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Abstract

In this work, we report the soft-templated preparatof mesoporous nickel oxide using an asymmetric
poly(styreneblock-acrylic acidblock-ethylene glycol) (P®-PAA-b-PEG) triblock copolymer. This block
copolymer forms a micelle consisting of a PS car®AA shell and a PEG corona in aqueous solutions,
which can serve as a soft template. Specificdtlg,RS block forms the core of the micelles on @Eof

its lower solubility in water. The anionic PAA blodnteracts with the cationic RKiions present in the
solution to generate the shell. The PEG block fattmescorona of the micelles and stabilizes the heisdy
preventing secondary aggregation through stericlsegn between the PEG chains. In terms of textural
characteristics, the as-synthesized mesoporouseitibits a large average pore size of 35 nm withela
specific surface area and pore volume of 97°Gjfhand 0.411 crhg™, respectively. It is expected that the
proposed soft-templated strategy can be expandeth&r metal oxides/sulfides in the future for i
applications in gas sensors, catalysis, energyagoand conversion, optoelectronics, and biomedical

applications.



1. Introduction

Over the past decades, porous materials have gaigeilicant interests for various applications¢lsas
energy storage and conversion, sensors, catabyeisiedical and optoelectronics due to their higHase
area, large pore volume and porosity, tunable pie, etc.? Among various types of porous materials,
mesoporous materials (materials with pore sizewd®t 2-50 nm) have attracted the most attentiom@wi
to their uniform pore size, rich surface chemistgntrollable wall composition, and modifiable suoé
properties®* In particular, mesoporous transition metal oxides highly attractive for a wide range of
applications, including chemical, environmentalfglye optics, electronics, medical, and biotechnialg
applicationd>"!

In general, mesoporous transition metal oxideswnghesized by using two approaches: hard and
soft-templating method&. In hard-templating method, suitable metal preasrswe firstly introduced into
the pores of mesoporous templates and subsequegitidheesults in the desired crystalline metal egidnd
selective removal of the template generates theopoesus metal oxide repli¢d. The pore size, wall
thickness, and topological structure of the resgltinesoporous metal oxide replica could be cortrlolb
some extent by correspondingly changing those eir templates. To date, many different mesoporous
metal oxides (including transition metal oxidesyd&een reported using the hard-templating (natioggs
method, including Ti@Q® MnO,,***? Fe,0,™ Fe0,, Co;0,M 1 A0, and WQ..*® However,
there are some disadvantages associated with tlektdraplating method, such as long and complex
procedures, difficulties to fill in the mesoporositica template due to complex interactions betwten
silica and filtrated metal ion precursor, and tise strong acide(g., hydrofluoric acid (HF)) to remove the
hard templaté”

On the other hand, soft-templating methods typyoathploy surfactants or block copolymers. The
synthesis of mesoporous metal oxides by soft-tetimglanethod offers many advantages, including lower
cost of the template, simpler procedures which lwamcarried out under mild conditions, and tunaldesp
size and chemical compositi§hHowever, these methods also have some drawbadkeiasyntheses are
often based on complicated so-gel processes, dsas¢he hydrolysis and polymerization of transidb

metal species which are difficult to control. Fentmore, the resulting mesoporous oxide productd ten



exhibit amorphous or semi-crystalline walls andmpbermal stability. Triblock copolymers have pi@avsly
been employed as soft-templates to synthesize mesaptransition metal oxides with small pore sfz@s
For instance, Yangt al. have reported the synthesis of mesoporous, TWth an average pore size of
smaller than 10 nm by using the PB@POb-PEO type block copolyméf! However, mesoporous
materials with such small pores may have limitegdliaptions compared to those with larger poreshay t
may not be able to accommodate large guest spacraslecules.

Recently, many efforts have been carried out targel the pore size of mesoporous matetidls.
The utilization of block copolymers which possessg hydrophobic block could overcome this challenge
because the pore size strongly relies on hydroghiolloick length of the micelle template. Previouslyr
group reported the use of high molecular weight lodib copolymers, such as
polystyreneblock-poly(ethylene oxide) (PB-PEO) as soft-templates for the preparation of mesmus
materials with large pore siZ&2% Furthermore, we have also synthesized mesoporiais! rferrite and
ferrite with large pore sizes through the use oly(tyreneblock-acrylic acidblock-ethylene glycol)
(PSbh-PAA-b-PEG) triblock copolymer containing acrylic acid e@atively charged in alkaline
solutions)?t?2

Among various metal oxides, nickel oxide (NiO), adev bandgap (3.6-4.0 eVp-type
semiconductor has gained significant attention doe its exciting intrinsic properties, such as
electrochromic, antiferromagnetic, and high cariwe:ipropertieéz.3'25] In addition, NiO can be utilized in a
wide range of applications, including electrochrorisplay devices, smart windows, active opticbéfs,
gas sensors, solar thermal absorbers, catalysiscéll electrodes, supercapacitors, and energggt® 2>
To date, many previous reports on mesoporous Niédren the use of hard templates, such as SB&!15
and KIT-6!2"?8 Despite some progress, reports on the fabricatfianesoporous NiO using soft-templates
are still scarce.

In this study, we report the synthesis of mesop®idi®© with a large average pore size of 35 nm
by utilizing PSb-PAA-b-PEG triblock copolymer as a soft-templakéglre 1). In agueous solution, the

PSb-PAA-b-PEG block polymer forms tri-functional micelles,which the PS, PAA and PEG blocks act as



core, shell, and corona, respectively. The effeftaickel precursor amount and calcination tempeeat

were investigated to determine the optimum condlitay achieving well-defined mesoporous NiO.

2. Experimental Section
2.1. Chemicals.
Poly(ethylene glycol) methylether (4-cyano-4-peote dodecyl trithiocarbonate) (PR&ETA, M, =
2,400 g mof) from Aldrich and 2,2'-azobis (2,4-dimethylvaleitite) (V-65, > 95.0%) from Wako Pure
Chemical were used as received without furtherfigation. Acryl acid (AA,> 98.0%) and styrene (St,
99.0%) from Wako Pure Chemical were dried with 4n8lecular sieves and purified by distillation under
reduced pressure. 2,2’-Azobis (2-methylpropior@jri(AIBN, > 98.0%) from Wako Pure Chemical was
purified by recrystallization from methanol. 1,4eRane and methanol were dried with 4 A molecular
sieves and purified by distillation. Water was pad using a Millipore Milli-Q system. Nickel (llpitrate
hexahydrate (Ni(Ng).-6H,0O, 98%) and absolute ethanol,fgO, 99.99%) were purchased from Sigma
Aldrich and they were used without further purifioa.
2.2. Preparation of PSypo-b-PAA7:-b-PEG4 triblock copolymer.
The preparation method of RSb-PAA7;-b-PEG is shown inFigure 1. AA (4.95 g, 68.7 mmol),
PEGCTA (1.10 g, 0.458 mmol), and AIBN (30.1 mg, 0.1830l) were dissolved in 1, 4-dioxane (70.0
mL). The solution was degassed by purging with &s tpr 30 min. Polymerization was performed at 60 °
for 15 h. After the reaction, the conversion of Agtimated frontH NMR was 40.4%. The reaction mixture
was dialyzed against pure water for three days. 2AAPEGes was recovered by freeze-drying (2.44 g,
40.4 %). The number-average molecular weighlt(NMR)), degree of polymerization (DP) of PAA
estimated from'H NMR, and molecular weight distributiorM{/M,) estimated from gel-permeation
chromatography (GPC) were 7.52 ¥ f0mol*, 71, and 1.41, respectiveljgble S1).

PAA;1-b-PEGs (1.50 g, 0.200 mmoM,(NMR) = 7.52 x 16 g mol*, M,/M, = 1.41), St (10.4 g,
99.8 mmol), and V-65 (24.9 mg, 0.100 mmol) weresalged in methanol (50.0 mL). The solution was
degassed by purging with Ar gas for 30 min. Polymaion was performed at 50 °C for 24 h. After the

reaction, the conversion of St estimated frih NMR was 55.2%. The reaction mixture was dialyzed



against methanol for three days, then pure watetwo days. After the dialysis, the aqueous sotutd
PSo-b-PAA71-b-PEGs was recovered (362 mL). The polymer powder wasvexed from a part of the
aqueous polymer solution (20 mL) by freeze-dryinghwa yield of 0.355 g. The concentration of the
aqueous polymer solution was 17.8 gM,(NMR) of PSorb-PAA;1-b-PEG,s and DP(NMR) of PS
estimated from'H NMR, and M./M, estimated from GPC were 4.94 x*1§ mol', 402, and 1.37,
respectively Table S1).

2.3. Synthesis of mesopor ous nickel oxide

In a typical procedure, 20 mg of nickel (Il) nigabexahydrate was firstly dissolved in 80 of ethanol.
After perfect dissolution, this solution was addet 2 mL of polymeric micelles solution (5 g*).under
magnetic stirring. After stirring for 1 h, the mixe was dried at 60 °C in an electrical oven. Tolkected
light green powder was then calcined at differempgeratures (250-450 °C) with a heating rate o€2 °
min™.

2.4. Characterization

'H NMR was obtained using a Bruker DRX-500 spectriemeGPC measurement for PAM-PEGs was
performed using a Tosoh RI-8020 refractive indetect®r equipped Shodex 7.0 um beads size GF-7M HQ
column (exclusion limit ~ 10 working at 40 °C under a flow rate of 0.6 mL/miphosphate buffer (50
mM, pH 9) containing 10 vol% acetonitrile was usedan eluent. The values i, and M,,/M, for the
polymers were calibrated using standard sodium (ptylsenesulfonate) samples. GPC measurement for
PSio-b-PAA71-b-PEGs was performed using a Shodex DS-4 pump and arORéfractive index detector
using Shodex one KF-805L and three KF803L colunamhected in series. THF was used as the eluent at a
flow rate of 1.0 mL/min at 40 °CM, and M,/M, were calibrated using PS standard samples. Sample
solutions were filtered with a 0.2 pum pore size rhemne filter. Dynamic light scattering (DLS)
measurements were performed using a Malvern Zetalliano ZS with a He-Ne laser (4 mW at 633 nm) at
25 °C. The hydrodynamic radiuR.§ was calculated using the Stokes-Einstein equaRers kgT/(6777D),
wherekg is Boltzmann constant, is absolute temperature, ards solvent viscosity. The DLS data was

analyzed using Malvern Zetasizer software versidi.7Zeta-potentiald) was measured using a Malvern

Zetasizer Nano-ZS at 25 °Qwas calculated from the electrophoretic mobility {sing the Smoluchowski



relationship,{ = nule (ka >> 1), wheree is the dielectric constant of the solventis the Debye-Huckel
parameter, and is particle radius, respectively. TEM observatwas performed with a JEOL JEM-2100
operated at an accelerating voltage of 200 kV. TEM sample was prepared by placing one drop of the
agueous solution on a copper grid coated withrafilm of Formvar. Excess water was blotted usiittgrf
paper. The sample was stained by sodium phosphsiitegand dried under vacuum for one day. The
morphological observation of the mesoporous NiO wasformed using both scanning (SEM; JEOL
JSM-7500FA) and transmission electron microscop&df; JEOL JEM-2010). The phase composition and
crystal structures of the samples were analyzeX-bgy diffraction (GBC MMA XRD) with Cu-kx (1.54

A) in the @ range of 10 to 80°. Nitrogen gNadsorption-desorption measurements were perfousi) a
BET Nova 1000 at 77 K. The specific surface areasrewcalculated using the multipoint
Brunauer-Emmett-Teller (BET) method at a relativesgure P/Po) range of 0.05 to 0.30, while the total
pore volumes were calculated by the Barrett-Joyteenda (BJH) method. Prior to the BET
measurements, the samples were degassed under mvaetiu 100 °C for overnight. Finally,
thermogravimetric analysis (TGA) was carried ouhgsa Mettler Toledo TGA/DTA851 thermal analyzer

apparatus with a heating rate of 10 °C im air atmosphere.

3. Result and Discussion

The DP (NMR) for PAA was determined from the ingntensity ratio of the peaks at 3& énd 1.1-1.9
ppm €+f) (Figure Sla). The DP (NMR) for PS was determined from thegnééintensity ratio of the peaks
at 1.2-2.5 g+et+h+i) and 6.3-7.2 ppmj£k) (Figure S1b). The My(GPC) values for PE{&gb-PAA;; and
PSiozb-PAA71-b-PEG were 1.03 x 1Dand 1.43 x 10g mol*, respectively Kigure S2). M,/M,, estimated
from GPC were relatively narrow below 1baple S1). Theoretical degree of polymerization (DP(thepry)
and theoretical number-average molecular weidit(theory)) were calculated from the following

eqguations:

M, P
DP(theory) = ﬁ X — (2)

M, (theory) = DP(theory) X MW + MW;cra (2)



where [M} is the initial monomer concentration, [CTA|s the initial chain transfer agent (CTA)
concentrationp is monomer conversion estimated frdh NMR measurements, MW is the molecular
weight of monomer, and M¥{x is the molecular weight of CTA. The values of Defry) andM,(theory)
are listed inTable S1. DLS measurements for RSb-PAA7-b-PEGs at polymer concentratiorCf) = 0.2
g/L were performed in pure water at pH 5Flglre S3). The unimodal distribution witR, = 58.0 nm can
be observed. PAA was ionized in pure water. Tha-petential of P&>b-PAA71-b-PEGs in water at pH
5.1 was -42.8 mV, because the pH value of the agueolution was 5.1 which is near to= 4.35) of
AA monomer. TEM observation for Bsb-PAA;1-b-PEGs in pure water was performe#igure 2a). An
average diameter of 31 nm was estimated from TEiduf e 2b), which was different fronR, (= 58.0 nm)
estimated from DLS measurement since the TEM samadein dried state.

The formation mechanism of the mesoporous nickélleoxising the P8-PAA-b-PEG block
copolymer as a soft-template is illustratedrigure 3. In the reaction system, the PS block forms thie cb
the micelles due to its rigid and glassy structoreater and acts as a pore-forming ad@rft! According to
zeta-potential, PAA was negatively-charged in tregen After addition of nickel (ll) nitrate solutipthe
pH value was changed to around 4.5. In this pHoregPAA is still negatively-charged, where the
negatively-charged PAA block interacted with thesipeely-charged cationic metal ions and forming th
shell®?? |n this study, unlike our previous stihy?, NaOH solution was not used as additive for
controlling the pH in the solution. The PEG blookrs the corona, which provides stability for thieeties
in the solution to prevent secondary aggregati@hmomote the orderly organization of the partidasng
assembly of the micelles. The drying of the solutad 60 °C promotes the formation of mesostructured
material. Finally, the calcination at high temparat can lead to cross-linking of the NiO framevgoakd
simultaneous removal of the polymeric template.

In order to determine the optimized conditionstfoe synthesis of mesoporous NiO, the effect of
different concentration of nickel salt was inveatey and the corresponding SEM images are given in
Figure 4. The use of a low amount of nickel precursor (If) m0344 mmol) is found to yield mesoporous
structures with a large average pore size of ar@fhdm, but with very thin walls (thickness of andué

nm) and some presence of defects on the Wwajufes 4a andb). The increase in the amount of the nickel



precursor to 20 mg (0.0688 mmol) gives rise to wefined mesoporous structures with average paee si
and wall thickness of 35 nm and 14 nm, respecti{ielgures 4c andd). However, excess addition of the
nickel salt (30 mg, 0.1032 mmol) results in aggtiegaof the small crystals, thereby leading to tb#apse
of the mesopores and the corresponding decreaaeface areaHigures 4e andf). Based on these results,
an optimum nickel precursor amount of 20 mg (0.08880l) was used for further experiments.

The effect of the calcination temperature on thepghology of the resulting mesoporous NiO was
checked by SEMHKigure 5). When the sample was calcined at 250 °C, the pm@sas structure is not
observed at allHigure 5a). This is because the temperature was not higliginto remove the carbon
components in the PBSPAA-b-PEG block copolymer. In contrast, the increasealtination temperature
to 350 °C leads to the formation of well-definedsmgorous NiO with an average pore size of aroundn35
(Figure 5b). However, raising the calcination temperaturehieir to 450 °C causes the collapse of the
mesoporous structures as the higher temperatuneaddoy further crystallization of Nid-(gur e 5c).

The TEM image of the mesoporous NiO obtained ab@imum calcination temperature of 350
°C reveals its well-defined mesoporous structurth @iverage pore and grain sizes of 35 nm and 6 nm,
respectively Figure 6a). The pore size of mesoporous NiO was slightlgeéarthan the micelle size of block
copolymer Figure 2) because the PEG-PAA shell can also contributehéoformation of pores during
reaction. The high-resolution TEM (HRTEM) imagetbé mesoporous NiO obtained at 350 °C displays
well-defined lattice fringes witld-spacing of 0.24 nm and 0.20 nm, correspondinghédtspacing of
NiO(111) and NiO(200), respectively, as shownFigure 6b. The corresponding selected area electron
diffraction (SAED) pattern (Inset ¢figure 6b) reveals the polycrystalline nature of this mesope NiO.

TGA was conducted to analyze the weight changgaisd PSh-PAA-b-PEG triblock copolymer
and the P$-PAA-b-PEG micelles (containing Rl) with increasing temperatures. As showrFigure 7a,
the block copolymer undergoes a sharp weight leginbing at around 200 °C and completely burnsaput
around 450 °C. On the other hand, for PBAA-b-PEG micelles (containing Kfj), an initial decrease of

the TG curve is observed aR00 °C (17%), which can be associated with the removaldsbebed water

molecules, whereas the weight loss observed fro@ 20 to 370 °C could be attributed to the

decomposition of the PBPAA-b-PEG template, as shown Figure 7b. No further weight loss was



observed after 370 °C, indicating the complete nahof the polymeric template. Therefore, it can be
concluded that the calcination process at 350 ®haigh to completely remove the organic tempfateei
applied heating rate is very slow (In our experitméme heating rate was 2 °C mjn These results are in
good agreement with the SEM observations.

The XRD patterns of the mesoporous NiO obtainedlifiérent calcination temperatures are
shown inFigure 7c. The observed diffraction peaks can be indexethé (111) and (200) planes of
face-centered cubic NiO phase (JCPDS No. 01-078)042urthermore, it is evident that the diffraction
peaks of the mesoporous NiO become narrower angeshaith increasing the calcination temperatutee T
average crystallite size was calculated from thstrmaense diffraction peak by using Scherrer'siida.

D = 0.941/(B cos0) 3)
whereD is the average crystallite sizé,is the broadening of FWHM of the main intense p€EKL) in
radian, ¢ is the Bragg angle, andis the radiation wavelength. Using the above aqoathe average
crystallite sizes of the mesoporous NiO obtainedastination temperatures of 250 °C, 350 °C, andl 45
are calculated to be 19.5 nm, 27.4 nm, and 36.5@spectively. This trend clearly indicates thed¢ase in
average crystallite size with increasing calcinatemperature.

The XRD pattern of the mesoporous NiO obtained5®&t ZC shows the existence of crystalline
NiO; however this temperature is not sufficientréanove the block copolymer template completely, as
supported by the TGA data. The increase in calcnatemperature of up to 450 °C leads to further
improvement in the crystallinity of the mesopor®i® product, as indicated by the increase in intgred
the NiO(111) peak observed fhgure 7b and c. The nitrogen adsorption-desorption isotherm of the
mesoporous NiO obtained at an optimum calcinatemperature of 350 °C is shown Kigure 7d.
According to the BET analysis, the specific surfacea and pore volume of the mesoporous NiO oldaine

at 350 °C are 97 fig™ and 0.411 crig?, respectively.

4. Conclusions
In this report, well-defined mesoporous NiO witlhgla average pore size of 35 nm has been succegssfull

synthesized using PIBSPAA-b-PEG block copolymer as a soft-template followedtlhgir removal at an

10



optimum calcination temperature of 350 °C. In tmeppsed method, the PS block forms the core of the
micelles and functions as a pore-forming agent,redme the PAA block interacts with cationic Ni icas
form the shell of the micelles due to its strongctiostatic charge, and the PEG block forms ther@oof

the micelles and provides stability by preventiegandary aggregation before/during micelle assenfaly
optimum amount of the nickel precursor is necessarmgnsure the formation of well-defined mesoporous
NiO. The optimum mesoporous NiO sample exhibitgdasurface area and pore volume of 97°Gjthand
0.411 cml gt The excellent textural properties of the synthesimesoporous NiO may enable it to be
utilized as high-performance material in catalygggs sensors, energy storage and conversion, and
biomedical applications. The large surface areapamd volumes of the mesoporous NiO are expectéeé to
beneficial in enhancing its functional performah@ea variety of applications, including energyrsige and
conversion?®®? catalysid®*>* gas sensor€” and biomedical applicatioi¥. Furthermore, the proposed
soft-templating method can be expanded into othetahoxides or sulfides in the future for obtaining

mesoporous oxides/sulfides with enhanced textinalacteristics and functional performance.
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Figures and Figure Captions

Figure 1 Synthesis route of BR&-b-PAA71-b-PEGs.

Figure 2 (a) TEM image of PRxb-PAA7:-b-PEGe in pure water atlC, = 0.2 ¢ LY. (b) Diameter

distribution histogram of the polymeric micelles.

Figure 3 Schematic illustration showing the mechanism effdrmation of mesoporous NiO using the
PS-b-PAA-b-PEG triblock copolymer template.

Figure 4 (a, c, ) SEM images and (b, d, f) the correspungiore diameter distributions of mesoporous
NiO obtained using different amounts of nickel séd) 10 mg (0.0344 mmol), (b) 20 mg (0.0688 mmol),
and (c) 30 mg (0.1032 mmol).

Figure5 SEM images of the mesoporous NiO obtained at%8)°€, (b) 350 °C, and (c) 450 °C.

Figure 6 (a) TEM and (b) high-resolution TEM (HRTEM) image$ mesoporous NiO obtained at an
optimized calcination temperature of 350 °C. (insddi): selected area electron diffraction (SAED))

Figure7 TG curves of (a) PS-b-PAA-b-PEG triblock copolyraed (b) PS-b-PAA-b-PEG micelles (with
Ni?"). (c) Wide-angle XRD patterns for mesoporous Nifaimed at different calcination temperatures and
(d) N, adsorption-desorption isotherms of mesoporous Mitained at the optimized calcination

temperature of 350 °C.
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Highlights

» Asymmetric poly(styrene-block-acrylic acid-bloekhylene glycol) (PS-b-PAA-b-PEG)
triblock copolymer has been synthesized and usedfasemplate.

* The soft template was achieved by micelle formatiom PS core, a PAA shell and a PEG
corona in agueous solutions.

* The synthesized mesoporous NiO exhibits a lavgeage pore size of 35 nm with large
specific surface area and pore volume of 97.@hand 0.411 cthg™, respectively.



