Deposition Techniques

Angewandte

DOI: 10.1002/anie.200907168

Low-Temperature ABC-Type Atomic Layer Deposition: Synthesis of
Highly Uniform Ultrafine Supported Metal Nanoparticles**

Junling Lu and Peter C. Stair*

Transition-metal nanoparticles on oxide supports are objects
of great interest in heterogeneous catalysis due to their
unique chemical and physical properties."™ Ultrafine metal
nanoparticles (< 1 nm) with a narrow size distribution grown
using mass-selection and soft-landing techniques at low
temperature have shown high catalytic activity.**! However,
these preparations cannot be applied to high surface area
powder supports for practical applications. With conventional
preparation methods such as co-precipitation, impregnation,
and chemical vapor deposition, metal nanoparticles (>1 nm)
with a broad size distribution are usually formed,’'! and
ultrafine metal nanoparticles are obtained only at extremely
low loadings.'>"l Alternatively, controlled colloidal synthesis
has been developed to control size and size distribution,
where the presence of protective ligands prevents metal
agglomeration.!'*"7! With this method, the metal nanoparti-
cles must still be grafted to catalyst carriers to fabricate
supported catalysts, and metal agglomeration must be pre-
vented by coating with one or more monolayers of stabilizing
agents, such as polymers.'*®7] It remains a challenge to
synthesize ultrafine metal nanoparticles with a narrow size
distribution on high surface area supports, especially at high
loadings.

Atomic layer deposition (ALD) is a thin film growth
technique, which relies on self-limiting binary reactions
between gaseous precursor molecules and a substrate to
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deposit uniform films in a layer-by-layer fashion.'®!") The
deposited amount can be precisely controlled simply by
tuning the number of deposition cycles. Very recently, a few
groups have expanded its application to synthesize both metal
and metal oxide catalytic materials.”*?*! The merits of the
ALD method for the synthesis of next generation catalysts
have been discussed.*"

Here we report that highly uniform, ultrafine supported
metal nanoparticles, regardless of loading, can be directly
synthesized on high surface area supports by growing both
protected metal nanoparticles and support simultaneously
using low temperature, ABC-type atomic layer deposition.

Figure 1 shows a schematic model for this new method.
The initial support surface with a number of nucleation sites
for metal precursor A is shown in Figure 1a. The initial
support surface is exposed to A, a volatile metal precursor to
grow protected metal nanoparticles where a portion of the
metal precursor ligands are retained to prevent further
agglomeration (Figure 1b). The first reagent B, which usually
reacts with surface hydroxy groups, is then introduced to the
surface (Figure 1c¢). In the following step, the second reagent
C is introduced to the surface to react with B and form new
support surface for the next A exposure (Figure 1d). Here the
new support forms only on exposed support surfaces not on
the protected metal nanoparticles. With sufficient inert gas
purging between each precursor exposure, all weakly bound
species are removed. After a selected number of ABC cycles
are performed, a certain density of protected metal nano-
particles and new support are formed on the initial support
(Figure 1e). In the final step, the protective ligands are
removed by calcination and/or reduction at elevated temper-
ature to activate the metal nanoparticles (Figure 1 f).

There are two key factors required for this new approach
to process multiple deposition cycles without covering up the
metal particles formed at the initial stages: 1) B and C must be
unreactive with A, which allows A to remain uncovered even
after a number of ABC deposition cycles. 2) B and C must
exhibit self-limiting binary reactions at low temperature to
form new support surface for the next A exposure in the
ABC-type ALD. It should be mentioned that the new support
formed during each ABC cycle does not have to be the same
material as the initial carrier surface, which allows one to
easily grow metal nanoparticles on mixed supports as
required by the application.

To explore this synthesis strategy, palladium(II) hexa-
fluoroacetylacetonate, [Pd(hfac),], was used as the A metal
precursor, trimethylaluminum (TMA) or titanium isoprop-
oxide (TTIP) was used as the B reagent, and water was used
as the C reagent. It is known that there is no reaction between
[Pd(hfac),] and water at least below 200°C.*! Figure 2
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Figure 1. A schematic model of ABC-type ALD: a) An initial support
with nucleation sites. b) A volatile metal precursor A is introduced to
the surface to form metal nanoparticles with part of ligands retained
(red curves). c) The first reagent B is introduced to the surface. d) The
second reagent C is introduced to the surface to react with B and form
a new support surface. €) New support and metal nanoparticles
protected by ligands are formed on the initial support surface after
multiple ABC cycles. f) The protective ligands are removed to activate
metal nanoparticles.

illustrates reactor pressure and quartz crystal microbalance
(QCM) mass gain during cycles of the A and B reagent
exposures. [t demonstrates that there is essentially no reaction
between either [Pd(hfac),] and TMA at 80°C (Figure 2a), or
[Pd(hfac),] and TTIP at 110°C (Figure 2b), which is consis-
tent with the literature results.”?” However, a common feature
in Figures 2a and b, is the observation of significant mass gain
after the first [Pd(hfac),] exposure, followed by remarkably
decreasing mass gain in subsequent cycles. The significant
mass gain after the first [Pd(hfac),] exposure demonstrates
the key role of the BC steps in the ABC-type ALD process.

Figure 3 shows the mass gain data of ABC-type Pd ALD
on both Al,O; and TiO,: [Pd(hfac),] + TMA + H,O at 80°C
and [Pd(hfac),] + TTIP + H,O at 110°C. Here the number
of Pd ALD cycles is defined by counting the number of
[Pd(hfac),] exposures. As shown in Figure 3a, the growth
corresponding to these two cases was essentially linear. This is
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Figure 2. Mass gain and reactor pressure during sequential [Pd(hfac),]
and TMA or TTIP exposures on the Al,O; or TiO, pre-coated QCM,
respectively. The mass gain after each [Pd(hfac),] exposure is indicated
by the dash line: a) First 14 cycles of sequential [Pd(hfac),] and TMA
exposures at 80°C (2-10-5-10); b) first 14 cycles of sequential [Pd-
(hfac),] and TTIP exposures at 110°C (2-10-5-10).

very different from AB-type Pd ALD by sequential exposure
to [Pd(hfac),] and formalin at 200°C on Al,O;, where there is
a period of low growth at the beginning of the deposition
followed by a stable growth rate of about 0.2 A/cycle.” The
details of the growth rate together with the pressure in the
deposition chamber for both cases in the stable growth region
are shown in Figures3b and c. After each [Pd(hfac),]
exposure, the mass gain of protected Pd nanoparticles was
about 10.2 ngem™ for [Pd(hfac),] + TMA + H,O and
2.2 ngem™? for [Pd(hfac),] + TTIP + H,O. The mass gain on
ALO; was greater than on TiO, after each [Pd(hfac),]
exposure because the formation of new Al,O; support
(25.1 ngem 2 per cycle) was much greater than of new TiO,
support (6.7 ngem ™ per cycle). This result indicates that the
growth rate of protected Pd nanoparticles is proportional to
the new support surface area created after each B + C
exposure.”?’!

For electron microscopy studies, spherical silica gel, over-
coated by 10 cycles of AL, O; or TiO,, was used as a high
surface area support to deposit Pd using ABC-type ALD at
temperatures of 80 and 110°C, respectively. Scanning trans-
mission electron microscopy (STEM) shows that protected Pd
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Figure 3. Mass gain and reactor pressure during ABC-type Pd ALD on
the Al,O; or TiO, pre-coated QCM: a) Mass gain during sequential
[Pd(hfac),], TMA and H,O exposures on the Al,O; surface at 80°C and
sequential [Pd(hfac),], TTIP and H,O exposures on the TiO, surface at
110°C; b) mass gain and reactor pressure in a stable grow region
during ABC-type Pd ALD on Al,O; at 80°C; c) mass gain and reactor
pressure in a stable grow region during ABC-type Pd ALD on TiO, at
110°C.

nanoparticles exhibited very high dispersions on the AL,O4
support after various numbers of ALD cycles (xPdAl-
10 AlSi), (Figures 4a—c). The Pd particle size was constant at
about 1 nm with increasing numbers of deposition cycles in
the range 1 to 15, while the density of Pd nanoparticles
increased. Figure 4d shows that the distribution of Pd particle
sizes on the 15PdAl-10 AlSi sample was extremely narrow.
Within the 0.3 nm to 2.5 nm range, about 80% of the Pd
nanoparticles had a particle size which differed by not more
than 0.2 nm from the average particle size. The Pd loading
with different ALD cycles was quantified by inductively
coupled plasma atomic emission spectroscopy. The results
show that the Pd content (wt %) increased slightly faster for
the first four Pd ALD cycles and then exhibited nearly linear

Angew. Chem. Int. Ed. 2010, 49, 2547 —2551

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

c)

[e2]
o

Relative &
number/ %

|

1 2 3
Particle diameter/nm

0 |

4

Pt content &
Iwit%
oN B O

02 4 6 81012 14 16
Pd ALD cycles

Figure 4. Morphology, size distribution histogram, and weight percent-
age of as-prepared Pd nanoparticles on high surface area 10-cycle
AlL,O; coated silica gel support by different cycles of ABC-type Pd ALD
at 80°C: a) STEM image of an as-prepared 1PdAI-10AISi sample,

b) STEM image of an as-prepared 4 PdAI-10AISi sample, c) STEM
image of an as-prepared 15 PdAI-10AISi sample; d) size distribution
histogram of Pd nanoparticles on the as-prepared 15 PdAI-10AISi
sample; e) Pd content by weight percentage for different Pd ALD
cycles on high surface area 10-cycle Al,O; coated silica gel support at
80°C.

growth after ten Pd ALD cycles. The range of loadings was
0.7% to 6.6 % for the 1 to 15-cycle samples.

Figure 5 shows the STEM image of an as-prepared sample
with four ALD cycles of Pd on TiO, at 110°C (4 PdTi-10TiSi)
and the histogram of the Pd particle sizes. The diameter of the
ultrafine Pd nanoparticles formed on TiO, was about 1 nm
with an extremely narrow size distribution in the range of
0.2 nm to 2.2 nm, where about 68 % of the Pd nanoparticles
had a particle size which differed by not more than 0.2 nm
from the average particle size. Compared with the Pd/Al,O;
sample prepared at 80°C, the fraction of Pd nanoparticles
with diameters of about 0.5 nm on TiO, increased slightly,
consistent with slower diffusion by adsorbed [Pd(hfac),] and
stronger chemical bonding on TiO,.

DRIFTS studies (diffuse reflectance infrared Fourier
transform spectroscopy) of CO chemisorption on the as-
prepared samples provides further evidence that protected Pd
nanoparticles were formed on the surface from the observa-
tion of bridged and three-fold hollow site CO at 1981 and
1926 cm™!, respectively.*”?! While the mechanism for nucle-
ation and diffusion of [Pd(hfac),] on the surface to form
protected Pd nanoparticles is unclear, it is likely related to
reaction between the [Pd(hfac),] precursor and only certain
types of hydroxy groups, since a considerable number of
hydroxy groups remain after [Pd(hfac),] exposure and react
with reagent B in the ABC cycle.

Here, it should be mentioned that the Pd particle size
distribution exhibited by these Pd/Al,O; and Pd/TiO, materi-
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Figure 5. Morphology and size distribution histogram of as-prepared
Pd nanoparticles on high surface area 10-cycle TiO, coated silica gel

support by 4-cycle ABC-type Pd ALD with sequential [Pd(hfac),], TTIP
and H,O exposures at 110°C: a) STEM image of an as-prepared

4 PdTi-10TiSi sample; b) size distribution histogram of Pd nanoparti-
cles on the as-prepared 4 PdTi—10TiSi sample.

als prepared by the low temperature ABC-type ALD method
was significantly narrower than the materials prepared using
the traditional AB-type ALD method of exposure to [Pd-
(hfac),] and formalin at 200°C.”>?"! The significantly nar-
rower size distribution resulting from the ABC-type ALD
method is a consequence of both the lower reaction temper-
ature which decreases adsorbate diffusion rates and the
protective ligands which prevent further agglomeration.

Ultimately, the protective ligands can be simply removed
to activate the metal nanoparticles by exposure to formalin at
200°C for 1h without changing the size of the Pd nano-
particles.”” The presence and removal of protective ligands
on the as-prepared samples after formalin exposure are
indicated by a strong increase in the CO chemisorption
capacity. Moreover, the CO chemisorption capacity is propor-
tional to the number of Pd ALD cycles, which indicates that
all Pd nanoparticles are accessible.””!

To the best of our knowledge, this is the first example of
directly synthesizing highly uniform ultrafine supported metal
nanoparticles on high surface area supports, regardless of
loading. There are four advantages in this new approach. 1) It
can be achieved at much lower temperature compared with
traditional ALD reaction conditions; 2)it can be easily
applied to high surface area supports; 3)the density of
metal nanoparticles is tunable without varying the size; 4) the
size distribution of metal nanoparticles is very narrow. These
advantages could make it possible to scale up this novel
method for an industrial application with low cost and high
performance in catalytic activity and selectivity.
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In conclusion, we have shown that highly uniform ultra-
fine supported Pd nanoparticles, independent of loading, can
be directly synthesized on high surface area supports by
depositing metal nanoparticles with protective ligands and
growing supports sequentially using low temperature ABC-
type atomic layer deposition. We believe that this strategy can
be extended to other transition metals and supports by the
proper combination of volatile metal precursors and B + C
reagents which can react according to a self-limiting process
at lower temperature (< 150°C).”"

Experimental Section

The Pd ALD was performed using a viscous flow reactor system
equipped with a quartz crystal microbalance (QCM), which allows
measurement of the growth rate in situ during the ALD process.*’)
Ultrahigh purity nitrogen (99.999 % ) carrier gas continuously passes
through the flow tube reactor at a mass flow rate of 360 sccm and a
pressure of 1 to 2 Torr. Trimethylaluminum (TMA, Sigma-Aldrich,
97 %) and millipore water were used to grow Al,O; films. Titanium
isopropoxide (TTIP, Sigma—Aldrich, 97 %) and Millipore water were
used to grow TiO, films, where the TTIP reservoir was heated to
100°C to achieve sufficient vapor pressure and reasonable dose
times.™ [Pd(hfac),] (Sigma-Aldrich, >97 %) contained in a metal
precursor bubbler was heated to 60°C in order to obtain sufficient
vapor pressure. In all cases, the inlet lines were heated to at least
100°C to prevent condensation.

For the traditional AB-type ALD, the ALD timing sequences can
be expressed as t,—t,—t;—t, where #; is the exposure time for the first
precursor, t, is the purge time following the first exposure, #; is the
exposure time for the second precursor, ¢, is the purge time following
the exposure of the second precursor. All units here are given in
seconds (s). In the same way, the ALD timing is t,~t,—t;—t,~ts—t, for the
ABC-type ALD.

To monitor the Pd compound growth rate on AL,O; and TiO,
supports with ABC-type ALD using in situ QCM, a 1 to 10 nm thick
layer of AL,O; or TiO, was initially deposited on the surface of the
QCM by exposure to TMA and H,0 (2-5-2-5) or TTIP and H,O (4-
5-4-5) for about 100 cycles.”™ Subsequently, ABC-type Pd ALD was
performed by exposing either [Pd(hfac),] + TMA + H,O (5-10-2-
10-5-10) at 80°C or [Pd(hfac),] + TTIP + H,O (5-10-2-10-5-10)
at 110°C.

Spherical silica gel (Silicycle S10040M) with a surface area of
about 100 m*g !, a primary particle size of 75-200 um, and a nominal
pore diameter of 30 nm was used as an initial substrate. Normally, 200
to 300 mg silica gel uniformly dispersed in a fixed-bed powder holder
was loaded into the ALD reactor. Prior to the ABC-type Pd ALD, 10
cycles of AL O; or TiO, were used to coat the silica gel at 177°C by
alternatively exposing TMA and H,O (50, 150, 200, 200), or at 150°C
by alternatively exposing TTIP and H,O (60, 240, 120, 240).5% Then
the reactor was cooled down to perform the ABC-type Pd ALD,
where the exposure and purge time sequence is 300, 300, 50, 150, 300
and 300 s for [Pd(hfac),] + TMA + H,O at 80°C and 300, 300, 60,
240, 300 and 300 s for [Pd(hfac),] + TTIP + H,O at 110°C. The
loading of Pd on the alumina over-coated silica gel was determined by
ICP-AES.

Scanning transmission electron microscopy (STEM) measure-
ments were performed on a JEOL JEM-2100F fast transmission
electron microscopy system (EPIC facility at Northwestern Univer-
sity) operated at 200 KV.
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