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Abstract

The activation of molecular O, as well as the reactivity of adsorbed oxygen species is
of central importance in aerobic selective oxidation chemistry on Au-based catalysts.
Herein, we address the issue of O, activation on the unsupported nanoporous gold (npAu)
catalysts by applying a transient pressure technique, temporal analysis of products (TAP)
reactor, to measure the saturation coverage of atomic oxygen, its collisional dissociation
probability, the activation barrier for O, dissociation, and the facility with which
adsorbed O species activates methanol, the initial step in the catalytic cycle of
esterification. The results from these experiments indicate that molecular O, dissociation
is associated with surface silver, that the density of reactive sites is quite low, that
adsorbed oxygen atoms do not spill over from the sites of activation onto the surrounding
surface, and that methanol reacts quite facilely with the adsorbed oxygen atoms. In
addition, the O species from O, dissociation exhibits reactivity for selective oxidation of
methanol but not for CO. The TAP experiments also revealed that the surface of npAu
catalyst is saturated with adsorbed O under steady state reaction conditions, at least for
the pulse reaction.

1.Introduction

Metallic gold is used as exceptional catalyst for a wide range of reactions, in particular
the oxygen-assisted chemical transformations, such as CO oxidation and esterification of
alcohols.' Gold nanoparticles dispersed on reducible oxides are the most commonly
used gold catalysts for various catalytic alpplicaltions.l’4 This type of catalysts, however, is
susceptible to deactivation resulting from the growth of gold particle size under working
conditions.” Recently, a new type of unsupported, nanoporous gold (npAu) catalysts with
ligament sizes between 20 — 100 nm has been demonstrated to be highly efficient for
these key oxidation processes.”'? In addition to its excellent activity, the npAu material
is also highly selective for ester formation.”*'® More importantly, these materials are
very robust, showing negligible losses of activity or selectivity for even months under
reaction conditions.®

It is well established that on model gold surfaces the adsorbed atomic oxygen, usually
formed via ozone decomposition11 or electron-induced dissociation of NOzlz, directly
activates and drives the catalytic cycles of alcohol coupling reactions.””*'*"* Since
molecular O, is used under practical catalytic conditions, understanding the mechanism
of O, activation processes on the surfaces of ‘real-world’ gold catalysts is critical to
develop new materials with improved catalytic performances.
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Molecular O, is readily dissociated on npAu materials even at low temperature; the
nature and density of reactive centers for this process, however, still remains elusive. The
npAu employed in the catalytic studies contains a small amount of Ag (1-3%) that results
from its synthesis from an Ag/Au bulk alloy.>® Taking into account the fact that O, can
readily dissociate on Ag surfaces, Ag(110) surface in particular,® it is reasonable to
speculate that the residual Ag is involved in the dissociation of molecular O, on npAu
catalysts, as proposed on the basis of numerous experimental and theoretical studies.'>"
On the other hand, low-coordinated Au sites, such as edge, step, or kink sites, have also
been suggested to be responsible for O, activation and catalytic aCtiVity.6’2O’21 This
viewpoint is suggested by transmission electron microscopy (TEM) studies® that reveal a
high incidence of step and kink sites on the material. However, recent studies with
extremely pure npAu synthesized from an intermetallic AuZr alloy (bulk residual Zr
content ~0.03%) exhibit very low activity toward CO oxidation,” which indicates that
Ag impurities play a key role in the dissociation of O, on npAu.

As a transient reaction technique, the temporal analysis of products (TAP) reactor has
been successfully applied in numerous studies on the mechanism and dynamics of
adsorption and reaction processes on catalyst surfaces.” The high detection sensitivity
and time resolution renders this technique an ideal tool to study the dynamic and kinetic
behaviors of catalytic reaction as well as to investigate the nature and reactivity of
intermediate species, such as adsorbed oxygen, in both qualitative and quantitative ways.

In this work, using a TAP reactor, we address the issue of O, activation on npAu
catalysts by measuring the saturation coverage of atomic oxygen on npAu, its surface-
averaged initial collisional dissociation probability, the activation barrier for O,
dissociation, and the facility with which adsorbed O species activates methanol, the initial
step in the catalytic cycle of esterification. The results from these TAP experiments
support the hypothesis that molecular oxygen dissociation is associated with surface
silver, that the density of reactive sites is quite low, that adsorbed oxygen atoms do not
spill over from the sites of activation onto the surrounding surface, and that methanol
reacts quite facilely with the adsorbed oxygen atoms.

2. Experimental
2.1 Synthesis of hollow npAu microspheres

Hollow npAu microspheres were synthesized according to a previously reported
method.® Briefly, 10 upm cross-linked polystyrene-divinylbenzene (PS-DVB)
microspheres were coated with Ag and Au in a ratio of 85:15 via electroless deposition in
aqueous solution. The AgAu-coated microspheres were subsequently calcined at 450 °C
for one hour in air (39 mL/min) in a flow reactor to alloy the metals and to remove the
PS-DVB core and any residual organic stabilizing agents from the synthesis procedure.
The annealed hollow AgAu microspheres were dealloyed in concentrated nitric acid until
the Ag composition was 1%. The BET surface area was determined to be 2 m” g after
activation (see below for the detailed procedure).

2.2 TAP experiments

The pulse experiments were carried out in a commercial TAP-2 reactor (Fig. 1).** In a
typical pulse response experiment a narrow pulse of reactant gas (ca. 107 mol/pulse,
pulse width 0.135 ms) was injected into a packed-bed microreactor using a high-speed,
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magnetically controlled pulse valve. The microreactor was a quartz tubular reactor with a
length of 38 mm and a diameter of 6.35 mm, housing an internal thermocouple. The
microreactor sat on top of a high-throughput vacuum chamber (10® to 10° Torr)
containing a RGA200 mass spectrometer, which was used to detect the effluent from the
reactor. The npAu catalyst was sandwiched in a thin-zone configuration in the middle of
the microreactor packed among inert quartz particles with diameters between 250 and
300 pm. Pulse sizes were chosen to ensure Knudsen flow throughout the reactor.
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The diffusion—reaction processes in the TAP pulse experiment, taking O, dissociation
on npAu catalyst for example, can be described using a model based on the following
partial differential equation™:

oC,, &'C

&, P :Dk’f‘ﬁ?gz_kcz,mmzcozf(eo) "

where f(0) is an unspecified coverage dependence of the dissociation probability of O,.
The initial condition is

NO
0<x<L 1=0, C, =62 2
T gA
and boundary conditions are
oC,
x=0, %o _g (3)
0z
x=L, C, =0 4)

In the case of very low reaction probability, the diffusion—reaction processes can be
approximated as the diffusion-only case (Fig. 2):
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Fig. 2 Experimental and simulated standard diffusion (SD) pulse response curves of
O, and Ar on npAu catalyst at 423 K.

For standard diffusional response curve, the dimensionless peak position 7, is a

constant,24 namely,

t,D, 1
DT 6 ©
where 7, is the maximum of the experimentally derived response curves (0.077 s), D, the
effective Knudsen diffusivity of the gas in the packed bed (26.2 cm?® ™), ¢ the fractional
voidage (0.84) of the packed bed, L the length of the reactor (3.8 cm). Accordingly, the
Knudsen diffusion characteristic of the species throughout the reactor, such as methanol
and O,, can be directly determined from the corresponding experimental pulse responses
(Fig. 2). The reaction rate constants in Eqn. (1) can be determined either by solving the
equation numerically or from moment analysis with presumed reaction kinetics.**

Prior to all the TAP experiments, the pulse size was calibrated by using argon gas. To
do this, a calibrated volume (V) filled with Ar at a given pressure was connected to the
pulse valve. The pressure drop (4P) after a certain number of pulses (n) was used to
calculate the average pulse size (number of molecules per pulse, N) as follows

nN=APY (7)
R-T-n
The detection sensitivity factor, 4, for Ar could be then determined from the measured

pulse intensity (I, the integrated area under the pulse curve of mass 40) and the
corresponding pulse size (N, the number of molecules in each pulse) as follows:

A=— 8
7 ®)

The detection sensitivity factors for reactant and products including methanol, O,, and
CO, were determined by pulsing a mixture with Ar with known composition. With a
mixture of O,/Ar (ratio #), the sensitivity factor for O, (4¢2), can be determined by,

l _NOZ_T].NAr_n.ﬂ’Ar.IAr
o0 = = =
o, Iy, Iy,
The amount of stable adsorbed active oxygen formed on the npAu catalyst by O,

dissociation was determined by titration with a sequence of methanol pulses. Prior to the
pulse experiments, the catalyst was activated by ozone treatment via a leak valve (10

©)
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Torr for 1 min) at 423 K and completely reduced with CH3OH/Ar pulses. Note that under
pulse reaction conditions in the TAP reactor formaldehyde was detected as the
predominant product (selectivity >98%) in the reaction of methanol with adsorbed
oxygen. The O, uptake was quantified either from the total amount of formaldehyde
formation (m/z=30, parent ion) from calibrated methanol pulses or directly from the O,
uptake during O, exposure (see Fig. 3). The packing material was determined to be inert
in these experiments under identical conditions.

M3 intensity

LIl 1l
1111 ol
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Fig. 3 Sequence of multiple O,/Ar pulses (pulse separation = 2 s) dosed on activated
npAu at 423 K. The grey area indicates the total O, uptake during the pulsing.

Since the m/z=30 fragment is not unique to formaldehyde, the overlapping
contributions from cracking of methanol were subtracted according to the relative ion
yields obtained in a blank experiment with methanol pulsing over the inert packing
materials, i.e., Si0,. After subtracting the fragment contributions from methanol, the
mass intensity was then converted into the number of formaldehyde molecules from each
pulse by using the detection sensitivity factor of methanol relative to Ar, assuming that
these molecules have comparable mass spectrometer detection factors, which proves to
be the case for CO; and Ar. No formaldehyde was produced upon exposure to methanol
pulses on the pristine sample, i.e. without prior exposure to O,.

3. Results and Discussion
3.1 Capacity of npAu catalyst in O, dissociation

We first examined the activation of O, on the npAu catalyst by exposing the catalyst at
423 K sequentially to 100 O, pulses and 100 CH3OH/Ar pulses. The oxygen uptake from
O, exposure, determined either by the O, response pulse exiting the reactor or by the total
amount of formaldehyde formed during subsequent methanol titration, increases rapidly
as the O, dosage increases and then approaches saturation (Fig. 4a).
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Fig. 4 a) The fractional coverage of adsorbed oxygen atoms on the npAu catalyst
versus O, dose from sequential pulses of O, at 423 K. b) Formaldehyde formation
during titration of active oxygen from O, dissociation on the npAu catalyst at different
temperatures (single pulse of O, followed by titration with 100 pulses of CH;0H/Ar).

Based on the amount of npAu (27 mg), the BET surface area (2 m? g'l) after activation,
and the amount of formaldehyde formed at the saturation point (3.1x10" molecules), the
surface concentration of adsorbed O at saturation coverage resulting from the O, pulsing
was calculated to be 6.2x10'® O atoms m? or 4.4x107 ML, assuming a surface atomic
density of 1.4x10" atoms m™ for the Au(111) surface. It is possible that O could spill
over onto the surface (the saturation density on gold being near 1.0 M)® but this
apparently does not occur at these temperatures.

From points in the initial linear portion of the uptake vs. exposure curve (Fig. 4a) the
initial dissociative sticking probability of O, at the lowest initial oxygen coverage on the
activated npAu catalyst at 423 K was computed to be ~1x107 at 423 K. This value is
significantly lower than that on single-crystal Ag surfaces’®*’ and on Ag powder™ or
even on supported Ag catalystsZg.

By methanol titration following O, exposure at different temperatures (473 K to 423 K),
the apparent activation energy (E,) for O, dissociation on the npAu catalyst was
determined to be 5.0 = 0.4 kcal/mol (Fig. 4b). This result is comparable to that reported
on Ag single-crystal surfaces®’ but significantly below that estimated for single-crystal
Au surfaces™""'. Experimentally, neither stepped single crystals nor polycrystalline Au
surfaces dissociate molecular oxygen even at high temperature or high-pressure
conditions.'**!

3.2 Stability of O, from O, dissociation

By varying the delay time between O, and subsequent methanol pulse, we further
investigated the stability of the active oxygen species formed from O, dissociation on the
npAu catalyst. The results showed that the amount of formaldehyde formation decreases
rapidly with the delay time below 0.5 s and then kept almost constant as the delay time
was further extended up to 2 s (Fig. 5). The higher formaldehyde formation when the
delay time is below 0.5 s may be explained by the enhanced total O, uptake due to the
overlap between O, and methanol pulses (see Fig. 2). Since methanol can readily react
with adsorbed O, it is reasonable to deduce that in the presence of excess methanol, the
active sites (adsorbed O) can be rapidly regenerated, resulting in higher total O, uptake at
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shorter delay time. With extended delay time between O, and methanol pulses, more O,
will leave the catalyst bed before the methanol pulse arrives at the catalyst surface,
leading to less O, dissociation and thus decreasing formaldehyde formation.

Note that adsorbed atomic O is quite stable on both Ag and Au single crystal surfaces,
desorbing by atom recombination near 550 K730 It s possible, however, that with
increased time between pulses the adsorbed O could change reactivity by conversion to
another binding state. Since there was little variation in the amount of various products at
a delay time longer than 0.5 s (Fig. 5), it appears that the active oxygen species from O,
dissociation on the npAu surface at 423 K does not undergo a transformation into another
form with different reactivity.

0.4+ -

MS intensity

Fig. 5 The formation of various products including formaldehyde, methyl formate, and
CO; as a function of delay time between 1 pulse of CH;OH/Ar and 1 pulse of O,.

3.3 Reactivity of active adsorbed O with CO and methanol

To determine the reactivity of CO and methanol with the active adsorbed oxygen
species, sequential pulsing of O, and CO/CH3;OH was conducted. Following an initial
100 pulses of O,, the introduction of CO pulses resulted in the formation of only a very
small amount of CO, at the beginning of the pulse cycle (Fig. 6a), but there was no
measurable consumption of CO in parallel with the CO, formation. In addition, negligible
O, uptake was detected if O, was re-introduced after CO pulsing (Fig. 6b). These results
clearly indicate that the CO, formation was not from the reaction of CO with the active
adsorbed oxygen. We attribute the CO, to displacement from other regions of the reactor.
When methanol is introduced after the CO pulses, however, initially almost all the
methanol is converted with concomitant formation of formaldehyde, and the reaction
abates after approximately 100 methanol pulses (Fig. 6a).
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Fig. 6 a) Sequential pulsing of CO and methanol over npAu after 100 pulses of O,.

b) Normalized O, pulse intensity and the corresponding O, conversion in each pulse
during O, pulsing after exposure to CO pulses.

It is clear that methanol can be catalytically activated on the npAu catalyst when pulsed
simultaneously with O, (see Fig. 7a), producing formaldehyde as the predominant
product under pulse conditions. Surprisingly, when O, pulses were interrupted at the
steady state there was still notable amount of formaldehyde formation, which,
nevertheless, underwent an exponential decay with continuous methanol pulses. This
observation indicates that there is a certain amount of oxygen species (~3x10~ ML) on
the catalyst surface under steady-state methanol oxidation reaction in the TAP reactor,
which might be also the case for the reaction in the flow reactor under steady state
conditions.
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Fig. 7 a) Formaldehyde formation during pulse reaction of methanol with O, on
activated npAu catalyst at 423 K. b) Apparent rate constant as a function of the
fractional O coverage during titration after simultaneous pulsing of O, and CH;0H
at 423 K.

Assuming first-order kinetics for reaction of methanol with adsorbed O (second stage
in Fig. 7a), the apparent kinetic constant k,,, can be calculated by the following
expression””

X 1

k =
P Xr

(10)

residence
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L L.
T — 8( cat”in2 ) (71)
D
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where X is the conversion of methanol in each pulse, 75 (s) is the mean residence time of
methanol gas in the catalytic zone and is the same for each pulse, L. is the length of the
catalyst zone, Ly is the length of the second inert zone, and D is the diffusivity in the
catalyst zone.
On the other hand, k,,, can be related to surface coverage and the intrinsic constant by
mcat

k, = C, ...k0, (12)

app V Z,total ™™~ O
G

where m, (g) is the catalyst mass, Vg (m3) the void volume in the catalyst zone, Cz, total
the total active sites for O, dissociation, k (m3 mol ™! s'l) the intrinsic rate constant, 6o the
fractional coverage of adsorbed oxygen.

Based on the data shown in Fig. 7a, Cz 1 can be determined from the total amount of
formaldehyde formation, X and 6o for each pulse of methanol can be calculated from the
formaldehyde formation and the corresponding methanol dose in each pulse. T is
calculated to be 0.006078 s. The k,pp derived from Eqn. (10) is then plotted as a function
of Op (see Fig. 7b) and the slope is determined to be 17 st Combining the mg, (27 mg),
Vs (0.041 cm3), and Cz, otal (1.564><10'7 mol gca{l), the intrinsic rate constant k was
calculated to be 165 m® mol™ s™', from which, in turn, yields a reaction probability of
~1.3x10"® of methanol with an active surface O atom. It is notable that this reaction
probability is nearly an order of magnitude smaller than that for activation of O on the
bare surface (~107), leading to the conclusion that the active sites should be nearly
saturated with O in the steady state. In fact, the quantification result indeed showed that
the total amount of the remnant adsorbed O species at the steady-state pulse reaction, i.e.,
after 100 simultaneous pulses of methanol and O, (Fig. 7a), is close to the saturation
coverage of O as determined above (see Fig. 4a).

4. Conclusions

In this work, we have determined the saturation coverage of atomic oxygen on np(Ag)Au
microspheres (~4x107 ML), the initial collisional dissociation probability of O, with the
npAu surface (~1x107), and the apparent activation energy of O, dissociation on npAu
catalyst (5.0 kcal/mol). These results suggest that the active site density for O,
dissociation on the npAu catalyst is very low and that some form of AgAu bimetallic site
is responsible for O, activation. The oxygen species formed by exposure to O, pulses
under TAP conditions is only active for methanol and gives partial oxidation products.
The kinetic study of O, activation suggests that the surface of npAu catalyst is saturated
with adsorbed O under steady state reaction conditions, at least for pulse reaction in the
TAP reactor.
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