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ABSTRACT: Electrochemical reduction of £10 fuels has attracted a great °

deal of attention in recent years as a potential solution to close the carpen ., o o
cycle. In search for novel catalyst materials, we present in this study,génsﬁy—:_\'—\ 1
functional theory-based screening of heteroatom-doped transitionﬁrﬂ ptal _ *CH,0 |
nitrides. We rst examine zinc blend and rock salt polymorphs of transitign H,0+CH,
metal nitrides and then consider doping the surface with 25% B, P, Sb,%_g_and JUCRIS ) Yl
C heteroatoms. We fully assess the stability and activity of the exgmined ; . “OH + CH,

catalysts. The catalytic activity is measured by the calculated limiting pgteynti
and the stability is assessed against hydt@i) (oisoning as well ag -
dissolution under CO reduction relevant potentials. Of the screened nitrides,
many are predicted to be active for the CO reduction reaction but only a few TiN(100)
are stable under electrochemical conditions. In particular, on nearly all cf*the
metal nitrides with a desired catalytic activity for CO reduction, either the
competing hydrogen evolution reaction prevails over CO reductiohl or
poisoning occurs at CO reduction onset potentials. We ideafifyomising candidates including P-doped NbN, C-doped VN, P-
doped VN, TiN, and Sb-doped TiN. Ultimately, this study emphasizes the relevance of stability under electrochemical conditior
and the importance of taking into account the competition between the CO reduction, hydrogen evélDtibrecuadtion

reactions under electrochemical conditions.

Reaction Coordinate

INTRODUCTION signi cantly high overpotential 1 V) is required to obtain a

H 1314
Fossil fuels are currently the primary sources of energy a(gdasonable current density of several nfti@u:***Thus,

chemical products. The combustion of fossil fuels has resulte ﬁ]velopment O.f more eient catalysts remains a challenge.
increasing anthropogenic O@nissions in the atmosphere. rom a catalysis perspective, the three main challenges of CO

Therefore, it is necessary to develop sustainable alternativeﬁﬁrar.e patalyst activity,'stability ugger .reducing conditions, and
long-term energy supplementation that could simultaneousﬁj ectivity _toward desired product®i erent classes of .
address the mitigation of harmful ,C@&lectrochemical aterials including carbon-based materials, metal-function-
reduction of CQ(CO, RR) is a promising method to address alized porphyrinlike structures, transition metal oxides, metal

these concerAdn a carbon energy cycle, renewable energgrganlc frameworks, andngdion metals embedded in
sources such as wind or solar are used to redytaGQo raphene have been explored and have shown promise for

16 23
valuable chemicals and fuels, such as alcohols and hydrocarb% .RR.' . . . . .
Depending on the catalyst materiabrdit products may form ransition rr_letal nitrides (TMNS) are particularly interesting
during the CQRR. Formic acid and CO are formed throughclass of materials as potential electrocatalysts due to their desired

two-electronproton (2e-) reduction of COFurther reduced pr_operties such as high electrical and _thermal .(:.O”.dUCtiVitieS'
products such as hydrocarbons and alcohols can also be fornti%'bo ngﬁ'zes electronic features, and <_:hem|cal St.ab'"ty In aqueous
which require more than 2e- transfer steps. CO has been sho di - They_ have been examined fored:nt eI_ectro- .

to be the primary intermediate in the,&® to produce any chemical reactions such as the oxygen reduction reaction
further reduced products. Therefore, many studies in the
literature have directly irstiggated electrochemical CO Received: September 28, 2020
reduction (CO RR) when considering ®R>* The majority ~ Published: November 12, 2020
of previous reports in the literature have focused on copper-

containing electrocatalysts for the COJ@fuction reaction

mainly because itis the only metal that shows high selectivity for

hydrocarbons, mainly methane and ethylénelowever, a

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.jpcc.0c08832
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(ORR), oxygen evolution reaction (OER), reduction ofFeN, PdN, and OsN with a zinc blend crystal structure and
nitrogen to ammonia, and hgden evolubin reaction MnN, YN, VN, ScN, CrN, HfN, MoN, ZrN, and TaN with a
(HER)® 3! However, to the best of our knowledge, theyrock salt crystal structure. We only focus on the low index facets
have not been examined for the CO RR griRFO Herein, we  of (100) and (110) for rock salt and zinc blend structures,
perform a high-throughput density functional theory (DFT)-respectivel§. In addition, we investigate the catalytic activity
based screening of TMNs and their heteroatom-dopednd stability of metal nitrides by introducing heteroatom
structures to identify viable anccient catalysts for CO RR. dopants. To explore the doping ects, we examined 25% of
We investigate both stability and activity under CO reductiothe surface atoms doped tg di erent heteroatoms including
conditions and competition with the HER. Our results showtha@, P, Sb, Bi, and €igure 1shows the snapshots of undoped
many TMNs activate the CO RR but only a few are stable undgiN(100), C-doped TiN(100), undoped CoN(110), and C-
relevant electrochemical conditions. We show that the stabilifgped CoN(110) as examples of screened catalysts.

of the catalysts against hydroxyl poisoning and dissolution_at

relevant CO reduction potentials or the competing HER is the

main issue.

COMPUTATIONAL DETAILS

DFT calculations using the QUANTUM ESPRESSO package

were conducted to determine the adsorption energies of various

adsorbate$.The PerdewBurke Ernzerhof (PBE) functional

was used as the exchamgerelation functionaf. The ion

electron interaction is described by ultrasoft pseudopoténtials.

For bulk metal nitrides, Koh8ham wave functions were

expanded in a series of plane waves with a converged energy

cuto of 550 eV and a density cutef 5500 eV. The rock salt

and zinc blend surfaces were modeled usimbayer slabs

consisting of 24 and 40 atoms, respectively, repeated in a

supercell geometry with at least 17 A of vacuum between

successive slabs. Adsorption was allowed only on one side of the

slabs. In all calculations, the bottom two layersxeeri their

bulk structure, whereas the top three layers and adsorbatesttgyre 1. Top views of (a) undoped TiN(100), (b) C-doped

them were allowed to relax in all directions. We used HN(100), (c) undoped CoN(110), and (d) C-doped CoN(110).

Monkhorst Pack grid with dimensions ef 4x 1 for sampling TiN and CoN have zinc blend and rock salt crystal structures,

the rst Brillouin zone$.All adsorption sites were considered respectively. Dark blue, yellow, pink, and gray atoms are N, C, Co, and
Ti sites, respectlvely.

and only the most stable ones are reported here.n@he

structures after relaxation were checked, and the ones with . : .
\g/e follow three steps in our computational screening study.

surface reconstruction, where a surface atom or an adsorbat ; ) "
displaces more than 3 A, were excluded from further analy&jiSt We dene a set of descriptors to assess the catalytic activity
! o} the metal nitrides under electrochemical CO reduction

gpoevibdl leir;]gtﬁ girgpl)%?tior{gall L%(jr?;);gz\tnes studied in this work apotentials. Second, we e a set of descriptors to assess the

The computational hydrogen electrode method introduce tability of the metal nitrides under electrochemical conditions.

by Narskov et fwas used to calculate the free energy levels ¢f (IS Step, we includ®H and*H binding energies and metal

all adsorbates. In this model, the free energy change of e Wde dissolution potentials qb'tamed 'from DF.T calculat|9ns.
electrochemical reaction step that involves an elgutstom nally, we select the metal nitrides with the highest predicted
transfer is calculated using the reversible hydrogen electrGalYtic activity and stability for further analysis. We will discuss
(RHE), where the chemical potential of an electnaon pair each of these steps in more detail in the following sections.

is equal to that of half of hydrogen in the gas phase und ¢Descriptors for CO Reduction.We focus on calculating
standard conditions. The electrode potential is taken int e thermodynamic adsorption energies of intermediates, which

account by shifting the electron energyey where e and U IS the rst step in computational catalyst screening. This analysis
are the elementary charge and the electrode potenti&’lrowdes a mechanistic insight as well as guidance on the design
respectively. The limiting potential isnéel as the negative and optimization of derent catalysts. Further analysis of the

o fhe_ maximum fee energyGlence betveen any fwo UZ21onShTdles sequred o the mostpromising candcate
successive electrochemical steps. : urnov quency, whichis outsi P

this study.
Previous electronic structure calculations have shown that the
RESULTS AND DISCUSSION reduction of CO to* CHO is the potential Iimitin%step in the
We start by modeling CO reduction since CO is an inevitabléO reduction on Cu and late transition métafs® The

intermediate in COreduction to hydrocarbons or alcohols. theoretical limiting potential for the catalyst materials that bind
Moreover, CO adsorption could promote CO reductionCO is dened as

selectivity toward desirgitoducts by suppressing the _ & &
competing HER due to the site blockingceand/or changes W=S( GenoS Gedl € (1)

in the adsorbed hydrogefH() binding energy. We consider where G.cyoand G.cpare the binding free energies@d
mononitrides consisting of d-block transition metals (a pool @nd*CHO, respectively, aris the electron charge. Previous

21 elemental metals) including NiN, CoN, RuN, RhN, IrN,reports demonstrated a close agreement between the theoretical
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overpotential and the experimental onset potential for CO*CHO, which means that the formation *@HO is
reduction on Ct**%° For the catalyst materials that do not thermoneutral. However, as showfignire 2 this is not the

bind CO, the rate of CO desorption is high and CO is the majocase for any of the transition metals, consistent with the
product. Therefore, the following reaction is considered for C&ssociated high overpotentials required for CO redddtion.
reduction contrast, many of the TMNs are in the region with a low
overpotential, and interestingly, the binding enerdgi€Oof

+
¥+ CO@+ (H'+ €) * CHO © and* CHO are scattered. There are even many metal nitrides for
and the corresponding theoretical limiting potentiarisde ~ Which the formation 8CHO from* CO is exergonic in energy.
as Care, however, should be taken whenimg the CO RR
- . catalytic activity on these TMNSs. Although Elftfdmation is
UW=5S( GcroS Gog) ¢ (3) not the rate-limiting step, one of the following sequential steps

; ; ; ; might limit CO reduction to targeted products. Therefore, we
where Gcq(q is the chemical potential of CO in the gas phase, xcluded TMNS that exhibit stronger binding @O than

The potential limiting step for CO reduction on metal nitridest . L ) .
could, in principle, be dirent from the one for pure metals. that for* CO. Moreover, in this study, we are only interested in

However, in therst step, we take the same potential "mmngmetal nitrides that exhibit a higher catalytic activity for CO

step as that of pure metals, which provides the lower limit in thgduction than that of Cu. Therefore, the metal nitrides for
CO reduction reaction catalytic activity. Of note, CO reductio’ |ch.th.e theoretical limiting potennal is belovs V (RHE)
could occur throughCOH formation rather thahCHO. are eliminated from further analysis. .
Recent DFT calculations show that the formatib@t40 is Previous experimental studies have shown that the activity of
thermodynamically more favored 6@®H on Cu(111) and ~ Uansition metals with a weak CO binding energy is limited by
step sites of the late transition metals. On the other han{!€ !2ck of CO coverage, which ultimately limits the generation
according to a recent study by Nie &t &rmation of CHOis ~ rate of CO reduction products and results in CO(g) as the main
less favorable tha@OH when the kinetic barriers for proton reaction product™*On the other. hand, transition metals.that
transfer to adsorbed CO and surface hydrogenation in t{ind CO too strongly will be poisoned by this intermediate.
presence of water molecules are considered. Herein, we consldigréfore, in line with the Sabatier principle, catalysts with
both*CHO and* COH formation in our screening study. We moderate CO binding energies catalyze CcoO reductlon_ to further
nd that on nearly all TMN&CHO binds stronger than 'educed products. In_agreement with these experimental
*COH. As will be discussed in the following sections, on alf?dings, afollow-up DFT study by Ngrskov €oaltransition
promising TMN catalysts that survive the activity and stabili etals showed that on stepped sites, which dominate the overall

criteria,* CHO is more stable thatCOH. We note that a atalytic activity for the GQeduction reaction, substantial

thorough mechanistic study that includes kinetic barriers may Bglectivity toward CO reduction products only occurs for

required to determine the full CO reduction pathway Oncatalysts_with CO binding en_ergies aroun_d_thatof_Cu.Inlightof
TMNs 2% However, thermodynamics based on the bindin hese _ndl_ngs, we or_lly consider metal nitrides with moderate
energies of COand CHO is a necessary step, which is why wec© Pinding energies of1 < G.co < 0 for further

emphasize on them in this wdFkjure 2shows the binding consideratiorizigure 3shows the heatmaps for CO binding
energies and the drence between free energies of adsorption

of *CHO and*CO adsorbates,G.cpo Gico for metal
nitrides before and after applying the above criteria.

Stability Analysis. Next, the stability of the most promising
TMNs with a favorableCO to *CHO adsorption energy is
analyzed**®> We rst examiné OH poisoning, which may
occur due to the presence of oxophilic elements on the surfaces
of metal nitrides, which facilitate water decomposition. In
addition, reduction ¢fOH to water is one of the intermediate
steps in the reaction free energy diagram of CO redfiction.
Therefore, fOH binds too strongly to the surface, its reduction
to water becomes the potential limiting step rather @@n
reduction to*CHO. Although the presence of oxophilic
elements may help to stabitig¢1O relative t6 CO, it should
not bind* OH too strongly’’ The* OH reduction to water and
its corresponding limiting potential areneéd as

Figure 2.Contour plot of the calculated limiting potentiaf @/

CO(g) reduction tarCHO usingeqgs 3and4 for the studied metal *OH + &+ H' HoWn» * 4
nitrides in this work (circles). Similar data for the (111) facets of bare
transition metals are provided for comparison (triangles). U = S( Gop)! € (5)

where G.qy is the binding free energy*@®H. Figure &
energies ofCHO versug CO on our examined TMNs. The shows the limiting potential fddH reduction to water versus
data for pure transition metals (111) are also shown fathe limiting potential forCO reduction to*CHO. To avoid
comparison. The color bar shows the limiting potential fof OH poisoning* OH reduction should occur at less negative
*CHO formation, dened based oaq landeq 3 The yellow potentials thahCO reduction. For the metal nitrides that lie
region is the region of interest with a minimum overpotentiadbove the diagon&DH has already been reduced to water at
and a maximum activity. An ideal catalyst with a zerthe potentials required to redud@O to *CHO, so*OH
overpotential has similar binding energies*@® and poisoning does not occur. On the other hand, for the metal
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Figure 3.Heatmaps forCO binding energies and theeatence between free energies of adsorpti@H@ and* CO adsorbates,G.co
Gico for (a) all metal nitrides and (b) the ones with< G:.co < 0. The blank data correspond to the structures that underwent surface
reconstruction.

nitrides that lie below the diagon&lH reduction takes place nitride is considered stable if its dissolution potential is more
at more negative potentials than that required for reduction akegative than its corresponding CO reduction working
*CO to*CHO. For these metal nitride¢&H reduction is the  potential.
potential limiting step, and an extra overpotential equal to the Overall, many metal nitrides exhibit a high activity for CO
vertical distance to the diagonal is required td Gébo the reduction. Considering both activity and stability of the
surfaceFigure # replots the data with the overall limiting candidates evaluated here, given the criteria described above,
potentials at which bottOH and*CO are reduced to water there are ve promising candidate metal nitrides as shown in
and*CHO, respectively. As it can be seenffigore 4, most Table 1 Among these candidates, P-doped NbN, C-doped VN,
of the metal nitrides with a high catalytic activity G@ and P-doped VN are less prongQ@bi poisoning and exhibit a
reduction suer from*OH poisoning. This criterion excludes high activity for CO reduction.
many potential active metal nitrides. The remaining metal We note that our stability criteria are from a thermodynamic
nitrides are evaluated next with another staltiéity that is, standpoint. Some of the metal nitrides rejected due to these
dissolution. stability Iters might exhibit kinetic stability and remain stable
Stability against Dissolution. The stability of the under reducing conditions. For example, an element might
remaining metal nitrides against decomposition to metal amckhibit kinetic stability, or its dissolution potential might change
ammonia at working potentials is examined. We follow amhen doped, and consequently dissolves at higher dissolution
approach similar to that of Abghoui and co-workers where tipotential§® Therefore, some of the metal nitrides that failed
dissolution potential is deed as the potential at which TMNs based on the dissolution criterion might be stable under the
are decomposed to ammonia and niétalgure Sshows the  reducing conditions. Assessing the actual stability of the metal
dissolution potentials of promising metal nitrides as well as thérides under reducing conditions requires explicit consid-
corresponding working potentials for CO reduction. A metaration of both kinetics and thermodynamics in an exhaustive
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Figure 5.Dissolution and working potentials for CO reduction for
promising metal nitrides. A metal nitride is considered stable if its
dissolution potential is more negative than its corresponding CO
reduction working potential.

stable if the CO reduction reaction occurs at higher over-

potentials. In other words, improved stability could be achieved
at the cost of activity. This particularly holds for compounds on

which* OH poisoning occurs.

To understand the role of dopants in CO RR activity
enhancement in heteroatom-doped TMNs, we compared the
*CO and *CHO adsorption sites for promising doped
candidates with that of undoped TMNSs. It can be seen from
Table 1that for C-doped VN, P-doped VN, and Sb-doped TiN,
the *CO and*CHO binding sites change. This results in
changing*CO and *CHO binding energies and therefore
changes in the CO RR activity.

Selectivity versus HERBeyond the stability and activity
criteria, high selectivity toward desired reaction products is a key
factor in developing eient catalysts for CO reduction. The
HER is strongly competing with CO reduction at negative
potentials. In reality, improving the CO reduction selectivity is
contingent on suppressing the parasitic HER. The HER reaction
occurs through a two-electrgnoton transfer step, withl as
the only adsorbed intermediate. The binding enerblyhafs
been shown to be a reasonable descriptor of the hydrogen
evolution activity for a wide variety of catalyst matéffals.
Therefore, we examine the catalytic activity of all metal nitrides
toward HER by calculating the binding energy. It has been
shown that the derence in the limiting potentials for LO
reduction and HER, that i9,(CO) U, (H,) follows the

Figure 4.(a) Limiting potential fofrOH reduction to water vs. the ~trends in selectivity for transition metals. more positive
limiting potential for CHO formation. For the points below the U (CO) U, (H,) value corresponds to a higher selectivity
diagonal; OH poisoning will prevail oveCO reduction. (b) Similar ~ toward CO reduction over HER.HRigyure 6the di erence in
to (a), except that the points below the diagonal have been shiftgde working potentials for CO reduction and HER, that is,
Vertica”y to the diagonal. For the metal nitrides on the dl&@lmal, UW(CO) UL(H 2) |S plotted aga|nst the Work|ng potentlals for

and *OH reduction occurs at the same potential. The circle sizes reductiorJ,(CO) for the most stable metal nitrides. In this
corresponds fo the limiting potential values. Bigger circles Corresmg\gt the catalysts that are in the upper-right region exhibit high
to higher limiting potentials and vice versa. The N dopant corresponds,.’

to pure TMNSs, activity and selectivity toward CO reduction. The results,

displayed irrigure ¢ suggest that P-doped NbN exhibits the
highest activity for CO reduction followed by C-doped VN,
screening study, which is not in the scope of the current studyN, P-doped VN, and Sh-doped TiN, respectively. Moreover,
However, since the above stability tests capture the lower bouFitll exhibits the highest selectivity toward CO RR. We note that
limit of the stability of the metal nitrides, we argue that anyhis statement should be taken with caution because we have
compound that survives these stability tests is likely to be stalieestigated just two crystal terminations, namely, (100) and
under reducing conditions. Moreover, it is worth mentioning110) for rock salt and zinc blend crystal structures, respectively.
that additional compounds may become thermodynamicalBince less dominant facets or defects can hasrendi
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Table 1. List of Five Promising TMN Candidates after Considering Activity as well as Stability a@&inBbisoning and
Dissolution potentidt

TMN Dopant G.co/eV  Gicyo/€V  Gicon/eV U, (CO)/V dissolution potential /V U (*OH) /V  *CO binding site * CHO binding site

NbN P 0.18 0.13 11 0.21 0.58 0.21 Nb Nb
VN C 0.93 0.71 0.34 0.22 0.59 0.13 C C
VN P 0.05 0.29 1.9 0.34 0.59 0.07 \% P
TiN Sb 0.06 0.4 1.2 0.46 2.26 0.18 Ti N

TiN 0.12 0.03 2.21 0.33 2.26 0.33 Ti Ti

NbN 0.69 0.42 0.89 0.55 0.58 0.55 Nb Nb
VN 0.33 0.25 1.03 0.58 0.59 0.01 \% \Y

2 Gcor Gechor and G.coy are the free energies of adsorptiorC@, * CHO, and* COH, respectivelyl,(CO) is the calculated working
potential forCO reduction, and \¢*OH) is the calculated limiting potential f@H reduction. The adsorption sites*¥60O and*CHO
adsorbates are provided. Similar data for undoped TMN including NbN and VN are provided for comparison.
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Figure 7.Free energy diagram for CO reduction on TiN(100). The
black and red lines denote the free energy levels at 0 V and at working
potential of 0.4V (RHE) where all reaction steps become downhill in
free energy.

Figure 6.Di erences in the working potentials for CO reduction and
HER, that isU,(CO) U, (H,) are plotted against the working
potentials for CO reductid,(CO) for the survived metal nitrides.  potential for th& OH reduction value 0f0.33 V (RHE) listed
U,(CO) U, (H,) shows the trend in selectivity for CO reduction over in Table land the one iffigure 7 0.4 V (RHE), arises from
HER, andJ,(CO) re ects the trend in CO reduction activity. The the fact that we used DFT-calculated value fo+EH,(g)

most promising catalysts lie on the upper-right corner of the plot. Bigggee energy level in constructing the FED.
circles correspond to less negative CO reduction working potentials.

CONCLUSIONS

selectivities and activities, it would be necessary to include otBdfT-based screening of metal nitridesntbimproved CO
facets with derent compositions in an exhaustive screeningeduction catalysts has been conducted. We assessed the CO
study. reduction catalytic activity of the TMNs by performing explicit
Among the idented promising candidates, TiN(100) stands DFT calculations of the binding energies of three key
out as the most interesting catalyst: it exhibits highest selectivitjermediates, namely;O, *CHO, and* COH. Our results
and a moderate working potential for CO RR, thad.i46 V show that many metal nitrides exhibit a high catalytic activity for
(RHE). As a comparison, on the most active step surfac€O reduction. However, subsequent stability tests on the metal
Cu(211), the CO RR working potential 8.77 V (RHE), nitrides with a high catalytic activity revealed that many of the
determined using the same methodology as applied hepgomising candidates are unstable under CO reduction
Moreover, as opposed to other promising candidates, it does gonditions. In particular, we found th@H poisoning and
require doping. Therefore, we considered TiN(100) further bynetal nitride dissolution are the two main factors degrading
performing a full mechanistic pathway study to determine treatalyst stability. In addition, we evaluated the selectivity toward
nal reaction produdtigure 7shows the lowest free energy CO reduction products by taking into account the competition
diagram (FED) pathway for CO RR on TiN(100) at zero between CO reduction and the HER. Only metal nitrides
potential and at the working potential where all electrochemioapected to exhibit high selectivity and activity toward CO
steps become downhill in free energy. M&lkCO RR product  reduction products were examined. On the basis of this analysis,
on TiN(100) is methane. Moreover, as initially assumed, thee predicted P-doped NbN, C-doped VN, P-doped VN, Sb-
potential limiting step is the reduction*@O to *CHO. doped TiN, and TiN as the most promising candidates that
However, as it can be seen frbable 1and Figure 7 on exhibit simultaneous high activity, stability, and selectivity
TiN(100), the reduction ofOH to water occurs at more toward CO RR products. A mechanistic study on TiN(100) was
negative potentials. Therefore, it becomes the potential limitipgrformed, and it showed that methane formed asah€O
step. We also note that theetence between the limiting RR product. This study highlights the importance of considering
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