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Ammonia as the source of most fertilizers has become one of the

most important chemicals globally. It also is being increasingly

considered as an easily transported carrier of hydrogen energy that

can be generated from ‘‘stranded’’ renewable-energy resources.

However, the traditional Haber–Bosch process for the production

of ammonia from atmospheric nitrogen and fossil fuels is a high

temperature and pressure process that is energy intensive, currently

producing more than 1.6% of global CO2 emissions. An ambient

temperature, electrochemical synthesis of ammonia is an attractive

alternative approach, but has, to date, not been achieved at high

efficiency. We report in this work the use of ionic liquids that have

high N2 solubility as electrolytes to achieve high conversion efficiency

of 60% for N2 electro-reduction to ammonia on a nanostructured

iron catalyst under ambient conditions.

There is enormous capacity for renewable energy generation in

remote, high insolation areas of the world, however the delivery

of the energy in a transportable form to population centres is a

challenging issue. Ammonia (NH3) is one of the most widely

produced chemicals worldwide; while most production is

currently for use as fertilizers, it is also being considered as

an easily transportable ‘‘energy store’’ for renewable energy.

Ammonia is industrially synthesized via the Haber–Bosch process

from N2 and H2 at high temperature and pressure through the

reaction:

N2 + 3H2 3 2NH3

The harsh conditions involved render this reaction less energy

efficient than is desirable for either sustainable fertilizer pro-

duction, or for use as an energy carrier. Thus, there is growing

interest in alternative and sustainable approaches to ammonia

synthesis, in particular by electrochemical reduction.1–21 Several

groups have investigated the reduction of N2 to NH3 from

aqueous or alcohol-based solutions at room temperature at a

variety of electrodes.22–26However, only impractically low current-

conversion efficiency (also known as faradaic efficiency, FE), below

7%, has been achieved.22,27 Licht et al. have recently reported an

ammonia electro-synthesis fromN2 and steam in amolten hydroxide

electrolyte containing a nanoscale Fe2O3 suspension at 200–250 1C

supporting FE as high as 35%.28 Photo-electrochemical N2 reduction

has also been studied by several groups including us,4,29–32

however the efficiency of these processes remains low.

A variety of electro-catalysts for N2 reduction have been

investigated both experimentally and theoretically.2,10,33–39

Quantum chemical calculations for a range of different metal

surfaces indicate that Fe, Mo, Rh, and Ru are predicted to be

the most catalytically active for N2 electro-reduction.34 Among

them, Fe is particularly interesting, as it is an inexpensive, earth-

abundant element, that is also a key element in N2 fixation in

nitrogenase enzymes, as well as being the most common catalyst

in the Haber–Bosch process.40 Nonetheless, optimisation of the

structure and morphology of the electro-catalyst is necessary for

high efficiency operation in this N2 reduction context.
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Broader context

Ammonia is being widely considered as a sustainable fuel that could be

produced from renewable energy. This could provide a sink for excess

energy in the grid at times of excess supply, or alternatively could be

installed in remote areas where the scope for generation of solar or wind

energy is immense. The transportation technology for ammonia is

already well established, either by bulk tanker or by pipeline. At point

of use it can be cracked into hydrogen, or used directly in engines or gas

turbines. The roadblock to large scale use of ammonia as a fuel is the

need for a high efficiency means of its production from atmospheric

nitrogen, water and renewable energy. Here we describe the direct electro-

chemical reduction of nitrogen to ammonia at high efficiency under ambient

conditions. High efficiency is achieved by virtue of a family of ionic liquid

electrolytes (salts that are liquid at ambient temperatures) that offer

unusually high solubility for N2. They also possess a hydrophobic nature

that allows the water content to be controlled at an optimum level that

supports ammonia production, but minimises the competing production of

hydrogen. The process thus paves the way to the ‘‘Ammonia Economy’’.
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The reason for the low faradaic efficiency of ammonia

electro-synthesis is typically the reduction of water to hydrogen

that occurs in the same region of potential. This is often

dominant, in part because N2 is only sparingly soluble in most

electrolytes. On the other hand, ionic liquids (ILs) can serve as

excellent non-aqueous electrolytes41–44 and, as the water content

in ILs can bemuch lower than in aqueous solutions, H2 evolution

can be effectively suppressed. In addition, certain ILs are known

to support high nitrogen solubility at room temperature, as much

as 20 times higher than in water on a volumetric basis,45 making

these particular ILs attractive as media for the nitrogen reduction

process.

In this work, we demonstrate an electrochemical synthesis

of ammonia with faradaic efficiency as high as 60% at ambient

temperature and pressure. This high efficiency is achieved via

the combination of a hydrophobic, high nitrogen-solubility IL

electrolyte and a nanostructured Fe-based electrocatalyst. The

role and the nature of the ILs, as well as the electrode substrate,

are explored to provide a basis for further understanding of this

process.

The ILs employed were chosen from those known to exhibit

high N2 solubility: [C4mpyr][eFAP] and [P6,6,6,14][eFAP].
45 The

latter, a phosphonium-based IL, was included to eliminate

the IL as a possible nitrogen source; its structure and mode

of interaction with N2 (as discussed further below) are shown in

Fig. 1a. Full details of materials and methods are provided in

the ESI.† Several working electrode substrates were investigated,

including fluorine doped tin oxide glass (FTO), nickel foam (NF)

and stainless steel cloth (SS). An iron-based catalyst was chosen

as one of the known, high-performing N2 reduction catalysts

in the Haber–Bosch process. To optimize the electrochemical

activity of the catalyst, it was applied to the electrode substrate

by an electro-deposition technique. Nitrogen reduction was

conducted in standard electrochemical cells with a flowing

gas stream (Fig. S1, ESI†). The synthesized ammonia was

transferred from the reaction vessel by the gas stream to a trap

containing a weak aqueous acid solution (1 mMH2SO4) which was

later analyzed. The N2 gas stream was also analysed to determine

the inevitable trace amounts of NH3 and NOx. Further details are

provided in the ESI.†

Electrochemical nitrogen reduction is illustrated in Fig. 1a

for the SS substrate. The scanning electron micrograph (SEM)

image of the electrodeposited iron surface on the stainless steel

(Fe-SS) substrate is shown in Fig. 1b. The iron layer is com-

posed of B100 nm aggregates of nanoparticles. The composi-

tion and structure of the iron layer was further examined via its

electron diffraction pattern and high-resolution transmission

electron micrograph (HRTEM) as well as X-ray diffraction,

Fig. 1c and Fig. S3 (ESI†). These confirm the body-centred cubic

structure of the Fe nanocrystals. From electrochemical analysis

the roughness factor (RF) of the Fe-SS electrodes was estimated

to be about 9 (Fig. S4, ESI†).

Fig. 2a and b show the total current density and the FE for

ammonia production for a range of electrode-IL combinations

(at 100 ppm H2O in the IL) as a function of time and potential.

The currents rapidly reach stable values (Fig. 2a), the initial

transients being double layer charging and the reduction of

FeO formed on the surface during cell assembly. To ensure an

unambiguous quantification of the N2 reduction efficiency, we

include an IL known to offer a high N2 solubility ([P6,6,6,14][eFAP]),
45

but which does not contain any N-atoms; this ensures that the only

source of N in these experiments is the N2 introduced from the

gas phase.

The FE for N2 reduction to NH3 as a function of potential is

shown in Fig. 2b and as a function of temperature in Fig. S5

(ESI†). The FE passes through a maximum of 60 � 6% at around

�0.8 V vs. NHE and then decreases as the potential becomes

Fig. 1 (a) Schematic of the N2 reduction process on a Fe-SS electrode.
Lower panels: structures of the ionic liquid ions and their interaction with N2.
(b) SEM image of the electrodeposited Fe-catalyst and (c) HRTEM image of
Fe particles (inset shows the corresponding electron diffraction pattern).

Fig. 2 (a and c) Current density vs. time and faradaic efficiency for
electro-reduction of N2-saturated ionic liquids on various electrodes at a
constant potential of�0.8 V vs. NHE; (b) dependence of faradaic efficiency
for ammonia production on potential for various electrode/IL combinations;
(d) the ammonia production rate on different electrodes and ionic liquids
at �0.8 V vs. NHE. In (b–d) the results for FTO and SS substrates are based
on a 3 h experiment.
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more negative (reductive). On increasing the operating tem-

perature, the FE also exhibits a decreasing trend at higher

temperatures, as expected due to the decreasing N2 solubility.

Separate trials confirmed that the only by-product is H2.

It is important to recognise the ubiquitous presence of small

amounts of ammonia and NOx in the atmosphere, on laboratory

surfaces and in gas supplies. Indeed, in the field of photochemical

synthesis of ammonia it has been shown that many reported

claims were in fact detecting only exogenous contaminants.46

Thus, in our work various control experiments with no potential

applied and/or in the absence of N2 were undertaken to confirm

that there was no significant other source of ammonia or ammo-

nium compounds present as contaminants. Ionic liquid samples

for electrochemical trials were washed with aqueous 1 mM

KOH until no NH3 was detectable (LOD 1 nmol ml�1). In blank

experiments carried out under conditions identical to those in

Fig. 2, but with no voltage applied, no ammonia was detectable.

This indicates that there are no laboratory or equipment sources

of extraneous ammonia. Further blank experiments were con-

ducted under identical conditions (including applied voltage) to

those of Fig. 2, except that the gas stream was high purity Ar. The

result was 4.0 � 0.5 nmol which is indistinguishable from that

measured in the absence of potential and also that expected on

the basis of the NH3 content of the Ar gas; note that the 4.0 nmol

is significantly smaller than any of the reported results here which

typically lie in the 10–50 nmol range. These Ar control experi-

ments indicate that there is no source of ammonia generated in

our standard experiments in the absence of N2. In order to

confirm that the ionic liquid is stable in the working potential

range we determined that only H2 is produced on a Pt electrode,

with close to 100% faradaic efficiency, at ca. �1.1 V in an Ar

saturated IL. The excellent performance of the phosphonium

ionic liquid for ammonia production in Fig. 2 also serves to

further confirm that the IL is not the source of any ammonia, as

that compound contains no nitrogen. As a further proof that the

detected ammonia results from reduction of N2, a
15N2 reduction

experiment was carried out, as described in the ESI,† demonstrating

the production of 15NH3. In summary, these vital control experi-

ments demonstrate that the ammonia detected is electrochemically

produced by reduction of N2.

Fig. S6 (ESI†) shows that the cyclic voltammetric response

depends strongly on the water content. The FE remained

approximately constant at 38 � 4% when the concentration

of H2O was varied from 20 to 250 ppm. Water is the sole proton

source in the process, therefore maintenance of some level of

water is necessary. However, it appears that the catalyst selec-

tivity is not strongly influenced by the water content within the

examined range.

While the Fe-FTO electrode provides high FE, the reduction

currents obtained on this low surface area substrate are too

small for practical application. Design of FTO-type coatings on

high surface area substrates holds promise for improving the

applicability of this type of electrode. A variety of high surface area

substrates were employed here to increase the working surface

area. Fig. 2 shows that the current density (per unit geometric

surface area) increases on using these porous substrates.

For example, the current density increases in [P6,6,6,14][eFAP]

from 0.012 A m�2 for FTO to 0.1 A m�2 for SS and 0.3 A m�2

for NF, with corresponding faradaic efficiencies (Fig. 2c) of 60%,

45% and 19% respectively. This enhancement produces signifi-

cant increases in the production rates of NH3 (Fig. 2d), for

example from 2.9 mg m�2 h�1 on FTO to 14 mg m�2 h�1 on

the SS substrate in [C4mpyr][eFAP]. The decreased faradaic effi-

ciencies on the more porous substrates suggests that N2 deple-

tion, or build up of NH3, near the electrode during the reaction is

limiting the rate of nitrogen reduction and shifting the balance in

favour of proton reduction. Such mass transport limitations are

common in electrochemical processes and can be suppressed in

advanced cell design. The ammonia yield increases continuously

with time (Fig. S7, ESI†), after initially elevated rates while a steady

state is established. It is important to note that the SS cathodes

used here are quite thin and flexible so that there is considerable

scope to further increase yields by optimizing cathode thickness

and also to implement high surface area, thin-layer or spiral

wound type electrode configurations.

Compared with [P6,6,6,14][eFAP], the [C4mpyr][eFAP] IL pro-

duces higher current densities and yields (Fig. 2) due to its lower

viscosity (Fig. S8, ESI†), which supports higher mass transport.

The FE in [C4mpyr][eFAP] is slightly lower than [P6,6,6,14][eFAP],

consistent with the differences in N2 solubility (0.20 mg g�1 vs.

0.28 mg g�1 respectively45). Nonetheless, the yield is higher in

[C4mpyr][eFAP], as shown in Fig. 2d. In comparison to recent

reports the maximum yield in Fig. 2d at 14 mg m�2 h�1 at 30%

FE compares favourably with the literature, the highest of which

at room temperature and pressure is 16 mg m�2 h�1 at 4% FE.27

For comparison we have also examined another ionic liquid,

[HMIM][NTf2], which has a much smaller N2 solubility

(o0.017 mg g�1).47 The faradic efficiency for N2 reduction in

this ionic liquid was found to be much smaller (0.64%).

The reason for the high solubility of N2 in the selected ILs

was further examined by DFT calculations. The interaction of

various common anions with N2 is shown in Fig. 3a and b, where

the calculations indicate that the molecule interacts relatively

weakly with ions such as Cl� and with other fluorinated anions

Fig. 3 (a–c) N2 binding energies (in kcal mol�1) and bond distances in Å for
various anions. The interaction with [eFAP]� in panel (c) shows two distinct
modes: complex 1 exhibits C–F interactions and complex 2, P–F inter-
actions. Panel (d) introduces the cation to show the interaction with an ion
pair of [C4mpyr][eFAP]; the interaction is the strongest of all those studied.
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such as BF4
� and PF6

�. On the other hand, the interaction with

[eFAP]� is distinctly stronger, Fig. 3c, where two modes are

distinguished: complex 1 reveals the N2 interacting with the

F atoms on the alkyl chains, while complex 2 has the N2 inter-

acting with the F atoms bound to the phosphorous. It appears

that the more strongly delocalized is the negative charge, the

stronger is the N2 binding. The distinction between the binding

energy in this [eFAP]� complex and that with PF6
� is striking. In

the [eFAP]� case the additional delocalization of charge onto the

three C2F5 groups modulates the charge on the P-bound fluorine

atoms and thereby enhances the interaction with N2. Introducing

the cation into these calculations, Fig. 3d, shows that the inter-

action becomes even stronger, because of further charge inter-

action between the anion and the cation.

In summary, we show in this work that the use of high

N2-solubility ionic liquids enables the electro-reduction of N2 to

ammonia at room temperature and atmospheric pressure. This

property of these ionic liquids strongly depends on their parti-

cular ionic structure. Faradaic efficiencies as high as 60% have

been achieved in [P6,6,6,14][eFAP]. The yields are currently

un-optimized, and there is considerable scope for further

development of the catalysts, along with optimization of other

parameters such as electrode composition, structure and geo-

metry. We hope that this work will stimulate further interest in

this environmentally important area of research.
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