Int. Ed.2002 41, 960. (b) Bartl, M. H.; Puls, S. P.; Tang, J.; Lichtenegger,
B. F.; Stucky, G. D.Sciencel998 279 548. H. C.; Stucky, G. DAngew. Chemlnt. Ed.2004 43, 3037.

(7) Zhao, D. Y.; Huo, Q. S.; Feng, J.; Chmelka, B. F.; Stucky, GJDAm. (18) Soler-lllia, G. J. A. A.; Louis, A.; Sanchez, Chem. Mater2002 14,
Chem. Soc1998 120, 6024. 750.
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However, most of them were available until now by conven- surfactant solution, the templates for mesostructures are flexible
tional chemical methods (sebel processes). Therefore, the because the surfactant assembly on electrode surfaces is
exploration of new approaches to these materials is of greatextensively determined by many interactions. First, the electric
significance for facile and efficient preparation. field environment and solidliquid interface induce a series of
Among the existing synthetic approaches to mesoporous surface array patterns of surfactants, which is often different
materials, electrochemical techniques show unique principles from the free and aggregated micelles in bulk solutf®econd,
and flexibility in the control of the structure and morphology different surfactant templates, characterized by organic chain
of mesoporous materials. Unlike the conventional—sml length, headgroup charge, and introduction of cosurfactants and
methods, electrochemical deposition provides the fabrication of other interactions, can form distinctive assembly patterns on
mesoporous films or coatings rather than powders, which is electrode surface, leading to the generation of templates with
required for a number of applications in batteries, fuel or solar various architectures. Third, solvent composition, electrolytes,
cells, and sensof8725 Over the past few years, a series of solution pH, surfactant concentration, deposition potential, and
mesoporous metals and semiconductors, such#&sSRAg’ Ni,28 even deposition temperature may affect the mesostructure of
Se?? as well as Pt/Ru allo§ and oxides, including NiG8 deposits. All these, along with varying the substrate for film
ZnO2t and CyO 3! have been prepared by electrodeposition deposition, make the assembly process of inorganic and organic
in the presence of surfactants, where the templates could bespecies versatile and robust. Our intention in this research is to
lyotropic liquid crystalline phase formed by concentrated explore the potential coupled cooperative self-assembly in
polyoxyethylene alkyl ether30 wt %) or anionic surfactant  association with various parameters stated above atdaliaid
sodium dodecyl sulfate (SDS) at very low concentration interfaces.
(typically, less than critical micelle concentration). As shown  Nickel hydroxide has aroused increasing attention since it is
previously, the structure of liquid crystal template is specifically a significant cathode material in alkaline rechargeable batteries,
hexagonaf:?° Such templates can be regarded as “hard” suych as Ni/Cd, Ni/i Ni/MH, and Ni/Zn system& The
templates. The templated nanostructures are in effect casts oflectrochemical applications and practical capacity of the Ni-
the structures of the liquid crystalline phases themselves. Hence(OHy), cathode are directly determined by its active surface area
the nanostructures of deposits are mostly consistent with thatand morphology. Therefore, the application of nanostructured

of templates, that is, hexagonal. In contrast, a very dilute anionic porous electrode material is expected to improve the high energy
surfactant solution can template the nanostructure in a different gensity batteries.

way 26d.31apctually, the effective templates are not the surfac-

tants in the bulk solution but those adsorbed on the electrode

surface where solidliquid interface induces surface excess
concentration of surfactantnorganic ion aggregates because
of electric field force and surface forces.

In this paper, we systematically investigate the electrochemi-
cal preparation of different mesostructured nickel hydroxide
electrodes from dilute surfactant solutions. The different mes-
ophases of Ni(OH)were obtained by the choice of the template
types and the adjustment of solvent composition in combination

So far, a large amount of work concerning the electrodepo- \ith applied potential. In particular, previous synthesis of

sition of mesoporous materials has been restricted to lyotropic mesoporous materials mainly focused on pure structure-directing
liquid crystalline phase, the binary system of oligopoly(ethylene 4gent, Here, we demonstrate for the first time an electric field

oxide)s/water. Nevertheless, the existence of organic solventj,qced synergistic organization between bicomponent surfac-

can destroy the liquid crystalline ord@When the concentration

tants and inorganic ions to fabricate ordered mesoporous Ni-

of surfactant is higher than that required for the formation of (OH), films. This new synthetic strategy is based on the strong

liquid crystalline phase, the template structure is independent
of the content of oligopoly(ethylene oxide)s. Therefore, different
mesostructures have been somewhat difficult to obtain in such

interaction between the anionic surfactant SDS and nonionic
poly(alkylene oxide) polymers (cosurfactants), leading to their
co-adsorption on the electrode surface. Extensive studies

a system. Conversely, in the case of electrodeposition in dilute yagcribe that the strong interaction occurs in many polymer

(19) Stone, V. F., Jr.; Davis, R. €Chem. Mater1998 10, 1486.

(20) Stathatos, E.; Petrova, T.; Lianos,LRngmuir2001, 17, 5025.

(21) He, X.; Antonelli, D.Angew. Chemlnt. Ed. 2002 41, 214.

(22) Leroux, F.; Koene, B. E.; Nazar, L. B. Electrochem. Sod996 143
L181.

(23) Ye, S.; Vijh, A. K; Dao, L. H.J. Electrochem. Sod.996 143 L7.

(24) Pell, W. G.; Conway, B. EJ. Power Source4996 63, 255.

(25) Ostomel, T. A.; Stucky, G. DChem. Commur2004 1016.

(26) (a) Attard, G. S.; Bartlett, P. N.; Coleman, N. R. B.; Elliott, J. M.; Owen,
J. R.; Wang, J. HSciencel997 278 838. (b) Elliott, J. M.; Birkin, P. R.;
Bartlett, P. N.; Attard, G. SLangmuir1999 15, 7411. (c) Elliott, J. M;
Attard, G. S.; Bartlett, P. N.; Coleman, N. R. B.; Merckel, D. A. S.; Owen,
J. R.Chem. Mater.1999 11, 3602. (d) Choi, K.-S.; Mcfarland, E. W.;
Stucky, G. D.Adv. Mater. 2003 15, 2018.

(27) Whitehead, A. H.; Elliott, J. M.; Owen, J. R.; Attard, G.Ghem. Commun.
1999 331.

(28) Nelson, P. A.; Elliott, J. M.; Attard, G. S.; Owen, J.Ghem. Mater2002
14, 524.

(29) Nandhakumar, I.; Elliott, J. M.; Attard, G. Shem. Mater2001, 13, 3840.

(30) Attard, G. S.; Leclerc, S. A. A.; Maniguet, S.; Russell, A. E.; Nandhakumar,

|.; Bartlett, P. N.Chem. Mater2001, 13, 1444.

(31) (a) Choi, K.-S.; Lichtenegger, H. C.; Stucky, G. D.; McFarland, EJW.
Am. Chem. SoQ002 124, 12402. (b) Luo, H. M.; Zhang, J. F.; Yan, Y.
S. Chem. Mater2003 15, 3769.

(32) (a) Gdtner, C. G.; Antonietti, MAdv. Mater.1997, 9, 431. (b) Antonietti,
M.; Gdltner, C. G.Angew. Chem.nt. Ed. Engl.1997, 36, 910.

surfactant aqueous systems, depending on many factors, includ-
ing Coulombic interactions, the hydrophobicity of the polymer
surfactant pair, and the conformational features of the polyter.
On the other hand, the application of a bias voltage can
simultaneously induce assembly of the anionic surfactant SDS
and N#* on the electrode surface through an intermediate form
of S7I* and reduce the inorganic ioA<Combination of both
mechanisms above has been the idea for the cooperative
organization of molecular inorganic and organic aggregates on
electrode surface for the mesostructured Ni(@fjns.

(33) (a) Hu, K.; Bard, A. JLangmuir1997, 13, 5418. (b) Liu, J. F.; Ducker,
W. A. J. Phys. Chem. B999 103 2607.

(34) (a) Ovshinsky, S. R.; Fetcenko, M. A.; RossSg&iencel993 260, 176.
(b) Liang, Z. H.; Zhu, Y. J.; Hu, X. LJ. Phys. Chem. R004 108 3488.

(35) (a) Goddard, E. D.; Ananthapadmanabhan, Knferaction of Surfactants
with Polymers and Proteindst ed.; CRC Press: Boca Raton, FL, 1993.
(b) Jansson, B.; Lindman, B.; Holmberg, K.; Kronberg, Burfactants and
Polymers in Aqueous Solutipd. Wiley: New York, 1998. (c) Cabane, B.
J. Phys. Chem1977, 81, 1639. (d) Cabane, B.; Duplessix, Rolloids
Surf. 1985 13, 19.
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Experimental Section the polymer chain together with the evaporation of excess of water,
) o ) the electrodeposition was conducted.

Chemicals an_d Appa_lratus.The anionic sur_factant sodium dodecyl For comparison, Ni(OH)films were electrodeposited from the
sulfate (SDS), nickel nitrate hexahydrate (Ni(j}£6H.0), and poly- plating solution prepared in the same procedure as that described above,
(vinyl pyrrolidone) (PVP M, = 50 000) were purchased from Aldrich g, cent heating at 4650 °C. In addition, Ni(OH) films were also
and used without any further purification. The trlbl_ock copolymers HO- deposited from aqueous solutions of Ni(§J&in the presence of SDS/
(CHCH20)2o( CH.CH(CHy) O)ro CH.CH:O)ecH (designated EQPOror cosurfactant or a pure cosurfactant, which were prepared by an
EQz0, Pluronic P123), EQdOrEOw0s (Pluronic F127), and poly-  4na10g0us procedure as that described above (just no addition of a
(ethylene glycol) (PEGI\,/IW_= 6000) Were_commermally avallable_from_ Ni(NOs), solution in ethylene glycol or SDS, respectively).

BA_SF antd us'affl'as recell/ed.lglll\gszollill(l)nls were prepare? usmdg_hlgh After electrodeposition, the working electrodes were taken out of
purlt_y water ipore water, ): | glassware was cleaned N e co|l and washed with water and 2-propanol several times to remove
a mixture of Millipore water and nonionic detergent, followed by the surfactants adsorbed on the surface of the Ni¢Giis

tho_roug_h finsing with Millipore water and 2-propanol many times before Characterization. The film structure was characterized by low-angle
drying in an oven ?t 70C. . . X-ray diffraction and transmission electron microscopy (TEM). X-ray

The electrochemical experiments were conducted on a VMP2 Multi- yiee 2 i (XRD) measurements were performed on a Bruker D4
Potentiostat, using a conventional three-electrode system in an undivided it o stometer with a Cu K (1.54 A) X-ray irradiation source. X-ray
ceII,_ composed of a gold plate working electrode, a large surface areadiﬂractograms were recorded over the range of-110 in 29 degrees.
platmum counter electrpde, and a standard Ag/AgCI reference eleC”OdeSpecimens for transmission electron microscopy (TEM) images were
in 4 M KCl saturated with Ag(_:l. The gold or platlr_\um pla_\te electrodes prepared by scraping films from the working electrodes and directly
were prepared by eva_poratlr_]g a gpld or platlnum_ films0 nm transferring the films on a razor blade onto carbon-coated copper grids.
thickness) onto glass slides with a thin{0 nm) adhesive underlayer o opservations were undertaken with a Philips CM-10 transmission
of chromium or titanium. The electrodes were cleaned in an ultrasonic 4 o.tron microscope operated at 80 KV. The film surface morphology
bath of_ 2-propanol for_lO min priprto use, rinsed with Millipore water, was obtained by scanning electron microscopy (SEM) images, which
and dried under ambient conditions. were taken with a JEOL JSM-840 scanning electron microscope

Electrodeposition. All electrodepositions of nickel hydroxide films  gperated at 5 kV. The Ni(OHJilms were coated with Au and Pd before
were performed under both potentiostatic and thermostatic control. jmaging in the SEM.

Nickel hydroxide films were deposited from 0.02 M nickel nitrate
solution mixed with various weight percents of the anionic surfactant Results and Discussion

SDS, or a binary system composed of SDS and a poly(alkylene oxide) . L . .
polymer P123, F127, or PEG at a different weight ratio. The mass of Cathodical deposition in a transition metal nitrate bath leads

the Ni(NOy), bath was 40.00 g, and the cell temperature was maintained t0 the production of oxides or hydroxides depending upon the
at 70°C for all depositions. stability of resulting deposits. In the case of electroreduction
SDS Templates:Potentiostatic deposition of Ni(Oklfilms was of an aqueous solution of nickel nitrate, the generation of OH
carried out at-0.5,—0.6, —0.7, and—0.8 V versus Ag/AgCl from a at the working electrode raises the local pH. As a result, the
SDS/Ni(NQy), solution, where the SDS concentration ranged from 0.5 nickel ion deposits in the form of Ni(OH)on the cathodé’
to 5wt %, and the solvent was water or a mixture consisting of water Upon the addition of anionic surfactants (for example, SDS)
and ethylene glycol. To probe the effect of the amount of organic into an inorganic electrolyte solution (in this context, designated
s_o_lvent on the na_nostructure of the deposits, in th_e case of electrodepoyg Ni(NQy).), the electrostatic interaction results in the formation
_smon from_ the mixed solvent b_ath, th(_e goncentrathn of ethylene glycol ¢ o1 interface (SI*), comprised of metal cations and anionic
in the mixing solvent Wa§ varied until it was as high as 50 wt %. headgroups of surfactants. Applying a potential between the
SDS/Poly(alkylene oxide) Polymers Complex Templatesthe working and counter electrodes is anticipated to induce the
complex templates were prepared by carefully tuning the ratio of the . . f .
stacking of such an interface, layer by layer, with the interlayer

two components in the SDS/poly(alkylene oxide) polymers systems in . lated he | h of surf hai il d
order to ensure that the system contained polymer-bound SDS micelles>Pacing re ated to the length of suriactant chains, as illustrate

only (no free micelles). To obtain an appropriate concentration ratio, PY the bilayer model on the electrode surface. Most recently,
the SDS concentration was varied while the amount of a poly(alkylene Nanostructured ZnO films with lamellar phase have been
oxide) polymer was kept constant. In a typical synthesis, 0.16 g of Synthesized with this strated$? From the energetic point of
P123 was placed on the bottom of a beaker and mixed with 30.0 g of view (including the packing of organic templates and charge
an aqueous solution of Ni(Ng (0.02 M). The mixiure was first heated ~ density matchingy, under such conditions, the surfactants
to 70 °C and maintained at that temperature for 50 min. Then, the usua”y pack para"e] to each other to provide h|gh possib|e
mixture was vigorously stirred at 7T for 1 h immediately after the  charge density to balance inorganic cations adsorbed on the
addition of 10.0 g of a 0.02 M solution of Ni(Ng3 in ethylene glycol,  gjactrode surface. It is therefore plausible to postulate that for
allowing complete solvation of P123 and the formation of a homoge- the analogous inorganic condensation at the surfaetant

neous mixture by the absence of small P123 particles suspended ininor anic species interface to that of ZnO. the same lamellar
solution. After initial stirring for 10 min, the solution became cloudy 9 P '

because high temperature gives rise to an increase in the hydrophobicityphase is gnticipatgd to be obt-ained t_)aseq on this me(?hanism.
of the PO and EO block moieti€®.This suggests that P123 was  Thus, the introduction of other interactions is necessary in order

gradually dispersed in water. A small amount of water was added every to vary the packing of anionic surfactants.

ca. 10 min to compensate for the loss of water during the whole heating  SDS Template.The low-angle XRD pattern (Figure 1a) of
process. Afterward, to this solution were added 2.5 g of water and 0.60 the as-deposited mesostructured Ni(@filins at —0.5 V versus

g of SDS in sequence while vigorously stirring. Upon addition of SDS, Ag/AgCl from an aqueous solution of SDS (1.0 wt %) portrays
the solution immediately acquired an absolutely clear appearance,nyq sets of evenly spaced reflections, which are unambiguously

|ndlca_t_|ng an apparent '|nteract|0n between P123 _and SDS and theindexed as a couple of different lamellar phases, one dgigh
solubilization of SDS. Finally, after the full adsorption of SDS onto

(37) Therese, G. H. A.; Kamath, P. \Chem. Mater.200Q 12, 1195 and
(36) Zana, RColloids Surf, A 1997, 123-124, 27. references therein.
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Figure 1. Low-angle X-ray diffraction patterns of the lamellar mesostruc-
tured nickel hydroxide films electrodeposited-af.5 V versus Ag/AgCl
from (a) aqueous solution and (b) 20 wt % aqueous solution of ethylene
glycol by using 1.5 wt % SDS surfactant species as the template.

Surfactant SDS

Figure 2. Schematic representation of the template configurations in (a)
aqueous solution and dilute aqueous solution of ethylene glyed0 (wt

9 10

Figure 3. TEM images of lamellar mesostructured nickel hydroxide films

electrodeposited at0.5 V versus Ag/AgCI from (a) aqueous solution and

(b) 20 wt % aqueous solution of ethylene glycol by using 1.5 wt % SDS
surfactant species as the template.

concentration of pure SDS solution (0.23 wt %)t is believed

that the rate of SDSNi?" interface formation is smaller than
that of SDS-Zn?* interface formation since the inorganic
polymerization is presumably the same for both casesz(NO
at the same concentration is reduced). Identicgacing values

are obtained by varying the deposition potential and the content
of SDS in aqueous solution within the spectrum of this research,
indicating that the interfacial assembly pattern of surfaetant
inorganic intermediates does not depend on the deposition
potential and bulk surfactant concentration. The layered structure

%) and (b) aqueous solution of ethylene glycol at a concentration equal to of the electrodeposited composite nickel hydroxide films is also
or greater than 20 wt % at the sotitiquid interface.

= 37.4 A and the other witkos+ = 28.5 A. The formation of

a lamellar biphase suggests that two different geometrical
orientations of SDSNi2" bilayers are formed relative to the
electrode surface, as depicted in Figure 2. Unlike the elec-
trodeposition of lamellar ZnO film&'2 the minimum SDS
concentration (0.5 wt %) required for templating the meso-
structure of Ni(OHj) films is greater than the critical micelle

evident from the TEM images, presented in Figure 3a. A rough
estimate of the periodicity and inorganic wall thickness gives
values in the ranges of 2:4.8 and 1.4-2.9 nm, respectively.
When the various stacking patterns and orientations of lamellar
mesostructured Ni(OHYilms on the copper grid are taken into
account, thed spacing values measured from the TEM image

(38) (a) Phillips, J. N.; Mysels, K. J. Phys. Chenil955 59, 325. (b) Princen,
. H.; Mysels, K. J.J. Phys. Chem1959 63, 1781.
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are substantially consistent with the repeat distance determined
by XRD. The bending and folding of the inorganic walls and
corrugated films are also revealed by the TEM images.

In general, solvent type can significantly affect the surfactant
assembly. Organic solvents, such as 1,3,5-trimethylbenzene and
ethanol, have been explored to modify the mesostructures by
changing the packing of surfactant molectlé8%To investigate
the impact of solvent on the mesostructure of deposits, ethylene
glycol is preferred because of its high boiling point and the
good solubility of inorganic electrolytes in it. When the
electrodeposition is carried out in dilute aqueous solutions of
ethylene glycol €20 wt %), the deposited Ni(OHJilms have
the same lamellar structure constituted by biphase as that
described just above, whereas a transformation to single lamellar
phase takes place when more concentrated aqueous solutions
of ethylene glycol £20 wt %) are utilized as the electrodepo-
sition media. Typically, Figure 1b shows the XRD pattern of
as-deposited mesoporous Ni(QHlIms from a 20 wt % aqueous
solution of ethylene glycol. Only one set of evenly spaced
reflections withdg; = 37.4 A is observed, corresponding to a
more stable lamellar phase. The organic solvent molecules are
believed to associate with the surfactants. This fact suggests
that a single orientation of SDNI2" bilayers is formed at the
solid—liquid interface when a large amount of ethylene glycol
replaces the water between surfactant tails (Figure 2). However,
the mesostructure of Ni(OHJilms is independent of the SDS
concentration and deposition potential if a fixed amount of % 4
ethylene glycol, required for the formation of single lamellar N e X . .
phase, is utilized as the deposition medium. Figure 4. Surface morphologies imaged by SEM of lamellar nickel

The TEM images obtained from the same mesostructured i 1T eleciodeposied at (895 and 01 0.7 ¥ versus A0
Ni(OH). films confirm that the films are composed of lamellar  Sps surfactant species as the template.

nanostructure (Figure 3b). The stacking direction of the layers

is wide distribution. The interlayer distance and the thickness lamellar mesostructured films show the same variation trend
of the wall system are estimated to be 3.5 and 1.8 nm, as that when varying the deposition potential. Typically, the
respectively, which is in good agreement with the value shown film surface morphologies obtained from 20 wt % ethylene
by the XRD pattern. Additionally, for the single phase lamellar glycol aqueous solution at different potentials are imaged by
nanostructured films, the stacking of layers is local order, as SEM (shown in Figure 4). Figure 4a displays that the films
compared to the biphase lamellar nanostructure described abovedeposited at a potential 6f0.5 V versus Ag/AgCl present
This can be explained by the fact that the position of interface spongelike morphology and are relatively flat. However, the

STI* is variable if two different orientations of the SBSIi2" film surface becomes rough and is comprised of wormlike
bilayer coexist, whereas the single orientation of the SRE™ particles as decreasing the potentiati0.7 V versus Ag/AgCl
bilayer results in local positional order of interfacel S TEM (Figure 4b), which is well close to that of nonporous Ni(QH)
analysis is also performed on the films deposited at different fiims deposited in absence of any surfactants (see Supporting
potentials and confirms that those deposited abe@e8 V Information Figure 1). We thus conclude that the different film
versus Ag/AgCl have well-defined lamellar nanostructure.  morphologies caused by the variation of potential are kinetically

The qualities of the layered nanostructured films were found controlled. The growth of the nanostructured film is apparently
to vary significantly with the deposition potential. For both types driven by a balance (a competition process) between the
of lamellar mesostructured films discussed above, the X-ray inorganic polymerization and the cooperative assembly. Under
diffractograms exhibit very strong diffraction peaks if deposited strong reduction condition, inorganic polymerization is quickly
at —0.5 V versus Ag/AgCl. However, reducing the deposition triggered, leading to the formation of a large percentage of solid
potential from this optimum leads to a decrease in the X-ray inorganic domains without any features. This elucidates the
diffraction intensity while maintaining the identical deposition similarity of the surface morphology obtained-a@.7 V to that
period. The films deposited at0.8 V versus Ag/AgCl exhibit of nonporous films. Support for this idea is also found by a
no peak at all. The changes of film quality caused by the clear increase in the electrolysis current density (shown in
deposition potential can also be reflected from the surface Supporting Information Figure 1) and the corresponding TEM
morphology of lamellar composite nickel hydroxide films. At images of the films which present a large number of featureless
the same time, the surface morphologies of both types of regions.

SDS/Poly(alkylene oxide) Polymers Complex Templates.

(39) (a) Huo, Q. S.; Leon, R.; Petroff, P. M.; Stucky, G.$riencel995 268 i i - i i -
1324. (b) Tolbert, S. H.; Landry, C. C.; Stucky, G. D.; Chmelka, B. F.; As shown in Figure 5a, t_he X-ray dlff_ractl_on pattern _of the as
Norby, P.; Hanson, J. C.; Monnier, &hem. Mater2001, 13, 2247. prepared mesoporous nickel hydroxide films deposited from a
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Figure 5. Low-angle X-ray diffraction patterns of (a) as-electrodeposited
and (b) as-treated mesoporous nickel hydroxide films obtaineeDdd V {
versus Ag/AgCl by using 1.5 wt % anionic surfactant SDS species and 0.4 |
wt % cosurfactant P123 as the template. The solvent for plating is 20 wt %
ethylene glycol aqueous solution.

water—ethylene glycol (20 wt %) mixing solvent in the presence
of SDS (1.5 wt %) and cosurfactant P123 (0.4 wt %) shows the
first three strong well-resolved peaks with aI3, 2 spacing
pattern, which can be indexed as (100), (110), and (200)
diffraction peaks associated wigfdmm hexagonal symmetry.
Two additional peaks appear in thé ange of 5-10° which
can be indexed as (300) and (220) reflections, respectively. The
intense (100) reflection gives @ spacing of 37.4 A, corre-
sponding to a unit cell parameter af= 43.2 A. The strong
and narrow reflections are indicative of the long-range meso- *
scopic ordering of the pores. Further evidence for two- Figure 6. Transmission electron micrographs of hexagonal mesoporous
dimensional hexagonal mesostructure is provided by TEM nickel hydroxide films electrodeposited from 20 wt % ethylene glycol
. . . . . A aqueous solution by using 1.5 wt % anionic surfactant SDS and 0.4 wt %
|mages obtaln(-?‘d at dlfferent.orlentathns s_hown in Figure 6. The cosurfactant P123 species as the template. Panel a represents a side view
micrographs viewed from different directions reveal the well- of the pore channels. Panel b represents a view of the hexagonal pores.
defined hexagonal mesoporous structure, with one-dimensional
channel structure and a well-ordered hexagonal mesopore arrayframework! The FTIR spectrum reveals that there is no trace
The long-ranged ordered arrangement of channels is observedf the organic species in the as-treated hexagonal mesoporous
in part a of Figure 6. Selected area electron diffraction patterns films (see Supporting Information Figure Ill), suggesting that
recorded on the inorganic walls show that they are amorphous.the removal of the templates is from the mesoporous nickel
The apertures of the mesopores have a small mean diameter ohydroxide films.
around 2 nm, as estimated by TEM images (see Figure 6b). Figure 7 reveals the variation of film surface morphology
Previous reports demonstrate that amphiphilic triblock copoly- obtained by varying deposition potential in the presence of SDS
mers tend to template large pore (i.epof= 5 Nm) mesoporous (1.5 wt %) and P123 (0.4 wt %). In a trend similar to that of
materials>”! It is therefore conceivable that the primary |amellar films, at a cell potential 0f0.5 V versus Ag/AgCl,
templating effect of small surfactant SDS molecules is associatedthe films surface is relatively smooth and composed of very
with the formation of such small nanopores. The distance small wormlike particles, as shown in Figure 7a. With a decrease
between mesopores is about 4.4 nm on the average, whichin potential to—0.7 V, the surface particles self-organize into
corroborates well with the XRD data. From TEM images, the micronspheres’ with a puffy appearance ||ke|y due to the
pore wall of the hexagonal mesoporous nickel hydroxide is hjerarchical template effect of the polymers (see Figure 7b).
estimated to be about 2.9 nm in thickness. However, the corresponding XRD results and TEM images
To remove the organic template, the as-deposited films are demonstrate that the composite films still have two-dimensional
kept in the original plating solution. Concomitantly, the plating hexagonal mesostructure, whereas the intensities of the XRD
solution is cooled to ambient temperature naturally as soon asreflections significantly decrease. In the case of SDS/P123 as
the electrochemical deposition stops. The XRD pattern of the the structure-directing agent, it is reasonable to assume that the
as-treated hexagonal mesoporous films shows that the well-deposition potential can possibly change the assembly fashion
defined hexagonal mesostructure still remains although eachof SDS/P123 and the polymerization rate of mineral framework.
peak becomes slightly weaker (Figure 5b). The appearance ofNevertheless, at lower deposition potential, the preservation of
each peak at higher angles implies slight contraction of the the two-dimensional hexagonal mesostructure rules out the
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Figure 8. Cooperative templating model for the electrochemical synthesis
of hexagonal mesoporous Ni(Othin films on the surface of working
electrode.

Figure 7. SEM images of Ni(OH)films electrodeposited in the presence . « »
of 1.5 wt % SDS and 0.4 wt % cosurfactant P123 from 20 wt % ethylene Concretely, according to the “necklace model”, the polymer

glycol aqueous solution at potentials of (a).5 V and (b)—0.7 V versus surfactant aggregates in bulk solution are comprised of a series
Ag/AgCL. of spherical micelles surrounded by the polymer segments and
connected by polymer strantiswhere the surfactant headgroup
possibility of changes of the template structure. We thus dominates the interaction with the polymers. Figure 8a sche-
conclude that the condensation rate of the inorganic material, matically represents a scenario of this interaction. Obviously,
Ni(OH)2, increases under the stronger reduction conditions the sphere cylinder micelle transformation occurs while the
because low deposition potential similarly results in the greatly inorganic condensation is initiated by electrochemical reduction,
higher cell current density. allowing the hexagonal array of cylindrical SBSIi2* interface.
However, there is a point that should be addressed thatThe neutral poly(alkylene oxide) polymers have great surface
crystalline Ni(OH) films are electrodeposited in the presence excess concentrations due to low electrostatic repulsion, resulting
of P123, F127, or PEG but in the absence of SDS, as judgedin an increase in the amount of polymer-bound SDS spherical
from the wide-angle XRD pattern. For the films deposited under micelles at the cathode surface. The high concentration of
such a condition, the low-angle XRD pattern gives no peaks surfactants has be shown to be favorable for the transformation
and TEM images present no features. Accordingly, the neutral into rodlike micelles® On the other hand, these polymer chains
polymers have no direct template effect on the formation of are bound to cylindrical SDS micelles, thereby, suppressing the
mesostructured films. formation of an SDSNi?" bilayer. The corresponding geo-
Further studies demonstrate that the other complexes com-metric configuration of the complex template is proposed in
posed of SDS/PEG or SDS/F127 can template the identical two-Figure 8b. For clarity, only few polymer chains are portrayed
dimensional hexagonal mesoporous nickel hydroxide films to around cylindrical SDS micelles in comparison with their surface
that presented above. Since the phase transformation fromexcess. Here, the cooperative “templating” perspective accounts
lamellar to hexagonal mesostructure occurs after the addition for the mechanism of generation of hexagonal mesophase. After
of cosurfactants poly(alkylene oxide) polymers, the essential the reduction of a nitrate group, inorganic condensation occurs
template directing the formation of two-dimensional hexagonal around the cylindrical micelles, leading to the hexagonal
mesophase (i.e., SDS molecules) must have a dramaticallymesopore array. At the same time, the organic medium (ethylene
different profile from that for layered composite films described glycol) also plays a key role in adjusting the surfactant geometry
above. Water-soluble nonionic polymers, such as poly(alkylene as discussed below. In this cooperative assembly fashion, a
oxide) polymers and poly(vinyl pyrrolidone) (PVP), are known certain amount of ethylene glycok@0 wt %) is necessary to
to interact strongly with the anionic surfactant SDS in aqueous give rise to the generation of single two-dimensional hexagonal
solution? The incorporation of such polymers yields a complex mesophase, which is analogous to the formation of the single
with a string (for example, P123) of pearls (SDS) structure. lamellar phase.

(40) (a) Goddard, E. DColloids Surf.1986 19, 255. (b) Brackman, J. C.; (41) (a) Nikas, Y. J.; Blankschtein, Dangmuir1994 10, 3512. (b) Braem, A.
Egberts, J. B. F. NChem. Soc. Re 1993 85. D.; Prieve, D. C.; Tilton, R. DLangmuir2001, 17, 883.
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Table 1. Effect of the Composition of the Complex Templates
Composed of SDS and Cosurfactants (P123, F127, or PEG) on
the Mesostructure of Ni(OH), Films Electrodeposited from 40.00 g
of 20 wt % Ethylene Glycol Aqueous Solution

deposition potential

SDS cosurfactants vs Ag/AgCl

(9) ()] in4 MKCI (V) mesophase
0.20-0.60 0.16 —0.5,—-0.7 H
0.80 0.16 —0.5,—-0.7 H (half)+ L (half)
1.00 0.16 —0.5,—-0.7 H (minor)+ L (major)
1.20 0.16 —0.5,—-0.7 L
0.30-0.80 0.20 —0.5,—-0.7 H
1.00 0.20 -0.5,—-0.7 H (more)+ L (less)
1.20 0.20 —0.5,—-0.7 L
0.60-1.00 0.32 —0.5,—-0.7 H
1.20 0.32 -0.5,—-0.7 H (more)+ L (less)
1.60 0.32 —0.5,—-0.7 L

Nevertheless, not all interactions between polymers and SDS
can give rise to hexagonal mesostructure. For example, the

XRD pattern gives a set of evenly spaced peaks witkil®0)
spacing of 37.4 A, which can be indexed to an identical single
lamellar phase to that obtained with only SDS as the template.

Temperature is an important factor in determining the film
mesostructure (organic array). In contrast, the deposition of Ni-
(OH), films was also carried out in the presence of SDS (1.5
wt %)/cosurfactants (0.4 wt %) at 430 °C. However,
deposition at such low temperatures results in the low produc-
tivity of mesostructured films, as compared to those films
discussed above. When the SDS/P123 and SDS/F127 complexes
are used as the templates, the XRD pattern of such films shows
a set of evenly spaced weak peaks with the sdnspacings
(d(100)= 37.4 A) as those shown in Figure 4hAt the same
time, traces of lamellar phase are found in TEM images in
addition to a large number of featureless domains (more than
95%) in such films. This phenomenon can thus only be
explained by the fact that a small amount of spherical micelles
(<5%) bound to a copolymer are dissociated into SIN&*"

cqmplex formed by stronger interaction between PVP and S_DS bilayers on the electrode surface, where the electrode surface
still templates the same lamellar nanostructure as that obtameo‘zOrce can prevail over the polymesurfactant binding. In the

with only SDS as the structure-directing agent. The possible

case of the SDS/PEG complex as the template, a mixture of

reason should be the different attraction between PVP segment%ingle lamellar (major phase) and two-dimensional hexagonal

and sulfate anions. Unlike the dipetén interactions between

PEO or PPO and sulfate anion, the interaction between a PVP;

segment and a sulfate anion is electrostatic in nature and is
therefore, weakened due to the electrostatic screening induce
by the presence of salt (Ni(N).4121n this case, the assembly
of SDS-Ni2" (bilayer) on the electrode surface cannot be
changed. Similarly, the nanostructure of the composite NigOH)
films deposited from aqueous solution of dimethyl sulfoxide
(DMSO, >20 wt %) shows the coexistence of lamellar (major

(minor phase) mesostructures with the saii00) = 37.4 A
is obtained. Pure PEO chains probably produce greater surface

‘excess concentration of SDS due to the stronger interaction
dDetween PEO segment and SDS, which gives rise to the

appearance of hexagonal mesophase. In addition, it should be
pointed out that spherical micelle geometry is not a structure-
directing factor at all in the synthesis of mesoporous matetials.
Hence, this control experiment shows that the electrodeposition
of the hexagonal mesoporous nickel hydroxide films is tem-

phase) and hexagonal (minor phase) mesostructures due to thﬁerature sensitive

weak electrostatic interaction between SDS and DMSO.
Hexagonal mesoporous nickel hydroxide films can be avail-
able over a wide composition range of surfactants. Table 1
summarizes the effect of weight ratios of SDS to P123, F127,
and PEG on the resulting mesostructure of nickel hydroxide
films. When the surfactant concentration in increased at a fixed
cosurfactant concentration, the amount of surfactant bound to
polymer increases until a saturation concentratiGgy; is
reached. On the basis of the calculation of the valu€gfon
the SDS/F108 system by Tilton’s grod#,we can estimate an
approximate value dEs,:for the SDS/P123 system, this is0.6
g of SDS are bound to 0.16 g of P123. It was found that a
decrease in the weight ratio of SDS:P123 to less than 2.5:1
results in a reduced productivity of hexagonal mesoporous
composite films, as revealed by the dramatic decrease in XRD
peak intensity’2 Apparently, this can be attributed to a decrease
in the concentration of in situ complex templates. However,
any micelles that form beyor@s,are certain to be free micelles.
Thus, as the concentration of SDS is increased to alilye
the deposited films contain mixed hexagonal and lamellar
phases, as shown in TEM images. This originates from the co-
adsorption of the SDSNi2" bilayer and hexagonally arranged
SDS-Ni2* cylinders on the working electrode surface. Finally,
when SDS concentration is twice the valueGgf; only lamellar

phase is observed under TEM, suggesting that the SDS bilayer

Nickel hydroxide films are also deposited from aqueous
solution and dilute aqueous solutions of ethylene glye®q
wt %) in the presence of SDS (1.5 wt %)/cosurfactant (0.4 wt
%). The XRD pattern of the as-deposited mesoporous films is
the same as that obtained with only SDS as the template in
aqueous solution (see Supporting Information Figure 1V). TEM
analysis provides further evidence of the mere existence of
lamellar mesophase. Despite the introduction of poly(alkylene
oxide) polymers, it can be seen that the template configuration
is still SDS bilayers when doped with low levels of ethylene
glycol (<20 wt %). Obviously, a large amount of ethylene glycol
(=20 wt %) changes the microenvironment for organic array.
Ethylene glycol gradually enlarges the spherical micelle volume
of SDS as an “expender” by increasing its doping level. As a
consequence, when the concentration of ethylene glycol equals
to or exceeds 20 wt % with respect to water content, the sphere-

to-rod micelle transformation takes place. Hence, the cylinder

SDS—Ni?* interfaces are formed on the electrode surface. In

terms of charge density matching, the lower curvature of SDS

cylinder micelles provides the high possible surfactant density

to balance Ni™ cations on the electrode surface. When the

concentration of ethylene glycol is above the minimum value
required for the formation of hexagonal mesophase, such-SDS
NiZ* interface is not affected any more.

is a more stable surface assembly. Meanwhile, the corresponding-cjusion

(42) To compare the XRD intensity among different samples, the composite
Ni(OH), films were electrodeposited with approximately the same cell
current density €+10% deviation).

We systematically studied the electrochemical synthesis of
mesostructured Ni(OHYilms in dilute surfactant solutions. The
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formation of mesoporous structures essentially originates from sophase is directly templated by SDS cylinder micelles, which
the self-assembly of inorganic Wi and SDS at the electrode are induced by the secondary template poly(alkylene oxide)
surface through the $* pathway. First, lamellar biphasedyd: polymers. At the same time, the formation of the hexagonal
= 37.4 A anddooi- = 28.5 A) are deposited from aqueous mesostructure not only is sensitive to the ratio of SDS to
solution with anionic surfactant SDS as the template. A couple cosurfactants but also is temperature and solvent dependent. The
of different orientations of SDSNi?* bilayer render the  deposition bath temperature (ca. ) and compositions 20
microphase separation. Bilayers are often the favorable packingyt o5 aqueous solutions of ethylene glycol) are also decisive in
of anionic surfactants on the electrode surface during the in situ ¢, preparation of the hexagonal mesoporous Ni¢Of#.
inorganic condensation because the maximum charge densityqyever, for all of the electrodepositions described in this
is provided on a zero-curvature surface to balance the inorganicovevt  albeit the mesostructures do not change within the
- i . %otential window for yielding Ni(OH), the deposition potential
van der Waals interactions betw_een the surfa_ctar_n hydrOphOt.)'Chas impacted heavily on the surface morphology of composite
tails are always the other factor in the determination of organic Ni(OH), films. What the potential changes is just the rate of

profile. The deposition medium is another significant factor that inoraanic wall polvmerization rather than the geometry of the
affects the mesostructure of the deposits. A transformation from inorganic wall polymerization . 9 yor
lamellar biphasedpo: = 37.4 A anddeor- = 28.5 A) to single organic arrays. Electrodeposition from dilute surfactant solutions

lamellar mesophaselg, = 37.4 A) occurs by increasing the is a ver_satil_e approach to mesostructured inorgaaiganic
concentration of an aqueous solution of ethylene glycol to above COMPosite films.

20 wt %. In both cases, the formation of lamellar phases does
not rely on the concentration of SDS and deposition potential.
Unlike preformed arrays of the extensively applied liquid
crystals in the electrodeposition of mesoporous materials, the

two-dimensional hexagonal mesophasie( = 37.4 A) is

templated through the cooperative organization of the inorganic
cations and the complex templates comprised of SDS and
cosurfactants, such as poly(alkylene oxide) triblock copolymers
P123, F127, and poly(ethylene glycol). The hexagonal me- JA0434329
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