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Chemically Reactive Thin Films: Dynamics and Stability

Tilman Richter, Paolo Malgaretti,* Thomas M. Koller, and Jens Harting

Catalyst particles or complexes suspended in liquid films can trigger chemical
reactions leading to inhomogeneous concentrations of reactants and products
in the film. It is demonstrated that the sensitivity of the liquid film’s
gas-liquid surface tension to these inhomogeneous concentrations strongly
impacts the film stability. Using linear stability analysis, novel scenarios are
identified in which the film can be either stabilized or destabilized by the
reactions. Furthermore, it is found so far unrevealed rupture mechanisms
which are absent in the chemically inactive case. The linear stability
predictions are confirmed by numerical simulations, which also demonstrate
that the shape of chemically active droplets can depart from the spherical cap
and that unsteady states such as traveling and standing waves might appear.
Finally, critically discussed the relevance of the predictions by showing that
the range of the selected parameters is well accessible by typical experiments.

films,! chemical reactions can be af
fected by different physical phenom-
ena induced by the liquid-liquid inter-
face and even by the three-phase con-
tact line. In these conditions, the chemi-
cal reaction may be favored by local sur-
face charges that may enhance the re-
action rate.[*®) At the same time trans-
port phenomena such as enhanced in-
terface diffusion’® and even Marangoni
flows (due to the inhomogeneous sur-
face tension induced by evaporation
or varying concentration of chemicals)
can lead to a significant speedup of
the reactions. In particular, catalytic
nanoparticles within water droplets sus-

W) Check for updates

1. Introduction

In the last decade it has been shown that the dynamics of
chemical reactions confined within microdroplets and thin films
substantially differ from their bulk counterpart.[!! For example,
chemical reactions within droplets occur at rates that are up to
~ 10 — 200 faster than their bulk counterparts.>* The physi-
cal mechanisms responsible for such a speed-up have not been
identified yet and indeed they may be multiple at the same time.
In fact, when confined within small droplets (< 100um) or thin
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pended in oil have been shown to in-
duce Marangoni flows since the reac-
tion products act like weak surfactants.[1!

Similarly, thin films have been exploited to enhance chemi-
cal reaction yields. For example, model chemical reactions within
thin films have shown a ~100 fold enhancement in the conver-
sion efficiency.! At the same time, thin films and catalytically ac-
tive species in the form of dissolved complexes or nanoparticles,
are used in Supported Liquid Phase catalysis.['*'*] Within such a
framework, the liquid is deposited on a solid support, and molec-
ular catalyst complexes are dissolved in the liquid phase.l'>!¢] In
particular, the latter cases typically involve molecular or particu-
late catalysts dispersed in the liquid film. Accordingly, the reac-
tion does not proceed uniformly throughout the film and it can
lead to local variations in reactant and product concentrations,
resulting in solutal Marangoni flows.['”-?!] Recently, a novel twist
has been represented by Supported Ionic Liquid Phase (SILP)
catalysis.[?223] The concept combines the attractive properties of
ionic liquids (ILs), including their tunable physiochemical prop-
erties and low sorption, with the benefits of homogeneous and
heterogeneous catalysis. Furthermore, the low thickness of the
IL film, in order of several nanometers, reduces mass transport
limitations. This allows to perform a wide range of industrially
relevant reactions such as hydrogenation, dehydrogenation, or
hydroformylation.!?*-2’] However, the stability of IL films within
nanopores remains only partially understood.!?4%°]

All the above-mentioned examples clearly show that the over-
all reaction yield strongly depends on the interplay between the
coupled dynamics of the catalysts and the liquid interface. How-
ever, so far, the study of the stability of thin liquid films has, with
a few exceptions,**32] focused mainly on the “passive” case, i.e.,
in the absence of chemical reactions.

Here, we propose a new model capturing the response of thin
liquid films to the chemical reactions taking place therein. Our
theoretical analysis leads to three main predictions. First, the
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steady-state inhomogeneous distribution of chemicals induced
by the chemical reactions may stabilize an otherwise unstable
thin film or break it into droplets much smaller than the passive
counterpart. Second, depending on the partial accumulation of
catalyst at the liquid—gas or solid-liquid interface the chemical re-
actions can either enhance the rupture by several orders of mag-
nitude or lead to a non-monotonous dependence of the rupture
time on the net density of reactants. Third, eventually, the system
may attain either a droplet state, whose shape may significantly
depart from the spherical cap or even a film with non-uniform
height. These complex dynamics are due to the interplay between
the gradients in the Laplace and disjoining pressure, induced by
variations in the film height, and the Marangoni flows generated
by the inhomogeneous concentrations of reactants and products.
Our predictions show that all these effects can be controlled by
tuning the effective interactions between the catalysts and the in-
terfaces (liquid and solid) as well as by tuning the solubility of
reactants and products in the thin film. Remarkably, all these ef-
fects can be observed even for weak sensitivity of the liquid—gas
surface tension to the composition of the liquid phase (less the
3%) which is well within the range of values that have been deter-
mined experimentally in the case of CO, or Ar dissolved in ionic
liquids.133!

2. Results

2.1. Model

The dynamics of thin reactive films are quite complex since they
involve many physical processes that are all entangled. Focusing
on the case of thin films or shallow droplets (i.e., with contact an-
gles 6 <« 7/2) allows for a simple theoretical description to gain
insight into the relevant physical phenomena and to capture the
essentials of the underlying dynamics. As such, we can exploit
the separation in length scales along the transverse (local film
height) and the longitudinal directions. This separation allows
us to assume that the liquid pressure p is homogeneous along
the direction normal to the solid substrate, i.e., p(x, z) = p(x).[3#3°]
Therefore, the problem can be simplified by integrating along the
transverse direction leading to the following relevant quantities,
namely, the local height of the film h(x) and the densities of cat-
alysts, p(x), reactants, pg(x), and products, pp(x) integrated along
the direction normal to the solid substrate. Accordingly, the local
height of the film is governed by the thin film equation (TFE)[343%]

M(h(x))h(x) Vo) 2 (x) + 2bh(x)
1% 2u

Oh(x) = V- Vr(x) 1)

Here, M(h(x)) is a height-dependent mobility (see Sections Model
and A, Supporting Information), and p is the dynamic viscosity.
7(x) is the local liquid—gas surface tension (from now on referred
to solely as surface tension) that is assumed to depend on the (ver-
tically integrated) concentration of reactants, py(x) and products,

Pp(x),

Y =7 — Fpﬁpp(x) - FRﬁl’R(X) ()
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where I'y , account for the sensitivity of the surface tension to
the local densities of reactants and products, respectively. The fac-
tor I/h(x) underlines that only molecules in the close vicinity of
the interface (i.e., up to a molecular length ) affect the surface
tension. We remark that the pressure p(x) accounts for both the
Laplace pressure as well as for the disjoining pressure (see Sec-
tions Model and A, Supporting Information). For what concerns
the dynamics of the reactant and products, we do not account for
any effective interactions with the liquid or solid interface and,
due to their fast diffusion (granted by their small size), we assume
that their density along the transverse direction is homogeneous.
To account for the impact of the varying height of the film on
their dynamics we follow the standard Fick-Jacobs schemel36-3]
according to which their integrated densities, p;, »(x) obey the fol-
lowing advection-diffusion equations:*-#]

©ppR _ 41 I
h _O'RE.DR"':DR,Reng

G)

0,pr =V - (DrVpg = vgpg + DphprVFo) —

wpp !
ol )

0,0p =V - (DpVpp = vppp + DpfppVFy) +

Here, Dy , are the effective diffusion coefficients of the reac-
tants/products (estimated from the Stokes—Einstein relation), o-;
denotes the rate at which the reactant is transferred from the lig-
uid film to the surrounding, py, ., represents the concentration
of reactants in the gas reservoir, and o}t stands for the rate at
which the reactant enters the liquid film. The parameter I is a
molecular length scale that we introduce to account for the fact
that only products located in the upmost molecular liquid layer,
of thickness ], are prone to dissolve into the surrounding gas. The
chemical reaction occurs with rate w whenever the reactants are
in contact with the catalyst described by its density profile p. The
effective velocity v, accounts for the integrated advective flow (see
Section Model and Section A, Supporting Information) which in
principle may depend on possible (electrostatic) interactions with
the fluid and solid interfaces. In order to keep the model simple,
in the following, we specialize to the case of no interactions and
hence we have vy = v, = foh(x) u(x, y)dy where u(x, y) is the local

velocity profile. The effective potential gradient, VF, = -k BTVTh

(calculated in the Supporting Information) accounts for the en-
tropic force on the chemical species induced by the inhomoge-
neous film height!****]: thicker films can accommodate for more
molecules (per unit support area) than thinner films.

For catalysts, it is well known that, within thin films, they
may accumulate at the liquid*“®! or solid’! interface, or they
may be homogeneously distributed along the film height.[*] Ac-
cordingly, we model their effective interactions with the liquid
interfaces!*] as

az fora >0
PE(z, h(x)) =10 fora=0 5)
a(z—h(x)) fora <O.

Here g = 1/k,T with Boltzmann-constant k, and absolute tem-
perature T. This potential reflects different scenarios for the
distribution of the catalyst within the liquid film along the vertical
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Figure 1. Sketch of the modeled setup. The blue and yellow regions are the liquid film enriched with reactant R and product P, respectively. The purple
dots represent the catalytic particles. Their distribution upon varying the parameter « is shown in the sub-figures. The expected contributions to the flow
field are depicted with arrows. U represents the flux associated to the liquid height h as used in (1) and v represents the advection of catalytic particles

as defined in (7).

z-direction in the form of an exponential behavior with a charac-
teristic length scale of 1/a. For a > 0 the catalyst is distributed
toward the solid substrate while for @ < 0 it is attracted to the
liquid-vapor interface. For a = 0, the catalyst is homogeneously
distributed along the vertical direction. See Figure 1 for an illus-
tration of the three cases. As for the chemical species, in order to
integrate along the film thickness we follow the Fick-Jakobs!*¢-38]
approximation which, within the length scale separation that we
are considering, assumes that the density factorizes in

p%,2) = p(x)7. (2, h(x)) (6a)

¢—PEh(N)

pa(z hx) = ———
z /0’“") =Bz h()

(6b)
Accordingly, integrating the advection-diffusion equation along
the transverse direction leads to

9,p(0) = V - (DVp(x) = v,(x)p(x) + Dp(x)VF(x)) )
where D is the effective diffusion coefficient of the catalyst in the

liquid film (estimated via the Stokes—Einstein relation). The ef-
fective potential in (7) is defined as[*¢-38]

1 " —BE(z,h(x
F(x) = —Eln /0 e FeERN) gz (8)
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that indeed is the local equilibrium free energy of the catalyst.
The energy ¢ in (8) defines the vertical distribution of the cata-
lyst and is given in Section Model of the supporting information.
The effective velocity v, (x) in (7) is related to the integrated flow
of catalyst across the transverse direction and it is sensitive to the
effective interactions of the catalysts with the interfaces (see sup-
porting information).

2.2. Stability

Thin liquid films of a homogeneous height h, < h_,;, are known
to be unstable, i.e. small fluctuations will lead to film rupture
and to the formation of droplets. This instability is mainly due
to attractive van der Waals forces between the surrounding gas
atmosphere and the solid substratel***% which in the current ap-
proach are captured by the disjoining pressure y,(1 — cos 8)f{h).
By standard linear stability analysis about the homogeneous state
h(x) = h, it is possible to predict the wavenumber of the fastest
growing mode of the TFE (1) for y = y, = const. to bel>=>*

oy =\ 3 (o)1 = cos ) o)

Accordingly, even for non-zero contact angles, 6, a thin liquid film
with a uniform height h, is meta-stable when f (h,) — 0i.e., when
the potential fin the disjoining pressure (see Equation S1b, Sup-
porting Information) becomes negligible. For liquids like water,
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this happens when h; is tens of nanometers.l’” In the ongoing
discussion, we assume that the film is thin enough, such that
f(hy) > 0, as this is the relevant scenario for many technological
applications including SILP catalysis.[*]

Employing a linear stability analysis (see Experimental Sec-
tion), the relevant dimensionless numbers can be identified.
These are the relative changes in surface tension caused by the
presence of the product, 'y := ', 11/ (hy¥,), and by the reactants
[z :=Trpo rl/ (horo), Where p, » and p,  are the equilibrium con-
centrations of product and reactant given by

1
pR,Reso-
Por = —RTh (10a)
wpy + 0oy
wpy
Pop = —1 Por (10b)
Op

as well as the height of the film in units of the “screening length”
ahy. For I', ="'y = 0 the chemical reactions have no impact on
the film stability. As a reference case, we consider a water film of
an initial height h, = 10nm. The contact angle is set to 6, = z/9
= 20°. In the following, if not mentioned otherwise, we assume
that the sorption rates of the chemicals are equal to the reaction
rate at the catalyst. We will discuss the implications of different
choices later on. All parameters used are reported in the Experi-
mental Section.

Figure 2 shows the stability portrait of a film that is initially pre-
pared with a homogeneous thickness h,, and catalyst p,, reactants
Po, r» and product p, , densities for different transverse distribu-
tion of catalysts (ah,, x-axis) and surface tension sensitivity to
chemicals (y-axis) where for convenience, we have set I', = 2I,.
On the top of the numerical solutions (points), Figure 2 reports
also the wavenumber of the fastest growing mode g,,,,, normal-
ized by the value q,,,,, , given by (9) obtained in the absence of
chemicals or when chemicals do not affect the surface tension I'p,
=I'y = 0 (color code). In particular, five different scenarios can
be identified: (1) the film is stabilized by the chemical reactions
(green dots and dark brown background), (2) the film breaks as
“passive” meaning in a very similar as if there was not chemical
reaction happening (red stars and light brown/cyan), (3) a cross-
over region between the former two where the simulation time
and system size are insufficient to observe film rupture (pink tri-
angles), (4) the film breaks with much shorter wavelengths as
compared to the “passive” case (magenta stars and blue back-
ground) and (5) short wavelength excitement but no film-rupture
(orange triangles and blue background).

The linear stability analysis indicates that when the catalyst
particles are preferentially at the vapor-liquid interface (ah, < 0),
the thin film is stable (green dots) when

To(pop + po )t
(ho¥o)

where ' (py p + po z)l/(Bo7o) = 1 — cos 6, is the threshold value
that is determined by the reduction in the surface tension due to
both reactants and products and closely resembles the amount
of surfactants needed to stabilize an otherwise unstable film.[*"]
When (11) is not fulfilled (red stars) the thin film is unstable and

[p+lp> (11)
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Figure 2. Representation of the fastest growing wave mode/vector of the
studied thin film system in terms of the percentage changes in the vapor-
liquid surface tension due to the presence of the reaction product, I'p :=
Tppopl/ (hovo), and reactant ['g := Tppq pl/ (hgyo), for varying concentra-
tion distribution of the catalyst particles in vertical direction, ahy. The col-
ormap in the background indicates the wavenumber of the fastest growing
mode of the system obtained from (16). The dots in the foreground give
the eventual state of a numerical solution of Equations (1-4) and (7) af-
ter 10° iterative time steps. Stars represent simulation results where the
initially closed film forms droplets. Triangles represent still closed films
with excitation h higher than a certain threshold €, while green dots cor-
respond to an excitation 5h below that threshold e. The colors differentiate
between simulations that are driven by the accumulation of catalyst (ma-
genta and orange), called the collapse regime, or by the passive dynamics
of the thin film (red and pink). The parameters and properties are the same
as listed in the Experimental Section. The symbols and colors used for the
numerical simulation agree with the ones used in Figure 4.

the fastest growing mode is characterized by . , > Gumax > 0.
Now, in the same way as in the passive case, the homogeneous
system is not stable which leads to the rupture of the liquid film.
The resulting droplets in this case are larger than in the passive
case. Figure 3a shows an example of a simulated flow field in this
regime leading to film rupture.

When the catalytic particles are homogeneously distributed (a
~ 0), significantly less catalytic activity is required to stabilize the
system, as can be seen in Figure 2. This is because, for a ho-
mogeneous distribution, both advection and diffusion enforce a
strong correlation between the film height and the catalyst den-
sity, i.e., pxh. For advection this can be seen from the effective
mobilities of the catalyst, M,, M, (see Equation S13, Support-
ing Information), and film height, M, (h + 2b)/2 (see (1)). The
mobilities become pairwise equal, M, = M and M, = (h + 2b)/2
and this causes the catalytic particles to move along with the lig-
uid. Concerning diffusion, for « =0, VF = —k;TVh/h and thus,
at equilibrium, p is proportional to h. This proportionality stem-
ming from both diffusion and advection, ph, leads to enhanced
consumption of reactant (and catalysis of products) proportional
to h. In this way, variations in film height are suppressed by lo-
cally decreasing the surface tension due to the chemical reac-
tions. Such behavior is already captured by the LSA as terms with
the prefactors M, or M, have a counterpart with prefactor M or
(h + 2b)/2 canceling each other out (see Supporting Information,
Section A).

Finally, for @ > 0, the catalysts are accumulated at the
solid-liquid interface. Considering small surface tension effects
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Figure 3. The height h, catalyst density p, product density pp and reactant
density pg normalized by their respective maxima h,,, p,,,, pp, p, and pg
for a snapshot shortly before film-rupture of the spinodal regime (a) and
the collapse regime (b). The flow field is interpolated from surface tension
and pressure gradient Vy, Vp assuming incompressibility d,u + d,v = 0.
Arrows indicate the direction of the flow and their color the magnitude of
the local velocity. The lengths of the arrows do not scale the same among
the two insets, i.e., the velocity field in (a) is exaggerated 10 times more
thanin (b). The simulations reported here correspond to the magenta and
red stars in Figure 4.

['p, 'y < 1 we observe that the wavenumber of the fastest grow-
ing mode is reduced as compared to the passive case wavenum-
Der Gy Gmax, p (Cyan to brown background in Figure 2). This
stems from the reduction in surface tension by the presence
of the chemicals. In contrast, for larger values of ', T’y the
wavenumber of the fastest growing mode becomes larger than
the passive wave number, q,,, > ., , (dark blue background
in Figure 2), indicating the excitation of short wavelengths. The
mechanism underlying this phenomenon can be explained as fol-
lows: Under the assumptions that @ > 0 and ', I'y > 0 (i.e., the
catalytic particles are highly accumulated near the solid substrate,
and the surface tension is lower in the product-rich phase than in
the reactant rich phase, see Figure 1), a high local concentration
of catalyst at a point in space x locally reduces surface tension.
This reduction leads to the creation of surface stress, inducing a
Marangoni shear flow Vy (h + 2b)/(2n) away from the area of high
catalyst concentration. Consequently, the film height at that loca-
tion decreases, forming a corrugated vapor-liquid interface with a
radius of curvature R. This corrugation generates a Laplace pres-
sure y /R, resulting in a parabolic-shaped flow VpM(h)/u toward
the area of high catalyst concentration. These two contributions,
along with the disjoining pressure, sum up to form the height-
averaged velocity U (compare with Equation (2) in the support-
ing information). According to Equation (7), the catalyst parti-
cles experience an effective flow with the velocity v = VyM, /u +
VpM,,/u, while the film height h is affected by the flow with the ve-
locity U. Because the Marangoni flow and the pressure gradient-
driven flow have distinct flow profiles (as depicted in Figure 1), it
is possible that U and v have different directions. Consequently,
the film corrugation persists, since the flow related to U trans-
ports liquid away from the regions of high concentration, while
the pressure-driven flow related to v accumulates more catalyst at
that location. This effect is illustrated by the the flow field of an
exemplary simulation in this regime as shown in the lower inset
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of Figure 3. The presence of such rollers or vortices in thin lig-
uid films in the presence of Marangoni flows has been observed
before for thermal gradients.l*®) Similar phenomena have been
observed in the context of the Keller-Segel model,*’] in whose
spirit we refer to this effect as a “collapse.”

Upon raising a above @ = 0 there is a jump discontinuity
from g, = 010 Guyuy > Guuay, , (Figure 2, brown to blue back-
ground). Also when raising ', + [’ a jump discontinuity from
smaller g, to higher g, . can be observed at roughly T’ + T'; ~
0.015 + 0.0075 (Figure 2, light brown background to blue back-
ground). Analyzing the eigenvalues of the linearized system (re-
fer to Figure S5, Supporting Information), we observe that the
two physical effects connected with the disjoining pressure and
the collapse, are associated with local maxima in dispersion re-
lation 7,,(q) (see Experimental Section). The observed jump in
the fastest-growing modes can be explained by the global maxi-
mum switching from one local maximum to the other. In particu-
lar, as shown in Figure S5 (Supporting Information), the disper-
sion relation undergo a significant change upon increasing the
parameters I'y p: for small and large values of 'y |, the stability
portrait resemble that of conservative systems with a fastest grow-
ing mode for a finite wavelength and the zero mode marginally
stable. Such a stability portrait allows for coarsening dynamics
since all the modes with wavelength larger than the fastest grow-
ing mode are excited. For intermediate values of I'y , the stability
portrait changes toward a “Turing-like” pattern where long wave-
lengths are suppressed. Interestingly, such a behavior has been
observed also in the case of deformable membranes.%®)

Finally, for T, + T'; = 0, where no effect of the product and
reactant concentration on the surface tensions is given, we find

Gmax = Gmax, p» a5 expected.

2.3. Rupture

After reporting on the onset of the instability, we now turn to the
dynamics leading to the breakage of the film. Figure 4 shows the
time evolution of the height difference Ah = maxh — min h for
some representative cases. When the thin film is stabilized by
the chemical reactions (green points) or the chemical reactions
are almost irrelevant (red stars) the dynamics of the system to-
ward the steady state are relatively simple (see Figure 4). This is
confirmed by the fact that the time evolution obtained by the nu-
merical simulations agrees well with the linear solution (16): the
amplitude of the dominant wavelength (1/q,,..) approaches ex-
ponentially its steady-state value. Only as the system approaches
the steady state, the linear solutions (16) become less accurate. At
variance, for red and pink stars, the chemical reactions are more
relevant and indeed the time evolution cannot be captured fully
by the linearized equations as for the simpler cases.

Initially, the amplitudes grow as predicted by (16), construct-
ing the wavemode with wavenumber g, . . Yet, at a certain point
in time, this growth halts, and the full numerical solution no
longer aligns with (16). In such cases, the rupture of the film can-
not occur at such small wavelengths (1/4,,,,, <1/, ,)- Instead,
the system’s maxima merge, giving rise to larger dominant wave-
lengths that are not predicted by the LSA. An example of such a
simulation can be observed in Figure S2 as well as in the Video S3
(Supporting Information).
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10t

Ah/h,

t/ T,

Figure 4. The maximum height Ah/hq = (maxh — min h) /h difference in
time plotted for four exemplary simulations, showing the different possi-
ble behaviors of the system. All simulations are started in the perturbed
homogeneous state h = hy + €N, p = po, pa = Pop P8 = P g- I the in-
set, we show the position of those simulations in the stability diagram
Figure 2 as colored symbols. For every simulation, a video is available in
the supporting information. In the simulation shown with green dots, 7, =
oo thus we choose an arbitrary value instead, to show its evolution in the
same plot as the other three. For the axis labels of the inset see Figure 2.
The symbols and colors used here match the ones in Figure 2.

For I'p + 1y > T i(pgp + por)l/ (hoto), (orange down-triangle)
we also observe the initial growth of the dominant wavelength
1/9,..» that is followed by a coarsening unifying the maxima of
the concentration of catalyst p. In this situation, the surface ten-
sion y is very low and Young’s law of wetting predicts a contact
angle of 8 = 0. Thus no film rupture occurs even though certain
wavelengths of the system are excited by the dynamic interaction
of chemical reactions and surface tension.

To quantitatively capture the dependence of the rupture dy-
namics on the chemical reactions we define the rupture time 7,
as the earliest time when the film height somewhere becomes as
small as the precursor height h*,

hix,7,) = h* (12)

which captures the time it takes the homogeneously initialized
thin film to undergo rupture and evolve into droplets. A good
estimate on 7, is provided by the linearized solution (16)

t=—' In L (13)
nm(qmax) €

It turns out that this is well described by the characteristic time
of the system 1/max (1,,(q)) where n,, is the largest eigenvalue of
the dispersion relation A(g) (see Section A, Supporting Informa-
tion). We write the rupture time in a normalized form by refer-
encing the rupture time 7, , for the passive case I', =T’y = 0,
ie.,

max1,
T T ) (14)
7,  maxn,(q)
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Figure 5. The rupture time of a liquid film containing catalytic particles
normalized by the passive case rupture time 7, , of a thin liquid film is
plotted as a function of the percentage change of surface tension at a
mean concentration of product ' or reactant 'y (on the lower or upper
x-axis, respectively) and vertical distribution of catalyst ah, (color code).
The solid lines refer to the rupture time expected from the linear solution
by (14), while stars are obtained from a numerical solution of Equations (1
—4) and (7) starting from a homogeneous initial condition with a small ini-
tial random perturbation. All relevant parameters are chosen as listed in
the Material and Methods section.

where #,,, ; is the largest eigenvalue of the dispersion relation for
the pure liquid. Figure 5 shows the estimates given by (14) (solid
lines) as well as the rupture time obtained from numerical sim-
ulations (symbols). The parameters are chosen as shown in the
Experimental section. At t = 0 all the fields are initialized homo-
geneously plus a small random perturbation in the liquid height
(h="ho+eN,p=py, pP = pyp, pr = o) for a random variable
N.

We observe in Figure 5 that for T', + 'z S 0.0225 all data col-
lapses onto a master curve. For I', =", = 0, we retrieve the pas-
sive case and thus 7, /7, , = 1. Considering ', + I 2 0.0225, the
situation becomes more complex. For a < 0, in general the rup-
ture time rises with I', + [ until it reaches a threshold value
L (po, p + o r)l/(hyy,) Where 7, = co which corresponds to the
stabilization of the homogeneous film. For a <« 0, that threshold
value is as discussed before ' (py p + p, g)!/(horo) = 1 — cosb,.
For a ~ 0, the rupture time 7, diverges for a smaller value of
[, + T’ In the case of @ > 0, the rupture time initially increases
with growing I, + I, until it begins to decrease once more. This
non-monotonous behavior corresponds to the transition from the
unstable film (red stars in Figure 2) to the collapse (magenta
stars in Figure 2) regime, where the largest eigenvalue of the dis-
persion relation 7,, (see Experimental Section) starts growing as
[, + T’ increases. Despite the jump discontinuity in the transi-
tion of q,,,,, to the collapse regime, max (1,,) and r, exhibit conti-
nuity at the transition point for larger values of a. This can be un-
derstood by considering the eigenvalue #,, as shown in Figure S5
(Supporting Information). Concerning the reliability of the pre-
dictions of the LSA, Figure 5 shows good agreement of the rup-
ture time predicted by the linearized solution (14) (lines) with
the simulations (symbols). We note that such an agreement is
remarkable since the rupture occurs outside the linear regime
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Figure 6. Steady state of a droplet with dissolved active catalyst particles for different parameters ha and I" := (I'p g, p + T3 r)!/ (Yoho), representing the
assumed vertical distribution of catalyst over a length scale 1/a and the percentage change of the surface tension according to (2). As initial conditions
we choose h(0) a spherical cap with contact angle 8, p(0) = for h(0) > h* and p(0) = 0 for h(0) < h*. The density of reactant is initially chosen as
pr(0) = pR'Reszri,h(O)/(wp(O) + O';I) and the product density is pp = wp(O)pR(O)/(lalT,). Negative a corresponds to the catalyst being enriched at the
liquid-vapor interface, @ = 0 to a vertically homogeneous distribution of catalyst, and positive « indicates that catalyst is enriched close to the solid
substrate (see Figure 1). The concentration fields p, pp, and pg are divided by their respective maxima p,,, pp, m, Pg m and multiplied by the maximum
height of the system h,, to visualize all fields in a single plot. The lengths are normalized by the system size L. We run the simulations until no difference

between two consecutive dumps until full convergence. The aspect ratio in

where (16) used for the calculations in the LSA framework is not
valid anymore. However, the LSA, via the ansatz in (16), still qual-
itatively captures the timescale reasonably well. Quantitatively,
the rupture time of the simulations does not match (14) anymore
for ', + T’z 2 0.045 and a > 0. This is due to the wavenumber of
the fastest growing mode becoming large here, i.e., the dominat-
ing wavelength is very small. The dominant wavelength builds
up, but the thin film cannot break at such small wavelengths.
Larger wavelengths have to grow for film rupture to occur. This
process happens outside of the linear regime and is well illus-
trated by the data set represented by magenta stars in Figure 4 as
well as in Figure S2 and the corresponding Video S3 (Supporting
Information). Film rupture in this case is not associated to the
fastest growing wavenumber but to a smaller one.

2.4. Droplets

Finally, once the film is broken droplets are formed. To reduce
the required computing time when investigating the steady state
of droplets containing active catalytic particles, we start our sim-
ulations from a spherical cap, i.e., a portion of a sphere cut off
by a plane (The spherical cap is the expected equilibrium shape
of a liquid droplet with a radius smaller than the capillary length
7. = \/70/(p,g), where gis the gravitational constant!>’l). The con-
tact angle of this cap on the solid substrate is initially chosen as
0,, and the initial densities p, pp, and py are chosen constant in-
side the dropleti.e. p(x, 0), pp(x, 0), px(x, 0) = C where h(x, 0) > h*
and p(x, 0), pp(x, 0), pr(x, 0) = 0 for h(x, 0) = 0. Figure 6 shows the

Adv. Mater. Interfaces 2025, 12, 2400835 2400835 (7 of 13)

all insets is fixed to 10.

droplet shape and the density of catalyst as well as of the chem-
icals for the three different scenarios, captured by «, and for the
same parameter values used in Figure 2.

Due to their large diffusion coefficients compared to the cat-
alyst’s diffusion coefficient and vertically homogeneous con-
centration distribution, the products and reactants are homo-
geneously distributed across the film. For larger values of T,
I, this leads to an overall decrease of the liquid-vapor sur-
face tension and hence eventually to a perfectly wetting film
(panels (a—c) in Figure 6). For smaller values of I'y, I'p, the
decrease in y is not sufficient, and the droplet persists (pan-
els (d-i) in Figure 6). Interestingly, in these cases, the liquid-
vapor surface tension is not homogeneous anymore and it in-
duces a weak Marangoni flow toward the contact lines that leads
to a slight accumulation of catalyst at the three-phase contact
line.

For a <« 0, catalyst particles accumulate at the liquid interface,
and hence they behave as an effective (d — 1)-dimensional ideal
gas, spread homogeneously across the droplet (Figure 6a,d,g).
Upon raising values of the strength of the surface tension effects
I'p, 'y, the surface tension gets reduced, and the droplet spreads
(Figure 6d) eventually leading to the liquid becoming perfectly
wettable. Thus, the droplet becomes a homogenous closed film
(Figure 6g).

For a homogeneous catalyst distribution, @ = 0, at steady
state, all the densities are proportional to the droplet height h.
Accordingly, the surface tension is homogeneous everywhere
(Figure 6b,e,h). As before, upon raising values of the strength
of the surface tension effects I', [y, the surface tension lowers,

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

85UB0 1 SsUoWWoD aANEsID 8|dedjdde sy Aq pausenob aJe sejolie YO 8SN JO S| Joj Aig 1 8UIIUO 481 UO (SUONIPUOD-PUE-SLLBI W0 A3 | 1M Ale.d Ul uo//:sdny) SUONIPUOD pue swie | 8Y) 8eS *[9202/T0/L2] o ARig1auluO A1 BIueD Uosesssy HOWD yo1ine wniuezsbunyosiod Aq SE800120Z IWPe/Z00T 0T/I0p/wod" A3 imAe.q 1 jpul U0’ peoueApe//SAnyY WoJ) pepeojumod ‘6 ‘SZ0Z ‘0SEL96TZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

leading to the spreading of the droplet (e) and eventually to a per-
fectly wetting liquid film (b).

For a > 0, the catalytic particles accumulate at the solid sub-
strate. In this case, the eventual distribution of the catalyst is very
sensitive to I'y p, for small values of I'y , an effective (d — 1)-
dimensional homogeneous layer is formed at the bottom of the
film (Figure 6i). For larger values of I'; , (and symmetric initial
conditions, see Supporting Information), the catalysts accumu-
late (Figure 6f). Similarly to the collapse of the catalyst observed
in the initially homogeneous system, the Marangoni flows gener-
ated by a locally lower vapor-liquid surface tension at the location
of high catalyst concentration deform the droplet, creating a pres-
sure that pushes the catalyst toward the center. The product be-
comes enriched in the presence of more catalysts, and vice versa
for the reactant. The concentration of catalyst at the droplet’s cen-
ter is similar to that observed in Ref. [10] where catalytic TiO,
heavy micro-particles (thus, @ > 0) inside a liquid droplet of 3%
H, 0, solution, accumulate at the center of the droplet. We men-
tion that the relative position of the catalyst's maximum den-
sity and the droplet height depends on the initial conditions (see
Figure S4, Supporting Information). Finally, for even larger val-
ues of I', , the liquid-vapor surface tension y gets, according to
our model, so low that the liquid becomes perfectly wetting, and
thus the droplets spread over the periodic boundary of the sim-
ulation box forming a closed film (Figure 6¢). However, for a >
0, the accumulation of catalyst persists, leading to an inhomoge-
neous film thickness.

2.5. Sorption and Strength of Surface Tension Effects

In the following, we analyze the dependence of the phenomena
that we discussed so far on the ratio of the surface tension sen-
sitivity to chemicals I'ppy p/T'zpy  and on the rates of sorption
a;l/wpo = ajzl/a)po. Indeed, as shown in Figure 7, the stability
diagrams, like the one in Figure 2, are sensitive to these ratios.

There are three types of stability diagrams predicted by
the LSA.

First, some diagrams are shaped as the one presented in
Figure 2 (framed in dark or light green, where the dark green
framed diagram corresponds to the one shown in Figure 2) as
discussed in the previous sections.

Second, for equally strong surface tension effects of product
and reactant I'ppy p/T'gpy z = 1 and sorption rates are equal to
the reaction rate ¢}, /wp, = o} /wp, = 1 (central diagram framed
in red). Here, reactants and products equally affect the surface
tension, and they have the same sorption. Accordingly, due to the
symmetric roles of reactants and products, the fastest-growing
mode is independent of the vertical distribution of catalyst a. Sta-
bility is reached when Equation (11) holds. Thus, the catalyst can
be effectively treated as a simple surfactant or solute, lowering
the surface tension of the liquid. By Equation (10) a; Jwp, =1
implies that p, , = p,  and thus one obtains I'y = I'y from
Tppo, p/TrPo r- Whenever T', = 'y holds, the stability portrait
looks like the one reported framed in red. For all other diagrams
reported here p, , # py  and ' # ['y.

The third regime occurs for o} /wp, = 012 Jwp, = 0.1 (framed
in blue). Here the homogeneous state is never stable, at least not
for the parameter range studied here. However, as we will dis-
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cuss later using numerical simulations, this does not necessarily
indicate film rupture. In the third type of stability diagram, we
observe a second collapse mechanism in the left corner (high sur-
face tension effects and catalyst enriched at the liquid surface) of
each diagram. Here the collapse is caused by catalyst enriched at
the liquid surface (a < 0) effectively raising the local surface ten-
sion by consuming reactants and creating products. Therefore
the Marangoni flow points from regions of low catalyst concen-
tration to regions of higher catalyst concentration accumulating
the catalyst. The catalyst behaves as if it were an “anti-surfactant.”

Furthermore, we obtain complex eigenvalues of the dissipa-
tion relation in the right corner of those diagrams framed in blue,
predicting a phase shift of excited wave modes with time in the
linear regime. The black lines indicate the onset of such com-
plex eigenvalues, where above the line significant imaginary parts
appear in the eigenvalues of the dispersion relation. Finally, for
Topo, p/Trpo, r = 1/2 and o} /wp, = 6}, /wp, = 1 (framed in cyan)
we observe a transition between a stability portrait of the first type
and one of the third type.

Numerical simulations show the onset of eventual regimes
that are not present in Figure 2, including film-rupture, inhomo-
geneous film height with no film rupture, as well stable films
with homogeneous height h = h,,. For the films that break into
droplets, we can distinguish between spherically shaped droplets
obtained either via spinodal rupture (red stars, panel (g)) or via
collapse (magenta stars, panel (h)), as well as droplets where the
chemical concentration fields are shaped by the second kind of
collapse, being catalyst enriched at the liquid interface and behav-
ing as an effective “anti-surfactant” by consuming surface active
reactant and replacing it with less surface active product (red up-
triangles, panel (f)).

For films that do not break, on top of films with homoge-
neous height (green circles), we observe films with inhomoge-
neous height. This is associated with local inhomogeneity in the
chemical concentrations and the resulting flow dynamics. Of
such steady states there are the ones resulting from the collapse
mechanism discussed before (orange down-triangles, panel (e))
where the catalyst concentration is the highest where the film
height is lowest and vice versa. Furthermore, patterns are emerg-
ing from the second collapse mechanism (orange up-triangles,
panel (a)) that are characterized by a matching of the maxima
of film height and catalyst concentration. On top of that, we ob-
serve not-ruptured perturbed states without any collapse for a =
0 (orange squares, panel (b)). Finally, for some parameters, we
observe traveling waves (In Figure 7c, a right moving pattern is
shown, but left moving patterns can be observed as well.) (or-
ange right-triangles, panel (c)) and stationary waves (orange dia-
monds, panel (d)). These numerical results are supported by the
LSA which shows non-zero imaginary components in the eigen-
values (above the black lines).

2.6. Catalytic Yield

Our theoretical predictions highlight the role of the distribution
of catalysts across the film thickness. However, for catalytic de-
vices, the most interesting number is the catalytic yield, i.e., the
actual output of product of the system. To assess this number, we
measure from simulations the amount of product that is evapo-
rated from the liquid film into the gas atmosphere. This is given
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Figure 7. Stability diagrams depending on sorption rates of product and reactant a;//a)po = a;l/a)po = 0.7, 1, 10 and strength of surface tension effects
of reactant and product T'ppg p/T'rpg, g = 1/2, 1, 2. The color scheme of the background indicates the fastest growing mode wavenumber g,,,, obtained
from linear stability analysis divided by the passive case fastest growing wavenumber g, , ranging from stable films ., = 0 in brown to the most
excited states in dark blue. The symbols in the foreground correspond to simulations started from the initial condition h = hy + N, p = pg, pp = pg,p, Pg =
Po,r and all relevant parameters but the sorption rates are chosen as reported in the Experimental Section. Red and magenta symbols indicate film rupture,
while orange and pink symbols indicate excitement of certain wavelengths but no film rupture. In green simulations confirming a stable homogeneous
state are reported. The marker shapes correspond to different observed steady state behavior, exemplary shown by simulation snapshots at the top.
The diagram highlighted in dark green corresponds to that reported in Figure 2. The left y-axis of the diagrams is T'p, the right y-axis is [’z and scales
as T'ppg, p/T'rPo, & times the left y-axis. The x-axis of the diagrams is ahy. The black lines identify the boundary between oscillations (above) and steady

state (below) according to LSA.

by the evaporation term of the evolution equation of p, Equa-
tion (4) o} p,l/h. The measured values are reported in Figure 8.
As a general trend, we observe that for lower evaporation rates
of the reactant, and thus, at higher concentrations of reactant in-
side the liquid film, the catalytic yield is higher. Therefore, for
the diagrams reported on the left of Figure 8, the catalytic yield is
higher than on the right. Further, we observe that for parameters
for which the liquid film stays closed, there is a higher yield than
for parameters with the same sorption for which the film breaks.
Most interestingly, for o}l/wp, < 1 (left row), a vertically homo-
geneously distributed catalyst (¢ = 0) produces a higher catalytic
yield than the catalyst that is attracted to the liquid-gas interface.
This is due to the fact that, in this regime, when the catalysts ac-
cumulate at the fluid interface, ah, < 0, they also form clusters

Adv. Mater. Interfaces 2025, 12, 2400835 2400835 (9 of 13)

due to the Marangoni flows (see the peaks in Figure 7a). This ad-
ditional aggregation along the interface generates a depletion of
reactants and hence a reduction of the overall yield. Similar dy-
namics also happen for ah, > 0; see, for example, the depletion
of reactants in Figure 6c.

3. Discussion

3.1. Significance and Implications

Our theoretical analysis pinpoints the transverse distribution of
catalysts (captured by a) and the net effect of the chemicals on the
surface tension (I'y ppy p) as the key parameters. Therefore, to
derive conclusions that are relevant for real systems, it is crucial

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 8. Catalytic yield depending on sorption and strength of surface tension effects, reported as [ o;ppl/hdx/(athResL). The nine plots show the
catalytic for different ratios of the surface tension effects of reactant and product I'ppy p/T'grpg, g = 1/2, 1, 2 and sorption rates of product and reactant

6;’/60/)0 = J;I/wpo =0.1, 1, 10. The color of the markers reports the measured catalytic yield in simulation units. The left y-axis of the diagrams is T'p,
the right y-axis is I'p and scales as T'ppg p/I'rpy, g times the left y-axis. The x-axis of the diagrams is ahy. The parameters of the simulations presented in

this figure correspond to the simulation parameters used in Figure 7.

to bind the range of these parameters via available experimen-
tal values.

For what concerns the tunability of the transverse distribution
of catalysts, encoded by «, experimental measurements have re-
ported accumulation of catalysts at both liquid—gas**% (¢ <
0) and solid-liquid?*#] (a > 0) interfaces. On top of this, elec-
tric fields can be used to tune both the distribution of particles
in a thin film as well as the range within which the disjoin-
ing pressure is operational(®!! (Ref. [61] shows that applying a
voltage of up to 60V disjoining pressure becomes relevant for
a film of thickness as large as 10pm. In such a scenario with a
micrometer-thick film being prone to spinodal rupture it is pos-
sible to have catalytic particles that can be easily tracked by op-
tical methods making it possible to observe the dynamics of the
catalyst distribution experimentally while having a relevant effect
from the disjoining pressure augmented by the electrical poten-
tial. In Ref. [62] the authors show how to include such effects into
the lubrication-approximation approach).
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For what concerns the magnitude of 'y ,p;, pl/h, as compared
to the bare value y,, recent measurements!*}! show that the sur-
face tension of two selected ILs is significantly affected by the ap-
plied gas pressure and thus by the concentration of the dissolved
gas in the liquid phase (also reported in Figure S7, Supporting In-
formation). In particular, in the case of carbon dioxide (CO,) as an
example of reactant gas, a gas pressure of 1MPa, for example, re-
duces the vapor-liquid surface tension of the ILs [OMIM][PF,] or
[m(PEG,),IM]I by about 10% for a temperature of 303.15K. This
relative change is smaller in the case of argon (Ar) gas, where a
decrease in the surface tension of about 2.5% relative to the val-
ues for the pure ILs could be determined experimentally. These
values are compatible with those used to derive Figure 2 which
shows that indeed even a few percent variation in the local sur-
face tension is sufficient to observe the novel regimes predicted
by our model.

The experimental data that we have commented on sup-
ports that, upon varying the concentration of the suspended

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 9. Comparison between the spectrum of the profile of a thin lig-
uid film containing catalyst, reactant, and product species obtained from a
simulation (points) with the linear solution (16) (lines) shows good agree-
ment at various times. Different times are depicted by varying color and
given in fractions of the rupture time 7, defined in (12). L is the simulation
box size.

chemicals, surface tension is influenced by magnitudes as large
as the magnitudes studied above. However, they do not show that
such changes in densities (and hence in surface tension) can be
attained utilizing chemical reactions which is indeed crucial in
our model. On top of this, our predictions pinpoint the relevance
of concentrations of chemicals. To estimate the magnitude of the
local variations in chemical densities we recall that the mean con-

centration of product in the film is given by p,, = =% =
g ol wpytogl

Thus the amount of dissolved product in the liquid is propor-
tional to the concentration of reactants in the atmosphere py g,
which itself is proportional to the gas pressure of reactant. We

calculate the mean concentration of reactant inside the film to
PRResTgNo

Py . There are two regimes of interest here: First, if

be p p =

obhy
wpy > o, Y/ then Pop % Prres— and thus p, , can be controlled
ol

by either increasing the gas pressure of reactant R or by the ratio
1

of the rates &, It is reasonable to assume that the sorption of re-
%p
actant and product are comparable, and thus, the concentrations

of reactant and product are alike. Second, if wp, <« aTl we ob-

l
. Lho
tain py , & Tl =0 D Res = m resulting in an amplification factor ¢ l

In fact, if o-Tl < wp, < o}l we have that m”“ > 1 and thus p,, p

> p, g- Accordingly, if the product is much 1ess volatile than the
reactant, significant changes in the vapor-liquid surface tension
relative to that of the pure IL can also be achieved for lower gas
pressures of the reactant.

3.2. Conclusion

We have developed a continuum model to describe the dynamics
of a chemically reactive thin liquid films within which the chemi-
cal reactions are triggered by catalysts. In particular, we have char-
acterized the stability of the film upon changing the distribution
of catalyst across the film.
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We analyzed the model in terms of its linear stability and ob-
tained predictions on the persistence of ultra-thin liquid layers
as well as the time scales of the evolution of such films. That
revealed a surprisingly rich phenomenology, reaching from the
stabilization of an otherwise unstable film, due to the overall re-
duction of the vapor-liquid surface tension and Marangoni flows,
over the tuning of its dominant wavelength to the accumulation
of catalytic particles which is in qualitative agreement with exper-
imental observations.['%] Not only the stability, but also the time
scale needed to attain the steady state are strongly affected by the
chemical reactions and, as shown in Figure 5, the rupture time
can be orders of magnitude larger as compared to the passive
case. This is crucial for the design of measurement techniques
studying film dynamics as well as for the design and optimiza-
tion of catalytic materials.

The predictions of the LSA have been confirmed by numeri-
cal simulations with a LBM scheme. In particular, the numerical
data shed further light on the evolution of our model system. In
fact, by numerical inspection, we found that in addition to sta-
ble films with homogeneous height, and spherical-cap droplets,
other eventual regimes can be attained, such as films with in-
homogeneous heights, non-spherical droplets (see Figure 6) as
well as unsteady states such as traveling and stationary waves
(see Figure 7). Since thin liquid films ae xploited in the case of
SLP SILP reactors, we have characterized the catalytic yield in
the different scenarios that we have identified. Surprisingly, our
model predicts that, due to the onset of Marangoni flows, accu-
mulation of catalysts at the fluid interface may hinder the yield
as compared to the case of catalysts homogeneously distributed
in the film. Remarkably, such a prediction is in line with our ex-
perimental measurements.

All these numerical data have been obtained in the range of
parameters that are compatible with current experimental mea-
surements of both the transverse distribution of catalysts as well
as the sensitivity of surface tension to added reactant chemicals
such as dissolved gases. Hence we expect our prediction to be rel-
evant in the design of novel catalysis concepts such as SLP and
SILP technologies.

4. Experimental Section

Linear Stability Analysis (LSA): In order to study the system, (1), (7),
(4) and (3) are linearized by expanding them around the homogeneous
state h = hy + 6h, p = po + 6p, pp = po,p + Spp, PROPg g + pg and re-
taining only linear terms in the perturbations. By performing Fourier trans-
formations according to ép = J, sh=h, 5 = 6pp, Pr = pg the resulting
expression is

h h
o,| P 1=A(@g) |~ 15
zg\P (9) % (15)
PR PR

The matrix A(q) and the details of this computation can be found in the
Supporting Information. This system was solved to obtain the linear solu-
tion

@1 =|2[(@ 0@ (16)

D)™ >
D)™ >
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In Figure 9, the linear solution was validated according to (16) against
the spectrum of a numerical solution of the full model Equations (1-4)
and (7). This solution was obtained by a lattice Boltzmann method for
the TFE developed by Refs. [53, 63, 64] and is explained in detail in the
Supporting Information. The initial condition chosen in the simulation
are homogeneous fields with a small perturbation h(x) = hy + e N, p(x) =
Pos PR = PoR = PRResC N0/ (@90 + ORl), pp = pop = @porRo/ (o)) Here
€ is a number such that € < hy and N is a normal distributed random
variable. The linear solution performs well for short time scales, deterio-
rating as approach film rupture. However, it still accurately captures the
maxima of the film height spectrum, as shown in Figure 9. Equation (16)
was utilized to predict types of behaviors of the system and compare them
against the numerical solution of the full model. Specifically, we focus on
the eigenvalues 7, (q) and 1, 5 4 of the matrix A(q), where the indices were
chosen such that ,, > 11, 3 4. The wavenumber g is defined at which 7,
achieves its maximum positive value as the fastest growing mode, denoted

as qmax:
qmax = argmax(,’m) (17)

As demonstrated, g,,., and max (1,,) effectively capture the system’s sta-
bility and rupture time.

Simulation Parameters:  Parameters are chosen if not stated differently
R, = Inm, Ry = 0.5A, hy = 10nm, v = 8.9 - 10°°m?/s, p; = 103kg/m>,
7o = 0.073N/m, 0y = /9, wpy/hy = 1.6 - 108", opl/h] = cll/hy =
1.6-1051/s, 6% = 1.6 - 1071/s, h* = 0.1hy, hga =5, p = 2[5 = 0.03. Sur-
face tension,[6§] density,[%¢] and viscosity!®’] were chosen to match the val-
ues of water at T = 303K. The reaction rate w was derived from Ref. [68],
where spherical catalyst particles coated with platinum suspended in a
10% aqueous H,0, solution consume 0.0212mol/(sm?) H,0, molecules
on their active sites. Here, these values were used and it was assumed that
catalyst particles were Tnm in radius and suspended at a 4% volume frac-
tion. To reduce the number of free parameters, the transfer rates were set
oll/hy = ckl/hy = wpy/hy = 1.6 - 105571, and o} = 10wpy = 1.6 - 1075~
for most parts if not stated otherwise.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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