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To determine the correlation between strong electrostatic interaction during impregnation and the high
dispersion of reduced metals, a series of silica-supported noble and base metal catalysts prepared by
strong electrostatic adsorption (SEA) was compared with the traditional incipient wetness impregnation
(IWI) method. Metal ammine complexes ([Pd(NH3)s]*2, [Cu(NH3)4]™2, [Co(NH3)s]*3, [Ru(NH3)s]t2,
[Ru(NH3)s]t3 and [Ni(NH3)s]*%) were adsorbed onto amorphous silica at various pHs, and the
corresponding metal uptakes were determined as a function of pH at fixed metal concentrations. The pH
shifts relative to metal free control experiments were carefully monitored. The revised physical adsorption
(RPA) model was used to simulate the adsorption process. The adsorption mechanism of metal ammine
complexes over silica is reasonably well described as electrostatic interaction (physical adsorption)
instead of ion exchange or chemical reaction. After impregnation, the appropriate reduction temperatures
of the samples prepared via SEA and IWI methods were determined by temperature-programmed
reduction (TPR), the particle size and distribution were measured from scanning transmission electron
microscopy (STEM) images, and the metal distribution was analyzed by energy-dispersive X-ray
spectroscopy (EDXS). X-ray photoelectron spectroscopy (XPS) also was used as a complementary
technique to give information on the dispersion change before and after reduction. The results showed
that the SEA method can be applied for many ammine complexes to synthesize well-dispersed metals
over amorphous silica.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Of all of the methods available to prepare metal-supported cat-
alysts, impregnation is the simplest, least expensive, and most
prevalent. Impregnation can be termed wet or dry, depending on
whether the volume of impregnating solution is greater than or
equal to the pore volume of the support. Dry impregnation often
is termed incipient wetness impregnation (IWI). With wet impreg-
nation (WI) when pH is not controlled, the pH of the impregnat-
ing solution can vary quite dramatically and often ends up near
the support point of zero charge (PZC), at which point no metal
precursor-support interaction occurs [1]. After impregnation, var-
ious drying and pretreatment steps can be used to remove the
metal ligands and to reduce the metal to its catalytically active
state.

Recent progress has been made in catalyst impregnation
through fundamental studies of the adsorption process. A land-
mark work is the postulation of Brunelle that the adsorption of
noble metal complexes onto common oxides supports was essen-
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Fig. 1. Mechanism of electrostatic adsorption.

tially coulombic in nature [2]. The hydroxyl groups that populate
oxide surfaces become protonated and thus positively charged be-
low a characteristic pH value or become deprotonated and thus
negatively charged above the characteristic pH value. The pH at
which the hydroxyl groups are neutral is termed the PZC. A sim-
ple intuitive picture of this surface chemistry is depicted in Fig. 1.
Brunelle cited many instances in which oxides placed in solutions
at pH values below their PZC would adsorb such anions as hex-
achloroplatinate [PtClg]~2, whereas at pH values above their PZC
would adsorb such cations as platinum tetraammine [(NH3)4Pt]*2.
In either case, the metal complex might be considered to deposit
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onto the surface via strong electrostatic adsorption (SEA). SEA is a
special case of wet impregnation in which the final pH is targeted
to the pH range in which the electrostatic interaction is strongest.

This mechanism has been ascertained for the uptake of cationic
Pt ammine ([Pt(NH3)4]™2) over a variety of amorphous silicas in
previous work [3]. It also was demonstrated that catalysts prepared
via SEA had a higher dispersion of Pt than those prepared via DI
at the same metal loadings [4]. In the current study, it is desired
to examine the applicability of the SEA method to other metal am-
mine complexes over a typical amorphous silica, which is the focus
of this paper, and to mesoporous silicas, which were treated in the
companion paper [5].

Silica-supported metal heterogeneous catalysts have been wide-
ly used in numerous studies of chemical and pharmaceutical pro-
duction, environmental protection, pollution control, and energy
production [6]. For example, Pd/SiO, catalyst can be used for hy-
drogenation of aldehydes to alcohols [7,8], Cu/SiO; catalyst is a
good catalyst for methanol dehydrogenation [9,10], and Co/SiO;
catalysts play an important role in the Fisher-Tropsch process [11].

The literature on the preparation of silica-supported Pd, Cu, Co,
Ru, and Ni catalysts via impregnation [12-68] is quite voluminous
and is summarized in Table S1 of the supporting material. For Pd,
in most cases the catalysts were prepared via IWI, and the aver-
age particle size is usually large, except in those catalysts with
very low metal loadings [20,21]. Particle size increases with in-
creasing metal loading in IWI. The one study [16] that used ion
exchange yielded particle sizes <2 nm at somewhat low loadings
(<1.5 wt%).

For Cu catalysts, ion exchange was applied in more cases [24-
26,28,30,31], and the metal particle sizes are generally smaller than
those prepared at the same metal loading via IWL In [30], for ex-
ample, an IE preparation at 2.63 wt% gave a particle size of 16 A,
whereas IWI at 1.0 wt% yielded 100-A particles. In the experiments
of Toupance et al. [24,25], copper nitrate was used as the precur-
sor, and the concentrated ammonium hydroxide was added to form
copper tetraammine complexes and to adjust initial pH to 11.75.
After impregnation for 24 h, the final pH shifted to a lower value,
around 11.25. In [28,30], copper nitrate and ammonium hydrox-
ide was used, and the pH was maintained constant at 11.9 and
11.5, respectively. In [31], the initial pH was 11, and the pH during
impregnation was maintained at the desired value through peri-
odic additions of ammonium nitrate. In all cases, the impregnation
contact time usually exceeded 12 h. Cu catalysts prepared by IWI
sometimes resulted in relatively small reduced metals [30].

For Co and Ru catalysts, it appears that only IWI or wet impreg-
nation has been used, which generally results in large particles. lon
exchange has been used to synthesize a high metal loading (~8%)
Ni catalyst [64], and the average particle size of reduced metal is
smaller than that prepared by IWI. In this literature, nickel amino
complex synthesized from a solution of nickel nitrate in ammo-
nia (30%) was used as a precursor, and the initial pH is given
as 10.4. Although ion exchange has been used to create catalysts,
and sometimes small metal particles result after reduction, few re-
searchers have paid attention to the pH shift during impregnation,
which can be dramatic and often is an important factor in the up-
take of metal complexes over silica and the formation of strong
interaction during impregnation.

The hypothesis behind the SEA approach to catalyst prepara-
tion is that monolayer adsorption of metal complexes via strong
electrostatic adsorption can lead to small metal particles when the
complexes are reduced. To extend the SEA method to the synthesis
of other silica-supported noble and base metal catalysts, and fur-
ther investigate the correlation between strong electrostatic inter-
action and highly dispersed metals on reduced catalysts, Pd/SiO;,
Cu/SiO,, Co/SiO,, Ru/SiO, and Ni/SiO, were prepared via strong
electrostatic adsorption and compared with those prepared via the

traditional dry impregnation method. The appropriate reduction
temperature was determined by temperature-programmed reduc-
tion (TPR), the particle size and its distribution was determined by
scanning transmission electron microscopy (STEM), and the metal
distribution was demonstrated by energy-dispersive X-ray spec-
troscopy (EDXS). X-ray photoelectron spectroscopy (XPS) was used
as a complementary technique to give information on the change
in dispersion after reduction. The successful demonstration of the
SEA method will yield a rational procedure for the cheap, simple,
and scalable preparation of highly dispersed supported catalysts,
even at relatively high metal loadings.

2. Experimental

The silica Vn-3S (surface area, 175 m?/g; pore volume, 2.6
cm?/g) was a commercial product from Degussa. The as-received
PZC of the silica was 6.2, typical of precipitated silica with alkali
impurities [3]. It was washed with 0.001 M nitric acid, shaken for
1 h, and then filtered, rinsed copiously with deionized water to re-
move any residual Na, dried overnight at 373 K, and calcined at
773 K for 3 h. The PZC of the washed silica was decreased to that
of alkali-free silica, around 4.0 [3].

Palladium(Il) tetraammine chloride monohydrate (Pd(NH3)4Cl5,
99.9%), copper(ll) tetraammine sulfate (Cu(NHs3)4S04, 98%), cobalt
(II1) hexaammine chloride (Co(NHs3)gCl3, 99%), ruthenium(Il) hexa-
ammine chloride (Ru(NHs3)gCly, 99.9+%), ruthenium(Ill) hexaam-
mine chloride (Ru(NH3)gCls, 98%), and nickel(Il) hexaammine chlo-
ride (Ni(NH3)gCly, 99.999%) precursors were obtained from Aldrich.
These are designated PdTA, CuTA, CoHA, Ru(Il)HA, Ru(III)HA, and
NiHA, respectively. Stock solutions of the metal ammine complexes
were prepared by placing the desired quantity of metal ammine
complexes in a volumetric flask. For the Cu(Il) and Ru(ll) ammine
complexes, concentrated ammonium hydroxide (NH4OH, 14.8 M,
from Fisher) was added to dissolve the precipitate formed. The
solutions were then diluted to the correct volume. Copper tetraam-
mine complex also was prepared by adding ammonium hydroxide
into a copper nitrate (Cu(NOs3),-2.5H;0, 98%, from Aldrich) solu-
tion. Metal concentrations were measured by ICP (Perkin Elmer
Optima 2000) before and after contact with silica to determine the
metal uptake. The accuracy of ICP measurements was improved by
using a multi-wavelength calibration, yttrium as an internal stan-
dard, multiple replicate data, and the radial analysis mode.

In metal-free pH shift control experiments, washed silica was
weighed out to achieve two separate surface loadings (m? oxide
per liter of solution) of 1000 and 10,000 m?/L for 50 mL of so-
lution. Acid and base solutions were created at various pH values
in the range of 1-13 using HNO3 and NaOH. Then 50 mL of each
solution was added to the silica in 60-mL polypropylene bottles
(from Fisher). The solutions were shaken for 1 h. Final pH mea-
surements were taken using a general combination pH electrode.
The initial and final pH measurements were then plotted with ini-
tial pH on the x-axis, and the final pH was plotted on the y-axis
(pH shift plots).

Uptake-pH surveys were conducted in 60-mL polypropylene
bottles containing 50 mL of 200 ppm metal solutions and vari-
ous masses of silica such that surface loadings were 1000 m?/L
for all silicas. Metal solutions of initial pH of about 4-13 were
used. Silica-free control experiments were conducted in parallel
with each adsorption run. After the solutions were pipetted into
bottles containing the silica, the suspensions were placed on an or-
bital shaker for 1 h, after which 5-mL portions were filtered (Biohit
22 pum) for ICP analysis. pH measurements also were made at this
time. A 1-h adsorption time has been shown to allow plenty of
time for adsorption equilibrium [3]; rapid Pt tetraammine adsorp-
tion kinetics (equilibrium uptake within 10 min) are demonstrated
in the companion paper [5].
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Table 1
Catalyst preparation methods and metal percentages.

Preparation method Precursor wt% Reduction temp. (°C)
SEA Pd(NH3)4Cly 22,17, 11 200
SEA Cu(NH3)4S04 28,21, 14 400
SEA Co(NH3)6Cl3 1.8, 14, 0.9 800
SEA Ru(NH3)sCly 2.7,2.0, 14 450
SEA Ru(NH3)6Cl3 3.0,23, 15 450
SEA Ni(NH3)sCla 1.6, 1.2, 0.8 500
DI Pd(NH3)4Cly 22,17, 11 200
DI Cu(NO3), 28,21, 14 400
DI Co(NH3)sCl3 1.8, 1.4, 09 450
DI Ru(NH3)sCls 3.0, 23, 15 450
DI RuCl3 3.0,23, 15 200
DI Ni(NO3 ), 1.6, 1.2, 0.8 500

The metal surface density, I'metal, iS calculated at the concen-
tration of metal adsorbed divided by the surface loading, that is,

(Crmetal,initial — Cmetal,final) (Mmol/L)
SL (m2/L)

Imetal (meI/mz) =

In another set of adsorption experiments, uptake versus metal con-
centration was recorded at the optimal pH (about 11.5), using a
surface loading of 1000 m?/L.

2.1. Catalyst synthesis by SEA

The initial pHs of the various metal solutions were increased to
around 12 by the addition of NaOH. (The corresponding final pH
was 11.5.) For the Ni(NH3)gCl, solution, only ammonia hydroxide
can be applied to adjust pH; otherwise, precipitates occur. Then
0.5 g of silica was weighed out and added into the metal am-
mine complex solutions. After 1 h of shaking, the solid was filtered,
washed, and then dried over night in flowing air. The metal ele-
mental analysis determined by ICP.

2.2. Catalyst synthesis by DI

Various masses of metal complexes, determined to give metal
loadings equivalent to the SEA preparations, were dissolved in
1.3 mL of deionized water and added to 0.5 g of silica. The cat-
alysts were dried at 25°C in a flowing air for 48 h. Samples were
not calcined, but rather were reduced directly after drying. The
metal percentages of these samples are listed in Table 1.

TPR was performed on the dried, unreduced samples in an
AutoChem II 2920 automated catalyst characterization system. Ap-
proximately 0.1 g of each dried unreduced sample was loaded in
a U-shaped Pyrex glass cell (10 cm long x 3.76 mm i.d.). Then 50
cm?/min of argon gas was passed through the samples for 20 min
to desorb moisture in the micropores of the silica. After this, the
sample was reduced in 10% Hy/Ar (50 cm?/min) to certain temper-
atures under temperature-programmed control. The heating rate
was 10°C/min. During the TPR, a liquid nitrogen/isopropanol trap
was used to condense the product water in the effluent.

STEM measurements were made on both the dried unreduced
samples and the reduced catalyst samples. Several milligrams of
catalyst sample was added into isopropanol and sonicated for
10 min. A drop of the sample was then placed onto a carbon-
coated copper grid (200 mesh, CuPK/100) from SPI Supplies. The
grid-supported sample was then dried in an ultra-infrared lamp for
at least 20 min until the isopropanol was evaporated thoroughly.
The high-angle annular dark-field (HAADF) imaging, or Z-contrast
imaging, was done using a JEOL electron microscope (JEM-2010F
FasTEMm FEI) operated at 200 kV and an extracting voltage of
4500 V. STEM images of different dried unreduced and reduced
samples were obtained. Typically, 12 different regions of a catalyst
were imaged for particle size analysis.
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Fig. 2. Control experiments in metal-free solutions: (a) pH shift data for metal-free
solutions contacted with silica at 1000 m? /L (model fit obtained using PZC = 4.2,
ApK = 7.0), (b) at 10,000 m? /L.

Approximately 500 particles of DI samples and 2000 particles
of SEA samples were considered. The corresponding statistical data
on particle size distribution was obtained using Particule2 software
provided by Dr. Catherine Louis at the University Pierre et Marie
Curie in Paris, and the average particle size of each reduced sample
was calculated accordingly.

EDXS was performed on dried, unreduced catalyst samples in
a JEOL JEM-2010F FasTEMm FEI electron microscope operated at
200 kV and an extracting voltage of 4500 V. The sample prepa-
ration was the same as that for the STEM analysis. Five different
areas of a single grid-supported sample were chosen to be ana-
lyzed, and the corresponding metal loadings were recorded.

Both the dried unreduced and reduced catalyst samples were
analyzed on a Kratos Axis 165 XRPS instrument. Beyond surface-
sensitive elemental analysis, metal-to-silica ratios were used to
estimate the metal dispersion of dried and reduced samples.

3. Results

Figs. 2a and 2b display the pH shift of silica at 1000 and
10,000 mz/L without metal in solution. A wider plateau of final
pH is seen at the higher surface loading, as expected [1]. The
pH shift model, detailed in a previous paper [3], is represented
as a solid line. In the application of the model to this system,
the values of the parameters fitted to this date were PZC = 4.2,
ApK = pK, — pK; = 7.0, and Ns = 5.0 OH/nm?, which agree with
those values found previously for various amorphous silicas [3].
These parameters were used with no adjustment in later simula-
tions of metal adsorption. The pH shift model reasonably describes
the obtained pH shift data.

In adsorption surveys, the initial pH values were adjusted in the
range of 4-13 for the adsorption of [Pd(NH3)4]12, [Co(NH3)s]™3,
[Ru(NH3)s]*3, and [Ru(NH3)g]t? over silica. For the purchased
and self-prepared [Cu(NH3)4]™2 complexes, the adsorption surveys
were performed at an initial pH of 10-13, because the copper
ammine complex is not stable in the acidic pH range. For the
[Ni(NH3)s]*2 solution, a large quantity of concentrated ammonium
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Fig. 3. pH shift after adsorption experiments: (a) [Pd(NH3)4]*2 over silica, (b) purchased [Cu(NH3)4]*2 over silica, (c) self-prepared [Cu(NH3)4]*2 over silica, (d) [Co(NH3)]*3
over silica, (e) [Ru(NH3)g]*2 over silica, (f) [Ru(NH3)s]*> over silica, (g) [Ni(NH3)s]*2 over silica.

hydroxide was added to eliminate the precipitate formed and ad-
just the pH, because no sodium hydroxide could be applied. The
ammonium hydroxide added made the solution strongly volatile,
so the initial pH could be limited only in the range of 11-12.5.
Figs. 3a-3g display the pH shifts for various noble and base
metal ammine adsorption experiments at 1000 m?2/L, with the
pH shift model represented as the solid lines. The model used is
identical to that used in the control experiment (without metal)
displayed in Fig. 2a. The pH shift curves after adsorption display
similar trends as those in the metal-free control experiment. In
the initial pH range of 6-9, the final pHs of the adsorption of Pd,
Co(III), Ru(Il) and Ru(Ill) ammine complexes over silica are slightly
higher than those in the metal-free control experiment. In the
highly basic initial pH range of 10-12, the final pHs in the ad-

sorption experiments of Pd, Co(Ill), and Ru(Ill) ammine complexes
over silica fit the data of control experiment well. The final pHs of
Ru(Il) and Ni(Il) ammine complexes adsorption are slightly higher
than the data of the control experiment, whereas the final pHs of
the purchased and self-prepared Cu ammine complexes adsorption
are much higher than those in the metal-free control experiment.
Figs. 4a-4g display the adsorption curves over silica at 1000
m?2 /L with the revised physical adsorption (RPA) model (discussed
later) represented as the solid lines. The figures of the adsorption
of [Pd(NH3)4]™2, [Co(NH3)s]*?, [Ru(NH3)s]*?, and [Ru(NHs)s|"2
over silica indicate that no adsorption occurs when the final pH
is below the PZC of silica (pHpzc = ~4.0). The silica adsorbs metal
ammine complexes at pHs greater than pHpzc and reaches a max-
imum uptake at a pH of around 11-11.5. Beyond a pH of 11.5,
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Fig. 4. Metal surface density vs. pH at surface loading 1000 m?/L: (a) [Pd(NH3)4]*2 over silica, (b) purchased [Cu(NH3)4]t? over silica, (c) self-prepared [Cu(NH3)4]t? over
silica, (d) [Co(NH3)g]*> over silica, (e) [Ru(NH3)g]*2 over silica, (f) [Ru(NH3)s]*> over silica, (g) [Ni(NH3)s]*2 over silica (model fit obtained using PZC = 4.2, ApK = 7.0,

nhs = 1.5).

a decrease in adsorption is observed for all complexes except
[Co(NH3)s] 3, which continues to increase even in the extremely
basic pH range.

Other adsorption experiments were performed while the final
pH was kept constant (~11.5, maximum uptake) and the initial
concentration of metal complexes was varied in solution. Figs. 5a-
5e show the surface densities of metal adsorption (I'meta;) Versus
initial metal concentrations (ppm) in solution for 1000 m? /L, with
the RPA model represented by a solid black line. The model is the
same as that used previously. The metal concentration of 200 ppm
corresponds to approximately one monolayer of metal in solution.
The initial concentration is adjusted from 50 to around 800 ppm.
The adsorption curves show that adsorption increases linearly at
low initial metal concentrations, and then reaches a maximum ad-
sorption at an initial concentration of around 200 ppm. After that,

adsorption is retarded with the increase of initial concentration.
For Pd, Co, and Ru(lll) ammine complexes, the adsorption at high
concentration of 600-800 ppm is even lower than that at lower
concentration, which is caused by the effect of high ionic strength
[3]. Once the silica is saturated, the additional PdTA remains in
solution, increasing the ionic strength. For Cu, Ru(ll) ammine com-
plexes, there is excessive adsorption at high concentrations. This
is believed to be caused by the formation of metal hydrates at
the confluence of high metal concentration and low local pH (dis-
cussed later), and not by differences in the sizes of tetrahedrally
coordinated versus octahedrally coordinated complexes.

The dried samples after impregnation were analyzed by XPS;
the XPS spectra of N 1s are given in Fig. 6. In the XPS spectra
of PATA/SiO,, CoHA/SiO2, Ru(I)HA/SiO,, and Ru(ll)HA/SiO;, N 1s
peaks were observed at the binding energy of 398-399 eV. In
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the XPS spectra of CoHA/SiO, (Fig. 6¢), another N 1s peak oc-
curred at the binding energy of 406 eV, which might occur from
partial degradation of the ammine ligands. In the XPS spectra of
Ru(I1)HA/SiO, (Fig. 6d), a peak with a binding energy of 402 eV ap-
peared. This was likely due to the addition of ammonia hydroxide
and residue of NHI remaining on sample surface. The XPS spec-
tra of CuTA/SiO; and NiHA/SiO, showed almost no N 1s, however,
indicating the extensive conversion of adsorbed species.

The XPS metal/support ratios are given in Table 2. This ratio
provides a measure of metal dispersion, especially in comparisons
of different preparations with the same bulk metal composition. In
general, the metal/support ratios of the SEA preparations started
out high and did not diminish drastically after reduction. On the
other hand, some DI preparations showed high initial dispersion
(Cu, Pd, and Ni), but in all three cases, the metal/support ratio di-
minished to a much lower value after reduction than that of the
corresponding SEA preparation. The initial dispersion of the Co,
Ru(Ill) ammine, and Ru(Il) chloride DI preparations started out low
and remained low after reduction.

The TPR patterns of dried, unreduced catalyst samples are sum-
marized in Fig. 7. The PdTA/SiO, TPR profile (Fig. 7a) is character-
ized by a sharp negative peak, with an ill-defined H, consumption
occurring as a small positive peak after the main peak. There is a
general consensus that Pd can adsorb H, to form Pd hydrides at
ambient temperature [69,70]. The decomposition of a Pd hydride
phase has been linked to the negative peak (hydrogen release)
in the TPR profile [69-72]. The CuTA/SiO, TPR profile (Fig. 7b)

has only one typical Hy consumption peak regardless of whether
CuTA or Cu(NOs), was applied as the precursor, which demon-
strates that Cu?t was reduced to metallic Cu® directly and there is
no transient stage. The TPR profile of Co(IlI)HA/SiO, (Fig. 7c) typi-
cally shows two peaks, one due to the reduction of Co3* to Co?*t
and another due to the reduction of Co®t to metallic Co® [73,74].
Nevertheless, only one peak occurs in the TPR patterns, probably
because the low Co metal loading results in the merger of those
two peaks. For the TPR profiles of Ru(Il[)HA/SiO, and RuCl3/SiO,
profiles (Fig. 7d), two obvious peaks are seen, one demonstrating
the reduction of Ru3* to Ru?* and the other corresponding to the
reduction of Ru?* to metallic Ru®. It is interesting to note that two
obvious peaks also occur in the TPR profile of Ru(I[)HA/SiO,. This
seems contradictory, because theoretically, only one peak should
occur from Ru?* to Ru®. There may be a speciation change dur-
ing the adsorption process, and the adsorbed cations are not only
Ru(NH3)(25+; we discuss this in detail later. Thus, the different ad-
sorbed salts require two different reduction temperatures and lead
to two peaks. The NiHA/SiO, TPR profile (Fig. 7e) gives one H; con-
sumption peak, which predicts the reduction of Ni%t to metallic
Ni®, whereas the Ni(NOs3),/SiO, TPR profile has a sharp H; con-
sumption peak with a secondary peak and a gradual return to
baseline. The main peak has been assigned to the decomposition of
nickel nitrate to NiO with a subsequent reduction to Ni metal [75].

From all of the TPR patterns, a common trend is that the TPR
patterns of the samples prepared via DI always give sharp, narrow
H, peaks, whereas SEA usually gives much wider Hy consumption
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Table 2
XPS data of unreduced and reduced samples prepared via SEA and DI methods.

Catalyst sample Preparation method wt% Metal/Si (atomic ratio)
Unreduced Reduced
Cu(Il) ammine/SiO; SEA 2.8 0.051 0.040
Cu(NO3)2/Si0> DI 2.8 0.075 0.031
Co(Ill) ammine/SiO; SEA 1.8 0.027 0.020
Co(IlI) ammine/SiO; DI 1.8 0.010 0.010
Ru(Il) ammine/SiO; SEA 2.7 0.033 0.024
Ru(Ill) ammine/SiO; SEA 3.0 0.027 0.021
Ru(Ill) ammine/SiOy DI 3.0 0.009 0.011
RuCl3/SiOy DI 3.0 0.014 0.014
Pd(Il) ammine/SiO, SEA 2.2 0.017 0.018
Pd(Il) ammine/SiO, DI 2.2 0.016 0.007
Ni(Il) ammine/SiO; SEA 1.6 0.038 0.031
Ni(NO3)2/SiO; DI 1.6 0.038 0.022

peaks. For the same precursor, the reduction temperature of SEA-
prepared samples determined by TPR is significantly higher than
that of DI-prepared samples. This is because the strong interaction
between adsorbed species and silica exists in the SEA prepara-
tion process, which makes reduction of the metal precursor to the
metallic state much more difficult and usually requires higher re-
duction temperatures and longer reduction times. We have noted
the extraordinary stability of silica-adsorbed Co ammines in a pre-
vious paper [76].

The dried, unreduced catalyst samples were characterized with
HAADF (Z-contrast) imaging. The results (not shown) indicate that

metal ammine precursor complexes do not significantly agglomer-
ate on the silica surface regardless of the impregnation method
(SEA or DI) used. For [Ru(NH3)s]*2/SiO,, however, particles of
about 5 nm do appear. These are attributed either to the instabil-
ity of the complex to the STEM sample preparation method, which
involves dissolution in ethanol, or to beam damage, because these
particles are much larger than the particles of the reduced metal,
as discussed below.

Fig. 8 shows representative HAADF images of reduced catalyst
samples prepared via SEA at monolayer adsorption and the corre-
sponding sample for DI preparations at the same metal loadings
for Ru and Ni metals. A set of representative micrographs and
particle size distributions for all metals (Pd, Cu, Co, Ru, and Ni)
is given in the supplementary material, Fig. S2. Particles of the
reduced catalyst samples are readily apparent for both the SEA
and DI preparations. The average particle sizes for the SEA and
DI preparations are summarized in Table 3. Metal particle sizes of
the reduced catalysts prepared by SEA remain relatively small, and
the size distributions are limited to a narrow range. Furthermore,
the average particle sizes do not change much with an increase in
metal loading. Reduced catalysts prepared by DI give much larger
particle sizes. In a particular sample, the particle sizes occur in
a wide distribution, and the average particle size increases signif-
icantly with increasing metal weight loading. The average parti-
cle size of the Co/SiO, catalyst synthesized via SEA is moderately
large compared with the other SEA-prepared catalyst samples, be-
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cause this sample requires a high reduction temperature (800 °C),
at which agglomeration cannot be prevented.

To further investigate the homogeneity of metals deposited af-
ter the impregnation step, the average weight percentage and the
standard deviation on the dried samples was obtained from EDXS
for both SEA and DI samples. These data are given in the supple-
mentary material, Table S2. Five different areas of approximately
0.5 pm? of each unreduced sample were chosen during the analy-
sis, and the metal weight percentage of each specific area on which
concentrated by the beamline was collected. The two Cu samples
were omitted, because EDXS cannot distinguish the supported Cu
complexes from the Cu grid. These results demonstrate that metal
complexes tend to be evenly dispersed on the samples after SEA
impregnation, and that the metal loading of various parts on a sin-
gle catalyst sample are close to one another. However, the metal
loadings of the samples after DI seemingly vary widely on differ-
ent parts of a single sample; that is, with the DI method, adsorbed

metal complexes are not evenly dispersed. Taking the dried, unre-
duced CoHA/SiO, sample as an example, the weight percentages
determined by EDXS on the samples prepared via SEA and DI are
compared in Fig. S2.

4. Discussion
4.1. Mechanism of metal ammine adsorption onto silica

Many previous researchers have described the adsorption pro-
cess of metal ammine complexes over silica as an ion-exchange re-
action [16,24-26,28,30,31,36,63]. Taking the Pd tetraammine com-
plex as an example, the ion-exchange mechanism can be described
in the following expression:

2(Si-0~, H") + [Pd(NH3)4] , (OH ),
< (Si-07)z, [Pd(NH3)4] " +2(H*, OH).
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(c)

(d)

Fig. 8. Representative STEM images and corresponding particle distributions of reduced Ru and NI catalyst samples: (a) 3.0% Ru, SEA preparation; (b) 3.0% Ru, DI preparation;

(c) 1.6% Ni, SEA preparation; (d) 1.6% Ni, DI preparation.

In the ion-exchange reaction, metal complexes can interact over a
neutrally charged surface. If the adsorption mechanism of metal
ammine complexes over silica is ion exchange, then the uptake
should be expected to occur at the pH of the PZC of silica, be-
cause the surface is neutral, and the hydroxyl groups dominate
silica surface species. But Fig. 4 shows that no metal ammine ad-
sorption occurs in our experiments when the final pH equals the
PZC of silica (around 4). At high pH ranges, the surface hydroxyl
groups become deprotonated, and the number of OH groups de-
creases accordingly, inhibiting ion exchange. But the experimental
results demonstrate that the maximum uptake occurs at a highly
basic pH (11-12) when the surface is deprotonated, and this phe-
nomenon contradicts the ion-exchange mechanism.

Furthermore, taking the Pd ammine complex as an example, ion
exchange predicts that Pd ammines will deposit over the hydroxyl
groups at the silica surface in a 1:2 stoichiometry. In our exper-
iment, the maximum Pd uptake is about 1.2 pmol/m? at a final
pH of 11.5 (initial pH 12). If the entire uptake were caused by ion
exchange, then the protons released to the bulk solution should
decrease the pH from an initial value of 12 to a final value of <3.
The observed decrease to 11.5 is the same as that for a Pd-free

control experiment and results from the proton exchange from the
naturally acidic silanol groups with the solution. Both of these ar-
guments run counter to an ion-exchange mechanism.

We believe that the adsorption mechanism is largely electro-
static, rather than ion exchange, based on the pH dependence of
uptake. The adsorption survey of various noble and base ammine
complexes over silica is displayed in Fig. 4. Again, taking the ad-
sorption of Pd ammine complexes as an example, when the final
pH of the solution is below the PZC of silica, the surface is pro-
tonated and positively charged, so it cannot attract [Pd(NH3)4]*2,
and thus no adsorption occurs. As the pH rises above the PZC of
silica, the surface is deprotonated and negatively charged, and it
begins to adsorb [Pd(NH3)4]*2. The surface charge increases with
the rise of pH, and the uptake increases accordingly. The maxi-
mum extent of adsorption for the cationic Pd ammine complex
occurs when the final pH reaches 11.5. At higher pH, adsorption
is retarded by the effect of high ionic strength, which effectively
diminishes the value of the adsorption equilibrium constant [3].
The same uptake tendency can be observed in the adsorption ex-
periments of almost all other metal ammine complexes over sil-
ica.
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Table 3
Average particle size and standard deviation of the reduced catalysts prepared by
SEA and DL

Catalyst  Preparation  Precursor Wt%  Treduction Average o (A)
method (°C) diameter
(A)
Pd/Si0O,  SEA Pd(NH3)4Cl; 1.1 200 15 34
1.7 200 15 33
2.2 200 16 3.9
DI Pd(NH3)4Cl; 1.1 200 37 20
1.7 200 44 25
2.2 200 55 34
Cu/Si0,  SEA Cu(NH3)4S04 1.4 400 17 6.3
2.1 400 23 6.0
2.8 400 31 8.2
DI Cu(NO3); 1.4 400 40 26
2.1 400 89 74
2.8 400 140 170
Co/Si0,  SEA Co(NH3)6Cl3 0.9 800 37 15
1.4 800 29 11
1.8 800 43 17
DI Co(NH3)6Cl3 0.9 450 27 9.1
1.4 450 32 15
1.8 450 74 70
Ru/Si0,  SEA Ru(NH3 ) Cly 1.4 450 11 2.2
2.0 450 11 2.5
2.7 450 12 2.5
SEA Ru(NH3)sCl3 1.5 450 11 2.8
2.3 450 11 2.0
3.0 450 12 2.1
DI Ru(NH3)sCl3 1.5 300 34 15
2.3 300 44 17
3.0 300 130 47
DI RuCl3 1.5 200 18 5.8
2.3 200 22 7.4
3.0 200 20 6.7
Ni/SiO; SEA Ni(NH3)sCl2 0.8 500 17 3.8
1.2 500 17 3.7
1.6 500 17 3.6
DI Ni(NO3), 0.8 500 24 9.3
1.2 500 29 15
1.6 500 32 17

The fits of the adsorption data in Fig. 4 to the RPA predic-
tions are qualitatively correct and, in the case of Pd, Ru(lII), and Ni,
quantitatively reasonable. The RPA model works well in describing
the uptake of Pt ammine on silica [3]. The RPA model parameters
fit from the metal-free pH shift experiments of Fig. 2, and the size
of the adsorbing complexes is estimated from literature data. Res-
onant anomalous X-ray reflectivity analysis on a model platinum
tetraammine (PTA)/quartz crystal system was recently performed
at the Advanced Photo Source at Argonne National Laboratory [77].
The results demonstrate that at the adsorbing PTA, complexes re-
tain either one layer or two layers of water. Based on this finding,
an average number of hydration sheaths (nhs) of 1.5 was used in
the estimate of the radii of all of the metal ammine complexes. The
radius of [Pd(NH3)4]*2 is 2.55 A, which comes from the literature
[78]. This value is also applied to [Ru(NH3)g]*3 and [Ru(NH3)s]*2,
because the atomic weights of Pd and Ru are similar. The radii of
the other metal ammines are not available; thus, a rough estima-
tion of 2.0 A is applied for the radius of Cu, Co, and Ni ammines
considering that the atomic weights of these metals are lower than
that of Pd.

Deviations from a strictly electrostatic mechanism can be ex-
plained by instability or reactivity of the metal ammine complex.
The discrepancy in Cu uptake has been addressed in a previous
publication [79]; it was postulated that as they approach the ad-
sorption plane, Cu ammine complexes respond to a local decrease
in pH and form the bridged hydroxyl dimmers, as occurs in the

bulk solution phase at lower pH. Metal adsorption density is in-
herently higher for the dimer than for the ammine complex.

The discrepancy between the Ru(Il) data (Fig. 4e) and the RPA
model may be explained by the instability of that complex. The
XPS N 1s spectra (Fig. 6d) and microscopy studies of the dried
precursors both indicate instability of the Ru(ll) ammine complex.
The TRP profiles for the Ru(Il) complex is virtually identical to that
of Ru(lll), and the adsorption trends shown in Fig. 4e are actually
better fit by the model for Ru(lll) in Fig. 4f. It appears that the
Ru(Il) complexes are more like Ru(lll) complexes in the solution
conditions that we have used.

In the XPS data of Fig. 6, the NiHA/SiO, sample also exhibits
no N. Although this conversion of Ni species does not significantly
affect the adsorption density from that predicted, the adsorbing
species may be hydroxylated or aquated. Unfortunately, with Ni, a
wider range of pH, to allow better interpretation of pH trends, was
not possible.

A comprehensive explanation for all of our results is that ad-
sorption is predominantly electrostatic, and less stable adsorbates
can respond to local changes in pH and concentration as adsorp-
tion proceeds.

4.2. Correlation of SEA with high dispersion of reduced metals

Metal precursors deposited by SEA appear to be evenly dis-
tributed across the surface, as determined from EDXS (Fig. S2 and
Table S2). The metal species do not sinter significantly with re-
duction, as demonstrated by the relatively high XPS metal/support
ratios shown in Table 2 and the small particle sizes revealed by
STEM (Fig. 8 and Table 3). The DI-prepared samples show much
higher variations in local concentrations (Table S2). Even when DI
results in high precursor dispersion after impregnation, such as for
Cu, Pd, and Ni in the XPS results of Table 2, the metals sinter sig-
nificantly after reduction.

The dispersion of each metal was calculated from the aver-
age particle size based on STEM results (Table 3). Fig. 9 compares
the metal dispersion catalysts synthesized by SEA and DI methods.
From this comparison, we can see at the same metal loading, SEA
always yields a much higher dispersion than DI. Metal particle size
is only a mild function of metal weight loading for SEA-prepared
materials (Table 3), but is a strong function of weight loading for
DI-prepared metals.

At DI conditions, the surface of the support is negligibly
charged, due to the tremendous buffering capacity of the sup-
port [1], whereas for SEA, the surface is strongly charged, and the
precursors are deposited at the pH of the strongest electrostatic
attraction. Dried precursors exist in an aqueous-like environment
in which electrostatic attraction can exist [78]. It will take much
more study to determine when electrostatic effects cease and what
interactions take their place as heating and reduction occur, yet it
is empirically clear that monolayers and submonolayers of metal
ammine precursors deposited onto silica by SEA retain high disper-
sion after reduction. A necessarily high reduction temperature can
adversely impact metal dispersion, as is seen in the case of cobalt.
We have reported on the extreme stability of silica-supported Co
ammines in a separate paper [76].

The average particle size of Pd on silica via SEA is about 16 A at
the metal loading of 2.2%, which is smaller than that in the litera-
ture survey [12-23]. The Cu catalyst (Cu% = 2.8%) prepared via SEA
has an average particle size of around 30 A, and other researchers
also have obtained good results with the so-called “ion-exchange”
method (which we believe is better described as electrostatic ad-
sorption) [24,25]. The Co catalyst prepared via SEA requires a high
reduction temperature, which leads to relatively large particle size
of 40-50 A. However, the literature shows that those catalysts pre-
pared via IWI result in even larger particles [38-49], except for the
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Fig. 9. Dispersion of silica-supported catalysts prepared via SEA and DI methods: (a) Pd/SiO3, (b) Cu/SiO2, (c) Co/SiO3, (d) Ru/SiO3, (e) Ni/SiO.

case in which Co(CH3COO); is applied as the precursor. Using SEA
with Ru yields virtual nanoparticles at 11 or 12 A. We believe these
to be among the smallest Ru particles prepared to date [50-57]. Ni
catalysts synthesized via SEA also show smaller sizes (<20 A) than
have been reported to date [58-67].

4.3. Practical considerations

SEA is a simple, scalable method that yields well-dispersed
metals. Over silica, the pH range of optimal interaction can be seen
in the volcano-shaped curves in Fig. 4 and appears to be in the
range of 11-12 for all metals. This range is consistent with the
pH values used for ion-exchange preparations [16,24-26,28,30,31,
36,63].

The optimal final pH can be easily obtained when working with
powdered silica by using an initial pH that overcomes the buffering
effect of the silica and leaves the pH high. For relatively thin slur-
ries, such as the 1000 m?/L used here, an initial pH of 12 suffices
(as can be seen from the pHipitiai-PHfinal data in Figs. 2 and 3).
For thicker slurries, the initial pH can be raised correspondingly.
With powders, the final pH equilibrates within minutes, and the
immediate drift toward lower pH minimizes the dissolution of sil-
ica. Silica dissolution has been reported for amorphous silicas [3]
and for mesoporous silica [5] under similar impregnation condi-
tions. The adsorption of the metal complexes into powdered silica
also is complete within minutes [3,5], and a short contact time also

minimizes Si dissolution. With formed catalysts, however, equili-
bration of pH and distribution of metal complexes require hours of
contact [6]. In this case, to minimize Si dissolution, it likely will
be advantageous to start by impregnation with a neutral solution,
and then add base to increase the solution pH up to the desired
value.

Perhaps the main limitation of the SEA method is that the
metal weight loading that can be achieved in a single impregna-
tion step is restricted to that amount of precursor that adsorbs in
one monolayer. Using the monolayer limits shown in Figs. 4 and 5,
the maximum metal loadings achievable by SEA are shown as a
function of silica surface area in Fig. 10. For Pt, for example, a max-
imum uptake of about 0.9 pmol/m? [3] leads to about 6 wt% at
400 m2/g, and 11 wt% at 750 m?/g. Although Pd can be adsorbed
at a higher density (1.2 pmol/m?), its lower molecular weight re-
sults in lower mass loadings than for Pt. For cobalt, which adsorbs
at 1.4 pmol/m?2, about 3 wt% can be adsorbed over a 400-m?2/g
silica, whereas 6 wt% can be attained with 750 m?/g of silica.
SBA-15 materials, which commonly have surface areas approach-
ing 1000 m?/g, can be loaded at high metal dispersions with up
to 14% Pt and 11% Pd in this fashion [3].

For higher metal loadings, somewhat lengthier and more com-
plex catalyst preparation methods, such as deposition-precipitation
[80-82] and controlled thermal decomposition [83], can be used to
yield moderately small metal particles.
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5. Conclusion

The SEA method has been extended to the preparation of sup-
ported metal catalysts using the noble and base ammine com-
plexes [Pd(NH3)s]*?, [Cu(NH3)s]™?, [Co(NH3)s]*?, [Ru(NH3)s]*?,
[Ru(NH3)s]*3, and [Ni(NH3)g]t2. It appears that the high disper-
sion of electrostatically adsorbed ammine metal precursors is re-
tained during reduction; a strong correlation between adsorption
and high metal dispersion has been established. The SEA method
appears to be a rational procedure for the cheap, simple, and scal-
able preparation of highly dispersed supported catalysts, even at
relatively high metal loadings.
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