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SUMMARY

In this perspective, we highlight the role of surface heterogeneity in electrosyn-
thesis reactions. Heterogeneities may come in the form of distinct crystallo-
graphic facets, boundaries between facets or grains, or point defects. We
approach this topic from a foundation of surface science, where signatures
from model systems provide understanding of observations on more complex
and higher-surface-area materials. In parallel, probe-based techniques can inform
directly on spatial variation across electrode surfaces. We call attention to the
role spectroscopy can play in understanding the impact of these heterogeneities
in electrocatalyst activity and selectivity, particularly where these surface fea-
tures have effects extending into the electrolyte double layer.

INTRODUCTION

Electrosynthesis enables the use of (renewable) electrons to drive chemical transformations yielding

fuels, chemical precursors, and valuable products. Such reactions rely on electrons transferring to/

from intermediates adsorbed on a catalyst surface. The rates of electrosynthesis reactions depend

on the local potential of these electrons and the binding strength of intermediates to the catalyst sur-

face. The exposed crystallographic facet of an electrocatalyst controls the coordination number and

electron energy levels of active sites (Bondue et al., 2019; Sebastián-Pascual et al., 2019), resulting in

so-called structure-sensitive activity. This structure sensitivity originates from a minimum ‘‘ensemble’’

of atoms required to accommodate the reactants or products of the reaction or from large disparities

among the Gibbs free energy of transition states formed on different kinds of surfaces. Similarly, de-

fects on the electrocatalyst surface, such as vacancies (Gao et al., 2017; Geng et al., 2018), edges (Ab-

basi et al., 2017), twin boundaries (Li et al., 2017), and grain boundaries (Feng et al., 2015, 2016; Ma-

riano et al., 2017), result in variation of coordination number (Wang et al., 2018), surface strain (Chen

et al., 2015; Clark et al., 2017), and electronic structure (Gao et al., 2017; Geng et al., 2018). Their pres-

ence can therefore dramatically impact the local activity.

The drive to improve efficiency has emphasized the importance of catalyst design. This requires under-

standing not only how material composition and crystal structure determine activity but also how hetero-

geneities in electrocatalysts influence activity. We here focus on the consequences of surface heterogene-

ity derived from a variety of planes exposed in polycrystalline (electro)catalysts in addition to discussing the

presence of steps, kinks, and the boundaries between facets. Studies identifying the role of heterogeneity

in electrocatalysis can be broadly classified as those that (1) isolate a desired parameter (e.g., particle size,

principle facet orientation, defect structure) in the study of model systems, a so-called surface science

approach, or (2) leverage spatially resolved approaches to probemultiple types of heterogeneities on com-

plex surfaces.

We first emphasize the utility of model systems in understanding structure-sensitive reactions (dependence

on facet) and their mechanism (spectroscopically determining themode and extent of adsorption). We next

highlight how signatures of these facets can be used to understand the reactivity of polycrystalline systems.

Such systems also have grain boundaries and other small length scale heterogeneities such as steps, dis-

locations, and kinks (Chen et al., 2012), the local properties of which can be addressed by probe-based ap-

proaches. Together, these bottom-up and top-down approaches can then inform on the activity of high-

surface-area (particle) systems.
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We will focus our discussion on cathodic electrosynthesis on transition metal catalysts. The most founda-

tional is the generation of hydrogen from water, the hydrogen evolution reaction (HER). More complex re-

actions, such as the electrochemical hydrogenation (ECH) of organics and the CO2 reduction reaction

(CO2RR) to CO and organics, can sometimes involve elementary aspects of the HER (e.g., when a hydrogen

addition step is involved) and/or compete with hydrogen adsorption on the surface. Together, these reac-

tions hold the potential to synthesize an array of value-added products by electrocatalysis, ranging from

hydrogen to hydrocarbons and alcohols.
Studies of Model Systems

Crystallographic facetsofmetalshavedistinctaffinities for adsorption (andsubsequent reaction)ofhydrogenand

organic compounds from aqueous solutions. The study of single crystals can directly access this, although great

caremust be taken, given the intrinsically low surface area of the system. Although obtaining single crystal sam-

ples can be costly, for some systems epitaxial films can be prepared atop an oriented substrate (Hazzazi et al.,

2010) to reduce cost and increase throughput. The results obtained from such studies can provide important in-

formation in designing high-surface-area systems, discussed in more detail later, and offer an experimental

analog to typically modeled systems using, e.g., density functional theory (DFT).

Hydrogen Underpotential Deposition

A prototypical example of a structure-sensitive reaction is the adsorption of protons onto a surface such as

platinum at potentials anodic to the HER, termed hydrogen underpotential deposition (Hupd). This leads to

distinct features in the cyclic voltammogram (CV) of platinum (Clavilier et al., 1980; Climent and Feliu, 2011)

due to a larger hydrogen binding energy (Zheng et al., 2015) on the (110) compared with the (100), with that

on the (111) being coverage dependent (Figure 1A). The HER is also structure sensitive, with the activity of

the (110) facet greater than that of the (100), trending with Hupd binding energy, although we note that the

relationship between active adsorbed hydrogen and Hupd species is complex across facets and electrolytes

(Markovi�c et al., 1997; Markovi�ca et al., 1996).

Carbon Dioxide Reduction Reaction

CO2RR activity is well reported to be structure sensitive (Sebastián-Pascual et al., 2019), with product selec-

tivity being material dependent as well. Au and Ag primarily produce CO (in addition to reducing water to

form H2) (Hori, 2017). Undercoordinated sites, such as those on the (110) surface, display higher CO evo-

lution rates on both Ag (Clark et al., 2017; Hoshi et al., 1997; Kolodziej et al., 2018) and Au (Mezzavilla

et al., 2019; Todoroki et al., 2019). Cu differs in its ability to produce more reduced carbon species, such

as C2H4 and CH4, following CO2 reduction to CO. Across the low index orientations, C2 products were

most prevalent from the (100) orientation (Huang et al., 2017). Fourier transform infrared spectroscopy

(FTIR) detected the protonated dimer (COCOH) on Cu (100) but not Cu (111) (Pérez-Gallent et al.,

2017a), suggesting (100) sites are responsible for stabilizing adsorbed CO to form the dimer intermediate

(Huang et al., 2017; Pérez-Gallent et al., 2017b; Schouten et al., 2013). The C2H4/CH4 ratio can be further

increased by the incorporation of (110) and (111) steps onto the surface, provided the (100) terraces are

at least four rows in length (Hori et al., 2003; Takahashi et al., 2002). Comparison of yields across Cu single

crystals also indicated that under-coordinated sites, such as steps and kinks, promote the formation of al-

cohols and/or oxygenated species (Bertheussen et al., 2018; Ledezma-Yanez et al., 2016).

Electrochemical Hydrogenation

ECH competes with HER at cathodic potentials, both for active sites and for protons/adsorbed hydrogen

atoms in the reduction of organics. Even when such species do not adsorb via an electron transfer process,

and thus present no new features in a CV, they can be indirectly observed by displacement of hydrogen and

diminishing Hupd features. The interaction of organics with a given crystallographic facet depends on the

organic functional group. Take, for instance, the ECH of carbonyl compounds on Pt. Acetone is only

observed to hydrogenate on the (110) surface but not the (111) and (100) surfaces (Bondue et al., 2019).

In contrast, all Pt orientations can hydrogenate the acetyl substituent of acetophenone, but no orientations

can hydrogenate 4-acetylpyridine (Bondue and Koper, 2019). This structure sensitivity can first be

understood by considering the extent of adsorption via the displacement of Hupd features by CV (Figures

1B–1D). Acetone reduces Hupd only on the (110) surface, whereas acetophenone reduces Hupd on all orien-

tations. However, 4-acetylpyridine also reduces Hupd, which indicates that the extent or strength of adsorp-

tion alone cannot explain trends in reactivity (Bondue and Koper, 2019). Vibrational spectroscopy can
2 iScience 23, 101814, December 18, 2020



Figure 1. Impact of Pt Orientation on Hupd, Displacement of Hupd by Organics, and Determining Organic Orientation by Raman Spectroscopy

(A) Cyclic voltammetry of Pt single crystals in oxygen-free electrolyte (V versus SCE); insets show schematics of each plane. Adapted with permission from

Markovic et al. (1995). Copyright 1995 American Chemical Society.

(B–D) Comparison of the CV obtained at Pt(110) in the blank electrolyte of 0.1 M H2SO4 (black) and in the presence of 0.01 M of the following organic: (B)

acetone, (C) acetophenone (red) or benzene (blue), (D) 4-acetylpyridine (red) or pyridine (blue).

(E) SERS spectra for platinum in 0.1 M H2SO4 with 0.01 M 4-acetylpyridine (red) or acetophenone (black).

(F) Position of the C—O stretch versus applied potential; the slope (m) gives the Stark tuning experienced by the carbonyl functional group.

(B–F) Adapted with permission from https://pubs.acs.org/doi/abs/10.1021/jacs.9b05397 (Bondue and Koper, 2019). Further permissions related to the

material excerpted should be directed to the ACS.

ll
OPEN ACCESS

iScience
Perspective
probe not only the extent of adsorption but also the orientation of adsorbed organics. Surface-enhanced

Raman spectroscopy (SERS) showed that the C-O stretch of the carbonyl group of acetophenone has a

greater Stark shift compared with 4-acetylpyridine (Figures 1E and 1F), indicating it is located closer to

the electrode surface and experiences a larger change in electric field with polarization. Together with

other observed vibrations of the pyridine ring, the lack of 4-acetylpyridine ECH can then be attributed

to its vertical adsorption through the N atom, resulting in a carbonyl group far from the surface and insuf-

ficiently polarized to be reduced (Bondue and Koper, 2019).

Some small organics can adsorb on metals such as Pt without seemingly affecting the Hupd features. The

reactivity of distinct facets can be obtained, however, by monitoring desorbed products during a CV.

For example, ethene hydrogenates to ethane on the undercoordinated Pt(110) surface, but notably less

on the (111) surface, where CVs suggest it adsorbs too strongly to derive any product (Müller et al.,

1995). Similarly, benzene hydrogenates completely to cyclohexane on Pt(110), whereas it desorbs mostly

unreacted from Pt(100) (Schmiemann and Baltruschat, 1993). Although benzene does not hydrogenate

on the (111) surface, the presence of (110) steps leads to hydrogenation. This was confirmed by adsorbing

Cu to the steps of Pt(332), which reduces benzene adsorption and dramatically diminishes hydrogenation

(Löffler et al., 2003). Together, these studies illustrate that undercoordinated sites on the Pt(110) surface

and/or steps have higher reactivity for ECH, although the reactant molecule must adsorb such that the

bond to reduce is sufficiently close to the electrocatalyst surface for effective polarization.
Identifying Signatures of Model Systems

With a foundation of surface science-based approaches illustrating signatures of well-defined surfaces,

such signatures can then be employed to elucidate the role of facet heterogeneity in polycrystalline
iScience 23, 101814, December 18, 2020 3

https://pubs.acs.org/doi/abs/10.1021/jacs.9b05397


Figure 2. Ratio of Steps and Defects to Terraces Govern Site of CO Adsorption Site and Extent across Potentials

(A and B) Attenuated total reflectance (ATR) FTIR spectra recorded from 0 to �0.8 V versus RHE on (A) Pd nanoparticles,

and (B) Pd0.8Au nanowires in CO2-saturated 0.5 M KHCO3.

(C and D) (C) Normalized total *CO band intensity and (D) COL/COB (linear/bridged) ratio as a function of applied

potentials. Adapted with permission from Zhu et al. (2018). Copyright (2018) WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.
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systems (Vidal-Iglesias et al., 2012). For instance, changes in the facet-dependent Hupd features of Pt have

been used to determine adsorption energies for organic species like phenol and benzaldehyde. At low cov-

erages, phenol adsorbs only on the Pt(110) and (100) step-like sites but saturates the (111) facets as well at

higher coverages. The adsorption enthalpies of phenol, estimated by Hupd displacement andmodeled as a

Frumkin isotherm, were �41 and �21 kJ/mol relative to aqueous phenol for the (110)/(100)-like sites and

(111) facets, respectively. In contrast, benzaldehyde has a more negative (higher absolute) heat of adsorp-

tion, although demonstrating the same trend with facet orientation as phenol (Singh et al., 2019). The rates,

reaction orders, and activation energies for ECH of phenol and benzaldehyde on Pt and other Pt-group

metals can be explained well by a Langmuir-Hinshelwood mechanism, with rate-data derived adsorption

equilibrium constants for the organics consistent with independently measured values (Singh et al., 2020).

Other sources of electrocatalyst heterogeneity include the specific sites onto which reactants adsorb,

which can be identified by vibrational techniques such as FTIR. For example, CO adsorbs at distinct sites

on close packed metals: as linear carbonyls at on-top sites, 2-fold coordinated at bridged sites, and 3-fold

coordinated at hollow sites. The different binding strengths of CO to the surface lead to observable differ-

ences in the C-O stretch frequencies by FTIR. The types of adsorption sites present are further dependent

on crystallographic facet: for example, CO primarily adsorbed on hollow sites on Pd(111), bridged sites on

Pd(100), and on-top of defects (Groppo et al., 2007). For Pt, FTIR shows that the linear bonding of CO to the

(110) surface corresponds to a more facile CO2RR compared with multibonded CO on the (100) face (Rodes

et al., 1994a, b). In studying CO2RR on Pd (Figure 2), nanowires adsorbed a higher ratio of linear CO (COL)

at their copious steps/defects versus bridged CO (COB) on terraces compared with nanoparticles with

fewer grain boundaries. The linear CO interacts less strongly with the surface, resulting in a lower overpo-

tential for CO2RR (Zhu et al., 2018).
4 iScience 23, 101814, December 18, 2020
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Probe-Based Techniques

In contrast to surface science approaches that simplify systems to understand their constituents, probe-

based techniques provide spatial resolution to interrogate heterogeneous surfaces. Such techniques

may be employed to identify the local potential in an electric field gradient or probe differences in current

density or rate of product generation to identify the active site or the role of defects.

X-ray photoelectron spectroscopy (XPS) is unique in that photoelectrons are sensitive to both the chemical

environment and electrostatic potential. Core level photoelectrons are elementally specific and can often

distinguish the oxidation state and/or the surrounding ligand environment. For example, ambient pressure

XPS (Stoerzinger et al., 2015) was used to study a CeO2-d solid oxide electrochemical cell driving the

CO2RR. XPS probed the potential profile (Zhang et al., 2012) across a CeO2-d catalyst in contact with an

Au current collector, identifying the corresponding surface speciation and Ce oxidation state.

Carbonate and Ce3+ accumulated during CO2 electrolysis to generate CO over a 400-mm active region

on the CeO2-d (Yu et al., 2014).

Other approaches probe the potential directly at a conductive tip, such as contact-based potential-sensing

electrochemical atomic force microscopy (PS-EC-AFM). In addition to providing local morphology, this

technique can directly measure the surface electrochemical potential in heterogeneous electrochemical

systems. PS-EC-AFM has recently been demonstrated to observe the potential- and thickness-dependent

electronic properties of cobalt (oxy)hydroxide phosphate (CoPi) on illuminated hematite (a-Fe2O3) photo-

electrodes (Nellist et al., 2018).

With sufficient resolution (on the atomic scale), probe-based techniques can identify active sites, such as

edges or other heterogeneities. Scanning tunneling microscopy (STM) can measure surface reactivity (con-

voluted with morphology) by the tunneling current. In addition, highly active sites result in electrochemical

noise due to changes in electrolyte composition and local ad/desorption processes (Figure 3). This

approach has been used to probe the active sites for the HER, demonstrating that for Pt in acid, step edges

are muchmore active than (111) terraces (Pfisterer et al., 2017). In contrast, for metals supported on Au(111),

Pt terrace sites are active, whereas Pd atoms at the boundary are more active than those at the center of Pd

islands (Figure 3) (Liang et al., 2019).

Other probe-based techniques that operate at greater length scales can detect an increase in local activity

near defects such as grain boundaries (Mariano et al., 2017). Scanning electrochemical cell microscopy

(SECM) has shown that the increased catalytic activity of Au grain boundaries for CO2 and CO reduction

is on a length scale (0.5–4 mm), commensurate with its dislocation-induced strain field (Mariano et al.,

2017). Dislocation-induced strain may alter reaction intermediate binding energy and/or create high

step densities with greater activity than terrace sites. Small probes can also be polarized to locally detect

products (such as evolved H2 via its oxidation), measuring local activity by the current passed between the

probe and the sample. This technique has been used to identify size-dependent nanoparticle activity for

HER by an electrochemical STM (Meier et al., 2002) and an SECM tip (Sun et al., 2014).
Correlations in Nanoparticle and Polycrystalline Systems

Building off the findings from surface science- and probe-based techniques, high-surface-area systems can

also be studied to look for correlations in catalyst activity, material properties, and reactant adsorption. For

structure-sensitive reactions, studies have considered relations between particle size or shape, the ex-

pected ratio of facets:edges (Figure 4), and catalytic activity or selectivity.

The ECH of phenol and benzaldehyde has been studied for Pt nanoparticles ranging in size. The intrinsic

activity of Pt, measured by the turnover frequency (TOF), increased with the size of Pt particles, which

matched the increase of the fraction of planar sites, Pt(100) and Pt(111) according to geometric models.

Interestingly, the same trend was observed for both molecules despite hydrogenation of different func-

tional groups, i.e., the aromatic ring in phenol and the carbonyl group in benzaldehyde (without ring hydro-

genation). The higher activity of planar sites was attributed to stronger adsorption of the organic com-

pounds on those planes. This hypothesis was verified by exposing different sized catalyst nanoparticles

to cathodic potentials (to generate adsorbed hydrogen) with and without phenol to compare the changes

in the Pt-H signal in X-ray absorption near edge spectroscopy (XANES) (i.e., the hydrogen displaced by the

organic compound) (Sanyal et al., 2019). The largest change was observed for the catalyst with the largest
iScience 23, 101814, December 18, 2020 5



Figure 3. STM Can Identify Active Sites by Electrochemical Noise in the Tunneling Current

(A and B) A scheme explaining how local changes in environment alter the tunneling barrier in STM. Increased tunneling-

current noise is likely when the tip is over a more active step edge (B), compared with terrace sites (A).

(C) STM line scans across Au-supported Pd islands under HER conditions in 0.1 M H2SO4. Pd atoms at the boundary are

more active than atoms at the center of Pd islands. Reprinted with permission from Liang et al. (2019). Copyright (2019)

American Chemical Society.
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particle size, in agreement with the hypothesis that active planar sites strongly adsorb organic and displace

hydrogen. A follow-up study applied the same principle of displacing adsorbed H from a polycrystalline Pt

electrode with organics, but the displacement was monitored by CV (Singh et al., 2019). These trends in

ECH can be further understood by considering particle size effects on the competing HER. Similar to

studies of Pt single crystals identifying steps as highly active for HER (Pfisterer et al., 2017), the edges

and vertices of Pt nanoparticles have been suggested to be much more active for HER than facets (Zalitis

et al., 2017), consistent with the dominance of ECH on large particles with a larger fraction of planar sites

(Sanyal et al., 2019).

Nanoparticle shape also influences the exposed facets. The hydrogenation of 2-cyclohexenone on Pt par-

ticles of different shapes showed similar rates on cubes (with exposed (100) planes) and cuboctahedra (with

exposed (100) and (111) planes); however, the ratio of 4:2 electron products (cyclohexanol:cyclohexanone)

was three times lower on cubes than on cuboctahedra (Kim and Lee, 2009). The latter points to better hy-

drogenation activity of the mixture of (100) and (111) in cuboctahedra than of pure (100) planes.

In agreement with studies on single crystals for the CO2RR, Cu nanocubes with a high fraction of (100) fac-

ets are more selective toward C2H4 production compared with nanoparticles with an array of different sur-

face sites (Loiudice et al., 2016; Roberts et al., 2015). Minimizing the competing HER reaction, however, re-

quires simultaneous optimization of the type of exposed facet and extent of under-coordinated sites at

cube edges by, e.g., changing cube size (Loiudice et al., 2016).

Polycrystalline surfaces and nanoparticles not only display a variety of facets with distinct properties but

also have undercoordinated sites and strain fields where different facets or orientations of the same facet
6 iScience 23, 101814, December 18, 2020



Figure 4. Particle Size Influences Fraction of Exposed Planes, Hupd, and ECH Activity

(A) Fraction of Pt(111), Pt(100), edge and facet (Pt(111) + Pt(100)) sites on Pt cubo-octahedron particles (Zalitis et al., 2017). Published by The Royal Society of

Chemistry.

(B) Electrochemical response in 4 M HClO4 of different-sized platinum particles. Arrows show the transition from a larger to a smaller particle size with more

(111) facets (Zalitis et al., 2017). Published by The Royal Society of Chemistry.

(C) Turnover frequencies observed for the ECH of benzaldehyde and phenol (at �0.7 V versus Ag/AgCl) over a series of Pt catalysts with different particle

sizes. The x axis shows the fraction of (100) and (111) terrace sites corresponding to those nanoparticle sizes. Reprinted with permission from Sanyal et al.

(2019). Copyright (2020) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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join. These grain boundaries can also influence electrocatalyst activity and selectivity. The role of grain

boundaries has been extensively investigated for the CO2RR. Multiple reports found correlation between

increasing grain boundary density on Au and Cu electrodes and increasing activity for the CO2RR and the

related CO reduction reaction (Feng et al., 2015, 2016). Considering a range of twin boundary densities on

Cu, the TOF for CH4 production on the twin boundary atoms was determined to be three orders of magni-

tude higher than on plane atoms (Tang et al., 2020).
Opportunities in Electrosynthesis

Current gaps in understanding the effect of electrode heterogeneity for electrosynthesis offer opportu-

nities to improve catalyst design for activity and selectivity. Considering the hydrogenation of carbon-con-

taining species in ECH and CO2RR, missing is an understanding of how carbon species and hydrogen (pro-

tons) compete for adsorption on particles with a variety of planes and edges, and how this competition is

influenced by species in the electric double layer (including water). Such understanding holds the potential

to optimize the pathways of the targeted transformations. Spectroscopic approaches can identify and

sometimes quantify adsorbed species, where the signatures of these adsorbates are often characteristic

of the coordination environment (e.g., crystallographic facet, extent of bonding) on heterogeneous catalyst

surfaces. These spectroscopic approaches may be leveraged further by probing the effect of surface het-

erogeneities on electrolyte, and vice versa. Resulting insights would provide a greater understanding of the

critical solid-electrolyte interface, e.g., cation hydration shell effects, selective anion adsorption, and local

pH. This understanding would guide the design not only of catalyst surfaces and their heterogeneities but

the reaction environment as well.

X-ray techniques, although often penetrating through the entire bulk of an electrocatalyst, can still assess

adsorbed species owing to elemental sensitivity. Owing to the bulk sensitivity of transmission- and fluores-

cence-based X-ray absorption studies, electrosynthesis studies are typically limited to catalyst particles

where a significant fraction of the atoms are located at the surface (characteristic of particles less than about

2 nm). X-ray absorption features arise from two processes: XANES and EXAFS. XANES involves electron

excitation from core to bound states, whereas extended X-ray absorption fine structure (EXAFS) involves

scattering of the photoelectron by neighboring atoms. For XANES, sensitivity to surface species can be

greatly enhanced by subtracting contributions from the non-reactive particle core atoms. Recent theory

advances can quantitatively predict XANES spectra. For instance, time-dependent DFT (TD-DFT), which

captures the excited electronic states observed in XANES (Lopata et al., 2012), enables characterization

of molecular species at active metal sites under electrochemical conditions. Both X-ray absorption tech-

niques hold promise for future use in assessing competition between C and H species on metals in oper-

ating conditions, and comparison of select systems (e.g., particles of different size) can elucidate the role of
iScience 23, 101814, December 18, 2020 7



Figure 5. X-ray Absorption and Theory Probe the Competition between Organics and Hydrogen during ECH

(A) XANES Pt L3-edge difference spectra in 3 M acetate buffer; potentials are versus Ag/AgCl.

(B) TD-DFT XANES difference spectra for a Pt6 cluster having a single hydrogen atom adsorbed minus the spectrum for a

bare cluster.

(C) TD-DFT XANES difference spectra for phenol adsorbed through a carbon atom at top, hollow or bridge sites.

(D and E) Experimental and simulated EXAFS radial structure plots as Im[c(R)]. The computed molecular dynamics

extended X-ray absorption fine structure (MD-EXAFS) is for a 50 atom Pt cluster with adsorbed hydrogen (Pt:H = 1, (D)) or

adsorbed phenol (50 Pt atoms and 15 phenol molecules, (E)). The MD-EXAFS in (E) is shown considering only Pt-Pt paths

or also including Pt-C (C of phenol molecules). The corresponding models are shown in the figures. Adapted from Singh

et al. (2018) with permission from Elsevier.

ll
OPEN ACCESS

iScience
Perspective
defects like grain boundaries and edges in competitive adsorption and reaction during electrosynthesis

reactions.

Coupling ab initio simulations with X-ray absorption spectroscopy can identify carbon-metal interactions as

a function of applied potential (Figure 5). For phenol under electrosynthesis conditions, theoretical calcu-

lations suggest that the aromatic ring of adsorbed phenol (subsequently reduced) lies parallel to the Pt sur-

face as confirmed by XANES experiments. XANES difference methods further illustrate the competition at

the bridge sites for either C (phenol) or H adsorption. Theory additionally shows H binds at corner and edge

sites of Pt nanoparticles that do not optimally bind phenol, and X-ray absorption shows the persistence of

adsorbed H under ECH conditions (Singh et al., 2018). EXAFS probes bond lengths and coordination

numbers. The predicted Pt-C bond lengths for phenol on platinum nanoparticles are in agreement with

measurements using EXAFS (Figure 5D).

Other X-ray techniques, such as XPS, offer more sensitivity to surface adsorbates. Although XPS has typi-

cally been limited to ultra-high vacuum on account of the low kinetic energy of surface-sensitive photoelec-

trons, the technique has recently been adapted to operate at ambient pressure (AP-XPS) (Eren et al., 2016;

Stoerzinger et al., 2015; Yu et al., 2014; Zhang et al., 2012) and even with liquid electrolyte (Favaro et al.,

2016; Stoerzinger et al., 2018). This enables determination of surface stoichiometry and oxidation state un-

der operating conditions (Yu et al., 2014; Zhang et al., 2012), and even provides adsorbate speciation

(Stoerzinger et al., 2018) and information about the double layer (Favaro et al., 2016). For example, AP-

XPS has detected *OH and *H remain on the surface of a porous Pt electrode during HER in alkaline elec-

trolyte (Stoerzinger et al., 2018). The Pt-H component persisted after oxidative stripping, suggesting the

porous structure may impact local pH and electric field gradients. AP-XPS can also probe the local voltage
8 iScience 23, 101814, December 18, 2020



Figure 6. Schematic of How Opportunities in Spectroscopy Can Inform on the Impact of Surface Heterogeneity-

Double Layer Interaction on Activity

Here, we provide an illustrated example of the heterogeneous facets of a hexagonal metal nanoparticle interacting

differently with the surrounding electrolyte, providing facet-dependent variation of the pH gradient, electric field

gradient, reactant and product mass transfer, and coupled catalyst properties such as stability.
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drop in the electrochemical double layer by the binding energy of photoelectrons (Favaro et al., 2016),

which may vary with surface roughness (Daikhin et al., 1997) or exposed crystallographic facet due to vari-

ation in local pH (coupled to differences in activity/selectivity).

Vibrational spectroscopies, such as FTIR and Raman, have recently been employed to deduce the extent

and mode of adsorption for organic species. These techniques can be performed during electrode polar-

ization to further identify the potentials of adsorption and conversion (Malkani et al., 2020), including infor-

mation on the polarization experienced by a given bond due to the electric field gradient (Bondue and Ko-

per, 2019). Operando vibrational spectroscopy can further identify intermediate species that form at a

specific polarization (Pérez-Gallent et al., 2017a). For the ECH of benzaldehyde, a ketyl radical was identi-

fied to mediate the electrocatalytic reduction of benzaldehyde to hydrobenzoin on Au and Cu by attenu-

ated total reflection surface-enhanced infrared reflection absorption spectroscopy (ATR-SEIRAS) (Anibal

et al., 2020). Interestingly, the authors reported the formation of CO associated with the adsorption of

benzaldehyde on Pt, which could have important consequences for the stability of Pt electrodes or, as

seen from single crystal studies, the stability of some Pt planes.

Although vibrational spectroscopies can be surface sensitive (Zhu et al., 2019), the evanescent field em-

ployed in such techniques extends into the double layer and electrolyte as well, providing insight into

the reaction products, local pH, and salt effects. This has recently brought great insight into the CO2RR.

The pH buffering effect of bicarbonate anions in CO2RR electrolyte has been observed by FTIR (Zhu

et al., 2017), and the local pH can be quantified by measuring the carbonate/bicarbonate band area ratio

(Dunwell et al., 2018). These bicarbonate ions have further been shown by FTIR to be the primary CO2

source and mediators during the CO2RR (Zhu et al., 2017). Thus, local differences in activity at heteroge-

neous surfaces may be compounded by effective CO2 concentrations as well. FTIR has also demonstrated

that the size of cations can impact the local pH, attributed to a decrease in the pKa of hydrolysis due to the

polarization of water between the cation and negatively charged electrode (Ayemoba and Cuesta, 2017).

As illustrated for the CO2RR above, the impact of catalyst heterogeneities (shown in Figure 6 as different

facets) may extend beyond the surface and into the electrolyte double layer, further affecting the activity

and selectivity in electrosynthesis reactions. For reactions consuming/generating protons (such as HER
iScience 23, 101814, December 18, 2020 9
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and hydrogenation reactions discussed here), variations in facet activity can lead to distinct pH gradients,

which may affect catalyst stability and even shape. For example, a facet that more rapidly consumes pro-

tonsmay have a locally higher pH than a less active facet, driving the former’s selective dissolution if soluble

in alkaline conditions. FTIR can provide insight into this process by probing local pH gradients through

band area ratios of buffer components. Inherent differences in the work function and potential of zero

charge (PZC) of crystallographic facets (and the logical extension to steps as well) (Gómez et al., 2000)

can also result in different surface charges under applied potential and corresponding variation in adsorp-

tion of nearby ions. The resultant differences in local electric field can influence the bond polarization of

adsorbates (Hussain et al., 2019), and subsequently the activity and selectivity of a facet, even leading to

local variation in the pKa of solvent molecules, again affecting local pH. Techniques like FTIR and Raman

can probe bond polarization through Stark shifts, and ambient pressure XPS accesses electric fields and

salt concentrations through the binding energy and intensity of emitted photoelectrons. Variation in

both pH and electric field gradients, observable by spectroscopic approaches, may provide further expla-

nation of how the rates and selectivity of an electrocatalyst depend on exposed facet and the presence of

other heterogeneities (such as grain boundaries, steps, kinks).

CONCLUSION

We have highlighted examples where surface heterogeneities impact catalyst activity and selectivity in

electrosynthesis reactions. Building off a foundation of surface science approaches, the study of model sys-

tems can provide signatures for understanding the behavior of more complex catalysts with multiple

exposed facets and grain boundaries, such as cyclic voltammetry features corresponding to H adsorption

on distinct facets. Probe-based techniques can isolate the contribution of some heterogeneities to electro-

catalyst activity, such as active step edges for HER on Pt or strained grain boundaries for the CO2RR on Cu.

These approaches to isolate parameters, either in model systems or via spatial resolution, build explicit un-

derstanding and bolster observed correlations between material parameters and catalyst performance in

nanoparticle and polycrystalline systems, such as size and shape-dependent activity and selectivity. We

further highlight how spectroscopy can elucidate the role of heterogeneities in cathodic electrosynthetic

reactions. X-ray and vibrational spectroscopies can assess competitive adsorption between C and H spe-

cies at the catalyst surface and further probe how catalyst heterogeneities impact the electrolyte double

layer. The use of such approaches can further develop the underlying physicochemical principles dictating

(electro)catalyst activity and selectivity, guiding the design of stable catalysts down to the level of exposed

crystallographic facet and heterogeneous defect (e.g., step edge, grain boundary) density.
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