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The centralized production of fuels, chemicals, and fertilizers by
thermocatalytic processes sustained by fossil resources is a pillar of modern
societies. Electrocatalytic transformations of the abundant small molecules
water, carbon dioxide, dinitrogen, and methane are emerging routes. Their
coupling with renewable sources such as sun power may give rise to a distributed
model based on small-scale reactors so-called artificial leaves. Realizing this
vision calls for improved catalytic performance, efforts on reactor and process
engineering, and supportive regulatory frameworks. This work puts emphasis in
analyzing the core challenge of catalytic performance by defining a common set
of figures of merit. This analysis is nuanced by peculiarities inherent to the
proposed scheme. This perspective thus aspires to (i) provide a bird’s-eye view
of the gap separating them from practical values, (ii) identify sources of
inefficiency, and (iii) establish a qualitative comparison among their feasibility,
resulting in H2O >> CO2 ≥ N2 > CH4.

Small Molecules as Building Blocks for Fuels, Chemicals, and Fertilizers
Nature is inclined toward light elements developing complexity. Living beings are almost
exclusively (99%) composed of only 4 elements: hydrogen, carbon, nitrogen, and oxygen.1
This fact may be related to stable chemical bonds formed among them, a desirable property
to build complex molecules required for life (e.g., the typical C-C bond-dissociation energy is
360 kJ mol−1 in long-chain molecules).2 Nevertheless, the stability of these bonds usually
increases as the size of the molecules decreases, making dinitrogen (945 kJ mol−1), carbon
dioxide (532 kJ mol−1), water (497 kJ mol−1), and methane (439 kJ mol−1) very stable end
products. Water and carbon dioxide are energy dead-ends, in contrast to dinitrogen and
especially methane, due to the reduced formal oxidation state of nitrogen and carbon atoms.
These very abundant molecules are thus efficient and versatile platforms for storing
renewable energy into fuels and/or producing valuable compounds for other uses.
Crucial global needs such as primary energy, chemicals, and fertilizers production are
sustained by fossil fuels (Figure 1A), with an increasingly prominent role of natural gas (i.e.,
methane) due to the vast reserves recently discovered in unconventional wells.3 Its use for
energy production involves its complete catalytic oxidation toward carbon dioxide, whereas
its partial oxidation by steam reforming yields synthesis gas (CO + H2), making feasible
hydrogenation reactions leading to ammonia (Haber-Bosch process), hydrocarbons (FischerTropsch synthesis), alcohols (methanol synthesis), etc. This optimized and highly successful
network accounting for the vast majority of natural gas consumption is based on energyintensive reactions carried out in large-scale plants (> 1000 metric ton LNG per day for a
typical ammonia, methanol, or olefin plant4) frequently next to the natural gas wells due to
the quickly escalating transportation costs (ca. $0.02 per km and metric ton5 for >1500 km).
The steady optimization of this model that has led to a widespread access to these
commodities might be approaching exhaustion and has a large environmental cost, as it
eventually depends on fossil resources for both production and transportation. In this
context, we foresee a large impact for processes entirely driven by renewable energy at
ambient conditions and suitable for small-scale production. For example, the on-site

production of fuels such as H2 or methanol for domestic applications or fertilizers at crop
fields6 would represent a paradigmatic societal change. Since this target is intimately linked
to availability of distributed energy sources, this scheme must integrate with the
decentralization currently ongoing in the energy sector, where small-scale wind and,
especially, solar energy facilities producing electricity are quickly gaining importance and will
eventually lead to a spread out production scheme. Such dedicated plants may operate in an
isolated manner, but the intermittency of renewable sources would make it more advisable
to interconnect such facilities either in microgrids, nanogrids, or open energy systems7 as
sketched in Figure 1B, thus allowing for a more leveled production. This scheme would
require new developments in terms of grid management involving the generation, storage
of electrical energy, and the electrocatalytic production of commodities.8
The core task toward this vision is the development of efficient (photo)electrocatalytic
reactors (artificial leaves or a-leaves), the simplest configuration of which would include the
integration of the light harvester and the electrocatalytic cell within the same device. Ideally,
they should use water as hydrogen source, operate under ambient conditions, and show
tolerance to typical impurities present in inlet streams. The target product can be produced
by reaction of the correspondent small molecule either in the cathodic chamber (water,
carbon dioxide, and dinitrogen) or in the anodic (methane) by photo- or electrocatalytic
means, under the application of a voltage supplied by the irradiated light harvester
(photovoltage). We note that the design of such a device must coordinate several disciplines
including (photo)electrocatalysis, photovoltaics, membrane materials, and reactor
engineering to achieve practical levels of efficiency. However, feasibility will not only be
dictated by catalytic and/or light-harvesting performance, but ultimately by economic
grounds. More specifically, it will be largely influenced by (i) technological aspects, such as
the need of energy-intensive upstream and/or downstream separations in the balance of
plant, (ii) process engineering, such as the ability to optimize location and production
capability, and finally, (iii) regulation, by establishing more or less favorable taxation and
subsidizing frameworks. At this point, the need of comprehensive techno economic analyses
integrating environmental aspects aiming to establish precise technological and regulatory
requirements stands out. However, we underscore that most feasibility analyses have
focused on identifying requirements to compete with centralized thermally-based
processes.9–12 The particular aspects of distributed schemes coupled to renewable sources
have been considered to a considerable extent only for the transformation of water into
hydrogen13 and much more modestly for ammonia production from dinitrogen.14,15
In this multidisciplinary effort, this perspective focuses mainly on the electrocatalytic
challenge, since identifying active, selective, stable, and scalable electrocatalysts is the
prerequisite to trigger resolute engineering and optimization efforts. Our first aim is to depict
the degree of development of each transformation under a unified set of catalytic figures of
merit, providing a bird’s-eye view of those fields and allowing a clear comparison among
them. In the same spirit, extension of the concept of artificial leaf to all studied small
molecules is proposed and feasibility analyzed in a broader context. On a historical note,
direct transformations of some of these small molecules were first demonstrated by
electrochemical means as early as 1789 for hydrogen production from water by Deiman and
Troostwijk16 or 1807 in the case of ammonia from dinitrogen by Davy17. In spite of the more
than 400 water electrolyzers under operation in 1902,18 electrocatalytic routes were, in
general, readily abandoned in favor of the abovementioned thermal schemes. Now
electrocatalysis has the potential to drive transformations of these small and abundant
molecules at a global scale,19 positioning the development of these processes as one of the
scientific and technological tasks with resonance toward more efficient and benign energy
and chemical industries.
A First Inspection of the State of the Art
This perspective analyzes the state of the art of (i) water electrolysis to produce hydrogen,
with strong focus on the anodic water oxidation reaction (eH 2OOR), (ii) carbon dioxide
reduction reaction (eCO2RR) toward simple and complex products, (iii) the dinitrogen
reduction toward ammonia (eN2RR), and (iv) the partial oxidation of methane to methanol
(eCH4OR). Its general scope intends to provide a concise bird’s-eye view of the current status

of these technologies and thus it does not include a detailed revision of mechanistic
understanding, catalyst design, or device engineering. The reader can find excellent focused
reviews for each of the analyzed reactions.20–28
A brief analysis of the number of scientific reports, funded demonstration projects, and
commercially available products already suggests that these four processes largely differ in
terms of development and that low temperature routes receive preferential attention
(Figure 2). In the case of water electrolysis, more than 20,000 research articles (a number
that has rapidly increased over the last years), ca. 250 demonstration projects funded only in
Europe,29 and the recent launch of modular, commercially available water electrolyzers24 for
large-scale applications describe a thriving technology at an incipient maturity. Taking these
figures as a reference, the other processes are lagging behind to different extents, in all cases
lacking commercial applications. The eCO2RR follows with an remarkable increase of
research efforts over the last decade as a reaction to the pressing climate actions (ca. 3,000
publications) that have recently sparked demonstration projects targeting from C1 to C6
compounds involving public and private entities.24 Lastly, eN2RR and eCH4OR can be
reasonably thought to be at a primary stage of development, albeit gaining initial
momentum, likely as a result of the high efficiency of the corresponding thermal processes
and affordable prices of fossil resources, which may have hindered allocation of research
efforts on these directions so far.
Aside from engineering aspects, overcoming limited catalytic performance usually stands
out as the bottleneck toward practical implementation of low temperature electrosynthesis
processes. With this in mind, we first analyze herein the current status of available catalytic
materials based on a common set of figures of merit, namely Faradaic efficiency, energy
efficiency, overpotential, current density, and stability. This approach enables a fair
comparison among different technologies and identifies limiting phenomena in a more
global context.

H2 Production from Water Electrolysis (eH2OOR)
Electrocatalytic water splitting comprises two half reactions: the hydrogen evolution
reaction (HER) in the cathode and the water oxidation toward oxygen (eH2OOR) in the
anode, resulting in a cell Nernst voltage of 1.23 V30 and a thermoneutral voltage of 1.48 V.31
They take different forms under alkaline and acidic conditions (see equations 1,2 and 3, 4,
respectively).
4OH−  O2 + 2H2O + 4e−
4H2O + 4e−2 H2 + 4OH−
2H2O  O2 + 4H+ + 4e−
4H+ + 4e− 2H2

E° = 0.40 V
E° = −0.83 V
E° = 1.23 V
E° =0.00 V

(1)
(2)
(3)
(4)

There are three main water electrolysis technologies available: (i) Alkaline Electrolysis (AE),
which operate under alkaline conditions and have been under development since the
discovery of this process, (ii) Proton Exchange Membrane Electrolysis (PEME) in acidic
conditions, developed by General Electric in the 1960s and used by the NASA for the Gemini
missions,32 and (iii) the Solid Oxide Electrolysis (SOE), requiring high temperature and at an
earlier stage of development (see Figure 2). AE is characterized by the use of liquid
electrolyte and a diaphragm separating the anodic and cathodic chambers and is the
incumbent technology for large-scale applications. PEME shows larger power density values
and efficiency, but necessitates expensive platinum-based catalysts and fluorinated
membranes alongside highly purified water and show, at present, more modest durability
compared to AE.33 Nonetheless, some experts foresee PEME progressively becoming
predominant in the next decades.34 The main alternative configuration under development
is the anion exchange membrane electrolysis, the main advantage of which being the need
for low-cost transition metal catalysts.35 Of the two half reactions, the HER shows faster
kinetics than the OER on most materials and is currently not among the principal
performance-limiting phenomena for this technology. For the HER, platinum-based
materials are benchmark catalysts in addition to cobalt- and nickel-based ones under alkaline

conditions.36 In view of these considerations, we focus our analysis on the eH2OOR under
alkaline conditions as the main source of inefficiency in water electrolyzers from a practical
standpoint.
AE and most of the transformations analyzed here share technological similarities such as
the eH2OOR as the anodic reaction,37 and thus, the analysis of this reaction may provide
valuable guidelines to identify figures of merit required for other electrosynthetic processes
and limiting phenomena. In Figure 3A, the available performance of alkaline
electrolyzers33,38 is represented by filled dots for each of the figures of merit selected. They
are compared with the expected development in the mid-term (void dots), though the
precise temporal scale was not precisely defined by the authors.34,39 The high energy
efficiency achievable (ca. 75%) due to modest cathodic overpotentials below 100 mV and
decades of engineering efforts make it nearly competitive with steam reforming (the energy
efficiency of direct thermal water splitting is up to 40% using nuclear power 40), alongside
notable durability due to very small degradation rates (<1% efficiency loss per year).33,41
Improved performance is expected to arise from reduced overpotential and simultaneous
increase in current densities mainly as a result of enhanced eH2OOR catalysis.
Transition metal oxides are the more widely studied materials and have been under focus for
more than 60 years in the case of Ni-, Fe-, Co-, and Mn-based systems.42 Of special interest
is the effect of Fe on Ni- or Co-oxides, since even trace amounts of the former incorporated
to the (oxy)hydroxides results in activity gains of several orders of magnitude 43 (see Figure
3B for state-of-the-art amorphous nanorods composed of NiOOH and FeOOH44). The nature
of the active sites in these systems is under an intense debate,21 with most claims in favor of
Fe being the active site on the NiOOH or CoOOH hosts whose mission is to provide stability
and conductivity to the system,45 though the role of NiOO− as active sites has also been
proposed.46 In parallel, there is a considerable interest in controlling the porous structure of
these materials to maximize surface area and optimize transport phenomena. 47 As for the
mechanistic understanding of this reaction, operando X-ray absorption, Raman, and X-ray
photoelectron spectroscopies alongside microscopy methods have provided partially
contradicting results in terms of oxidation states of Fe and Ni and their precise coordination
environment, but have established that the composition, morphology, oxidation states, and
coordination depend on the reaction conditions, revealing a highly dynamic system requiring
operando techniques to be accurately characterized.48,49 In parallel, theoretical studies have
proposed a number of increasingly refined descriptors based on the electronic structure,
such as the metal-OH binding energy corrected by coordination number50 with problematic
translations into catalyst synthesis. Descriptors based on experimentally accessible data are
available but are generally limited to a single structural type. Recently, the metal-metal
distance has been introduced by Rossmeisl et al.20 and applied to various structures with
promising results (Figure 3C).
In summary, H2 production from water electrolysis exhibits an incipient maturity in terms of
catalytic performance under alkaline conditions whose further development largely depends
on the achievement of more efficient eH2OOR electrocatalysts, the core of which relies
currently on disentangling the nature of active sites and finding practically-oriented
descriptors for the benchmark NiFeyOx materials.
Carbon-based Products from Carbon Dioxide Reduction (eCO2RR)
The electrochemical reduction of carbon dioxide (equation 5) is usually accompanied by the
eH2OOR in the anodic compartment (equation 3) and encompasses several reaction routes
toward a variety of products. The cell Nernst voltage varies from 1 to 1.33 V25 and the
thermoneutral voltage from 1.15 to 1.48 V,31 depending on the target product considered.37
xCO2 + n(H+ + e−)  CxHyOz + mH2O

E° = -0.47 to 0.17 V

(5)

There are two types of low temperature reactors under continuous flow: membrane reactors
and microfluidic reactors.24 Membrane reactors usually utilize gas diffusion layer (GDL)
electrodes to limit mass transport losses and increase the electrochemical surface area. In
the case of microfluidic reactors, anode and cathode are separated by flowing electrolyte
through a millimeter-scale channel. The majority of high performance measurements have

been obtained using the first configuration, which is also considered as the more easily
scalable. The operation of these reactors must overcome the following additional challenges
to those outlined for the electrochemical production of hydrogen from water: the occurrence
of the parasitic HER in the cathode, and the multiproduct nature of this reaction, adding
selectivity control within carbon products to the requirements for catalyst design. Even
though the formation of hydrogen has been reported as desired, especially when coproduced with CO,51,52 the overpotentials usually required to trigger appreciable activity
toward CO are clearly larger than those for H2 on optimized HER catalysts,53 suggesting the
use of two optimized electrocatalytic reactors for H2 and CO production, respectively, to
maximize the overall energy efficiency for syngas production. We also notice that virtually
all reports use concentrated CO2, which brings the need of incorporating capture units
upstream in a practical realization, as discussed later.
In this respect, two separate groups of products can be identified. On the one hand, simple
products like carbon monoxide and formate have been reported at low overpotentials and
very high selectivity on model systems such as enzymes or nanostructured noble metals
(mainly Ag, Au, and Pd) with problematic scale up,53 and comprise the main focus of the first
demonstration electrolyzers utilizing this technology. On the other hand, complex products,
i.e., those requiring the transfer of more than 2 e− per molecule of CO2 such as methane,
ethylene, alcohols, etc., have been almost exclusively produced on Cu-based systems with
reasonable selectivity and activity at the price of unpractical overpotentials. 25 Figure 4
describes the state of the art for these two groups, namely for the representative cases of
CO (Figure 4A) and C2H4 (Figure 4B) production. As in the case of eH2OOR, they are
compared with target figures emanating from techno-economic and carbon emission
assessments aiming to make this technology competitive with thermal processes. 10 Note
that a target stability of 1000 h is a modest figure only allowing robust demonstration, still
far from requirements set for water electrolyzers (Figure 3). A first inspection of Figure 4A
reveals that state-of-the-art nanostructured Au catalysts54 achieve high Faradaic efficiency
at low overpotentials, leading to remarkable energy efficiencies, but activity and, especially,
stability still must be demonstrated. On the contrary, production of complex molecules with
a more attractive market price, exemplified in Figure 4B by ethylene formed on Cu
nanoparticles in the proximity of a highly alkaline medium, 55 show in general more modest
performance with reasonable selectivity. We remark that more notable advances in the
production of complex products have been recently achieved either incorporating
nanostructuring strategies to the Cu phase or tuning the local environment to favor high local
pH values.25
As easily deduced from the complex mechanistic network needed to give rise to such a
variety of products (see Ref.25 for a comprehensive compilation of proposed mechanistic
pathways), designing a catalyst to drive the reaction through a specific route is a nonnegligible challenge, even for simple products. A mild adsorption energy for CO is widely
accepted as a prerequisite to allow the reaction to proceed toward complex products, but
key mechanistic steps such as the C-C coupling are still far from a consensus. In addition, the
electrochemical environment is known to have a profound influence on the selectivity
pattern, including the cation size, pH, or high local electric fields. 56 This situation has led to
catalyst screening being virtually the sole strategy for catalyst development applied so far. 53
In this context of high complexity, understanding tools (operando characterization
techniques, computational modelling, and studies on model systems) are instrumental for
the development of new catalytic outliers. Operando characterization is slowly overcoming
limitations associated with electrochemical environments, such as liquid-solid interfaces and
low signal, and has achieved remarkable progress like correlating the presence of Cu+ with
high activity toward complex products. 57 Computational modelling, mainly focused on DFT,
has provided a precise qualitative description of the underlying mechanism assuming
simplifications such as the concerted transfer of proton and electron at each intermediate
step, or the non-inclusion of pH or solvation effects.58 These simplifications are currently
under revision to account for observed inconsistencies with experimental results. 26,59 Finally,
studies on model systems to explore structure-performance correlations had not been
reported until very recently. At present, they have enabled the study of mass transport
processes in bifunctional catalysts60 and interfacial effects in multicomponent catalysts61,62
upon photolithographic patterning.

All in all, further progress in the eCO 2RR strongly depends on the development of a deeper
understanding of catalytic surfaces in conjunction with the local environment allowing for
rational optimization of catalytic materials. In parallel, these efforts must be accompanied
by incipient engineering at the reactor level, including GDL electrodes, for an accurate
assessment of catalysts under realistic operation conditions. 27
Ammonia Production from Dinitrogen Reduction (eN2RR)
The electrochemical reduction of nitrogen (equation 6) is usually accompanied by eH2OOR
(equation 4) in the anodic compartment as in the case of the eCO2RR. The cell Nernst voltage
for the overall reaction is 1.14 V63 and the thermoneutral voltage 1.21 V.31
N2 + 2H2o + 6(H+ + e−)  2NH3·H2O

E° = 0.092 V

(6)

The technological realization of the eN2RR is largely determined by the operation
temperature, though reactors have not surpassed the lab scale. Operation at intermediate
temperatures (100-500 ºC) shows at present the best performance (Figure 2) based on either
hybrid cycles composed of electrosynthetic and thermal steps where lithium acts as
mediating agent64 or on molten salt electrolytes where nitride ions function as charge
carriers.65 In regard to low temperature systems, reactors are mainly standard H-type
electrochemical cells or membrane reactors derived from fuel cells for catalytic testing. A
clear indication of the early stage of development in this case is the current skepticism on
reported catalytic performance for several materials, which has led to the development of
careful measurement protocols to assure the origin and precise quantification of the
measured ammonia.28 This situation emanates from the low activity of current
electrocatalysts,6 due to (i) the intrinsic difficulty in activating the very stable dinitrogen
molecule coupled to the complexity of optimizing a six-electron transfer mechanism on a
monocomponent catalytic surface and (ii) the usually more kinetically facile HER, 66 thus
largely constraining both activity and selectivity on known materials.
The graphical representation of this situation can be found in Figure 5A, where the figures of
merit for a representative state-of-the-art catalyst are compared to the requirements
established by the US Department of Energy to become a valid alternative to the HaberBosch process.67 As can be easily observed, all performance metrics are far from target
figures. The represented benchmark performance was reported on defect-rich bismuth,68
see Figure 5B. In this respect, transition metals, traditionally active for several
electrocatalytic processes, show notably low performance, forcing researchers to find
different platform materials. In spite of the lack of promising systems, a quickly developing
catalyst screening is currently ongoing inspired by the high selectivity observed on the
nitrogenase enzyme at room temperature and the accumulated knowledge on the catalytic
cycle driving the Haber-Bosch process.63 The list of investigated catalysts comprises carbonbased, chalcogenides, or metal-oxide systems6 oriented to increase the activity toward the
eN2RR either by tuning the local electrochemical environment69 or avoiding the parasitic
HER, for example, by the use of aprotic solvents with remarkable results.70 Recent advances
in using lithium-based systems at low temperature have achieved remarkable fundamental
insights and high activity and selectivities (18.5%71 and 59%72) at the price of low energy
efficiency due to the large overpotentials needed to reduce Li+ to its metallic state. As for
mechanistic understanding, activities are currently almost exclusively constrained to
theoretical efforts. The six-electron and proton transfers are thought to proceed through
several pathways largely influenced by the adsorption mode of the dinitrogen molecule73
(see for example Ref.6 for a summary of mechanistic pathways for N2 reduction). In the case
of dissociation over surfaces with very negative N2 adsorption energies, an alternating
hydrogenation of both *N (where * denotes a surface site) occurs. This pathway is favored
over early transition metals (Sc, Y, Ti, or Zr). In this case, the formation of *NH 2 is expected
to be the potential-determining step. If N2 undergoes end-on adsorption, hydrogenations
can be either alternating or distal, where hydrogenation of the anchoring atom only starts
upon completion and release of the first ammonia molecule. On these materials, the
potential determining step is predicted to be either the formation of *N2H, *NH2, or the
desorption of NH3. Volcano plots based on these limiting elemental steps predict maximum
activity for Mo, Rh, and Fe though at large overpotentials of ca. 0.4-0.5 V. Other mechanisms

have been proposed for specific surfaces, such as nitrides, based on a Mars-van Krevelen
mechanism supported by nitrogen vacancy creation and annihilation. 74 This brief summary
outlines the accurate catalyst design needed to find surfaces driving the eN2RR through lowenergy pathways. In addition, catalytic surfaces must provide control over selectivity,
silencing the competitive HER. The modest selectivity values reported in literature match
with the generally unfavorable comparison between HER and eN2RR onset potentials
predicted by DFT (Figure 4C).
In summary, the production of ammonia by the eN2RR is in an exploratory stage of
development in catalytic terms mainly limited by the activity and selectivity challenges in
aqueous media, displaying a reduced palette of tested materials with modest performance,
which in turn, precludes further studies aimed at optimization and more profound
understanding. In this context, and once the foundations of mechanistic understanding on a
theoretical basis have been established, it is clear that further progress demands
experimental efforts to identify families of materials and operation conditions with potential
for practicality.
Methanol Production from Methane Partial Oxidation (eCH4OR)
From the chemical standpoint, the eCH4OR aims to avoid the overoxidation produced during
the formation of syngas in the traditional steam reforming process that requires back
reduction to methanol or other products, in line with thermal efforts to achieve methane-toliquid processes such as halogen-mediated conversion of natural gas.75 The highly reduced
state of the methane molecule makes possible a variety of products upon oxidation such as
methanol (requiring the transfer of 2 e− per molecule of methanol), formaldehyde (4 e−),
formic acid or carbon monoxide (6 e−), and carbon dioxide (8 e−). Its oxidative coupling can
produce ethylene (4 e−) or ethane (2 e−). Even though the efficient complete oxidation to
carbon dioxide at low temperature is of utmost interest to develop low temperature direct
methanol fuel cells, we focus on the partial oxidation to methanol due to its relevance as a
chemical building block and the very scarcely reported partial oxidation to other products.
This reaction can proceed at the cathode when co-fed with oxygen
(CH4 + O2 +2(H+ + e−)  CH3OH + H2O), but it is more usually studied as an anodic reaction
(equation 7).
CH4 + H2O  CH3OH + 2(H+ + e−)

E° = 0.58 V

(7)

In this respect, the eCH4OR displays a very favorable equilibrium potential distant from the
parasitic eH2OOR (1.23 V, equation 3), thus allowing for a wide overpotential range before
triggering the undesired production of oxygen. Interestingly, the cathodic reaction can be
selected to obtain either an electrolyzer configuration requiring energy input (for example
targeting simultaneous H2 production, equation 4, resulting in a Nernst cell voltage equal to
0.55 V22 and thermoneutral voltage 0.66 V31) or fuel cell configuration with the potential to
provide electrical energy (for example the oxygen reduction reaction, reversed equation 3,
with a Nernst cell voltage 0.68 V). This particular aspect provides the eCH4OR with a
remarkable flexibility for the design of electrosynthetic reactors.
In spite of these advantageous features, the eCH4OR has been studied at both low (<300 °C)
and high temperature to a very limited extent (Figure 2). At high temperature, mostly syngas
production has been reported,22 whereas reports at low temperature have observed mainly
very modest Faradaic efficiencies below 5% into methanol due to very considerable required
overpotentials (> 1V) activating the parasitic formation of oxygen.22 In this context, a
remarkable value of 57% was achieved by Bertalozzi et al.76 in alkaline conditions using a GDL
configuration, albeit the rest of figures of merit are still very far from practical requirements
established to become a practical solution to natural gas flaring77 (Figure 6A). This catalyst
is based on a physical mixture of TiO2, RuO2, and 5% V2O5 (Figure 6B). The authors
postulated the redox cycle between V4+and V5+ to be instrumental to the oxidation of
methane. Unfortunately, the stability of the system did not surpass one hour. 78 Other
heterogeneous systems under alkaline conditions are based on oxides of cobalt or
zirconium,79 whereas under acidic ones no heterogeneous system has shown appreciable
performance to date. Similarly to the initial stage of the screening of catalytic materials,

focused mechanistic studies are lacking and only indirectly addressed from a theoretical
viewpoint.23
We thus conclude that the eCH4OR is a vastly unexplored territory in spite of its potentially
large impact on society, where initial ground-breaking contributions have still to be
developed. In this scenario, we anticipate a rapid growth of research activities on this
technology with reduced CO2 emissions, bridging the current linear economy based on fossil
fuels and the rising circular one based on renewable resources.
The Vision of Distributed Production of Fuels, Chemicals, and Fertilizers at Low
Temperature: Artificial Leaves.
The implementation of a distributed scheme for the production and distribution of fuels,
chemicals, and fertilizers demands finding technological, engineering, and regulatory
solutions that may be largely different from those applied in a centralized model. This section
expands the catalytic overview provided to discuss some additional aspects that could
largely influence the feasibility of this concept.
Performance targets in a distributed scheme
Figure 7 summarizes the relative degree of development for all processes, displaying on each
axis the percentage reached by state-of-the-art systems with respect to target values in
Figures 3-6. A quick inspection reveals that eH2OOR displays consistently high performance
for all metrics, confirming its advanced state. The need for improved activity and stability is
shared by the rest of reactions, though in the case of eN2RR and eCH4OR, all figures of merit
are generally poorly developed. We can conclude that the catalytic maturity of these
transformations follows the order eH2ORR >> eCO2RR > eN2RR ≥ eCH4OR. A logical
conclusion is to expect the widespread implementation of hydrogen production from water
by electrocatalytic means in the short term, whereas the rest of transformations may play a
humble (if any) role for decades to come. Nevertheless, we remind that this analysis is
grounded on comparing current performance with requirements to compete against
thermally-driven process in a centralized model. The particularities of distributed schemes
are thus not considered yet, and as described below, may lead to significant changes in
performance targets.
Catalytic requirements in a non-centralized model, and more specifically, in one powered by
sun energy may be substantially lower in view of (i) the drastic reduction of transportation
costs, (ii) the limited power density provided by solar irradiation (up to 280 W m −2 on daily
average in more favorable latitudes80), and (iii) whether the target product is a fuel, a
chemical, or a fertilizer. An outstanding example is the on-site production of fertilizers at
farms, as described recently by Medford and coworkers.14 It is known that the irrigation of
fields with water containing a diluted fertilizer with only 50 to 350 ppm of nitrogen can
enhance productivity of the crops.81 From this perspective, the synthesis of diluted fertilizers
from air, water, and sun appears as an enhanced solution compared to the traditional
scheme, where solid fertilizers are used with exceedingly high nitrogen concentrations of ca.
45 wt.% for a typical urea. This fact leads to very low productivity (i.e., catalytic activity)
requirements (ca. 100 kg N ha−1 yr−1), in line with the limited irradiation generally available.
As a result, a surprisingly low value for solar-to-NH3 efficiency of only 1% is proposed (in
case 10% of available land is devoted to solar capture). Assuming a conservative 10% solarto-electricity energy efficiency for light harvesting, it leads to the following rule of thumb:
distributed ammonia production at farms may become profitable with 10% dedicated land +
10% solar-to-electricity + 10% electricity-to-ammonia efficiencies. Since reported energy
efficiencies in Figure 5 are as high as 5.9%, the feasibility of this process appears under a
different light. Similarly, the distributed production of carbon-based chemicals, for which
their market value is not determined by its energy content, may downgrade practical
performance thresholds more than 50% in terms of overpotential or selectivity, as can be
deduced from studies considering propanol or ethylene glycol syntheses where grid
electricity is the electron source.82
The artificial leaves and the balance of plant
Ideally, an artificial leaf must integrate both the electrocatalytic and light harvester systems
in a simple way. Figure 8 proposes a design based on a photoanode, since the eH2OOR is the
commonly chosen anodic reaction in electrosynthetic processes (a photocathode would also

be conceivable). The corresponding reduction reaction develops on a dark cathodic chamber
where gas reactants are forced to flow through a GDL cathode in order to address the low
solubility of considered small molecules in water, which may lead to performance constraints
due to mass-transfer limitations. Liquid electrolyte chambers separated by an ion-permeable
membrane allow the ionic current between the photoanode and the cathode, due to the
difficulty of silencing the parasitic HER on membrane-electrode assembly devices.24
Remarkably, the anodic character of the eCH4OR adds a large degree of flexibility for the
design of multiproduct artificial leaves. The standard reduction potential of this reaction
(0.58 V) sits away from the reduction potentials of the rest of the small molecules (reduction
of H2O, N2, and CO2 require around zero volts and O2 demands 1.23 V). This situation might
lead, for example, to the simultaneous production of methanol and ammonia in the same
device based on equations 6 and 7 with a Nernst cell voltage of 0.49 V and a total reaction
given by equation 8.
3CH4 +N2 + 5H2O  3CH3OH + 2NH3H2O

(8)

Nevertheless, when the eCH4OR is combined with the oxygen reduction reaction in the
cathode, the production of methanol could be realized, in principle, under a fuel cell
configuration, i.e., with simultaneous release of electrical energy, somehow parallelizing the
solid oxide fuel cells operated at high temperature. In this case, the overall reaction is given
by equation 9 with a Nernst cell voltage of 0.65 V.
CH4 +1/2O2  CH3OH

(9)

This attractive feature of methane as reactant is, as shown, far from practical realization in
view of catalytic performance figures currently available. In fact, the development of artificial
leaves is in its infancy even for the more mature water splitting, though current efforts on
water splitting and CO2 conversion83,84 may pave the way toward a unified design settling the
basis for further optimization. To the already described catalytic challenge, the development
of the photovoltaic component must be added, which also demands intensive research
efforts on its own to achieve efficient electron-hole separation. In addition, the operation
point of an artificial leaf will be given by the intersection of the characteristic current-voltage
curves of the electrocatalytic and light harvesting systems. Maximum overall efficiency
would then be achieved by operation at high selectivity at the minimum cell voltage allowed
by the catalysts and coincidental with the maximum power point of the photovoltaic cell.37
This fact highlights the large interdisciplinary effort required to design a device with high
overall energy efficiency, since the coupling of a highly efficient electrocatalytic system with
a highly efficient light harvester does not necessarily imply a highly performing artificial leaf.
The development of small plants based on artificial leaves must also consider auxiliary
elements of the balance of plant such as upstream and/or downstream separation units on a
case-to-case basis. In more detail, upstream units may be needed to (i) concentrate the
reagent as in the case of CO2 in amine-based capture units, whose energy requirements are
considerable85 (0.1 GJ per metric ton of CO2, i.e., $50-70 per metric ton of CO2 at current
grid electricity prices), since less energetically demanding separation processes based on
membranes are still under development, (ii) prevent the exposure of the catalysts to
deleterious impurities,86 as in the case of sulfur-containing compounds present in CO2-rich
streams from power plants or natural gas, or (iii) to avoid the presence of oxygen in the
reaction medium, since the use of air in the reactant stream in the case of eN2RR or eCO2RR
would add the very significant catalytic challenge of silencing the oxygen reduction reaction,
which, even at the thermodynamic potentials required to develop the desired reactions,
would run at a very large overpotential (> 1.1 V). On this specific matter, the need of
cryogenic O2 separation would pose a question on the feasibility of the system, since it
requires ca. 0.2 GJ per metric ton of N2,87 which accounts for roughly 25% of energy
expenditure in a typical Haber-Bosch plant.88 Alternatives such as membrane of pressure
swing adsorption units would alleviate this constraint at the price of a less effective O 2
removal. In parallel, downstream separation may become a very important factor in the
production of liquid products. An obvious example would be the eCO2RR or eCH4OR toward
methanol or higher alcohols, which would require a sophisticated distillation unit to achieve

AA grade from the highly diluted product stream.89 A particular case is represented by the
potential need of adjusting the concentration of the electrolyte in the outlet stream of a
eN2RR plant, since high salinity is detrimental for the crops.90 All in all, since separation
processes can be energy-intensive and may represent a larger fraction of the energy
expenditure than in large-scale thermocatalytic plants, their impact on the economic
feasibility must be carefully considered in coming techno economic assessments.
Economic and regulatory aspects affecting feasibility
On purely economic terms, it is reasonable to think that prices of fuels, chemicals, and
fertilizers produced by a distributed scheme based on renewable energy will not become
competitive with their fossil fuel-based equivalents in the near future, in view of the large
availability of natural gas and the highly optimized thermocatalytic systems under operation
(Table 1). This is clearly illustrated by hydrogen production from water splitting. The current
production costs using steam reforming of natural gas91 or sun power coupled to an
electrolyzer33 are $1 kg−1 and ≥$4 kg−1 respectively. As reflected in the table, the latter is still
higher than the current market price, which is considered as reasonable by the US
Department of Energy to encourage the adoption of fuel cell cars in the short term.92 As
discussed, the on-site production of diluted fertilizers may be an exception due to
transportation costs for solid fertilizers of up to 30% of the market price in remote areas14
and low net absorption of solid fertilizers by plants. However, at prices as low as $ 270 per
metric ton in the developed world, its feasibility should be discussed in a case-to-case basis.
We highlight that ethylene or higher alcohols may also represent entry markets due to their
high prices and in particular, the former one, in view of the appreciable catalytic performance
of state-of-the-art copper catalysts displayed in Figure 4b.
In this context and given the positive environmental implications of reducing society’s
dependence on fossil fuels, how to face the internalization of environmental costs by
penalizing contaminating activities is under a vivid debate,96–99 whose practical outcome
may encourage the adoption of the distributed model discussed here. The estimated
required range for pollution taxes is 1-3% per 1 dollar of output in developed countries, with
emphasis on transportation and heavy manufacturing. 96 Along the same line, the
establishment of emission quotas for CO2 has represented a valuable initiative. However, at
current prices for emission rights (for example, €25 t−1 in the EU Emissions Trading System),
the capture of CO2 competes unfavorably ($50-70 t−1, vide supra), which makes the
emission of CO2 to the atmosphere the most profitable option for large emitters. This value
is in stark contrast with estimations of $200 t−1 required to curtail emissions at a rate
compatible with the Paris agreement.100 Regulatory forces have thus not played an entirely
effective role so far in promoting low carbon footprint schemes. Remarkably, some studies
conclude that99 “as regulation becomes more stringent, environmentally proactive firms will
be more capable of facing the challenge of an accurate internalization of environmental
effects”, requiring a more active role of regulatory agencies.
Conclusions and Outlook
The electrocatalytic conversion of small molecules in intensified devices amenable to
decentralization has the potential to contribute in a decisive manner toward establishing an
environmentally sensible circulation of energy and materials. After applying the same optics
to analyze the transformations of water, dinitrogen, carbon dioxide, and methane a general
and quantitative perspective can be extracted while identifying shared and distinct
challenges. After such analysis, we can deduce that their degrees of development in terms
of catalytic performance follow the order eH2OOR>> eCO2RR> eN2RR≥ eCH4OR, reflecting
both the different accumulated experience and the degree of mechanistic understanding
giving rise to catalyst design principles. As a matter of fact, the occurrence of parasitic
reactions for the eCO2RR, eN2RR, and eCH4OR adds the very considerable challenge of
selectivity control on these cases, largely preventing the identification of catalytic outliers
from being a simple task. At this point, it is foreseeable that the application of current
catalyst development strategies may not match the tight schedule that climate action
demands. It is thus of utmost importance to develop integrated schemes involving, on one
hand, the strengthening of theoretical and experimental understanding tools such as
operando techniques or practical model systems and, on the other hand, accelerating

catalyst discovery through implementation of high-throughput evaluation coupled to nonsupervised analysis techniques such as artificial intelligence algorithms, aiding with the
identification of key synthetic parameters.
At the device scale, we put emphasis on the technologically simplest and most flexible
configuration but, paradoxically, most demanding in terms of engineering. The low
temperature electrocatalytic conversion of small molecules in aqueous media and powered
by sunlight represents the counterpoint to the capabilities of large-scale centralized
production. Beyond promising efficiencies in the laboratory for the case of water splitting,
this represents to date a long-term vision that still must exhibit initial feasibility at the
prototype scale. Incipient efforts are currently oriented to this end in the case of H 2O- and
CO2-leaves, which are expected to spark the general interest of the research community
toward this aim requiring profound interdisciplinary collaboration. Additionally, upstream
and downstream separation units must be carefully considered in any techno economic
assessment, since their generally large energy requirements may determine practical
feasibility for these small-scale plants. Production of hydrogen by eH2OOR, diluted fertilizers
streams by eN2RR, and complex carbon products such as ethylene and higher alcohols by
eCO2RR appear as the processes with the largest potential to be competitive at current
market prices. After consideration of these factors, it is reasonable to assign the following
order to practical feasibility: eH2OOR>> eCO2RR≥ eN2RR> eCH4OR.
In order to put into context the demanding technological challenges described in this
perspective, we foresee that, even in the case of an accelerated development of
electrocatalytic routes, products manufactured by conventional means will likely exhibit
lower market prices over the next decades, discouraging the adoption of these sensible
schemes from the societal and environmental standpoints. In view of the tight agenda
imposed by climate actions, we underscore the importance of developing more resolute
legal frameworks, effectively promoting sustainable solutions by internalizing
environmental costs. All in all, we can find some degree of parallelism between the
technological and legal aspects of these technologies: both are in an early stage of
development and demand firm and coordinated efforts based on a long-term view.
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FIGURE TITLES AND LEGENDS
Figure 1. Simplified Network of Reactions and Production Schemes Based on Small and Abundant
Molecules for synthesis of Fuels, Chemicals, and Fertilizers
In (A), existing thermal catalytic processes are largely based on processing of natural gas toward carbon dioxide
(energy applications) and hydrogen (chemicals and fuels), which are subsequently upgraded. Electrocatalytic
processes provide alternative pathways that can based on renewable energy (R.E). Routes providing final products
are depicted in black. Those with a green glow comprise the electrocatalytic routes analyzed in this perspective. In
(B), depiction of existing centralized scheme for production of fuels, chemicals, and fertilizers, where huge plants
dependent on fossil resources provide consumers with final products. On the right, a decentralized one coupled to
distributed production of renewable electricity and complemented by fossil resources where necessary.
Figure 2. Visualizing the degree of development of electrocatalytic transformations of small
molecules
Three dimensions are represented for each reaction at different operation temperatures: (i) the scale, from
fundamental research on catalytic materials to fully developed plants, (ii) the activity in the field, relative to water
splitting as the most studied process both in the case of scientific reports and demonstration projects, and (iii) a
qualitative assessment of their degree of development according to relative results obtained in Figures 3-6. Existent
thermal processes are marked with a cross. The number of publications were estimated with directed search terms
from the ISI Web of Science (www.webofknowledge.com). See Table S1 for detailed results.

Figure 3. State of the Art for the eH2OOR.
In (A), comparison of state-of-the-art reported figures of merit (figures next to filled dots) wrt. expected
development in the mid-term for alkaline water splitting (figures next to void dots. Grey void dots represent the
initial value of the corresponding scale and is equal to zero in all cases except for the overpotential). In (B), under
alkaline conditions, Ni-Fe oxides are benchmark catalysts (adapted from Ref. 44 with permission from The Royal
Society of Chemistry). In (C), a number of descriptors have been proposed for the eH2OOR, such as the metalmetal distance in oxides by Rossmeisl et al. (adapted from Ref. 20 with permission from Elsevier).
Figure 4. State of the Art for the eCO2RR toward Simple and Complex Products.
In (A), comparison of representative state-of-the-art figures of merit (figures next to filled dots) for the production
of CO on nanostructured Au catalysts54 wrt. estimated requirements for practical implementation10 for the case of
low temperature and aqueous media (figures next to void dots. Grey void dots represent the initial value of the
corresponding scale and is equal to zero in all cases except for the overpotential). In (B), similar to (A) for the
production of C2H4 on Cu nanoparticles under a GDL configuration. 55 Central figures are adapted from Ref. 54 (top)
with permission from American Chemical Society and from Ref. 55 with permission from AAAS.
Figure 5. State of the Art for the eN2RR.
In (A), comparison of state-of-the-art reported figures of merit (figures next to filled dots) wrt. practical
requirements as established by the US DOE for the case of low temperature and aqueous media (figures next to
void dots). Grey void dots represent the initial value of the corresponding scale and is equal to zero in all cases
except for the overpotential). In (B), representative benchmark material composed of defective nanostructured
bismuth, the performance of which is depicted in (A). Plasma-treated bismuth promotes N2 adsorption on defect
sites, improving catalytic performance (adapted from Ref. 68 with permission from John Wiley and Sons). In (C),
comparison of the onset potentials for the eN2RR and the HER obtained by DFT calculations clustered by material
family reported in literature (reproduced from Ref. 6 with permission from Elsevier).
Figure 6. State of the Art for the eCH 4OR.
In (A), comparison of state-of-the-art reported figures of merit (figures next to filled dots) wrt. practical
requirements77 for the case of low temperature and aqueous media (figures next to void dots. Grey void dots
represent the initial value of the corresponding scale and is equal to zero in all cases except for the overpotential).
In (B), representative state-of-the-art material the performance of which is depicted in (A). The addition of 5%
V2O5 to a mixture of TiO2 and RuO2 boosted activity toward methanol, albeit with a limited stability. Adapted from
Ref. 76 with permission from Elsevier and from Ref.78 with permission from Springer.
Figure 7. Relative comparison among degrees of development of electrocatalytic transformations
of small molecules.
The value of each dot is calculated from the corresponding axis in Figures 3-6 according to the percentage reached
wrt. practical targets. The figures of merit are aimed to compete with the corresponding thermally-driven reactions
(see each section for more details). The transformation of CO 2 into C2H4 is only represented by the orange dots for
the sake of clarity.
Figure 8. Small-scale Production of Fuels, Chemicals, and Fertilizers: Artificial Leaves.
The photoelectrochemical synthetic route is the simplest possible to transform renewable energy into fuels,
chemicals, and fertilizers. Devices realizing this vision are referred to as artificial leaves. The same scheme can be
applied, upon slight modifications, to the conversion of small molecules either in the cathode (H 2O, CO2, and N2)
or in the anode (H2O, CH4). In the case of CH4, its mild standard reduction potential to CH3OH (E° = 0.58 V vs.
NHE) may allow to design a multiproduct artificial leaf.

TABLES, TABLE TITLES AND LEGENDS
Table 1. Current average market price of some fuels, chemicals, and fertilizers based on fossil
resources amenable to (photo)electrocatalytic synthesis.

Compound
Hydrogen
Solid fertilizer (urea)
Carbon monoxide
Formic acid
Methanol
Ethanol
Ethylene
Propanol

Average market price in $ per metric ton
3900
270
700
600
300
800
1000
1300

Reference
Ref91
Ref93
Ref10
Ref94
Ref95
Ref10
Ref10
Ref94
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Supplemental Text and Figures

Supplemental Table
Table S1. Detailed results of the web search for the electrocatalytic transformations of water, carbon dioxide,
ammonia, and methane. Related to Figure 2. The number of publications for the categories “catalysis research” and
“electrolyzer development” were estimated with directed search terms from the ISI Web of Science
(www.webofknowledge.com) in the period 1900‐2019. As a representative example, the number of articles in the case of the
“catalysis research” case for the eCO2RR was obtained with the code TI=(electro* AND (“CO2” OR “carbon dioxide”) AND
(reduct* OR catal*)) and refined based on similar search terms for the abstract (TS). The eH2OOR includes publications
related to the electrocatalytic hydrogen evolution reaction. In the case of “small‐scale plants”, the number of projects was
estimated from specific database such as CORDIS for the European Union (https://cordis.europa.eu/projects/en) or TRIBAL in
the US (https://www.energy.gov/indianenergy/maps/tribal‐energy‐projects‐database) or specific ones such as the Fuel Cells
and Hydrogen Joint Undertaking (http://www.fch.europa.eu/fchju‐projects) in the case of H2 production, for example.
“Large‐scale plants” were estimated based on general web search of (near) commercial solutions and specific review articles.
Number of
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