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Direct synthesis of platinum nanodots in ZIF-8/
FeszO4 core—shell hybrid nanoparticlesy

Sanghee Lee, Changyong Yim and Sangmin Jeon®*

A novel method was developed for synthesizing platinum nanodots inside zeolitic imidazolate framework
nanostructures without using additional reducing agents. FesO4 magnetic nanoparticle clusters (MNCs)
were synthesized and coated with ZIF-8 (ZIF) shells via a hydrothermal reaction. Upon addition of ZIF/
MNC hybrid nanoparticles into a platinum precursor (K,PtCly) solution, platinum ions were reduced to
metallic platinum nanodots by the 2-methyl imidazolate groups. The resulting platinum nanodots were
~2 nm in diameter and uniformly distributed in the pores of the ZIF layer. The catalytic activity of the
platinum nanodots was examined by using Pt/ZIF/MNCs for the reduction of 4-nitrophenol. The
resulting high catalytic activity was attributed to the high surface area of the platinum nanodots and the
absence of capping layers. Furthermore, the hybrid nanoparticles were recovered using a permanent
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Introduction

Platinum has been widely used as a catalyst in fuel cells, the
petroleum industry, and catalytic converters in automobiles
owing to its high catalytic activity for various chemical and
electrochemical reactions.'® The high price of platinum,
however, limits widespread utilization, and transition metal-
based catalysts have been explored as alternatives.** Since no
alternative catalyst yet developed can compete with platinum,
a method to efficiently and economically utilize precious plat-
inum is required. The best way to simultaneously meet the
catalytic activity and economic viability of platinum is to load
platinum nanoparticles on high-surface-area-supporting mate-
rials such as porous silica.*

Loading platinum nanoparticles into porous materials can
be achieved by incorporating platinum nanoparticles into
porous materials or by reducing platinum ions to platinum
nanoparticles.*** The direct incorporation of platinum nano-
particles, however, has a drawback wherein uniform distribu-
tion of the particles inside porous materials is difficult.*®'* The
reduction of platinum ions inside porous materials has
a drawback of the need to use reducing agents, inducing
formation of platinum nanoparticles outside the supporting
material, and the need to use capping agents to block the active
sites of the particles, degrading the catalytic performance.” In
addition, heat treatment after loading of platinum
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magnet and were found to maintain their catalytic activity after multiple cycles.

nanoparticles into porous silica induces aggregation of the
nanoparticles, reducing their active surface area.'*"”

Metal-organic frameworks (MOFs) may be a good alternative
to conventional porous silica materials because they do not
require thermal treatment owing to their crystalline structure.
Among MOFs, a zeolitic imidazolate framework (ZIF) has
recently attracted much attention owing to its high surface area,
well-ordered pore structures, easy synthesis, and high chemical
and thermal stability.’®?*> Numerous studies have been reported
on the synthesis of metal nanoparticles inside ZIF, but they
used reducing agents for the synthesis or simply encapsulated
platinum nanoparticles.”*>*

In this study, we report a novel route for synthesizing platinum
nanodots inside ZIF-8 without the use of reducing agents or
capping agents. The reduction of platinum ions to metallic plat-
inum nanodots was induced by 2-methyl imidazolate groups. We
synthesized platinum nanodots inside ZIF-8-coated Fe;0,
magnetic nanoparticle clusters (ZIF/MNCs), and the resulting
platinum nanodots were ~2 nm in diameter and uniformly
distributed in the pores of the ZIF layer (Pt/ZIF/MNCs). The
catalytic activity of the platinum nanodots was examined using Pt/
ZIF/MNCs for the reduction of 4-nitrophenol. The high catalytic
activity was attributed to high surface area of the platinum
nanodots and the absence of capping layers. Furthermore, Pt/ZIF/
MNCs were magnetically recovered after the reaction and were
found to maintain their catalytic activity.

Experimental

Chemicals

Iron(m) chloride hexahydrate (FeCl;-6H,0), sodium citrate,

urea, polyacrylamide (PAM), zinc nitrate hexahydrate
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(Zn(NO3),-6H,0), 2-methylimidazole, imidazolate sodium
derivative, potassium tetrachloroplatinate (K,PtCl,), and 4-
nitrophenol were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used as received without further treatment. Deionized
(DI) water (18.3 MQ cm) was obtained from a reverse osmosis
water system (Human Corporation, Korea).

Synthesis of Fe;0, magnetic nanoparticle clusters (MNCs)

MNCs were synthesized using a one-pot hydrothermal method.
In brief, 1.6 g of FeCl; - 6H,0, 3.48 g of sodium citrate, and 1.06 g
of urea were dissolved in 20 mL of water to which 0.37 g of PAM
in 20 mL water was added. After stirring the solution for several
hours, it was transferred to a Teflon-lined stainless steel auto-
clave. The hydrothermal synthesis reaction was conducted at
200 °C for 12 h, and the autoclave was allowed to cool naturally
to room temperature (RT). The precipitated MNCs were
collected using a permanent magnet, washed several times with
DI water, and dried overnight under reduced pressure.

Synthesis of ZIF-8 shell on MNC (ZIF/MNC)

0.05 g of MNCs were dissolved in 30 mL of methanol and mixed
with 0.15 g of Zn(NOs),-6H,0, 0.657 g of 2-methylimidazole,
and 10 pL of hydrochloric acid solution. The addition of HCI
induces the protonation of 2-methylimidazolate, which leads to
the slow formation of ZIF-8 shells on MNCs. The synthesis of
ZIF-8 shells on MNCs was conducted under sonication at 60 °C
for 10 min and the resulting ZIF/MNC was rinsed several times
with ethanol and dried overnight inside a vacuum oven at 50 °C.

Synthesis of Pt nanodots inside the pores of ZIF-8 shells (Pt/
ZIF/MNC)

Platinum nanodots were synthesized inside the pores of ZIF-8
shells by adding 2 mg mL™' ZIF/MNC nanoparticles into
a 6 mg mL™' K,PtCl, aqueous solution. The reaction was
allowed to continue for 48 h at RT under gentle shaking. Then,
the synthesized nanoparticles were rinsed several times with DI
water and dried under reduced pressure. Scheme 1 illustrates
the synthetic procedure of Pt/ZIF/MNC nanoparticles and their
application for the reduction of 4-nitrophenol to examine the
catalytic activity of platinum nanoparticles.

Catalytic reduction of 4-nitrophenol using Pt/ZIF/MNCs

4-Nitrophenol (1 mM, 100 pL) was added to 1.29 mL of deion-
ized water and mixed with a sodium borohydride solution
(100 mM, 600 pL). After 10 pL of Pt/ZIF/MNC nanoparticles
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Scheme 1 Schematic of the synthetic procedure for Pt/ZIF/MNC
nanoparticles and their application for catalytic reduction of 4-
nitrophenol.
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(1 mg mL ") were added to the solution, the UV-Vis absorbance
spectrum was measured as a function of reaction time. To
examine the reusability of the nanoparticles, they were
magnetically collected using a permanent magnet after the
reaction and the reduction was repeated five times. The catalytic
activity of Pt/ZIF/MNC for each cycle was calculated by
measuring the difference in the absorbance at 400 nm before
and after 15 min of reaction time.

Results & discussions
Characterization of Pt/ZIF/MNCs

Fig. 1a and d show scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of MNCs,
respectively. The average size of the MNCs was ~200 nm with
a narrow size distribution, and each MNC comprised hundreds
of ~15 nm Fe;0, nanoparticles. The magnetic separation effi-
ciency increases with the size of Fe;0, nanoparticles, but Fe;0,
loses its paramagnetic properties at sizes >30 nm and assumes
ferromagnetic properties, making them difficult to re-disperse
in solution after magnetic separation. To avoid this problem,
MNCs were used in this study instead of single large Fe;O,
particles. The formation of a ZIF-8 shell on MNCs (see Fig. 1b
and e for SEM and TEM images of ZIF/MNC, respectively)
increased the diameter of the MNCs by 40 nm. In contrast, the
ZIF shells were partially dissolved during the reduction of
platinum ions (see Fig. 1c and f for SEM and TEM images of Pt/
ZIF/MNC, respectively) due to the low pH of the platinum
precursor solution (pH = 4.9). The structure of Pt/ZIF/MNCs
remained after the subsequent catalytic reduction of 4-nitro-
phenol. Fig. 1g shows the saturation magnetization curves of
MNC, ZIF/MNC, and Pt/ZIF/MNC. The saturation magnetization
value of MNC (66.8 emu g ') decreased to 32.3 emu g~ ' after the
formation of the ZIF-8 shells. The saturation magnetization
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Fig.1 SEM and TEM images of MNC (a and d), ZIF/MNC (b and e), and
Pt/ZIF/MNC (c and f), respectively. (g) Saturation magnetization curves
of MNC (black), ZIF/MNC (red), and Pt/ZIF/MNC (blue). (h) Optical
images of magnetic separation of Pt/ZIF/MNC nanoparticles using
a permanent magnet.
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Fig. 2 (a) Energy dispersive X-ray spectrum (EDS) of Pt/ZIF/MNCs. (b)

EDS elemental mappings of a single Pt/ZIF/MNC. (c) XPS survey
spectrum of Pt/ZIF/MNCs. (d) XPS spectra of Pt 4f level (red).

value of Pt/ZIF/MNC increased to 37.3 emu g~ ' due to the partial
dissolution of the ZIF-8 layer. Although Pt/ZIF/MNCs possess
a lower saturation magnetization value than as-synthesized
MNCs, ~99% separation was achieved within 1 min using
a permanent magnet (Fig. 1h).

Further characterization of Pt/ZIF/MNC was conducted using
energy dispersive X-ray spectroscopy (EDS) and X-ray photo-
electron spectroscopy (XPS). Fig. 2a shows the chemical
composition of Pt/ZIF/MNC examined by EDS. Major peaks in
the spectrum correspond to iron, zinc, and platinum, derived
from MNC, ZIF-8, and platinum nanodots, respectively. The
atomic ratio of Pt : Zn : Fe was determined to be 6.4 : 4.1 : 89.5.
Fig. 2b shows EDS elemental mapping images of a single Pt/ZIF/
MNC. Iron appeared in the center of the hybrid nanoparticles,
whereas zinc and platinum appeared in the shell of the nano-
particles. XPS analysis was conducted to measure the elemental
composition of the synthesized hybrid nanoparticles (Fig. 2c).
According to the XPS survey spectrum, the chemical composi-
tions of Fe, O, Zn, N, and Pt in ZIF/MNC-Pt nanoparticles were
well matched to those obtained from EDS. The XPS spectra in
Fig. 2d demonstrates that the binding energy of Pt (4f5, =
74.5 eV and 4f,, = 71.2 eV) is similar to that of bulk Pt, indi-
cating that the platinum precursor was reduced to metallic Pt.

Characterization of Pt nanodots in ZIF-8 shell

Fig. 3a and b show a TEM image of Pt/ZIF/MNC and its
magnified image of the ZIF-8 layer, respectively. The thickness
of the ZIF-8 shell is ~15 nm; the shell contains a number of
uniformly and densely distributed platinum nanodots. The
high-resolution TEM (HR-TEM) image in Fig. 3c and reduced
Fast Fourier Transform (FFT) pattern in the inset confirm that
the platinum nanodots are highly crystalline. The spacing
between parallel lattice fringes (0.24 nm) corresponds to the
(111) plane of platinum. Crystalline structures of the nano-
particles were also investigated by powder X-ray diffraction
analysis (Fig. S1t); the diffraction peaks of MNCs were well
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Fig. 3 (a) TEM image of Pt/ZIF/MNC nanoparticle. (b) Magnified TEM
image of the ZIF-8 shell in Pt/ZIF/MNC. (c) HR-TEM image of platinum
nanodots in ZIF/MNC. The inset shows a reduced FFT pattern of
a single Pt nanodot. (d) Size histogram of platinum nanodots encap-
sulated in the ZIF-8 shell.

matched with those of magnetite phase of Fe;0, according to
JCPDS 11-0614. Fig. 3d shows the size histogram of the plat-
inum nanodots. The average size was calculated to be 2.21 +
0.42 nm.

Fig. 4a-d show HR-TEM images of Pt/ZIF/MNCs as a function
of reaction time. The size of the platinum nanodots increased to
1, 2.2, and 2.8 nm after 24, 48, and 72 h of the reaction,
respectively. Of note, the reduction of platinum nanoparticles
occurred without the addition of any reducing agents or addi-
tives. Control experiments were conducted to investigate which
functional groups in the ZIF/MNCs are responsible for the
reduction. The reduction of K,PtCl, was performed using 2-

5 nm

S nm

Fig. 4 HR-TEM images of platinum nanodots in a ZIF-8 shell as
a function of the reaction time; (a) 12 h, (b) 24 h, (c) 48 h, and (d) 72 h.
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methylimidazole or MNC; however, they did not reduce the
platinum ions, indicating that simple imidazole and MNC are
not responsible for the reduction. In contrast, the reduction of
K,PtCl, was observed using ZIF-67 (Co), which comprise cobalt
ions coordinated to 2-methyl imidazolate, or ZIF-7 and ZIF-90,
which comprise zinc ions coordinated with different types of
imidazolate linkers (Fig. S21). In addition, the reduction was
achieved by the addition of sodium imidazolate to K,PtCl,
solution (Fig. S2et). These results indicate that the reduction of
platinum ions was induced by imidazolate. As platinum nano-
particles grow with the reaction time, they merged with the
adjacent nanoparticles and the number of nanoparticles
decreased. The slow reduction suppressed the random aggre-
gation of platinum nanoparticles and resulted in uniform
growth of platinum nanoparticles with a narrow size
distribution.

Catalytic activity of Pt/ZIF/MNC

To evaluate the catalytic activity of Pt/ZIF/MNC nanoparticles,
they were used for the reduction of 4-nitrophenol. Fig. 5a shows
optical images of a cuvette containing 4-nitrophenol before and
after addition of the hybrid nanoparticles and NaBH,. As the
reduction progresses, the solution color changes from yellow to
transparent. The UV-Vis absorbance spectrum was measured
every 1 min to quantify the degree of the reaction (Fig. 5b). The
intensity of the absorption peak at 400 nm decreased to almost
zero within 15 min of the reaction, whereas a new peak
appeared at ~300 nm owing to the transformation of 4-nitro-
phenol to 4-aminophenol. The high catalytic activity of the
platinum was attributed to the high surface area of the plat-
inum nanodots and facilitated diffusion of reactant molecules

(@) (b)
1.00
(I mocE 3
s 075
ZIF/MNC-Pt 8
g 050
s \
= i N
< 0.25- //-'/ N\
P \
- 250 300 350 400 450 500
Wavelength (nm)
(©) d 0
Ofm. ]
80
% —_ 4
*
2 2 . g 60-
= s 1
£ " 8 40-
. £ |
w
4 " 20-
.
0
0 5 10 15 12 3 4 5
Reaction time (min) Cycle number
Fig. 5 (a) Optical images of cuvettes containing 4-nitrophenol solu-

tion before and after the reduction using Pt/ZIF/MNC nanoparticles for
15 min. (b) UV-Vis absorbance spectrum of a 4-nitrophenol solution as
a function of reaction time. Each curve was obtained every 1 min of the
reaction. (c) Logarithms of the normalized intensity of the absorption
peak as a function of reaction time. (d) Normalized conversion effi-
ciency of 4-nitrophenol solution for five consecutive reduction reac-
tions using recycled Pt/ZIF/MNC nanoparticles.
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through the interconnected pore networks of ZIF. Fig. 5c shows
that the logarithms of the normalized intensity of the absorp-
tion peak changes are linear with respect to reaction time,
indicating that the catalytic reduction of 4-nitrophenol may
follow pseudo-first-order kinetics. The apparent rate constant
was calculated from the slope to be 5.57 x 10> s, comparable
or higher than previously reported values.**® The Pt/ZIF/MNC
nanoparticles were magnetically collected and used for subse-
quent reactions to examine if the catalytic activity of Pt was
maintained. Fig. 5d shows a normalized conversion efficiency of
a 4-nitrophenol solution for five consecutive reduction reac-
tions using recycled Pt/ZIF/MNC nanoparticles. The Pt/ZIF/
MNC nanoparticles showed >95% conversion efficiency after
five cycles of use. The slight decrease in catalytic activity of the
recycled nanoparticles is attributed to the loss of particles
during magnetic separation.

Conclusions

We developed a novel method for synthesizing platinum
nanodots inside ZIF shells of ZIF/MNC hybrid nanoparticles
without using reducing agents or additives. 2-Methyl imidazo-
late was found to reduce platinum precursors to metal nano-
particles. The high catalytic activity of platinum was attributed
to high surface area of the platinum nanodots and the absence
of capping layers. Further, the facilitated diffusion of reactant
molecules through the interconnected pore networks of ZIF
might increase the catalytic activity. As this new method does
not require any reducing agents or additives for the reduction of
platinum ions, it is simpler and more efficient than previously
reported methods. Further, fast magnetic separation of nano-
particles is advantageous for recycling the hybrid nanoparticles
when used in various practical applications.
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