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Abstract

The utility of the surface reactivity observed for model systems under ultra-high vacuum
for predicting the performance of catalytic materials under ambient flow conditions is a
highly debated topic in heterogeneous catalysis. Herein we show that vast differences in
selectivity observed for methanol self-coupling across wide ranges of temperature and
reactant pressure can be accurately predicted utilising the kinetics and mechanism
obtained from model studies on gold single crystals in ultrahigh vacuum regressed to fit
transient pulse responses over nanoporous gold (Ago.03Aug.97) at low pressures (TAP).
Specifically, microkinetic modelling of the complex sequence of elementary steps
governing this reaction predicts the dramatic effect of reactant partial pressure on the
product distribution and leads to conclusion that the gas phase partial pressures of both
reactants and the reaction temperature determine the changes in selectivity to methyl
formate formation. Moreover, thorough analysis of the reaction network indicates that
the product distribution becomes increasingly insensitive to kinetic effects at pressures
approaching 1 bar, leading toward 100% selectivity methyl formate. A rigorous Kinetic
sensitivity analysis also demonstrates the complex interplay of the Kkinetics of the
elementary steps and the overall catalytic behaviour.

Keywords:
Catalysis, Kinetics, Alcohols, Esters, Physical Chemistry, Chemical Engineering
1. Introduction

With the ever-increasing demand for more energy efficient and selective catalysts there is a
strong drive to develop techniques and methods which can be used to understand reaction
networks and catalytic systems at the microkinetic and molecular level. For the past half
century, two cornerstones of heterogenous catalytic research have been precise, fundamental
measurements taken on model systems under ultra-high vacuum (UHV) conditions and reactor
studies on the working catalyst under operating conditions. The former provides a method of
dissecting complex reaction mechanisms into elementary reaction steps and determining their
rate constants,!? and the latter provides information on the actual catalytic performance (i.e.
rates and selectivities under practical reaction conditions). The two techniques were often
performed in parallel, probing similar systems, but the continuity between both methods was
(and remains) poorly developed. This absence of continuity led to the terms pressure, materials,
(and the much less discussed and appreciated) temperature gaps between UHV surface science
measurements and the reactor studies. Recently we reported the successful multiscaling of the
kinetics and mechanism for oxygen-assisted coupling of methanol on gold, obtained from gold

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Catalysis

single crystals under ultrahigh vacuum conditions at relatively low temperatures for the
prediction of the behaviour of nanoporous gold catalysts over a wide range of predetermined
concentrations of adsorbed atomic oxygen under normal catalytic conditions (1 atm, 425 K).?
Key to this scaling was the use of a transient pressure pulse technique (Temporal Analysis of
Products (TAP)*#), which acts as an intermediary between the highly defined surface science
studies and the catalytic reactor measurements by analysing the reaction over the actual catalyst
at the reactor temperature, while maintaining pressures low enough to ensure Knudsen flow
over the catalyst.

The selective oxidative coupling of methanol on gold has been studied and discussed
extensively in the previously literature,’ !° the elementary steps of the catalytic cycle being
determined using single crystal studies. Further, nanoporous gold (Ago.o3Auog7, npAu), a
bimetallic, well-defined, support free material has been shown to be active, selective, and stable
catalyst for the catalytic selective oxidative coupling of methanol.!!!? Silver is the minority
metal in the alloy that facilitates oxygen dissociation, while the host gold alloy drives the
catalytic cycle selectively. A key step in the activation of the npAu catalyst for sustained
performance under operating conditions is a pre-treatment with ozone!! which significantly
increases the stability and selectivity of the catalyst. It has been shown through use of in situ
techniques, that the ozone treatment causes an enrichment of the catalyst surface with silver,
and produces two types of oxygen species, denoted as unselective and selective.'> Under steady
state reaction conditions, the unselective oxygen is removed, and the selective oxygen species
(chemisorbed oxygen atoms) facilitate the high selectivity to methyl formate in the methanol
coupling reaction.

In the previously reported work® the selective oxygen species was isolated for a range of
predetermined coverages and its reactivity with methanol probed on the npAu catalyst
temperatures near the preferred reactor conditions (425 K) by use of a TAP reactor.®* Using
the catalytic cycle and kinetic parameters determined from UHYV single crystal studies (refined
via the TAP experiments®), we predicted trends in the selectivity that showed a smooth
transition in product selectivity from low to high pressure and from 200 to 425 K over a range
of coverages of selective oxygen.> In summary, we demonstrated that the kinetics and
mechanism for oxygen-assisted methanol self-coupling determined on single crystal gold in
ultrahigh vacuum could be used to predict the reaction selectivity observed over nanoporous
gold catalysts under normal catalytic conditions of temperature and pressure. In the work
reported here we extend this treatment to predict accurately the selectivities observed in
catalytic flow reactor experiments across varying temperatures and reactant partial pressures.
Further, we rigorously analyse the reaction network, breaking down the kinetic sensitivities for
selectivity and rate for each microkinetic step under a range of reaction conditions, graphically
illustrating the complex interconnectivities that exist within the network. Under the mild
conditions of 1 bar pressure of reactant mixture and 423 K temperature, the selectivity to methyl
formate saturates to >99% and becomes insensitive to the rate constants of the individual
elementary steps; the selectivity is driven purely by the concentration of the reactants rather
than the underlying kinetics. In this regime where the catalyst performance is not kinetically
limited: it is instead physically limited by its active site density.

2. Materials and Methods
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2.1 Synthesis and activation of nanoporous gold. The npAu catalyst was synthesised using
the previously reported method.!! 6 karat white gold sheets (15% Au in Ag) were etched
chemically with 70% HNOs3 for 30 minutes to remove the Ag, leaving behind approximately
3% Ag in Au.!'2!% The remaining HNOj3 is then removed via filtration with water over a
quartz frit, and the sample then dried under He flow at 323 K. The npAu catalyst is then
activated via temperature ramp from room temperature to 423 K using a concentration of 60
g/Nm? of ozone in a 50% O»/He gas mixture, with a flow rate 50 mL/min at 1 atm and held for
a total time of one hour. After ozone treatment the catalyst cooled to 323 K and then is exposed
to a stream of 10% methanol and 20% O in He at 1 atm while ramping the temperature to 423
K until constant activity is monitored. The activated catalyst was then transferred to the TAP
reactor and evacuated. The structure and morphology of npAu foils resulting from this
preparation method were thoroughly studied in previous work.!! Briefly, the foils are 100 nm
thick with 30 to 75 nm ligaments and pore size. As a result of their open and thin structure,
mass transfer limitations have been shown to be negligible under all reaction conditions
employed in this paper in both the plug flow and TAP experiments.!!

2.2 Catalytic performance of the nanoporous gold in the flow reactor. The npAu catalyst
foils were loaded into a quartz reactor tube (1cm internal diameter), which was then placed in
a furnace and the temperature ramped from 323 to 423K under reaction conditions. Typically,
the reactant mixture consisted of 10% methanol in 20% O- in a He balance at a total flow rate
of 50 mL/min, with methanol introduced via a bubbling helium through a methanol flask. To
test the effect of temperature on the catalyst selectivity the npAu catalyst was first activated!!
and left under steady state at 423 K until constant activity was recorded (~15 hours), afterwards
the sample temperature was dropped to 393 K. The sample was then ramped up with 10 K
steps, with a step time of 2.5 hours to allow the sample to reach steady state at each temperature.
The effect of reactant partial pressures on catalyst selectivity was also probed. For these
experiments the catalyst was first left under steady state at 423 K until constant activity was
recorded (~15 hours). The oxygen content of the reaction mixture was fixed at 20% and the
methanol content varied from 5% to 20%. Similarly, the test the effect of O2 concentration, the
same process was followed but the methanol concentration was fixed at 10% and the O
concentration varied from 5% to 20%.

For all catalytic testing the performances of the npAu catalyst were evaluated by monitoring
the exit flow via GC-MS (Column HP-Plot/Q).

2.3 TAP Transient pulse-response experiments The TAP experiments and simulations
formed the foundation for the microkinetic modelling; they have been described previously?
and are only briefly summarized here. The pulse experiments were performed using a
commercial TAP-2 type reactor* with both pulse and flow capabilities. The pre-activated npAu
sample was housed in a thin zone*'> quartz microreactor, which prior to pulsing was evacuated
to 3x108 torr. After activation by flowing a mixture of ozone in oxygen (60 g/Nm?), the catalyst
was exposed to sequential pulses of a methanol/Ar mixture to achieve known initial surface
concentrations of selective O. The time-resolved flow of products and unconverted reactant
was measured for each methanol pulse at the exit of the microreactor via QMS, and each was
quantified (see ref. 3, SI). Argon was included in each reactant pulse to serve as an inert marker.

2.4 TAP Reactor Model. Since a diffusion/reaction analysis of the TAP experiments was used
to regress the rate constants obtained from the single crystal studies for use the microkinetic
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analysis of the flow reactor, it is briefly described here. The transport model for a thin zone
TAP micropulse reactor has been developed extensively.*!®' The transport through the
reactor is dominated by Knudsen diffusion, and as such the concentration of any species
travelling through the reactor can be defined using the diffusion reaction equation with well-
defined boundary and initial conditions

dc;  D;d?C;

w oo TR (1)
C is the concentration of the gaseous species i (mols/cm?), D is the Knudsen diffusivity of the
gas i (cm?/s), g, is the fractional voidage of the reactor, z denotes the reactor coordinate, ¢ is
the time (s), and R is the rate equation for species described by C. Indeed, as determined by
rare gas pulses, the reactor is well mixed by Knudsen diffusion as configured.>* To precisely
describe the time response of the effluent flux of species from the TAP reactor, the equation
was modelled via the technique described previously’ using the MATLAB (R2016b)
programming environment?® and a 4" order Runge-Kutta algorithm as implemented in the
ODE15s solver in MATLAB.?! The physical parameters utilized in the TAP reactor model are
the same as previously published.’

The validity of the transport model, which governs the effluent flux of all species from the
reactor, was verified by the fact that the measured transient response observed following an
argon pulse into the reactor agreed precisely with the transport analysis (Eqn. 1, R =0). For an
inlet condition of a pulse of 10" molecules of Argon, the mean pressure’ recorded in the centre
of the catalyst zone is computed to be ~10- bar (10 millitorr) at 423 K.

2.5 Plug Flow Reactor Analysis The reactor was described as isothermal and one dimensional
plug flow using a the equation.?

ac _ _, ac

dt av tR (2)

Where C; is the concentration of the gas species i (molecules/cm?), v is the volumetric flow
rate (cm?/s) V is the volume of the reactor (cm?®) and, similar to Eqn. (1) from the TAP analysis,
R is the mean field kinetic expression used to describe the rate of formation of species i in the
reaction network (see below). To evolve the system along the axial coordinate of the reactor
dV was taken as AdL where A s the cross-sectional area (cm?) of the reactor, and dL is a step in
length along the reactor (cm). While for linear kinetic sequences it is possible to solve the rate
equations at steady state, for the network used in this work, which contains multiple nonlinear
branching steps, it is more efficient to simply evolve the system temporally using Eqn. (5). In
this work the reactor was broken down into a grid of 10 plugs of uniform volume, (with V' =
2. dV) then using the initial condition of zero reactant partial pressure in the reactor, and a
constant inlet of reactant gas it is possible to temporally evolve the system. The first initial
condition (at ¢ = 0) is expressed using:

Cn=1 = Cinjet (3)

Where # is the integer representing a grid point. At the inlet of the reactor (the first grid point,
Cy=1) the concentration is set to that of the reactant gas mixture (Ciue;) and is held constant.
Initially,

C,=0,L>0. 4)

ACS Paragon Plus Environment

Page 4 of 21



Page 5 of 21

oNOYTULT D WN =

ACS Catalysis

To allow the system to evolve spatially, the method of lines is used.

an,j+1 _ (Cn,j_cn—l,j) _
dt (Vn=Vn-1) Rn )

with n being the integer representing the grid location (n > 1, as at n = 1 there is a constant inlet
concentration of reactant gas); j represents the concentration recorded at a time j. Similar to the
TAP analysis, the system was evolved temporally using the 4" order Runge-Kutta algorithm as
implemented in the ODE15s solver in MATLAB.?! To determine product concentrations the
reactor was allowed to reach steady state, which, depending on reactant conditions, took from
3 to 30 minutes. For the plug flow reactor simulations in this work, the volumetric flow rate
was set to 50 cm®/min, with reactor dimensions of 1 ¢cm in length and 1.0 cm in diameter, and
the catalyst loading was set to 17 mg to match experiment, with a catalyst surface area of 2.0
m?/g. As all concentrations are recorded in molecules/cm® (gaseous) and molecules/cm?
(surface bound) a scaling of catalyst surface area per reactor volume in a plug is required, which
we have denoted Q, and has the dimensions (cm™).

Q= o (©)

VT‘E(ZCI'OT

With Sc. being the catalyst surface area (cm?), and Vieacror (cm?) being the reactor volume.
Therefore, when calculating the rate of adsorption/reaction of a gaseous species with a surface
concentration equation (5) is expanded to include the surface area to volume scaling.

ACnj41 — (Cn,j_cn—l,j) _
a = v € 2

A typical temporal and spatial product evolution for the standard experiment (0.1 bar methanol,
0.2 bar oxygen, 423 K) are shown below (Figure 1).

----0,

1.0 ——cH,0on A 1.0
——HCOOCH,
0.84{=C0; e 0.8 1

——CH,0 .7
0.6 06

]

]
[l
+

Inlet Normalized Concentration

0.4 0.4
0.2 024
0.0- 0.0 |
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Figure 1. A) The temporal evolution of gaseous products at the reactor exit normalised to the
inlet reactant concentrations. B) Spatial evolution of gaseous products under steady state
normalized to the inlet reactant concentrations. Reaction conditions were set at 0.1 bar
methanol, 0.2 bar oxygen, and 423 K.

2.6 The Microkinetic Model. The rate expression, Ri, for each species involved in the network
for oxidative self-coupling of methanol over npAu*® (Figure 2) is given by Eqns. (8) — (20).

[CH;0H] = k;,[CH;0H][O*] (8)
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H{CH,0] = +k3,[CH,0*] — k3p[CH,0] )
{HCOOCH;] = +ko[HCOOCH;"] (10)
r{CO,] = +ke[HCO,'] (11)
r[CH;0*] = +ki[CH;0H][O*] — (ks[CH20 *] + k2)[ CH;0%] (12)
r[CH,0%] = +ko[CH30*] + kap[CH20] — (kza + ks[CH30*] + kao[O*])[CH20*] + kup[H2CO2*] (13)
H,COOCH;*] = +k;[CH30*][CH,0*]-ks[H,COOCH;*] (14)
r{HCOOCH;*] = +ks[H,COOCO;*]-key[HCOOCH; "] (15)
r[H2CO2*] = +kua[CH20*][0*]-kapn[H2CO,*]-ks[H2CO,"] (16)
{HCO,»*] = +ks[H,CO,*] — ke[HCO,*] (17)
102] = ~koa[02](1 — 0) + kop[O*] (18)
r0*] = +koa[02](1 — 0) — ki[CH;OH][O*]/2 — ka[CH30*]/2 — ksa[CH,0*][0*] + kap[HoCO*] —
ks[HoCO2*]/2 — ke[HCO,*]/2 — ks[H,COOCH;]/2 — 2kOp[O*] (19)
0 = ([O*] + [HCO2*]) / (Pdensity Osar) (20)

The reaction network consists of 13 kinetic steps, of which four (ke, ks, ko, and kop) were
determined to have no significant effect on selectivity (see below). Thus, 9 rate constants are
determined to be selectivity-defining, meaning changes in their values significantly effect
selectivity (Table 1).

MF = HCOOCH;
HA = H,COOCH,

kOa
0, : 20%*
Kop
MF MF*
T K

H,CO,* HCO,* (O,

CH,O

Figure 2. Network used for simulation and analysis of methanol oxidation over O* treated
npAu. Nodes indicate species, with edges representing rates of transformation. Pathways that
do not contribute to the selectivity of the oxidized products (e.g. formation of H* / OH* / H,O*)
are not modelled explicitly.

The inclusion of the rate of activation of dioxygen and site blocking by adsorbed species in
steady-state conditions are essential for quantitative comparison of predictions from UHV and
TAP based kinetic information to the flow reactor experiments. For the plug flow simulation,
as oxygen is co-fed into the reactor with methanol, the formation and consumption of the
selective oxygen species was accounted for by including O: dissociation (koa) and
recombination of atomic oxygen (kov) (Eqns. (18) to (20), Figure 2) and the rate of O*
consumption by reaction with other species (Figure 2, steps ki, ksa, and k4p), both having been
determined previously.>? Since H, was not detected in the plug flow experiments, it was
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assumed all H* formed rapidly reacts to make water, consuming O*. To accurately calculate
the effect of each step involving non-oxidative C-H cleavage (ka, ks, ks, ks, and ko) on the rate
of O* consumption (giving rise to the formation of hydroxyls and subsequentially water), we
assumed instantaneous reaction of the H* released with adsorbed O* to form water (Eqn. 19).
It has been demonstrated previously that the oxygen coverage saturates at approximately 102
monolayers, the density of active sites for O, dissociation.?*** We assume that both oxygen
and formate compete for active sites. This effect is included specifically in Eqn. (21), where
Odenisity 18 the atomic density of gold (in cm™), and s represents the saturation coverage of
active sites in fractional monolayers (0.01 ML).

Table 1. Kinetic parameters for the oxidative self-coupling of methanol reaction network
shown graphically in Figure 2 and explicitly in Eqns. (8) — (20). Steps that are shaded do not
affect the catalytic selectivity any measurable amount.

Step  Pre-Exponent  Units Ea/kJmol! References

ki 4.61x101 cm’/s 17.00 3
ko 1.23x10% s 67.83 3
K3a 3.03x101 st 40.74 3
kab 0.25¢ - - 5
K4a 1.95x1072 cm?/s 34.60 5
kav 1.44x10" st 38.89 3
ks 4.45x10" st 52.46 3
ke 5.79x10'* s! 95.82 S
k7 3.11x107 cm?/s 19.56 3
ks 5.79x10™ s! 31.96 2
ko 1.49x10'6 s! 55.60 28
koa 3.69x107! st 20.92 24
koo 7.63x10™ s! 156.39 SR

TIndicates sticking probability.
2.7 Data analysis and model regression. All reactor modelling and data analysis was

performed using the MATLAB (R2016b)*° programming environment, using in-house
purpose-built scripts.

3. Results

3.1 Using the mechanism determined in ultrahigh vacuum experiments and the associated
rate constants to predict selectivity under catalytic flow reactor conditions
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Figure 3. Conversion and selectivity from methanol coupling reaction using 10% methanol in

20% oxygen at temperatures varying from 393 to 423 K. Solid lines represent plug flow

analysis; circles represent catalytic flow reactor data. Under all conditions probed, CO> was the
only other product detected.

The effect of temperature on the methanol conversion and the selectivity to methyl formate
over the npAu catalyst was measured in the flow reactor at temperatures ranging from 393 to
423 K (open circles, Figure 3). Under standard plug flow conditions (section 2.2) as the
temperature was decreased from 423 to 393 K, the methanol conversion dropped from 55 to
25%. Inversely, the selectivity to methyl formate increased, approaching saturation at 100% as
the temperature was decreased. The plug flow analysis recreated the experimentally measured
methyl formate selectivity well within experimental uncertainties at the conditions of the
catalytic flow reactor (0.1 bar methanol, 0.2 bar oxygen partial pressure) using the rate
constants in Table 1 (solid lines, Figure 3). It is important to emphasize that this prediction of
the catalytic selectivity in the plug flow reactor is obtained from kinetics and mechanism
determined on single crystal gold surfaces using ultrahigh vacuum methods. We attribute the
small differences between the predicted and measured conversion at 393 K to the slow
decomposition of surface-bound formate, which causes blockage of the active sites for O
dissociation, thereby lowering availability of selective oxygen and consequently the methanol
conversion. For example, under these conditions approximately 50% of the active sites are
computed to be occupied, of which 10% of the sites are formate and 38% are oxygen. As the
decomposition of formate was estimated using TPRS desorption peak temperatures rather than
explicitly regressed using the TAP model, the differences in conversion can be considered
within the error of the estimation technique.
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Figure 4. Plug flow reactor simulation with methanol and oxygen co-fed in at partial pressures
varying from 107 to 10! bar at 423 and 383 K. Circles represent conditions used in catalytic
flow reactor (10% methanol, and 20% O> in a He balance at 1atm), with the attached arrows
indicating experimentally measured selectivity trends (Figure S2). In both cases methyl
formate selectivity increases with increasing methanol pressure.

In order to predict the effect of reactant partial pressures on the reaction selectivity, the plug
flow analysis was extended to inlet reactant pressures from 107 to 10! bar, and the selectivities
computed at different temperatures (Figure 4). The contour plots for selectivity predict clear
effects of increasing either the methanol or oxygen partial pressures from the standard
operating conditions. We thus performed further steady state experiments at constant
temperature in the flow reactor, changing either the methanol or oxygen partial pressures from
the standard operating condition to test the predictions of the analysis (see arrows, Figures 4
and S2). Indeed, increasing the methanol partial pressure increased selectivity to methyl
formate, and changing the oxygen partial pressure had less effect, as predicted. At all oxygen
pressures it was found that as the pressure of methanol is increased the selectivity to methyl
formate increases, consistent with the trend observed with increasing O coverage seen in the
previous TAP reactor simulations.’
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Figure 5. Selectivity phase diagram for the methanol self-coupling reaction at 383 K
indicating the regions where either formaldehyde, methyl formate, or CO> is the major
product (> 50% selectivity).

The contour plots (Figure 4) clearly show distinct regions of selectivity for each of the three
products (Figure 5). First, when the reactant pressures are both above 102 bar, methyl formate
is the dominant product. Second, when the methanol is in excess and the oxygen pressure
below 107 bar, formaldehyde becomes the dominant product. Finally, if oxygen is in excess
and the methanol pressure below 1072 bar, CO: is the dominant product. At all oxygen pressures
it was found that as the pressure of methanol is increased the selectivity to methyl formate
increases. Furthermore, the reactor analysis allows prediction of the selectivity changes that
would accompany changes in temperature in the reactor across a variety of reactant partial
pressures (Figure 4). Decreasing the operating temperature increases the size of regime where
methyl formate is dominant (Figure 4), increasing the selectivity to methyl formate under lower
reactant pressure conditions, at the cost of decreasing conversion per gram of catalyst (see
Figure 3).
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12

Figure 7. Schematic representation of the relative concentration of intermediates on the
catalyst surface under different reaction conditions A) Inlet methanol partial pressure of 10!
bar and a 1:2 methanol to oxygen ratio. Due to the higher concentration of adsorbed
formaldehyde, combustion is more prominent than coupling. B) Inlet methanol partial pressure
of 1 bar and a 1:2 methanol to oxygen ratio. Due to the increased balance of methoxy and
adsorbed formaldehyde, coupling dominates. Formaldehyde and O populate the surface
sparsely so that combustion is the dominate route. C) Inlet methanol partial pressure of 10! bar
and 5000:1 methanol to oxygen ratio. The high methanol to oxygen ratio produces >99%
selectivity to formaldehyde. D) Inlet oxygen partial pressure of 10! bar at 1:5000 methanol to
oxygen ratio. The high excess of oxygen produces >99% selectivity to CO,. CHCOOCH3*,
CHOOCH;3*, H2CO2* and HCO>* are not displayed for clarity.

The surface concentration of the adsorbed intermediates under different reaction conditions,
computed from the plug flow analysis, yields deeper insight into the surface reactions. Under
the standard conditions employed in the flow reactor studies, which favour methyl formate, the
surface oxygen coverage is ~4x103 ML (Figures 6A, 7A), which is close to previous estimates
of the surface site density for O, dissociation.?* Perhaps surprisingly, the most abundant
reaction intermediate (outside of adsorbed O*) is the adsorbed formate, the predecessor to CO»
formation, with the concentrations of adsorbed methoxy and formaldehyde, the precursors to
methyl formate formation, being much lower. The lesser production of CO> under these
conditions is accounted for by the relatively slow rate of decomposition of formate, not its
surface concentration.

Increasing the pressure of the reactants to 1 bar increases the selectivity for methyl formate to
>95 %, due to a 100-fold increase in the surface concentrations of methoxy and a 10-fold
increase in formaldehyde (Figures 6B, 7B), which are the precursors to methyl formate
production. As the reactant pressures are increased to beyond 1 bar the selectivity saturates at
>99% methyl formate. Under methanol rich conditions and oxygen partial pressures less than
1073 bar, the total surface coverage is very low (8x10”7 ML), and only formaldehyde is expected
to form (red region, Figure 4, Figure 5). Under these conditions the dominant surface
intermediate is adsorbed formaldehyde (Figures 6C, 7C). Excess methanol keeps the surface
coverage of oxygen very low by reacting away the selective O* to form methoxy. Since the
rate of C-H cleavage of methoxy to yield formaldehyde is not dependent on oxygen coverage,

ACS Paragon Plus Environment

Page 12 of 21



Page 13 of 21

oNOYTULT D WN =

ACS Catalysis

13

this greatly increases the fractional coverage of formaldehyde relative to other surface
intermediates. Therefore, the probability of a formaldehyde molecule re-adsorbing and finding
areactive intermediate (O* or CH30%) is very low, facilitating the dominance of formaldehyde.
Conversely, under methanol lean conditions and oxygen partial pressures exceeding 10~ bar,
COz is the dominant product (red region, Figure 4, Figure 5). When the relative partial pressure
of oxygen is relatively high, the reaction with methanol with adsorbed O is slower than the rate
of oxygen dissociation, and adsorbed O dominates the intermediates on the surface (Figures
6D, 7D). Therefore, when formaldehyde is formed from C-H cleavage of methoxy, its
probability of reacting with chemisorbed oxygen to form adsorbed formate and, subsequently
COg, is high (Eqns. (14) and (17)). Under all conditions the total surface coverage by
intermediates is sufficiently low that it is unnecessary to consider lateral interactions.

3.2 Selectivity—controlling intermediates In the previous TAP analysis the fractional
coverage of methoxy at all reaction temperatures and all fixed O coverages was shown to
correlate well with the selectivity to methyl formate.> Under plug flow conditions, however,
where the oxygen coverage is dependent on reactant partial pressures, this relationship becomes
less predictive. A better, more consistent correlation under steady flow conditions is obtained
with the steady state coverage of methoxy (Figure 8A) across all methanol and oxygen partial
pressures. This relationship also extends to the TAP pulse simulations if the mean methoxy
coverage (denoted as the half height of the transient pulse) is utilised (Figure 8B). Thus, a
strong positive correlation is found between steady state surface coverage of methoxy and
methyl formate selectivity, independent of inlet reactant pressures, demonstrating that the
methoxy coverage is the predominant factor defining methyl formate selectivity. Fractional
selectivities to methyl formate approach 1.0 at mean methoxy coverages well below the active
site density.

-
o
1

1A

o o o
B (o] oo
1 TR I

Methyl Formate Selectivity
o
o

o
o
|

T T T T T T

10" 10" 10" 10% 10® 10+ 10" 10" 10" 10% 10° 10+

Steady State CH;0* Coverage / ML Mean CH,O* Coverage / ML

Figure 8. A) Steady state methoxy coverage vs selectivity to methyl formate from plug flow
co-feed simulation, with oxygen and methanol pressures varied from 10~ to 107! bar, at 423 K.
B) Mean methoxy coverage recorded during TAP pulses vs selectivity to methyl formate taken
from TAP simulation with mean methanol pressure varying between 107 and 10! bar, with
fixed oxygen coverages of 107! to 107 monolayers at 423 K. Solid red lines represent the best
fit.
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3.3 Degrees of Selectivity and Rate Control of Elementary Steps Certain elementary steps
in the catalytic cycle may have more effect on the selectivity (and overall rate) than others. The
degree of selectivity control (DOSC) and the degree of rate control (DORC)*"?® were
determined from the plug flow simulation across a wide range of partial pressures of oxygen
and methanol. This sensitivity analysis assesses the degree of dependence of the selectivity/rate
on individual elementary steps in the reaction mechanism. A DOSC equal to unity means that
the step is selectivity enhancing (an increase in the rate constant will increase overall selectivity
for a given product), and a DOSC of minus one means that the step is selectivity inhibiting (an
increase in the rate constant will decrease selectivity). Values between these limits indicate a
proportional amount of selectivity promotion or inhibition, with a DOSC of 0 showing the step
has no effect on selectivity.

The DOSC was calculated using

_ dln(Xy
DOSCy; = — ) (21)

DOSC is the degree of control for the j* elementary step, k; is the rate constant for that step,
and JX; is the selectivity to a given product i. For the analysis all rate constants except k; were
fixed. The DOSC for each product was computed at 423 K for a range of methanol and oxygen
inlet partial pressures for all of the microkinetic steps shown in Figure 2 (see supporting
information). The DOSC is shown only for microkinetic steps ki, ka, kza, kaa, k7, and koa. For
the steps ksv, ks, and ks, it was found that DOSCy,, = —DOSCy,, and that DOSCy, =

—DOSCy,, = DOSCy, under all conditions probed. The steps (ke, ks, ko, and kov) were found
to have zero (or near zero) degree of selectivity control under all conditions probed.
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Figure 9. Degree of selectivity control (DOSC) for methyl formate formation for the six
selectivity-defining elementary steps computed from the plug flow reactor simulation with
oxygen and methanol partial pressures varying between 1077 to 10! bar at 423 K. When both
reactant pressures exceed one bar, the degree of selectivity control falls to zero for each step.
Circles represent conditions used in catalytic flow reactor.

Perhaps the most significant result of this degree of selectivity analysis is the prediction of
kinetic saturation of selectivity in all three regimes of reactant pressures where a single product
dominates (Figures 4, 5). For example, when the partial pressure of both reactants exceeds
about 0.1 bar, the DOSC for methyl formate production for all the elementary steps falls to
zero, indicating insensitivity to changes in the rate constants (Figure 9). The selectivity
approaches ~100% methyl formate under these conditions (Figure 4). This result indicates that
under certain conditions, for a given mechanistic network, the selectivity to a given product
can saturate; the selectivity is driven solely by the concentrations of reactants. Therefore, under
certain conditions of pressure and temperature, very significant changes in the rate constants
are required to change the selectivity appreciably, essentially buffering the selectivity from
changes in temperature. Similar behaviour is predicted for formaldehyde (Figure 10) and CO»
production (Figure S3).

In the case of oxygen-assisted self-coupling studied here the selectivity saturation is a
consequence of the network itself (Figure 2). If the concentration of the primary self-coupling
intermediate (in this case methoxy) is high enough that the rate of coupling (k7) is significantly
larger than the rate of combustion (represented by k4a) or desorption (represented by ksa), the
selectivity becomes insensitive to modest changes in the kinetic parameters. For this self-
coupling network, the rate of methoxy formation can be increased by increasing both the
methanol and oxygen concentration (Eqn. (8)) as was demonstrated by the experiments in the
flow reactor (arrows, Figure 4). Therefore, independent of the values for the rate constants, as
the pressure of both reactants are increased, the network will always favour self-coupling. Due
to the similarity in their reaction networks’2°, this high-pressure saturation would be expected
for all alcohol self-coupling reactions.

Outside the regions of selectivity saturation interesting trends in the DOSC emerge. As
expected from the above discussion, steps that tend to increase the surface concentration of
methoxy and formaldehyde show a high positive degree of selectivity to methyl formate, and
the steps that tend to decrease their concentration show the opposite strongly negative value.
Thus, increasing the rate of formation of methoxy from the reaction of methanol and O* (ki)
leads to a higher methoxy concentration and higher selectivity to methyl formate, whereas
increasing the rates of methoxy decomposition (ko) and/or consumption of formaldehyde by
reaction with adsorbed O (ksa) or shifting the adsorption equilibrium for formaldehyde (ksa)
tend to decrease the selectivity for methyl formate. The rate of O, dissociation per unit area
also positively effects selectivity by increasing the concentration of O*, which subsequently
increases the rate of methoxy formation.

There are significant non-obvious interrelationships among the steps in the reaction network

(Figure 9); in some cases, the sum of the DOSC of two steps is equal to zero across all
conditions probed. For example, as may seem counterintuitive, increasing the rate constants
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for both methoxy dehydrogenation (k) and the reaction of methoxy with formaldehyde (k7)
results in no change in selectivity (Figure 9, centre panels). The origin of this counterbalancing
of kinetic steps is apparently the strong relationship between the concentration of adsorbed
methoxy and the selectivity (Figure 8). Increasing the rate constants for both the bimolecular
reaction (k7) and the rate of methoxy dehydrogenation ensures that the increased amount of
formaldehyde formed by dehydrogenation will favourably react with methoxy. Other
elementary steps mirror one another with respect to their degree of selectivity control in
different regions of catalytic selectivity (Figure 5). O dissociation (ko.) and formaldehyde
desorption (ksa) are enhancing or inhibiting, respectively, in cases that favour formaldehyde
production (Figures 4, 5, and 9). At the boundaries of these regions of complementarity the
selectivity to methyl formate depends markedly on reactant concentrations.

The result of this complementarity is that certain kinetic steps are linked, as is evident by visual
inspection of Figures 9 and 10. For example, the domain where k7 enhances methyl formate
selectivity, ko is inhibiting, and when combined they have a net DOSC = 0. Any shift in the
value of k7 can be compensated by the same shift in k,. Similar interrelationships are seen for
ki and k4, and for k3. and koa. The DOSC contours for CO2 demonstrate very similar qualities
to the DOSC for methyl formate (see Figure 9 and S3), with the same kinetic steps being
complementary. However, the DOSC for steps ki and k7 is subtracted by 1 and the DOSC for
steps ksa and ko is increased by 1, with the DOSC for steps ks, and koa staying same. The DOSC
contours for formaldehyde (Figure 10) demonstrate that, differing from methyl formate and
COo, only steps k2 and k7 are considered complimentary. The origin of these relationships and
their implementation in practice requires further study, but the analysis demonstrates
potentially useful complex relationships between catalytic selectivity and the kinetics of the
elementary steps.

CH,OH + O* = CH,0* CH,0* = CHZO* CH,0* « CH,0

- [
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Figure 10. Degree of selectivity control (DOSC) for formaldehyde formation for the six
selectivity-defining elementary steps computed from the plug flow reactor simulation with
oxygen and methanol partial pressures varying between 107 to 10! bar at 423 K. When the
methanol to oxygen ratio is >> 1 and the oxygen pressure is < 10 the degree of selectivity
control for all steps falls to zero. Circles represent conditions used in catalytic flow reactor.

3.4 Degree of and Rate Control The degree of rate control (DORC) and degree of selectivity
control (DOSC) for all three products show the same trends (Figures 9-11, S3-S5), albeit with
slight shifts in the domains, over the range of partial pressure values. Under reactant partial
pressures approaching 1 bar, where the DOSC for methyl formate for each kinetic step saturates
at zero, the DORC for steps ko, k3a, k4a, k7 also saturated to zero. However, for steps ki and koa
it did not (Figure 11), demonstrating that while the selectivity to methyl formate may become
independent of changes in the rate constants in this pressure regime, the rate of production of
methyl formate does not. The general implication of this feature is that for certain reaction
networks operating conditions may exist under which selectivity and conversion become only
weakly interrelated.
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Figure 11. Degree of rate control (DORC) for methyl formate formation for steps ki and Ko
computed from the plug flow reactor simulation with oxygen and methanol partial pressures
varying from 107 to 10' bar at 423 K. Differing from the DOSC, the DORC maintain
significant positive values at partial pressures used in the reactor. Circles represent the
conditions used in the catalytic flow reactor.

3.5 Catalysis by Design
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Figure 12. Degree of rate control (DORC) for methyl formate formation for the catalyst surface
area computed from the plug flow reactor simulation with oxygen and methanol partial
pressures varying from 1077 to 10! bar at 423 K. The surface area is rate limiting under all
conditions probed, at the standard reaction conditions (denoted by the open circle) the DORC
for the surface area is 0.9.

The “holy grail” of catalysis is catalysis by design, the capability of accurately predicting
catalytic behaviour and designing catalytic systems with optimum selectivity and production
rate with a minimum of experimental data. Through rigorous kinetic analysis, based on
understanding of the kinetics and mechanism from studies of surface reactivity in ultrahigh
vacuum on single crystals and Knudsen flow conditions on the actual catalyst, we have
predicted the catalytic selectivity for a complex reaction network under realistic catalytic flow
conditions. Analysis of the reaction demonstrates that the oxidative self-coupling of methanol
over nanoporous gold can be driven to nearly 100% selectivity to methyl formate under the
relatively mild conditions near 1 bar of reactants and temperatures of 385 - 423 K, with little
sensitivity to minor changes in the rate of all microkinetic steps (Figure 9). It has also been
shown that the production rate under these limiting conditions only depends significantly on
the rate of reaction of methanol with O* and the dissociation rate of O, both of which can
increased by increasing the density of sites active for O; dissociation (Figure 11). To further
demonstrate the effect of increasing the active site density, the DORC was calculated according
to Eqn. (21), but with Q being the variable (see Eqns. 6,7) instead of a given rate constant (k).
Under all conditions probed changing the surface area is rate limiting (Figure 12) even under
the conditions which lead to saturation in the selectivity (Figures 9-11 S3-S6). Thus, under
these conditions an increase in surface area is the most effective way to increase catalytic
activity.

Conclusions

Plug flow microkinetic analysis of the oxidative self-coupling of methanol using the catalytic
cycle and elementary step kinetics obtained from single crystal studies, the latter fine-tuned
using product pulse responses obtained in a TAP reactor, predicts well the selectivities and
conversion observed in a catalytic flow reactor with varying temperature and reactant partial
pressures. The analysis shows that methyl formate selectivity is enhanced by increasing the
concentration of surface bound methoxy, by appropriate choice of reactant partial pressures.
From the analysis a phenomenon of kinetic saturation of selectivity was discovered; the overall
selectivity to a methyl formate becomes insensitive to the rate constants of the elementary steps.
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Utilising the degree of selectivity and rate control, complex relationships between kinetic steps
and product selectivity were elucidated, indicating that the selectivity (and rate) enhancing
steps are highly dependent on the reactant conditions, and that the effects of certain elementary
steps on selectivity are strongly correlated with one another. This extensive kinetic study
affords in-depth knowledge of the catalytic system, connecting performance across a wide
range of pressures and temperatures.
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