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Diagnosing surface versus bulk reactivity for
molecular catalysis within metal—organic
frameworks using a quantitative kinetic modelf

Ben A. Johnson {2 * and Sascha Ott (2 *

Metal—-organic frameworks (MOFs) are becoming increasingly popular as heterogenous support matrices
for molecular catalysts. Given that reactants, or potentially holes/electrons, need to diffuse into the
porous framework as the reaction proceeds, the reaction can possibly take place within the bulk of the
particle or be confined to a thin layer at the surface due to transport limitations. Herein, a simple steady-
state reaction-diffusion kinetic model is developed to diagnose these two mutually exclusive behaviors
in MOF-based systems. The oxygen evolution reaction (OER) driven by a chemical oxidant is presented
as an example mechanism. Quantitative metrics for assigning either bulk or surface reactivity are
delineated over a wide variety of conditions, and numerical simulations are employed to verify these
results. For each case, expressions for the turnover frequency (TOF) are outlined, and it is shown that
surface reactivity can influence measured TOFs. Importantly, this report shows how to transition from
surface to bulk reactivity and thus identifies which experimental parameters to target for optimizing the
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Introduction

Metal-organic frameworks (MOFs) are rapidly being explored as
potential catalysts for a variety of important chemical trans-
formations. Their high internal surface area could indeed result
in extraordinarily high concentration of active sites. Further-
more, incorporation of highly active and selective molecular
catalysts into MOF structures, via a variety of post-synthetic
methods,"? is possible due to the modularity of the organic
linkers. This is advantageous as it can stabilize the molecular
catalyst and avoid undesired bimolecular decomposition reac-
tions, while providing a heterogeneous support matrix with
a high density of anchoring sites. MOF-supported molecular
catalysis has been previously demonstrated for energy related
processes®*® including proton reduction,”” CO, reduction,'*™**
and water oxidation,"® as well as a variety of organic trans-
formations with high-value products.****

However, given the interfacial nature of the reactions
occurring in MOFs, mass and charge transport by a diffusional
process are required to shuttle reactants, substrates, as well as
electrons or holes to the molecular active sites in the MOF
interior. As a result, situations arise where the catalytic reaction
may be confined to the first few molecular layers or possibly
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efficiency of MOF-based molecular catalyst systems.

even the surface of the particle. Determining where the reaction
is occurring and what fraction of the imbedded molecular
catalysts are active during the reaction is a prerequisite in order
to take advantage of the high internal surface area displayed by
MOF materials. Clearly, transport-limited or surface confined
reactions would severely underutilize the large number of active
sites within the MOF interior. Overcoming these limitations is
of utmost importance not only to the efficiency but also to the
performance (observed rate) and applicability of these materials
to large-scale catalytic processes.”® Transport phenomena are
often overlooked in kinetic studies of MOF-based catalysis.
Indeed, only a handful of remarkable reports'®*>* have
accounted for these effects.’® Moreover, kinetic models inte-
grating diffusional processes along with mechanistic details for
the immobilized molecular catalysts are lacking. As a result,
whether the reaction occurs exclusively near the surface of the
particle due to transport limitations or throughout the bulk of
the particle remains an open question for many MOF-catalysed
reactions.

Choosing the oxygen evolution reaction (OER) driven by
a (photo)chemical oxidant as an example, herein we develop
a quantitative reaction-diffusion kinetic model to diagnose
either surface or bulk reactivity occurring with a molecular
catalyst homogenously dispersed inside MOF particles. To the
best of our knowledge, the present study is the first of its kind
that summarizes the vast array of possible kinetic behaviours,
and discusses means to distinguish between these different
scenarios.

This journal is © The Royal Society of Chemistry 2020
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MOF-catalyst materials have been utilized extensively as
micro-crystalline powders (particle sizes ranging from approxi-
mately 0.1 to 2 um) suspended in solution. For energy related
applications, a sacrificial chemical reagent (usually a strong
oxidant or reductant) drives the reaction,’'®" or in a photo-
chemical assay,”*"** a reducing or oxidizing photosensitizer is
generated by quenching from a sacrificial donor or acceptor,
respectively. In either case the oxidant or reductant must either
physically diffuse through the pores or initiate a charge hopping
process**? that delivers electrons or holes to the catalytic sites
in the interior of the particles to generate the active form of the
catalyst. It is well-known that such a charge hopping process is
formally diffusional, obeying Fick's 3334 Therefore,
regardless of the pore structure of the MOF, substrates, chem-
ical reagents, and/or electrons or holes will need to diffuse
through the particles as the catalytic reaction proceeds (relevant
scenarios are shown in Fig. 1). The resulting balance between
reaction and diffusion will determine the overall rate and the
surface vs. bulk reactivity of the MOF-catalyst construct (i.e., the
location and size of the boundary layer in the particle where the
reaction occurs). With diffusion present, the interplay of a large
number of variables determines the overall kinetic behaviour,
often leading to non-intuitive results. Consequently, by

laws.
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Fig. 1 Schematic representation of steady reaction-diffusion occur-
ring within MOF particles with an imbedded molecular catalyst. (a)
Chemically driven by a sacrificial oxidizing or reducing agent [A]. (b)
Photochemically driven via a quenching process with a photosensi-
tizer [PS]” that generates a highly oxidizing or reducing species [PS]"*.
(c) Same as in part a or b; however, now the oxidant/reductant or
photosensitizer is too large to enter the MOF pores, and reducing or
oxidizing equivalents are transported to the catalytic sites via a charge
hopping mechanism, described by an apparent diffusion coefficient,
De.
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qualitative reasoning alone, it may not be apparent how a single
variable, such as the concentration of a specific reactant or the
size of the particle, affects the observed catalytic activity and
efficiency.

In the present example, we define a small number of
dimensionless parameters, which make it possible to identify
which variables control the balance between chemical reactions
and diffusion in each case and thus control the overall perfor-
mance of the catalyst particle. We then elucidate quantitative
relationships between the observed catalytic rate and the
particle size, catalyst loading, and oxidant concentration.
Numerical simulations are employed to confirm these rela-
tionships. Furthermore, we use these diagnostic criteria to
illustrate how to assign the kinetic regime as: (1) surface reac-
tivity, or (2) bulk reactivity. This allows one not only to extract
relevant kinetic data (rate constants and diffusion coefficients)
but to also identify which experimental variables to change in
order to optimize the system for the highest efficiency and
performance. We apply these tools and concepts to the present
problem of supported molecular OER catalysis taking place
within MOF particles, building on precedent from heteroge-
nous catalysis and chemical reaction engineering. For example,
efficiency, commonly quantified by the “effectiveness
factor,”**?¢ is a measure of catalyst utilization, ie., what
percentage of the immobilized molecular catalysts within the
MOF particle participate in the reaction (vide infra). When
diffusional transport limitations give rise to surface reactivity,
the efficiency of the MOF-catalyst will become less than unity.
Particular attention will be paid to the contribution of catalyst
oxidation/activation by the external oxidant to the overall rate
law. As will be shown, the concentration of oxidant or holes (via
charge hopping) may be depleted within the particle signifi-
cantly, which will decelerate these reactions to the point where
they become rate-determining. Furthermore, we demonstrate
that different values for the turnover frequency (TOF) can be
obtained in the limit of either surface reactivity or bulk reac-
tivity. The scenario where the oxidant can penetrate and diffuse
into the MOF pores is examined first, followed by the case where
the pore aperture size of the MOF is small and the oxidant is
excluded from entering the particle. In case of the latter,
a heterogeneous reaction at the particle-solution interface
initiates the diffusional charge hopping process that supplies
holes to the molecular catalyst.

The oxygen evolution reaction is used as an example;
however, the fundamental principles of reaction-diffusion
arising in catalytic MOF particles outlined here for diagnosing
surface or bulk activity can be easily extended to other mecha-
nisms involving fuel forming reactions (hydrogen evolution,
CO, reduction) or a variety of catalytic organic transformations
where there exists a sacrificial or limiting reactant.

Results and discussion
(Photo)chemically driven OER

Two mechanistic pathways (Fig. 2) are most often proposed for
molecular water oxidation catalysis: water nucleophilic attack
(WNA) and radical coupling (I2M). Additionally, the most active

Chem. Sci., 2020, 11, 7468-7478 | 7469
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Fig. 2 (a) Water nucleophilic attack (WNA) and (b) radical coupling
(I2M) mechanisms for water oxidation by a ruthenium polypyridyl
catalyst driven with a (photo)chemical oxidant at pH = 1. The oxidized
and reduced form of the oxidant are denoted by [ox] and [red]
respectively.

molecular catalysts to-date are ruthenium-based transition
metal complexes, typically featuring polypyridyl ligands.>~*°
Therefore, the two respective mechanisms displayed in Fig. 2,
determined previously for homogeneous Ru-based cata-
lysts,*****! will serve as the basis for the analysis to follow
considering reaction-diffusion when the molecular Ru-catalyst
is incorporated into a MOF particle. These mechanisms are
also relevant, since there have been several previous reports of
molecular ruthenium catalyst incorporated into, for example,
the MIL-101(Cr)* or UiO-67 frameworks,'® which undergo OER
in the presence of a chemical oxidant. There are also several
notable examples of Ir-based catalysts in UiO frameworks.*>'®
For brevity, only the WNA mechanism is described in detail;
although, as shown in the ESI,} the I2M mechanism exhibits
the same general reaction-diffusion behaviour. The latter is
however less relevant in the context of MOFs where the catalysts
are often integral parts of the material and will thus not engage
in bimolecular encounters.

Oxidant diffusion through the MOF pores

First we consider the situation where the aperture size of the
MOF pores is sufficiently large to allow the oxidant (either
a chemical oxidant or oxidized photosensitizer) to enter and
diffuse through the MOF particles. The generalized reaction
scheme for WNA is shown in Fig. 3. The concentration of
oxidant in the solution (CS) is assumed to be constant over
short times, i.e., when measuring initial rates. Wang et al. re-
ported a reaction-diffusion model to account for consumption
of the oxidant in the bathing solution over longer timescales

7470 | Chem. Sci, 2020, N, 7468-7478

View Article Online

Edge Article

. particle
Wi

1= R2 4kcat Coat
Dox C8x
_ kcat
# kOXCgX
kiks 1 1 1 1 1
keat = o =
k1+k2 kOX kOXl kOXZ k0X3 k0X4
kox1
I-OH, + [ox] — Ru'"-OH, + [red]

kox2
U-OH, + [ox] — R

kox3

—OH + [ox] -3

-OH + [red] + H*
=0 + [red] + H*

k
=0 + H,0 = Ru'V-OOH + H*

koxa

—OO0H + [ox] — Ru'-00 + [red] + H*

Ru'-00 + H,0 3 Ru'-OH, + O,

Fig. 3 Schematic diagram of MOF particle (top) with diffusing oxidant
[ox] and generalized reaction scheme for WNA mechanism (bottom).
As water is the solvent in addition to the substrate, its concentration is
taken as large and constant both inside and outside the particle.
Definitions of dimensionless governing parameters are given (top box).

(10-60 min.) in an experimental system with first order kinetics
with respect to the oxidant.'® For the mechanisms displayed in
Fig. 2, we will see in the present treatment how the order of
reaction with respect to the oxidant can switch from between
first order and zero order depending on both CJ, and the
oxidant's concentration gradient within the particle. The total
concentration of catalyst in the particle is Coy (referred to as the
“catalyst loading”), D, is the diffusion coefficient of the oxidant
inside the MOF particle, R is the particle radius (approximated
as spherical), N is the total number of individual MOF particles
(see ESIT for calculation of N), k. is the second order rate
constant of the slowest oxidation reaction between the catalyst
and oxidant (see ESIt for derivation), k; is the pseudo-first order
rate constant of the water nucleophilic attack step, and k, is the
first order rate constant for the oxygen release step. Fast coor-
dination of a water molecule follows the first order decay of the
Ru-00 intermediate, which closes the catalytic cycle (Fig. 3).
The observed rate constant for the catalytic reaction steps
(excluding the oxidation reactions to form the active catalyst)
can be written as keac = (k1k5)/(kq + k,) in the case of WNA, where
each step is first order with respect to the catalyst. Applying
steady-state, as shown in the ESI,{ the concentration of oxidant
Cox(r) within the particle is a function of the radial distance r
(with r = 0 taken as the centre of the particle and » = R defined
as the particle surface).

Two dimensionless parameters (u and A, Fig. 3) control the
resulting concentration profile of oxidant inside the particle as well
as the observed rate of the reaction, v in mol s™* (measured as the
production of O,). The competition between the rate of the catalytic

This journal is © The Royal Society of Chemistry 2020
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reaction (k) and the rate of oxidation to form the catalytically
active species is represented by u = Kea/(koxCoy). Importantly,
A = (4R%keaiCo0)/(DoxCly) captures the influence of diffusion on the
catalytic reaction and is defined as the ratio of the catalytic reaction
rate to the diffusion rate of the oxidant inside the MOF particle.
Interestingly, the system of coupled reactions (Fig. 3) results
in kinetic behaviour that bears a strong resemblance to
Michaelis-Menten kinetics**** (as shown in the ESL7 this is
also the case for the 12M mechanism under certain conditions).
At low concentrations, Cox(r) — 0, the reaction kinetics are first-
order in oxidant. This shifts to zero-order with respect to Cox(r)
at higher “saturating” concentrations, at which point the reac-
tion rate approaches a maximum value. Analogous to the
Michaelis-Menten constant, the magnitude of u determines at
what concentration of oxidant the system is “saturated.” This is
shown in Fig. 4a, which plots the dimensionless kinetic rate
expression Kj (see ESIf for derivation) as a function of the
dimensionless oxidant concentration (1) = Coy(7)/Coy inside the
particle. This is analogous to the traditional solution-phase
kinetic rate law for the coupled chemical reaction occurring in
parallel with diffusion of the oxidant through the MOF pores.
The saturating concentration of oxidant is indicated by the
vertical dashed line where u = 6(r) and the kinetics shift from
first to zero-order. As 6(r) — 1, the rate approaches a maximum
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Fig.4 (a) Plot of dimensionless kinetic term (7(7;), which represents the
overall kinetics of the chemical reaction steps involving [ox], as
a function of the dimensionless concentration (8 = Coy(r)/C2,, i.e., [oX]
normalized to its concentration in the bathing solution). The vertical
line shows the value of u, which signals the change in reaction order in
6 from first order to zero order. The horizontal line shows the
maximum reaction rate set by 2. (b) Double logarithmic plot of Kj vs. 6
for increasing values of CY, (black: A = 250, u = 10; red: A =25, u = 1;
blue:A=2.5,u=0.1; green: 1 =0.25, u = 0.01; in all cases: \/A/—u =15).
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value (Fig. 4a, horizontal dashed line), which is approximately
equal to the magnitude of 2 (representing the intrinsic rate of
the OER reaction attenuated by any interference from diffu-
sion). If the solution oxidant concentration C%. is increased
significantly, for nearly all values of 6(r) the reaction kinetics
become saturated or zero-order in oxidant (Fig. 4b, green line).

Approximate analytical solutions for the observed reaction
rate (v), accounting for mass transport and the intrinsic kinetics
of the oxidant/catalyst inside the MOF particle, can be obtained
in various limiting situations by taking maximum or minimum
values of the two dimensionless control parameters, A and u.
For reference, each specific behaviour is assigned a zone (I to IV)
with a corresponding closed-form expression for the observed
rate. Numerical simulations are used to confirm the validity of
the rate expressions.

Oxidant limited kinetics. We consider first the situation
encountered when u >> 1. This entails that C3, is low enough so
the rate of oxidation of the catalyst is unconditionally slower
than the catalytic reaction (koxCy < keat)- The overall kinetics of
the system now depends only on a single dimensionless

parameter y/A/u, which takes the form of the classical Thiele

modulus® (eqn (1)).
A 4o CO,
\/; =R\ —— Dt 1)

Regardless of the local concentration of oxidant, the kinetics are
“unsaturated” throughout the particle (for all values of r) and
first order with respect to C,(7) (see Fig. 4b, black line).

Two limits can be found depending on the magnitude of
\/A/u. When the activation of the catalyst by the oxidant, which
is now the globally rate-determining chemical step, is slow
compared to its diffusion rate through the MOF particle (reac-
tion-controlled: y/2/u < 1), bulk reactivity is observed, and the
oxidant is present at a nearly constant concentration
throughout the particle approximately equal to its value in the
bathing solution. The observed rate is trivially (zone I)

V= g NTR oy ng Cgat (2)

where N is the total number of MOF particles. On the other
hand, if oxidation of the catalyst is much faster than the
diffusion time of the oxidant (transport-controlled: \/A/u>>>1),

the overall rate becomes

v = NTR*C? \/Dox /4o CO,, 3)

In this regime (zone 1II), C,(7) is depleted near the particle
surface, due to its fast consumption before the oxidant is able to
diffuse into the centre of the particle. A boundary or reaction-
diffusion layer is formed near the surface, with a thickness
given by Opn = \/Dox/4koxCY. Only catalytic sites contained
within this thin layer are active, demonstrating surface reac-
tivity as 0,xn, approaches the size of a monolayer. Using this
definition of the boundary layer thickness, another way to
characterize bulk reactivity is when the reaction-diffusion layer

Chem. Sci., 2020, 11, 7468-7478 | 7471
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is equal to or larger than the particle size (y/Dox/4koxC%¢ =R).
And in fact, \/2/u is simply the ratio of these two length scales,
Le., \/}{/_/,L =R/0rxn.

These two behaviors can be easily differentiated experi-
mentally by plotting the observed reaction rate (v) as a function
of the catalyst loading (C2,) or the particle size (R). For bulk
reactivity (zone I), a plot of v vs. C2 gives a linear relationship
and indicates that the reaction is occurring throughout the

particle. Whereas v vs. @ will be linear if the kinetics are
controlled by transport and the reaction is contained near the
particle surface (zone II)."**” Similarly as expected, in the bulk
reactivity regime the rate is proportional to R?, indicating
a dependence on the MOF particle's volume. When transport
limitations are present, the observed rate will display pro-
portionality to R?, or the surface area of the particle.

In either case, the rate-determining chemical step is first
order in Co(r) (0 > 1), making v linearly proportional to
€Y, under both bulk reactivity (reaction-controlled) and surface
reactivity (transport-controlled) conditions. These diagnostic
relationships are summarized in Table 1 using the order of the
reaction rate with respect to each experimental variable. Tran-
sitions between each kinetic regime are summarized in the zone
diagram in Fig. 7.

The efficiency 7, canonically referred to as the internal effec-
tiveness factor,*?**® is defined as the ratio of the observed reac-
tion rate to the maximum reaction rate (eqn (2)) in the absence of
any diffusional gradients (see ESI eqn (S15) for further detailst).
This is a direct metric of how much of the catalyst is utilized or
active in the reaction, as transport limitations fundamentally
create boundary layers near the particle surface, outside of which
the active catalyst concentration is essentially zero. Thus the
primary effect of comparatively slow diffusion (when /A/u is
large) is that it reduces the total amount of catalyst participating
in the reaction at steady-state — i.e., slow diffusion induces
surface reactivity (n < 1 for surface reactivity, Fig. 5 zone II; n = 1
for bulk reactivity, Fig. 5 zone I). This is indeed a function of the
particle size, since the oxidant will have a longer characteristic
diffusion time (t4ir ~ R*/Dyy) in particles with larger radii. The
catalytic efficiency (or effectiveness factor) of the MOF particle as
it varies with R is shown in Fig. 5.

Catalyst limited kinetics. In the opposite limit, when 4 < 1
or under saturated kinetics, the catalytic reaction step(s)
become globally rate-determining (koxCox > ko). Either
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Fig. 5 Internal effectiveness factor n plotted as a function of the

dimensionless control parameter \/A/—,u relating the oxidant reaction
kinetics to its rate of diffusion through the particle (oxidant limited
kinetics, u > 1). Bulk reactivity (zone 1) with 100% active catalyst is
observed when n = 1. Surface reactivity (zone Il) is shown when n < 1,
indicating low catalyst utilization within the particle. Contour plots of
the dimensionless concentration of oxidant inside the particle (6(r) =
Cox(n/C2,) for each respective case are shown above (colour key:
yellow, 6 = 1; blue, § = 0).

surface or bulk reactivity will dominate depending on the
magnitude of A. First, as A < 1, the catalytic reaction is much
slower than diffusion, and there is minimal depletion of oxidant
within the particle. The reaction rate straightforwardly is given
by eqn (4) (zone III; Fig. 6).

4
V=3 NTR ke C°,, (4)

Now v is independent of CJ, and is proportional to C2, and the
particle volume (v « R®). Bulk reactivity is reached ( = 1), and
the observed rate is controlled by the intrinsic rate of the cata-
Iytic reaction (k). For that reason, kinetic data obtained under
these conditions will be the most useful for benchmarking.

Table 1 Diffusing oxidant: rate expressions and diagnostic criteria for limiting zones

Orders
Dimensionless rate dlog v dlog v dlog v
Zone 7 = V/(NTIRD 5, Coy) Rate v (mol s™*) dlog R dlog CY, dlog Cgy
1 M(3u 4 3 1 1
(31) INTR e Ch,CE,
1 N NTER? CS \/Doox\/4hox Coat 2 :
II1 A3 4 3 1
3 N R kcar C

1 1

w Vi TR/ Doy Cur G ’ : ’
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Bulk Reactivity «--» Surface Reactivity

Fig. 6 Working curve for the observed reaction rate valid for catalyst
limited kinetics when u = 1072, The vertical axis plots the dimen-
sionless reaction rate 7 = v/(NTTRD,C2,), which varies as a function of A
= (4R%k stC20)/(DoyCS,). The vertical dashed-line shows the transition
from surface reactivity (zone IV; shaded blue) to bulk reactivity (zone
IIl; shaded red). The dimensionless rate expression for bulk reactivity
with catalyst limited kinetics (solid red line; see eqn (4)) is plotted with
the corresponding expression for surface reactivity (solid blue line; see
egn (5)). Results from the numerical simulations (black dots) are shown
for comparison.

When diffusion becomes limiting, for large particles or slow
diffusion A >> 1, again a boundary layer is present near the
particle surface. The observed rate is shown in eqn (5) (zone IV;
Fig. 6).

V= NTR?*\/Dog/8keut C°, C (5)

cat o

Like the other cases of surface reactivity, the observed rate in
eqn (5) is proportional to the surface area as well as to the
square root of the diffusion coefficient. There is also a half-
order dependence on both the catalyst loading***” and the
solution oxidant concentration, differentiating this situation
from the unsaturated kinetic regime obtained with eqn (3) (zone
II). A summary for these diagnostics can be found in Table 1
(also see the zone diagram in Fig. 7).

Similar to above, modifying the particle size (i.e., varying A)
will allow one to transition from surface to bulk reactivity within
the approximation of catalyst limited kinetics. This transition
occurs around A ~ 20 and is shown in Fig. 6 for small values of u
(=107?). Surface reactivity (zone IV; Fig. 6) is observed when A >
20, while for values of A < 20, bulk reactivity persists (zone III;
Fig. 6). Excellent agreement was found between the approxi-
mate analytical expressions for the observed rate in eqn (4)
(Fig. 6, red line) or eqn (5) (Fig. 6, blue line) and the simulated
results (Fig. 6, black dots).

Mixed kinetic control. A more complex situation arises if we
consider u ~ 1. This is where the rates of the oxidation steps and

This journal is © The Royal Society of Chemistry 2020
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the rate of the catalytic steps are approximately equal so that

neither is predominantly limiting. First considering bulk reac-

tivity, which is reached with fast diffusion and/or small particles

(2 < 1), the dimensionless rate can be approximated by eqn (6).
A ur’

"S3t ) 25(us 1) ©

The validity of this solution can be checked and matches the
limiting situations described in the previous sections. When u
is made either small or large, eqn (4) (zone III; catalyst limited
kinetics) or eqn (2) (zone I; oxidant limited kinetics) are recov-
ered respectively. This is confirmed by numerical simulations
shown in Fig. S1.7

For large particles, when the reaction is confined at or near
the surface of the particle (A > 1), the dimensionless rate

becomes
= \/2A<1 ~umn(*E1) o)

Similar as above, this solution simplifies to the cases of oxidant
limited kinetics described by zone II (eqn (3); u >> 1) or catalyst
limited kinetics described by zone IV (eqn (5); u < 1). The
observed rate predicted by eqn (7) matches well with the
numerical simulations (Fig. S21). The transition between these
behaviours for large particles (A = 10*) upon variation of u is
shown in Fig. 8. It should be noted that when the reaction
kinetics become increasingly unsaturated (koxCo < keoe) and
the oxidation reaction is rate-determining and very slow
(ie., \/A/u <1), bulk reactivity is recovered (zone I; Fig. 8) and
eqn (7) is no longer valid. Again, excellent agreement is found
between the approximate analytical rate expressions for each
limiting zone (Fig. 8, solid lines) and the numerical simulations
(Fig. 8, black dots).

An interesting effect is caused by the depletion of the oxidant
over the reaction-diffusion layer when 2> 1 and u ~ 1. Nearest to
the particle surface the oxidant is present at higher concentra-
tions and the kinetics are saturated 6(r) > u. Progressing into the
particle interior, as the oxidant is depleted over the reaction-
diffusion layer, a change to unsaturated kinetics occurs when
0(r) < w. In effect this means that near the surface, the rate-
determining step will reflect the catalytic reaction (kca)-

Conversely, within the interior of the particle the drop in
oxidant concentration causes the oxidation of the catalyst to be
rate-determining (k). As a result, the nature of the rate-
determining chemical reaction step will have a spatial depen-
dence within the particle, simply because the concentration of
one of the reactants changes significantly as a function of the
distance from the surface.

Oxidant excluded from the MOF pores

Next, we turn our attention to diagnosing surface or bulk
reactivity when the oxidant is size excluded from diffusing into
the pores of the MOF. It would seem that this would trivially
always result in surface reactivity; however, considering the
redox-activity of many molecular catalysts, it is possible that
oxidation of the sites at the particle-solution interface can
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Fig. 7 Kinetic zone diagram for the case where oxidant is able to freely diffuse through the particle, with g = Keat/(KoxCS
and A = (4R%k 2 C20/(DoxCS,). Zones displaying bulk reactivity where nearly all the catalyst sites are active are shaded in red. Surface reactivity
zones where a boundary layer ensues, which reduces the active catalyst, are shaded in blue. Each limiting zone, where the rate expression
does not depend on either dimensionless parameter, is labelled with the corresponding numeral (I to IV; see Table 1 for rate equations). For
intermediate cases, where the expression for 7 depends on one or more dimensionless parameters, the controlling parameter(s) are shown in
parentheses. Numerical simulations were used to compute the observed rate in zones were no analytical solution exists (central zone). The
compass in the upper right displays the direction in which increasing a given experimental variable will translate the system within the zone
diagram. The boundaries between zones are based on 5% error in the value of the observed steady-state reaction rate (7).
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Fig. 8 Working curve for the observed reaction rate, valid for large
particles and/or slow diffusion (A = 10%). The dimensionless reaction
rate 7 = v/(NTRDoxC2,) is plotted against u = Keat/ (koxCOy). The tran-
sitions between zones are indicated by the vertical dashed lines.
Limiting rate expressions are represented by solid lines: (red line) bulk
reactivity/unsaturated (zone |); (green line) surface reactivity/unsatu-
rated (zone ll); (blue line) surface reactivity/saturated (zone IV). Results
from numerical simulations are shown for comparison (black dots).
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initiate a diffusional charge hopping processes that carries
holes into the interior. In this case, the molecular catalysts
inside the particle are responsible for carrying out charge
propagation in addition to the catalytic reaction.

To understand this situation in more detail we adopt
a simplified mechanism (for WNA) displayed in Fig. 9. Here, the
catalytic resting state, a nominal Ru'=0 intermediate, is
generated by diffusional charge hopping. This intermediate
typically reacts with H,O in a turnover limiting O-O bond
formation step®®* (k, in s, Fig. 9). The substrate (H,0), as
before, is assumed to maintain a constant concentration.
Catalysis proceeds further by a sequence of follow-up reactions
(either re-oxidation by charge hopping or purely chemical steps)
that are considered to be fast and thus do not appear in the
observed rate law. Accounting for the 4e™ stoichiometry of the
OER, the observed rate constant is k., = 4k;.

Taking into consideration the heterogeneous interfacial
oxidation reaction and diffusional hole hopping inside the MOF
particle requires defining two new dimensionless parameters.
The first parameter reflects the classical Thiele modulus,

kCﬂ[

Ae=R
D.

(8)

where D, is the apparent diffusion coefficient for charge trans-
port between molecular catalysts within the MOF. The second
parameter, v, represents the competition between the hetero-
geneous reaction involving the oxidant/catalyst and diffusional
charge transport:

This journal is © The Royal Society of Chemistry 2020
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Fig.9 Simplified WNA mechanism (top) where holes (h+) are supplied
to the imbedded molecular catalysts by diffusional charge transport
(self-exchange) with an apparent diffusion coefficient D.. The pores of
the MOF are small enough to prevent the external oxidant from
entering and diffusing through the particle (bottom). A heterogeneous
reaction with rate constant k3, at the particle—solution interface
initiates charge propagation.

ke Cox

Y= RTE )
Now, ki, is defined as a second order heterogeneous rate
constant (em* mol™" s'). Looking at these two control
parameters, it is apparent that the reaction-diffusion behaviour
of the system will not directly depend on the catalyst loading
C2,, when the oxidant is unable to enter the MOF pores. We
note, however, that the catalyst loading may have an indirect
effect, as the apparent diffusion coefficient for charge transport
will likely have a dependence on the total concentration of
redox-active sites.>® However, the active catalyst concentration
Cru(v) 18 a function of distance r and may be depleted within the
particle. Additionally, the solution concentration of oxidant
C2, only affects the heterogeneous reaction at the interface (it is
not diffusing inside the framework).

As shown in the ESI, T by taking into account the appropriate
boundary conditions, limiting behaviours can be found for
large or small values of A, and vy. The transition between these
reciprocal kinetic regimes (labelled V through VII) is repre-
sented in the zone diagram in Fig. 10. Rate expressions and
diagnostic criteria are summarized in Table 2.

A new case is established when the heterogeneous reaction
rate to activate the catalyst, i.e. the hole injection into the
particle, is slow compared to the rate of diffusional charge
transport (zone V). It follows that v — 0, and the observed rate
is found to only depend on the interfacial reaction:

v = ANTR K Cox Clat (10)

This journal is © The Royal Society of Chemistry 2020
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Catalysis can either take place in the bulk of the particle (zone
V(a); small A, and Cry)(r) = Coq for all 1) or in a boundary layer
at the surface (zone V(b); large A.); however, the observed rate is
gated by the oxidation of the catalyst at the particle-solution
interface. Diagnostics for this situation, both V(a) and V(b), are
first order behaviour in both catalyst and oxidant (see Table 2),
making this similar to the bulk reactivity case with unsaturated
kinetics for a freely diffusing oxidant in the previous section
(zone I; eqn (2)). The discriminating feature is that the rate in
eqn (10) will depend on the surface area of the particle (R
rather than the volume (« R?), and this allows one to assign the
heterogeneous oxidation reaction (k3,) as rate-determining and
that a diffusional charge hopping mechanism is operative.

As mentioned above, A. controls the variation between bulk
and surface reactivity as diffusional charge transport becomes
slower than the catalytic reaction and causes the oxidized form
of the catalyst to be confined to a thin layer near the surface. The
expression for the observed rate (as y — o) under bulk reac-
tivity (zone VI), and surface reactivity (zone VII), are displayed in
eqn (11) and eqn (12) respectively.

4
v = gNTCR3kcnga‘ (11)
v =4NTR*C2 \/ Dekeay (12)

When surface reactivity is observed, the reaction-diffusion
layer thickness can be defined as 6y = \/De/keat- In both
these cases, since diffusional charge transport carries holes into
the MOF particle, the rate is independent of the solution
concentration of the oxidant. Furthermore, as expected for bulk
reactivity in the absence of other limiting factors (oxidation
kinetics, diffusion), eqn (11) is identical to that for zone III (eqn
(4)) when the oxidant can diffuse through the framework. In
these limits, the system only depends on the intrinsic catalytic
reaction, which is the ideal operating condition for applications
and catalyst benchmarking. Nevertheless, one way to confirm if
the oxidant is penetrating and diffusing within the particle or if
it is excluded and a charge hopping mechanism is present is to
systematically increase the particle size and traverse into
a regime where diffusion begins to affect the kinetics (entering
either zone IV or zone VII).

Surface vs. bulk reactivity and measured TOFs

A typical metric used in the kinetic characterization of molec-
ular catalysts incorporated into MOFs is the turnover frequency
(TOF). The classical definition of TOF for homogeneous solu-
tion phase catalytic reactions is the moles of product generated
per unit time divided by the total moles of catalyst present. We
have shown here that the possibility of surface reactivity arises
due to the coupling of the catalytic reaction to diffusion within
the MOF particle, and the active catalytic species are then
confined in a reaction layer near the particle surface. Therefore,
TOFs obtained taking into account the total amount of catalyst
may not reflect the actual activity of the incorporated molecular
catalyst. In order to make this distinction more clear, two

Chem. Sci., 2020, M, 7468-7478 | 7475
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Fig. 10 Kinetic zone diagram for the case where oxidant is unable to enter particle due to size restrictions. The influence of the heterogeneous
oxidation reaction by [ox] at the particle—solution interface is controlled by the dimensionless parameter y = R(k3,C2,/De) on the vertical axis.
The horizontal axis plots the classical Thiele modulus for the competition between the catalytic reaction and diffusional charge transport
Ae = Ry/keat/De. Zones displaying bulk reactivity where nearly all the catalyst sites are active are shaded in red. Surface reactivity zones where
a boundary layer ensues, which reduces the active catalyst, are shaded in blue. Each limiting zone, where the rate expression does not depend on
either dimensionless parameter, is labelled with the corresponding numeral (V to VII; see Table 2 for rate equations). For intermediate cases,
where the expression for 7 depends on one or more dimensionless parameters, the controlling parameter(s) are shown in parentheses. The
compass in the upper right displays the direction in which increasing a given experimental variable will translate the system within the zone
diagram. The boundaries between zones are based on 5% error in the value of the observed steady-state reaction rate (7).

definitions of TOF need to be adopted,**® the apparent turnover
frequency (TOF*PP) and the true turnover frequency (TOF™¢):

’ 14 v
TOF*? = = 13
Mo (4/3)NTR3CY, (13)
TOF"™ = " 4 (14)

Myctive ANTR? 6rxn C&t

where Mo = (4/3)NTR3CY,: is the total moles of catalyst and
Mactive ~ ANTIR*01,nCly: is the moles of catalyst that effectively
participate in the reaction within the reaction layer of thickness
drxny and v is the observed reaction rate (production of O, in mol
s~ ') as defined previously.

The resulting expressions for TOF*P? and TOF"™¢ are pre-
sented in Table 3 for each zone, either bulk or surface reactivity,
within the case of a diffusing oxidant as well as that for

diffusional charge hopping. Zone V is not displayed because the
observed rate is limited by the heterogeneous oxidation reaction
at the particle-solution interface rather than the reactions
taking place within the interior of the particle. It is readily
apparent that when the MOF-catalyst displays surface reactivity
due to diffusional limitations on the reaction rate, TOF*PP
deviates from an intrinsic kinetic value and is a function of both
the particle size (R) and a particular diffusivity (Dox or D). For
example, it was found in every case of surface reactivity, TOF*PP
will decrease with increasing particle size (TOF*PP « R™'; zones
II, IV, and VII), as an increasing proportion the catalysts are
outside d,xn. In some situations where the oxidant freely diffuses
through the particle, TOF*P? may also even depend on the
catalyst concentration itself (see zones II and IV). These results
show that TOF®"P is not ideal for characterizing intrinsic
kinetics; however, observing a dependence of TOF?PP on the

Table 2 Size excluded oxidant (charge hopping): rate expressions and diagnostic criteria for limiting zones

Orders
Dimensionless rate dlog v dlog v dlog v
Zone 7 = V/(NTERD.C2,) Rate v (mol s ) dlog R dlog CY, dlog C%,
V(a&h) ¥ ANTRKSCoxCoa 2 1
VI e’ 4 3 0 1
% §Nm'e3kcat -
VIl Ae ANTR?CY /Dekear 2 0 1
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Table 3 Expressions for TOF?PP and TOF"™ € in each limiting kinetic
zone®?

Diffusing oxidant

Zone | TOF@PP (s') |TOF'™ue (s7) Srxn
I koxCox Kox Cox >R
3 200). 1% D,
—CO oxox k C() 0oxX
. R ’ e, i 4oy Cont
mn kcat kcat = R
Ivb i ZDoxkcatC(?x ~k o Dongx
2R =z, AR o G
Size excluded oxidant (charge hopping)
Zone | TOF?P (s7') [TOF™ue (s™) Srxn
vi Kcat Kcat =R
3 D,
vi oV Dekcat kcat £
R kcat

¢ Zones of bulk reactivity are shaded red, while surface reactivity zones
are shaded blue. ? Calculation of TOF™ in zone IV is presented as an
estimate, since the reaction layer thickness (0,xn) is not well-defined
due to the non-linear chemical reaction kinetics. The expressions
given here are first order approximations as indicated in the table (see
ESI for details).

particle size can be used as a diagnostic for surface reactivity.
Conversely, by approximating the size of the reaction layer
(6rxn), which depends on the reaction-diffusion behavior char-
acteristic of each zone, TOF™ ¢ reflects an intrinsic kinetic
parameter even under conditions of surface reactivity. Finally,
when the experimental variables are optimized and bulk reac-
tivity is obtained, TOF?PP will be independent of the particle size
and approximately equal to TOF™", Under bulk reactivity, both
these metrics reflect the kinetic properties of the molecular
catalyst inside the MOF pore structure (Table 3; zones III, and
VI).

These distinctions in TOF values are particularly important
for benchmarking the activity of different MOF-based catalysts.
The quantitative analysis presented here demonstrates that the
most useful information can be obtained by comparing
intrinsic kinetic parameters (TOF"™) in combination with
metrics for catalyst efficiency in terms of bulk versus surface
reactivity (e.g., the effectiveness factor, n; Fig. 5). Furthermore,
the microenvironment inside the MOF pore may have a signifi-
cant influence on the activity of the incorporated molecular
catalyst by augmenting its outer coordination sphere. Charac-
terizing this effect may mean comparing the activity of the MOF-
imbedded species to the homogeneous analogue, where the
intrinsic rate of the catalyst (TOF™°) in each environment,
decoupled from mass and charge transport, is of the most value.

This journal is © The Royal Society of Chemistry 2020
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Conclusions

At present, quantitative kinetic studies of MOF-based catalysis
are scarce. The interaction of a number of chemical processes
including transport phenomena convolute the analysis, and
simple predictions as to how the observed rate will respond to
changes in reactant concentration, particle size etc. may become
non-intuitive. However, as shown here, kinetic evaluation is
a necessary step towards the productive utilization of MOFs as
support matrices for molecular catalysts. Despite having the
possibility for a high density of active sites in MOFs, this
advantage may be underutilized under certain conditions. This
is primarily because the reaction-diffusion characteristics of the
MOF-catalyst construct determine how many of the imbedded
catalysts within the particle participate in the reaction. In this
report, taking OER as a target reaction mechanism, we have
demonstrated a simple kinetic model to assess and diagnose
bulk vs. surface reactivity. It was shown how to transition
between these behaviours based on a small number of dimen-
sionless parameters. By modifying certain quantities, for
example the particle size,* this allows one to take full advantage
of the unique material and structural properties of MOFs for
highly efficient molecular catalysis. Thus, the quantitative
analysis presented here serves as an illustrative example for
examining the reaction-diffusion challenge at the heart of MOF-
based catalysis and opens the doors for future kinetic studies of
catalytic MOFs with a fundamental understanding of the
transport phenomena and chemical mechanisms at play.
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