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ABSTRACT: In this work, we report synthesis strategies to
produce Ag nanoparticles by AB-type and ABC-type atomic
layer deposition (ALD) using trimethylphosphine-
(hexafluoroacetylacetonato) silver(I) ((hfac)Ag(PMe3)) and
formalin (AB-type) and (hfac)Ag(PMe3), trimethylaluminum,
and H2O (ABC-type). In situ quartz crystal microbalance
measurements reveal a Ag growth rate of 1−2 ng/cm2/cycle by
ABC-type ALD at 110 °C and 2−10 ng/cm2/cycle for AB-type
ALD at 170−200 °C. AB-type Ag ALD has a nucleation period
before continuous linear growth that is shorter at 200 °C.
Transmission electron microscopy reveals that AB-type Ag
ALD particles have an average size of ∼1.8 nm after 10 cycles.
ABC-type Ag ALD particles have an average size of ∼2.2 nm
after 20 cycles. With increasing ALD cycles, ABC-type Ag ALD increases the metal loading while maintaining the particle size but
AB-type Ag ALD results in the formation of bigger particles in addition to small particles. The ability to synthesize supported
metal nanoparticles with well-defined particle sizes and narrow size distributions makes ALD an attractive synthesis method
compared to conventional wet chemistry techniques.

■ INTRODUCTION

The ability to control the size, structure, and chemical
composition of noble metal nanoparticles (NPs) is an ongoing
endeavor in catalysis research. Noble metal NPs are of interest
because of their unique chemical and optical properties. It is
well-known that NPs can differ chemically from bulk materials
owing to the reduced coordination numbers and high
percentage of surface atoms1 and should be tunable through
better control of their size, shape, and structure.2 Supported
silver (Ag) NPs are an example of noble metal NPs that have
been studied extensively. As a material, Ag is of interest due to
its high electrical and thermal conductivity and its high optical
reflectivity.3 Ag is also used in catalytic and plasmonics
applications. In plasmonics, the localized surface plasmon
resonance (LSPR) on Ag NPs leads to strongly enhanced local
electric fields, which can be used to enhance Raman scattering
in surface-enhanced Raman spectroscopy (SERS).4−7 The
LSPR of Ag NPs can also be used to enhance fluorescence,8

luminescence,9 and photoabsorption.10

In catalysis, Ag NPs are used mainly as catalysts in the
epoxidation of ethylene to form ethylene oxide (EO).11 EO is
used to make engine antifreeze, ethoxylates, plastics, and higher
glycols.12−15 Recently, small alumina-supported Ag clusters
(∼3.5 nm) have been shown to be very active for direct
propylene epoxidation to propylene oxide at low temperatures,

with negligible amounts of CO2 formation.16,17 Conventional
methods of preparing Ag catalysts include wet impregnation,
coprecipitation, colloidal synthesis, ion-exchange, and chemical
vapor deposition (CVD).2,18 These methods are reliable at
producing catalytic materials but oftentimes NPs with a broad
size distribution are formed. It remains a challenge to
synthesize small Ag NPs with narrow size distributions on
oxide supports.18

Atomic layer deposition (ALD) is a promising synthesis
strategy that is under development for producing noble metal
NPs on metal oxide supports. ALD is a thin film growth
technique, which relies on self-limiting binary reactions
between gaseous precursor molecules and a substrate to
deposit uniform films in a layer-by-layer fashion.19−24 Many
late transition metals tend to grow as islands of NPs on
supports during the first few ALD cycles before growing into a
film.20 This so-called Volmer−Weber growth can be explained
by the stronger interactions between the deposited metal atoms
than with the support.2,25 Unlike wet chemical synthesis
methods, ALD involves only the nanoparticle precursors,
thereby minimizing possible contamination from solvents and
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surfactants and allows conformal deposition on most substrates
regardless of whether they are flat, porous, or have challenging
three-dimensional topologies.
Previously, supported Pt,26−28 Pd,29−32 Ir,33 Ru,34 RuPt,35

and PtPd36 NPs have been prepared by ALD. Only one
study has reported the synthesis of Ag NPs by ALD.37 To the
best of our knowledge, there are no ALD studies that report the
synthesis of Ag NPs on high surface area supports. The
difficulty in performing Ag ALD has been attributed to the lack
of stable and volatile Ag precursors.3 In this work, we report
two ALD methods to produce supported Ag NPs. We present
in situ quartz crystal microbalance (QCM) studies to explore
how the Ag NPs nucleate and grow during ALD. We also study
the morphology, size and size distribution of the particles using
high-resolution transmission electron microscopy (HREM) and
high-angle annular dark field (HAADF) imaging.

■ EXPERIMENTAL SECTION
Ag Atomic Layer Deposition. Ag ALD was performed in

a home-built viscous flow reactor that is similar to others
described previously.38 Ultrahigh purity nitrogen (99.999%)
flowed continuously through the reactor at 120 sccm. The
operating pressure of the ALD system during Ag deposition
was ∼2 Torr. The Ag precursor was contained in a stainless
steel bubbler which was heated to ∼63−66 °C to achieve
sufficient vapor pressure. Nitrogen at 154 sccm passed through
the bubbler and assisted transport of the Ag precursor
molecules to the reactor. To prevent precursor condensation,
the reactor inlet lines were heated to ca. 100 °C by heating
tapes controlled by individual variacs.
The Ag precursor used in this study was trimethylphosphine-

(hexafluoroacetylacetonato) silver(I) ((hfac)Ag(PMe3))
(Strem Chemicals, 99%). For AB-type ALD, (hfac)Ag(PMe3)
was the A precursor and formalin (formaldehyde, Sigma-
Aldrich, 37 wt % in H2O with 10% methanol in water added for
stability) was the B precursor. The timing used for one AB-type
ALD cycle is denoted as t1−t2−t3−t4 seconds where t1 is the
dose time for A; t2 is the purge time for A; t3 is the dose time
for B; and t4 is the purge time for B. For ABC-type ALD,
(hfac)Ag(PMe3) was the A precursor, trimethylaluminum
(TMA, Sigma-Aldrich, 97%) was the B precursor, and 18.2
MΩ cm−1 Millipore H2O was the C precursor. The timing for
one ABC-type ALD cycle is denoted as t1−t2−t3−t4−t5−t6
where t1 is the dose time for A; t2 is the purge time for A; t3 is
the dose time for B; t4 is the purge time for B; t5 is the dose
time for C; and t6 is the purge time for C. Formalin, TMA, and
H2O were contained in reservoirs maintained at room
temperature.
Ag ALD on High Surface Area Supports. Ag ALD was

also performed on high surface area silica gel (Silicycle
S10040M, surface area ∼100 m2/g, particle size of 75−200
μm, and an average pore diameter of 30 nm). Before ALD
deposition, the silica gel was hydroxylated by immersing in
boiling water for 2 h, followed by filtering and drying at 90 °C
for 1 h.39 The hydroxylated silica gel (∼200 mg) was uniformly
dispersed on a fixed-bed powder tray with a mesh top to
contain the powder while still allowing access by the precursor
vapors. The powder samples were loaded into the center of the
reactor and dried overnight at the deposition temperature in a
120 sccm flow of nitrogen at ∼1.5 Torr to achieve a consistent
density of hydroxyl groups. The silica gel powder was modified
using 20 ALD cycles of Al2O3 prior to Ag deposition. The
Al2O3 acted as a seed layer for the Ag NPs and provided

hydroxyl groups.30 The Al2O3 ALD used alternating exposures
of TMA and H2O using a timing of 60−180−240−240 s at 110
°C. Each cycle of Al2O3 deposits ca. 1.1 Å/cycle of oxide.

19 AB-
type Ag ALD was performed using a timing of 600−300−300−
300 s. ABC-type Ag ALD was performed using the timing 600−
300−90−240−120−240 s. Longer dose times are required to
give precursors sufficient time to deposit on the silica gel and
longer purge times help prevent precursor intermixing.40

In Situ Quartz Crystal Microbalance (QCM) Studies. An
in situ QCM (Inficon Q-POD +6 MHz Colorado Crystal
Corp.) was used to monitor film growth. The QCM was fitted
with a nitrogen purge on the backside to prevent backside
deposition.

Transmission Electron Microscopy. The samples were
characterized by conventional high-resolution transmission
electron microscopy (HREM) and high-angle annular dark
field (HAADF) imaging. A few milligrams of the samples were
dispersed in 3 mL of ethanol then a few drops of this solution
were deposited onto copper TEM grids with supported carbon
film and dried in air. The average sizes and size distributions of
the Ag NPs were determined from multiple HAADF images
with a collection angle of 124−268 mrad. Both HREM and
HAADF images were taken using a JEOL JEM-2100F operating
at 200 kV.

■ RESULTS
In Situ QCM Studies. To meet ALD requirements, the

precursors must be volatile, thermally stable, and exhibit self-
limiting deposition. The ALD window, which is the temper-
ature region of nearly ideal ALD behavior, must be known.19

(hfac)Ag(PM3) was chosen because it has been used to make
thin films using CVD.41 Thermogravimetric analysis and QCM
measurements (SI Figure S1) show that (hfac)Ag(PMe3) is
thermally stable and manifests self-limiting behavior.

AB-Type Ag ALD: QCM Studies. QCM measurements of
AB-type Ag ALD were performed at different temperatures.
Figure 1a shows linear growth at 170, 185, and 200 °C after a
temperature dependent nucleation or incubation period. The
nucleation period is shortest at 200 °C, with linear growth
observed after as few as 10 cycles. An analogous nucleation
period has been observed with Pd ALD at 200 °C.42 Figure 1b
shows an expanded plot of the linear portion during growth at
200 °C, exhibiting a steady Ag growth rate of 10 ng/cm2/cycle.

ABC-Type Ag ALD: QCM Studies. The motivation for
pursuing ABC-type Ag ALD follows from the successful
deposition of Pd and Pt NPs by this method.18,30,43 The
ABC method makes metal nanoparticle deposition possible at
temperatures as low as 80 °C.18 Figure 2a shows QCM
measurements for ABC-type Ag ALD at 110 °C. From a
detailed examination of several cycles (Figure 2b), the average
mass gain per cycle can be seen to be 2 ng/cm2 (3.1 × 1012

molecules/cm2) from the (hfac)Ag(PMe3) pulse and 25 ng/
cm2 from the combination of TMA and H2O pulses. The Ag
mass gain per ABC cycle is very low but can be increased by
using multiple TMA/H2O (BC) cycles in each ALD cycle as
shown in SI Figure S2.

AB-Type Ag ALD: TEM Studies. Figure 3 shows a HAADF
image of a sample synthesized by 10 AB-type Ag ALD cycles
along with the particle size distribution. The resolution of the
HAADF imaging is limited by the probe size. The size of the
particles measured from the image is a convolution of the real
particle size and the probe size. The data herein has been
corrected for the size of the probe.
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The average size of the particles in Figure 3 (after removing a
few bigger particles, fitting with a Gaussian and correcting for
the probe effect) is 1.8 ± 0.4 nm. The Ag particles are
approximately spherical in shape with ∼180 Ag atoms each,
assuming a density of 10.5 g/cm3. HREM images of the sample
are provided in SI Figure S5. HAADF images for 20 and 40 AB-
type Ag ALD cycles are included in SI Figure S6.
ABC-Type Ag ALD: TEM Studies. Figure 4 shows a

HAADF image of a sample prepared by 20 ABC-type Ag ALD
cycles and its size distribution. The average size of 267 Ag NPs
is 2.2 ± 0.6 nm, containing ∼330 Ag atoms each.

■ DISCUSSION
AB-Type Ag ALD: QCM Studies. Figure 1a reveals that

AB-type Ag ALD works best at 200 °C since the nucleation
period is significantly shortened. A possible reason for the very
low initial Ag growth rate is the bulkiness of (hfac)Ag(PMe3)
and its ligands which block nucleation sites. For Pd ALD, X-ray
photoelectron spectroscopy studies revealed that some of the
hfac ligands remain bound to the surface, i.e., they are not
completely removed by formalin.42 Despite the interference
from hfac ligands on the surface, the reported Pd growth rate
(0.2 Å/cycle) is higher than that of Ag (calculated to be 0.07 Å/
cycle at 200 °C). It is possible that the hfac ligands are bound
more strongly to Ag than Pd, which makes them harder to
remove by formalin. We did not investigate ALD temperatures
above 200 °C to avoid precursor decomposition.

A likely sequence of reactions that describes the growth of Ag
NPs on Al2O3 surfaces is given below. The reaction of
(hfac)Ag(PMe3) on Al2O3 is as follows:

* +

→ * +



 

Al O (hfac)Ag(PMe )

Al O Ag(hfac) PMe
3

3

where the asterisks designate surface species.
Upon exposure to formalin, the reaction is as follows:

* +

→ * + + + −

 

   x

Al O Ag(hfac) HCOH

Al O Ag H Hfac CO 0.5(1 )Hx 2

In the linear growth regime, the reactions are as follows:

* +

→ * +

  

  

Al O Ag H (hfac)Ag(PMe )

Al O Ag Ag(hfac) PMe
3

3

− * +

→ * + +

+ −

 

   

x

Al O Ag Ag(hfac) HCOH

Al O Ag Ag H Hfac CO

0.5(1 )H
x

2

Figure 1. (a) Nucleation and growth of Ag on Al2O3 by AB-type ALD
at 170 °C, 185 °C, and 200 °C measured by in situ QCM. (b) QCM
measurements for AB-type Ag ALD growth at 200 °C and a timing
sequence of 2−10−2−10 s. Figure 2. (a) In situ QCM measurements of mass gain during ABC-

type Ag ALD on Al2O3 at 110 °C. For each cycle, the mass gain from
the (hfac)Ag(PM3) pulse is 2 and 25 ng/cm2 from the combination of
TMA and H2O pulses. (b) Expanded view of ABC-type Ag ALD
showing mass gains (red) and pressures (blue) during (hfac)Ag-
(PMe3), TMA, and H2O exposures.
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A similar set of reactions has been proposed for Pd ALD
using Pd(hfac)2 and formalin as precursors.42,45

ABC-Type Ag ALD: QCM Studies. The QCM measure-
ments (Figure 2) show that ABC-type Ag ALD is possible at
temperatures as low as 110 °C. At this temperature, AB-type Ag
ALD is impractical as a consequence of a very long nucleation
period caused by the slow removal of adsorbed hfac ligands.
Higher temperatures of ∼200 °C are usually required to
remove the hfac species at a reasonable rate.30,42 The mass
gains from (hfac)Ag(PMe3) during ABC-type ALD can be
increased by dosing multiple BC (TMA/H2O) cycles as shown
in SI Figure S2. We believe that multiple TMA/H2O cycles
create more nucleation sites for (hfac)Ag(PMe3).
The observation that multiple TMA/H2O cycles are needed

to maximize Ag growth can be explained by surface “poisoning”
with hfac ligands. It has been shown by Goldstein et al. that the
adsorption of Pd(hfac)2 on Al2O3 yields Pd(hfac)* and
Al(hfac)*. Through in situ Fourier transform infrared spec-
troscopy studies, they showed that Al(hfac)* species cause
surface poisoning and TMA removes these species.44 By
analogy with this work, we propose that dosing (hfac)Ag-
(PMe3) on Al2O3 results in Ag(hfac)* and Al(hfac)* surface
species and that the Al(hfac)* species prevent additional
nucleation of (hfac)Ag(PMe3). This is supported by SI Figure
S3 which shows that Al2O3 has a low growth rate on a surface

saturated with a layer of (hfac)Ag(PMe3). Removal of the
poisoning species requires several TMA exposures before a
typical Al2O3 linear growth rate is observed.
Scheme 1 depicts the deposition of Ag by ABC-type ALD.

(a) (hfac)Ag(PMe3) adsorbs on nucleation sites (believed to be
Al−OH/Al−O sites) and dissociates into Ag(hfac)* and
Al(hfac)* species indicated by AgC and C, respectively. (b)
TMA reacts with Al(hfac)* and generates Al(CH3)* surface
species as previously shown by Goldstein et al.44 (c) H2O
regenerates OH groups which act as nucleation sites during
subsequent (hfac)Ag(PMe3) exposures. The removal of
Al(hfac)* species by TMA frees up space on the surface
allowing some of the Ag(hfac)* species to diffuse and form Ag
nanoclusters. The L on the Ag nanoclusters represents
remaining hfac ligands on the Ag NPs. (d) With more ALD
cycles, more nucleation sites are generated and this facilitates
the growth of Ag NPs on the surface.

AB-Type and ABC-Type Ag ALD: Particle Size and
Loading. The average size of AB-type Ag ALD NPs is 1.8 ±
0.4 nm after 10 cycles as shown in Figure 3. For 20 cycles of
ABC-type ALD, the Ag NPs are 2.2 ± 0.6 nm (Figure 4). Both
methods have a narrow size distribution. For AB-type Ag ALD,
TEM studies show that some of the particles increase in size
when the number of cycles is increased to 40. SI Figure S6g
shows that the bigger particles have an average size of ∼19 nm

Figure 3. HAADF image (a) and the size distribution histogram (b) of as-prepared 10 AB-type Ag ALD NPs on alumina-coated silica gel at 200 °C.

Figure 4. HAADF image (a) of as-prepared Ag NPs by 20 cycles ABC-type ALD on alumina-coated silica gel at 110 °C and the size distribution
histogram (b).
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Scheme 1. Proposed Schematic Showing ABC-Type Ag ALD Nucleation and Growth on Al2O3
a

a(a) (hfac)Ag(PMe3) adsorbs on nucleation sites (depicted by *) and dissociates into Ag(hfac)* and Al(hfac)* species indicated by AgC and C,
respectively. (b) TMA reacts with Al(hfac)* species and generates Al(CH3)* surface species. (c) H2O regenerates OH groups (nucleation sites).
Ag(hfac)* species diffuse on the surface and form Ag nanoclusters. (d) With more cycles, Ag NPs nucleate and grow on the surface.
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for 40 AB-type cycles. We also observe very small Ag NPs with
an average size of ∼1 nm after 40 AB-type cycles as shown in SI
Figure S6d. In comparison, for 40 ABC-type ALD cycles, the
average particle size remains almost constant (∼2−3 nm),
independent of the number of cycles as shown in SI Figure
S7c,d.
In general, for AB-type Pd ALD, it was observed that the NP

size increases with the number of ALD cycles.30 Ag NPs follow
a similar behavior. Since AB-type Ag ALD is performed at 200
°C, small Ag NPs diffuse on the surface and agglomerate to
form bigger NPs. This opens up nucleation sites from which
small Ag NPs nucleate and grow hence the observation of very
small Ag NPs in addition to bigger NPs even after 40 cycles of
AB-type ALD.
For ABC-type Ag ALD, the NP size is nearly constant while

the Ag loading increases as shown in SI Figures S7 and S8. This
makes ABC-type ALD an ideal synthesis method to increase Ag
loading without changing particle size, similar to ABC-type Pd
ALD.30 For the same number of ALD cycles, the Ag loading on
the powder substrate is higher for AB-type ALD than ABC-type
ALD (SI Figure S8). This is consistent with QCM studies
which show more Ag mass deposited for AB-type ALD at 200
°C than ABC-type ALD at 110 °C (SI Figure S4). Overall, the
loading of the Ag NPs is lower for both methods (SI Figure S8)
in comparison to conventional synthesis methods.46−48

The small, uniform Ag NP size may be advantageous as a
component of active and selective catalysts. The avoidance of
solvents, stabilizers, and polymers, which often require removal
by high temperature calcination, may also be beneficial.

■ CONCLUSIONS
We have demonstrated that ALD can be used to synthesize
supported Ag nanoparticles on silica gel powder. The Ag
nanoparticles were synthesized by ABC-type and AB-type ALD
methods at 110 and 200 °C respectively. In situ QCM
measurements indicate that AB-type Ag ALD has a nucleation
period before linear growth and the nucleation period is much
shorter at 200 °C. Multiple TMA and H2O cycles during ABC-
type ALD can create nucleation sites on the surface and
enhance adsorption of (hfac)Ag(PMe3). The supported Ag
nanoparticles have an average size of ∼2 nm and a narrow size
distribution for both methods.
TEM studies show that ABC-type Ag nanoparticles do not

change size significantly even after 40 cycles, and this
demonstrates the viability of ABC-type ALD to increase
metal loading without changing nanoparticle size. In contrast,
very small (∼1 nm) nanoparticles are still observed even after
40 cycles of AB-type ALD in addition to bigger (∼19 nm)
nanoparticles. Low temperature ABC-type Ag ALD is highly
desirable since it increases the metal loading while keeping the
nanoparticle size nearly constant.
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