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from Analysis of Thermochemical Data

Emil Drazevi¢'** and Egill Skdlason?

SUMMARY

We report relations between nitrogen-binding-energy descriptors obtained from
experimental thermochemical data and limiting potentials from density func-
tional theory data. We use the relations to build the largest volcano plot for nitro-
gen reduction reaction (NRR). We found that (1) Mn, Ga, and In are overlooked
catalysts and (2) there are unidentified materials on the top of the volcano. Using
experimental exchange current densities of hydrogen evolution reaction (HER)
and Pourbaix diagrams we have identified conditions at which Mn, Ga, and In
remain stable in water and selectively catalyze NRR over HER. We found that
Fe, Au, Cu, Bi, and Pd, on contrary to what was reported earlier, need smaller
applied potentials to start the onset of HER than NRR in water. We make a critical
discussion about them and other candidates and we believe our results can be
used to identify false positive measurements in the research field.

INTRODUCTION

Ammonia (NH3) can be synthesized using renewable energy and the abundant resources of water and ni-
trogen, with no need for co-location, unlike carbon-based fuels originating, e.g., from CO, reduction,
which need to be collocated with CO; sources. Ammonia’s main uses are in agriculture and the refrigera-
tion industry (Appl, 2011), but there is a growing interest to use it as a fuel. NH3 can be produced in a sus-
tainable manner with no CO, emissions by combining a renewable-energy-powered electrolyzer and a
Haber-Bosch reactor. Such “green” process would enable the agricultural industry to base its growth on
COs-neutral fertilizers. Due to large heat losses at small scales, Haber-Bosch is more suitable for larger
scales >100 kg h~" (Rouwenhorst et al., 2019).

Alternatively, NHsz can be synthesized in an electrochemical reactor, a process most likely highly suitable for
smaller scales (Deng et al., 2018; Macfarlane et al., 2020; Comer et al., 2019). Here on the cathode,
hydrogen in the form of H" and e~ reduces N, stepwise to NH3 (Skulason et al., 2012). The research field
is plagued with a number of false-positive measurements, which is the reason why rigorous experimental
protocols have been published recently (Andersen et al., 2019; Greenlee et al., 2018; Hanifpour et al., 2020;
Tang and Qiao, 2019; Suryanto et al., 2019). Earlier works or reports that do not follow the protocols and
produce large amounts of NH3, and yet claim high efficiencies, should be taken with a great level of a
precaution.

The electrochemical synthesis is hampered by the lack of a suitable cathode material that can selectively cata-
lyze N to NHj at practically usable production rates (Chen et al., 2017; Guo et al., 2018a; Giddey et al., 2013;
Foster et al., 2018). The electrocatalyst’s reaction selectivity is governed by the competition between the
adsorption of nitrogen and protons. Theoretically, the best catalysts are transition metals, and among them
the most reactive are Mo, Fe, and Ru (Skulason et al., 2012; Montoya et al., 2015). The electrocatalyst’s reaction
selectivity is governed by the competition between the adsorption of nitrogen and protons. However, the d-
orbital electrons make most of the transition metals better binders of protons than nitrogen at reducing con-
ditions. The potentials needed to start the onset of the NRR are also more negative than for the hydrogen evo-
lution reaction (HER). (Chen et al., 2017; Guo et al.,, 2018a; Giddey et al., 2013; Foster et al., 2018). This all
together results in a Faradaic efficiency (FE) often below 1% for nitrogen reduction reaction (NRR) on Ru, Fe,
and Mo in aqueous media (Foster et al., 2018; Kyriakou et al., 2017). A slightly higher FE was reported using
other d-metals such as V (Kyriakou et al., 2020), Co (Guo et al.,, 2018b), Au (Hao et al,, 2019), and Cu (Lin
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etal., 2019). Beside transition metals, some s-block elements were exploited as catalysts in NH3 synthesis, either
using thermal and electrothermal cycling strategies or in electrochemical synthesis (classical heterogeneous
electrocatalysis) (Appl, 2011; Singh et al., 2017, Mcenaney et al., 2017; Schwalbe et al., 2020; Akira et al.,
1993). Cycling strategy should not be confused with heterogeneous electrocatalysis as it does not involve pro-
ton-coupled electron transfers (PCET) and adsorbed intermediates but rather electron and proton transfers
occurring separately in two different steps. Thermal cycling process was one of the first industrial process for
ammonia synthesis, the Frank-Caro process (Appl, 2011). It used CaC; to fix N, as Ca-cyanamide (electron trans-
fer). Ca-cyanamide was subsequently hydrogenated with water (proton transfer) to form NH; and CaCOs.
CaCO; could be recycled afterward to CaC, by reducing it at high temperatures with carbon (electron transfer).
Li electro-thermal cycling has recently been introduced as a strategy for producing NH3 reporting FE of 89%
(Mcenaney et al.,, 2017), where proton and electron transfer occur in separate steps. Li was also exploited as
a catalyst in the electrochemical synthesis of NHs in non-aqueous media with limited concentration of protons
where it is hypothesized that heterogeneous catalysis is occurring, i.e., NRR involves PCETs (Singh et al., 2017,
2019; Akira etal., 1993; Schwalbe et al., 2020). In that case the FE is 10% and much lower than in Li-cyclic process.
The largest drawbacks of Li-electrocatalysis in non-aqueous solvents are low FE and cell potentials of around 4
V, which make energy consumption roughly around 10 times higher than that of conventional Haber-Bosch (An-
dersen et al,, 2019; Akira et al., 1993; Schwalbe et al., 2020). It would be therefore beneficial to identify catalysts
beyond Liin non-aqueous media where NRR could occur at lower overpotentials and higher FE. With respect to
other catalysts, a post-transition metal, Bi, was claimed recently to selectively catalyze NRR (65% FE) at very high
production rates in potassium-based aqueous electrolytes (Hao et al., 2019). The result is likely a false-positive
and might be attributed to NO, reduction and not N, reduction (Choi et al., 2020).

Most of the studies performed to date in the field of electrochemical synthesis (heterogeneous catalysis) of
NH3 used similar catalysts (a few different transition metals and Li) in aqueous, non-agueous, and molten-
salt electrolytes with limited or no success (Andersen et al., 2019). New theoretical works deem non-
aqueous electrolytes as a pathway to higher selectivity; however, this is yet to be experimentally confirmed
(Singh et al., 2019; Schwalbe et al., 2020; Zhou et al., 2017). Notwithstanding electrochemical synthesis of
NHs is performed in aqueous or non-aqueous media, the field lacks new catalysts, beyond Fe and Li, which
can properly address the selectivity challenge. Our contribution to the field is in answering the following
important research question: Are there any overlooked catalysts that help the field move forward? To
answer the question above, we perform here perhaps one of the most extensive screening study, which in-
cludes metals originating from s-, d-, p-, lanthanides, and actinides blocks of periodic system of elements of
possible catalysts for NRR. We use a genuine approach where we relate experimental thermochemical data
of nitride formation to limiting potentials from earlier density functional theory (DFT) studies and use the
new relations to identify new catalysts. We use standard enthalpies and entropies of nitride formations
to calculate the new descriptors - Gibbs free energies of pure metal nitridation. These were experimentally
measured in the last century for many elements. The reaction pathways for NRR and limiting potentials
were computed earlier for a range of transition metals using DFT calculations (Skdlason et al., 2012). The
potential determining step (PDS) and the potential needed to have all the reactions steps downhill can
be deduced from such calculations. This simple implicit electrochemical model, incorporated with scaling
relations of adsorbed intermediates and adsorption energy descriptors (Abild-Pedersen et al., 2007), has
been shown to agree with experimentally measured potentials to start the onset for several electrocatalytic
reactions, including hydrogen evolution reaction (HER) (Narskov et al., 2005; Greeley et al., 2006; Skulason
et al., 2010), oxygen reduction reaction (ORR) (Narskov et al., 2004; Greeley et al., 2009; Gislason and Sku-
lason, 2019), NRR (Skdlason et al., 2012; Montoya et al., 2015), and CO, reduction reaction (CO,RR) (Kuhl
et al., 2014; Peterson et al., 2010; Peterson and Ngarskov, 2012; Hussain et al., 2018). Furthermore, more
advanced modeling of the kinetics involved in NRR on Ru has shown that the thermochemical barriers
are sufficient to capture the limiting potentials as additional barriers are low (Tayyebi et al., 2019).

At the end we compared the potentials needed to start the onset of HER and NRR at different pH and on
different pure metal catalysts. We critically discuss our data in comparison with some earlier reported
experimental works.

RESULTS AND DISCUSSION
Potential Determining Steps and Limiting Potentials for NRR

Electrochemical NRR, which is of interest here, can follow two different reaction pathways, associative and
dissociative Heyrovsky pathways, as depicted in Figure 1 (Skulason et al., 2012). The pathways include initial
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Figure 1. Reaction Pathways of NRR

Two mechanisms are possible: a dissociative mechanism where N is first dissociated on the surface before the atomic N is reduced further to NH3 and an
associative mechanism where adsorbed N, is directly protonated to two NH; molecules. Two possible reaction pathways are possible via the associative
mechanism: an alternating pathway and a distal pathway, depending on which N atom of the N, molecule is protonated. Two key reaction steps are
indicated for the proposed mechanism at ambient conditions of the distal associative mechanism, the first proton-coupled electron transfer (PCET) step and
the fifth PCET step, which have been predicted to be the PDS on transition metal surfaces (Skdlason et al., 2012).

adsorption of Ny, six PCET steps, and desorption of two NH3 molecules after which the metal surface is
clean and the catalytic cycle is completed. At room temperatures, which is the case for the electrochemical
processes investigated here, the rate at which dissociative pathway occurs is very low. NRR at low temper-
atures and the weak N-binding metals predominantly follow the Heyrovsky associative pathway (Skdlason
et al.,, 2012). For the strong N-binding metals the Heyrovsky dissociative pathway may also be favored. In
case of weak N-binding transition metals NRR follows either the distal or alternating associative pathway.
The PDS are either the first or fifth PCET (marked in Figure 1), depending on the physicochemical nature of
the catalyst (Skulason et al., 2012). The predicted limiting potentials for NRR are available for a range of
transition metals, and they scale linearly with N-binding energy (4E (N)) of a certain catalyst (Skdlason et
al., 2012). In this study we do not perform any new DFT calculations but use the data (limiting potentials
and N-binding energies) from a previously published study (Skdlason et al., 2012). In the Supplemental In-
formation we define our notations of key terms used in this work such as limiting potentials, overpotentials,
onset potentials, E.c, and PDS, which may vary between different research fields, but we have used the
same notations of the electrical potential terms as in the work of Peterson and Narskov (2012).

Ec.enn (MN) and E..; (MN/NH3) as Experimental Descriptors of N-Binding Energy

Inthe Transparent Methods section, how new N-binding energy descriptors, Ece; (MN) and Eo; (MN/NHj3),
are calculated has been described. Briefly, we use two reaction steps below to explain the new descriptors:

M + 1/2N; & MN, E.;(MN)= — w (Equation 1)
MN + %Hz < M+NH;, Ei(MN/NH3)= — w (Equation 2)

Equation 1 is the standard MN formation from N, and M, where standard Gibbs free energy of formation
(4G¢(MN)) is referenced to N,. Equation 2 corresponds to the reverse reaction, where MN is hydrogenated
to form M and NHj3 and corresponding 4G¢(MN/NH3) is referenced to NH3. Equations 1 and 2 summed up
together give the standard Gibbs free energy of formation of ammonia:

1 3 __ AGs(NH;)

5 N, + §H2 < NHs, E.i(NH3) = 3F (Equation 3)

iScience 23, 101803, December 18, 2020 3
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Figure 2. The New Experimental Descriptors of NRR

(A) Ecenn (MN) and E..; (MN/NH3) plotted against each other. Dashed line is the linear fit, which includes all data points with
the following equation: Ecef (MN/NH3) = —0.96 E.o; (MN) + 0.04, R?=0.91.

(B) Ecer (MN) and E; (MN/NH3) data calculated as described in the Transparent Methods section (The cell potential of M
to MN reaction and The cell potential of MN reaction with Hyto form NH3 and metal), plotted against AE (N) calculated in
reference (Skulason et al., 2012) for flat metal surfaces. The linear equations above are as follows: E.o (MN) = (—0.45 +
0.06) 4E (N)-(0.24 + 0.12), R? = 0.87 and E.y (MN/NH3) = (0.43 + 0.06) 4E (N) - (0.31 4 0.12), R? = 0.85. Superscripts EXP
and DFT mark experimentally obtained thermochemical data and theoretical DFT data, respectively. The arrow above the
dashed line indicates an area where AG < 0.

We choose to express 4Gy (kJ mol™" NH3) as E.oi/V, where 3is the number of electrons involved and Fis the
Faraday's constant. Half-cell reactions of Equations 1 and 2 are found in the Transparent Methods section.
Now, from Equations 1, 2, and 3, Ecel (NH3) = Ecei (MN) + Eco; (MN/NH3) = 0.0566 V, a relation valid for all
elements in the periodic system of elements that form nitrides. If E.o; (MN) is very positive, M is a very
strong N binder, and E.oi (MN/NH3) will be 0.0566V - E.o; (MN), i.e., very negative.

Figure 2A plots E.o (MN/NH3) against E.o (MN) for all 31 elements analyzed in this study. We observe a
highly linear correlation, which has a slope of —0.96 and an intercept of 0.04 V. Vanadium points clearly stick
out as outliers. Two V points are found in the plot because we analyzed two types of vanadium nitrides, V,N
and VN. This was also the case with some other metals, e.g., Fe, Mn, Ta, and Nb, which also form several
types of nitrides (36 nitrides, 31 elements, see Supplemental Information Table S1). The reason for V being
an outlier could be very imprecise measurements of standard enthalpies and entropies of formation of va-
nadium nitrides. If V would be taken out from Figure 2A, the square of correlation coefficient R? would in-
crease from 0.91 to 1.00, the slope then becomes —1.00 and the intercept 0.06 V = 0.0566 V = E..;| (NH3).
According to Sabatier principle, an ideal catalyst will bind the key reaction intermediate with just the
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perfect strength. The relation in Figure 2A can be used to give a rough idea on good catalysts, as good
catalysts preferably will have slightly positive E.o; (MN), as it is preferable that they bind N well, but not
too well, as we want to invest minimum work uphill E.j (MN/NH3) = 0.0566 V - E..; (MN) to desorb N in
the form of ammonia leaving a clean M surface ready for a new catalytic cycle. As an upper limit, values
of Eceil (MN) < 0.4 V might also appear interesting. The catalysts that are in this range are Mo, Mn, Ga,
In, Cr, and Li, where Ga, Mn, and In appear as new candidates.

What is quite important to note here is that we detect a large gap of elements in the range of 0.05V < E.
(MN) < 0.29V, and here lie potentially most promising unidentified catalysts. It is highly likely that elements
in the gap exist in the periodic system of elements, but for some reason the thermochemical data for their
nitride formation has not been measured yet.

The calculated limiting potentials in NRR scale linearly with nitrogen binding energy 4E (N). If E..;; (MN) and
Eceit (MN/NH3) scale linearly with DFT-calculated 4E (N), it would mean that the limiting potentials must
also scale linearly with E.eyy (MN) and E o (MN/NHj3). Figure 2B compares E.o (MN) and E o (MN/NH3)
with 4E (N) for transition metals (Skulason et al., 2012). Although the data show a certain degree of scat-
tering, both cell potentials correlate linearly with theoretically calculated N-binding energies. Figure 2B
is in fact a volcano plot, built using our new descriptors and DFT-calculated N-binding energy on transition
metals. In Figure 2B, for each 4E (N) we have E.o (MN) + E.o; (MN/NH3) = 0.0566 V. The intersect and area
around it is where both E.oj are minimal, and here potentially most promising candidates lie. The intercept
of the two mirror-image-like linear fits is the top of the volcano, here the Fe catalyst. However, given the
scattering, the top of the volcano could be anywhere in the Fe-Mo area. We note that no limiting potentials
from DFT are taken into account in Figure 2B, and as such it gives only an idea where good catalysts would

appear.

Figure 3 plots the limiting potentials (U,) calculated earlier on transition metal surfaces against their E.o; (MN)
and Ece; (MN/NH3). We observe linear correlations, against both new N-binding energy descriptors. The data
are scattered, but the squared correlation coefficients RZ are relatively high and ranging from 0.85-0.87 t0 0.91—
0.92, for the fifth and first PCET, respectively. Scattering can be attributed to the imprecision of DFT in deter-
mining the limiting potentials (Kepp, 2018) and any experimental uncertainties related to thermochemical data
of formation of different metal nitrides. This is the first time such DFT-EXP relations are reported for a range of
elements. These relations confirm the DFT-obtained N-binding energies for a range of metals correlate very
well with experimental 4Gyobtained from in Equations 1 and 2. It is highly likely that similar DFT-EXP relations
will also be established for, e.g., H-binding, O-binding, and C-binding elements.

Figures 3A and 3B are mirror images, have a shape of a typical volcano plot, and show the same trends. The
reason for the figures being mirror-like is in the relation Eceif (MN) + Ecoii (MN/NH3) = 0.0566 V. Eoi (MN) is
proportional to the increase in the N-binding energy, whereas E..; (MN/NH3) is inversely proportional to
the increase in N-binding energy as shown in Figure 2B. It should be noted that even though the two de-
scriptors involve nitride formation followed by reduction and hydrogenation of the nitride to ammonia and
M, it does not mean this is the overall mechanism we propose here. The mechanism is given by a classical
heterogeneous PCET process on metal catalysts as shown in Figure 1, and this is also why we searched for
the relations between the limiting potentials and the new descriptors in Figure 3. The present study should
not be confused with earlier study where transition metal nitrides were computationally screened for NRR
using a Mars-van Krevelen mechanism (Abghoui et al., 2015). In the next section, we use the linear relations
obtained in Figure 3A as “calibration curves” and estimate the unknown limiting potentials for all other el-
ements from their known E..; (MN), values that are found in Supplemental Information and Table S2.

A Volcano Plot Built from Estimated NRR Limiting Potentials versus Experimental E_.; (MN)
In this section we present, to our knowledge, the largest volcano plot for NRR, which includes s-metals,
transition metals, post-transition metals, and elements from p-block, lanthanides, and actinides, shown
in Figure 4. More detailed insight into specific elements and the data presented in Figures 3 and 4 can
be found in Supplemental Information and Table S2.

Lanthanides and actinides are among the strongest binders of nitrogen and are placed on the right side of
the volcano plot, where the PDS is the fifth PCET. Their NRR limiting potential decreases with the increase
in atomic weight (it is more negative). The actinide metal Th is the strongest N binder of all elements
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U, were calculated using N-binding energies (Skulason et al., 2012) and substituting them in equations: (1) first PCET, U4
(Y-Fe) = 1.61*4E (N) + 2.22, and Uy, 1 (Fe-Ag) = 0.59*4E (N) + 1.31, and (2) fifth PCET U,,5 = —0.33*4E (N) + 0.15 (Skulason
et al., 2012). Superscripts EXP and DFT mark experimentally obtained thermochemical data and theoretical DFT data,
respectively. Dashed line is the equilibrium potential.

(A) U, versus E.oi (MN). The colored solid lines are the corresponding linear fits that have the following equations: first
PCET U, = (2.77 + 0.29) Ece (MN) - (0.82 + 0.20), R? = 0.92 and fifth PCET U, = (—0.65 + 0.08) E.o;i (MN) —(0.37 + 0.06), R?
=0.87.

(B) Uy versus E.o (MN/NH3). The colored solid lines are the corresponding linear fits that have the following equations:
first PCET U, = (—2.84 + 0.33) Eo; (MN/NH3) - (0.58 + 0.19), R? = 0.91 and fifth PCET U, = (0.66 + 0.09) Ecof (MN/NH3) —
(0.42 + 0.06), R? = 0.85. The arrows indicate a direction where N-binding energy is increasing.

analyzed in this study. In general, elements from these groups do not appear interesting for NRR in water,
because of their limited abundancy, radioactivity, and often instability in water media (Greenwood and
Earnshaw, 1997).

s-block elements are also placed on the right leg. We observe a very clear and a regular trend of increase in NRR
reactivity as follows: Be-Mg-Ca-Sr-Ba-Li, with lithium being the most reactive catalyst. Li is also the weakest N
binder among s-metals, very electropositive element, and Li-N bonds in LisN have a strong ionic character
(Greenwood and Earnshaw, 1997). Li therefore releases N much easier than other s-metals,. The bonds of other
s-metals have a more covalent character, although they are all considered “salt-like” nitrides. For example, earth-
alkali elements tend to form MN bonds with a less “salt-like” character where BesN, has the least “salt-like” char-
acter and is most stable (Greenwood and Earnshaw, 1997). This is best seen by comparing the thermal stability
where, e.g., BesN, melts at 2,200°C, whereas Mg3N, decomposes above 271°C. Evidences of existence of so-
dium nitride and some other alkali metal nitrides are not available (Greenwood and Earnshaw, 1997). In fact, itis
not verified that Na and K form nitrides but rather azides, NaN3 or KN3 (Greenwood and Earnshaw, 1997). Inter-
estingly, CaC, and Li were exploited as catalysts in NH3 synthesis using cycling strategies, e.g., CaC, in Frank-
Caro process or Li-cycling strategy, where electron and proton transfers occur in two separate steps (Appl, 2011,
Mcenaney et al., 2017).

Furthermore, Li hasbeen used as catalyst in continuous electrochemical synthesis of NH3 in non-aqueous
media with ethanol as a proton source. However, at this point it is not clear if this process involves any het-
erogeneous electrocatalysis mechanism depicted in Figure 1 or if it occurs in separate Li nitridation (elec-
tron transfer) and then Li nitride hydrogenation (proton transfer) steps without involving any adsorbed N,H,
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Figure 4. Volcano Plot for 31 Different Elements
Estimated limiting potentials U, values for first and fifth PCET were calculated using the linear relations obtained in
Figure 3A and Ecei (MN) values. The propagation errors were calculated from the corresponding errors associated with

the slopes and intercepts from Figure 3A: err (U, (1Y) = \/(Ece// (MN) % 0.29)? +0.22 and err (U, (5) =

\/(Ece// (MN) *0.08) +0.062. All related data are found in Supplemental Information and Table S2. Dashed lines are
added to guide the eye. Symbol color and font color match the catalyst coming from a certain group, e.g., green font and
symbols are for transition metals. Squares are first PCET, and circles, fifth PCET. “Others” in the plot are non-metals B and
Si from the p-block and some metals from lanthanides and actinides blocks. The black arrow shows in which direction N-
binding energy increases. Dashed-dotted horizontal line is the equilibrium potential of ammonia formation.

species and PCETs (Schwalbe et al., 2020). The potential of —3.8 Vrue, or o Was applied, which is much more
negative than what we predictin Figure 4. It is hypothesized here that due to the lack of protons (ethanol as
the proton source, pK, = 16, proton concentration =10~ ' mol/L) the mechanism is rather Li cycling than
heterogeneous catalysis involving PCET as shown in Figure 1. This would explain the need for applied po-
tentials being more negative than Li*/Li standard reduction potential (—3.04 Vgye, pH o)-

Transition metals span over the whole volcano plot. Most transition metals studied here are found on the
right leg of the volcano plot. Only Zn, Co, Fe, and Mo are present on the left leg and are limited by the first
PCET because they weakly bind nitrogen. Hf and Zr are placed far out on the right leg as the strongest N
binders. Other transition metals, which are known to be on the left leg (weak N binders), and whose exper-
imental thermochemical data on nitride formation are not available, are Ru, Rh, Pt, Pd, Cu, Ag, and Au (Sku-
lason et al., 2012; Guo et al., 2018a; Montoya et al., 2015). We find Mn the most reactive transition metal
catalyst for NRR, followed by Mo, Fe, and Cr. Interestingly, Mn can promote NRR better than Mo, Fe,
and Ru. Overall it is the most reactive catalyst and appears overlooked as a catalyst for NRR. We note
here that there is a gap of materials at the top, and that an unidentified material at the top, if exists, can
outperform Mn. We also note that the best performing materials should bind N more strongly than Fe
or Mo, and here we identify that the best performing materials will have E.o; (MN) = 0.12V and correspond-
ing limiting potential will be a bit above —0.5 Vgye (work needed is around 140 kd/mol NHs). We predict
here that elements on the top of the volcano will never have overpotential lower than around 0.60 V. How-
ever, it should be noted here that we use limiting potentials from pure metals as “calibration curves” (Sku-
lason et al., 2012). Therefore, our predictions are limited by the scaling relations for pure metals. It is, how-
ever, possible to break these scaling relations with other types of materials, such as ceramics of, e.g., metal
sulfides (Abghoui et al., 2019). Here RuS; was predicted to be at the top of the volcano with around 0.35V in
overpotential. However, it binds protons stronger than nitrogen, and thus HER will prevail.
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Post-transition metals are poor catalysts for HER, which could be beneficial for selectivity of NRR over HER (Han et
al., 2020). A post-transition metal, Bi, was recently reported to catalyze NRR very selectively (65%) at only —0.7 Ve
in potassium-ion-based aqueous electrolytes (Hao et al., 2019). Unfortunately, we could not find any thermochem-
ical data on bismuth nitride formation to be able to plot it on Figure 4. However, the limiting potential found using
DFT inthe same studywas as low as —2.63 Vgue (Hao et al., 2019). It does not appear possible to produce NH3 from
Ny at —0.7 Vg using Bi as electrocatalyst in aqueous media. It is likely that the work on Bi is a false-positive and
the authors have been reducing NO, impurities in N, gas and not Ny itself on Bi catalyst (Choi et al., 2020). We find
here thatInand Ga, are quite close to the top of the volcano plot, and to our knowledge they have not been tested
yet as electrocatalysts for NRR. They are very interesting candidates for NRR as they are strong binders of N and
poor catalysts for HER. Galinstan, an alloy of Ga, In, and Sn, was reported to effectively catalyze the reduction of
nitrophenols (-NO,) to aminophenols (-NH,) with NaBH, in water, which is a 6 PCET electrochemical reaction step
(Hoshyargar et al., 2015). However, the reduction of nitro groups does not include breakage of the triple bond.
Yet, positive values of E.;(MN)for Ga and Inindicate that they bind nitrogen stronger than Fe or Mo, which makes
them highly promising for NRR. Aluminum is the strongest binder of nitrogen of post-transition metals analyzed
here. Aluminum nitride is a known by-product in aluminum production, which can be found in the waste product
called "salt-cake” (Bruckard and Woodcock, 2007). The presence of AIN in the “salt-cake” is hazardous as it reacts
with moisture in the air to from NHs and aluminum oxide (Bruckard and Woodcock, 2007). Siemens has recently
filed a patent proposing Al catalyst in electrochemical synthesis of NH3 (Reller et al., 2018). However, itis unclear if
the process involves any classical heterogeneous catalysis mechanism (Reller et al., 2018). Nevertheless, Al does
appear as an interesting candidate for heterogeneous catalysis in electrochemical synthesis of NH3 as Al is a
known poor HER promoter (Trasatti, 1972). In the next section we further analyze NRR over HER selectivity in water
for the most promising catalysts from Figure 4, i.e., Mo, Mn, Ga, In, Cr, and Al, and some other metals that were
reported to successfully promote NRR in water.

Potentials Needed to Start the Onset of NRR and HER in Aqueous Media at Different pH

The rate of HER and the potential at which HER occurs depend on the H-binding energy (Skulason et al., 2010;
Ngrskov et al., 2005; Trasatti, 1972) of the catalyst and the pH. Figure 5A is a volcano plot for HER reproduced
from an earlier experimental work, which plots the exchange current of HER versus the H-binding energy of the
metal (MH), i.e., heat of adsorption of H, gas on these metals (Trasatti, 1972). Naturally, catalysts that bind H
poorly would appear as a good choice for NRR. Noble metals, such as Pt, Re, Rh, and Ir, are at the top of the
HER volcano plot, because they bind hydrogen with just the perfect strength to effectively catalyze the reduction
of protons or water to Hy. On the right leg of the HER volcano are catalysts such as Ta, Ti, and Mo, which bind
hydrogen very strongly, and consequently, the exchange currents are lower as additional work needs to be used
to desorb the H from the metal surface as Hy. On the left side of the volcano in Figure 5A decent HER promoters
are present (Ni, Fe, Co, Cu, and Au). Fe is at the same time a good catalyst for both NRR (Figure 4) and for HER
(Figure 5A). This is an advantage in Haber-Bosch process, where the catalyst has to be good in binding both re-
actants, whereas this is a drawback in electrochemical NRR, because at reducing conditions and in aqueous elec-
trolytes, Fe will be completely covered by H adatoms (Skilason et al., 2012).

On the left leg of the HER volcano (Figure 5A) predominantly post-transition metals are found (Bi, Ga, In),
which poorly bind H and are poor promoters of HER. Ga and In are also close to the top of the NRR volcano
plot (Figure 4), which makes them promising candidates for NRR. Mn and Cr are not plotted on Figure 5A
because MH bond energy data were not available. Mn and Cr HER exchange currents are very low, 1.25 x
107" and 1.25 x 107’A cm 2 for Mn and Cr (Trasatti, 1972), respectively, and are equally as good candi-
dates for NRR as Ga and In (Figure 4).

The rates of electrochemical NRR are pH dependent, as they involve a series of PCET steps (Figure 1). In
general, at pH O NRR rates are the highest, whereas at pH 14 the NRR rates are the lowest because of
the lack of protons in the solution. Similarly, at pH O HER occurs at very high rates as it involves direct reduc-
tion of protons at the electrode surface (Volmer step), and then either H reaction with another H (Tafel step)
or with another H" and e~ (Heyrovsky step) to form H,. At higher pH, the kinetics of HER become sluggish
and exchange currents lower, because the first step is water dissociation, followed by Tafel or Heyrovsky
steps (Subbaraman et al., 2011). This means at higher pH, higher applied potential is needed to start
the onset of HER. This all translates to the fact that at low pH, NRR rates can be expected high but NRR
selectivity low as HER kinetics are supreme, whereas at higher pH, NRR rates are low but NRR has a chance
to prevail as the kinetics of HER are sluggish. The charge-transfer coefficient (&) of HER is pH dependent
(Haghighat and Dawlaty, 2016); it falls from close to ideal values of 0.6-0.4 at pH 0 to about 0.2 at pH 4
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Figure 5. NRR over HER Selectivity Plot at pH 0, 4, and 14

(A) Volcano plot of HER. Experimental exchange currents of HER versus MH bond strengths (heat of adsorption of H, gas)
for different metals (M), where the data are taken from Trasatti (1972).

(B) Potentials needed to start the onset of HER and NRR at pH 0, 4, and 14 are calculated as explained in the Transparent
Methods section. Black arrow shows in which direction N-binding energy (E..;i (MN)) increases.

and is nearly constant at pH > 4 (see Transparent Methods for more details). In general, at pH 4 the kinetics
of HER will experience a breaking point and start to be sluggish, with no change all the way up to pH 14.
This is the reasoning behind choosing pH 0 (supreme HER rates, high NRR rates), 4 (moderate NRR rates,
low to moderate HER rates), and 14 (low NRR rates, low to moderate HER rates) in the following discussion.

InFigure 5B we compare the onset potentials at which HER and NRR will occur atpHO0, 4, and 14 on different metal
catalysts. A more detailed insight in the data in Figure 5B can be found in Supplemental Information and Table S3.
We note again that onset potentials calculated by DFT agree well with experimentally measured onset potentials
(Narskov et al., 2004, 2005; Greeley et al., 2006, 2009; Skulason et al., 2010, Skdlason et al., 2012; Gislason and
Skalason, 2019; Montoya et al., 2015; Kuhl et al., 2014; Peterson et al., 2010; Peterson and Nerskov, 2012; Hussain
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et al., 2018). With respect to HER onset potentials used, we estimate the minimum applied potential needed to
evolve H, at a rate of 1x107° A cm ™2 This is a low-end of reported rates (current density) at which ammonia
evolves on metal catalysts (Andersen et al., 2019). We note that we have used exchange current density measured
atpH Oto calculate the HER potentials at higher pH (see the Transparent Methods and Table S3in Supplemental
Information), and thus we have underestimated the HER onset potential at higher pH.

Figure 5B clearly shows that at pH O, all metals, even the poor HER promoters such as Mn, Ga, and In, require less
negative onset potentials (less work) to start HER than NRR. At higher pH, only Mn and In need lower applied po-
tentials to start NRR than HER. Ga appears to be on the edge, as NRR and HER onset potentials are close. It might
also be that Ga needs lower applied potential to start NRR than HER, as we have underestimated the applied po-
tential needed to start the onset of HER (it is probably more negative). Considering Ru (Andersen et al., 2019), Au
(Tanetal., 2019), Bi (Hao et al., 2019), Pd (Wang et al., 2018), and Cu (Lin et al., 2019), for which electrochemical NRR
was reported in aqueous media, and some with high FE at even positive potentials, this does not appear possible at
any pH, a statement corroborated by Figure 5B. Considering Ru, the latest credible work following rigorous proto-
col reported FE around 0.001% at pH 13 and the measured ammonia concentration was below the detection limit,
which agrees very well with Figure 5B where we do not expect to have any NRR selectivity in water on Ru (Andersen
etal., 2019). Inthe case of Fe, which is the most investigated catalyst in NRR, Figure 5B shows that at all pH, the onset
potential for HER is more positive than for NRR. However, some experimental studies with Fe-based catalysts report
35%-60% FE atpH 7-14 (Licht et al., 2014; Zhou et al., 2017; Wang et al., 2019). One of them (35% FE) uses Fe,O3 in
molten salt at higher temperatures using steam as a proton source (Licht et al., 2014). This study has recently been
retracted , because nitrates impurities in the catalyst were reduced instead of N, (Licht et al., 2020). Another study
performed NRR in ionic liquid at very low H,O concentration (ppm levels), and there ionic liquid had a beneficial
effect on selectivity of NRR (Zhou et al., 2017). Overall, there are a large number of false-positive measurements
in the literature, and thus many studies that report high FE at not sufficiently negative potentials in aqueous media,
and are in contradiction with Figure 5B, should be taken with a great level of precaution.

Thermodynamic Stability of the Most Promising Metal Catalysts in Water

Here, we take into consideration the thermodynamic stability of Mn, Ga, and In in water (see the Pourbaix dia-
grams in Supplemental Information). None of the metals are thermodynamically stable in water, and depending
on the pH and whether oxygen is present in water, these metals will be oxidized by water and/or oxygen and
corrode either to metal ions or oxides. However, the metals will be used as cathodes in water at reducing con-
ditions, and in this sense, they will have a “cathodic anticorrosive” protection. If the applied potential on the cath-
ode is negative enough, these metals will not corrode in water. In case of the most reactive metal, Mn, we have
identified that at pH 14 and the applied potential of —1.65 Vg, its metal surface will remain intact and free of
oxides. HER will not occur and —1.65 Vgye is more than negative enough to promote NRR (see Supplemental
Information and Figure S1). In case of Ga, we have identified that at pH 4, and the applied potential of —0.8
Vrue, Ga will be thermodynamically stable in water and NRR will occur as well as HER (Supplemental Information
and Figure S2). Finally, at pH 4 and -0.85 Vrug, and pH 14 and -1.21 Vgyg, In will be free of oxides and thermo-
dynamically stable in water; the potential applied will be negative enough to promote NRR, but HER will not
occur (Supplemental Information and Figure S3). We stress out here that Mn, Ga, and In are also highly promising
candidates for NRR in non-aqueous media, an emerging research area, where their thermodynamic stability will
not be challenged by the presence of water. They bind nitrogen similarly well as Li, but (1) the applied potential
does not have to be nearly as negative as it is in case of Li where NH3 was synthesized at around —3.8 Ve (po-
tentials needed to start NRR on Mn, Ga, and In are —0.54, —0.56, and —0.61 Vgp, respectively) (Schwalbe et al.,
2020) and (2) they are not nearly as reactive with solvents as Li. The candidates we propose here remain to be
experimentally verified, which is out of the scope of the present study.

In conclusion, we have performed perhaps the most extensive screening study of possible catalysts for
NRR where we placed 31 different elements from s-, p-, d-, lanthanides, and actinides block on the
same volcano plot, and this presents to date the largest volcano plot for NRR. We found that the most
investigated catalysts so far Fe, Bi, Au, Pd, Mo, Ru, and Cu cannot selectively catalyze electrochemical
NRR in water. They need a smaller applied potential to start the onset of HER than NRR in aqueous media
at room temperature and any pH. Nevertheless, some of them (Bi, Au, Pd, and Cu) are touted in the liter-
ature as selective in electrochemical synthesis of ammonia in aqueous media. Based on our data we feel
the urge to raise a valid concern about if electrochemical NRR in water has been even demonstrated so far
(above 0.001% FE) and whether the earlier works reported reduction of, e.g. NO, or nitrates while even
not being aware of that.
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Nevertheless, we identified new possible NRR catalysts, which all are poor HER promoters and good N
binders, Mn, Ga, and In. Mn is an earth-abundant element that we find the most reactive (lowest limiting
potential) and selective. We have identified conditions at which these metals remain thermodynamically
stable in water and catalyze NRR selectively over HER in aqueous media. In addition, we strongly believe
that these metals present to date the most reasonable choice for NRR in non-aqueous media. The last but
not the least important finding of this study is that we have observed a large gap, at the top of the volcano
plot, where unidentified elements lie. Mo, Fe, or the new overlooked catalysts we found are not at the top of
the volcano plot, but unidentified elements are. We believe the unidentified elements do exist in the pe-
riodic system of elements and we hope our future research efforts will lead to their discovery, as well as this
work will inspire other researchers in the field to do so.

Limitations of the Study
Lead Contact

Further information and requests should be directed to and will be fulfilled by the Lead Contact, Emil
Drazevié¢ (edrazevic@eng.au.dk).

Materials Availability

The study did not generate new unique reagents or there are restrictions.

Data and Code Availability

The study does not use any unpublished custom code, software, or algorithm that is central to supporting
the main claims of the paper.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/}.isci.2020.101803.
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SUPPLEMENTAL DATA ITEMS

S1.1 Definitions and notations of key terms used in this work
- The definitions and notations are related to Figures 1, 2, 3, 4 and 5 in the main text.

Limiting potential (UL): The potential vs. the reversible hydrogen electrode (RHE) for a given reaction
step in e.g. NRR.

Equilibrium potential: The potential when reactants and products are in equilibrium. In the case of
HER it is defined as O Vrre at pH 0 and standard conditions (T = 298.15 K and 1 bar pressure). In
the case of NRR it is +0.0566 VrHe at pH 0 and standard conditions.

Overpotential: The difference between the limiting potential of the potential determining step (PDS)
and the equilibrium potential.

Onset potential: The potential vs. RHE needed to start the onset of a chemical reaction (e.g. HER or
NRR). See the Experimental section for more details.

Ecen: Cell potentials defined and calculated as explained in the Experimental section.

Potential determining step (PDS): The most endergonic reaction step of an electrochemical reaction.
This reaction step determines or limits the potential needed to start the onset of the electrochemical
reaction.

Proton coupled electron transfer (PCET): A heterogeneous catalytic electrochemical reaction step
where proton transfer and electron transfer are coupled and take place simultaneously.

Faradaic efficiency (FE): The partial current density towards a given product (e.g. NHz3) divided with
the total current flowing though the cell.



S1.2 Thermochemical data

Table S1. Related to Fig 2. Thermochemical data used to calculate cell potentials in the Transparent methods
section. The thermochemical data were taken from references (Pankratz et al., 1984, Lide, 2009).

Compound AH/kJ mol* S(298K)/ J mol* K*!
AIN -316.3 20.1
BaszN> -363.1 152.3
BN -254.4 15.1
BesN; -588.3 34.4
CasN> -430.1 104.6
CeN -326.4 44.4
CosN 8.4 98.7
Crz:N -125.5 64.9
CrN -117.1 37.7
ErN -357.7 77.4
FeoN -3.76 101.3
FesN -10.5 154.8
HoN -336.8 79.5
GaN -110.5 36.5
InN -138.0 43.5
HfN -373.6 48.
LaN -303.3 444
LisN -164.6 87.9
MgsN; -460.7 62.6
MnsN -128.7 142.9
MnsN; -204.2 187.4
MoNos -40.8 31.6
NbN -235.1 34.5
Nb2N -250.6 79.5
ScN -313.8 29.7
SisNg -743.5 112.9
SmN -322.2 73.6
SrsN2 -391.2 134.7
ThN -391.2 56.0
TaN -251.5 42.7
Ta:N -271.5 86.1
VNo.4e5 -133.0 26.7
VN -217.0 37.3
YbN -363.6 66.9
ZnsN» -22.6 108.8
ZrN -364.8 38.9
Al 0 28.3
Ba 0 62.5
B 0 5.9



Be 0 9.5
Ca 0 41.6
Ce 0 72.0
Co 0 30.0
Cr 0 23.8
Er 0 73.2
Fe 0 27.3
Ho 0 75.3
Ga 0 40.8
In 0 57.8
Hf 0 43.6
La 0 56.9
Li 0 29.12
Mg 0 32.67
Mn 0 32.0
Mo 0 28.7
Nb 0 36.4
Sc 0 34.6
Si 0 18.8
Sm 0 69.6
Sr 0 55.0
Th 0 51.8
Ta 0 415
Vv 0 28.9
Yb 0 59.9
Zn 0 41.6
Zr 0 39.0
H> 0 130.7

NHs -45.898 192.7



S1.3 MN formation reactions — Related to Fig 2 and 3. Color codes: purple-posttransition metals, orange-
s-block metals, green- transition metals and black- lanthanides, actinides, B and Si from p-block.

Al+ 1/,N, & AN 1)
3/2]33"' 1/2N2‘—>1/21333N2 (2)
B+ 1/,N; & BN ©)
3/2Be+ 1/21\]2‘_>1/2]3€31\]z 4)
3/2Ca+ 1/2 N, & 1/2Ca3N2 (5)
Ce+ 1/,N, & CeN (6)
3Co+ 1/, N, & CogN @)
2Cr+ 1/;N; © CroN (8)
Cr+ 1/2 N, & CrN 9)
Er+ 1/,N, & ErN (10)
2Fe + 1/, N, & Fe,N (11)
4Fe + 1/,N, & Fe,N (12)
Ho+ 1/, N, & HoN (13)
Ga + 1/2 N, & GaN (14)
In+ 1/,N; & InN (15)
Hf+ 1/, N, & HfN (16)
La+ 1/2 N, & LaN 17)
3Li+ 1/5N; & LigN (18)
3/2 Mg + 1/2 N; & 1/2 MgsN; (19)
4Mn + 1/, N, & MnyN (20)
>/oMn+ 1/,N, & 1/, MngN, (21)



2Mo + 1/, N, & 2MoNgs (22)

Nb+ 1/, N, & NbN (23)
2Nb+ 1/, N, & Nb,N (24)
Sc + 1/2 N, & ScN (25)
3/4 Si+ 1/2 N; & 1/4 SizNy (26)
Sm+ 1/,N, & SmN (27)
3/2 Sr + 1/2 N; & 1/2 Sr3N, (28)
Th+ 1/,N, & ThN (29)
Ta+ 1/,N; & TaN (30)
2Ta+ 1/, N, & Ta,N (31)
215V + 1/5N; © 2.15VNg 45 (32)
v+ 1/,N, & VN (33)
Yb + 1/2 N, & YbN (34)
3/2 Zn + 1/2 N; & 1/2 Zn3N, (35)
Zr+ 1/,N, & ZrN (36)



S1.4 MN to NHs and M formation reactions — Related to Fig 2 and 3. Color codes: purple-posttransition
metals, orange- s-block metals, green- transition metals and black- lanthanides, actinides, B and Si from p-
block.

AIN +3/,H, & NH; + Al 1)
1/, BasN, + 3/, H, & NH; + 3/, Ba ()
BN +3/,H, & NH; + B ©)
1/,BesN, + 3/, H, & NH; + 3/, Be (4)
1/, casN, + 3/, H, & NH; + 3/, Ca (5)
CeN + 3/, H, & NH; + Ce (6)
CosN + 3/, H, & NH; + 3Co @)
CroN + 3/, H, & NH; + 2Cr (8)
CrN + 3/, H; & NH; + Cr 9)
ErN + 3/, H, & NH; + Er (10)
Fe,N + 3/, H, & NH; + 2Fe (11)
Fe,N + 3/, H, & NH; + 4Fe (12)
HoN + 3/, H, & NH; + Ho (13)
GaN + 3/, H, & NH; + Ga (14)
InN + 3/, H, & NH; + In (15)
HEN + 3/, H, & NH; + Hf (16)
LaN +3/,H, & NH; + La (17)
LisN + 3/, H, & NH; + 3Li (18)
1/2Mg3N2+ 3/ZHz <—>NH3+3/2Mg (19)
Mn,N + 3/, H, & NH; + 4Mn (20)



1/2MngN, + 3/, H, & NH; + 5/2Mn
2MoN s + 3/, H; © NH; + 2Mo
NbN + 3/, H, & NH; + Nb

Nb,N + 3/, H, & NH; + 2Nb

ScN + 3/, H, © NH; + Sc

1/4Si3N, + 3/, H, & NH; + 3/4Si
SmN + 3/, H, © NH; + Sm

1/, SrsN, + 3/, H, © NHy + 3/, 81
ThN + 3/, H, & NH; + Th

TaN +3/,H, & NH; + Ta

Ta,N + 3/, H, & NH; + 2Ta
2.15VNg 465 + 3/, Hp & NHz + 2.15V
VN +3/,H, & NHz +V

YbN +3/,H, © NH; + Yb

1/, 2nsN, + 3/, H, © NH3 + 3/, 2n

ZrN + 3/, H, & NH;z + Zr

(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
31)
(32)
(33)
(34)
(35)

(36)



S1.5 Data for large volcano plot

Table S2. Related to Figure 3, 4 and 5. A more detailed representation of the parameters calculated in this
study. Color codes: purple-posttransition metals, orange- s-block metals, green- transition metals and black-
lanthanides, actinides, B and Si from p-block. Ecenn (MN) and Ecen (MN to NHs) are calculated as explained in
the S2 section. UL below for 1% and 5" PCET are calculated using linear relations obtained from Fig 3A and
Ecen (MN).

Element Ece (|V| N)/V Ecen (MN to NH3)/V UL (1St) /Vrie UL (5th) | VRHE

Al 0.99 -0.93 1.91 -1.01
Ba 0.51 -0.45 0.59 -0.70
B 0.86 -0.73 1.57 -0.93
Be 0.89 -0.86 1.65 -0.95
Ca 0.64 -0.58 0.94 -0.78
Ce 1.00 -0.94 1.95 -1.02
Co -0.12 0.18 -1.15 -0.29
Cr 0.35 -0.30 0.16 -0.60
Cr 0.32 -0.26 0.07 -0.58
Er 1.14 -1.08 2.34 -1.11
Fe -0.04 0.09 -0.92 -0.35
Fe -0.02 0.07 -0.86 -0.36
Ho 1.07 -1.01 214 -1.07
Ga 0.29 -0.22 -0.02 -0.56
In 0.36 -0.31 0.19 -0.61
Hf 1.20 -1.14 2.50 -1.15
La 0.94 -0.88 1.77 -0.98
Li 0.44 -0.41 0.41 -0.66
Mg 0.69 -0.62 1.10 -0.82
Mn 0.36 -0.30 0.18 -0.60
Mn 0.27 -0.21 -0.08 -0.54
Mo 0.05 0.04 -0.69 -0.40
Nb 0.71 -0.66 1.15 -0.83
Nb 0.77 -0.72 1.32 -0.87
Sc 0.98 -0.92 1.90 -1.01
Si 0.56 -0.50 0.73 -0.73
Sm 1.02 -0.96 2.00 -1.03
Sr 0.57 -0.50 0.75 -0.74
Ta 0.77 -0.71 1.32 -0.87
Ta 0.84 -0.79 1.51 -0.92
Th 1.25 -1.33 0.42 -1.19
\Y 0.88 -0.19 1.63 -0.95
\Y 0.41 -0.57 0.32 -0.64
Yb 1.16 -1.13 241 -1.13
Zn -0.07 0.12 -1.01 -0.33
Zr 1.16 -1.11 2.40 -1.13



S1.6 Potentials to start onset for NRR and HER at different pH

Table S3. Related to Figure 5. Parameters used to calculate values presented in Figure 5B, as
described in the section Transparent methods. Underlined and bolded are the elements where more
positive potentials are needed to start the onset of NRR than HER. Ga is underlined and italic, to
show that the values are very close to each other.

10



Parameters for Butler-Volmer equation

Onset potential, pH =0, /V

Onset potential,

Onset potential,

RHE pH=4,/V rue pH=14/V grue

logjo/ A HER. # | HER. «# | HER. & NRR HER. & NRR

Element | cm? jo/A cm™ jo/ A cm™ NRR =04 =0.6 =0.2 (pH) =0.2 (pH)
Co -5.3 1.00E-05 5.01E-06 -1.15 -0.02 -0.01 | -0.28 -1.39 -0.87 -1.98
Zn -10.5 1.00E-05 3.16E-11 -1.01 -0.41 -0.27 | -1.05 -1.25 -1.64 -1.84
Fe -5.6 1.00E-05 2.51E-06 -0.86 -0.04 -0.03 | -0.32 -1.10 -0.91 -1.69
Mo -7.3 1.00E-05 5.01E-08 -0.69 -0.17 -0.11 | -0.58 -0.93 -1.17 -1.52
Mn -10.9 1.00E-05 1.26E-11 -0.54 -0.44 -0.29 | -1.11 -0.78 -1.70 -1.37
Ga -8.4 1.00E-05 3.98E-09 -0.56 -0.25 -0.17 | -0.74 -0.80 -1.33 -1.39
Cr -7.0 1.00E-05 1.00E-07 -0.58 -0.15 -0.10 | -0.53 -0.82 -1.12 -141
In -9.5 1.00E-05 3.16E-10 -0.61 -0.33 -0.22 | -0.90 -0.85 -1.49 -1.44
Al -8.0 1.00E-05 1.00E-08 -1.01 -0.22 -0.15 | -0.68 -1.25 -1.27 -1.84
Au -8.0 1.00E-05 1.00E-08 -3.09 -0.22 -0.15 | -0.68 -3.33 -1.27 -3.92
Bi -8.0 1.00E-05 1.00E-08 -2.63 -0.22 -0.15 | -0.68 -2.87 -1.27 -3.46
Cu -7.8 1.00E-05 1.58E-08 -2.42 -0.21 -0.14 | -0.65 -2.66 -1.24 -3.25
Pt -3.0 1.00E-05 1.00E-03 -1.80 0.15 0.10 | 0.06 -2.04 -0.53 -2.63
Pd -3.1 1.00E-05 7.94E-04 -1.78 0.14 0.09 | 0.04 -2.02 -0.55 -2.61
Ru -4.1 1.00E-05 6.31E-05 -1.17 0.06 0.04 | -0.12 -141 -0.71 -2-.00

11




S1.7 POURBAIX diagrams of Mn, Ga and In

Related to Figure 5 and the part of the discussion titled Thermodynamic stability of the most
promising metal catalysts in water. Pourbaix diagrams were built on a website
materialsproject.org (Jain et al., 2013).

MnO4-
2 o
Mn3+
@
1
0
>
MnoHy
o ~NRRat-0.77 v o | M@
1 ER onset startsat-1.1V NRR at-1.37 V
pH 4, -1.41V
o pH 14,=-1.65V
I S
5 Mn does not HER onset
corrode at these Ma(s) starts at
potentials (black 1.7V
circles)
-3

-2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
pH

Figure S1 The Pourbaix diagram of manganese (Mn). The figure is related to Figure 5 and the discussion part titled
Thermodynamic stability of the most promising metal catalysts in water.
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Ga3+ Ga(@RIDH)2 +
® o e 63223(5) HGa032-
® Ga033-
[ ]
1
Ga does not corrode at
these potentials (black
0 A N P Circles)_ ...............
> /
A HER
—1 pH 4; ‘O.76V NRR at —1.4\/
T —
NRR at -0.8 V ~HER
Ga(s)
— pH 14,-1.53
-2
-3
-2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
pH

Figure S2 The Pourbaix diagram of galium (Ga). The figure is related to Figure 5 and the discussion part titled
Thermodynamic stability of the most promising metal catalysts in water.
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e e

o
InO2-
)
In203(s)
@
1
In does not corrode at
these potentials (black
circles).
O b T migecsanansens
® NRR at -0:
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-3
-2 -1 0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

pH

Figure S3 The Pourbaix diagram of indium (In). The figure is related to Figure 5 and the discussion part titled
Thermodynamic stability of the most promising metal catalysts in water.
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TRANSPARENT METHODS

The cell potential of M to MN reaction

The change in Gibbs free energy of the nitridation reaction can be calculated from the following
cell reaction:

M+ >N, o MN (1)

The standard Gibbs free energy change of the reaction (AGf) in Eg. 1 is calculated as
AGf(MN, 298) = AHf(MN, 298) — TAS;(MN, 298), where T = 298 K and standard enthalpy and
entropy of formation (4Hr and 4Sr) of 36 MN are taken from the references (Pankratz et al., 1984,
Lide, 2009). The cell reactions and corresponding stoichiometric coefficients along with all other

data which we used are found in sections S3 (Table S1) and S4. The above-written cell reaction

can be split in two half-cell reactions:

Cathode

M3* + N, +3e” & MN )
Anode

M3t +3e” o M 3).

The cell potential, Ecen (MN), of an electrochemical reaction is related to AGy by:

AGf(MN) = —nNFEo;(MN) 4),

where n is the number of moles (n =1 mol), N is the number of electrons, and F is the Faraday’s
constant. The cell reactions found in S3 are always written so that N is 3, i.e. AGs (MN) is in

kJ mol™ NHs.

15



The cell potential of MN reaction with H, to form NHs; and metal

In this section the cell potential of MN reaction with Hz to form NHs and clean M surface is

calculated. We consider the following electrochemical cell reaction:
MN +2H, & NH; + M (5).
The above-written cell reaction can be split in two half-cell reactions, where anode is the standard

hydrogen electrode.

Cathode

MN + 3H* + 3e~ & NH; + M (6)
Anode

3H* +3e” © 2H, (7)

Using the standard enthalpies and entropies of formation of MN, Hz, NHs and M (Pankratz et al.,
1984, Lide, 2009) and stoichiometric coefficients from Eq. 5 (see Sl, S3, Table S1 and S5), we
calculated 4G (MN/NHs, 298)/kJ mol™* NHa. Using Eq. 4 Ecen (MN/NH?3) is calculated from 4Gt
(MN/NHs, 298). All of the specific cell reactions considered in this section are found in Sl, S5,
MN to NHs formation reactions section. We note that the standard reduction potential on the
cathode side is equal to Ecen (MN/NH3), when the activity of protons in solution is 1, T = 298 K

and pressure of Hz is 1 bar i.e. when anode is standard hydrogen electrode.

The potentials to start the onsets of HER and NRR at different pH

The overpotentials in HER can be calculated from exchange currents jo (A cm™) using Butler-

Volmer equation (Bard and Faulkner, 2001):

J=h{on[22 - o[22 ®

16



where « is the transfer coefficient, N is the number of electrons (in the case of HER it is 2), F is
the Faraday’s constant (C mol™?), R is the gas constant (J KX mol™), T is the absolute temperature
(298 K) and 7 is the overpotential (V). The Butler-Volmer equation can be simplified and written
only for the cathodic reaction, which is of interest here:

e = Jo exp [<e] ©)

Here we use the exchange currents at pH 0 experimentally measured for many metal
catalysts (Trasatti, 1972) to calculate the overpotentials at higher pH, as these are only available
for a range of metals measured in a consistent way. By doing so we underestimate the HER
overpotential at higher pH, as exchange currents at higher pH can be up to ten times smaller (Zheng
et al., 2016). The o of HER is pH dependent (Haghighat and Dawlaty, 2016); it falls from about
0.6-0.4 at pH O to about 0.2 at pH 4 and is nearly constant at pH > 4. We calculated HER
overpotentials (5¢) using cathodic current, jc, of 1-10° A cm™?, jo (A cm) of HER at pH 0 from
reference (Trasatti, 1972) (see Sl, S7, Table S3) and took « at pH 0 in range 0.4-0.6 and for pH>4
o=0.2.
nc obtained from Eq. 9 is used to calculate the applied potential to start the onset of HER (onset
potential) at a certain metal catalyst:

E(HER, pH)/Vrug = E°(SHE)/V — 0.059 * pH + 1, (10)

where E(HER) is the HER onset potential, E° (SHE) is the standard potential of hydrogen
electrode, E°(RHE) is the standard potential of reversible hydrogen electrode (E°(SHE) — 0.059 =
pH), and pH is the pH value of interest, in our case 0, 4 or 14.

NRR potential needed to start the onset of NRR (onset potential) at pH 0, 4 and 14 can be
calculated using the following equation:

E (NRR, pH)/Vgye = U, (pH 0)/Vsyg — 0.059 * pH (11)

17



where UL is here the limiting potential for the potential determining step (PDS) of a given catalyst
(Skulason et al., 2012). UL are taken from S6, Table S2 (most negative of the two), and by
substituting these values in Eq. 11 NRR onset potential at varying pH was calculated. In case of
Au, Cu, Pt, Pd and Ru, which thermochemical data on nitride formation are not available, the UL
were calculated by substituting their N-binding energies (Skulason et al., 2012) in the following
equations (Skulason et al., 2012): i) 18 PCET UL,1 (Y-Fe) = 1.61*4E (N) + 2.22, and UL,1 (Fe-Ag)
= 0.59*4E (N) + 1.31, while for 5" PCET equation UL,s = -0.33*4E (N) + 0.15 was used. In case

of Bi we used UL = -4GL =-2.63 VrHE, pH 0 (Hao et al., 2019).
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