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The shift toward renewable energy generation sources, characterized by

their non-carbon emitting but variable nature, has spurred significant
innovation in energy storage technologies. Advancements in foundational
understanding from investments in basic science and clever engineering
solutions, coupled with increasing industrial adoption, have resulted in

a notable reduction in the cost of storing electricity from variable energy
generation sources. These developments have paved the way for the
exploration of new and innovative forms of energy storage that deviate from
traditional technologies. In this perspective, it is posited that the progress
made in energy storage research over recent years has opened the door to the
development of energy carriers for technologies that are yet to be realized. To
illustrate this concept, examples of alternative energy carriers are provided
within the context of unique electrochemical interfaces for electrochemical
hydrogenic transformations. The unique properties of these interfaces and
electrochemical systems can be leveraged in ways not yet imagined, creating
new possibilities for energy storage. A perspective on the progress and
challenges for each interface as well as a general outlook for the advancement

and wind—are the primary drivers of this
increase coupled with an expected marginal
decrease in the cost of electricity (Figure 1).
While such a transition bodes well for miti-
gating the adverse effects of climate change,
the wvariability of these power sources
requires solutions for load leveling and fre-
quency regulating electricity production
and consumption as well as ensuring elec-
trical reliability. The need to accommodate
variable renewable energy has prompted
a revolution in energy storage technology
research and development. From improve-
ments on mature technologies like pumped
hydro,! phase-change materials,? solar-
thermal,®! and thermochemical® to rapid
developments in more modern technologies
like rechargeable batteries,> fuel cell tech-
nology,B and even resourcification! of
waste products like CO,,3l the devotion
of resources to find large-scale and general

of energy carrier systems are provided.

1. Alternative Energy Carriers

The energy transition from carbon emission-based resources to
variable renewable resources is changing the landscape of global
energy infrastructure. Global electricity generation is expected to
nearly double in the next three decades, but to reduce greenhouse
gas emissions, renewable energy resources—specifically solar

solutions for energy storage has enabled
substantial progress to support an increas-
ingly electrified economy.

Two technologies in particular—batteries and fuel cells—
are compelling candidates to bear most of the burden for
immediate and intermediate-term new energy storage needs
in the stationary and mobility markets. Dedicated research
efforts, industrial production, and broad market adoption of
rechargeable battery technology, specifically lithium-ion bat-
tery (LIB) technology, has driven down the cost of LIBs by
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Figure 1. Global projections for the five primary sources of electricity
generation (colored bars, left axis), and inflation-adjusted U.S. elec-
tricity cost projections (black line, right axis) from 2020 to 2050. The
error bars indicate scenarios accounting for high (2.2% and 4.6%) and
low (1.2% and 2.6%) economic growth of OECD and non-OECD coun-
tries. The renewables category contains contribution from photovoltaic,
wind, hydropower, and geothermal generation sources. The data was
sourced from the U.S. Energy Information Administration of the U.S.
Department of Energy.

>90% from 2010 to 2020,0%l and is expected to decrease by
another 30% through the 2020s with an anticipated cost of
<$100/kWh by 2030.718 This projection places LIB tech-
nology near cost parity with internal combustion engine-based
mobility energy systems. The flexible cell chemistry of LIBs
also adds value in the stationary markets. For example, high-
voltage lithium—nickel-manganese—cobalt-aluminum oxide-
based cathodes are ideal for mobility solutions where gravi-
metric and volumetric energy density are determining factors,
but for stationary storage, lower-voltage but highly stable and
domestically sourced iron-based olivine or manganese-based
spinel cathodes can be used. Other battery technologies—
metal-ion batteries, lead-acid batteries, hydrogen batteries,
and reversible redox flow batteries (RFBs)—also offer prom-
ising solutions for grid scale storage.?-*’l Despite major
advances in rechargeable battery technology being relatively
recent, this energy storage class already occupies a technology
readiness level (TRL)?! around 9 and is positioned well to
meet the immediate mobility and stationary energy storage
needs.

Fuel cell technology, particularly H,-based fuel cells (HFC),
also offers an attractive value proposition for both mobility
and stationary storage. The gravimetric energy density of H,
is nearly three times larger than gasoline, and if successful,
the U.S. Dept. of Energy’s Hydrogen Shot initiative will
achieve H, production at a cost of $1/kg by 2030 which will
help to reduce the HFC system cost from $76/kW to a pro-
jected $30/kW.[?l While the current capital costs associated
with HFC technology and infrastructure (storage, transport,
and delivery) lead to a higher levelized cost of energy com-
pared to LIB’s,1?®! the existence of pilot-scale plants and even
a few commercially available products place HFCs at a TRL
of 7 to 8. With advancements, the potential for cost reduc-
tion and broad market adoption of HFCs in the next decade
is likely, which cements an intermediate-term energy storage
solution.

Basic science research is still needed in both rechargeable
battery and HFC technology. For batteries, investigation into
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noncritical materials with high energy density and new elec-
trode and cell architectures may help advance the technology.
For HFCs, basic science research into catalyst materials,
ion-conductive polymers, storage, transport, and other cost
reducing/efficiency enhancing factors will greatly aid the devel-
opment of the technology. However, it is likely that with the
continued research investments made to each of these technol-
ogies, the combination of HFCs and batteries will meet most of
the increasing variable renewable electricity storage needs for
the mobility and stationary markets projected from Figure 1.

Greater renewables penetration will require the basic energy
science community to create new concepts to store variable
renewable electricity beyond conventional batteries and HFCs.
Specifically, it will require transformational basic science
research on alternative energy carriers that support indus-
tries at a TRL of 0-2. Research in this sphere can shape the
future of primary and secondary economic sectors in emerging
industries like advanced manufacturing, the resourcification of
waste, alternative fuel and chemical synthesis, advanced bio-
technology, designed material circularity, biomass conversion,
and even space-based applications (Figure 2). The energy car-
riers used in these technologies will be marked by their unique
properties that enable unprecedented integration into complex
processes, not unlike the cascade of catabolic reactions during
cellular respiration. Designing multifunctional carriers that
selectively regulate energy flow allows for the possibility of, for
example, a systems-level biomimetic industry. Here, multi-step,
energy intensive procedures can be consolidated to a highly
integrated single step with mitigated energy losses. Reimag-
ining next-generation industry that mimics systems like metab-
olism can provide integration, efficiency, and resilience that
seem unimaginable with current practices.

Naturally, a topic such as “alternative energy carriers”
covers an exceptionally broad range of matter. Indeed,
through the energy-mass equivalence (E = mc?), all matter in
the universe with mass contains tremendous potential energy.
Such a broad topic requires considerable efforts to classify and
communicate the many possibilities, but for the sake of dem-
onstration (and brevity), we choose to narrow the scope of this
perspective to focus on unique interfaces for electrochemical
hydrogenic transformations (EHT). Because of the maturity
of water electrolysis and HFCs, we focus on hydrogen car-
rier systems other than H,. We offer our perspective as well
as examples of interesting electrochemical interfaces for EHTs
within the context of alternative energy carriers. The intent
of this position paper is to encourage researchers to consider
how their work fits into future energy carrier technologies,
not to provide a comprehensive review of novel electrochem-
ical interfaces.

2. Unique Interfaces for Electrochemical
Hydrogenic Transformations

Dating back to 1789,2% proton reduction marks one of the
earliest accounts of heterogeneous electrochemical charge-
transfer and has since been a lynchpin of electrochem-
istry. From aqueous to organic, gaseous to solid-state, the
reduction of protons or oxidation of hydrogen atoms is
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Figure 2. Schematic illustration of energy carriers for renewable electricity generation and the sectors they serve.

ubiquitous and extends to nearly every branch of electrochem-
istry. In the recent past, electrosynthesis of refined chemi-
cals and fuels, conversion of biomass, and bioelectrocatalysis
involving EHTs has emerged as a promising alternative to tradi-
tional thermochemical methods.?*3 EHTs offer new horizons
that combine the foundational knowledge of hydrogen carrier
electrochemistry with organic/inorganic/materials synthesis,
non-equilibrium energetics, novel mass transport schemes and
electrode design, and industrial process integration.’*4 The
interest in EHTS has accelerated over the last several decades,
and when combined with the push toward electrification, will
continue to do so.

For electrochemically driven reactions, the interface for
charge transfer dictates critical parameters like selectivity,
stability, kinetics, Faradaic efficiency, and overpotential. The
description of structure, dynamics, and energetics of traditional
electrode/electrolyte junctions (rare-earth, planar electrodes in
aqueous media) is becoming increasingly sophisticated,** but
electrochemical interfaces are becoming increasingly complex
and challenge traditional assumptions. The solid/electrolyte
interface is typically defined within the first one or two ion/
solvent/atomic layers within the electrolyte; however, more
complicated interfaces that don't follow the usual description
are showing promise for otherwise inaccessible electrochem-
istry. For example, bioelectrocatalysis is the marriage of enzy-
matic biocatalysis and electrochemistry and has exceptional
potential for selectively driving many difficult chemistries at
high rates. However, the active site of an enzyme is surrounded
by electrically insulating proteins—which play a critical role
in the catalytic microenvironments—and make direct charge
transfer from the electrode to the enzyme active site difficult
if not impossible without damaging the surrounding protein.
Recently, however, works to redesign the electrode interface
with bound-functionalities or nanomaterials to couple more
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closely to the active site are showing promise to overcome this
limitation.®¥] This, and many other examples of novel mate-
rials, chemical reaction cascades, interfacial coatings, non-
innocent electrolytes, catalysts, and more generally our under-
standing of the fundamental energetics in electrochemical
charge transfer require a reexamination of how we think about
the electrode/electrolyte junction.

Here, we broaden our consideration of the electrochemical
interface to include high-complexity junctions that are not well
described by classic models. We profile four non-traditional
interfaces that provide advantages over classical electrode inter-
faces like improving reaction selectivity for the CO, and N,
reduction reactions, accessing new scaling relationships that
reduce electrochemical overpotentials, and combine useful
properties like suspensions with heterogeneous catalysis and
capacitive energy storage. We discuss the properties that make
them interesting for EHTS, and their scientific challenges and
opportunities.

2.1. Unexpected Deviations from the Classical Electric
Double Layer

Charged surfaces exert Coulombic forces on ions, solvent, and
other species in electrolytes, causing regions close to charged
surfaces to become enriched in counter ions and depleted in
co-ions to screen, or compensate, surface potentials. Coulombic
forces also influence distributions of solvent or other dissolved
species, with a general trend toward enhancing the concentra-
tion of highly polar species, like water, close to polarized sur-
faces, relative to the bulk phase. For example, charged surfaces
can locally increase water concentrations to much higher levels
than are present in the bulk of organic electrolytes, 1’8 with large
implications for proton-mediated reactions.
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Figure 3. A) Classical electric double layers consist of a bound ion layer in series with a diffuse layer. Within this framework, most of the potential is
screened within less than T nm away from charged surfaces, implying that local potential gradients are extremely high. The thickness of the diffuse layer
is determined by the Debye length, A5 (nm), which is inversely dependent on the total concentration of ions in the electrolyte, n (C m~). B) Experi-
ments show bound double layers often extend several nanometers away from surfaces, especially in concentrated electrolytes, such as ionic liquids.
In concentrated electrolytes, bound layers are composed of both counter ions and co-ions, substantially lowering local potential gradients, relative to
classical predictions. The diffuse layer often extends tens of nanometers away from charged surfaces in concentrated electrolytes, with a characteristic
rescaled Debye length, 15 (nm), where the rescaled charge density, n* (C m~3) is much lower than the total ion concentration. C) In correlated elec-
trolytes, clusters with charge imbalances take on the role of electric field sources and sinks that determine screening lengths and potential gradients.
Formation of ionic aggregates causes screening to be much less effective than classical predictions. Further, organic ions can also serve as proton
sources or sinks, which couples local charge densities and pH in a complex manner. Determination of how these effects intersect to sculpt both proton

and electric field gradients promises to open new avenues for influencing electrochemical reactivity.

The region over which ion, solvent, and redox mediator con-
centrations differ from that of the bulk phase is often referred
to as the electric double layer and can extend from molecular
distances to many nanometers.>>* These distances are defined
by a balance of electrostatic interactions, which favors thinner
double layers via ion condensation, and entropy, which favors
thicker double layers. This length scale of screening is often a
critical determinant of electron transfer (ET) kinetics, as ener-
getics are governed by local potential gradients,*!! and thinner
double layers enhance local potential gradients. Hence, there is
great interest in understanding fundamentals of double layer for-
mation in complex multicomponent electrolytes, especially with
high concentrations of ions, reactants, or redox mediator species.

The classical electric double layer model of electrode—
electrolyte interfaces was developed for dilute electrolytes com-
prised of idealized point charges. In Gouy-Chapman—Stern
theory and other classical models,*") electrolytes are predicted
to respond to surface potentials by de-mixing into distinct
bound and diffuse double layers (Figure 3A). The bound por-
tion, known as the Stern layer, was envisioned as a single con-
densed ion layer of counter ions that compensates most of the
surface potential.l*?l The diffuse layer then extends between the
Stern layer and the bulk solution,** where the surface poten-
tial is fully screened.

The Debye screening length is the characteristic of length
scale of ionic screening within a classical electrolyte® and
depends inversely on the bulk ion concentration. Increases in
ion concentration decrease the Debye length, indicating more
efficient screening and steeper potential gradients in the dif-
fuse layer. The Debye length also depends on the temperature,
ion valence, dielectric permittivity, and is fundamentally a prop-
erty of the bulk electrolyte (Figure 3). For context, the Debye
length is 10 nm for a 1 mwm solution of NaCl in water at 295 K,
drops to 1 nm for a 100 mwm solution of NaCl in water at 295 K,
and is around 1 um for neat water at 295 K.
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While the Gouy-Chapman—Stern model remains in frequent
use in many areas of energy and electrochemical science, recent
paradigm shifts emerging from the surface forces commu-
nity®#*%#1 are advancing qualitatively new models for double
layer formation in correlated electrolytes. In particular, surface
forces measurements revealed that double layers formed by neat
ionic liquids routinely extended beyond 10 nm,*! which is one
to two orders of magnitude thicker than expected from classical
theory. This work on long range screening in ionic liquids was
quickly generalized to show that screening lengths are non-
monotonic with ion concentration for many combinations of salts
and solvents.***] This is a key departure from classical theory,
which suggests that increasing ion concentration always leads to
enhanced screening and more strongly confined electric fields.

While many details of double layers in ionic liquids remain
under discussion, consensus has formed around the idea that
ionic assembly or aggregation into effectively neutral clusters
likely plays a key role in long range double layers in ionic lig-
uids and other concentrated electrolytes.] One promising
way to conceptualize double layer formation in ionic liquids
is to reimagine Stern layers as a surface-templated charge-
ordered ionic domain of between 1 and 5 nm in thickness that
is in series with a longer range diffuse double layer extending
5-50 nm into the bulk electrolyte (Figure 3B). As in classical
models, the length scale of double layers is a fundamental
property of electrolytes and indicates effective ion strengths or
“free ion densities” within the fluid.

The surprisingly inefficient screening exhibited by ionic lig-
uids and other concentrated electrolytes indicates that electric
field gradients and other electrochemical properties, like capaci-
tance, are suppressed due to the formation of excessive neu-
tral clusters. This is consistent with the fact that ionic liquids
exhibit only modest double layer capacitances!*® and often need
to be blended with higher permittivity solvents, like acetonitrile
or watet, to facilitate catalysis (Figure 4).1-1
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Figure 4. Electrostatic screening is most efficient at intermediate ion con-
centration of between 0.5 and 1 m in ionic liquid—acetonitrile electrolytes.
At these “strong screening” conditions, applied potentials are screened
within molecular distances from surfaces, leading to enhancement
in local potential gradients, relative to the dilute and neat ionic liquid
limits. Since CO, is quadrupolar and reduction involves a dipolar transi-
tion state, larger potential gradients correspondingly lower the reactant-
transition state energy barrier, leading to enhanced reaction rates. Further
control over product selectivity is also obtained by sourcing protons
from imidazolium cations, instead of water molecules. Together, these
approaches can be leveraged to enhance selective CO, reduction to CO
by fivefold, compared to electrolytes with a more typical ion concentra-
tion of 0.1 M. Reproduced with permission.’"l Copyright 2022, American
Chemical Society.

Hence, the understanding that excessive ionic clustering
leads to unexpectedly long-range double layers has provided
important insights into how to target enhanced screening to
accelerate electrochemical reactivity. For example, a common
practice in the study of CO, electrochemical reduction in ionic
liquids has been to perform structure—reactivity studies in ace-
tonitrile solution with electrolyte ion concentrations held at
100 mm supporting electrolyte doped with around 10 mwm of
ionic liquids as additives."

Yet, recent work shows that CO, reduction rates, selectivity,
and structure-reactivity relationships can be disrupted by inves-
tigating previously overlooked concentration regimes where
ionic correlations emerge.’!! Notably, reaction rates were seen
to be accelerated by up to fivefold at intermediate concentra-
tion of 0.5-1 m for ionic liquids dissolved in acetonitrile, as
compared to prior regimes of study focusing on lower ion con-
centrations and neat ionic liquids. Surprisingly, non-proton
active, inert ionic liquid cations that were found to be the most
effective electrolyte additives at low concentrations exhibited
the lowest steady state reaction at intermediate concentration.
This poor performance was found to be due to formation of
organic carbonate precipitates under steady state electrolysis, as
sourcing protons from water results in formation of bicarbo-
nate anions and most organic bicarbonate salts are sparingly
soluble in acetonitrile.

This case study highlights how understanding ionic
screening and double layer formation at complex interfaces
opens distinct opportunities for controlling reactivity as well
as unexpected basic science questions. Within the emerging
area of non-classical double layer formation, we find two espe-
cially interesting underexplored concepts: 1) investigating how
changes in charge state associated with proton donating or
accepting events can be used to tune ionic screening, double
layer formation, and interfacial concentrations of active species
(Figure 3C), and 2) understanding how redox-active surfaces,
such as semiconductors, influence double layer formation by
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serving as a source or sink of ions, protons, or other species via
defect formation.

As one example, the most efficient ionic liquid co-catalyst
identified to date is the di-alkyl-imidazolium cation,*! which
can serve as a proton source via de-protonation. Upon de-
protonation, the conjugate base is a neutral carbene that can
form coordination complexes with CO,. Hence, imidazolium
cations participate in screening as well as donating protons
to CO, reduction, which is a process that should impact
local electric field gradients, interfacial dynamics, and ionic
correlations.

We posit that rational development of “dual-function”
cations that serve as both double layer modulators as well
as proton sources and sinks provide promising new avenues
for unlocking additional control over electrochemical reac-
tivity. Future avenues for research in this emerging area
could focus on generalizing the concept of sourcing pro-
tons from cations to other electrochemical reactions, such
as nitrate reduction.’? Studying the implications of having
cation-derived neutral conjugate bases, as compared to the
strongly coordinating OH™ anion would also be an area ripe
for investigation. Additionally, we anticipate that there may
be synergistic ratios of water to proton-active cations to maxi-
mize the rate and selectivity of different reactions, and that
these ratios may depend on the solvent used in non-aqueous
electrochemistry.

Nevertheless, development of electrolytes with high con-
centrations of redox active ions may face several challenges
and potential drawbacks which must be balanced with gains
to control over reactivity. For example, many redox active cat-
ions which can serve as proton sources can undergo additional
proton-activated reactions, such as carbene-mediated dimeri-
zation or electrocatalysis upon de-protonation of di-alkyl imi-
dazolum cations to N-heterocyclic carbenes.’!! Hence, careful
control over proton activity and balancing more general chem-
ical reactivity will be important for developing high perfor-
mance electrolytes.

Further, organic ions are often much more costly than neu-
tral organic solvents. Hence, care will be needed to mitigate
decomposition pathways, as high ionic strength electrolytes
will need to have lifetimes vastly exceeding that of lower con-
centration electrolytes to offset cost increases. Notably, high
electrochemical stability is a property that is common to
many highly concentrated correlated electrolytes, as ion-ion
interactions act to stabilize these species against oxidation
and reduction.’! Indeed, this is one of the key strengths of
ionic liquid-based electrolytes, although detailed technoeco-
nomic analysis will likely be important for evaluating exactly
when and how tradeoffs in cost, lifetime, and performance
can be balanced to justify the use of complex electrolytes with
redox active ions.

We envision that further study of ionic clustering and col-
lective assembly of ions, redox mediators, and other compo-
nents of electrolytes will continue to reveal new mechanisms
for influencing hydrogenic reactions. In parallel with continued
development of multifunctional solid surfaces, we anticipate
that distinct types of chemical reactivity can be harnessed to
produce, store, and use hydrogenic species to support the
growth of alternative energy carriers.
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2.2. Redox Mediators as Soluble Interfaces

Molecular redox mediators can serve as energy carriers
equipped to use renewable electricity to drive diverse redox pro-
cesses for energy storage and conversion. Energy conversion
includes chemical synthesis of products not readily integrated
within conventional electrochemical systems. Molecular media-
tors under consideration here undergo liquid-phase oxidation
or reduction at the electrode interface (Figure 5). They are then
transported (e.g., by convection and diffusion) into the bulk
solution where they undergo follow-up chemical reaction with
a substrate molecule or with a catalyst that subsequently reacts
with the substrate of interest. In this process, the mediator
effectively serves as a “soluble electrode,” capturing the energy
supplied by the solid electrode and delivering it elsewhere
within the system.

Various types of mediated redox reactions are possible, but
they most commonly feature ET or proton—electron transfer
(PET) reactions. ET and PET mediators are widely encoun-
tered in biology. For example, photosynthesis involves the
use of quinones (PET mediators) and other molecular spe-
cies to shuttle electrons between enzymes in reaction path-
ways such as the reverse Krebs cycle and the Calvin cycle.
Similarly, mitochondrial respiration leverages quinones,
cytochrome ¢ (ET mediator), and other diffusible ET and PET
mediators to support NADH oxidation by O,. This net reac-
tion releases energy, akin to H, oxidation by O, in a fuel cell,
and this energy provides the driving force to pump protons
across a membrane to promote ATP synthesis.’3l For more
direct energy storage schemes, molecular mediators serve as
the energy storage reservoir in RFBs. RFBs pair high-potential
and low-potential molecular mediator species in a liquid-phase
electrochemical cell via reversible ET or PET redox reactions
of the mediators at the elect