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A B S T R A C T

Traditional methods of preparing size-controlled supported nanoparticle catalysts typically require the use of
stabilizing ligands that passivate the nanoparticle surface to prevent overgrowth and aggregation. The presence
of these ligands on catalytic surfaces can be detrimental to activity and are typically removed via a high-tem-
perature annealing step, which ultimately results in changes to nanoparticle morphology and thus, reduced
activity. We previously demonstrated that silylamine switchable surfactants can be used to synthesize and de-
posit highly active nanoparticles on to a support surface while preserving monodispersity. Here, we demonstrate
using XPS that supported nanoparticles prepared in this manner are surface-clean after deposition, eliminating
the need for traditional activation steps. Further, it is shown that even low-temperature calcinations have det-
rimental effects on the catalyst properties including changes in nanoparticle morphology that result in a sig-
nificant decrease in activity, a change in surface hydrophilicity, a change in activation energy, and results in the
formation of an induction time when utilized in the hydrogenation of 4-nitrophenol. While calcination remains a
widely used method of catalyst activation, the detrimental effects of high temperatures on catalyst properties are
often overlooked.

1. Introduction

The vast majority of existing size-controlled supported nanoparticle
syntheses employ capping agents to inhibit nanoparticle overgrowth
and aggregation; however, the presence of these capping agents can be
detrimental to catalytic activity and therefore are typically removed via
a high-temperature calcination, which ultimately results in unfavorable
changes to the active phase. The development of colloidal synthesis
methods allows for the precise tailoring of structural characteristics
such as the size and shape of nanoparticles through the use of molecules
that chemisorb to the nanoparticle surface often denoted as surfactants,
ligands or capping agents [1–5]. The adsorption of capping agents on
nanoparticle surfaces can saturate the surface and stabilize the nano-
particles through steric or electrostatic repulsion, protecting the nano-
particles from agglomeration and growth. While stabilizing molecules
are necessary to control size and monodispersity during synthesis, these
molecules typically have negative impacts on catalyst properties. Sta-
bilizing agents chemisorbed to surface of the metallic nanoparticle limit
active site availability and affect the local reaction environment, and
thus surface-mediated properties such as catalytic activity [6–15].

Ligands may compete with reactants for adsorption sites during cata-
lysis and significantly hinder catalytic performance in even minute
quantities [16–18]. Further, the presence of capping agents adds com-
plexity to the system, such as interactions among the capping molecules
and reagents, charge transfer at the organic ligand-metal interface, and
non-uniform coverage of the capping agent on the nanoparticle surface
[19]. Additionally, variation in capping agent coverage density may
lead to problems with reproducibility in catalytic studies. It has been
shown that removal of stabilizing ligands typically enhances the cata-
lytic activity of colloidal nanoparticles [20–23].

Perhaps the most widely used ligand removal technique is thermal
degradation of ligands through a high-temperature calcination. While
effective in removing bound surface species, it is reported in the lit-
erature that exposure to high temperatures increases nanoparticle
mobility and Ostwald ripening, typically leading to polydisperse na-
noparticle populations [24–27]. Further, while size effects of calcina-
tion are well documented, investigations into other possible detrimental
effects of calcination on catalyst properties are absent from the litera-
ture.

Alternative methods of ligand removal aimed at preserving
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nanoparticle morphology have been reported such as solvent extrac-
tions [28], chemical treatments [29–31], and plasma treatments [32].
While these methods have the ability to effectively remove ligands to
some extent, in many cases the effects on the nanoparticle surface
chemistry are poorly characterized. In some cases the ligands can be
decomposed into smaller fragments with heat or light followed by re-
moval with a gas flow such as in UV-ozone irradiation; however, this
process can cause size changes, residual ligands can be left behind, and
often the surface atoms become partially oxidized [22,33–39]. Partial
or incomplete decomposition of ligands during thermal or UV-ozone
treatment may generate coke or other poisons that can deactivate the
catalyst [40]. Ligand exchange may be used to replace ligands with
small molecules that have much lower boiling points and competitive
capping abilities. These can then be removed easily with washing or
vacuum evaporation; however, ligand exchange and washing steps
often result in leaching of base metals [41]. Despite its downfalls, cal-
cination remains a widely used method of ligand removal due to the
lack of viable alternatives. The traditional methods used to remove
stabilizing ligands cannot preserve the nanoparticle surface and, as
such, there is a possibility that optimal catalytic surfaces exist that
cannot be accessed using classical methods.

Previously, we demonstrated a novel method to prepare highly-ac-
tive, size-controlled supported nanoparticles using a switchable sur-
factant (SwiS) system [42]. It was shown that silylamine reversible
ionic liquids (RevIL) can be converted between molecular and ionic
forms via reaction with CO2 (see Scheme 1). Upon addition of an al-
kane, the ionic form of the RevIL functions as a SwiS that can be used to
stabilize and template nanoparticles during synthesis. Upon reversal of
the ionic liquid via removal of CO2, the nanoparticles directly deposit
on to the support surface with no change to nanoparticle size. It was
demonstrated that supported nanoparticle catalysts prepared with SwiS
were more active prior to calcination than their traditionally prepared
counterparts after calcination. Analysis with Fourier transform infrared
spectroscopy showed that the molecular silylamine interacts with the
catalyst surface after deposition and washing; however, it was unclear if
the silylamine stabilizes the nanoparticle surface or interacts only with
the support. In this work, we demonstrate that supported nanoparticles
prepared with SwiS are surface-clean after deposition and are sig-
nificantly more active prior to attempted removal of the molecular
species via a low-temperature calcination. Further, we show that cal-
cination of the surface-clean supported nanoparticles has detrimental
effects on catalyst characteristics beyond those associated with nano-
particle morphology changes.

2. Experimental section

2.1. Materials

Hydrogen tetrachloroaurate tri-hydrate (HAuCl4·3H2O; 49% Au)
was obtained from Sigma Aldrich. Sodium borohydride
(NaBH4;> 97%), and silica (SiO2; 0.060-0.2 mm) were acquired from
Alfa Aesar. N-hexane (C6H14;> 95%) and hydrochloric acid (HCl;
36.5–38%) were purchased from J.T. Baker. 4-Nitrophenol (C6H5NO3;
98%) was acquired from Acros Organics. Nitric acid (HNO3; TraceMetal
grade) was obtained from Fisher Chemical. Clinical laboratory reagent
water (CLRW) – Type 1 was obtained from Thermo Fisher Scientific.
200 mesh Carbon Formvar-coated copper grids were obtained from Ted
Pella. Toluene was dried over molecular sieves before use. All other

materials were used without additional purification.

2.2. Nanoparticle synthesis and deposition

Monodisperse gold nanoparticles were synthesized using a re-
versible ionic liquid (RevIL) as demonstrated in a previous work
[42,43]. Details regarding the synthesis of the RevIL is outlined in the
Supporting Information. To prepare the nanoparticles, HAuCl4
(0.044mmol) and hexane (0.078mol) were added to the ionic liquid
(5mmol, 3-aminopropyltriethylsilane, APTES). The mixture was stirred
until the gold precursor had completely dissolved. 200 μL of aqueous
NaBH4 (0.1 M) was added to the reaction mixture while stirring at
400 rpm. The reaction was stirred for 1 h.

The gold nanoparticles were deposited on to non-porous silica gel
following a method previously demonstrated [42]. Briefly, 10.5mL of
the as-prepared nanoparticle solution was added to a flask containing
12 g of silica and 400mL of hexane. The reaction mixture was stirred at
400 rpm for the duration of deposition. The flask was connected to a
reflux column and the reaction was heated to reflux conditions (˜69 °C).
Refluxing continued until deposition was complete, indicated by a color
change of the supernatant from purple to clear (˜30min), at which
point the reaction mixture was cooled to room temperature. The su-
pernatant was removed and discarded. The supported nanoparticles
were washed with hexane and dried in a vacuum oven set at 45 °C.

2.3. Low-temperature calcination

The supported nanoparticles were calcined in air for six unique time
lengths. For each calcination, the temperature was increased from room
temperature at 5 °C/min to 230 °C. The temperature was held at 230 °C
for 0, 15, 30, 60, 120, or 180min yielding seven total samples. 230 °C
was chosen as the calcination temperature as it is just above the boiling
temperature of the neat molecular APTES.

2.4. Nanoparticle characterization

Gold loading of the supported nanoparticle samples was measured
using inductively-coupled plasma mass spectroscopy (ICP-MS) on an
Agilent 7700 at Washington State University in the Peter Hooper
GeoAnalytical Lab. The catalyst samples were digested in aqua-regia
and diluted to 2% HNO3 for quantification.

Transmission electron microscopy (TEM) was used to determine
nanoparticle size utilizing an FEI Tecnai G2 T20 Twin TEM with an
operating voltage of 200 kV. The supported nanoparticles were sus-
pended in hexane and drop cast on to grids. ImageJ software was used
for image analysis. At least 300 nanoparticles were manually sized to
ensure statistical significance by measuring the longest nanoparticle
axis.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy on a ThermoScientific Nicolet IS10 was used to char-
acterize the supported nanoparticles before and after calcination.
Spectra were acquired from 650 cm−1 to 4000 cm-1.

Surface analysis was performed with X-ray photoelectron spectro-
metry (XPS) using a spectrometer equipped with a Kratos AXIS-165
monochromatized Al Kα X-ray anode (1486.6 eV) and with a power of
202W. For the XPS measurements, the samples were cleaned by Ar+

sputtering to remove contamination. The ion gun parameters used were
15mA @ 4 kV and sputter time of 1min. The carbon C 1S peak at
285 eV was used as a reference for charge correction. The spectra were
analyzed using commercial CasaXPS software. For each analysis, the
Shirley background was taken and Gaussian (70%) – Lorentzian (30%)
profiles were used for each component. The best-fit analysis was per-
formed to minimize χ2.

Scheme 1. The silylamine molecular liquid reacts reversibly with CO2 to form
an ionic liquid.
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2.5. Evaluation of catalytic activity

The catalytic activity of the supported nanoparticles was evaluated
before and after calcination by utilizing them in the catalyzed reduction
of 4-nitrophenol to 4-aminophenol (see Scheme 2) using a method
previously developed [42,44]. For each catalytic test, an aqueous re-
action solution containing 0.1 mM 4-nitrophenol and 0.1M NaBH4 was
prepared under stirring at 300 rpm at room temperature. An aliquot of
the reaction mixture was placed in a 1 cm path length, polystyrene
cuvette and the absorbance spectrum measured (Agilent Cary 100
spectrophotometer) to obtain an initial absorbance of 4-nitrophenolate
at 400 nm. The reaction was initiated by adding the catalyst (approxi-
mately 0.05 g) to the mixture and a timer started. Samples were taken
at regular intervals (30-seconds), filtered through a syringe filter
(0.2 μm nylon membrane) to stop the reaction, placed in a cuvette, and
the absorbance spectrum measured. All catalytic tests were performed
in triplicate.

2.6. Activation energy determination

The activation energy of the pre-calcined supported nanoparticles
and those calcined at 230 °C for 180min was evaluated. The activation
energy tests were conducted following the same manner as the catalytic
activity tests (see Scheme 2). The catalytic tests were run at four tem-
peratures roughly 10 °C apart between 10 °C and 60 °C in order to
evaluate activation energies of the two catalyst samples.

3. Results and discussion

Surface analysis performed previously on silica-supported gold na-
noparticles prepared with SwiS indicated the presence of the APTES
molecular species interacting with the catalyst surface after deposition
and washing; however, it was unclear whether the species interacts
with the nanoparticle or only the support surface [42]. Here, the na-
noparticles from a single synthesis and deposition were calcined for six
unique time lengths to determine if the adsorbed molecular APTES can
be removed without affecting catalyst characteristics. The size, catalytic
activity, and activation energy of the calcined catalyst samples were
compared to those of the pre-calcined sample.

3.1. Effect of low-temperature calcination on nanoparticle size

Representative TEM micrographs and size distributions are shown
in Fig. 1 and all average nanoparticle sizes are displayed in Table 1.
Prior to calcination at 230 °C, the average size of the supported gold
nanoparticles was 3.3 ± 0.5 nm. An apparent change in nanoparticle
size and distribution resulted after the low-temperature calcination at
all conditions tested. A 9% size increase (3.3 ± 0.5 nm to
3.6 ± 0.7 nm) was seen after a calcination with no hold; however,
there is no statistically significant difference (as determined by a single-
factor ANOVA analysis and Tukey HSD [45] with p < 0.01) for calci-
nations up to and including the 60min hold. A statistically significant
increase in average size occurs for the 120min calcination where the
average diameter showed a 45% increase (3.3 ± 0.5 nm to
4.8 ± 2.0 nm) compared to the pre-calcined sample. No statistically
significant change in size occurs between the 120min and 180min

calcinations. The single-factor ANOVA analysis with Tukey HSD for all
catalyst samples is shown in the Supporting Information. While the
calcination at 230 °C is considerably low compared to traditional cal-
cination temperatures, which are typically between 500 °C and 800 °C
[46–48], large changes in nanoparticle morphology still occur.

3.2. Surface analysis

FTIR analysis was performed on the supported nanoparticles before
and after calcination and the resulting spectra are shown in Fig. 2.
Molecular APTES is clearly present prior to calcination indicated by the
CH2 peaks at 2900 and 1450 cm−1 as well as the NeH stretching region

Scheme 2. Gold catalyzed hydrogenation of 4-nitrophenol.

Fig. 1. TEM micrographs and size distributions of gold nanoparticles supported
on SiO2 prepared with SwiS (a) before calcination, (b) calcined, no hold, (c)
calcined, 60min hold, and (d) calcined, 180min hold.

Table 1
Nanoparticle diameters, gold loading, and geometric estimation of surface
atoms/g catalyst for all catalyst samples. Hold time refers to the length of
calcination at 230 °C.

nanoparticle
diameter (nm)

gold loading (mg Au/g
catalyst)

surface atoms per
g catalyst x1017

pre-calcined 3.3 ± 0.5 0.255 ± 0.003 1.3
no hold 3.6 ± 0.7 0.299 ± 0.013 1.4
15min hold 3.5 ± 0.9 0.320 ± 0.010 1.4
30min hold 3.6 ± 0.9 0.313 ± 0.008 1.4
60min hold 3.6 ± 0.9 0.362 ± 0.004 1.6
120min hold 4.8 ± 2.0 0.362 ± 0.004 0.96
180min hold 5.0 ± 2.4 0.363 ± 0.005 0.84
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at 3250 cm−1 to 3370 cm−1. While the CH2 peaks are visible in every
sample before and after calcination, the NeH stretching band is only
apparent in the molecular liquid and pre-calcination spectra likely due
to the broad overlapping water adsorption peak from 3100 cm−1 to
3500 cm−1 and the weakening NeH signal as some of the molecular
APTES is removed. The CH2 stretching band is absent in the silica
spectrum indicating the CH2 present on the samples can be attributed to
molecular APTES remaining on the catalyst surface. It is reported in the
literature that when an amine is bound to the gold nanoparticle surface
there is a complete absence of this characteristic NeH stretch [49];
however, due to the broad overlapping water peak, we are unable to
confirm or deny the presence of an amine bound to the gold surface
using FTIR. While this shows that the low-temperature calcination does
not completely remove the molecular liquid from the catalyst surface,
further characterization is needed to define the gold nanoparticle sur-
face.

XPS was used to analyze the catalyst surface and determine the
interaction between the Au nanoparticles and the molecular APTES
after deposition and washing. Fig. 3 shows representative XPS spectra
of Au 4f and N 1s photoelectrons of the pre- and post-calcination sup-
ported nanoparticles. Prior to calcination, it appears that three separate
entities are present within the N 1s band as shown in Fig. 3(a). The
peaks at 398.7, 399.9, and 402.3 eV are attributed to Si-NH2 [50], C-
NH2 [51], and NSiO2 [52], respectively, indicating the molecular liquid
amine is interacting with the silica surface. After calcination, the peak
attributed to NSiO2 is absent but peaks corresponding to Si-NH2 and C-
NH2 remain, still indicating the molecular liquid interacts with the si-
lica surface. Although the molecular amine remains on the surface post-
calcination, the peak intensity ratio of gold to nitrogen increases from
0.21 before calcination to 0.31 after calcination demonstrating that
some nitrogen (likely associated with the molecular APTES) is removed
during calcination at 230 °C. Further analysis of the Si 2p band is
needed to confirm the exact nitrogen interactions; however, there is no
indication in the N 1s spectra that interactions between Au and N exist.
The N 1s peak for amine-stabilized gold nanoparticles would appear
near 401.1 eV [53]. Prior to calcination the Au 4f doublet band has
binding energies of 87.8 eV and 84.1 eV (see Fig. 3(c)) corresponding to
the Au 4f5/2 and Au 4f7/2 peaks, respectively which are in good
agreement with literature values of zero valent gold [53–55]. These
characteristic Au peaks are an indication that only a single gold inter-
action is present in the pre-calcined sample. From this data, we can
conclude that the supported gold nanoparticles are bare and the mo-
lecular APTES is not bound to catalytic active sites prior to calcination.
These findings support our initial hypothesis that nanoparticles are

destabilized when the APTES RevIL is reversed to molecular form via
thermal elimination of CO2, releasing surface-clean nanoparticles that
directly deposit on to the support surface. While the nitrogen species
adsorbed on the support surface is not removed by calcination at
230 °C, catalysis is likely not significantly hindered by its presence as
the active sites are bare. After calcination, the Au 4f signal intensity
decreases by roughly 20% indicating nanoparticle agglomeration [56];
however, the peak positions do not shift showing zero valent gold re-
mains on the surface after calcination. The gold-to-carbon peak in-
tensity ratio increases from roughly 0.18 prior to calcination to 0.25
after calcination (see Figure S3 of the Supporting Information) in-
dicating that carbon (associated with the APTES) is removed during
calcination.

3.3. Gold loading

Gold loading values were calculated for all catalyst samples before
and after calcination based on ICP-MS data and are shown in Table 1
above. The post-calcination gold loading values are larger than the pre-
calcination loading in every case. This increase in loading is an in-
dication that at least one species is removed during calcination and
likely a combination of water and molecular APTES. There is a very
small change in loading for calcination times of 0–30minutes, however;
more substantial mass loss (increased Au loading) occurs at 60min.
This observation is consistent with the removal of two distinct species,
one that occurs after the no hold calcination and one that occurs after
the 60 min calcination. Changes in gold loading are small between 60
and 180 min calcinations. While species differentiation is not possible
with thermogravimetric analysis due to broad overlapping transitions
(Figure S2 of the Supporting Information), water is present on the pre-
calcined catalyst (shown by FTIR) and would be removed from the
surface during the thermal treatment in addition to the APTES removal
indicated by XPS.

3.4. Effect of calcination at 230 °C on catalytic activity

While a low-temperature calcination at 230 °C does not completely
remove the nitrogen species from the catalyst support here, we can
evaluate the effect of a low-temperature calcination on monodisperse,
surface-clean nanoparticles, which is generally not possible with tra-
ditional synthesis methods. Apparent rate constants obtained from
catalytic testing in the 4-nitrophenol reduction were converted to spe-
cific rate constants using gold loading values, shown in Fig. 4. These
values are used for the analysis of total gold mass utilization. Calcina-
tion at 230 °C results in a large decrease in specific rate constant. We
observe a drastic drop in catalytic activity between the no hold and 15
min calcinations. Catalytic activity decreases by roughly 65% between
the no hold and 15 min calcinations. No apparent changes in specific
rate are seen after the 15 min calcination.

To compare fundamental catalysis, specific rate constants were
converted to turnover frequency (TOF). Quantification of gold nano-
particle surface area is difficult to achieve with experimental methods
and, as such, the number of accessible metallic surface atoms per gram
of total catalyst was estimated geometrically based on gold loading,
average nanoparticle sizes, and population polydispersity to obtain
consistent estimations of available surface area (see Table 1). The cal-
culation method for the number of surface atoms per gram of catalyst is
shown in the Supporting Information. Here turnover frequency is de-
fined as

=TOF n
n t_ ·

NP

Au Surf

4

where n NP4 is the number of moles of 4-nitrophenol consumed, n _Au Surf
is the moles of gold surface atoms, and t is the time length of the re-
action. For each TOF calculation, the conversion was approximately
60% and the time length of the reaction refers to the portion in which

Fig. 2. FTIR spectra of the supported nanoparticles before and after calcination,
the molecular liquid, and the silica support. No Hold – 180min refer to the
duration of calcination at 230 °C.
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pseudo first-order kinetics can be assumed (i.e. excluding any induction
time). Turnover frequencies of all samples are displayed in Fig. 4.
Following the trend of the specific rate constants, the pre-calcined
catalyst has a considerably higher TOF than any of the calcined sam-
ples. The pre-calcined TOF is roughly 35% higher than the sample
calcined with no hold and the no hold sample is 105% higher than the
sample calcined for 15min indicating that the sites on the catalyst
calcined with no hold are fundamentally more active than those on the
catalyst calcined for 15min. TOF is primarily influenced by nano-
particle size where smaller nanoparticles typically exhibit higher fun-
damental catalytic activity [57]. It was hypothesized that as nano-
particle size increased the TOF would decrease as a result. Here, it is
seen that while calcination does have a noticeable impact on the fun-
damental activity of surface sites, a statistically significant increase in
nanoparticle size (i.e. from 60 min to 180 min calcinations) does not
result in drastic reductions in activity. The large decrease in catalytic

activity between the no hold and 15 min calcinations cannot be directly
attributed to size changes as no statistically significant size changes
occur in this region. It can be concluded, however, that the surface sites
on the un-calcined sample are fundamentally more active than on any
of the calcined samples.

Activation energy studies were performed in order to detect changes
in surface chemistry after calcination (Fig. 5). Prior to calcination, the
measured activation energy was 18.7 kJ/mol, which generally agrees
with most literature sources [44,58,59]. After calcination, the activa-
tion energy decreases. The change in the number of surface sites would
not cause a reduction in the activation energy, thus this decrease must
be due to an additional change at the catalyst surface. While a decrease
in activation energy is not responsible for decreased catalytic rates,
these results demonstrate an additional effect of calcination on catalyst
properties. The decrease in activation energy after calcination may be

Fig. 3. Representative XPS spectra of the Au/SiO2 catalysts before and after calcination at 230 °C. (a) N 1s pre-calcination, (b) N 1s post 60 min calcination,(c) Au 4f
pre-calcination, and (d) Au 4f post 60 min calcination.

Fig. 4. Specific rate constants and turnover frequencies for all catalyst samples.

Fig. 5. Arrhenius plot of the pre-calcined and calcined 180min samples.
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due to rearrangements at the catalyst surface or may be due to the
emergence of mass transport limitations. Based on a mass transfer
limitation test in which activity tests were carried out at different
stirring rates, (see Figure S4 of the Supporting Information) we are
unable to definitively conclude which effect is responsible for the re-
duction in activation energy. However, it has been shown in the lit-
erature that hydrophilicity of the catalyst surface can affect catalytic
activity as wettability is known to impact interactions between the
catalyst and reactants [60].

During calcination, a portion of the APTES molecular species is
removed as indicated by the ICP-MS and XPS results; as the hydrophilic
molecular amine is removed from the silica, the surface becomes more
hydrophobic. A hydrophilicity test shows that prior to calcination, the
catalyst particles readily suspend in an aqueous phase while after a 180-
minute calcination the particles preferentially remain in an organic
phase, demonstrating the decreased hydrophilicity of the catalyst after
partial removal of the molecular APTES (see Figure S5 of the
Supporting Information). These results may suggest the emergence of
mass transport limitations after calcination.

In addition to size changes, changes in surface hydrophilicity, and a
change in activation energy, another interesting trend was observed
during activity testing of the calcined samples. Prior to calcination, the
hydrogenation reaction of 4-nitrophenol begins immediately upon ad-
dition of the catalyst with little to no induction time. After calcination,
a small induction time became immediately apparent. Plots demon-
strating the appearance of an induction time can be seen in Figure S6 of
the Supporting Information. While the cause of this induction time is
unknown without further investigation, a possible explanation is the
rearrangement of surface atoms during calcination to minimize surface
energy. It is suggested in the literature that one cause of the induction
time is the dynamic restructuring of the nanoparticle surface into a
geometry favorable for catalysis [61–63]. The calcined samples are
potentially in a transitional state exhibiting unfavorable surface con-
figurations leading to an induction time. While the observed overall
reduction in catalytic activity cannot be directly attributed to any one
of the changes demonstrated above, it is clear that calcination has an
overall detrimental effect on catalyst properties and results in changes
that typically are unaccounted for in traditional syntheses.

4. Conclusions

It was previously demonstrated that silylamine switchable surfac-
tants can be used to synthesize and deposit nanoparticles on to a sup-
port surface while preserving monodispersity. Here, it is shown that
upon reversal of the switchable surfactant to neutral form, nano-
particles are de-stabilized releasing surface-clean nanoparticles that can
directly deposit on to a support material. Supported nanoparticle cat-
alysts prepared in this manner do not require calcination for activation,
as surface sites are completely bare after deposition as shown by XPS.
While molecular APTES remains on the support surface, its presence
does not appear to hinder catalytic activity. A low-temperature calci-
nation cannot completely remove the APTES; however, here we are able
to study the effects of calcination on bare nanoparticles. Unsurprisingly,
calcination has an effect on nanoparticle size but further, even a low-
temperature calcination results in changes in surface hydrophilicity,
catalyst activation energy, and the formation of an induction time.
While calcination is commonly used as a method to remove bound
surface molecules and activate catalysts, the detrimental effects of
calcination on other catalyst properties are often completely over-
looked. Traditionally, it has not been possible to effectively activate
nanoparticles without the use of high-temperatures that alter the cat-
alytic surface and, as such, there are potentially optimal surface ar-
rangements that have not been accessed.
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