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Abstract—The incorporation of nickel into mesoporous molecular sieves MCM-41 was carried out. Ni-PO/MCM41
and Ni-CI/MCM41 were prepared by using Ni(ll) acetate solution adjusted to pH=2.phetphoric acid and hy-
drochloric acid, respectively, by the incipient wetness method. Photoacoustic spectroscopy (PAS) was used to study
the local environments of Ni(ll) incorporated into mesopores. The PAS of as-prepared Ni/MCM41, Ni-CI/MCM41,
and Ni-PO/MCM41 with Ni(ll) acetate solution exhibits two banda,gf around 400 nm and 750 nm, which could
be assigned to tH&,,— °T.,(F) and theA,,—°T,(P) transition of octahedral Ni(ll) species. After calcination, Ni
ion within Ni-PO/MCM41 dispersed atomically onto the surface of MCM-41 channel as an octahedral species with-
out the transformation to nickel oxide phase, while Ni ion within Ni-CI/MCM41 and NifMCM41 transformed to nickel
oxide phase. It may be attributed to the fact that each Ni ion is separated by the phosphate grafted to surface silanol
group. The effects of phosphoric acid on the dispersity of Ni ion within MCM-41 have been investigaté® wsidg
#Si MAS NMR spectroscopy and X-ray photoelectron spectroscopy.
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INTRODUCTION porous materials has been suggested by Ryoo et al., in order to over-
come deterioration in quality [Ryoo et al., 1994tk et al. also re-

The mesoporous molecular sieve materials developed by Mobiported that Co in the presence of phosphate dispersed atomically
in 1992 permit new possibilities for application as a catalyst for bulkyonto the surface of MCM-41 using an incipient wetness method
molecules, as a support for various transition metal compoundgPark et al., 1999]. This method coud be applied to the preparation
and as a host lattice for nanometer-sized materials. The pore dianof MCM-41 containing well dispersed Ni species. The preparation
eter of MCM-41 with a hexagonal array of one-dimensional uni- of MCM-41 containing atomically dispersed Ni species has not been
form mesopores can be tuned over 15-100 A depending on the maeported.
lecular length of surfactant template [Beck et al., 1992; Kresge et The goal of this work is to incorporate an atomically dispersed
al., 1992]. Mesoporous molecular sieves containing redox activeNi onto MCM-41 without a serious deterioration of silica frame-
metals can be used as active catalysts for the oxidative transformavork and to investigate the effect of phosphoric acid on atomically
tion of bulky organic molecules. The incorporation of hetero-ele- dispersed incorporation of Ni(ll) onto the surface of high quality
ments into a siliceous framework to modify the catalytic propertiesMCM-41 using the incipient wetness method. The Ni-containing
of the surface of mesoporous materials has been reported. VariodCM-41 treated with phosphoric acid has been characterized by
metals such as B [Sayari et al., 1995], Al [Luan et al., 1995], Gausing photoacoustic spectroscopy (PAS) for the local environment
[Cheng et al., 1996], Ti [Corma et al., 1994; Tanev et al., 1994], Vof Ni and*P anc?*Si MAS solid-state NMR and X-ray photoelec-
[Reddy et al., 1994], Cr [Ulagappan and Rao, 1996], Mn [Zhao andron spectroscopy (XPS) for the effect of phosphoric acid on the
Goldfarb, 1995], Fe [Yuan et al., 1995], Co [Jentys et al., 1996], Srdispersion of Ni.

[Das et al., 1995], and Zr [Kim et al., 1997] can be incorporated

into the silica framework by the addition of metal sources. The high EXPERIMENTAL
efficiency of hydrocracking of vacuum gasoline on NIMO-MCM-
41 has been demonstrated [Corma et al., 1995]. 1. Preparation of MCM-41

In spite of the applicability as a catalyst for the bulky molecule  The chemicals used in the synthesis were fumed silica (99.8%,
of hetero-element containing mesoporous materials, the quality ofmetal free, Sigma), cetyltrimethylammonium bromide (CTABr)
mesoporous materials is, in general, deteriorated by the addition 9%, Fisons) and tetramethylammonium hydroxide (TMAOH)
hetero-elements, compared with purely siliceous mesoporous maté25 wt% aqueous solution, Aldrich). Purely siliceous MCM-41 was
rials. A route to preparation of mesoporous metallosilicates via postsynthesized following the literature procedure [Cheng et al., 1997].
synthetic metal incorporation into frameworks of siliceous meso-TMAOH and CTABr were added to deionized water with stirring

at 30°C until the solution became clear. Then the fumed silica was

To whom correspondence should be addressed. added to the solution with stirring for 1 h. The molar composition
E-mail: chempdh@ijnc.inje.ac.kr of the final reaction gel, which is aged for 24 h at@0was 1.0
“This paper is dedicated to Professor Baik-Hyon Ha on the occasion o8I0, : 0.19 TMAOH :0.27 CTABr : 40 BD. After aging, the mix-

his retirement from Hanyang University. ture was reacted for 48 h at T&Din a Teflon-lined stainless steel
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autoclave. The product was filtered, washed with distilled water, §
dried in air at 60C and finally calcined at 55C for 8 h.
2. Characterization of MCM-41

XRD patterns were recorded with a Philips 1710 powder dif-
fractometer with Cu Kradiation (40 kV, 40 mA), 0.0%tep size
and 1 s step time. dsorption isotherms were measured 86°C
with a gas sorption analyzer (Quantachrome Corp., Nova-2000)
Before the experiments, samples were dehydrated &€ 38012 h.
The volume of adsorbed, Mas normalized to the standard tem- & 40 80 120 160

. . N . P di t A
perature and pressure. The calculation of the pore size distributio 2 ore diameter (A)

(PSD) was performed by using the Barrett-Joyner-Halenda (BJH §
formula [Tanev and Vlaev, 1993]. The cumulative surface area o=

- I3
n =3

Pore volume (cc /g)
=

wn

arb. unit)

210

the mesopores was obtained from PSD curves. = S
3. Preparation of Ni-incorporated MCM-41 §

To prepare Ni-incorporated MCM-41, 0.1g of MCM-41 was
wetted and stirred for 5 h with 1 ml of nickel(ll) acetate (99%, Fluka) % X10
solution of pH=2.5 controlled with phosphoric acid (85%, Junsei) . . i . . . i i i X
or hydrochloric acid (35%, Osaka), and then dried &C86r 5 h, 1 2 3 4 5 6 7 8 9 10
afterward calcined at 70Q for 3 h. The resultant sample treated 26/degree
with H;PQ,was designated Ni-PO/MCM41 and another one treated
with HCI, Ni-CI/MCM41. Fig. 1. X-ray diffraction patterns of calcined MCM-41. Inset shows

pore size distribution curves for MCM-41 calculated from
the desorption branch of the nitrogen adsorption isotherm
using the BJH formula.

4. Characterization of Ni-incorporated MCM-41
The method for UV-Vis spectrum of a powdered sample using
a home-made photoacoustic spectrometer was described in detail in
other literature [Lee and Chon, 1990]. According to Rosencwaig-
Gersho theory for the photoacoustic effect, the acoustic signal it
optically opaque and thermally thick solids is proportional to the
optical absorption coefficient of the solid sample for the wavelength
and varies as (the chopping frequeri€y)PAS was recorded in
the range of 350-800 nm and normalized by that of carbon blacl
as a reference at the modulation frequency of 30 Hz. z
*'P MAS NMR spectra were obtained on a Bruker DSX-400 Z
(magnetic field 9.395 T, Lamor frequencies 161.98 MHz) spectrom-£
eter. Typical MAS speed of rotation was 10 KHz, and the delay=
time was 2.0 s. The 85% phosphoric acid was used as an exterra
reference®Si MAS NMR spectra were recorded at 7.05 T with a
Varian Unity Plus 300 spectrometer with zirconia rotor in diameter

7.5 mm spun in air at 5 KHz. Spectra were acquired at 59.6 MHz 27
with 9C° pulses and 600 s recycle delays. Chemical shifts are givel
in ppm from the external tetramethylsilane. .

X-ray photoelectron spectra were obtained by VG Microtech
MT500 model electron spectrometer with X-ray excitation by using
MgKa radiation.

T 1 T T T 1 T T
350 400 450 500 550 600 650 700 750 800
Wavelength/nm

Fig. 2. PA spectra of NIMCMA41 treated with 0.04 M - Ni(ll) ace-
RESULTS AND DISCUSSION tate solution and dried at 8C°C for 12 h (a), calcined sam-
ple (a) in air at 700°C for 3 h (b) and dried sample (b) at
80°C for 12 h after suspending with HO at room temper-

The quality of mesoporous molecular sieve MCM-41 was con- ature for 1 h and recalcined in air at 700C for 3 h (c).

firmed by XRD and N sorption measurement. The XRD pattern

of MCM-41 in Fig. 1 reflects a high quality of crystallites. The cal-

cined MCM-41 has a,g value of 44.4 A, a pore diameter of 32.5 A, the visible range. Most of the surface of mesoporous molecular sieve

and a surface area of 1,1858gn MCM-41 is covered by silanol groups [Chen et al., 1995]. Ni(ll)
Fig. 2 shows PAS for Ni/IMCM41 treated with 0.04 M - nickel coordinated by silanol group or acetate ion or water has an octahe-

acetate by using the incipient wetness method. The PAS for driedral structure. This result is similar to that for well-dispersed Ni(ll)

Ni/MCMA41 prior to calcination shows two bands of 398 nm and species on the surface of silica.

747 nm, which could be assignedag—°T,(F) and’A,;—°T.,(P) The Ni(ll) species prior to calcination can be removed during

transitions of octahedral Ni(ll) species [Anderson, 1972]°Aqe> washing. After calcination at 700 for 3 h, the intensity of PAS

°T,, transition of octahedral Ni(ll) species could not be occurring inincreased significantly, the maximum band red-shifted by 37 nm

Korean J. Chem. Eng.(Vol. 20, No. 2)
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Fig. 3. PA spectra of Ni-CI/IMCMA41 treated with 0.04 M - Ni(ll)
acetate solution at pH=2.5 controlled with HCI, and dried
at 80°C for 12 h (a) and calcined sample (a) in air at 70C
for 3h (b).

Fig. 4. PA spectra of Ni-PO/MCM41 treated with 0.04 M - Ni(ll)
acetate solution at pH=2.5 controlled with HPO,, and dried
at 80°C for 12 h (a) and calcined sample (a) in air at 70C
for 3 h(b).

and two shoulders at 525 nm and 617 nm appeared, comparing witson, 1972). It seems that Ni(ll) is coordinated octahedrally by six
that of dried Ni/MCMA4L1. It may be attributable to the distorted oc- ligating oxygen atoms in water molecules, silanol groups or phos-
tahedral Ni(ll) species with low symmetry due to grafting onto the phate ions. After calcination at 78D for 3 h, the intensity of PAS
surface. The molar absorptivity for octahedral complexes of lowincreased by about four times, the maximum band red-shifted by
symmetry is greater than that of symmetric octahedral complexe84 nm and two shoulders in the range of 500 nm to 630 nm appeared,
[Lever, 1986]. The surface silanol group coordinated to Ni(ll) is compared with that of dried Ni-PO/MCM41 [Fig. 4(b)]. This may
deprotonated to be siloxy aniorSj-O) during calcination. The  be attributable to the distorted octahedral Ni(ll) species with low
bond strength between Ni(ll) and siloxy group is stronger than thasymmetry [Lever, 1986]. There was no increase of baseline of PAS
between Ni(ll) and silanol group due to the ionic character of bondfor Ni-PO/MCM41 during calcination, which is indicative of atom-
With PAS bands characteristic of the distorted octahedral Ni(ll)ically well-dispersed nickel species in the absence of nickel oxide
species grafted on the surface of calcined Ni/MCM-41, the base
line of PAS in all ranges increased significantly. It indicates that
part of Ni ions were transformed to the nickel oxide phase within the
extraframework of MCM-41. The grafted Ni species and nickel ox-
ide phase onto the surface remained intact during washing and r |,
calcination, as shown in Fig. 2(c).

Fig. 3 shows PAS for Ni-CI/IMCM41 treated with 0.04 M - nickel
acetate solution at pH=2.5 controlled with hydrochloric acid and ;
dried 80°C for 12 h. The PAS for dried Ni-CI/MCM41 prior to cal-
cination shows the bands of 403 nm and 761 nm, which could bt
assigned tdA,,—°T,(F) and®A,,—°T,,(P) transitions of octahe-
dral Ni(ll) species [Anderson, 1972]. It is similar to PAS for dried
NI/MCM41 except of a slight shift to longer wavelength. After cal-
cination in air at 70€C for 3 h, the baseline of PAS increased sig- 3
nificantly, indicative of the formation of extraframework nickel ox-
ide cluster.

In order to aobtain the highly dispersed Ni-containing MCM-41 0 : : . . . : . .
without the formation of nickel oxide clusters, we have investigated 350 400 450 500 550 600 650 700 750 800
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the effect of phosphoric acid, which not only can react with the silano Wavelength/nm

groups on the surface of MCM-41, but also coordinate to nickel ion_. . .

simultaneously. Fig. 4 shows PAS for Ni-PO/MCM41 treated with Fig. 5. l\lle(s)p%cgz ,&f 2':; zr?éhg%gﬂfﬂl(gﬁtﬁ%ﬁvgl;;t '\s/lofjt)i,ocr)\.%%
0.04 M - nickel acetate solution at pH=2.5 controlled with phos- pH=2.5 controlled with H,PO, dried at 80°C for 12 h, and
phoric acid. PAS’s for a dried sample [Fig. 4(a)] exhibit two bands calcined Ni-PO/MCM41 [(e), (f), (g) and (h)) with sample
of 404 nm and 754 nm corresponding to an octahedral Ni(ll) [Ander- (a), (b), (c) and (d), respectively].

March, 2003
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26/degree Fig. 7.**P MAS NMR spectra of dried MCM-41 at 80°C for 12 h
after treatment with H ;PO, solution (a), sample (a) calcined
Fig. 6. X-ray diffraction patterns of calcined MCM-41 after treat- in air at 700°C for 3 h (b), Ni-PO/MCMA41 treated with 0.04
ment with H,PO, (a) and Ni-PO/MCM41 (b). M - Ni(ll) acetate solution at pH=2.5 controlled with HPO,,
dried at 80°C for 12 h (c) and sample (c) calcined in air at
cluster. The chloride ion disappeared and nickel ion transformed to 700°C for 3 h (d).

nickel oxide during the calcination at 7@ in air after treatment
of hydrochloric acid. In case of phosphoric acid, the phosphate iomfter calcination of this sample, the chemical shift value and width
grafted on the surface played a role as a bridge between surface silaablpeaks remained intact, which is indicative of the absence of poly-
groups and nickel ion. crystalline phosphate cluster [Caro et al., 1990], as shown in Fig.
Fig. 5 shows PAS for Ni-PO/MCM41 samples treated with 0.01 7(b). In the case of dried Ni-PO/MCM-41 compared with dried Ni-
M, 0.02 M, 0.04 M, and 0.08 M - nickel acetate solution under thefree PO/MCM-41, the intensity of both peaks-Hd.7 and-21.3
same conditions, respectively. The intensity of PAS for as-preparegpm highly increases while that of 1.1 ppm decrease, all peaks are
and calcined samples 78}, of 404 nm and 438 nm, respectively, broadened and the chemical shift values are nearly unchanged, as
increases with the content of Ni in MCM-41. The baseline for all PASshown in Fig. 7(c). Major part of phosphoric acid within Ni-free PO/
remains intact independent of Ni content. It can be taken as an eWICM-41 is physically adsorbed at the MCM-41 surface as shown
dence for atomically dispersed and octahedrally coordinated Ni iorin Fig. 7(a), which indicates that most of phosphoric acid is not sub-
under the effect of phosphate grafted to the surface of MCM-41. stituted to silanol group during drying. Therefore, the intensive peak
Fig. 6 shows XRD patterns for calcined MCM-41 after treatmentat —10.7 ppm in the spectrum for dried Ni-PO/MCM-41 resulted
with phosphoric acid (a) and Ni-PO/MCMA41 (b). Both XRD pat- not from the phosphate ion substituted to surface silanol group but
terns illustrate typical peaks corresponding to diffraction at (100),from the phosphate ion that interacted with Ni ion coordinated by
(110), (200) and (210) plane of hexagonal phase. This reflects thaturface silanol group. Peak broadening also may be attributed to the
the framework structure does not deteriorate seriously during treainteraction between phosphate and Ni ion. After calcination of Ni-
ment with phosphoric acid and Ni solution. The lowering of XRD PO/MCM-41, the peak aR2.6 ppm intensified and the peak38.3
intensity is caused by the decrease of surface regularity due to thgm appeared. Phosphate group grafted to surface as well as silanol
grafted phosphate and coordinated Ni on the surface. group can be coordinated to Ni ion. Ni atoms incorporated within
The ¥P MAS NMR spectra are displayed in Fig. 7. The dried MCM-41 could be dispersed highly without agglomerating to nickel
sample at 8AC for 12 h after being treated with the same amount oxide phase due to the influence of phosphoric acid. From the result
of phosphoric acid as Ni-PO/MCM-41 exclusive of nickel acetate that P/Ni ratio measured by EDX was 2.8. Ni ion is, possibly, sur-
shows three peaks at 0:200.8 and-23.1 ppm, as shown in Fig.  rounded by two or three phosphate.
7(a). The peak at 0.2 ppm may be due to the pentavalent phospho-The*Si MAS NMR spectra for tetrahedral silicon in MCM-41
rous of phosphoric acid molecules which are physically adsorbedonsist of three lines a91,-101, and-110 ppm resulting from
at the MCM-41 surface [Bernstein et al., 1986]. The peat @8 Si(OSi}(OH), (@), Si(OSi}(OH) (Q), and Si(OSi)(Q") structural
ppm indicates the presence of the isolateg g?@Qup via the sub-  units, respectively [Maciel et al., 1994]. TheaRd G silicon ratio
stitution of protons of surface silanol groups [Grimmer and Hauben-of dried Ni-PO/MCMA41 [Fig. 8(b)] is higher than that of calcined
reisser, 1983]. The peak-#&3.1 ppm may be assigned to the pres- MCM-41 [Fig. 8(a)]. The fraction of Q@ and @ obtained from
ence of small amount of bridging P@oup [Bernstein et al., 1986]. fitted curves for dried Ni-PO/MCM41 is 14.9, 67.7, and 17.4%,

Korean J. Chem. Eng.(Vol. 20, No. 2)
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Fig. 8.°Si MAS NMR spectra of calcined MCM-41 (@), dried Ni-
PO/MCM41 at 80°C for 12 h after treatment with 0.04 M
- Ni(ll) acetate solution at pH=2.5 controlled with HPO,
(b) and sample (b) calcined in air at 70€C for 3 h (c).

Table 1. Binding energy (eV) values of Ni 2p and P 2p and atom-
ic ratios of Si/Ni and P/Ni for Ni-PO/MCM41 calcined at
700°C for 3 h after being treated with Ni(ll) acetate so-
lution with various concentration at pH=2.5 controlled

with H,PO,
Concentration of B.E. (eV) e
impregnated . (e\;; Si/Ni® P/NF°
Ni(ll) solution (M) NI 2Ps2 Sat: P 2p
0.02 856.6 861.0 133.7 4.4 1835 34
0.04 858.1 862.6 134.1 45 1216 3.3
0.08 857.1 862.2 134.0 5.1 526 3.6

*Binding energy of the satellite for Ni 2p

"Energy separation between the Ni2pnd the satellite for Ni
2Dy

‘Atomic ratio as determined by XPS analysis.

may be attributed to the fact that the condensation of silanol group is
prohibited by the phosphate grafted on the surface of Ni-PO/MCM41.
The grafted phosphate on the surface of MCM-41 with plenty of
@ units makes it possible to stabilize the dispersed Ni(ll).

Fig. 9 shows photoelectron spectroscopies for Mi@&) and P
2p (B) region of Ni-PO/MCM41 samples. These samples treated
with 0.02 M (a), 0.04 M (b) and 0.08 M (c) - Ni(ll) acetate solution
controlled at pH=2.5 with phosphoric acid, dried at@fr 12 h
and calcined at 70C for 3 h. The intensities of Ni and P peaks
increased with increasing the concentration of Ni acetate solution.
In order to maintain the pH of 2.5, the amount of phosphoric acid
in the solution increases with increasing the concentration of Ni ac-

respectively. This indicates that part of surface siloxanes is hydroetate solution. Table 1 illustrates the binding energies of Mj 2p

lyzed to silanol group by phosphoric acid. The fraction D)

its satellite peak and P 2p, and the molar ratios of Si/Ni and P/Ni.

and @ for calcined Ni-PO/MCM41 is 12.7, 56.4, and 31.0%, re- The ratio of P to Ni measured by XPS were 3.4 (a), 3.3 (b), and

spectively [Fig. 8(c)]. Although the fraction of Qnit increases with

3.6 (c), respectively, whose values are nearly the same. The ratio of

calcination, it is much lower than that of calcined MCM-41 (44.5% Si to Ni decreases with increase of the concentration of Ni(ll)
and 55.5% for @and @, respectively), as shown in Fig. 8(a). This solution, as expected. The difference of binding energy between Ni

A) B)
P2p
Ni2p;
at.
(b) (b)
WMW

!E' (a)

" r r v {1 e T T Tr

866 862 858 854 138 135 132 129
Binding energy (eV) Binding energy (eV)

Fig. 9. XPS of the Ni 2p,(A) and the P 2p (B) for Ni-PO/MCM41
dried at 80°C for 12 h and calcined at 700C for 3 h after
treated with 0.02 M (a), 0.04 M (b) and 0.08 M (c) - Ni(ll)
acetate solution at pH=2.5 controlled with HPO,, respec-
tively.

March, 2003

2p,, and its satellite peak, which is designated by BE in Table 1,
reflects the chemical environment of Ni(ll) in Ni-PO/MCM41. BE's
of Ni-PO/MCMA41 treated with remaining nearly intact P/Ni ratio
are nearly the same as shown in Table 1, which is attributable to
the formation of Ni ion surrounded by two or three phosphates on
the surface of silicious MCM-41 without nickel oxide phase [Kha-
waja et al., 1995]. The BE of Ni 2dor NYMCM-41 treated with

0.04 M - Ni acetate solution free from phosphoric acid was 5.8 eV
(not shown), which is indicative of the formation of nickle oxide
phase. The binding energies of ca. 134 eV of P 2p in Fig. 9(B) are
nearly the same as that of nickel phosphate, which is indicative of
the direct interaction between P@trahedra and Ni(ll). This value

is compared with that of,®; phase, which has a higher value of
134.7 eV.

The metal dispersion onto a support affects the effectiveness of
the catalytic element. In this study, we could prepare the mesopo-
rous material MCM-41 including the highly dispersed Ni by treat-
ment with phosphoric acid.

CONCLUSION

Ni ion within Ni-PO/MCM41 dispersed atomically onto the sur-
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