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Abstract: The recent surge in basic research studying liquid-phase surface 
reactions for catalytic biomass conversions and electrocatalytic reactions for energy 
storage and utilization highlights the importance of characterizing adsorbates at the 
liquid / solid interface and their surface chemical reactions. The design of new, more 
active, and selective catalysts for these reactions is vital. Typical catalytic reactions 
include multiple elementary steps involving many surface-bound intermediates and 
transition states. The energetics of these intermediates and transition states are 
crucial, as they determine the rate and selectivity of the catalysts. These energies 
are also essential to build accurate microkinetic models that predict activity and 
selectivity under different conditions and the few rate-controlling species whose 
energies can be tuned to make a better catalyst. Therefore, the ability to identify the 
adsorbed intermediates in catalytic reaction mechanisms and to predict the energies 
of these surface intermediates and their transition states for formation and further 
reaction are of critical importance. This is true for reactions at solid surfaces both 
in the gas phase and in liquids. We review here methods for studying adsorbates on 
solid surfaces in the liquid phase, their coverages, the rates of their formation and 
further surface reactions, the internal energies of these adsorbates, the activation 
free energies for their formation, and methods for estimating the effects of solvent 
choice and of interfacial electric fields on these adsorbate internal energies. 

 Keywords: adsorption at liquid/solid interfaces; solvent effects; adsorption 
kinetics; adsorbate energies; heterogeneous catalysis; electrocatalysis 

1. Introduction 

Liquid-phase catalytic and electrocatalytic reactions occurring at solid surfaces under liquids are becoming 
increasingly important for sustainable energy, environmental protection and other chemical industries. In typical 
catalytic reactions, there are many adsorbed intermediates and transition states in the elementary reaction steps 
that occur between reactants and products. Their energies are the key properties that determine the rate and 
selectivity of one solid catalyst compared to another [1–3]. These are the same energies that are required to build 
accurate microkinetic models of surface-catalyzed reactions [2–5]. This importance of adsorbed intermediates’ 
energies is true for both gas-phase reactions and liquid-phase reactions occurring at the surface of solid catalyst 
materials, as well as for electrocatalytic reactions of all sorts. Therefore, to develop a fundamental understanding 
of how structural or compositional changes in catalyst materials (most particularly at their surfaces) affect catalytic 
reaction rates and selectivities, it is essential to know the identities of adsorbed catalytic reaction intermediates, 
their energies, and the activation energies for their formation and conversions to other species. We review here 
experimental methods for determining these crucial details of catalytic mechanisms for surfaces in liquid and 
electrochemical environments. 

https://crossmark.crossref.org/dialog/?doi=10.53941/ac.2026.100007&domain=pdf
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2. Structural Characterization of Liquid/Solid Interfaces 

About 15 years ago, Zaera [6] reviewed methods that had been developed to probe adsorbates and the surface 
structure of liquid/solid interfaces. He discussed infrared absorption spectroscopy, one of the techniques most used 
for this purpose, and other vibrational spectroscopies, in particular Raman scattering spectroscopy and sum 
frequency generation. He discussed the use of UV-vis spectroscopies, employed mainly to obtain electronic 
information of adsorbates at the interface but also employed to quantify adsorbate coverages, and acoustic-based 
techniques such as quartz crystal microbalances, also used to measure coverages. He discussed the use of X-rays 
and neutrons, both in spectroscopic studies, to extract electronic information about the liquid/solid interface, and 
in scattering and diffraction modes, to acquire structural details of the interface. The potential use of techniques 
such as X-ray photoelectron spectroscopy and nuclear magnetic and electron spin resonance spectroscopies for 
characterization of liquid/solid interfaces was briefly surveyed. He also discussed approaches for acquisition of 
spatially resolved information on liquid/solid interfaces, including optical and scanning microscopies. 

Many methods for characterizing liquid/solid interfaces were also discussed in an entire volume (#631, 2015) 
of the journal Surface Science, which was a special issue on “Surface Science and Electrochemistry”. It covers 
predominantly the areas of in situ scanning tunnelling microscopy (STM) and electrochemical STM (EC-STM), 
other new experimental methods, underpotential deposition of epitaxial films, adsorption and self-organization of 
organic layers, model electrocatalysis, and new theoretical approaches. 

Since Zaera’s 2012 review and that 2015 special issue, many advances have been made in these techniques 
and new methods have been developed (see, for example, refs. [7–9]). Particularly important has been the evolution 
of methods for doing photoelectron spectroscopies at liquid/solid interfaces [10–14]. We will not go into further 
depth in reviewing these more general methods, but focus below on new experimental methods used to address 
the thermodynamics and kinetics of adsorption and adsorbate surface reactions in liquids as well as models for 
electric field and solvent effects on adsorbate energies. 

3. Characterizing Adsorbate Coverages under Liquids 

The earliest measurements of adsorbate coverage under liquids were simply from measuring the charge 
transferred upon the adsorption of ionic species from the liquid with electrochemical techniques. The adsorption 
of uncharged species is more challenging, but capacitance-type methods were developed very early to measure the 
potential dependence of adsorption of uncharged molecules [15,16]. Briefly, changes in the capacity of the double 
layer are used to understand adsorption coverages. These techniques derive from electrocapillary measurements, 
but with the added difficulty of operating with a solid electrode. 

Radiotracer techniques were also used very early to probe adsorption amounts on different electrodes [17–19]. 
Here, an isotopically labeled organic compound is adsorbed and its radiation is measured and compared to bulk 
solution radiation to understand the surface concentration of the target species. 

Thin-layer coulometry techniques were developed to determine adsorbate coverages via adsorption of species 
from a small volume of liquid and counting the charge associated with a later conversion reaction of that adsorbate 
or of the residue of its liquid-phase precursor [20–22]. Due to the low volumes, a distinction between 
electrochemical conversion of adsorbed species and non-adsorbed species was possible, and surface coverages on 
a solid electrode could be determined. These methods have been used to help distinguish adsorbates’ molecular 
orientation, e.g., flat compared to edgewise. 

Surface plasmon resonance (SPR) sensing has been used extensively to measure adsorption amounts versus 
time on solid surfaces in liquids. It is sensitive for adsorbates of moderate size, has ~1 s time resolution, and is 
easily calibrated for absolute coverage measurements [23–26]. Since SPR is so fast, it is particularly attractive for 
measuring adsorption kinetics [24,25]. It is widely used in biomolecular binding studies, like protein—ligand 
binding. It can be used in a highly parallel fashion via SPR microscopy to simultaneously measure thousands of 
on-rates, off-rates and/or equilibrium binding constants [27,28]. SPR is most widely used for surfaces with strong 
surface plasmon resonances like Au and Ag (sometimes coated with thin layers of other materials). 

Electrochemical mass spectrometry (EC-MS) techniques like differential electrochemical mass spectrometry 
(DEMS), and online electrochemical mass spectrometry (OLEMS) have been developed that can probe the 
potential-dependent adsorption, desorption and reactions of species and quantify their coverages with 
submonolayer sensitivity and powerful species identification and differentiation [29–37]. 

One can also measure the coverage of adsorbed species by the extent to which they suppress peaks seen in 
cyclic voltammetry (CV) that are well-known to be due to chemistry on clean surface sites. For example, we 
measured the coverage of adsorbed phenol on platinum in aqueous solution using CV on Pt wires to assess the 
fractional coverage of adsorbed phenol as a function of the solution concentration of phenol. The fractional 
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coverage of phenol was estimated from the fractional suppression of the quantity of adsorbed H adatoms measured 
by the so-called H underpotential deposition (HUPD) peaks in CV, assuming competition for Pt sites and 
negligible effect of the post-adsorbed H on phenol adsorption amounts. Because the line shape and voltage of the 
HUPD CV peaks allows differentiation of the contributions of Pt(111) sites from lower-coordination sites (Pt(110)-
like, Pt(100)-like, and step-edge sites) [38], we were able to separately determine the HUPD charges associated 
with Pt(111)-like terrace sites and lower-coordination Pt sites, and measure adsorption isotherms associated with 
both types of sites on the Pt wire [39]. The same approach can also be extended to other platinum group metals, 
such as Rh [40], but HUPD is limited in the metals to which it can be applied. Limitations of this HUPD CV 
technique include the possibility that the adsorbate has more complex interactions with co-adsorbed H than simple 
site blocking, and possible interferences from other co-adsorbates that limit the technique to use only in specific 
electrolyte solutions. 

Adsorption amounts on metal surfaces in liquids have also been quantified by the charge associated with the 
adsorbate’s displacement upon adsorption of CO. For example, specific adsorption of sulfate and phosphate anions 
on a Cu(100) electrode at pH 3 were quantified and studied in detail by the charge displacement measured upon 
the adsorption of CO [41]. 

4. Characterizing Adsorption and Desorption Kinetics in Liquids 

Any of the above techniques that can measure adsorbate coverages with quantitative accuracy can be applied 
to measure coverage versus time during adsorption or desorption, whose slope gives the adsorption and/or 
desorption rate. An application of this is shown in Figure 1, where the coverage versus time measured using SPR 
with a time resolution below 1 s was used to calculate the adsorption rate of alkanethiols onto polycrystalline Au 
from ethanol solution at 300 K to make the corresponding adsorbed alkanethiolate [25]. 

 

Figure 1. Adsorption rates versus coverage taken from the SPR response versus time upon adsorption of several 
linear alkanethiols (of different carbon chain lengths, Cn) from ethanol solution onto Au at room temperature. The 
adsorption transients were initiated by the injection of the alkanethiol solution of the following concentration into the 
SPR flow cell at time 0: C2 (0.5 mM), C6 (0.5 mM), C7 (0.5 mM), C8 (0.5 mM), C10 (0.5 mM), C12 (0.5 mM), C16 (0.25 
mM), and C18 (0.2 mM). The rates were determined from the local derivative of the coverage versus time, after fitting 
to a triple exponential function. From Ref. [25], with permission. Copyright 2000, American Chemical Society. 

These rates of adsorption were analyzed in detail to obtain from them the coverage-dependent sticking 
probability (S), which is the probability of adsorption per collision of alkanethiol solute molecule with the surface. 
These data were very well fitted with linear decrease in S with coverage (θ), as predicted by the first-order 
Langmuir adsorption mechanism [25]: 

S = S0 (1 − θ/θmax), (1)
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where S0 is the (extrapolated) initial sticking probability and θ/θmax is the coverage relative to “maximum” 
coverage. “Maximum” coverage does not refer to true saturation, but to the extrapolation to zero of this best-fit 
linear decrease in sticking probability with coverage, which is ~20% below the true saturation for all the thiols 
(i.e., ~4.0 × 1014 versus ~4.8 × 1014 thiols/cm2). 

As shown in Figure 2, the resulting values of S0 increased by a factor of ~65 with alkanethiol chain length, 
where the logarithm of S0 is plotted versus chain length, NCH2, defined as the number of methylene groups in the 
chain (not counting the terminal CH3). The solid line shows the linear best fit to [25]: 

S଴ ൌ  expቌE଴ − ቀ0.65 kJmolቁNେୌଶ𝑅𝑇 ቍ (2)

where E0 is the activation free energy for methanethiol adsorption and υ is the prefactor. This best fit gave υ 
exp[−(E0/RT)] = 1.26 × 10−8. This increase in S with NCH2 was attributed to the energetic effects of added 
methylene units on the stability (i.e., Gibb’s free energy) of the transition state for adsorption (relative to the 
solution phase species). Within this picture, the slope corresponds to a decrease in the activation energy for 
adsorption by 0.65 kJ/mol per methylene group. 

 

Figure 2. The initial sticking probability (S0) plotted in log format versus chain length for alkanethiols (filled 
circles) adsorbing from ethanol solution onto Au at 298 K. The open circles show S0 for the C11PEO and C15COOH 
thiols. The solid line shows the linear best fit to the data for the simple alkanethiols (filled circles), which 
corresponds to Equation (2). From Ref. [25] with permission. Copyright 2000, American Chemical Society. 

Just the opposite trend was seen in the reverse (desorption) rates of these same thiolate species by Bain et al. 
[42], who reported that their activation energy for desorption into hexadecane solvent increases by ~0.8 kJ/mol 
per methylene group. They postulated that this arises from stabilization of the adsorbed state due to additional 
attractive interactions to the surface (and the other thiols there) with each added methylene group. Combining 
these results, a fairly complete picture of the free-energy surface for the adsorption / desorption process evolved 
[25]: Summing the effects of chain length on the adsorption and desorption activation free energies (−0.65 and 
+0.8 kJ/mol per methylene, respectively), we estimated that the adsorbed state is stabilized by ~1.5 kJ/mol per 
methylene group [25]. Thus, the adsorption rates of alkanethiols on Au in ethanol show a linear free energy (or 
BEP) relationship with a transition state energy that varies linearly with changes in the net reaction energy with a 
slope (β) of 0.45. Using this and other literature, we estimated the absolute free energy of adsorption to be about 
30 kJ/mol downhill for propanethiol [25] and more downhill for the longer alkanethiols by ~1.5 kJ/mol per 
methylene group. Assuming that the prefactor for the sticking probability of adsorption, υ, is unity gave that  
E0 = 45 kJ/mol, so that the free energies for the transition state for adsorption of the C2 and C18 thiols were 43 and 
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33 kJ/mol higher than that for the same alkanethiol in solution [25]. In ultrahigh vacuum, these thiols have near 
unit sticking probability on clean Au surfaces, and thus nearly negligible activation barriers. We attributed these 
much larger activation barriers seen in liquid ethanol to the energy cost to displace adsorbed solvent molecule(s) 
from the gold, and the loss of solvent molecules from the solvation shell of the dissolved thiol. This energy cost 
to displace adsorbed solvent molecules from the surface also shows up as a decrease in the heat of adsorption due 
to the solvent, as discussed in detail below. A calorimetry study of COOH-terminated C2-C5 alkythiol adsorption 
from water onto Au at 298 K showed it to be downhill in free energy by ~38 kJ/mol [43], similar to the estimates 
above for alkanethiols on Au in ethanol. 

If one repeated the above types of measurements of rates of adsorption (or desorption) at various 
temperatures, one could extract the apparent activation energy and activation entropy for adsorption (or desorption) 
more directly than done in the example above. 

5. Characterizing Adsorption Thermodynamics in Liquids: Heats and Entropies of Adsorption 

Any of the above methods for measuring adsorbate coverages in liquids can also be applied to determine the 
equilibrium coverage versus solute concentration at fixed temperature and, from this, the equilibrium constant for 
adsorption, Keq. For an example, see ref [39]. This also provides the standard-state free energy of adsorption, ∆Gads

0 
= −RT ln(Keq). Repeating this at different temperatures allows for analysis with the Van’t Hoff equation to obtain 
the standard enthalpy of adsorption, ∆Hads

0. Since the standard entropy of adsorption, ∆Sads
0, can be estimated for 

many systems based on experimental trends [44,45], the value of ∆Gads
0 at one temperature can even allow for a 

good estimate of ∆Hads
0 = ∆Gads

0 + T ∆Sads
0 (see, for example, refs. [39,46]). 

Adsorption calorimetry can also be performed using commercial isothermal titration calorimeters (ITCs) to 
directly measure heats of adsorption from liquid solutions onto catalyst powders dispersed in solvent [43,47–49]. 
The sensitivity is very high for such adsorption calorimeters (with a standard deviation of ±1.5 kJ/mol). However, 
the surfaces of such powders are usually rather poorly defined, unless powders are used that are specially prepared 
to expose mainly only one or a few well-defined surface facets. This type of adsorption calorimetry has recently 
been extended to allow in situ measurement of catalyst open circuit potentials (Ecat) under the same conditions 
[50]. This gives access to other important thermodynamic quantities relevant to electrocatalysis and electric field 
effects in thermal catalysis in liquids. 

Schuster’s group has developed an adsorption calorimeter for measuring the heat effect of electrochemical 
reactions occurring at flat electrode surfaces, including single crystalline metal surfaces like Au(111) [51–56]. It 
employs a PVDF pyroelectric heat detector, similar to that developed by Campbell’s group for measuring heats of 
adsorption of gas-phase species on single crystals. In Schuster’s approach, the measured heat, which is reversibly 
exchanged at a single electrode, directly correlates with the entropy change during the electrochemical reaction. 
Since the electrode potential gives the reaction free energy, this measured entropy allows one to determine the 
enthalpy change as well. With their experimental improvements, surface electrochemical reactions with tiny 
submonolayer conversion have become accessible for heat measurements [51]. 

6. Estimating Liquid Solvent Effects on Adsorption Energies 

Predicting the internal energies of adsorbed reaction intermediates on solid surfaces in liquid solvents is 
important for improving catalytic and electrocatalytic reactions such as those used in the production of fuels, fuel 
cells, biomass conversions, methane and CO2 conversions, plastics upcycling, and environmental remediation. The 
increasing importance of these reactions on solid surfaces in liquid phase highlights the need for an improved basic 
understanding of how solvents affect adsorption. The choice of solvent is well known to strongly influence 
catalytic activity and selectivity [57–68]. The reasons for this are still not well understood, but certainly derive 
mainly from the effects of the solvents on the energies of adsorbed reaction intermediates and elementary-step 
transition states. 

Due to the vast knowledge of reaction energies at gas/solid interfaces and methods for studying them 
compared to liquid/solid interfaces, it would be extremely valuable to learn how to transfer current knowledge of 
the energetics of reactions at gas/solid interfaces to liquid/solid interfaces. Particularly important is the 
development of methods for estimating the effect of liquid solvents on the internal energies of adsorbed reaction 
intermediates and transition states in catalytic and electrocatalytic reaction mechanisms. This would facilitate 
development of microkinetic models for estimating reaction kinetics in solution, which has proven extremely 
useful in gas-phase catalysis research [2–5,45,69–92]. In cases where adsorption energies in liquids have been 
measured, the solvents have had large effects, as illustrated in Figure 3, which compares phenol on Pt(111) in 
water versus gas phase. 
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Figure 3. Thermodynamic cycle comparing experimental phenol adsorption enthalpies in gas and aqueous phases 
on a Pt(111) surface, where UHV/Pt refers to ultrahigh vacuum above the clean Pt surface. From Ref. [39], with 
permission. Copyright 2019, American Chemical Society. 

There have been numerous other studies to compare heats of adsorption measured in liquid solvents with 
those in the gas phase [40,46,93–98] and to use simulations to clarify the role of the solvent 
[57,59,68,94,96,99,100]. Additionally, there are several reviews and viewpoints that discuss the challenges 
involved in modeling solvent effects [101,102]. Generally, modeling efforts to computationally incorporate solvent 
effects in studying surface chemical reactions include: implicit modeling of the solvent as a homogeneous constant 
dielectric continuum, bilayer adsorption (ice model), explicit modeling of the solvent by inclusion of solvent 
molecules in the simulation, mixtures of implicit and explicit solvation, QM/MM approaches, and ab-initio-MD 
simulations [101–119]. These models have successfully illustrated the importance of including co-adsorbates, 
solvents, and electric fields in theoretical models. 

Singh and Campbell [46] developed a simple “interfacial bond-additivity” model to estimate the energies of 
neutral adsorbates on solid surfaces in the liquid phase using measured gas phase adsorption energies and the 
adhesion energy of the solvent to the solid. They recently extended that model, initially derived for planar 
molecules (e.g., phenol), to adsorbates of finite thickness and arbitrary shape [97]. Their model allows one to 
estimate the internal energy change upon adsorption of a reactant R from liquid solvent (∆Uads,R(solvent)) based on 
six values that are known or can be measured or estimated with reasonable accuracy: (1) the molecule’s gas-phase 
adsorption energy on the surface, as might be measured in vacuum experiments (∆Uads,R(gas)), (2) the adhesion 
(internal) energy per unit area of the solvent to the bare solid surface (Eadh,S/M), (3) the surface area where solvent 
molecules are blocked by the adsorbate (𝜎ୖ), (4) the total “surface area” of the solvent cavity that must be created 
to solvate the free reactant molecule (𝜎୲୭୲), (5) the reactant’s solvation energy (relative to the free gas-phase 
molecule) per mole (∆Usolvation,R(gas)), and (6) the liquid solvent’s surface internal energy (γS(liq)) [97]: ΔUୟୢୱ,ୖ(௦௢௟௩௘௡௧) = ΔUୟୢୱ,ୖ(௚௔௦) + ൤Eୟୢ୦,ୗ/୑ − ΔUୱ୭୪୴ୟ୲୧୭୬,ୖ(௚௔௦)𝜎୲୭୲ − 𝛾ୗ(௟௜௤)൨ 𝜎ୖ (3)

The first three of these parameters can be measured, the sixth is known for many liquids, the fifth can be 
derived from the temperature dependence of the reactant’s Henry’s law constant in that liquid, and the fourth can 
be estimated from the volume of the adsorbate molecule in its liquid form and its approximate shape. 

This equation only applies to charge-neutral molecules. By studying these values for several systems, they 
found that the adsorption energy in the solvent is smaller in magnitude than in the gas phase by approximately the 
adhesion energy of the solvent to the solid times the surface area from which solvent molecules are displaced upon 
reactant adsorption. Of the three terms in the bracket on the right side of this equation, they found that the last two 
are of opposite sign and often close in magnitude, so they nearly cancel. Singh and Campbell found values for 
these two terms for many molecules and four solvents, and showed that they differed by ∼20 kJ/mol at most 
[46,97], which is non-negligible but still very small compared to the Eadh,S/M term, so that: ΔUୟୢୱ,ୖ(௦௢௟௩௘௡௧) = ΔUୟୢୱ,ୖ(௚௔௦) + 𝜎ୖEୟୢ୦,ୗ/୑ + small terms. (4)

Clearly, solvent/metal adhesion energies are crucial in predicting adsorption energies in solvents based on 
gas-phase adsorption energies and thus in understanding the effects of different solvents on adsorption energetics 
and catalysis. Note that the footprint area of the adsorbate per mole, 𝜎ୖ , can be determined from the 
experimentally measured saturation (closest-packed) coverage of the adsorbate in the first layer in UHV [46,97]. 
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The known molar volume of the reactant molecule (Vm, calculated from its reported density as a pure bulk liquid), 
when divided by this footprint area, gives an estimate of the molecule’s thickness, t = Vm/𝜎ୖ. One can then estimate 𝜎୲୭୲  for the adsorbate using this thickness and footprint area, by assuming some approximate shape of the 
adsorbate (e.g., cylindrical disk, rod, etc.) [97]. 

The derivation of Equation (3) made two bond-additivity-like approximations that certainly have some errors: 
1. The bond energy of the adsorbate to the surface and its orientation are not affected by the presence of solvent 

molecules contacting the other sides of the adsorbate (compared to the other sides of the adsorbate contacting 
vacuum). 

2. The bond energy of the solvent to the adsorbate, per unit area of solvent-adsorbate contact, is not affected by 
the presence of the solid surface bonding to the other side of the adsorbate (compared to solvent being there 
instead of the solid surface, i.e., when the adsorbate is fully surrounded by solvent instead). 
By comparing the predictions of this model to measured adsorption (internal) energies in solvents 

[40,97,98,120] and to simulations [112] the model was found to be reasonably accurate, capturing most of the 
difference between the adsorption energy in the solvent compared to that in the gas phase, but not all of it. For 
example, the measured adsorption energy of phenol on Pt(111) is 174 kJ/mol in UHV, but only 19 kJ/mol in water, 
and the model captures 67% (or 104 kJ/mol) of this large difference (155 kJ/mol) [97]. The model captures most 
of the solvent effects on adsorption energies and therefore opens many opportunities for predicting adsorption 
energies in solutions in a semi-quantitative way. Those predictions can be leveraged to qualitatively predict solvent 
effects on catalytic reaction rates. For example, solvent tuning was used to control the coverage of formate and 
thus control the rate of Pd-catalyzed transfer hydrogenation [121]. 

Clearly, to use this model requires knowing the adhesion energies per unit area of the liquid solvents to the 
catalyst and electrocatalyst surfaces of interest. We have made experimental measurements to estimate the 
adhesion energies for many solvent / solid surface combinations [122,123]. 

As noted above, we estimated the absolute free energy of adsorption of propanethiol from ethanol solution 
onto Au (to make adsorbed propanethiolate) to be about 30 kJ/mol downhill, and estimated that, for longer-chain 
alkanethiols, this adsorbate is stabilized by ~1.5 kJ/mol per methylene group (relative to the corresponding 
solution-phase thiol) [25]. We also found that the transition state for adsorption of these C2 and C18 thiols were 43 
and 33 kJ/mol higher, respectively, than that for the same alkanethiol in bulk solution [25], whereas these thiols 
have negligible activation barriers to adsorb in ultrahigh vacuum (in the absence of the liquid ethanol). We 
attributed this large difference mainly to the energy cost to displace adsorbed solvent molecule(s) from the gold. 
According to Equation (4), this energy cost to displace adsorbed solvent molecules from the surface should also 
manifest itself as a substantial decrease in the heat of adsorption due to the solvent. This highlights the close 
connection between thermodynamics of adsorption in liquids and their kinetics. 

Let us assume that the adhesion energy of ethanol to Au is about 0.13 J/m2, since Eadh for both methanol and 
n-hexane to Pt(111) is ~0.16 J/m2 [123]. Inverting the full coverage of 4 × 1014 thiols/cm2 (θmax from above) gives 
the area per thiol. The product of these two (after units conversion) equals 20 kJ/mol. Thus, Equation (4) predicts 
that alkanethiol adsorption on Au in ethanol liquid should be about 20 kJ/mol less exothermic than in vacuum. 
This is similar in magnitude to the destabilization of the transition state for adsorption of these C2 and C18 thiols 
due to liquid ethanol of 43 and 33 kJ/mol estimated from the sticking probabilities (see above). 

The method of Equation (3) is very approximate, and that of Equation (4) is even less accurate. Nevertheless, 
they could be very useful in estimating the effects of changing solvent on the energies of adsorbed catalytic 
intermediates. Such estimates could provide important new ideas for improving catalytic and electrocatalytic 
processes in the liquid phase through tuning the solvent and its composition. 

7. Effects of Electric Fields on the Energies of Adsorbates on Metal Surfaces in Liquids 

As noted above, understanding how liquid solvents affect the energies of adsorbed catalytic reaction 
intermediates, compared to their much better-known values in gas phase, is crucial for understanding both liquid-
phase heterogeneous catalysis and electrocatalysis. There has been recently-growing proof that thermochemical 
catalysis on metals in liquids can proceed via the electrochemical coupling of two complementary electrochemical 
half-reactions with equal and opposite electron stoichiometry, especially based on results from the groups of 
Surendranath, Román, Flaherty and Baiker [124–133]. These studies have shown that metal catalysts undergo 
spontaneous electrical polarization during thermal catalysis in liquid phase, and that the electrochemical potential 
of the catalyst is a critical determinant of reaction rate and selectivity. They also developed methods for measuring 
this polarization. 
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The above results prove that, when doing either thermal catalysis in liquids like water or purposeful 
electrocatalysis on metal surfaces, one must consider that there is an electrical double layer near the metal surface 
across which there is a large change in electrostatic potential and therefore a large electric field. Changes in that 
electric field will certainly affect the energies of adsorbed catalytic reaction intermediates and transition states on 
the metal surface, and these energies are crucial in determining reaction rates. Knowing how changes in this electric 
field affect the energies of adsorbed reaction intermediates and transition states is therefore a crucially important 
part of understanding how liquid solvents affect adsorbate (and transition state) energies. 

We recently reviewed what is known regarding the effects of electric fields on the energies of adsorbed 
catalytic reaction intermediates on metal surfaces in both liquid solvents and in ultrahigh vacuum (UHV) [134]. 
That review focused on what was learned about this from surface science studies performed in UHV, and showed 
how that can guide predictions about how changes in electric fields in the nearby double layer affect adsorbate 
energies on metal surfaces in liquids. In UHV, the electric field felt by an adsorbate can be strongly tuned by the 
addition of a different adsorbed species nearby. Alkali adatoms exert a very strong change in electric field near the 
metal surface, as quantified by work function measurements. The effects of these changes in field due to alkali 
adatoms on the energies of co-adsorbed catalytic reaction intermediates, their electronic character and their 
reaction rates have been studied extensively for decades on clean, well-ordered single-crystal metal surfaces in 
UHV. For example, their field stabilizes adsorbed CO, N2, and H, weakens their C-O and N-N bonds and increases 
the dissociation rates of adsorbed CO and N2. These studies provide insight into the effects of applied electric 
fields on neutral and relatively non-polar adsorbates in liquid environments, if we assume that changes in the field 
have only small effects on the strength of the weak attractions between adsorbate and solvent, so that the change 
in adsorbate energy with a change in its local electric field is the same change as when adsorbed in UHV. For 
example, this approach explains the well-known observation that the binding energy of hydrogen adatoms (Had) 
to many late transition metal surfaces, as probed by cyclic voltammetry in aqueous solutions, increases (bind more 
strongly) with increasing pH, as shown in Figure 4. This change in Had energy in turn explains pH-induced changes 
observed in the rates of many aqueous-phase thermal catalytic and electrocatalytic hydrogenation reactions in 
which Had must add to another species, as shown by example for one thermal catalytic reaction (phenol 
hydrogenation over Pt) in Figure 4. 

 

Figure 4. Initial rates per Pt surface atom (TOF, in blue) for aqueous-phase phenol hydrogenation over 5 wt % Pt 
on carbon at 353 K at 20 bar H2 versus pH. Also shown (in red) is the hydrogen adatom binding energy to Pt(110) 
versus pH, measured in aqueous phase by Sheng et al. using CV [135]. Reproduced from Ref. [100]. Copyright 
2019, American Chemical Society. 

This effect of electric field on the energy of Had and its reactivity is just for one example adsorbate. Our recent 
review [134] summarizes how the interfacial electric field affects many other uncharged adsorbates and even some 
of their reactive transition states in UHV. It goes on to suggest how those results in UHV can guide predictions 
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about how this electric field will affect these same adsorbates at the liquid/metal interface. It also summarizes what 
is known about field effects on adsorbate energies from in situ liquid-phase and electrochemical studies. 

Clearly, being able to predict the effects of electric fields on adsorbate energies has important practical 
implications for electrocatalytic and even thermal catalytic reactions, opening up the possibilities for tuning 
reaction rates and selectivities via modulation of the electric field near the surface by variations in applied potential 
or solute concentrations (e.g., pH, alkali ions, etc.). 

A very important advance to help probe electric field effects in liquid-phase electrocatalysis and thermal 
catalysis has been the use of infrared Stark tuning measurements of adsorbed CO to probe the field near the metal 
surface. For example, Resasco’s group [136] recently demonstrated that organic alkylammonium cations influence 
electrocatalytic rates of CO2 reduction over Ag in non-aqueous media in an alkyl chain-length dependent way 
consistent with the strength of the electric field at the catalyst surface, determined by Stark tuning measurements 
of adsorbed CO on Pt with these same cations and solvent. They attributed the observed rate changes to field-
induced changes in the energy of the adsorbed CO2. Exceptionally important for probing these effects in thermal 
catalysis was the recent development of methods for wirelessly monitoring and controlling spontaneous electrical 
polarization at conductive catalysts dispersed in liquids employing infrared Stark spectroscopy by Wesley, Román, 
and Surendranath [127]. They used this to effectively track the magnitude of interfacial polarization at distributed 
metal/liquid interfaces at many different reaction conditions. 

8. Concluding Remarks 

Many methods are now available for studying adsorbates on solid surfaces in the liquid phase, their 
coverages, the rates of their formation and further surface reactions, their adsorption energies, methods for 
estimating the effects of solvent on these adsorption energies, and the effects of interfacial electric fields on these 
adsorbate energies. However, compared to adsorbates on solids in gas phase, these methods are much more limited 
and challenging to perform. This highlights the importance of developing new methods to study liquid/solid 
interfaces, and for combining theory with experiments to better understand such interfaces. New methods to study 
liquid/solid interfaces that leverage what has been learned at the gas/solid interface and what can be measured at 
the gas/solid interface appear particularly promising for the near future. 
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