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ABSTRACT: The adsorption strengths of organic compounds on metal surfaces are F@—Velocity
sensitive to the metal composition, and they play a central role in many catalytic reactions, — M- Enthalpy
helping to control the coverage of the reactant and altering the overall reaction rate. While N - S
adsorption energies are straightforward to measure and calculate in vacuum and gas-phase +6>-" / >(.’ E g
environments, adsorption energetics can be dramatically altered by the presence of solvent 2 II LIPS 3 3
in liquid-phase reactions. However, the effects of metal composition on binding strengths > -/ Sl .0 g g
in a liquid environment are less well understood, primarily due to the difficulty of accurate / °
in situ measurements of organic binding on metal surfaces in the liquid phase. Here, we /4/_’9
utilize the motion of active particles in water to probe the adsorption energies of an @
organic adsorbate (furfural) on a range of metal surfaces (pure Pd, pure Pt, and four PdAu Au (I;,Zit;;-\O/OAI\DIId ) Fd

u Alloy

alloy compositions) to elucidate the effect of metal composition. Janus particles with
catalytic caps of particular metal compositions all exhibited active motion resulting from
consumption of H,O,; adsorbate binding was inferred through the decrease in the velocity of active motion and was modeled by a
Langmuir adsorption isotherm. The measured adsorption affinities were used to extract the adsorption enthalpy of furfural on the
different metals. The Pd surface was found to bind furfural more strongly than the Pt surface by some 10 kJ/mol. Furthermore, the
adsorption of furfural on the alloys was found to increase monotonically in magnitude with Pd content. The data reported herein aid
the development of accurate understanding of organic adsorption in the presence of solvent and the role of the metal surface in
tuning adsorption strengths to optimize catalytic processes in the liquid phase.

1. INTRODUCTION any predicted vacuum or gas-phase binding energies to account
for the so-called solvent effect; however, the lack of widespread

Supported noble metal heterogeneous catalysts have increas-
in situ techniques to probe binding energetics in the liquid

ingly been applied for liquid phase production of industrially

relevant chemicals."”” However, predicting and controlling the phase complicates full understanding of the solvent energy
near-surface environment of the catalyst surface under reaction correction required. In particular, the largely unknown effect of
conditions remains challenging, especially for reactions in the changing metal composition on this solvent energy correction
condensed liquid phase. The solvent can have complicated is key to developing scaling relations in the liquid phase.

interactions with the catalyst, for examzple, through competitive A growing number of computational and experimental
adsorption to catalyst active sites.” Furthermore, solvent techniques have been employed to better address the
molecules have been implicated directly in reaction mecha- shortcomings in the understanding of liquid-phase organic
nisms through stabilization of key intermediates." The adsorption. Both implicit and explicit computational treatment
presence of solvent can also change the adsorption strengths of the solvent have been used to model solvent-mediated
of organic species on the metal catalyst surface.” While energy differences in the liquid phase.” Though powerful tools
understanding these affinities (and related adsorption help predict solvent effects on binding, these large-scale solvent
strengths) is critical to rational catalyst design, there is a models are computationally costly and often require
need for techniques capable of probing the interplay of solvent, experimental benchmarking. Consequently, sophisticated ex-

adsorbate, and catalyst surface. Furthermore, adsorbate binding
is commonly interpreted using scaling relations to help predict
adsorption energies on different surfaces and to guide
development of optimal catalysts for a variety of reactions.’
While binding strength studies to determine scaling relations
for oxygenated adsorbates on metal surfaces are commonly
performed in vacuum, many catalytic processes are conducted
in liquid solvent environments and the interactions of metal
surface, adsorbate, and solvent can drastically modulate the
energetics compared to vacuum. This necessitates correction of

perimental techniques have been developed; for example,
hydrogen underpotential deposition through cyclic voltamme-
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try was used to estimate the coverage of organics on Pt and Rh
wires.® These results were complemented by X-ray absorption
spectroscopy (XAS) to directly probe the hydrogen surface
coverage on the Pt surface. Both techniques involve application
of a potential to the surface, which may alter adsorption
energetics relative to an uncharged surface.”

Here, we utilize self-propelled active particles for quantifi-
cation of the key parameters of organic binding on metal
surfaces in the liquid phase. Active particles are colloids that
convert environmental energy into directed mobility that
exceeds Brownian motion.'’ For example, Janus particles with
a cap of catalytic metal (typically Pt) move autonomously in a
fuel solution of H,0,."" The Pt sites rapidly decompose H,0,,
creating an asymmetric chemical gradient that acts to propel
the particle.'” In a previous work, the dependence of active
motion on solute concentration was used to quantify
adsorption on available metal surface sites.'’ Furfural
adsorption was studied on a Pt surface to determine key
aspects of binding including the affinity, concentration-
dependent coverage, and enthalpy of adsorption for furfural
on Pt. Here, we investigate the use of other metal compositions
including Pd and Pd-containing alloys. Similar to Pt, Pd
catalysts are ubiquitous in industry and are widely used to
process and upgrade biomass-derived aromatic oxygenates
such as furfural. "> Despite their widespread use, trends in
furfural binding on Pt versus Pd in vacuum remain
unclear'*'®'” and the solvent is expected to further modulate
these adsorption strengths;'® consequently, the relative binding
of furfural on Pt and Pd is largely unknown in the liquid phase.

Alloying metals can yield useful synergistic effects on
reactivity and a variety of metal alloys are employed in large-
scale catalytic processes to produce valuable commodity
chemicals."” For example, bimetallic alloys of Pd and Au are
used as versatile catalysts for a variety of important liquid-
phase reactions, including alcohol oxidations, nitrate reduction,
and direct synthesis of hydrogen peroxide.”’”* The
composition of Pd and Au in the alloy has been shown to
have large effects on the catalytic performance in these
systems, with some Pd/Au ratios maximizing catalytic
performance with volcano-type trends.”* Rational design and
selection of appropriate catalyst surfaces to understand and
optimize these trends in reactivity is desirable. As with pure
metal surfaces, however, the solvent can drastically modulate
the binding energetics compared to vacuum and these solvent
binding effects on alloyed surfaces are not understood.
Therefore, we further seek to extend the measurement of
adsorbate binding using active particles to study furfural
adsorption on a variable compositional range of Pd and PdAu
surfaces to determine the effect of increasing Pd content on the
binding of organic compounds in the liquid phase.

Here, furfural adsorption on pure Pd and alloys of PdAu was
quantified by synthesizing particles with Janus caps of the
different metal compositions. These particles all self-propelled
in H,0, fuel solutions due to asymmetric decomposition of the
fuel around the metal cap; consequently, decreases in the rate
of H,0, decomposition due to competitive binding of furfural
manifested as measurable decreases in the particle velocity.
This adsorbate-mediated attenuation of particle velocity was
exploited to construct apparent adsorption isotherms and to
extract the approximate adsorption enthalpy of furfural on the
different metals, further elucidating the effect of pure and
alloyed metal composition on organic molecule binding in the
liquid phase.
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2. MATERIALS AND METHODS

An overview of the most pertinent experimental details follows.
The reader is referred to the Supporting Information for a
more detailed description of the methods.

2.1. Active Particle Synthesis and Characterization.
Active particles were synthesized by first spin-coating a
suspension of 1 ym particles (carboxylate-modified polystyr-
ene, fluorescent red, Fischer) onto a glass slide at sub-
monolayer concentrations. The immobilized particles were
then sputter-coated (Cressington 108Auto) with a ~5 nm
layer of metal on the exposed particle hemisphere. A pure Pt
sputter target (57 mm diameter, purity 99.95%, Ted Pella) was
used to deposit Pt, and a pure Pd sputter target (57 mm
diameter, purity 99.9%, Ted Pella) was used to deposit Pd.
Alloys of PdAu were sputtered by adhering small gold discs
[15.88 mm diameter, purity (99.99%, SurePure Chemetals)] to
the Pd target using conductive silver epoxy (CircuitWorks)
(schematic shown in Figure S1). The number (1, 2, or 3 discs)
and proximity of the gold discs to the center of the Pd sputter
target were adjusted to give different ratios of Pd and Au
(PdAu 40:60 composition was synthesized using a commercial
40:60 alloy target). The metal layer thickness for each sample
was monitored via a Cressington Thickness Monitor. After
metal deposition, the particles were liberated from the glass
slide by sonication (2—3 min) and redispersed into 2 mL of
water [high-performance liquid chromatography (HPLC)-
grade, >99.9%, Fisher].

Transmission electron microscopy (TEM) was used to
confirm the asymmetry of the deposited metal. The
composition of the sputtered PdAu alloys was probed two
ways: first, energy-dispersive spectroscopy (EDS) was used to
analyze the bulk composition (Oxford Instruments Ultim Max
EDS system coupled with a Hitachi SU3500 SEM). The metal
composition was further probed using low-energy ion
scattering spectroscopy (LEIS) (IONTOF) to selectively
determine the composition of the outermost atomic layers.

2.2. Imaging Particle Dynamics. Active and passive
particle dynamics were imaged using a Nikon N-Storm
microscope. The particles were excited using a 647 nm laser
line and imaged using a Hamamatsu ORCA-Flash4.0 V2
C11440 camera, a 100X oil immersion objective (NA: 1.45),
and a double-helix point spread function (DH-PSF) SPINDLE
module (Double Helix LLC, Boulder, calibration shown in
Figure S2). An environmental chamber (Okolab Cage
Incubator) was used to control the temperature of the particle
solution during imaging.

Adsorbate coverage on the metal surface of the particle was
tuned by incubating particles with solutions containing varying
concentrations of furfural (99%, Sigma-Aldrich) for at least 1 h
prior to imaging.

Immediately before imaging, samples were prepared by
mixing the particle suspensions (either neat or incubated with
varying amounts of furfural) with hydrogen peroxide (30% w/
w, Fisher) to form a 10% H,0, solution. An aliquot of this
solution was introduced to an imaging cell constructed using
two cleaned glass slides separated by an adhesive spacer, and
the cell was transferred to the microscope for imaging.

Multiple movies (3600 frames, acquisition time of 10 ms) of
particle motion were acquired in multiple fields of view, and
the dynamics of >50 colloids were imaged at each condition.
Passive motion (i.e. thermal diffusion) was measured using
similar procedures but without the addition of H,O,.
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Figure 1. Representative TEM images of the synthesized particles. Representative spectra of characterization techniques used: (a) EDS data for

PdAu 55:45 and (b) LEIS data for PdAu 40:60.

2.3. Data Analysis. Spatio-temporal trajectories (x, y, and
z localizations vs elapsed time) were generated from the
movies using DH-TRAX software, and the particle dynamics
were quantified by calculating the time-averaged two-dimen-
sional (2D) lateral mean-square displacement (MSD) of the
trajectories. The z-component of trajectories were used to
confirm the presence of active motion because self-propelled
particles are known to exhibit approximate 2D trajectories in
the presence of a planar surface. The passive 2D translational
diffusion coeflicient D was first experimentally determined by
fitting the MSD data (Ar®) versus lag time At to expression 1
for passive particle dynamics exhibited in the absence of H,O,
at each solution composition (i.e., each measured adsorbate
concentration).

Ar’ = 4D At (1)

All measured Dy values (and associated rotational diffusion
coefficients, Dy, and characteristic rotational time scales, 7y)
are reported in Table S1. These Dy values were then used as a
fixed parameter to extract the active particle swimming velocity
V from active experiments (H,O, present) at the correspond-
ing solution compositions. At time scales short compared to
the characteristic time for rotational diffusion (At < 7y), the
velocity V is commonly extracted from the ballistic regime of
particle motion using expression 2,7

Ar* = 4D At + VP A )

However, the reduced inherent catalytic activity of some of
the synthesized particles (notably certain PdAu compositions)
and subsequent adsorbate-induced attenuation of the active

1008

particle motion resulted in the ballistic regime being subtle to
observe at these short lag times. At lag times long compared to
Ty, particle rotation gradually randomizes the direction of
propulsion and the active MSD is asymptotically linear with lag
time, with a slope greater than that for passive particles. Thus,
in order to better highlight the attenuating effect of adsorbate
on the particle motion, the velocity was instead extracted from
the slope of the MSD at lag times longer than the characteristic
time for rotational diffusion (At > 73) using expression 3,>

Ar? = (4D; + VZTR )At (3)

For the measured conditions, the characteristic time for
particle rotation 7y was determined to be approximately 0.7 s
(corresponding to a rotational diffusion coefficient Dy of ~1.4
rad®/s) and expressions 1 and 3 were consequently fit using
MSD data at lag times of 1—2 s. We note that the V values
extracted using the short lag time fit 2 and long lag time fit 3
for the Pt particles (where the ballistic regime and activity
differences were apparent at short lag times) showed excellent
agreement (Figure S3). Thus, all velocities in this work were
obtained using the long lag time fit (velocity and coverage
values given in Table S2).

Effective adsorbate coverages (6) were determined from the
extracted velocities by comparing the observed velocity at a
given adsorbate concentration (V) with the particle velocity in
the absence of adsorbate (V) using expression 4

o=1- L

Yo (4)
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These extracted coverages (6) were plotted against
adsorbate concentration C to construct Langmuir adsorption
isotherms expression S

K,C
"1+ K,C

()

where 0, is maximum saturation coverage and K, is the
affinity of the adsorbate to the catalyst surfaces. The values of
O.nax and K, were obtained by linearizing expression S [plotting
C/0 vs C to yield a slope of 1/0,,, and an intercept of 1/
(CA IR

Uncertainties for the particle velocity and coverage represent
the standard error of the swimming velocity and subsequent
uncertainty propagation, respectively.

The enthalpy of adsorption AH,4 was computed in two
ways. First, isotherms at three separate temperatures (294, 303,
and 311 K) were measured for furfural adsorption on the Pt
surface.”” This enabled application of the Van’t Hoff relation,
that is, plotting the natural log of concentration against
reciprocal temperature [In(C) vs 1/T] with the product of the
slope and the gas constant R yielding the enthalpy of
adsorption.”” The enthalpy of adsorption for Pt and the
other surfaces was additionally extracted at a single temper-
ature (311 K) by normalizing the adsorption isotherms
(transforming the measured affinity K, to an equilibrium
constant Kads,eq) and estimating the adsorption entropy change
AS,4 to enable enthalpy extraction vigexpression 6.° This
derivation and the utilized values are further detailed in the
Supporting Information.

_AGads _ _AHads

ASads
= +
RT RT

R

ln(Kads,eq) = (6)

3. RESULTS AND DISCUSSION

3.1. Synthesis of Active Particles with Varying
Surface Composition. Active Janus particles (1 um
diameter) were synthesized with caps of different metal
compositions deposited on approximately one-half of the
particle. Pt and Pd were deposited by sputtering from pure Pt
and Pd targets, respectively. PdAu alloy caps were obtained by
adhering gold discs to a Pd target, creating bimetallic sputter
targets as described in the Methods section. As shown in
Figure 1, sputtering both the neat metals as well as the alloys
resulted in asymmetric metal deposition on the particle surface.
To better highlight the asymmetric metal deposition, an
aliquot of the capped particles was heated to 200 °C for 2 h to
selectively melt the 1 ym polystyrene particles; the remaining
metal caps clearly resembled half-shells (Figure S4). The as-
deposited composition of the metal caps was first analyzed
using EDS to determine the bulk composition (representative
EDS spectra showing Pd and Au peaks included in Figure 1la,
full spectrum included in Figure SS), which confirmed the
deposition of distinct PdAu alloys (Pd/Au ratios of 66:33,
55:45, 40:60, and 25:75). Furthermore, elemental mapping
using EDS showed no evidence of obvious segregation of the
metals, suggesting random alloying of the sputtered metals. As
the outermost atoms are the most salient for controlling the
binding of adsorbates,”® LEIS was used to further analyze the
composition and to selectively probe the composition of the
outermost atomic layer (Figure 1b). Similar Pd/Au composi-
tions were measured using LEIS and EDS on the PdAu 40:60
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surface, suggesting the lack of selective enrichment of Pd or Au
on the surface.

3.2. Activity of Synthesized Active Particles. The
dynamics of the synthesized particles were investigated near to
the surface of a clean glass substrate. As metal cap thickness
can influence particle velocities, the same batch of each type of
synthesized particles was used for all experiments. The
synthesized particles all displayed active motion in peroxide
fuel solutions; however, large metal-dependent differences in
activity were observed. As shown in Figure 2, at 311 K in a

Particle Velocity at 311 K

14
s
124
£ 1
Z L
8 4
> b
@
2 @ .
4
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Au wt. % Pd Pd
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Figure 2. Symbols represent the velocity of PdAu alloy active particles
in 10% H,O, solution at 311 K. The dashed line shows the activity of
Pt particles under the same conditions (the dashed lines indicate
experimental uncertainties).

10% H,0, solution, the particles with Pt metal exhibited rapid
motion with swimming velocities greater than 12 ym/s, more
than twice the activity of the next most active metal
composition. Classic characteristics of active motion were
further exhibited by the Pt particles, namely, an observed
ballistic regime in the MSD at short lag times and pronounced
quasi-2D motion near the solid—liquid interface.”” These
results were consistent with literature reports; it is well-
established that Pt coatings make for excellent active
particles.””*" Though less pronounced than Pt, the other
metals (Pd and the PdAu alloys) also displayed active motion
with velocities ranging from ~1 to S um/s (Figure 2),
indicating that each metal composition decomposed H,0, at
time scales rapid enough to induce measurable particle motion.
The alloy composition also impacted the activity, with the
highest observed activity observed for the PdAu 40:60 alloy
(5.1 um/s). Interestingly, the pure Pd surface exhibited less
activity (1.9 um/s), suggesting synergistic effects of Pd and Au
for H,0, decomposition. As expected, activity also decreased
at high Au content; for example, the activity was only 0.9 ym/s
for the PdAu 25:75 alloy. More Pd-rich alloys (55:4S and
66:33 PdAu) displayed values of activity (2.6 and 1.7 um/s,
respectively), approaching that of the pure Pd particles,
potentially indicating that the synergistic effects on H,O,
decomposition were less pronounced as the surface increas-
ingly resembled neat Pd. A wealth of literature has centered on
PdAu alloys and H,0, with particular interest toward the use
of PdAu alloys as catalysts for direct synthesis of H,0,.*
Interestingly, while some prior studies have suggested a
monotonic increase in H,O, selectivity with Au content in
PdAu alloys, other work has identified PdAu ratios of 2:1 as
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Figure 3. Apparent adsorption isotherms for furfural on each metal surface. Symbols represent experimental data, and the lines show the calculated
fit to a Langmuir isotherm. The right panel shows the isotherm fits combined on a common semi-logarithmic scale.

optimal for H,0, yield.”*~** These previously observed trends
support the observations in the current work of a lower H,O,
decomposition rate (often correlated with higher selectivity
during H,0, synthesis) of the Pd/Au 66:33 alloy particles. We
note, however, that direct comparison may be complicated by
the nature of the metal in each study: the active particles
featured a sputtered film of metal while the majority of direct
H,O, synthesis studies utilized metal nanoparticles.

As previously reported, the qualitative aspects of active
motion were observed to be activity-dependent.'”*> While for
the most active Pt particles a ballistic MSD regime was readily
observed, as the particle activity decreased with changing metal
compositions, the MSD at short lag times became increasingly
linear as expected; indeed, for the least active PdAu 25:75
particles, the MSD at short lag times was indistinguishable
from linear. However, the apparent mobility in this regime was
measurably greater than for passive particles in the absence of
fuel, which allowed for the quantitative determination of the
active velocity from the long lag-time behavior, as described in
the Materials section. Similarly, pronounced quasi-2D motion
(another characteristic of active motion) was displayed by the
active Pt particles. Moreover, decreasing activity resulted in
increasing fluctuations in the z-direction as expected. We note
that adsorption of organic compounds on pure Au surfaces is
catalytically relevant;>>>® however, synthesized Janus particles
with pure Au caps displayed no activity in H,0, solution and
consequently were excluded from further adsorbate-attenuated
motion analysis.

3.3. Quantitative Analysis of Adsorbate-Attenuated
Active Motion. The effect of surface composition on organic
adsorption was quantitatively probed by incubating the
synthesized active particle with increasing concentrations of
furfural. Furfural is an attractive candidate to probe the
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differences in binding between different metal surfaces with
furfural serving as both a commercially viable compound as
well as a convenient analogue to understand the binding of
other biomass-derived aromatic oxygenates. As previously
reported, furfural and other organic adsorbates systematically
attenuated active motion for Pt-coated particles.'> This
reduction in active motion was attributed to physical occlusion
of the metal active sites by adsorbed furfural that blocked
access of the H,0, fuel. It was found that this attenuation of
velocity could be quantitively linked to the adsorbed coverage
of furfural and the adsorption process could be modeled using
a Langmuir isotherm, enabling extraction of salient parameters
of the adsorption process including the affinity and the
maximum saturation coverage.

Increasing amounts of furfural in the mM regime were
observed to attenuate the activity of the Pd and PdAu alloy
particles, with the MSD of the particles systematically
decreasing with increasing furfural concentrations (Figure
S6). The velocities extracted from the MSD at each condition
were recast as apparent fractional adsorbate coverage and used
to construct isotherms for furfural adsorption on each metal
surface (Figure 3). A qualitatively similar behavior was
observed for all metal compositions, with rapid initial
adsorption, followed by apparent saturation behavior. Interest-
ingly, for all surfaces, this saturation did not approach unity,
indicating that the furfural was not able to fully occlude the
surface from access by H,0O, in the tested concentration range.
Rather, all surfaces appeared to saturate between approx-
imately 60—70% of full coverage. In the limit of infinite furfural
chemical potential, full coverage of all surface sites should be
achieved. We conclude that for all surfaces, there is a
population of sites that bind furfural more weakly; this could
be due to repulsive interactions with neighboring furfural
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adsorbates.”” Furthermore, the rough sputtered surface of the
metal caps may create significant heterogeneity in sites and
access for different types of reactants and the observed plateau
may be due to the saturation of the active sites to which the
adsorbate has the highest affinity.

To quantify the relative strength of binding as a function of
metal composition, the measured isotherms for each surface
were fit to a Langmuir isotherm to extract the affinity of
furfural to the different surfaces. The substantial differences in
affinities (Table 1) show the dependence of furfural binding in

Table 1. Extracted Adsorption Parameters at 311 K

affinity K, (mM™")

Pd 26 £02
PdAu 66:33 2.07 + 0.03
PdAu 55:45 1.28 + 0.07
PdAu 40:60 0.61 + 0.05
PdAu 25:75 03 +0.1
Pt 0.09 + 0.01

the liquid phase on the metal surface composition. In
particular, suppression of active motion by furfural was much
stronger on Pd than Pt (affinities of 2.6 + 0.2 vs 0.09 + 0.01
mM™), with corresponding significantly higher coverages of
adsorbate on the Pd surface than the Pt surface at similar
furfural concentrations. On the alloyed surfaces, increasing Pd
content also corresponded to increasing affinities (affinities:
PdAu 66:33 > PdAu 55:45 > PdAu 40:60 > PdAu 25:75). Even
the most Pd-lean alloy (PdAu 25:75) appeared to have a
higher affinity for furfural than the Pt surface, further showing
the key importance of metal on the binding. Notably, the
affinity parameters did not simply show the same trend as the
activity for H,0, decomposition, which exhibited a maximum
at intermediate Au content.

No clear correlation was apparent between the extracted
affinities and the observed maximum coverages. For example,
while Pd had a higher affinity and greater saturation coverage
than the PdAu 66:33 alloy, Pt exhibited a substantially reduced
affinity but also saturated at a higher coverage. This lack of
correlation between affinity and saturation coverage suggested
that competitive dynamic exchange of H,0,/H,0 and the
adsorbate was less likely to fully explain the observed trend in
incomplete saturation coverage; rather, other mechanisms such
as strong repulsive interactions at fractional coverages above
0.6 may be involved, particularly given the lack of dependence
on surface composition.

3.4. Enthalpy of Adsorption. As described in the
Methods section, the enthalpy of adsorption for furfural on
the Pt surface was extracted using two approaches. As
previously reported, three adsorption isotherms for furfural
on Pt were constructed at different temperatures (294, 303,
and 311 K). Per the Van't Hoff relation, the natural log of
furfural concentration at the same coverages was plotted
against reciprocal temperature to yield the enthalpy of
adsorption of furfural on Pt as a function of coverage.” This
technique was complemented with another method — using
the measured adsorption equilibrium constant and an estimate
of the entropy of adsorption to extract enthalpies from
adsorption isotherms.® Briefly, the extracted affinity of furfural
for the Pt surface was normalized and recast as an adsorption
equilibrium constant. Henry’s law was used to convert this
equilibrium constant into the free energy of adsorption of the
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gas-phase organic compound, which, coupled with an estimate
of adsorption entropy, enabled extraction of the enthalpy of
adsorption® (parameters collected in Table S3). Both
techniques have advantages. Using the three isotherms and
Van’t Hoff relation allows for extraction of the enthalpy using
only experimental data, avoiding the need for estimates of
entropy. Using the equilibrium constant and entropy estimate,
however, only requires a single isotherm at one temperature.
We found excellent agreement between methods: at equivalent
coverages (6 = 0.054), the Van’t Hoff relation technique
yielded an enthalpy of 69 + 4 kJ/mol"’ compared to 71.5 +
0.1 kJ/mol obtained via the equilibrium and entropy
technique.

Constructing a series of temperature-dependent isotherms
for each metal surface to extract the enthalpy via both
strategies is appealing; however, the low inherent activity of the
Pd and PdAu alloy particles complicated accurate measure-
ment of adsorbate attenuation at temperatures lower than 311
K. Thus, the extracted enthalpies in Figure 4 were all derived
using the second strategy.

Furfural Adsorption Enthalpies 311 K

t

"
[

¢

¢

"0 10 20 30 40 50 60 70 80 90 100
Pt Au wt % Pd d
(PdAu Alloy)

Figure 4. Enthalpy of adsorption as function of surface composition.

As shown in Figure 4, the enthalpy of adsorption for furfural
on Pd was 80 + 1 kJ/mol, approximately 10 kJ/mol stronger
compared to adsorption on the Pt surface (71.5 + 0.1 kJ/mol).
Interestingly, these values were significantly less than
adsorption energies calculated in vacuum (~130 and 190 kJ/
mol of Pd and P, respectively,16 tabulated in Table S4),
consistent with the view that water layers on the catalytic
surface dramatically weaken the enthalpic driving force for
adsorption.”® However, both the observed stronger binding on
Pd surface compared to Pt and the relatively smaller difference
of only ~10 kJ/mol stand somewhat in contrast to the
computationally predicted stronger furfural binding on Pt
versus Pd surfaces (Table S5). While we note that a difference
of only 10 kJ/mol can still induce significant effects in
reactivity, if the solvent effect on binding strength in the liquid
phase was uniform between metal surfaces, one might expect a
similar large difference (60 kJ/ mol) in binding strength
between the Pd and Pt surfaces in the liquid phase (albeit
with lower overall magnitudes of each binding strength). Thus,
the significantly smaller energy difference potentially suggests
that the solvent effect energy correction may instead be metal-
dependent. Notably, computational studies have predicted
nuanced facet-specific differences in furfural binding: for
example, Pt binds furfural more strongly than Pd on (111)

https://doi.org/10.1021/acs.jpcc.2c05907
J. Phys. Chem. C 2023, 127, 1006—1014


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c05907/suppl_file/jp2c05907_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c05907/suppl_file/jp2c05907_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c05907/suppl_file/jp2c05907_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05907?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05907?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05907?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05907?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c05907?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

facets but less strongly than Pd in some configurations on
(110) surfaces.'” Moreover, other experimental results better
corroborate the results in this work with experimental studies
in ultra-high vacuum showing desorption of furfural at similar
temperatures (365 K) on Pt versus Pd(111) surfaces,""*
suggesting more comparative binding strengths. We note that
the rough morphology of the sputtered surface and presence of
liquid, while relevant to many catalytic processes, may perturb
adsorption processes compared to smooth surfaces in vacuum
that complicate direct comparisons.

Similar to the measured affinities, the enthalpy of adsorption
for the most Pd-lean alloy (PdAu 25:75) was greater in
magnitude than for the Pt surface (75 = 1 vs 71.5 = 0.1 kJ/
mol). The magnitude of the measured adsorption enthalpy
further increased monotonically with increasing Pd content in
the PdAu alloys, consistent with computational calculations
that predicted increasing Pd content in PdAu alloys leads to
stronger binding of benzyl alcohol and gives rise to volcano
plots for benzyl alcohol reactivity on these surfaces.”"*’
Introduction of Au into Pd surfaces can modify adsorbate
binding through both electronic and geometric effects.”” For
example, Au has been suggested as an electron promotor in
alloys and the formation of Pd—Au surface ensembles has been
implicated in enhancing catalytic activity. Interestingly, these
increases in catalytic activity for PdAu alloys have also been
previously attributed to weakening of adsorption strength
compared to pure Pd that increases free surface sites.*’ While
furfural can bind to both Pd and Au surfaces, the observed
decrease in binding energy with increasing Au content is
consistent with previous reports and potentially suggests that
Pd sites preferentially bind furfural stronger than Au sites in
the alloy surface. Thus, increasing Au content in the alloy may
decrease binding strength through dilution of the strong-
binding Pd sites. Indeed, at intermediate PdAu compositions,
the observed adsorption enthalpy for furfural appeared to trend
linearly with Pd content, strikingly similar to the nearly linear
calculated increase in H binding with increasing Pd content on
PdAu surfaces."”

At higher Pd contents (PdAu 66:33), the linear increase in
enthalpy appeared to taper off to more closely resemble the
energetics on the pure Pd surface. This further potentially
suggests a predominant influence of Pd sites on the observed
binding with the adsorption strength, where the binding
strength initially increases rapidly with the introduction of
more Pd sites in Pd-lean and intermediate compositions. At
Pd-rich compositions, however, islands of Pd may form on the
active surface that dominate the observed binding, leading to
an observed adsorption strength that approaches that of the
pure Pd surface more gradually. This is consistent with a prior
observation that shows contiguous Pd islands exhibit high
activity for benzyl alcohol activation.*”

We note that the applicability of this technique to probe
furfural adsorption is predicated on blocking sites that are
active for H,0O, decomposition. Interestingly, the maximum
particle velocity induced by H,0, decomposition is at
intermediate PdAu compositions, whereas pure Pd binds
furfural with the highest energy. The divergence in these trends
is not necessarily surprising, but highlights the fact that
distribution of sites on the surface changes as Pd composition
is increased, and that the activity of various bimetallic sites
differ substantially. Thus, the adsorption energies reported in
Figure 4 represent an average adsorption energy across the
sites that are active for H,0, decomposition, and one must
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bear in mind that this site dependence may differ for other
reactions. As there appears to be compositional site depend-
ence for H,0, decomposition and limited reactivity on pure
Au surfaces, furfural adsorption on more Pd-rich surfaces may
suppress H,0, decomposition more than similar adsorbed
amounts of furfural on a surface with more contiguous Au sites.
Weakening of adsorption strength has been implicated in
increasing catalytic activity on PdAu alloy surfaces compared
to pure Pd surfaces;’' thus, the maximum rate of H,O,
decomposition observed at intermediate PdAu compositions
may result from increased amounts of free surface sites
available due to the weaker binding of H,0, on the alloyed
surfaces.

The overall change in adsorption enthalpy observed over the
range of PdAu alloys (PdAu 25:75 to pure Pd) was only ~$
kJ/mol, significantly less than the energy differences predicted
by some calculations: for example, benzyl alcohol adsorption in
vacuum on a pure Pd surface and a PdAu 75:25 surface were
predicted to vary by more than 35 kJ/mol,** while H binding
energy in vacuum was calculated to range almost 50 kJ/mol as
Pd content increased from 30 to 100% in PdAu alloys.'” While
significant reductions in the magnitude of vacuum-predicted
adsorption energies are expected in the liquid-phase,” the
results from this work potentially suggest that the solvent-
mediated energy changes are not uniform between metals as
the absolute range of binding energies for the PdAu surfaces
appears to significantly contract (~5 kJ/mol) compared to the
ranges predicted in vacuum (35—50 kJ/mol). The overall
trends in binding strength hold: the higher the Pd content, the
stronger the binding of aromatic oxygenates (furfural and
benzyl alcohol) in both vacuum and the gas phase.

It is important to note that the present study provides
information only on overall adsorption energy trends, and not
on the detailed mechanism for furfural adsorption on
monometallic or bimetallic catalysts. Such information in
principle can be provided by vibrational spectroscopy studies
at the metal—water interface. For example, Hasse et al.*’ have
employed surface-enhanced infrared spectroscopy to inves-
tigate furfural adsorption and electro-oxidation on Pt surfaces.
They found that furfural adsorption was accompanied by some
CO surface formation at low potentials, and that high
(oxidizing) potentials led to surface oxidation of furfural to
furoic acid and other surface-bound products. Roman et al.'’
used similar techniques on Au electrodes and found that
furfural can switch from a more flat-lying to more upright
intermediate at higher oxidative potentials. However, the best
opportunity for obtaining a detailed understanding of
adsorption mechanism is likely through computational studies.
Our previous work on Pt showed excellent agreement between
furfural adsorption energies determined by active particle
measurements and density functional studies employing an
aqueous solution model."*> The DFT studies suggested that at
low-temperature conditions with no applied potential, furfural
adsorbs in a flat-lying configuration on Pt(111), and
furthermore that competition with water for active sites results
in a significant lowering of the effective strength of adsorption
compared to the vacuum—Pt interface. Further computational
studies of bimetallic surfaces are needed to translate the
adsorption energy trends discussed here for PdAu systems to
molecular-scale surface—adsorbate interactions.
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4. CONCLUSIONS

In this study, we probed liquid-phase furfural adsorption on a
range of metal substrates including Pt, Pd, and various PdAu
bimetallics. Janus colloids with caps of each metal were
synthesized, and the reduction in observed velocity as a
function of furfural concentration was leveraged to construct
adsorption isotherms for furfural on each metal substrate. Pd
sites were shown to strongly bind furfural with the surface
affinity of furfural increasing monotonically with increasing Pd
content in the alloyed surfaces and reaching a maximum of 2.6
+ mM™' for the pure Pd surface. These measured affinities
were further used to extract the enthalpy of adsorption for
furfural on each surface, a quantity that is significant to the
understanding and design of catalytic systems but traditionally
challenging to determine in the presence of solvent. We find
that Pd binds furfural more strongly than Pt in the liquid phase
by nearly 10 kJ/mol. Furthermore, similar to the measured
affinities, the enthalpy of adsorption for furfural increased with
Pd content, suggesting that Pd sites act to control furfural
binding on PdAu alloys. The relative strength of binding
energies between surfaces has important consequences in
catalysis in controlling adsorption, relative coverages, and
reaction rates. This work shows how the adsorption energies
can be directly probed in the liquid phase using active particle
dynamics to better elucidate the effect of the metal
composition on organic binding in the liquid phase.
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