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Abstract 

  The role that interfacial water plays in both promoting and inhibiting the electrochemical 

oxygen reduction reaction (ORR) remains somewhat mysterious and controversial. Here we use 

electroanalytical chemistry, spectroscopy, and microkinetic modeling to probe the impact of 

hydrophobic ionic liquid (IL) thin films on interfacial water structure and its role in promoting or 

inhibiting the ORR. Through the use of in situ ATR-SEIRAS, we find that the IL thin films limit 

the content of water at the interface and prevent the formation of hydrogen bond stabilized water 

organization. The impact of this exclusion of water on the promotion of the ORR is through the 

reduced coverage of OHad spectator species. The decreased solvation of “active” OHad species 

weakens its interaction with the catalyst surface, lowering the barrier to the last step in the ORR 

mechanism. This “destabilized” OHad impact on ORR kinetics is confirmed through a microkinetic 

model. The results presented here highlight the mechanistic pathway through which hydrophobic 

ILs enhance ORR kinetics and point to pathways to both further improve this performance 
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enhancement and the potential for integration of hydrophobic ILs into other technologically 

relevant elementary electrochemical reactions. 
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1. Introduction 

Electrochemical energy conversion and storage technologies are critical for any level of 

transition to a more renewable sourced energy economy. Commercial relevance, however, requires 

an improvement in electrocatalytic activity and selectivity for the governing electrochemical 

reactions as well as improved material durability with a concomitant reduction in cost.1–3 The 

efficiency of electrochemical energy conversion and storage devices is defined by the rate and 

selectivity of electrochemical processes occurring at and within electrodes, catalytic or otherwise. 

For electrocatalytically driven processes, research emphasis to this point has been mostly materials 

focused, where the path forward has been guided by reactive species binding activity 

descriptors.1,4,5 For broadly studied electrochemical reactions, particularly those with multiple 

intermediate species such as the oxygen reduction reaction (ORR), a solid catalyst centered 

approach, looking at different alloy compositions and nanostructures, has at this point lead to a 

plateau in both catalyst and device performance.1 An additional limitation for a solid catalyst 

centered focus, particularly for multi-intermediate reactions, is the imposition of a 

thermodynamically defined minimum overpotential. This minimum overpotential is established 

by the adsorption free energy scaling behavior among the reactive intermediates6–10 and is difficult 

to overcome through the traditional knobs that are turned for catalyst development including 

structure, compositional profile, and nanoscale morphology.11–15. While several solid catalyst-
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based strategies have been proposed to break this scaling behavior,1 we have yet to see real 

practical implementation and success of these proposed strategies.  

In order to achieve further progress, one strategy is to shift focus away from the catalyst 

and toward the interface.16 The unique properties of ionic liquids (IL) including ionic conductivity, 

negligible vapor pressure, wide electrochemical potential stability window, and high oxygen 

solubility in addition to the large library of organic chemical species readily available to aid in the 

synthetic tuning of these and other physical properties make ILs ideally suited for chemical 

tailoring of the electrocatalytic interface.17 Multiple groups have demonstrated the capability of IL 

modifications to enhance the ORR activity with a range of different IL chemistries.18–29 There 

remain, however, many fundamental questions as to the true nature of the cooperative interaction 

between IL, catalyst, reactant, and electrolyte.22,23,25 

 Although it is well known that electrochemical reaction kinetics are strongly coverage 

dependent,30–33 the role of water in influencing electrochemical kinetics for reactions involving 

multiple adsorbed intermediates is often overlooked. The unparalleled ORR activity on Pt3Ni(111) 

is a direct consequence of the reduced adsorption free energy of oxygenated species and the 

reduction in coverage of spectator species such as OHad.4 In addition to electronic properties of the 

surface, spectator coverage is related to both the defect density on the surface, where OHad 

nucleates at low coordinated sites, and OHad intermediate stabilization through hydrogen bonding 

with near-surface solvent water (see Figure 1a).34–36 The ORR activity of the three low-index 

facets of Pt in a “non-adsorbing” electrolyte shows a strong structural sensitivity37,38. As the ORR 

mechanism, whether dissociative or associative, involves breaking of an O—O bond as a possible 

rate determining step, it is easy to think of the close-packed surface of the (111) face as being the 

most active of the low index facets. The presence of “free" neighboring Pt atoms will favor 
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bidentate adsorption which could promote O—O bond breaking. Evidence of the role of these 

“free” neighboring sites can be seen in the trend in ORR current density at high overpotentials on 

Pt (111).4,39,40 As the ORR overpotential approaches potentials where underpotentially deposited 

hydrogen (HUPD) can be formed, the current density is found to decrease on Pt(111). The 

increasing coverage of adsorbed H with increasing overpotential limits the total number of “free” 

neighboring Pt sites, forcing O2 to adsorb through only one oxygen atom, and increasing the 

probability of hydrogen peroxide desorbing as a product. The reduction in ORR current density in 

this region is then a partial shift away from 4-electron ORR and toward 2-electron ORR.39,40 The 

cubic (100) face could also favor bidentate adsorption, but the adsorption free energy of 

oxygenated intermediates is too strong for the (100) face, making it the least active low index facet 

for ORR at low pH.41 The ORR activity is significantly higher on Pt(111), however, it is found to 

be highest on Pt(110).4,37 This is somewhat counterintuitive as the atomically “rough” surface of 

both reconstructions of Pt(110) 1×2 and 1×1 (see Figure 1b) would be expected to have the highest 

coverage of spectator oxygenated species.42 Indeed, the presence of OHad at potentials as low as 

0.3 V vs. RHE and the early onset of the electrooxidation of CO in comparison to the Pt(111) face 

is evidence of the higher steady-state coverage of OHad.
43 Comparatively, the steady-state coverage 

of spectator OHad on Pt(111), within an ORR relevant potential window, is lower as the defect 

density, limited to the minimal number of step edges on the crystal surface, is significantly lower.44 

It is not intuitively satisfying then that Pt(110) is more active than Pt(111). However, in addition 

to spectator OHad, we also have to consider site occupying/blocking reactive oxygenated species 

such as OHad/OOHad/Oad that are direct participators in the electrochemical reaction. Considering 

both the associative and dissociative mechanisms, OHad must be removed as one of the final 

reaction steps. One distinctive difference between the (110) and (111) facets of Pt is the interaction 
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of those surfaces with water. For Pt(111), it has been demonstrated that an ordered “ice-like” water 

network can be formed on the surface, Figure 1(a). The atomically flat, close-packed surface of 

Pt(111) with comparatively minimal oxygenated species coverage36,45, promotes the formation of 

a hexagonal hydrogen bonded water network with (√3 × √3)�30° symmetry.46–50 The catalytic 

impact of this ordered, hydrogen bonded water network at the Pt(111) surface can be manifested 

is a few ways:  

(1) The presence of an ordered, hydrogen bonded water network stabilizes OHad.51 This can 

both increase the coverage of spectator OHad and reduce the rate of OHad removal in the 

final elementary steps in both the associative and dissociative ORR reaction mechanisms. 

(2) The rigidity of this hydrogen bonded interfacial water network, which is both a function of 

the interfacial electric field strength and population of adsorbed oxygenated species, can 

impede ion and reactant/product transport through the compact double layer.52,53 Proton-

coupled electron transfers (PCET) also require fluid water to facilitate hydrogen bond 

rearrangement during the electrochemical conversion. 

(3) The solvation of OHad and OOHad intermediates yields a disparate change to their binding 

energies, increasing OHad by 0.5 eV and OOHad by 0.25 eV,8 which can exacerbate ORR 

scaling behavior.6 

In contrast to Pt(111), the atomic corrugations of Pt(110), see schematic in Figure 1(b), prevent 

or limit the formation of this ordered water network.54 It is then potentially this difference in the 

degree of interaction between the water and the catalyst surface that yields the higher ORR activity 

for Pt(110).45  
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Significant fundamental efforts focused on electroanalytical characterization of the 

water/catalyst interface have provided a certain degree of understanding of the impact of this 

interface on electrocatalytic reaction rates and selectivity46,48,62,50,55–61. Direct implementation of 

strategies utilizing this insight, in contrast to solid catalyst focused strategies, are limited. One of 

the notable exceptions to this, particularly for ORR electrocatalysis, is the use of hydrophobic ionic 

liquids (IL).18–29 There is clear evidence that the presence of these hydrophobic ILs, both protic 

and aprotic, reduce the coverage of OHad at ORR relevant potentials by shifting the onset potential 

for OHad/Oad formation positive22,25,27. While this is a potential source of the observed ORR 

activity improvement in the presence of the IL, specifically the limiting of spectator coverage and 

increase in free site density, there have been other proposed sources of ORR activity enhancement. 

These include: (1) increased interfacial O2 concentration due to the higher O2 solubility in ILs,19 

(2) minimization of adsorbed intermediate adsorption free energy scaling behavior due to 

reduction in adsorbed species solvation8; (3) faster/lower barrier proton transfers from the protic 

sites of the IL to adsorbed intermediates21. There has been no direct correlation between O2 

solubility and ORR activity found25. Correlations for proton transfers fit well with protic ILs, 

however, these cannot explain why similar activity enhancements can be achieved with aprotic 

ILs23. 

In this paper, through a systematic study of well-defined single crystal electrodes, in situ 

attenuated total reflection surface enhanced infrared absorption spectroscopy (ATR-SEIRAS), and 

microkinetic modeling we demonstrate that ILs act to prevent the formation of an ordered ice-like 

water structure, limiting the degree of solvation of both spectator and reactive OHad. The resultant 

increase in free-site coverage and reduced barrier for OHad conversion to water yields an enhanced 

ORR activity. Therefore, it is the exclusion of interfacial water, while maintaining an interfacial 
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environment that still facilitates water, ion, and reactant transport, that is the source of the ORR 

activity enhancement for IL incorporated electrocatalysts. 

2. Experimental 

Electrode preparation.  Pt(111) and Pt(110) (Princeton Scientific, 5 mm dia. discs) single crystals 

were inductively annealed at 1100 ºC for 10 min under Ar/3% H2 (Airgas) flow. The annealed 

discs were cooled slowly to room temperature under Ar/3% H2 flow and then protected with a 

droplet of ultrapure water (18.2 M.cm, TOC < 3 ppb, Millipore) for transferring to the rotating 

disk electrode (RDE) half-cell. All single crystals are immersed in the electrolyte under potential 

control, 0.1 V vs. reversible hydrogen electrode (RHE). 

IL deposition. The electrodes for electrochemical measurements were coated with ILs through a 

sequential capacitive deposition (SCD) method as outlined previously.22 Briefly, single crystal 

discs supported in an RDE collet were immersed in a 0.1 M Li[beti] aqueous electrolyte (beti: 

bis(perfluoroethylsulfonyl)imide, iolitec, 99%) with a constant applied potential of 0.55 V vs. RHE 

and a rotation of 300 rpm for 15 min. The electrode was then transferred into DI water while 

rotating at 300 rpm for 30 seconds to wash away residual ions. Next, the [beti]- adsorbed electrode 

was rested in a 0.05 M aqueous [MTBD] (7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene, Sigma 

Aldrich, 98%) solution, at 300 rpm for 10 min. Finally, the electrode was transferred back into DI 

water to wash away impurities while rotating at 300 rpm for 10 min. 

The electrodes for in situ ATR-SEIRAS were coated with IL thin films through spin 

coating. The [MTBD][beti] (Figure  S1) IL was prepared according to a previously reported 

procedure.63 IL solutions were prepared by diluting the as-made IL by a factor of 10 with ultrapure 

2-propanol (99.8%, Sigma-Aldrich) and sonicating for 30 min. The solution drop volume for 
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coating of the electrodes was tailored to ensure a 10 µm IL film thickness following evaporation 

of the solvent under electrode rotation and Ar flow. Rotation rate was slow enough to prevent loss 

of solution, ensuring reproducible film thicknesses controlled by the solution concentration and 

drop volume.  

Electrochemical measurements.  All electrochemical measurements were performed at room 

temperature with an RDE from Pine Instruments controlled by a Metrohm Autolab potentiostat 

(PGSTAT302N). The hanging meniscus RDE configuration37 was used for most measurements. 

The counter electrode was Pt mesh (99.9%, Alfa Aesar) bonded to the end of a Pt wire (99.9%, 

Alfa Aesar), and a Ag/AgCl (BASi) electrode was used as a reference. The electrolytes were 

freshly prepared using ultrapure water (18.2 M.cm, TOC < 3 ppb, Millipore). Cyclic 

voltammetry (CV) profiles were obtained in Ar (99.999%, Airgas) purged electrolyte with a 

potential range of 0.05 – 1.2 V vs. RHE at a scan rate of 50 mV s-1. ORR polarization curves were 

obtained through potential cycling between 0.02 – 1.0 V vs. RHE in O2 (99.999%, Airgas) 

saturated electrolyte at a scan rate of 20 mV s-1 and a rotation rate of 1600 rpm. All polarization 

curves in this paper are normalized by the geometric surface area of the single crystal electrodes 

(0.196 cm2). All electrochemical measurements were repeated at least three times to ensure 

reproducibility. Kinetic current densities for ORR were calculated using the Koutecky-Levich 

equation to adjust for mass transport limitations: 

                                    �
��

= �
��

+ �
��

                                           (Eq. 1) 

where, in is the measured current density at 0.9 V vs. RHE, id is the diffusion-limited current 

density at 0.4 V vs. RHE, and ik is the kinetic current density at 0.9 V vs. RHE. 
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in situ ATR-SEIRAS. A two-compartment, three-electrode glass cell was used for all 

spectroscopic measurements. A schematic of the setup used for spectroscopic studies can be found 

in previous publications.64,65 One compartment contains a graphite counter electrode and is 

separated from the other by a Nafion ion exchange membrane (IEM, Nafion 211, Fuel Cell Store). 

The other compartment contains the Au coated working electrode, a Ag/AgCl reference electrode 

(3.0 M NaCl, BASi), and gas inlet and purge lines. The electrodes were connected to a potentiostat 

(Solartron 1260/1287) that was used for electrochemical measurements. The cell was integrated 

into the Agilent Technologies Cary 660 FTIR spectrometer equipped with a liquid nitrogen-cooled 

MCT detector. All spectra were collected at a 4 cm-1 spectral resolution and are presented in 

absorbance difference units where a positive and negative peak signifies an increase and decrease 

in the interfacial species, respectively. 

3. Results and Discussion 

The direct impact of [MTBD][beti] IL thin films, formed through sequential capacitive 

deposition (SCD)22, on the voltammetry and ORR activity of Pt(111) and Pt(110) single crystals 

is shown in Figure 2. There is minimal change to the charge associated with the underpotential 

deposition of hydrogen (HUPD) indicating minimal surface Pt site blocking by the IL thin film, 

Figures 2(a) and (b). Additionally, a clear shift in the onset/peak potential as well as the reduction 

in total charge associated with OHad/Oad formation is indicative of the presence of ILs at a Pt 

interface.18,22,23,26 In agreement with previous works assessing the impact of ILs,18,19,22–24 even 

[MTBD][beti] specifically, on the ORR activity of Pt nanomaterials, we show in Figure 2(c) and 

(d) the expected enhancement in ORR activity for Pt(111) and Pt(110). What is new here is that 

we find the degree of ORR activity enhancement is crystallographic orientation dependent. As 

shown in Figure 3 and quantified in Table S1, the addition of the SCD [MTBD][beti] thin film to 
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the Pt(111) surface yields a 2X improvement in the kinetic current density at 0.9 V vs. RHE while 

that on Pt(110) yields a 1.5X improvement. At its face, this result is somewhat counterintuitive. 

The atomically corrugated surface of Pt(110) will have a higher nominal coverage of OHad/Oad in 

comparison to Pt(111).37 It would then be expected that if the dominant impact of the hydrophobic 

IL is to reduce the coverage of spectator OHad or minimize the adsorption free energy of reactive 

OHad, the larger effect would be seen for Pt(110) as there is more nominal OHad/Oad coverage at 

higher ORR overpotentials.37 A case can be made for the similarities between the structural 

sensitivity of the ORR kinetic activity with and without IL. We propose that there are potentially 

two things at play here: (1) the atomic corrugation of the Pt(110) surface prevents the formation 

of an ordered, hydrogen bonded water network, lowering the probability for the presence of 

stabilized H2O-OHad complexes, and (2) the ORR active sites on a Pt(110) surface consist of the 

trough of atoms beneath the lower coordinated rows, see Figure 1(b), and the decoration of those 

lower coordinated atoms lining the trough with oxygenated species, sterically protects the active 

sites within the trough, preventing passivation and limiting any interaction between water and the 

adsorbed intermediates at the active sites. The limitation of the interaction between water and the 

active sites as well as the steric protection of the active trough sites on Pt(110) can potentially 

explain the improved ORR kinetics at pH 1 for a bare Pt(110) over a bare Pt(111). If we think 

about this now in the context of the ORR activity trend observed for the IL covered surfaces, we 

can propose a potential hypothesis: the presence of the hydrophobic ILs reduces the concentration 

of water at the metal/electrolyte interface, lowering the degree of solvation of adsorbed species 

and preventing the formation of an ordered, hydrogen-bonded water network. From the CVs in 

Figure 2(a) and (b), we know that the total coverage of OHad/Oad is reduced for both Pt(111) and 

Pt(110). However, as we have mentioned previously, it is not just a change in spectator species 
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coverage that is relevant, the impact of the solvation of reactive oxygenated intermediates on their 

adsorption free energy and reactivity could have a large impact as well. For Pt(111), the presence 

of the IL both lowers the coverage of site blocking OHad/Oad, as evidenced by the CVs in Figure 

2(a), and potentially reduces the degree of solvation of reactive intermediates. The wide, flat, 

close-packed terraces favor the formation of ordered water structures which will tend to maximize 

adsorbed species solvation.51 Therefore, the impact of removing that water structure through the 

addition of the hydrophobic IL to the interface is expected to be significant, see Figure 3. If we 

contrast this with the Pt(110) surface, while a reduction in OHad/Oad coverage is observed, the 

steric protection of the trough active sites even in the absence of the hydrophobic IL, limits the 

degree of reactive intermediate solvation. Therefore, the impact of the IL on ORR reactivity is 

diminished in comparison as the atomic scale structure of the Pt(110) surface already limits the 

degree of water interaction and prevents the formation of an ordered water network. 

We can support our hypothesis by probing the state and content of water at a 

metal/electrolyte interface with attenuated total reflectance surface enhanced infrared absorption 

spectroscopy (ATR-SEIRAS). ATR-SEIRAS has many advantages over traditional IR 

spectroscopy, namely the ability to interface with bulk electrolyte and have a high degree of surface 

sensitivity, sampling only 5-10 nm beyond the metal/electrolyte interface65. Previous work has 

attributed specific wave numbers in the SEIRA spectra to highly hydrogen bonded ice-like water 

(3290 cm-1) and more weakly associating non-hydrogen bonded water (1600, 1620 cm-1)65–67. The 

spectra in Figure 4(a) and (b), in the presence of an IL thin film, show a distinct absence, or 

significant reduction, of all features associated with interfacial water in comparison to a bare metal 

surface.65–67 Au electrodes, rather than Pt, were used as there exists disagreement as to the 

assigning of some water peaks on Pt68–71 and some concern as to the relative reliability of the 
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difference spectra72. This result is expected as the hydrophobic ILs unsurprisingly limits the 

content of water at the metal surface. However, it is known that these ILs have a nominal water 

solubility that can range up to several hundred ppm.73 We argue that this nominal water solubility 

is critical for the operation of the IL at an ORR catalyst interface. While the IL used here is protic, 

the anhydrous ionic/protonic conductivity is much lower than that required to maintain high ORR 

turnover rates.25 Integration of water, likely in a semi-phase segregated morphology creating 

water/ionic channels, leads to dramatic enhancements in ionic conductivity.74 Additionally, if the 

IL has some water solubility, the water formed at the catalyst surface during ORR has a place to 

go, diffusing out into the bulk electrolyte. Figure 4(c) compares two ATR-SEIRAS spectra on a 

Au electrode in alkaline electrolyte, one spectra with a thin [MTBD][beti] film on the Au electrode 

and one without. We have chosen to use a Au electrode in alkaline electrolyte as the relevant bands 

for OHad are more clear under these conditions.65 The band clearly moves from ~3400 to 3506 cm-

1 as the potential is increased. This feature has been attributed to adsorbed hydroxide (OHad)65. In 

the presence of the IL thin film, there is a clear reduction in peak intensity at all potentials, 

signifying a reduced coverage of OHad. The peak intensity of this feature increases with increasing 

potential but begins to decrease at potentials above 0.2 V vs. RHE. This reduction in intensity does 

not imply a reduction in the coverage of OHad, which would disagree with intuition and all other 

measurements of oxygenated species coverage with potential, e.g., CVs.65 A definitive reason for 

this decrease in intensity is not available, but it has been suggested that there is a broad feature 

between ~3100—3500 cm-1 that is associated with near surface water. This feature is found to 

decrease with increasing potential and its convolution with the OHad peak may result in the 

observed decrease in peak intensity with increasing potentials beyond 0.2 V vs. RHE.65 The ATR-

SEIRAS spectra in Figure 4 strongly support our hypothesis of water-driven changes to OHad 
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coverage, and consequently free-site density, adsorption free energy and reaction step barriers, as 

the potential source of the ORR activity improvement in the presence of interfacial IL thin films. 

Additional voltametric evidence supporting the role of interfacial IL thin films in adjusting 

the solvation of adsorbed spectator and reactive OHad is provided in Figures 5 and S2. The role of 

hydrated alkali metal cations in the solvation and binding of OHad to metal catalyst surfaces has 

been well documented.75–78 For example, the correlation between ORR activity and alkali metal 

cation identity in alkaline electrolytes scales directly with the hydration energy of the alkali metal 

cation.76 The Li+ cation has the highest solvation energy.76 Therefore, the degree of interaction 

between Li+ solvating water and adsorbed intermediate OHad leads to the greatest degree of binding 

energy increase over the unsolvated intermediates in comparison to other alkali metal cations, i.e. 

K+. Figure 5 shows the ORR polarization curves and kinetic current density in 0.1 M LiOH and 

0.1 M KOH with and without the hydrophobic cation tetrahexylammonium (THA+) added to the 

electrolyte. The THA+ cations are found to enhance the ORR activity in both electrolytes. Previous 

work has suggested that THA+ and other hydrophobic cations enhance ORR activity by limiting 

the interaction between water and the catalyst surface, reducing oxygenated spectator species 

coverage.51 In this way they behave similarly to interfacial ILs in that they yield ORR activity 

enhancements through the exclusion of near surface water and more optimal species coverage. We 

have used THA+ for the measurements in Figure 5 instead of [MTBD][beti] as alkaline electrolyte 

will partially neutralize the protic IL. This can result in inconsistent ORR performance between 

different electrode preparations. Conducting measurements at pH 13 rather than pH 1 further 

strengthens the impact of hydrated alkali metal cations.76 The ORR enhancement with the addition 

of THA+ cations is likely due to the exclusion of both water and hydrated Li+ cations from the 

interface, resulting in both a reduction in OHad coverage and a weakening of its adsorption. In 
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Figure 5, we compare the degree of performance enhancement from the THA+ cations LiOH and 

KOH electrolytes. In comparison to Li+, K+ has a much lower solvation energy.75,76 This means 

that the binding and equilibrium coverage of OHad in KOH is expected to be lower.76 The degree 

of ORR improvement with THA+ electrolyte additives is clearly greater in LiOH than KOH. As 

the binding and OHad coverage in KOH is lower than LiOH, the reduced impact of the THA+ 

cations fits with the hypothesis that their impact is through the exclusion of water and hydrated 

cations, resulting in lower spectator coverage and destabilized OHad intermediate species.  

Figure 6 is an additional qualitative measure of the impact of the IL on OHad coverage. 

Zero current mixed potential (ZCMP) is a qualitative measure of the oxophilicity of a catalyst 

surface.79–81 With a series of rotations rates, the ZCMP is determined by the intersection of 

hydrogen peroxide oxidation and reduction (HPORR) curves, Figure 6. This intersection is the 

potential at which the probability to oxidize and reduce H2O2 are equal. As OHad is both a reactant 

(H2O2 oxidation) and adsorbed intermediate (H2O2 reduction),79 the value of the ZCMP in the 

anodic HPORR scan has been suggested to be a measure of the average affinity of the catalyst 

surface for oxygenated species, i.e. oxophilicity. The more positive the ZCMP, the less oxophilic 

the surface.79 In Figure 6, we show that the ZCMP shifts positive by approximately 70 mV for a 

Pt(110) surface that is covered in a [MTBD][beti] IL thin film. Pt(110) is used here rather than 

Pt(111) as the nominal OHad coverage is higher due to the lower average coordination of surface 

Pt atoms. This ensures that the shift in ZCMP between the bare and IL covered surfaces is more 

visible. However, we include the data for Pt(111) in Figure S3 where we do in fact see a positive 

shift in the ZCMP in the presence of the IL thin film. This result further supports the role of 

interfacial hydrophobic ILs in reducing the surface coverage of oxygenated species by lowering 

their barrier for removal.  
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To this point we have presented electroanalytical results that support the hypothesis of the 

weakened interaction between OHad and the Pt surface due to reduction in the surface coverage of 

water in the presence of interfacial IL thin films. However, we do not have a direct quantitative 

measure of the impact of these hydrophobic species on OHad adsorption free energy and the 

subsequent ORR kinetic improvement. We have previously developed an ORR microkinetic 

model that allows us to fit the voltammetry and polarization curves for Pt(111) modified with 

hydrophobic ILs.82 Novelty of this model lies in the incorporation of a coverage dependent 

adsorption free energy for oxygenated species with a modified Frumkin isotherm. Using our model, 

we first evaluate the impact of IL modification on OHad and Oad binding energies by comparing 

experimental and simulated CVs. Figure 7(a) shows a strong qualitative match with the impact of 

IL thin films on the Pt(111) CV, Figure 2(a). This model CV is obtained by destabilizing or 

weakening the binding of both OHad and Oad by 0.025 eV. Simulated polarization curves, using 

the modified binding energies, Figure 7(b), show a strong fit to the experimental polarization 

curves in Figure 2(c), supporting the role of IL/water interactions in promoting activity through a 

destabilization of OHad, reducing spectator coverage and increasing the number of free-sites. From 

the model we can also output simulated coverages, Figure 7(c). We see a distinct decrease in OHad 

coverage at ORR relevant potentials in the simulated IL case as a result of new equilibrium 

coverage profiles due to destabilized OHad and Oad. Interestingly, the opposite is true for Oad 

coverage, where the 0.025 eV OHad/Oad destabilization leads to an increase in Oad coverage at 

mixed kinetic/diffusion ORR potentials, Figure 7(c). We can hypothesize as to the source of this 

unexpected result: When we weaken OHad and Oad in our microkinetic model it changes the 

equilibrium coverage profile, and in this new coverage profile, we see a lower OHad coverage but 

higher Oad and free site coverages. A possible explanation could be that as we weaken OHad, it 
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makes the final elementary step easier, i.e. the removal of OHad as water, but makes the previous 

elementary step, the Oad -> OHad transition, more difficult. As a result, we get less OHad and more 

Oad on the IL covered surface in comparison to the bare surface. In Figure 7(d), we see a strong 

correlation between increase in potential dependent free-site coverage and improved kinetic 

current density for Pt(111) modified with IL thin films in comparison with bare Pt(111). In our 

previous work82, we have shown that hydrophobic IL thin films change the scaling behavior but 

the impact of scaling behavior of OHad/OOHad/Oad on ORR kinetics is inconsequential for realistic 

modifications in OHad adsorption free energy. Additionally, in our previous work82 we have used 

our model to explore the role of adsorbed species weakening by separately modifying adsorption 

free energies of OHad, Oad, and OOHad. Our model indicates that ORR kinetic improvements 

through reduction in interface solvation is dominated by changes in OHad binding and minimally 

affected by changes to OOHad and Oad binding. These microkinetic model results lend further 

support to the dominant mechanism of ORR enhancement in the presence of hydrophobic IL thin 

films being the reduction in spectator OHad coverage, through near surface water exclusion. 

Taken together, the data presented here indicate that the dominant mechanism by which 

interfacial ILs improve ORR activity is through the reduction in coverage of oxygenated spectator 

species, increasing active site density, and easing the removal of intermediate OHad during ORR. 

The key property of ILs contributing to this effect is their hydrophobicity, which can be a function 

of both anion and cation chemistry. However, maximizing IL hydrophobicity is suboptimal83  as 

ORR requires transport of water, protons, and O2 between the catalyst surface and bulk electrolyte. 

Further development in IL chemistry may solve the delicate balance between reduced water 

activity at the surface and sufficient proton concentration and transport to the reactive interface.  

4. Conclusion 
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Ionic liquids as interface modifiers for ORR electrocatalysts have demonstrated utility with 

a broad range of research groups showing significant enhancements in activity both in the half-

cell and PEMFC MEA. The origin of this enhanced activity, while speculated and hypothesized 

by numerous research groups, remains controversial. The data presented here supports the 

hypothesis that the dominant mechanism of ORR enhancement at a catalyst/IL interface is through 

the optimization of the water/catalyst interaction. Through the partial exclusion of water, the 

hydrophobic IL leads to reduced oxygenated spectator species, i.e. OHad, coverage which results 

in increased active site density. Additionally, the reduced solvation of oxygenated intermediates, 

such as OHad and Oad, decreases their binding energy, increasing the rate of elementary reaction 

steps involving these species. Namely, the weakening of OHad binding through reduced solvation 

will ease its removal during the final elementary step of the ORR mechanism, improving active 

site turnover. This conclusion is supported by electroanalytical study of structural sensitivity, in-

situ spectroscopy, and microkinetic modeling. Based on these results, a potential path forward is 

to develop new IL chemistries that further optimize the interaction between the catalyst surface 

and water while balancing O2, proton, and water transport between the catalyst and bulk electrolyte. 
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Experimental methods, ionic liquid molecular structure, additional supporting experimental data. 
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Figure 1: (a) Schematic of ordered ice-like hydrogen 
bonded water structure with OHad on a (111) close 
packed plane. (b) Schematic representation of top 
view and side view of the atomic geometry of Pt(111), 
Pt(100), Pt(110) – (1X1), and Pt(110) – (1X2) 
surfaces. 
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Figure 2: (a) CVs of Pt (111) (blue) and Pt (111) + [MTBD][beti] (red) in Ar 
saturated 0.1 M HClO4 with scan rate of 50 mV s-1; (b) CVs of Pt (110) (blue) 
and Pt (110) + [MTBD][beti] (red) in Ar saturated 0.1 M HClO4 with scan 
rate of 50 mV s-1; (c) ORR polarization curves of Pt (111) (blue) and Pt (111) 
+ [MTBD][beti] (red) in O2 saturated 0.1 M HClO4 at 1600 rpm with scan rate 
of 20 mV s-1; (d) ORR polarization curves of Pt (110) (blue) and Pt (110) + 
[MTBD][beti] (red) in O2 saturated 0.1 M HClO4 at 1600 rpm with scan rate 
of 20 mV s-1. 
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Figure 3: Improvement of ORR kinetic current density at 0.9 V vs. 
RHE for Pt (111) and Pt (110) with IL [MTBD][beti] coated. 
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Figure 4: ATR-SEIRAS spectra of the potential dependent behavior of (a) and (b) interfacial water 
in Ar saturated 0.1 M HClO4 on Au + [MTBD][beti] film electrode and (c) adsorbed OH in Ar 
saturated 0.1 M NaOH on Au (black) and Au + [MTBD][beti] (red) film electrodes.   
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Figure 5. (a) the ORR polarization curves of Pt (111) in 0.1 M LiOH (dash blue) and 0.1 
M KOH (dash red) comparing with Pt (111) in 0.1 M LiOH containing 10-6 M THA+ (solid
blue) and Pt (111) in 0.1 M KOH containing 10-6 M THA+ (solid red). Linear sweep 
voltammograms were obtained in the O2 saturated electrolyte at 1600 rpm with scan rate 
of 20 mV s-1. (b) Improvement of ORR kinetic current density at 0.9 V vs. RHE for Pt 
(111) between bare and THA+ for 0.1 M LiOH and 0.1M KOH. 
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Figure 6: Anodic scan of cyclic voltammograms for (a) bare Pt (110) and (b) Pt (110) + 
[MTBD][beti] in Ar saturated 0.1 M HClO4 + 2 mM H2O2 at indicated rotation rate with scan 
rate of 20 mV s-1. 
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Figure 7: Simulated (a) CVs, (b) ORR polarization curves, (c) potential dependent equilibrium 
coverages of adsorbed oxygenated species, and (d) coverage of free-sites and kinetic activity plots as 
a function of potential for Pt(111) (blue) and Pt(111) + IL (red) during ORR . 
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