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Abstract

Adsorbate molecules present in a reaction mixture may bind to and block catalytic sites. Measurement
of the surface coverage of these molecules via adsorption isotherms is critical for modeling and design
of catalytic reactions on surfaces. However, it is challenging to measure isotherms in solution in a way
that is directly relevant to catalytic activity under reaction conditions, particularly since adsorbates may
bind with an enormous range of surface affinity parameters. Here we used the motion of self-propelled
catalytic Janus particles, which employ the decomposition of hydrogen peroxide fuel as a propulsion
mechanism, to determine the effective surface coverage of thioglycerol, furfural, and ethanol on a
platinum surface as a function of concentration in aqueous solution by measuring the decrease in active
motion due to the blocking of active sites. For strongly adsorbing thioglycerol, this effective coverage
was compared and contrasted to the total adsorbed amount measured using inductively-coupled
plasma analysis. Demonstrating the broad applicability of this approach, the surface affinity of the three
adsorbates spanned more than four orders of magnitude. For each species, the adsorbate-mediated
attenuation of active motion occurred over a wide concentration range and was well-described by a
Langmuir isotherm. The strongly interacting thioglycerol had the highest affinity towards the surface (K,
=15.5 + 4.3 mM1) and fully deactivated the active particle motion at surface saturation. Furfural had an
intermediate affinity (K, = 0.42 + 0.07 mM™) but did not fully block H,0, access to the surface at
apparent saturation, consistent with a maximum fractional surface coverage of 8 = 0.67. Ethanol
exhibited even lower affinity (K, = 0.0025 + 2x10”* mM?) and its coverage saturated at only 8, = 0.38.
Analysis of isotherms at elevated temperatures enabled direct extraction of the enthalpies of
adsorption. The degree of surface coverage at adsorbate saturation appeared to correlate with the
relative energies of adsorption for the different adsorbate species and was consistent with adsorbate
saturation of one of multiple active site populations towards H,O, decomposition. Moreover,
computational investigations into solvent effects on furfural adsorption showed good quantitative
agreement with the experimental results. This work leverages unique properties of active particles to



explore fundamental catalysis questions and demonstrates a novel paradigm for significant and
experimentally accessible multidisciplinary research.
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1. Introduction

Adsorption of solute molecules at the liquid-solid interface is of central importance in liquid-phase
heterogeneous catalysis. Reactant adsorption from solution onto the catalytic surface is typically
required to initiate the reaction. Moreover, other solute species (or in some cases the solvent) can
adsorb on the surface and compete with the reactant for catalytic active sites [1-3]. Strongly interacting
species such as thiols can bind to noble metal surfaces and have been shown to influence reaction
selectivity through various mechanisms (including active site selection, molecular recognition, and steric
effects) [4]. However, species with intermediate or weak surface interactions can also interact with the
metal surface and induce substantial reaction effects, especially when present at high concentrations.
For example, adsorbed oxygenated aromatics and other biomass analogues have been shown to poison
the metal catalyst surface by blocking sites, and varying coverages of furyl species have been implicated
in driving different adsorption geometries and reactions [5,6]. Similarly, co-adsorbed solvent molecules
such as water or ethanol can directly participate in reactions on the metal surface and have also been
shown to indirectly influence reaction pathways through stabilization of key intermediates [7,8].
Computational approaches to improving catalytic reactions in the liquid phase continue to attract
intense interest and dovetail with the increasing emphasis on the use of water as a solvent for green
chemical reactions [9]. However, accurate modeling of aqueous phase chemistry is predicated on the
understanding of adsorbate interactions in the near-surface environment; this necessitates
experimental benchmarking of adsorption free energies from solution.

Despite deep relevance to catalytic reactions, experimental measurement of the interaction of
organic molecules with metal surfaces as well as the resulting steady-state adsorbate coverage remains
challenging. While the total adsorbed amount of very strongly bound adsorbates can be quantified
through elemental analysis, [10,11], capturing the behavior of transiently bound species that adsorb
through intermediate or weak surface interactions is challenging, particularly under conditions relevant
to catalytic reactions. Even for strongly bound adsorbates, the apparent adsorbed amount can be
difficult to interpret in the context of catalysis due to potential artifacts including multilayer formation
or adsorption to the support. Sophisticated instrumentation and spectroscopic techniques have been
employed in these efforts; for example, a combination of electrochemical techniques and X-ray
spectroscopy has been used to successfully probe organic coverage and to extract adsorption energies
[12]. In particular, cyclic voltammetry (CV) has been used to estimate the coverage of organics on Pt and
Rh wires via charge changes in hydrogen underpotential deposition. These results were corroborated by
X-ray Absorption Spectroscopy (XANES), which directly probed the hydrogen surface coverage on the Pt
surface. However, both these techniques necessitate the application of a potential to the surface (and
cycling over a range of potentials for CV) which may skew adsorption relative to an uncharged surface
[13].

Here, we show the utility of self-propelled active particles for quantification of the affinity and
apparent saturation coverage of adsorbates on a platinum surface under steady state reaction
conditions. Active particles that convert chemical energy into motion can potentially be used in



applications for colloids that can propel, sense, carry, and deliver cargo [14—16]. Sensing is a particularly
attractive avenue as the active drift velocity or “swimming speed” of a variety of active particles has
been shown to be sensitive to dissolved species [17]. Consequently, changes in the active velocity have
been used as a sensing indicator and numerous studies have promoted the use of active particles as
sensors for the solution viscosity and for pollutants such as heavy metal ions, nitrates, or organic species
in solution [18,19]. In particular, metal catalyzed, peroxide-fueled active motion has been shown to be
sensitive to thiolate species [20]. One of the most prevalent classes of active matter, Janus colloids with
anisotropic metal deposition (typically on one half of the particle surface), move autonomously in H,0,
solutions due to asymmetry in the rates of catalytic peroxide decomposition across the particle [21]. The
decomposition products create a concentration gradient behind the particle, propelling it directionally
at speeds exceeding typical Brownian motion. Since the decomposition of H,0, occurs on the metal
surface, catalyst poisoning can disrupt the active motion. In fact, complete deactivation of Pt microjets
was reported using micromolar concentrations of biological thiols [20]. This attenuation of active motion
was directly attributed to the binding of thiols to the Pt surface, which blocked catalytic sites and
inhibited the peroxide decomposition reaction.

We exploited the dependence of active motion on solute concentration to quantify adsorption on
available metal surface sites. As a positive control, a strongly binding thiol was used to validate the
technique, which was then applied to extract the binding affinity and final saturation coverage of both
furfural, a commercially important biomass derivative with an intermediate-strength interaction with
the metal surface, as well as the weakly interacting ethanol co-solvent. Moreover, the adsorption
behavior of furfural and ethanol was analyzed at elevated temperatures to construct a series of
adsorption isotherms, allowing for direct extraction of the enthalpy of adsorption (AH.4s). This approach
combines key elements of active particle behavior to gain insights into catalysis and helps capture one of
the most salient aspects of catalysis, i.e., the competitive in situ interactions of the reactant, competitive
adsorbate, and metal surface under reaction conditions in an aqueous phase. Moreover, this approach is
broadly applicable to adsorbates with a wide range of surface affinity, measures adsorption in a way
that is directly relevant to catalytic activity and is experimentally accessible (necessitates only a
microscope and utilizes minimal catalyst amounts).

2. Materials and Methods

Active Particle Synthesis

A suspension of 1 um particles (carboxylate-modified polystyrene, fluorescent yellow-green, Sigma-
Aldrich) were diluted to ~10? M in ethanol (anhydrous, 200 proof, Decon Labs) and were spin coated
onto clean glass cover slips (22 x 22mm, No. 1.5, Ted Pella). The particle concentration of the suspension
was adjusted to give a sub-monolayer of particles on the cover slip; 20 ul of the particle solution was
spin coated at 2000 rpm onto each slip (15 slips total). The particles on the slips were then sputter-
coated (Cressington 108Auto) with platinum (Pt) to deposit a 10 nm layer of Pt on the exposed particle
hemisphere. The Pt layer thickness was monitored via an attached Cressington Thickness Monitor. The
particles were liberated from the glass slide by sonication (2-3 min) and redispersed into 4 mL of water
(high-performance liquid chromatography (HPLC)-grade, 299.9%, Fisher). The anisotropic metal
deposition of the synthesized active particles was confirmed by drop-casting a small aliquot (~7 pl) of



the active particle solution onto a holey carbon-coated copper grid (Ted Pella) and subsequent analysis
via transmission electron microscopy (TEM) using a Tecnai ST20 operating at 200 kV. Representative
TEM micrographs of the active particles (and unmodified particles as reference) are shown in the
supporting information (Figure S1). To minimize photobleaching, bottles containing the active particle
solution were wrapped in foil and stored at 3 °C. Before imaging, the solution was stirred vigorously
using a vortex mixer and then sonicated for ~20 minutes to break up particle aggregates.

Imaging Particle Dynamics

Active and passive particle dynamics were monitored using a Nikon N-Storm microscope using a
Hamamatsu ORCA-Flash4.0 V2 C11440 camera and a 100x oil immersion objective (NA: 1.45). The
fluorescent particles were excited using a 561 laser line (Agilent Technologies MLC400B) and the
emission light was passed through double-helix point spread function (DH-PSF) SPINDLE module (Double
Helix LLC, Boulder).

Prior to imaging, 20 pl of hydrogen peroxide (30% w/w, Fisher) was added to 40 ul of the particle
dispersion to form a 10% H,0; solution (60 ul total volume). Imaging cells were constructed by attaching
self-adhesive annular silicone spacers (SecureSeal spacers, 9mm diameter x 0.12 mm depth, Electron
Microscopy Sciences) to cleaned glass slips (22 x 22mm, No. 1.5, Ted Pella); an aliquot (3 ul) of the H,0,
and particle solution was pipetted into the well formed by the spacer, and another glass slide was fixed
on top to minimize ambient noise and evaporation. Since the properties of vicinal surfaces are known to
impact active particle dynamics [22], all glass cover slips used as imaging supports were cleaned using
piranha solution (1:3 mixture of 30% H,0, and concentrated H,SO,) for at least 3 hours to remove
possible contamination.

Multiple movies (3600 frames, acquisition time of 10 ms) at different fields of view were obtained of
particles moving in the vicinity of a solid glass support surface. This process (mixing particles with H,05,
construction of imaging cell, and imaging) was repeated at least three times for each tested condition
(corresponding to >50 colloids imaged). The duration between the initial mixing of the particle solution
and H,0; and the cessation of imaging was typically less than 10 minutes; this short time span coupled
with the low particle concentration (~1013 M) and reported kinetics for H,0, decomposition [23]
resulted in the H,0, concentration remaining essentially constant during imaging (<1% decrease of H,0,
in 10 minutes). Passive dynamics were measured using similar procedures but without the addition of
H,0, (20 pul of HPLC-grade water were instead added to 40 pl of the particle solution to maintain a
similar particle concentration between active and passive experiments and 3 pl aliquots of this solution
were imaged).

Incubation of Active Particle Solution with Adsorbates

Adsorbate coverage on the metal surface of the particle was tuned by incubating varying concentrations
of each adsorbate (1-thioglycerol (299.0%, Sigma-Aldrich), furfural (99%, Sigma-Aldrich), or ethanol
(anhydrous, 200 proof, Decon Labs)) with the particle solution for at least two hours prior to imaging
(total incubated volume of 150 pl). Immediately before imaging, 40 pul of the incubated
adsorbate/particle solution was mixed with 20 pl of H,0, and vigorously stirred before a 3 pl aliquot was
pipetted onto the glass cover slip substrate of the imaging cell. Passive dynamics were imaged using an
aliquot (3 pl) of the incubated solution pre-mixed with water (40 ul and 20 pl, respectively) instead of
HzOz.



Inductively coupled plasma mass spectrometry (ICP-MS) was used to measure the amount of adsorbed
thioglycerol on the Pt surface at different incubated concentrations. As the synthesis yield of the active
particles was too limited (~1 mg) for quantitative ICP results, a well-characterized 5% Pt/Al,Os catalyst
(Sigma-Aldrich) was used as a proxy surface for the thioglycerol coverage measurement. Samples of
Pt/Al,03 (100 mg) were incubated at different thioglycerol concentrations that corresponded to the
conditions used in the active particle experiments, rinsed three times with water to remove any weakly
bound thiols, and finally dried under vacuum prior to ICP analysis.

Data Analysis

Particle trajectories (temporal X, y, and z localization) were generated from the movies using DH-TRAX™
software. The DH-PSF SPINDLE module converts the original Airy disk point spread function into two
lobes; the lateral x and y positions were determined from the midpoint of these two lobes and the z
position was determined from the relative azimuthal angle of the lobes using a calibration that maps
angles to axial positions (Figure S2). The approximate x, y, and z precisions were 10 nm, 10 nm, and 20
nm, respectively [24].

Particle motion was quantified by calculating the time-averaged mean-square displacement (MSD) of
the trajectories. The passive 2D translational diffusion coefficient Dr was first experimentally
determined by fitting the MSD data (Ar?) versus lag time At to expression (2) for passive particle
dynamics exhibited in the absence of H,0; at each tested solution composition (i.e., each measured
adsorbate concentration).

Ar?=4DAt (1)

All measured Dr values (and associated rotational diffusion coefficients (Dg) and characteristic rotational
time scales (tg)) are reported in Table S1. We note that the presence of thioglycerol and furfural (even at
highest tested concentration of 100 mM) appeared to have no noticeable impact on the measured Dr;
consequently, the same value of D7 (0.385 um?/s) is reported both for experiments using these
molecules and for the experiments with no adsorbate present. Ethanol, however, had a noticeable
impact on the measured Dr (likely due to the increasing viscosity of ethanol/water mixtures) and the
corresponding Dris reported for each ethanolic composition. Subsequently, these Dy values were used
as a fixed parameter to extract the active particle drift velocity V from active experiments (H,0,
present) at the corresponding solution compositions using expression (3) [21].

Ar? = 4D:At+VEAEE  (2)

Since equation 2 is valid for short-time scales short compared to the characteristic time for rotational
diffusion, only the first 11 data points were used for the fits to expressions 2 and 3 (corresponding to a
lag time of 0.10 s). This time interval was appropriate to accurately determine the dynamic parameters
since the characteristic time for particle rotation, Tr = 1/ Dg = 1.03 s (where Dz = 0.96 rad?/s is the
rotational diffusion coefficient). All extracted velocities are detailed in the supporting information.

While all three Cartesian components of particle motion were experimentally measured using the DH-
PSF, all analyses in this report use the motion in x and y plane. Several reasons motivated this choice.
The active particles displayed a well-documented quasi-2D motion [25] near the interface and the
inclusion of the z-component had a minimal impact on the analyses. Furthermore, since all particles
were imaged near the solid-liquid interface the presence of the glass surface could potentially



contribute to partial confinement in the z-direction. Finally, since the experimental precision in the x and
y positions was substantially better than in the z-direction (by approximately a factor of two), the
analysis of two-dimensional projected trajectories reduced artifacts due to localization error noise.

Effective adsorbate coverages were determined from the extracted velocities as described in the Results
and Discussion (expression 1). The coverage plots were fit to the Langmuir isotherm adsorption given
by:

K.C
max 14K, C

6=6 (3)

where C is the adsorbate concentration, 0 is the adsorbate coverage, Omax is maximum saturation
coverage and Kj is the affinity of each adsorbate to the catalyst surface. Expression (3) was linearized by
plotting C/0 versus C, yielding a slope of 1/ Bmax and an intercept of 1/( Omax Ka) [26]. The error values
given in the text represent the propagated standard error from the fit for each parameter.

Error bars for the particle velocity and coverage were computed by calculating the standard error of the
drift velocity and subsequent uncertainty propagation, respectively.

The enthalpies of adsorption for furfural and ethanol were determined by analyzing the respective
adsorption isotherms at three temperatures (294 K, 303 K, and 311 K). The particle solutions and H,0,,
and glass slides substrates were all incubated at the elevated temperatures using an environmental
chamber (Okolab Cage Incubator) that was also used to control the temperature of the particle solution
during imaging. The fits to isotherms were used to derive the enthalpy of adsorption via the Clausius—
Clapeyron approach [27]. To extract the enthalpy, the isotherms at different temperatures must be
compared at the same coverage 8, which was not generally possible using experimentally measured
data points. Since the data were well described by a Langmuir isotherm, the Langmuir expression (4)
was inverted to provide a continuum of concentration and coverage data points using the best fit
parameters for each experimental condition.

(2]
C= omaris @
Using the fitted Langmuir parameters, the enthalpy was evaluated as a function of C by plotting the
natural log of the concentration values for a given coverage against the corresponding reciprocal
temperature (In(C) vs 1/T); the product of the slope of this relation and the gas constant R gives the
enthalpy of adsorption. The enthalpy values presented in the main text show the values of enthalpy at
1% coverage for each adsorbate and the uncertainties for the extracted enthalpy values represent the
standard error of the linear regression in the plot of In C vs. 1/T.

Computational Methods

A brief description of the methodology and computational details can be found in the Supporting
Information. Using our QM/MM FEP approach, we calculated the solvent effect on the adsorption free
energy (AAG,,45) of furfural at low coverage conditions (AAGIfaS_)”q (6, = 0)) at 298 K to be 0.88+0.07
eV. To compare our computationally predicted solvent effect with the experiment, we employed the
adsorption model from Nitta et al. [28] derived directly from statistical mechanics.



In the aqueous phase, both furfural and hydrogen peroxide can adsorb on the Pt surface, and therefore

where 8,, 85, and 6, are the fractional surface coverages of furfural, hydrogen peroxide, and the free site,
respectively, and n represents the number of sites occupied by the furfural species.

This leads to the following equation for the liquid phase multicomponent adsorption isotherm (see the
Supporting Information for a full derivation).

64 = Kasa(Oa = OKin.aCa ( (6)

1m0\ [ {80687 0 4=0) +ali% 6]
ads, X

1+yg RT

Here, Kf;SS,A(GA = 0) is the gas-phase adsorption equilibrium constant of furfural at low coverage, Ky 4
is the Henry’s constant of furfural in water (Ky 4 = 5.13 X 1073 bar /M at 294 K) [29], C, is the furfural
concentration in the aqueous phase, Y5 is a lumped parameter that is the ratio of hydrogen peroxide
derived species to the free site coverage (e.g., ¥y = 0 indicates that the surface contains only free and

furfural occupied sites), azg signifies the lateral interaction strength between two adsorbed furfural
molecules in the aqueous phase, R is the molar gas constant, T is the system temperature, and

AAGAQ;SHM (84 = 0) which is defined as:

gas-liq _ g-1 g
AAGA - AGads,A - AGads,A (7)
AGS L, = AGLyg 4 + AGEOWation (8)

Here, AGédS,A and AGfC;SlA are the adsorption free energies of furfural in the aqueous phase from its

solvated state in solution and from its free state in the gas phase, respectively, AG5°#°™ is the solvation
free energy of furfural which can be obtained from the Henry’s constant at relevant temperatures, and

AG(fds
phases. In other words, AAG®*”' is AG for the reaction of moving a molecule A adsorbed on the Pt surface
in the gas phase to a different water-covered Pt slab that ends with the adsorbate sandwiched between

the Pt and the water, at low coverage.

als the gas phase free energy of adsorption in the absence of any liquid in the fluid and adsorbed

A" (gas) + n*(lig) = A™(lig) + n*(gas) (9)

3. Results and Discussion

Tracking Active and Passive Motion
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Figure 1. Representative 2D trajectories (10 seconds) for (a) particles in a 10% H,0, solution exhibiting
active motion and (b) particles with no fuel present exhibiting passive Brownian motion. Insets show
representative Cartesian coordinate time series data, where the z-direction is normal to the imaging
support surface. (c) The calculated mean-square displacement (MSD) curves for representative active
and passive particle trajectories and the corresponding fits (Ar? = 4 D7 At + V2 At? for the active case,
Ar? = 4D7At for the passive case) to determine Drand V (0.385 um?/s and 5.92 um/s, respectively).



Active Janus particles (1 um diameter) with Pt deposited on approximately one-half of the particle were
synthesized and their dynamics were imaged near to the surface of the glass substrate. In a 10% H,0,
solution, the particles displayed clear activity and explored significantly larger areas compared to the
passive case with no H,0, present (Figure 1a and b). (Also see movies S1 and S2 for representative active
and passive motion, respectively). While particle rotation (with an estimated tTg= 1.1 s) gradually
randomized the direction of propulsion (explaining the lack of purely ballistic straight trajectories), the
active trajectories displayed more persistent directional motion compared to the passive case. MSD
analysis is a powerful tool to distinguish the degree of active vs Brownian motion and to quantify the
active particle velocity. As shown in Figure 1c, the MSD for active particles exhibited a characteristic
ballistic-like regime at short lag times that scales as time squared. While a transition to an apparent
Brownian regime with a power law scaling of unity occurs at longer times, the short lag time regime is
the most important for determining the particle velocity. The timescale of the transition to the
asymptotic apparent Brownian regime was associated with rotational diffusion of the particle and the
effective diffusion coefficient in that regime results from the combined effects of thermal and active
motion in the presence of rapid rotation. To extract relevant parameters such as the translational
diffusion coefficient Dr and the drift velocity V, the short lag time regimes of the MSD curves were fit to
expressions for passive and active motion (described in detail in Materials and Methods). Briefly, the
first 11 points of the passive MSD curve were fit to Ar? = 4D7At to extract Dy, in this case 0.351 um?/s.
This value of Dr was then used as a fixed parameter in the expression for active motion (Ar? = 4D7At + V?
At?) to extract the value of V: 5.92 um/s.

The active motion also manifested the expected quasi-2D motion [25] near the substrate, as shown by
the lack of fluctuations in the z-direction. This effect is hypothesized to result from a coupling of
hydrodynamic forces between the particle and substrate, and typically causes active particles to move
parallel to solid substrates [30]. Analysis of the particle z-position (insets to Figure 1) clearly
demonstrated this phenomenon: throughout the entire length of their trajectories, active particles
maintained a nearly constant separation from the wall. In contrast, the z-position of passive particles
exhibited the expected Brownian fluctuations. Interestingly, as the particle activity was systematically
attenuated by the addition of adsorbate molecules, analysis of the z-position increasingly resembled the
passive fluctuations (Figure S3), suggesting that inhibition of the active mechanism directly perturbed
the quasi-2D active motion.



Adsorbate-mediated attenuation of active motion
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Figure 2. Representative 2D trajectories (10 seconds) showing the systematic attenuation of active
particle motion in a 10% H,0; solution due to increasing thioglycerol concentration: (a) no thioglycerol
present, (b) 0.05 mM thioglycerol, (c) 0.1 mM thioglycerol, and (d) 2 mM thioglycerol. Panel (e) shows

passive motion (no H,0,) for reference.

Thioglycerol contains a sulfhydryl group and consequently is expected to interact strongly with Pt
through the thiol moiety [31]. When the particles were incubated in a 0.05 mM solution of thioglycerol,
the observed trajectories explored significantly less area than the case with no thiol present (Figure 2a
and b). This effect was also apparent in the MSD curves of the thiol-incubated particles: the ballistic
regime became less pronounced, and the observed activity was nearly halved (Figure 3a). Doubling the
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thioglycerol concentration to 0.1 mM led to a further sharp reduction in the activity and ballistic regime,
a trend that continued when the thioglycerol concentration was increased to 0.2 mM and 1 mM. Finally,
at 2 mM thioglycerol, the particles displayed no observable directional motion and the trajectories
closely resembled that of passive particles in the absence of H,0, fuel (Figure 2d). Moreover, MSD
analysis of the particle motion with 2 mM thioglycerol (Figure 3a) displayed a straight line that overlayed
the data obtained from the passive experiments (in the absence of fuel), suggesting the saturation of
the surface by thioglycerol that functionally eliminated access of H,0, to the metal sites.

Furfural was used to further probe the influence of the adsorbate-metal interaction on particle
dynamics. Widely studied as an intermediate in biomass refining, furfural can interact with Pt through
both its aromatic ring as well as the carbonyl functionality and was expected to exhibit substantial
interactions with the Pt surface, although significantly weaker than that of the thiol [32]. Qualitatively
similar to thioglycerol (though at significantly higher concentrations), incubation of 1 mM furfural with
the particles led to a reduction in active motion and further increased furfural concentrations resulted in
progressive attenuation of active motion (Figure 3b). Interestingly, the MSD curves at the highest
furfural concentrations (10 and 100 mM) did not collapse onto the passive case as occurred with
thioglycerol. Rather, the behavior at high furfural concentration still exhibited a noticeable ballistic
regime and enhanced active motion relative to passive Brownian particles, suggesting that even under
conditions where furfural adsorption had apparently saturated, the Pt surface was not completely
deactivated.

Finally, to probe the effect of a weakly adsorbing species on the particle motion, varying concentrations
of ethanol were incubated with the particle solution. While ethanol can interact with Pt through the
oxygen moiety, the expected binding strength is weak [33,34] and the concentration of ethanol required
to induce observable changes in particle dynamics was 0.17 M (1% ethanol by volume), more than three
orders of magnitude greater than that required for thioglycerol or furfural. While increasing amounts of
ethanol (Figure 2c) in solution attenuated the activity to some extent, as for furfural, the active motion
was not fully quenched. Indeed, the particles retained more than half of the original active motion in a
solution containing 1.9 M ethanol. We note that at such high concentrations of ethanol, the liquid phase
viscosity was measurably greater [35]. As a result, the MSD of passive Brownian particles 1.9 M ethanol
solution was slightly lower than that of passive particles in the absence of ethanol (dashed lines in Figure
2c show this range of passive dynamics), but this small effect did not substantially influence the analysis
(detailed in the supporting information and Figure S4). As with thioglycerol and furfural, a direct
attenuation of the drift velocity was the dominant factor; however, the degree of the velocity
attenuation was both less severe and required much higher relative concentrations of ethanol
compared to furfural and thioglycerol adsorption.
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Figure 3. Mean square displacement vs lag time for motion exhibited by the particles at 294 K at
different concentrations of adsorbates (a) thioglycerol (TG), (b) furfural (FF), and (c) ethanol (Eth). Solid
lines show passive motion with no fuel added and the dashed line in (c) shows the reduced passive
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12



Quantitative analysis of active motion and apparent surface coverage
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To quantitatively characterize the degree of active motion reduction induced by the adsorbates, the
particle drift velocity at each adsorbate condition was first extracted from the MSD data and the
apparent fractional surface coverage (8) was inferred by comparing the observed velocity at a given
adsorbate concentration (V) with the particle velocity in the absence of adsorbate (Vo) using the
following equation:

o=1- < (10)

Yo

While the parameter 6 is termed fractional adsorbate coverage, it is more accurate to say that it
measures the extent to which H,0, decomposition is blocked. While this blocking plausibly takes the
form of the adsorbate covering the exposed metal surface sites, it is possible other mechanisms may
also contribute. Moreover, the equation assumes the velocity is proportional to the fraction of empty Pt
sites and that different types of Pt sites (such as (111)-terraces and (110) and (100)-steps) have similar
contributions to the observed velocity. While more subtle effects (such as adsorbates tuning the activity
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of some sites) are not currently known for this system, they could result in second order corrections to
the calculated coverages. The effective adsorbate coverage (or more precisely, the ability of each
adsorbate to block H,0, access to the surface) was plotted against the adsorbate concentration (Figure
4); the values of drift velocity and apparent coverage are collected in the Supporting Information (Table
S2). As expected from the behavior of the MSD, thioglycerol rapidly saturated the surface and complete
apparent coverage was achieved at 2 mM thioglycerol. Furfural, however, did not fully block H,0, access
to the surface and saturation of active motion reduction instead occurred at a maximum apparent
coverage of approximately 0.67. Ethanol (at much higher concentrations relative to thioglycerol and
furfural) similarly saturated at an effective coverage of less than 0.5. To better quantify these
phenomena, each adsorbate coverage plot was linearized (Figure S5) and fitted to a Langmuir
adsorption isotherm, allowing for extraction of the apparent maximum saturation coverage (Omax) and
surface affinity of each adsorbate (K,) (Table 1).

Table 1: Extracted Coverage Parameters at 294 K

Thioglycerol Furfural Ethanol
Affinity K, (mM™) 15.5+4.3 0.42 £0.07 0.0025 + 2x10*
Maximum Apparent 1.027£0.001  0.67 +0.13 0.38 £ 0.04

Coverage Omax

As expected, the affinity of thioglycerol towards the surface was the highest of the measured
adsorbates, followed by furfural and then ethanol. We note that these extracted affinities span more
than four orders of magnitude, showcasing the broad applicability of this technique. Interestingly, the
extracted maximum coverage appeared to trend with the affinity of each adsorbate, with the strongly
interacting thioglycerol saturating the surface and fully deactivating the particle. The maximum
adsorption of furfural, however, blocked only 0.67 of the metal surface while the weakly interacting
ethanol occluded only 0.38 of the surface at high concentrations, according to the fits. While saturation
coverage should approach unity in the limit of high adsorbate concentration, the presence of some sites
with much lower affinities towards the adsorbates and/or the binding of adsorbates in different
configurations could explain an apparent saturation at lower concentrations and coverages. Moreover,
the presence of the nearly constant 10% H,0; precludes the possibility of accessing the limiting case
behavior of infinite adsorbate coverage, particularly for ethanol. We note that high amounts of ethanol
in solution can impact properties including viscosity and oxygen solubility [35,36], therefore; access to
the highly concentrated ethanol regime was limited to minimize the effect of the changing fluid
properties.

To compare this coverage measurement technique with conventional methods, the total amount of
adsorbed thiol on a proxy supported Pt catalyst was directly measured using inductively coupled plasma
(ICP) analysis of sulfur composition. As the procedure to synthesize the active particles had a limited
yield, a commercial supported Pt catalyst (5% Pt on alumina) was used as a proxy for the ICP
measurements. The ICP results for adsorbed sulfur at low thiol concentrations (Figure S6a) showed good
agreement with the effective coverage results obtained from the active particles, with similar values of
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surface affinity in this regime. Interestingly, however, the adsorbed thiol as measured by ICP was not
well-described by a Langmuir isotherm and the linearized data (Figure S6b) appeared to exhibit two
regimes: a higher affinity regime at lower concentrations (<1mM) and reduced affinity at higher
concentrations (>1mM). This behavior was consistent with two populations of adsorption sites, with the
high affinity adsorption presumably on Pt surface sites, and the second low affinity regime on other non-
catalytic sites on the particle. The ICP measured high thiol affinity at low concentrations (<1 mM) in
good agreement with the thiol affinity obtained in the same low concentration regime via the active
particle experiments (22 + 8 and 15.5 * 4.3 mM™, respectively), consistent with the interpretation that
thiol chemisorption attenuates the active motion until full monolayer coverage is achieved on the Pt
surface. At higher concentrations, the thiol presumably continues to adsorb with lower affinity (2 + 1
mM?) via physisorption to the alumina support or by multilayer formation. (Such additional adsorption
to non-active sites is consistent with the anomalously high apparent value of thiol molecules per Pt
surface area obtained from ICP measurements in the high thiol concentration regime, further detailed in
the Supporting Information.) In contrast, the attenuation of active particle motion is specifically
sensitive to coverage of the active sites and is consequently largely insensitive to any further adsorption
to non-catalytic sites on the active particle. ICP analysis (and other types of elemental analysis), on the
other hand, non-specifically measures the amount of adsorbed thiol on the entire supported catalyst
sample, including material that is adsorbed to inactive sites or underlying adsorbate layers.

Enthalpy of Adsorption

The enthalpies of adsorption for furfural and ethanol were determined by analyzing isotherms at three
temperatures: 294 K, 303 K, and 311 K (Figure 5, isotherm parameters collected in Table S3). Since the
isosteric enthalpy of adsorption can be temperature-dependent, all three isotherms were measured
with a total AT of less than 20 K to avoid introducing artifacts [27].

o 101 [ m 204K @)+ 294 K (b))}
S 303 K v 303K
> 0.8 < 311K i
9
3 0.6- -
(@)
© 0.4 -
o)
§ 0.2 z -
o
0.0 L
0.00 0.02 0.04 0.06 0.08 0.10 0.0 0.5 1.0 1.5 2.0
Furfural Concentration (M) Ethanol Concentration (M)

Figure 5. Apparent isotherms as a function of temperature for (a) furfural and (b) ethanol. Lines show
isotherm fits (equation 4) to each isotherm. Isotherms with a common logarithmic scale given in Figure
S7.
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Per the van’t Hoff equation, the isotherm fits (equation 4, extracted parameters collected in Table S2)
were used to compare adsorbate concentration at the same coverage; the natural log of these
concentration values were then plotted against the reciprocal corresponding temperatures to extract
the enthalpy of adsorption (Table 2). The extracted enthalpy values were relatively stable over the
coverage range (with increasing deviation from the norm as the surfaces approached saturation, Figure
S8).

Table 2: Aqueous-Phase Enthalpy of Adsorption for
Furfural and Ethanol

Adsorbate AH.q (k) mol™)”
Furfural 69+4
Ethanol 23 %5

*values are for aqueous organic adsorbing onto Pt surface (all in water)

Intense recent interest in thermodynamics at the solid-liquid interface has revealed a profound effect
induced by solvent molecules on the energetics of the adsorption process. Importantly, the presence of
solvent can cause large decreases in heats of adsorption versus the gas phase, a phenomenon attributed
to strong solvation of the organic and Pt surface [37]. We note that the measured values in Table 2 are
for the strongest binding sites as more weaker-binding sites were likely not populated in the
concentration regimes accessed in this study. The enthalpy of adsorption of furfural was also
investigated using the method described in [13] (detailed in supporting information, values collected in
Table S4). Interestingly, the extracted enthalpy of adsorption of the gas-phase furfural showed good
agreement with the aqueous-phase enthalpy of adsorption (-71.5 and -69 kJ mol?, respectively). While
this measured enthalpy is larger than that measured by complementary techniques [13], it is possible
that the presence of H,0; in this work and possible different solvation compared to neat water may help
explain the discrepancy or that different adsorption geometries of furfural (flat-lying vs tilted) are being
measured by the different techniques.

Computational Insights into the Adsorption of Furfural in Liquid Water

A full description of the thermodynamic cycle employed to compute the solvent effect on the adsorption
free energy of furfural can be found in our upcoming publication [x]. A brief description of the
methodology and computational details can be found in the supporting information. Figure S9 illustrates
the average free energy profile for the desorption of a furfural molecule over Pt terrace sites at 298 K.
We employed density functional theory calculations to compute the adsorption free energy of furfural
over Pt terrace sites in the gas phase (at 294 K) and found the stable adsorption mode of furfural over the
Pt(111) surface to be flat lying on the fcc hollow site (Figure S10), which agrees with other experimental
and computational observations [38,39]. The free energy of adsorption at 294 K (AGfaS) was found to be
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-121.75 klJ/mol. We then fitted our experimental observations at 294 K to Equation 7 for physically
meaningful n and y5 values to extract AAGI**""%(6, = 0) and afll'ffl.

0.70
(a ) v = 0 (No Hz0; coverage)

né

# @ Experimental
n  a/n BAG(eV) SSR
1 047 093  0.0065
-=2 011 096 0.0054
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----- 4 001 099 0.0035
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Figure 6. Fits of adsorption isotherms for aqueous phase furfural adsorption over Pt terrace sites at 294 K
(assuming the enthalpy of adsorption in the gas phase is that from DFT for Pt terrace sites). The
experimental data are displayed in blue markers and are fitted to the isotherm equation (Equation 7)
assuming (a) no H,0, coverage (yg = 0), (b) low H,0, coverage (yg = 1.0), and (c) high H,0, coverage
(yg = 10.0). For each number of occupied metal sites by furfural, n, the figure displays the lateral

interaction parameter between adsorbed furfural molecules, aﬁi/n (symbolized as a/n, units of eV), the

aqueous phase effect on the low coverage adsorption free energy of furfural, AAGIfaS_)”q(HA =0)
(symbolized as AAG), and the sum of squared residuals (SSR) which shows the goodness of fit.

Figure 6 exhibits the best fits of the experimental observations at different hydrogen peroxide coverage
approximations. In the zero hydrogen peroxide coverage approximation (Figure 6a) and for different

numbers of furfural adsorption sites, the predicted AAGIfaS_’llq (84 = 0) ranged from 0.93-1.00 eV which
is in good agreement with our calculated solvent effect on the adsorption free energy (0.88+0.07 eV).
Increasing yp to 1 (low H,O, coverage, Figure 6b) changed AAG, s by less than 0.10 eV, such that the
predicted solvent effect on the adsorption free energy was still within 0.10 eV of our computational
prediction. Only at yz =10 (high H,0O, coverage, Figure 6c¢), i.e., where the coverage of H,0, and its
derivatives was 10 times as large as the free site coverage, did we observe significant deviations (~0.30
eV) between experimental and computational predictions of the solvent effects. In the experimental
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work, we employed a 10% H,0; solution which suggests a low H,0, coverage (yg < 1.0), resulting in a good

guantitative agreement between the experimentally predicted AAGIfaSqliq(OA:O) and the
computational one.

Mechanism for Adsorbate-Mediated Activity Reduction

The likely mechanism for adsorbate-induced activity attenuation is the physical blockage of access of
H,O0; to the metal sites. Sputtered Pt surfaces are crystalline with a face-centered cubic lattice [40].
Accordingly, the large Pt domain sizes of the sputtered film likely correspond largely to terrace sites [41].
Thiol adsorption is well-characterized and predominately occurs in threefold hollow terrace sites of the
metal surface [31]. Direct measurement of sulfur content on a proxy Pt surface using ICP (Figure S6)
showed thiol adsorption at < 1 mM concentrations with a comparable affinity to that determined by the
attenuation of active motion, supporting the hypothesis that thiol adsorption on metal terrace sites
directly contributes to the attenuation of active particle motion. Accordingly, at 2 mM thioglycerol
concentration, the complete deactivation of the particles can be attributed to full occupation of the
active Pt sites by a monolayer of strongly bound thioglycerol molecules that fully obstructed H,O, access
to the Pt surface. Physical occlusion of the Pt active sites is further supported by DFT calculations that
suggest H,0, decomposition primarily occurs on terrace sites of Pt catalyst facets, the same area where
thioglycerol is also predicted to primarily bind [42]. Occlusion of H,0, access to Pt sites by furfural and
ethanol is also the hypothesized mechanism for the observed activity attenuation by these adsorbates.
Interestingly, however, since the observed maximum apparent coverages were incomplete — 0.67 and
0.38 for furfural and ethanol, respectively — access of H,0; to the surface was apparently not fully
eliminated in either case despite the higher concentrations used and the ample abundance of
adsorbate. We propose two possible explanations for the apparent saturation at lower coverages. First,
adsorbates such as furfural are known to bind in different configurations depending on local coverage
and site availability. At low coverage, furfural and similar adsorbates such as benzyl alcohol have been
found to adsorb on Pt(111) and Pd(111) surfaces in a flat-lying, multidentate configuration (Figure S10)
[38,43]. As coverage increases, the surface becomes populated with a more weakly adsorbed, “upright”
state [44,45]. Over the concentration range explored here, it may be that only the flat-lying state is
probed. Alternatively, multiple types of Pt sites may exist on the Pt surface and the observed maximum
coverage of less than unity may be attributed to saturation of only a subset of the total sites. For
example, while both terrace and edge sites have been implicated in H,O; reactivity [42], edge sites are
unlikely to foster favorable planar furfural adsorption geometry. Thus, the observed plateau in coverage
may be due to the saturation of the active sites to which the adsorbate has the highest affinity. While
continued adsorption and blockage of sites with much reduced affinity may occur at higher
concentrations, the significantly lower affinity of the adsorbate to these sites results in overall negligible
continued blockage of H,0, decomposition and the observed saturation plateau of less than unity. We
note that a similar saturation in furfural coverage on Pt of ~“85% was also observed by Akinola et al. [13]
using the hydrogen uptake method. While the apparent equilibrium constant was larger than that
observed in this work (possibly due to free energy differences resulting from differences in applied
potential and pH between techniques), the shared observation of a plateau of less than one in
saturation coverage suggests that adsorbed furfural is not able to completely occlude the Pt surface.
Moreover, in the aqueous milieu, competition with water or peroxide may be significant and
competitive dynamic exchange between H,0/H,0, and the weakly-bound adsorbates may occur in the
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near-surface environment, helping to depress the maximum saturation coverage to less than unity even
at relatively high adsorbate concentrations. Adsorption of solute molecules onto metal surfaces has
large implications in catalysis and important parameters of this process can be captured using active
particles, including the impact of multiple populations of active sites and competitive binding of the
solvent on the apparent coverage.

4. Conclusion

In this study, we demonstrated the utility of active particles as a probe of metal surface-adsorbate
interactions. For a several adsorbates (ranging from strongly interacting thiols to weakly interacting
ethanol) the observed particle dynamics were used to extract both the surface affinity of each adsorbate
and the respective apparent saturation maximum coverage in the presence of the hydrogen peroxide
reactant. Strongly interacting thioglycerol fully occluded access of H,0, to the metal surface and
completely deactivated the particles. Saturation of the metal surface with furfural and ethanol,
however, did not fully block the surface and instead resulted in maximum fractional coverages of 0.67
and 0.38, respectively. Furthermore, isotherms at elevated temperatures allowed for direct extraction of
the aqueous enthalpy of adsorption for furfural and ethanol (-AH.qs values of 69 and 23 kJ mol™?,
respectively) and computational predictions of furfural adsorption showed quantitative agreement with
the experimental results. We note that the adsorption enthalpy is both salient to catalysis and
traditionally difficult to accurately measure in the aqueous phase. The active particle technique is
effective over a wide range of adsorbate concentrations (nearly 4 orders of magnitude) and accurately
captures in situ phenomena that are directly relevant to catalysis. Moreover, the technique requires
only a microscope equipped with a camera and utilizes very small volumes and amounts of catalyst,
potentially making it amenable to multiplexed experimental design for large-scale screening
experiments. This work represents a new multidisciplinary paradigm for catalysis research and
showcases the utility of active particle dynamics to uniquely elucidate key fundamental catalysis
questions.

Associated Content

Supporting Information

TEM micrographs of the particles; DH-PSF images at different axial (z) positions; collected values for Dr,
Dk, and Tg; detailed computational methods; evolution of z-position behavior; simulated active motion
at higher viscosities; extracted velocities and apparent coverages; linearized Langmuir isotherms; ; sulfur
coverage measured via ICP; isotherm parameters; extracted enthalpy AH.q4s as a function of coverage
and DFT-predicted furfural adsorption geometry as specified in the text

Movie S1: Representative active motion in a 10% H,0, solution near the glass substrate

Movie S2: Representative passive motion (no H,O, present) near the glass substrate
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