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ABSTRACT: Ammonia is an important precursor of fertilizers, as well as a
potential carbon-free energy carrier. Nowadays, ammonia is synthesized via the
Haber Bosch process, which is a capital- and energy-intensive process withwan Nitrogen reduction
immense CQ footprint. Thus, alternative processes for the sustainable &H#"" toammonta
decentralized ammonia production from Bind H,0O using renewable electricity H,0 N
are required. The key challenges for the realization of such processes ar& thé
e cient activation of the N bond and selectivity toward NH In this € { s
contribution, we report an all-electric method for sustainable ammonia -
production from nitrogen and water using a plasma-activated proton conductin
solid oxide electrolyzer. Hydrogen species produced by water oxidation oveﬁbze 2
anode are transported through the proton conducting membrane to the cathode avode OO cooge  Mitrogenplasma
where they react with the plasma-activated nitrogen toward ammonia. Ammonia conducting
production rates and Faradaic eiencies up to of 26.8 nmol of Ny * cm 2
and 88%, respectively, were achieved.
mmonia, from which virtually all nitrogen-containingthat account for 1.6% of global emissions péry&aerefore,
compounds are derived, is a major and valuable raalternative technologies need to be explored for amm
aterial for industry and agriculttirdn fact, the synthesis, which occur under more moderate contitio
fertilizers generated from the ammonia such as ammoniuequire less carbon inplibr can be powered by intermitten
nitrates, phosphates, and urea are responsible for sustaining tgiRewable energy sources.
third of the Earts populatiof.Moreover, 1 mol of ammonia ~ Nowadays, plasma technology has attracted a lot of atte
contains 17.6 wt % of hydrogen (108/g)-t 20 °C, whichis ~ as an alternative method of clean ammonia synthesis, inclu
highly desirable for the transportdtias well as for storing renewable pathway that coupled this technology with o
intermittent renewable energy such as wind andtiar. fenewable energy approaches. At low temperature, plasmie
addition, ammonia has been intensively studied for its potentfgPorted as one of the mosteent approaches for rupturin
use as sustainable fuel sdremd other o-grid power the triple nitrogen borfd, ** which is the fundamental
application8. requirement fqr the ammonia synthegs. Most of the stu '
Nitrogen-based fertilizer demand is growing rapidly an@ Plasma-assisted ammonia synthesis are based on atmo Ic
estimated to show a two or three-folded increase in the secoRgSSure dielectric barrier discharge plasma over various c C

half of the 21st centutyTo date, approximately 500 million SYStEMS, with nitrogen conversion between 0.2 and 78%
tonnes of ammonia are produced per year via the iBaseh 12 mixtures *° There are also approaches in which plas
(H B) process, accounting forS3% of total natural gas activation of nitrogen and water vapor (as a hydrogen so
consumption worldwide and 2% of global energy’dSkige3 have been investigated for amr%qn‘{a synthesrn®
requires a large fossil fuel energy input, high temperatures (400/CMISING results in terms of selec ity. However, there
600°C) and pressures (20800 atm) as well as a sigaint are a few studies on the synthesis of ammonia from nitro
capital investment. > These intense conditions are the main
disadvantages of the B process, as they prevent the Received: November 7, 2020
possibility of lowering capital coStslecentralization, and Accepted: December 14, 2020
small-scale ammonia production at the level of local

communities. Moreover, the warldydrogen, which is also a

key reactant in ammonia production, is produced primarily from

the steam re-forming of methane, emitting huge amounts of CO
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Figure 1. Schematic representation of hybrid plasma electrochemical reactor setup.

hydrogen using low-pressure (0@ Torr) dischargés.*° (H"). These protons are transported to the cathode via proton
In fact, low-pressure nitrogen discharges are well-known fmnducting membrane where they either form molecular
e ciently producing vibrationally excited molecules that caydrogen or react with the activated nitrogen and form the
further generate atomic nitrogen via a vibrational dissociatidfHs. In this approach, both the reactions (water oxidation and
channef® * Despite the potential berig of plasma  nitrogen reduction to ammonia) are taking place in texedt
technologies, such as localized and environmentally friendympartments, thus allowing two independent knobs of
energy storage through chemical conversion, the two maeeration. To further understand the potential of the plasma
critical challenges for upscaling this technology arectaate  aided electrochemical approach, we have benchmarked this
dinitrogen xation and suppression of the reverse reactionpathway with the classical pure plasma (without the presence of
Hence, suitable catalysts with stronger plasma synergisigalyst) and plasma-assisted catalysis (where both the reactants
activities and optimized reactor designs are required fd;and N are coinjected and coactivated).
overcome these challerfigés. Figure Ishows the schematic of our in-house built reactor to
Electrochemical processes for ammonia synthesis have &b the N plasma-assisted proton conducting solid oxide (H-
gathered enormous interest since one can synthesize amm&REC) electrolyzer. H-SOEC is based on commercial half-
directly from water and nitrogen in a single device, thudhode supported cell Ni-BCZY/BCZY (where BCZY is the
decreasing the complexity and carbon footprint of th@bbreviation of Bag&r, 7Y, O; ) and a Pt cathode. The
conventional HabeBosch proce$8.°” However, the upscal- Microstructure of the Pt catalyst is porous and consists of a
ing of this technology is primarily hindered by low rates and/dr€twork of percolated particles of the order of a micigur¢
selectivity (Faradaic eiency) due to the challenge of SJ. Such a porous microstructure is desired fofest
dinitrogen triple bond cleavage at a rate that is comparableq_b u3|on_of the reactantgases and for creating a high s_urface area
the hydrogen evolution reaction rate. Recertsare directed (interfacial area of particle and pore) as well as a triple phase
in the development of more @ent electrode materials or Poundary (TBP: electrolytelectrodegases).

modi cation of the electrode environment to suppress HER anq To determine the role of electrochemical and plasma-assisted
thus improving Faradaic @ency (FE) toward ammonia electrochemical ammonia synthesis, a transient experiment was

d i ied out at 50 by sequentially varying the applied current
synthesis®>® The best reported performance in liquid and @M€
solid electrolyte electrochemical cells@6&6 FE at 6.36 mA/  (fom 010 5 mA) and the plasma power (from O to 80 W), as

cn? (14.5 nmol s cm 9 and  78% FE at 1.15 mA/Grt6.6 shovv_n inFigure 2_The rea_ctions on each _eleptrode are
nmol s* cm ?) respectivel§?’ mentioned below with and without plasma activation.

The combination of \plasma with electrochemical cells hasAnode:
been rr&cg’%ggly proposed as an alternative way for nitrogen 1
xation™ In these systems plasma is utilized for nitrogen + < S
activation and electrochieal cells for providing the HO(Q)  2H (BCZY 202(9} 2¢
coreactants. Hawtof etahave reported a hybrid approach )
where the electrical circuit of the plasma is integrated with ﬂ%athode.
electrolysis one, allowing ammonia synthesis in the absence of, . %
nitrogen reduction electrode. The FE of this approach has £H (BCZY) + 2€ H (9) @)
reached values of up td00% at 2.5 mA (8.63 nmol/s, the rate + &
is not normalized per surface area due to the electrodelessoH (BCZY)+ Ny(g)+ 6€  2NH(g) ©)
con guration)?® Kumari et al’ have reported a polymer piasma ON:
electrolyte membrane plasma integrated system, where plasma '
activation leads up to 47% increase on the ammonia production,,,, ,+ S
vs pure electrochemical approach. Due to poor FaradaicBXH (BCZY) + Ndg)+ e xNH(9) “)
e ciency the ammonia formation rate was 0.05 nthol s The rate of NH formation under open-circuit£ 0) and
cm 2°9 plasma oconditions is zero due to the absence of the hydrogen

Inspired by the promising plasma electrochemical integratefecies on the cathode. Upapplying current (i.e.,
systems, we have developed a plasma activated protgaivanostatic mode) of 5 mA {at 20 min), protons (B
conducting solid oxide electrolysis cell (H-SOEC), as showfrom water oxidatione] ) reach the cathode (via the
in Figure 1Atthe anode, water oxidation (at the anog®{ds) membrane), forming molecular hydrogerbdf4 nmol of K

2H" + 1/ ,0,(g) + 2e ) takes place, which produces protons s *cm 2from their associative desorptien3. In the absence

1)
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Figure 2. H and NH; production rate 500C upon sequential step
changes of the applied current (5 mA) and plasma (80 W),

respectively.

of nitrogen plasma activation, no ammonia concentration was
detected and this can be attributed to the low operating pressure
and the poor electrochemical nitrogen reductipf @ctivity

of Pt°°Upon plasma ignition (&£ 30 min) in the presence of

the same applied current, Nbrmation starts taking plaee (

4) with a simultaneous decrease of the hydrogen evolution and a
steady state is reached aft&min. Rate of NEproduction

(1.21 nmol of NHs * cm ) is roughly two-thirds the rate of
hydrogen consumption (1.80 nmol gfsH cm 2), which is
consistent with reaction stoichiometry. The corresponding
conversion of nitrogen to ammonia is 0.045% at 1 rhA/cm
Once plasma is switchedadt = 60 min, the NHproduction

rate gradually returns to zero, while hydrogen formation returns
to its initial value and, on further interrupting the currést at

73 min, both NHand hydrogen signals drop to zero.

Figure & shows the current vs voltdgé/j curves of proton
conducting electrolyzer at 50C. Under steady-state
conditions no electrolysis current is observed, irrespective of
plasma conditions (on or )p as expected. The electrolysis
current (current density) steadily increased with the applied

Figure 31 Vcharacteristics (a), ect of current on the rate of ;{b) and NH; (c) production, and Faradaic eciency of NH production (d)
at 500°C and 80 W plasma power.

315

https://dx.doi.org/10.1021/acsenergylett.0c02349
ACS Energy Lef021, 6, 313 319


https://pubs.acs.org/doi/10.1021/acsenergylett.0c02349?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02349?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02349?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02349?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02349?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02349?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02349?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02349?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c02349?ref=pdf

ACS Energy Letters http://pubs.acs.org/journal/aelccp

voltage beyond 1.2 V, which leads jpidduction at the increases linearly with power. As shown irStipgorting
cathode, as showfigure B. With increasing current, H Information the power density remains constant at approx-
production increases as expected.l TWecurves with and  imately 0.6 W/chin all cases, leading to similar plasma
without plasma are almost identical. This observation was afsoperties for all plasma powers. Therefore, it can be concluded
veri ed by the electrochemical impedance spEjtad Spin that the largest dérence in conditions betweeredent plasma
which the polarization resistance practically remained the saipewers comes from the growth of the plasma volume and the
Therefore, plasma activation does not seem to interfeomrresponding reduction of the distance between the plasma
signi cantly with charge transfer on the cathode. Moreoveedge and the electrolyzer surface. As discuss&tlippbeing

there is no plasma heating impact on the plasma electrode siht®rmation plasma conditions are very similar to those

it is far (i.e., 1015 cm, dened as plasma afterglow) from the modeled in the work of Guerra et al., who include the
tail of the active plasma zone, as demonstrated in our previalevelopment of plasma-activated species downstream of the
work. Thus, plasma activation does not have any short-temitrogen plasntd.Assuming a constant axial gas velocity
detrimental eects on the functioning of the electrolyzer. between the plasma edge and catalyst surface, a tghefaorf-

Parts c and d éfigure 3how the rate of NHormationand  plasma-activated species2f0 ms at 40 W t0100 ms at 120
corresponding Faradaiccgency (i.e., selectivity to ammonia W has been estimated from the photograpR$gine S5
formation) under bias with plasma conditions (80 W) as &€omparing with the Nolasma model by Guerra et al., both
function of applied current. Upon current application, protonsgibrationally excited,ldnd atomic N can reach the electrode at
arriving on the Pt/BCZY interface areudied on the catalyst signi cant concentrations. Particularly, highly energétic N
surface as adsorbates, where they can either react with activa@®can impinge on the electrolyzer at mole fractions 4éf >10
nitrogen species for NFbrmation €q J or with coadsorbed  and atomic nitrogen at mole fractions >Hdd even with
proton species for the formation of molecular hydregéeh ( higher mole fractions as the plasma edge moves closer to the

In the low-current range, production of Nittreases with  electrolyzer surfateThe increase in ammonia formation rates
the applied current since in this current range, reaction is limitedth increasing plasma power can, therefore, be assigned to an
by the supply of hydrogen spediési(re 8), whereas at higher increasingux of one or both of these energetic nitrogen species
current densities, NHproduction keeps increasing but with to the electrolyzer. As discussed isthmoorting Information
lower rate. Due to the architecture of our electrode (i.e., porotise poorer performance at 120 W compared to 80 W could be
electronic conductingm with 10 m thickness deposited on due to a decreaseak of N( > 10) to the electrolyzer surface,
proton conducting support), the reaction zone is extended as thet experimental quardation of the uxes of energetic
applied current (ix of protons) is increasedit low current nitrogen species will be required beforaitilee conclusions
densities, protons arewlied as adsorbates on the vicinity of thecan be drawn.
triple phase boundaries (TPB), i.e., the electrode (Pt), Furthermore, pure plasma (without SOEC) and plasma-
electrolyte (BSZY), and gas (activated nitrogen) interfacassisted catalysis (with SOEC but at open circuit conditions)
whereas at high current densities the hydrogen species hexe been carried out at 5Q) where the reactants,(&hd
di used to areas further away from the TPB and thus thH,) were coactivated by RF-plasma, as shown schematically in
ammonia production keeps increasing. Faradaieney Figure SeFromFigure 8,d and-igure S§bottom), it is clear
decreases from 88% at 0.2 mA/twn10% at 80 mA/cm that the plasma-assisted electrochemical approach (1930 ppm of
with increasing curreriigure 8), suggesting that the vicinity NHj, 10% H conversion) is better than either pure plasma (990
of the TPB is more active for nitrog&ation when compared ppm of NH, 5% H conversion) or plasma-assisted catalysis
to the rest of electrode. (1185 ppm of NH 6% H conversion) in terms of rate and

Another important metric in catalytic studies which is nohydrogen conversion at 3@and 80 mA/crhcurrent density
usually reported, is the turnover frequency (TOF), whiclor equivalent hydrogen. This can be attributed to theedt
quanti es the speai activity of a catalytic center by the numberadsorption pathways for hydrogen species involved in each
of catalytic cycles occurring at the center per unit time. It igrocess, i.e., via the protonic conducting membrane and gas
usually dicult to dene TOF for plasma studies since the phases, respectively. However, direct comparison between pure
quanti cation of plasma interaction with the reactor walls andplasma and plasma-assisted catalysis with electrocatalysis is not
or catalyst is not straightforward. However, in our approach datraightforward since addition gtdithe plasma will act the
to the separation of the reactants (via the proton conductingensities of activated molecules. With the ionization potential
membrane), the reaction zone is limited to catalyst surfag@and electron impact ionization cross sections) being very
which simplies the estimation of TOF. similar for N and H, the electron density and electron

In addition the use of Pt as cathode has the advantage to o temperature will not change radically when addjrmtthe
a reliable way to dee the electrochemical active surface are&l,( ) and N densities arriving at the catalytic surface may still
(ECSA). ECSA of Pt can be ded by the well-established decrease sigently simply from dilution by ,f*?%°°
method of hydrogen under potential deposition (H@ﬁD) Furthermore, it has been shown that in pyngldéma up to
ECSA of Pt electrode, estimated from HUPDufe SB is 70% of electrical power is deposited as internal energy, andupto
equal to 10.5 nmol of Pt per nominal electrodeTtiis allows  35% spectally in vibrational modes, of thembleculé>The
us to estimate the TOF, which is depicted as a function @fddition of Hwill cause a sigmiant fraction of the input power
current density iRigure S4As one can see, a valued6 stis to go toward the internal energy gébklwell as into dissociation
obtained, which is quite hié;h when compared withtHes? of H,. Especially the latter will reduce N densitiescatly as
of the HaberBosch process the H, content increases, since the lower dissociation energy of

The e ect of plasma power, which maschathe distribution  H, (4.5 eV) compared toJN9.8 eV) will lead to preferential
of excited states and thaix to the electrocatalyst surface, hasdeposition of plasma power intpdissociatiof’
also been studied. By estimating the plasma volume from thér'hermodynamic calculations have been also carried out for
photographs iRigure Shit is observed that the plasma volume the equilibrium concentration of Nid the N,, H,, and NH
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mixture as a function of temperature and pressure fgri8% H current density Faradaicatency up to 88% (with rate and
N, (Figure S) The performance observed in our approach iSTOF of 0.61 nmol ¢ cm 2 and 0.059 ¢ respectively) was
4 orders of magnitude higher than the thermodynamiechieved. This novel plasma-assisted electrochemical approach
equilibrium at the same temperature and pressure. To realizas benchmarked and proved superior to the individual pure
this di erence, a conventional thermochemical reactor operagttasma and plasma catalysis approaches, in which gas phase
ing at thermodynamic equilibrium would requit®0 bar hydrogen is cofed and activated with nitrogen by the plasma
pressure to produce the same amount gf NH source. We expect that performance can be further enhanced by
To benchmark the performance of our plasma-assistéudproving the interaction of activated nitrogen species with
electrochemical ammonia synthesis reactor with other stud@ectrocatalyst (via utilization of advanced SOEC architectures
for electrochemical ammonia synthesis (which is based on thed reactor design) and adjusting the operational parameters of
similar reactor coguration but without the plasma activation), the plasma.
a comparison to literature for formation rates and Faradaic
e ciencies to Nklhas been also showrFilgure SS8Typical ASSOCIATED CONTENT
rate and Faradaic eiencies in this work are higher than *  sypporting Information

reported in the literature for proton conducting solid oxideThe Supporting Information is available free of charge at
electrolyzers. Overall, achieved ammonia production rates f®fps://pubs.acs.org/doi/10.1021/acsenergylett.0c02349
the plasma-assisted electrochemical approach is in the range Experimental details, microstructural characterization of

(0.1 2.6)x 10 ®mol s cm 2with Faradaic eciency varying . ; :
T . . : the Ni-BCZY/BCZY/Pt cell, SEM images, Nyquist plot
0,
from 88 to 10%, which is 5 times lower than required to satisfy of Ni-BCZY/BCZY/Pt at OCV with and without plasma,

the commercial needs, i.e., rate £l s *cm *and Faradaic CV, active surface area calculation, turn over frequenc
e ciency at least 50%We believe that these numbers can be ! ; ' q y
(TOF) calculation, eect of plasma power on NH

achieved with appropriate reactor optimization. To extend our X .
synthesis, pure plasma and plasma catalysis approaches,

comparison to other electrochemicalley driven systems, we also equilibrium concentration of ammonia, and benchmark-
mention the lithium-mediated approa€h&dn such systems, ing our approach with electrochemical ammonia syn-

a Faradaic eciency up to 88.5% has been reported, which is . :
similar to the eciency obtained in this work. Nevertheless, the thesis: present study vs literatéi
lithium-mediated approaches are multistep processes, whereas
in our system the hydrogen production/maiion and AUTHOR INFORMATION
nitrogen xation take place in a single step. Corresponding Authors

The energy consumption in our system for plasma-assistedRakesh K. SharmaDutch Institute for Fundamental Energy
electrochemical approach is 605 MJ/(N mol), which is within ~ Research (DIFFER), 5612 AJ Eindhoven, The Netherlands;
the range of reported values (95 to 2698 MJ/(N mol)) for N orcid.org/0000-0002-7154-12B8f/ail:r.sharma@

xation by HO3' ** However, the reactor in this work di er.nl
demonstrates a proof-of-concept for plasma-assisted electraviihalis N. TsampasDutch Institute for Fundamental Energy
chemical NH synthesis with a very high formation rate and  Research (DIFFER), 5612 AJ Eindhoven, The Netherlands;
Faradaic conversion. A further reactor optimization is required ® orcid.org/0000-0002-4367-4457
in order to have more optimized energy consumption and NH  Phone: +31403334820; Emailtsampas@dir.nl
production. For instance, as mentioned above, the cross-
sectional area of the plasma discharge in our setup is mut¥hors _
higher than the cross-section/active area of cathode electroHrishikesh Patel Dutch Institute for Fundamental Energy
catalyst, due to which most of the activajegéties bypass the Research (DIFFER), 5612 AJ Eindhoven, The Netherlands
electrocatalyst and hence do not contribute in the NH Usman Mushtaq Dutch Institute for Fundamental Energy
synthesis. Moreover, a Pt cathode electrocatalyst has been Research (DIFFER), 5612 AJ Eindhoven, The Netherlands
used, which is highly active for HER kin&tié&.Recent Vasileios Kyriakou Dutch Instltute_for Fundamental Energy
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